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Divide your thoughts to small places
and search the things around you one by one,
by dividing in the right way and examining them.
And if you reach a point and you stumble in one of your thoughts,
leave it and go elsewhere, and then back to the same bring your mind,
and re-evaluate it.

Aristophanes, Nephele
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Preface

As protein needs for the growing world population expand, maximization of
animal productivity has become a matter of major concern. Through improved
technology, new animal hybrids are being developed, highly productive strains
of livestock are being bred, and imported breeds are being introduced into new
localities with the sole intention of increasing productivity and quality of animal
products. Modern farming systems involving intensive rearing of animals in re-
stricted areas are being optimized so that adequate supplies of food of animal
origin for the increasing world population can be produced at reasonable prices.

The rearing conditions of a large number of animals in close confinement
and the high stocking densities in intensive aquaculture could hardly be more
favorable for the frequent incidence and rapid spread of diseases. Many practices
in modern animal husbandry, such as livestock marketing, movement of very
young animals, and certain forms of intensification, can further act as trigger
factors for the initiation and development of clinical diseases. This has led to an
increasing use of a great variety of drugs for therapeutic, preventive, or growth
in promoting applications in animal and fish farming.

Drugs, however valuable for increasing food animal productivity they may
be, present a concern for public health, considering the potential presence of their
residues in the edible products of treated animals. Extra-label or illegal use of
sometimes dangerous drugs in food animals are examples of applications that
may cause a real health hazard.

Surveillance of animal-derived food for drug residues through toxicological
and analytical investigations has stimulated public awareness during the last two
decades, and in turn has forced all partners in the food chain and health authorities

v
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vi Preface

to apply control techniques in the various steps of production on the farm and
in the slaughterhouse, in food-processing factories, and at sale points.

Currently, extensive research is carried out for an increasingly stringent
and better defined interdisciplinary control. Regulatory authorities around the
world demand progressively more information, not only on new drugs but also
on older and established compounds where re-registration may be required to
ensure that up-to-date standards of safety, quality, and efficacy are attained. New
analytical methods are being developed for screening, quantification, and confir-
mation of residues in food as, in parallel with human medicine, innovative drugs
are being introduced into animal farming, whereas the detection requirements for
the parent drugs and/or their metabolites are frequently changed downward.

The relevant scientific information grows daily. With so extensive a litera-
ture, valuable pieces of information on the issue of drug residues in foods are
scattered widely throughout the world. This book tries to bring together such
information into one compact volume so as to give all the necessary knowledge
to anyone who is involved in food production and the control of food safety.

Data are summarized in tables throughout the volume in the same way.
An abundance of such material, along with figures and examples, makes this
publication a solid reference book. Particular food safety issues—such as the fate
of residues during food cooking—that, although important, are rarely considered
in literature, are included also in this book. Apart from theses unique features,
this book seeks to discuss analytical problems in current methodology, giving
special emphasis to the more promising screening and confirmatory procedures
for routine monitoring of drug residues in foods. Preference is given to recently
developed automated multiresidue methods, and attempts are made, where feasi-
ble, to provide ideas for better approaches to existing analytical methodology.

The book contains 30 chapters covering topics related to drug residues in
foods. It is divided into three parts. The first part, consisting of nine chapters,
deals with the drugs potentially used in food-producing animals. Chapter 1 dis-
cusses drug usage, and Chapter 2 provides some important pharmacokinetic con-
siderations on the fate of drugs in terrestrial and aquatic species. The next six
chapters are dedicated to the most significant groups and sub-groups of drugs
potentially used in food-producing animals. All the necessary information on the
chemical structures of the parent drugs and their metabolites, dosages and routes
of drug administration in the targeted species, and absorption, distribution, bio-
transformation, and excretion data are fully detailed for a rather high number of
individual members within each sub-group. Special emphasis is given to the
residue depletion profile of the potentially used drugs and their metabolites in
all edible animal products. Chapter 9 discusses benefits versus risks of drug usage
in food-producing animals, providing answers to frequently asked questions such
as how to address the development of antimicrobial resistance.
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viiPreface

The second part deals with the significance and control of drug residues
in foods. Chapter 10 discusses the toxicological, pharmacological, technological,
and other risks associated with the drug residues present in the edible animal
products. Chapters 11 to 13, the reader can find information on the regulatory
outlines all over the world, make an approach to the global harmonization issue
of the regulatory requirements, and get an idea on the incidence of violative
residues in the United States, Canada, Europe, and other countries. Factors of
management and/or biological origin involved in food contamination are dis-
cussed in Chapter 14. Chapter 15 summarizes the cost of residues in the livestock
industry, whereas Chapter 16 deals with the residue avoidance management.
Chapter 17 reviews on the stability of residues during food storage, cooking, and
processing. Consumer perception and concerns are discussed in Chapter 18.

Starting with a description of the analytical challenge in Chapter 19, the
third part, which is devoted to analytical attitudes, proceeds with a detailed de-
scription in Chapter 20 of modern sample preparation procedures including solid-
phase extraction, matrix solid-phase dispersion, use of restricted-access media,
supercritical fluid extraction, and immunoaffinity cleanup. Flexible derivatization
techniques including fluorescence, ultraviolet-visible, enzymatic, and photochem-
ical derivatization procedures are presented in Chapter 21.

The next two chapters are dedicated to separation and detection techniques.
Principles of liquid chromatography, gas chromatography, thin-layer chromatog-
raphy, supercritical fluid chromatography, and capillary electrophoresis are re-
viewed in Chapter 22. Properties of microbiological, immunochemical, and all
known physicochemical detection systems are discussed in Chapter 23. Modern
confirmation techniques based on coupling chromatographic methods with diode
array, mass spectrometric, and infrared spectroscopic detectors are surveyed in
Chapter 24, while method validation parameters are examined in Chapter 25.
Chapter 26 deals with major quality criteria for selecting an analytical method,
interpretation of the analytical results, and strategies for monitoring the food
supply for drug residues.

Chapters 27, 28, and 29 of Part III give an overview of all microbiological,
immunochemical, and physicochemical methods presently available in the field
of drug residue analysis. In addition, the relative advantages and disadvantages
of the different methods are assessed. Particular emphasis is given to the most
promising methods in terms of simplicity, rapidity, reliability, and applicability,
and their analytical features are fully detailed. In the final chapter, future trends
in the analysis of drug residues in foods are summarized.

The book is indented neither as a pharmacology text nor as a residues
analysis text; tries to bridge that gap. Because so much specialist knowledge is
now available, the real challenge is to try to encapsulate this, creating a stimulus
and direction for greater in-depth study. Our objective is that the content of this
book will serve as an invaluable tool to those with a professional interest in
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viii Preface

food safety such as food scientists and technologists, toxicologists, veterinarians,
clinicians, food and analytical chemists, biologists and biochemists in state ser-
vice, private laboratories, academic service, industry, and the regulatory sphere.
This book is also intended for use as a primary textbook by those who wish to
learn about the feed–animal–food chain contamination as part of their formal
education, such as undergraduate, graduate, and postgraduate students. It will
also be useful to scientists whose training is not primarily in analytical work but
who are faced with the difficult task of analyzing food for drug residues.

We are indebted to all of our colleagues for their assistance with this work.
Special appreciation is due to the efficient library service at Aristotle University
of Thessaloniki. Finally, a word of thanks to our families for their understanding
and constant encouragement to proceed in the face of a large task.

Nikolaos A. Botsoglou
Dimitries J. Fletuvris
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1

A General View of Drug Usage

1.1 INTRODUCTION

In modern farming practices, drugs are being used on a large scale. This is con-
nected with the enormous increase and intensification of animal husbandry. In
contrast to the traditional system of free-range husbandry, in which the animals
were allowed to wander around wide areas of the farm in the open air to forage
for food, the current intensive rearing of animals in restricted accommodation
has inevitably increased the incidence and spread of diseases. Hence, there has
been an increased need for using therapeutic agents.

Drugs are applied in animal husbandry for different reasons. They are used
to cure or prevent diseases in animals, to increase feed efficiency and/or growth
rate, and to sedate animals in order to minimize the effect of stress. Since not
all applications are of therapeutic character, it is customary to term veterinary
drug any pharmacologically active substance in animal husbandry, regardless of
its purpose of use and mode of application (1). In this context, substances used
for increasing feed efficiency and/or growth rate are also considered veterinary
drugs.

As both human and veterinary medicine expand their armamentarium into
more powerful classes of therapeutic agents, the range of drugs with a potential
of use in food-producing animals is continuously widening. The Food Safety and
Inspection Service (FSIS) of the US Department of Agriculture (USDA) has
estimated that as many as 400 substances, not all of which are veterinary drugs,
have the potential for use in food animal production (2).

1
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2 Chapter 1

1.2 CLASSIFICATION OF POTENTIALLY USED DRUGS

Drugs most commonly used for the treatment and prevention of diseases in food-
producing animals can be classified into the major classes of antibacterials, anthel-
minthics, anticoccidials, and other antiprotozoals. A high number of subclasses,
each containing a great variety of individual drugs, exists within each of these
classes. Aminoglycosides and aminocyclitols, amphenicols, -lactams, macro-
lides and lincosamides, nitrofurans, quinolones, sulfonamides and diaminopyri-
midine potentiators, tetracyclines, and other compounds are all subclasses of the
antibacterial class of drugs. Benzimidazoles, imidazothiazoles, organophosphates,
tetrahydropyrimides, salicylanilides, substituted phenols, macrocyclic lactones,
piperazine derivatives, and other compounds constitute the subclasses of the an-
thelminthic class of drugs. Benzamides, carbanilides, nitroimidazoles, polyether
ionophores, quinolone derivatives, triazines, and other compounds make up the
subclasses of the anticoccidial and other antiprotozoal class of drugs.

Other drugs of lesser therapeutic importance can be classified into a series
of minor classes including the antifungals, -adrenergic agonists, corticosteroids,
diuretics, dyes, nonsteroidal anti-inflammatories, sedatives and -blockers, and
thyreostatics. It is important to note that some drugs within the classes mentioned
have dual function and can properly be classified in more than one of the above
classes. As a result, overlap between drug classes is not unusual.

Drugs within the classes of the antibacterials, anthelminthics, anticoccidials,
and other antiprotozoals can be administered orally, parenterally, or topically.
Some orally administered drugs can be incorporated in the feed for treatment of
diseases. Although they are added in the feed, their use differs from what has
become known as feed additives. One should differentiate between the high-level
curative infeed medication of diseased animals and the low-level drug feeding
of healthy animals to improve feed efficiency, promote growth, or prevent cocci-
diosis. For the latter application, a number of approved drugs can be incorporated
in feeds and administered to animals without a veterinary prescription. However,
the production of feeds containing such additives may only take place under
strictly regulated conditions.

As important as the therapeutic drugs are for animal health, of far greater
economic importance are the feed additives. They dominate the animal drug
market, accounting for about 50% of the total. The group of feed additives in-
cludes specific antibiotics and synthetic antibacterials, collectively called antimi-
crobial growth promoters, as well as anticoccidial drugs. The class of the antimi-
crobial growth promoters can be classified into the subclasses of the organic
arsenicals, peptide antibiotics, quinoxaline-1,4-dioxides, and other compounds,
some of which have dual action and can properly be classified in one of the
classes mentioned above.

Apart from the antimicrobial growth promoters, there have been some other
hormonal-type compounds with anabolic activity that are administered usually
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3A General View of Drug Usage

in the form of implants. These compounds constitute the class of the anabolic
hormonal-type growth promoters, which can be classified into the subclasses
of the endogenous sex steroids, steroidal compounds not occurring naturally,
nonsteroidal compounds not occurring naturally, and polypeptide hormones.

1.3 EXTENT OF DRUG USE

Specific market data on the extent of drug use are scarcely available because this
information is usually considered proprietary. However, the use of veterinary
drugs has become a daily event in intensive farming. It is estimated that about
80% of all food-producing animals in the United States normally receive some
form of drug medication during their lifetime (3). It can, therefore, be taken
for granted that drugs intended for food-producing animals are currently used
throughout the world on a large scale.

There is no doubt that in terms of drug type, feed additive use is presently
by far the most significant. In 1978, the nonmedical use of drugs in food-produc-
ing animals was estimated by the US International Trade Commission at about
5000–6000 tons (4). This figure, although valuable, cannot give a clear picture
of the extent of use of feed additives, since it tends to blur the distinction between
drugs such as growth promoters that are added in feeds at levels of a few parts
per million and anticoccidials that are added at much higher levels. In addition,
the differences in feed consumption by different animal species further shade the
picture.

According to the Animal Health Institute of the United States, drug sales
at the manufacturers’ level for food-producing animals exceeded $2000 million
in 1983, the feed additive market being about half of that total (5). A total of
approximately 31.9 million pounds of antibiotics were produced, 58% being tetra-
cyclines and penicillin G. Over half of this quantity was used in animal feeding
stuffs. It was estimated that, in the United States, 75% of dairy calves, 60% of
beef cattle, 75% of swine, and 80% of poultry received one or more drugs in
their feed during their lifetime (6). Tetracyclines and penicillin G dominated
the product lists in terms of total use, but tylosin, sulfonamides, nitrofurans,
antimicrobial growth promoters, and the ionophore antibacterials were also highly
significant.

In 1986, the animal drug market was estimated to be worth over $9000
million, with feed additives and therapeutics each contributing 45% of the total
(6). The United States shared 28% of the market, and Western Europe 24.5%.
A breakdown by animal usage showed that cattle formed 32%, with poultry
making up 24%, swine 21%, sheep 10% and horses 4%.

After the United States, Japan is the second largest consumer of animal
health products. In 1990, 110 feed additives were approved for use in Japan and
production reached 78,000 tons estimated to be worth 60,000 million yen.
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In 1991, North America and Western Europe represented more than half
of the world market for veterinary drugs (at 56.8%) with estimated sales at manu-
facturers’ level of 5606 million ecu (7). Other regions of the world including
Asia/Pacific, Eastern Europe, Latin America, and Oceania registered sales of
1707, 1133, 0.938, 0.299, and 0.175 million ecu, respectively. A breakdown of
the global market by animal usage showed that 27.1% was used for cattle, 29.6%
for swine, 26.4% for poultry, 5.1% for sheep/goats, and 11.8% for companion
animals including horses. A breakdown of the world veterinary drug market by
product type showed that 18.6% were antibacterial and antifungal agents, 13.2%
parasiticides, 42.2% feed additives, 14.8% other pharmaceuticals, and 11.1%
biological agents (7).

1.4 METHODS OF MEDICATION

Unlike with humans and companions animals, for which the treatment of bacterial
diseases is invariably directed at individual patients, antimicrobial therapy in
food-producing animals can be applied on either an individual or herd/flock basis.

1.4.1 Individual Medication

Large food-producing animals that are generally held on less intensive farming,
such as lactating cows suffering from mastitis, are usually treated individually.
Topical, parenteral, intramammary, or oral via bolus or paste treatments are major
routes of individual medication for cattle. Diseased animals from a large popula-
tion, such as hogs and veal calves that frequently suffer from respiratory or
gastrointestinal diseases during the later stages of the fattening process, are also
treated individually. Another form of individual treatment is the injection of
tranquillizers to hogs and steers to prevent losses from stress during transportation
to the slaughterhouse.

1.4.2 Mass Medication

The concept of mass medication can hardly be accepted outside the agricultural
field, but the experience of veterinary practitioners who treat large herds or flocks
of animals fully supports this concept, especially in those areas of animal manage-
ment where it is essential to keep all the animals at a level of optimal productivity
(8).

Farm animals being managed under intensive systems are very susceptible
to disease outbreaks since they are usually of the same age, often very immature,
and are in constant contact with their feces. Epidemiological studies have shown
that the introduction of a highly infectious disease into a large population of
animals kept in the same pen will ultimately result in a large proportion of these
animals becoming infected (9). The reasonable therapeutic approach to this prob-
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lem is to treat the whole group as an individual. By this method, there will be
no need to continually withdraw and treat individual animals, which would be
very costly in time and also stressful to the animals due to frequent interference
by the human attendants when catching animals for medication.

A further extension of mass medication is being referred to as prophylactic
or preventive medication. Again, one should differentiate between the low-level
medication of healthy animals to improve feed efficiency and promote growth,
and the high-level curative medication of diseased animals.

Preventive medication does not apply to the individually housed animal
but only to the group or herd of animals in which clinical disease has broken out
in one or more individuals. Previous veterinary experience has indicated that if
medication is not applied to that group or herd, there will be a continuing sequence
of infected individuals accompanied by a prolonged period of suboptimal perfor-
mance in the affected group of animals (10). Rapid cure of a herd infection will
bring about a cessation of bacterial excretion, which will be advantageous to
the remainder of the herd, and also prevent undue contamination of the farm
environment. An example of preventive medication is dry-cow therapy: a slow-
release antibiotic preparation is infused into the cow’s udder at the end of a
lactation cycle to overcome any residual infection and to protect against the
establishment of new infection during the dry period and prior to the commence-
ment of a new lactation cycle.

In general, the frequency of mass medication is higher in young animals
because they are most sensitive to infections. Owing to this sensitivity, food
animal production companies are always faced with disease problems when young
growing animals, usually calves and piglets, are transferred from breeding to
finisher units. This transfer, which often involves prolonged traveling, mixing of
animals from different suppliers, and a diet change, may bring about a disturbance
of the gastrointestinal flora, reorganization of social dominance, and redistribution
of microorganisms of many species and types within the newly grouped animals.
Such disturbances may result in serious health problems. A similar situation may
also occur at weaning. Since these events are usually totally predictable, it is
common practice to apply preventive medication as a starting therapy when such
animals are brought in the grower/finisher units. Nevertheless, the decision to
employ mass medication must never be taken lightly by food animal producers
because of the cost of the drugs to treat a large population of animals and the
problems that may arise with the need to adhere to the labeled withdrawal periods.

1.5 DOSAGE FORMS AND ROUTES OF ADMINISTRATION

Because of clinical need, the species involved, or the needs of herd- or flock-
scale treatment, drug preparations for food-producing animals are presented in
dosage forms that vary greatly. A plethora of different main dosage forms are
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available in the veterinary medicine market including ampoules, boluses, cap-
sules, creams, foams, gels, granules, medicated premixes, oily solutions, oint-
ments, pastes, powders, solutions, suspensions, tablets, and vaginal spirals and
sponges.

The type of formulation influences the systemic availability of the drug
from its dosage form (11), whereas the amount of the drug limits its use to only
specific animal species because of the wide body-weight range in animals. There
is no single optimal dose for any given drug; there are too many variables, includ-
ing host resistance, bacterial virulence, and site of injection, to allow a single
dosage recommendation to cover all situations. While many diseases can be
treated using routine dosage levels, special situations may require an increase in
dosage or even allow for a reduced dosage schedule. The cost of the preparation
and the ease of administration are often major factors governing the compliance
with instructions to administer the drug at the recommended dosage and intervals.
There has generally been a tendency to use too-low dosage, which may be quite
sufficient in some cases but often lead to erroneous conclusion that the drug is
ineffective. Sometimes, the dosage may actually be appropriate but the dosage
interval too long to sustain activity, or the interval appropriate but the dosage
too low.

The dosage form of a drug preparation determines its route of administra-
tion. Veterinary drugs can be administered to food-producing animals by a variety
of greatly differing ways including aural, dressing, infeed, intradermal, intramam-
mary, intramuscular, intranasal, intraruminal, intraocular, intravaginal, intrave-
nous, implants, inhalations, oral, per rectum, and subcutaneous routes of adminis-
tration. When extravascular routes of administration are employed, absorption is
the critical factor that determines the entry of a drug into the bloodstream. Since
such a factor does not exist when the dose is introduced directly into the blood
stream, intravenous routes of administration provide therapeutic serum concentra-
tions sooner than extravascular routes with even an adequate rate of absorption.
As a result, intravenous injection is often the most satisfactory route of administra-
tion for initiating therapy for animals with acute infections. Use of the intravenous
route of administration is limited, however, by the lack of availability of parenteral
preparations formulated appropriately for injection by this route.

For maintenance of therapeutic serum concentrations, intramuscular and
subcutaneous or oral routes of administration are usually preferable. The intra-
muscular and subcutaneous routes are by far the most frequently used extravascu-
lar parenteral routes of drug administration in farm animals. Factors that influence
drug absorption from intramuscular and subcutaneous injection sites include the
physicochemical properties of the drug that govern its passage across the mem-
brane separating the absorption site from the blood, the pH of the solution at the
absorption site, and the local blood circulation. The less ionized and more lipo-
philic the drug, the greater the rate of absorption. An interesting application of
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this principle is treatment with prolonged-release drug preparations. The duration
of the pharmacological effect is controlled by the rate of drug release from the
dosage from rather than by the disposition kinetics of the drug. Another require-
ment is that the formulation of the parenteral preparation be such that its intramus-
cular injection does not cause tissue damage with persistence of residual concen-
trations at the injection site. Limited data appear to indicate that the extent of
systemic availability of intramuscularly administered drugs can vary as widely
between different sites as between intramuscular and subcutaneous sites.

Other less frequently used parenteral routes such as intra-articular or sub-
conjuctival injections and intramammary or intrauterine infusions have limited
application: they aim at directly placing high drug concentrations close to the
site of infection. These routes of administration differ from the major parenteral
routes in that absorption into the systemic circulation is not a prerequisite for
delivery of drug to the site of action. When the infection site is relatively inaccessi-
ble, such as in the case of mastitis, the combined use of systemic and local
delivery of drug to the site of infection may represent the optimum approach to
treatment.

Most oral preparations are solid dosage forms that need to be dissolved
before they can be absorbed. The inert ingredients of such dosage forms can have
a profound effect on the dissolution of the active ingredient and thereby control
its rate of absorption. In addition, the drug may be unstable in the gastrointestinal
fluids, as in the case of penicillin G, or metabolized.

Metabolism may be mediated by intestinal microflora, epithelial enzymes,
or liver enzymes preceding entry into the systemic circulation. Chloramphenicol
is well absorbed when administered orally to calves less than 1 week old, but it
is inactivated by microflora when administered to ruminants. Similar observations
have been made after oral administration of amoxicillin, ampicillin, and cepha-
lexin therapy in young calves (11). On the other hand, trimethoprim, which is
extensively metabolized in the liver and may undergo some metabolism in the
rumen, shows higher systemic availability in the newborn calf and kid, due proba-
bly to the lower metabolic activity in the neonatal animal.

In mass medication of nearly all food-producing animals, the most impor-
tant route of drug administration is, by far, oral treatment through milk replacer,
drinking water, or the feed; herds of cattle or sheep are mass-medicated with
antiparasitics by topical or licking-block formulations. Oral treatment is effective
if the drug is readily absorbed from the gastrointestinal tract or if the infection
is located in the gut. Treatment through drinking water is a convenient route for
diseased animals that do not eat well, although the large interanimal variability
in water intake, the spilling of water, and consequently the high dosages that are
necessary, are negative factors. For fish, oral treatment using a medicated bath
is a very elegant route, while mass medication through drinking water or the feed
prevails for poultry, swine, and fish.
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Medicated premixes sometimes, present special problems due to incompati-
bility of the components in a formulation (12). For example, tetracyclines may
be inactivated either by the drug carrier as in the case of premixes containing
divalent ions such as calcium, or by the diluent as in the case of milk replacers
that also contain calcium (13). Other drugs can be inactivated by complexation
to particular components in the feed, as in the case of the thiophanate complex-
ation to copper. Drug inactivation may also occur during feed preparations, as
in the case of the conditioning/pelleting processes where high temperature and
moisture conditions are applied.

When drug combinations are used, treatment failures may appear in cases
in which the individual drugs contained in the preparation antagonize each other
(such as in the case of combination of chloramphenicol and aminoglycosides) or
induce cross-resistance (such as in the case of combination of chloramphenicol
and tetracyclines) (14, 15). The effects of antibiotic combinations are specific for
individual bacterial species and may have quite diverse effects ranging between
synergism and antagonism of one another when utilized against different bacteria
(16, 17). Nevertheless, there have been many disease situations in which the use
of more than one antibacterial agents may be justified, particularly when a mixed
bacterial population is involved.
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Some Pharmacokinetic
Considerations

The residues in edible products of treated animals do not necessarily constitute
the pharmaceutical compounds initially administered to the animals. They may
consist of various components including the parent compound and/or free metabo-
lites, and metabolites covalently bound to macromolecules.

The ability of the treated animal to detoxify and eliminate the drug has a
significant bearing on both the relative and absolute amount of any of these
components likely to remain in tissues. The degree to which the drug is absorbed,
the extent of drug distribution, the rate and extent of drug metabolism, and the
rate of excretion of the parent compound and its various metabolites, all govern
decidedly the total residue burden. Properties of drugs and biological membranes
that together determine the qualitative and quantitative issues of the fate of drugs
in terrestrial and aquatic species are briefly described below.

2.1 FATE OF DRUGS IN TERRESTRIAL SPECIES

2.1.1 Absorption

Absorption is described by determining the rate constant of drug passing into the
bloodstream at successive time intervals after administration. Residues may be
found in tissues after some or all of the drug has been systemically absorbed.
Absorption is influenced by the properties of cell membranes, the physicochemi-
cal characteristics of the drug, and the route of drug administration (1).

11
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It has long been established that all cell membranes in the body are com-
posed of a fundamental structure called plasma membrane. This boundary sur-
rounds single cells such as epithelial cells. More complex membranes such as
intestinal epithelium and skin, are composed of multiples of this fundamental
structure, which has been visualized as a bimolecular layer of lipid molecules
with a monolayer of protein adsorbed into each surface. Cell membranes are
further interspersed with small pores that can be protein line channels through
the lipid layer or, simply, spaces between the lipid molecules. In membranes
composed of many cells, the spaces between the cells constitute another kind of
membrane pores (2).

As a result of this structure, many drugs can move across cell membranes
by a process of simple diffusion. In this simple or passive diffusion process, the
rate of transport of the drug is directly proportional to the membrane thickness,
the cross-sectional area of the membrane exposed to the drug solution, and its
concentration gradient across the membrane that results in a net movement of
particles from the higher to the lower concentration. Lipid-soluble drugs move
across the predominantly lipid cell membrane by passive diffusion, its relative
speed being determined by the lipid solubility or, more precisely, the lipid to
water partition coefficient of the drug. The greater this drug partition coefficient,
the higher the concentration of the drug in the membrane, and the faster the
diffusion. Many lipid-insoluble compounds of small molecular size can also dif-
fuse rapidly across the cell membrane through the pores. Passage through the
pores is a passive process called filtration because it involves flow of water that
drags with it any soluble molecules whose dimensions are less than the pores,
due to hydrostatic or osmotic differences across the membrane.

Filtration and diffusion passive processes cannot, however, explain the pas-
sage of all drugs through the cell membranes. This is due to the fact that cell
membranes also possess specialized active transport mechanisms that facilitate
entry of large lipid-insoluble molecules into the cell. With these mechanisms,
not only is the transport process rapid but the drugs can move across the mem-
branes against a concentration gradient (i.e., from low to high concentration). It
is assumed that this transport is mediated by some carrier molecules in the mem-
brane that complex with the solute at one surface of the membrane. Following
complexation, the carrier–solute complex moves across the membrane, the solute
is then released, and the carrier returns to the original surface where it can combine
with another molecule of solute. Carriers show a specificity toward certain drugs,
so not all drugs may be transported by this process. Since carrier molecules are
available only in limited amounts in the cell membrane, saturation may end the
process. Two main types of carrier-mediated transport mechanisms are known.
The active transport is the process that can transport a substance against an con-
centration gradient but is blocked by metabolic inhibitors, whereas facilitated
diffusion is the term applied to carrier-mediated transport that operates along a
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concentration gradient (i.e., from a higher to a lower concentration) and does not
require energy (3).

Two other types of specialized transport mechanisms, pinocytosis and
phagocytosis, may also account for the transmembrane movement of some macro-
molecules (2). In these complex processes, the cell engulfs a droplet of extracellu-
lar fluid or a particle of solid material such as a bacterium. The droplet or particle
is completely surrounded by a portion of the cell membrane and the resulting
vesicle becomes detached and moves into the cell cytoplasm.

Apart from the properties of the cell membranes, certain physicochemical
characteristics of the drugs can significantly influence the rate of their absorption.
Most drugs are either weak acids or bases that exist in solution as a mixture of
ionized and nonionized forms. Nonionized forms are more lipophilic whereas
ionized forms more hydrophilic. Consequently, the nonionized forma are lipid
soluble and able to permeate rapidly across cell membranes. This process is
known as passive nonionic diffusion.

On the other hand, the ionized forms, which tend to be less lipid soluble,
cannot diffuse across the lipid phase of the cell membrane. Ionized molecules
may also repelled from the cell surface by groups with similar charge, or may
be attracted to it and held there by groups with opposite charge. Ionized drug
forms are, sometimes, unable to be filtered even through the aqueous pores of
the membranes due to their own size or to the size they attain after the attraction
of water molecules.

Therefore, the ratio of the ionized to the nonionized form, which depends
on the pKa of the drug and the pH of the medium, in any given tissue of the
body is of major importance. When the pKa of the drug equals the pH of the
medium, 50% of the drug is in the ionized form whereas 50% in the nonionized.
As the nonionized portion crosses the membrane into the bloodstream, there may
be a continuous redistribution of the remaining ionized form to the nonionized
form, so that eventually all of the drug is absorbed by flux across the membrane.
For drugs that ionize, it is also possible, under certain conditions, to find at
equilibrium unequal concentrations of total ionized and nonionized drug on either
side of the membrane. Only the nonionized molecules readily cross the lipid
barrier and achieve the same equilibrium concentration on both sides of the mem-
brane, the ionized molecules being virtually excluded from transmembrane diffu-
sion.

Drugs are administered to animals by parenteral or enteral administration,
and topical application. Parenteral administration bypasses the alimentary tract
and can be effected by a variety of routes including intravenous, intramuscular,
subcutaneous, intraperitoneal, or intrapleural injections; inhalation; and percuta-
neously. In intravenous injections, entry of drugs into the system depends only
upon the rate of injection and not on absorption into the bloodstream. As a result,
water-soluble poorly absorbed drugs may be readily administered.
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Unlike with intravenous administration, absorption of drugs after intramus-
cular, subcutaneous, and intraperitoneal injection is influenced by several factors
(4). The rate-limiting step for absorption is the rate of the blood flow in the tissue.
Adequate circulation is needed to maintain the concentration gradient that is so
critical to passive absorption or facilitated diffusion into the bloodstream. The
higher the vascularity of the tissue, the better the absorption, because diffusion
distances are decreased. The nature of the vehicle and the lipid solubility of the
drug, where favorable, will also potentiate absorption. In general, the larger the
molecule the longer the dissolution time, and consequently the higher the absorp-
tion time. The volume injected and the concentration of the drug in solution can
also have varying effects upon absorption, depending upon the potential for the
drug molecule to come into contact with the absorptive surface.

The advantages of administration by intramuscular injection are that the
muscle can act as a depot, and the rate of disappearance of drug from the site of
injection can be calculated. Inhalational, intranasal, and intratracheal administra-
tion are normally reserved for vapors and aerosols including anesthetics. Absorp-
tion is facilitated by small-sized particles, high lipid solubility, sufficient pulmo-
nary blood flow, and a large absorptive surface area, as it is present in healthy
lungs. Administration by these routes can be very rapid when several of the
factors favoring increased absorption are combined.

With percutaneous administration, the drugs must pass through the stratum
corneum, epidermal cells, sweat glands, sebaceous glands, or hair follicles before
being absorbed. Only very lipid-soluble drugs will pass through intact skin. How-
ever, it is often difficult to obtain sufficient concentrations of the drug in the
plasma or at the site of action to obtain the desired effect. Even when significant
absorption has been demonstrated, it is often not reproducible because of intraspe-
cies variability in transdermal absorption.

Enteral administration is utilized for drugs that may be absorbed via the
intestinal tract. Oral and rectal administration are the usual routes. Absorption
by these routes is highly species-specific and is affected by many factors. The
presence of food in the stomach may reduce, increase, delay, or have no affect
upon absorption, depending upon the drug formulation. The pH of the gastrointes-
tinal fluid is most important in determining the percentage of the drug in the un-
ionized form, thus favoring its absorption. The rate of splanchnic blood flow may
enhance drug absorption and is influenced by the meal. Adequate motility is
necessary to transport the drug to the area of optimal absorption. Physiological
factors affecting absorption include posture of the animal, osmotic pressure, gas-
trointestinal content, and distention. Pathological factors affecting absorption in-
clude ulcers, obstructions, liver disease, trauma, and gastroenterostomies. Drugs
administered rectally do not have to pass through the liver prior to entry into
the systemic circulation, but absorption via the rectum is often incomplete and
irregular.
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When local effects are desired in the integument, synovium, central nervous
system, mammary glands, or uterus, intradermal or topical, intra-articular, in-
trathecal, intramammary, or intrauterine administration may be most appropriate.
The advantage of local administration is the ability to achieve a high concentration
of drug at the immediate site of action. All of these routes, depending upon the
drug preparation, however, have the potential for facilitating inadvertent systemic
exposure.

2.1.2 Distribution

Whatever the route of administration, almost all therapeutic agents, once ab-
sorbed, reach their sites of action through the systemic circulation. From the
bloodstream, the drug must traverse the various biological membranes and be
dispatched to the body fluid compartments before its molecules can reach intracel-
lular sites of action. Some drugs cannot pass all types of membranes and therefore
are restricted in their distribution, whereas others pass through all membranes and
become distributed throughout the various fluid compartments. The distribution is
initially governed by the lipid solubility of the drug, the cardiac output, and the
regional blood flow at the sites of administration and action. In addition, some
drugs may accumulate in various areas as a result of binding, dissolving in fat,
or an active transport mechanism. The accumulation can be at the site of action
or, more often, in some other location. In the latter case, the site of accumulation
may serve as a storage depot for the drug.

The fate of many drugs in the body is influenced by their binding tendency
to plasma proteins (5). Only the fraction of the drug in the bloodstream that does
not bind to albumin can leave the circulation to become distributed throughout
the body, and reach the sites of action. On the other hand, the protein–drug
complexes serve as a circulating drug reservoir that releases more drug to restore
the equilibrium as the free drug diffuses out from the capillaries. In this way the
plasma concentration of even highly bound drugs falls to low levels and eventually
disappears. Once drug distribution is complete, the free-drug concentration
throughout extracellular water equals that in serum water. It is not the total but
rather the free-drug concentration in serum that correlates with the concentration
at the sites of action. For highly bound drugs, the free-drug concentration in
serum is only a small percentage of the total amount present.

For the majority of drugs, binding to albumin is quantitatively the most
important and often accounts for almost all of the drug binding in plasma; only
a few drugs show high affinity for other proteins; for example, the corticosteroids
that exhibit a high binding tendency to globulins. The molecule of albumin pre-
sents multiple binding sites with differing affinities. Most of these sites show
more extensive binding to weak acids than to weak bases by weak chemical
bonds of the Van der Waals, hydrogen, or ionic type (6).
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The extent of binding to albumin is influenced by the drug concentration
and thus, in cases of overdose, a much higher percentage of drug than normal is
available to leave the bloodstream. A decrease in the total albumin levels will
generally increase the absolute total amount of drug present that is unbound and
therefore available to leave the bloodstream, although the percentage fraction of
the protein-bound remaining drug will often be constant. The concentration or
the properties of serum albumin are altered in many diseases. Such changes can
decrease the drug–albumin interaction. In other words, when the serum concentra-
tion of albumin or the drug-binding capacity of albumin molecules is abnormally
low, a smaller proportion of a potential albumin-binding drug interacts with albu-
min than under normal conditions. Thus, the free drug concentration is greater
than normal. A practical consequence of this is that the toxicity of drugs that are
normally highly bound is greatly increased by hypoproteinemia.

One of the most important practical aspects of protein binding is the fact
that drugs of similar or markedly dissimilar structure may compete for the same
binding sites on the protein (7). Hence, multidrug therapy may lead to alteration
in the plasma concentration and the rate of elimination of drugs, because of
multiple competition for the plasma protein-binding sites.

Many drugs can partially displace one another from albumin, and this may
lead to an intensification of the pharmacological action. Only when substances
are extensively bound in plasma would displacement from binding sites release
amounts of drug that, on distribution into other parts of the body, would signifi-
cantly increase the concentration in the tissue. For drugs that are bound less than
80%, an alteration in protein binding of 5% will not significantly affect tissue
concentrations of the free drug. However, when drugs are bound at a percentage
greater than 95%, a 5% decrease in binding will result in doubling of the unbound
fraction; in this case, the alteration in tissue concentration of the free drug is
significant because this free drug will then be available for distribution to the
tissues.

Drugs with high affinities for plasma albumin can also displace drugs with
lower affinities. For example, sulfonamides bind to plasma proteins, but if phenyl-
butazone, which has a greater affinity for the binding sites, is administered, the
concentration of the free sulfonamides in the plasma will increase due to drug
displacement.

The greater the extent of binding to albumin, the less drug is available
at any one time at the site of hepatic biotransformation and renal excretion.
Consequently, extensive binding to plasma proteins can reduce the rate of elimina-
tion of drugs and also their metabolism or biotransformation, thus increasing the
duration of action of a single dose of such drugs. The duration of action of some
diuretics, sulfonamides, and tetracyclines tends to correlate well with their degree
of protein binding.
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Marked differences in the drug-binding capacity of plasma proteins exist
among mammalian species. Variations in the plasma protein binding of drugs
may contribute to the species differences in the tissue levels of the drugs, their
toxicity, and overall kinetics, particularly if the binding is extensive.

Distribution of drugs to the tissues and the equilibration of drugs between
blood and tissue are both affected by the regional blood flow. Liver, kidney,
heart, and the brain are the most highly perfused tissues in the body and, therefore,
are readily exposed to drugs. The pH of the receiving tissue affects absorption
much the same as the pH of the absorptive surface affects transport, since entry
of drugs into the cells is generally restricted to their lipid-soluble, nonionized
forms. Thus, metabolites and ionized forms that are water-soluble will stay in
the bloodstream to be transported to the kidneys for excretion, instead of being
distributed to the tissues.

Since most drugs have pKa values between 3 and 11, they are, accordingly,
partly ionized over the range of the physiological pH values. Their distribution
and concentration in the various tissues are consequently markedly influenced
by the pH of the tissues and the pKa of the particular drug. The implications of
this type of distribution have significant practical effects on the passage of drugs
across any of the membranes of the body where a pH gradient may exist, (e.g.,
across the mammary gland epithelium, the renal tubular epithelium, the salivary
gland epithelium, and the ruminal, gastric, or intestinal epithelium). More striking
effects are seen when a large pH difference exists (e.g., between plasma and
gastric juice or between plasma and urine).

Many acidic drugs, such as sulfonamides, phenylbutazone, salicylates, and
penicillins, are highly protein bound or too hydrophilic to diffuse across cell
membranes and enter cellular water and adipose tissue in significant amounts.
These drugs have low distribution in monogastric animals. Basic drugs tend to be
widely distributed and to have particularly large distribution in ruminant animals
because these drugs diffuse into the rumen and become trapped by ionization of
ruminal liquor.

Drugs binding to tissues may produce areas of high drug concentration.
Binding of drugs to proteins and other macromolecules is known to occur in
almost every tissue of the body including bone and fat. This has been demon-
strated with globulins, hemoglobin, mucopolysaccharides, nucleoproteins, phos-
pholipids, and other compounds. This type of binding is usually reversible, and
depot binding results simply in a drug reservoir. If the plasma concentration of
a drug decreases, the drug may enter the plasma from these storage sites via a
concentration gradient. Thus, aminoglycosides bound to proximal tubular cellular
components can remain in the kidney for months after plasma concentrations
have become undetectable. Without these storage pools, many drugs would be
metabolized and excreted so rapidly that they would hardly have time to exert
their pharmacological action.
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The effect of binding and degree of ionization on the distribution of drugs
in the animal body can be illustrated in the following example. When a weakly
acidic drug (pKa 2) that is 50% protein-bound is administered orally to a sow,
91% will be unionized at the stomach pH 1, and thus readily absorbed. In the
bloodstream, however, where the pH is 7, the drug will be 99.999% ionized, and
thus will not readily pass through the blood vessels into the tissues. If the pKa
of the drug is 6, the drug will virtually be 100% un-ionized in the stomach and
9% unionized in the blood, allowing for higher amounts to distribute to the tissues.
If the sow is lactating and the pH of the milk is elevated because of an infection,
only 1% in the milk will be nonionized, and as the drug crosses into the milk it
may become ion trapped, favoring accumulation in the milk.

2.1.3 Biotransformation

Some drugs are eliminated from the body unchanged, but most drugs undergo
biotransformation. Biotransformation enables a drug to be converted to forms
readily excreted by the liver and kidney, whereas sometimes it enables a drug to
be converted to an active form. These conversions almost always result in metabo-
lites that are more polar than the parent drug.

The major site of drug biotransformation is the liver, where the smooth
endoplasmic reticulum is probably the most important site of metabolism; bio-
transformation is mostly effected by cytochrome P-450, an NADPH-dependent
microsomal enzyme system. Although the liver possesses the greatest capacity
for biotransformation, kidney, lung, brain, adrenals, skin, blood, neurons, and
gastrointestinal tract are also involved. Intestinal bacterial enzymes, rumen hy-
drolytic, and reduction microfloral enzymes also play a major role in the metabo-
lism of enterically administered or excreted drugs. Biotransformed drugs deliv-
ered to the intestinal tract may, additionally, be converted to the parent drug form
via enzymes from intestinal bacteria such as -glucuronidase (4).

Two types of enzymatic pathways, the so-called phase I and phase II path-
ways, are generally implicated in drug biotransformation. Phase I pathways corre-
spond to functionalization processes, whereas phase II correspond to biosynthetic
or conjugative processes. Phase I functionalization processes include oxidation,
reduction, hydrolysis, hydration, and isomerization reactions.

Oxidation reactions can produce hydroxylation on the aromatic rings, such
as in the case of the steroids and thiabendazole, or on the aliphatic carbon chain
such as in the case of pentobarbitone. They can also cause epoxidation, which
leads to normally unstable intermediates that can be hydrolyzed by epoxide hy-
drolase to dihydrodiols. In addition, they can produce oxidative dealkylation at
the alpha carbons of the alkyl groups attached to a nitrogen, sulfur, or oxygen atom
of the drug molecule, as in the case of the macrolide antibiotics and trimethoprim.
Moreover, they can induce oxidation of sulfur atoms to the corresponding sulfox-
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ides, as in the case of bithionol, chlorpromazine, and oxfendazole, and/or oxida-
tion of nitrogen atoms to the corresponding hydroxylamines or N-oxides, as in
the case of trimethoprim.

Reduction reactions are responsible for the transformation of aldehyde and
ketonic groups of drugs such as steroids, mebendazole, and zearalenone to the
corresponding alcohols, and for the reduction of azo- and nitro-drugs. On the
other hand, hydrolysis reactions lead to cleavage of ester and amide linkages and
can proceed through a large number of nonspecific esterases and amidases.

Phase II biosynthetic or conjugative processes require energy to drive the
reaction and to activate endogenous substrates as conjugating factors. Glucuroni-
dation represents one of the major reactions leading to water-soluble compounds
that are eliminated from the body into the urine and bile. Glucuronides are synthe-
sized when endogenous glucuronic acid is used for drug conjugation. Numerous
functional groups of the drugs such as aromatic alcohol groups for steroids, amine
groups for sulfonamides, and sulfydryl groups for thiophenols are involved in
this conjugation. For some drugs such as phenylbutazone, glucuronides can be
formed from nucleophilic carbon atoms. Inactivation of the parent drug almost
always occurs when the conjugations occur at hydroxyl, sulfydryl, carboxyl, or
amino groups.

Sulfation is another main conjugation reaction in mammals for hydroxyl
or amine groups of drugs. Sulfate conjugation is facilitated by sulfurases using
endogenous thiosulfate and sulfate groups. Methylation at oxygen, sulfur, and
nitrogen atoms is facilitated by methyltransferases using endogenous methionine
as a methyl donor. Another main route of biotransformation for arylamines, ali-
phatic amines, and sulfonamides is N-acetylation. Glycine and glutamine are the
amino acids involved in acetylation reactions in most mammalian species, but in
ducks, geese, hens, and turkeys, ornithine is the amino acid mainly used for this
conjugation (3). Polymorphism of acetylation for selected substrates has been
reported in both humans and animals.

The rate of biotransformation is usually determined by the activity of the
liver microsomal enzymes system. However, several drugs have the ability to
stimulate not only their own metabolism but also the metabolism of other com-
pounds. This increase in the rate of metabolism can be attributed primarily to a
morphological proliferation of the endoplasmic reticulum, with concurrent in-
creases in the quantity and turnover of the drug-metabolizing enzymes. The phe-
nomenon of induction of drug metabolism has been demonstrated for several
species including rabbits, trout, cattle, sheep, and swine (8), and for several drugs
including chlorpromazine, estradiol, griseofulvin, phenobarbital, phenylbutazone,
amprolium, and zoalene (9, 10).

Thus, tissue levels of amprolium and zoalene that can induce their own
metabolism were higher in chickens at 3 weeks of dosing than at 8 weeks. This
may explain, in part, why drugs such as these do not accumulate in body tissues
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and disappear so quickly following cessation of treatment. On the other hand,
phenobarbital can induce the metabolism of other compounds; experimental ani-
mals given daily doses of this drug showed increased capacity to metabolize
steroids (11).

It is also of importance to recognize that just as small quantities of drugs
can induce increased drug-metabolizing capacity, small amounts of some other
drugs inhibit the rate of biotransformation. This delayed biotransformation can
be seen within minutes after administration of drugs such as chloramphenicol
(9).

Apart from the site and route of administration, formulation, dosage, and
duration of treatment, biotransformation is often also affected by several other
factors including age, species differences, sex differences, diet, diseases, hor-
mones, and environment. The activity of the liver microsomal enzymes is low
in newborns and aging animals resulting in a slower rate of biotransformation.
Species differences in dosage and response are often due to biotransformation
differences. Inadequate protein intake approaching starvation may also decrease
the rate of biotransformation (12). Diseases of the liver sometimes also interfere
with the normal biotransformation capacity. In addition, increase in biotransfor-
mation may occur at high body temperatures because of an increase in the meta-
bolic rate.

2.1.4 Excretion

Excretion is the process by which the parent drug and its metabolites are removed
from the body fluids before elimination occurs. The most important site of drug
excretion is the kidney. Extrarenal sites of excretion include the liver, lung, mam-
mary gland, sweat gland, salivary glands, and intestinal mucosa.

Excretion of drugs through the kidney takes place primarily by glomerular
filtration, although proximal tubular secretion and distal tubular absorption also
occur. Glomerular filtration relies on the pore size and does not make any distinc-
tion between ionized and nonionized forms of the drugs. The rate of glomerular
filtration varies among species, the driving force being the blood pressure. In
glomerular filtration, the extent of protein binding is of great importance since
drugs bound to tissue or serum proteins cannot be filtered by the renal glomerulus.

Proximal tubular secretion is an energy-dependent active-transport mecha-
nism. Specific high-affinity proteins in the proximal tubule transport drugs into
the tubule for elimination via the urine. These proteins can also remove acidic
and basic drugs from plasma protein-binding sites and transport them into the
tubule. Since it is carrier-mediated, this mechanism is a saturable system. There-
fore, other drugs may also compete for transport where similar carriers are em-
ployed.
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Distal tubular resorption occurs with many lipid-soluble or nonionized
drugs. Reabsorption in the distal tubule can occur by active transport with satura-
tion and competition, or by passive diffusion. Water is reabsorbed, thus producing
a high concentration in the urine and a concentration gradient that favors drug
resorption.

The pKa of the drug, the pH of the urine, and the rate of blood flow
are all parameters affecting drug reabsorption. Where it is desirable to increase
excretion of a drug, manipulation of the pH of urine to favor the ionized form
of the drug may decrease reabsorption. When the tubular urine becomes alkaline,
basic drugs tend to exist largely in the nonionized form. As the drugs become
less polar, they are able to back-diffuse through the lipid cell membrane of the
renal tubular epithelium into the blood and so increase their retention in the body.

On the other hand, acidic drugs tend to ionize under conditions of alkaline
pH and so are unable to permeate the renal tubular epithelium and are preferen-
tially excreted. The converse applies to conditions of acidic urinary pH. This has
been demonstrated experimentally for many drugs; weak bases are excreted more
rapidly in acidic urine, whereas weak acids are excreted more rapidly in alkaline
urine. In the horse, phenylbutazone, which is a weak organic acid with a pKa of
4.6, has a more delayed clearance time under conditions of aciduria than under
conditions of alkaline urine.

Renal insufficiency significantly affects drug excretion. Thus, a reduced
dosage or an increased dosage interval may be necessary for drugs such as poly-
myxin, gentamicin, penicillins, lincomycin, tetracycline, kanamycin, vancomy-
cin, clindamycin, nitrofurantoin, colistin, streptomycin, neomycin, erythromycin,
and sulfonamides, in order to avoid high plasma levels. This is because the rate
of excretion of these drugs is considerably inhibited in case of renal insufficiency.
Switching to drugs such as docycycline, novobiocin, or chloramphenicol that are
not primarily dependent upon renal excretion may aid in avoiding buildup of
residues or dosage and interval adjustments (9).

Although most compounds are excreted primarily by renal mechanisms,
some drugs are partially or completely excreted through the bile. Substances
excreted through the bile are usually drug products biotransformed in the liver,
they possess a high degree of polarity, and are often conjugated. There is an
extensive species variation among animals in their general ability to secrete drugs
in the bile. Chickens are characterized as good biliary excreters, whereas sheep
and rabbits are characterized as moderate and poor excreters. As with all systems
involved in drug disposition, consideration must be also given to the increased
tissue accumulation that may occur with hepatic disease and parasites.

Part of the drug that enters the gut through the bile is eliminated via the
feces or may be reabsorbed and then be excreted in the urine or returned to the
gut through the bile. The latter cycle is called enterohepatic circulation because in
this cycle the compounds may travel the route in progressively reducing amounts

Copyright © 2001 Marcel Dekker, Inc.



22 Chapter 2

several times before elimination is completed. Reabsorption occurs when bacterial
enzymes liberate the active drug from those conjugates in which the glucuronide
moiety is attached via an oxygen group. Since some of the drug remains in the
gut and part of the reabsorbed drug may be eliminated by another route, the
concentration of the free drug in the body progressively declines.

Mammary transfer of drugs is also considerably affected by protein binding.
Since only the unbound form of drugs can equilibrate between plasma and other
body fluids, passage, for example, of penicillin across the mammary barrier would
be expected to occur very slowly due to the high tendency of this compound to
bind to plasma proteins. Passage of sulfonamides into bovine milk is also indepen-
dent on the plasma concentration of the drug but it is greatly affected by the pH
of the milk and the pKa of the drug (13). Acidity of milk favors mammary
excretion of basic drugs but does not exclude acidic drugs. In cases of mastitis
where the pH of the milk is less acidic, both the ionized fraction in the milk and
the excretion via the milk are altered. After dosing normal and mastitic ewes
with sulfamethazine, drug residues were significantly higher in the mastitic ani-
mals since the mastitic milk was considerably more alkaline than the milk of
normal ewes (14).

In species where reabsorption of drugs from the gastrointestinal tract in-
creases the half-life of elimination, salivary secretion represents another important
excretion route. The large volume of alkaline saliva produced by ruminants offers
the possibility of trapping the acidic drugs. Exhalation of products of drug metabo-
lism, such as carbon dioxide and water, can also account for drug excretion.

2.2 FATE OF DRUGS IN AQUATIC SPECIES

Although drug biotransformation has been systematically studied in mammalian
species for many years, similar investigations in aquatic species have lagged
behind mammalian research. Only in the last decade has the importance of bio-
transformation in fish and crustaceans been recognized (15).

Fish possess a large number of unique features that differentiate them both
structurally and functionally from other vertebrates. Many of these biological
features, including the gills, blood circulation and blood characteristics, and he-
patic, renal, and digestive functions, are critical to drug pharmacokinetics.

The gill, one of the most versatile organs in fish, is an important avenue
for drug absorption and elimination. Elimination of drugs across the gill is highly
dependent upon the lipophilicity and charge of the compound. Compounds that
are moderately lipophilic and neutrally charged, are readily eliminated across the
gill.

Blood pH in a variety of fish species has been shown to be higher than
that typically reported in mammals. This is of importance since the ionization
status of drugs is dependent on the pH of the transport blood and water, and the
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pKa of the particular compound. In the trout, for example, blood pH values
average about 8.0 but if the fish is stressed by handling for a duration as short
as 30 s, blood pH values average around 7.5 (16). Such factors may influence
drug ionization in fish. Several other mechanisms, including the counter flow of
blood and water, diffusion barriers, and lamellar recruitment, which serve to
maximize extraction of oxygen from the water environment, also serve to promote
drug transfer. Water-quality alterations in pH and hypoxia-induced respiratory
adjustments can also alter the absorption and disposition of drugs in fish (17,
18).

The circulatory system of fish is also unique structurally and functionally.
Structurally, the membranous nature of the vasculature makes for a friable high-
capacitance system under low pressure. Low blood flows result in somewhat
longer distributional phases for many drugs. Processes such as heart rate and
stroke volume that influence drug distribution are themselves influenced by exter-
nal factors such as temperature and stress. In addition, total plasma protein content
differs in fish as compared to mammals. Total plasma protein in the trout and
flounder is approximately one-half that of mammals such as dogs and cats. For
many compounds protein binding is considerably lower in fish than their mamma-
lian counterparts (19, 20).

Hepatic function is also important because fish liver can change dramati-
cally in regard to its weight and chemical composition; changes in chemical
composition concern mainly alterations in glycogen and lipid content. Seasonal
gonadal maturation, time from last feeding, and response to stress may influence
these parameters (21, 22). In addition, hepatic perfusion is poor in fish with rates
accounting for 25–50% of those found in mammals. These features are important
in regard to drug metabolism.

Fish are extremely good biliary concentrators of drugs. Molecular weight
and polarity concerns for biliary elimination are basically similar to mammals,
but bile formation in fish is nearly 50 times slower than mammals. As a result,
fish have the capacity to biotransform a variety of substrates, although the rates
generally observed are lower than in many mammalian species. Sufficient evi-
dence exists to indicate that glucuronyl transferase, sulfotransferase, glutathione-
S-transferase, and epoxide hydrolase activities in fish are, at least qualitatively,
similar to those found in mammals (23, 24).

The kidney of most fish is primarily involved in hematopoiesis and osmore-
gulation. Fresh-water fish are hypertonic relative to the water. The continual
osmotic uptake of water is balanced by production of as large amounts as 2–4
ml/kg/h of dilute urine. Salt-water fish, on the other hand, are hypotonic relative
to their environment, resulting in body water loss. In response, marine species
produce much smaller volumes of urine. Large differences exist among different
fish species in regard to nephron structure to facilitate these functional responses.
These features may influence the renal contribution to drug disposition: apprecia-

Copyright © 2001 Marcel Dekker, Inc.



24 Chapter 2

ble amounts of the administered drugs are excreted in the urine of fish in the
form of the parent compound and/or its metabolites. A number of studies have
demonstrated that glucuronide, sulfate, and taurine conjugates are excreted by
the fish kidney as a result of anion/cation carrier-mediated mechanisms (25, 26).

Unlike fresh-water species, marine species drink appreciable quantities of
water to maintain their hydration status and, therefore, can provide drug access
to uptake by the gastrointestinal tract. However, regional pH of the gastrointestinal
tract may vary considerably between fish species. For example, the pH of the
stomach is much more alkaline in herbaceous than carnivorous fish.

On the other hand, crustacean species differ considerably from fish in their
biological make-up. The hepatopancreas, antennal gland, intestine, and gill are
the most important organs of drug metabolism in crustaceans. The high fat content
of hepatopancreas, which is the major organ of metabolism and storage of nu-
trients, makes this organ a storage site for lipophilic drugs. The antennal glands
are paired organs that function in urine formation, salt balance, and steroid biosyn-
thesis (27). Crustacean gill and intestine are, on the other hand, organs with a
not well defined role in drug metabolism and excretion (28).

Another major difference between crustacea and fish is the presence of
shell, which appears to absorb certain xenobiotics (29). As a result, metabolism
and excretion of lipophilic drugs and their metabolites are usually slower in
crustaceans than in other species. Glucuronidation, a major pathway of drug
conjugation in terrestrial and aquatic species, has not been definitely determined
in crustacean tissues or excreta. Instead, conjugation of the hydroxyl groups of
drugs with glucose has been detected in crustaceans (30). Like fish, crustaceans
also conjugate carboxylic acids with taurine, but not with glycine (31). Other
major pathways of drug conjugation processes including acetylation, sulfation,
and glutathione conjugation are also found in crustaceans (32).

Following their formation in the hepatopancreas, metabolites are usually
excreted in feces and urine, antennal gland, or other sites. Available data indicate
that drugs that are readily soluble or can be biotransformed into water-soluble
conjugates are more rapidly excreted from crustaceans than lipid-soluble drugs.
Hence, very lipophilic drugs can be expected to attain much higher concentrations
in the hepatopancreas than in other tissues, and to be slowly excreted in feces
after metabolism to more polar metabolites.
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Antibacterial Drugs

In principle, all drug preparations administered to food-producing animals may
lead to residues in the edible tissues, milk, or eggs. In addition to the drug dosage,
the levels of those residues depend on the period between administration and
slaughter or collection of the animal products, the so-called withdrawal period,
which, on its turn, depends on the pharmacokinetic profile of the drug.

Residues of antibacterial drugs in foodstuffs from animal origin could repre-
sent a hazard for the consumer of these products. Toxic effects are unlikely since
residues will be present only at very low concentrations. Nevertheless, some
substances must receive particular attention owing to their harmfulness. Allergic
reactions may be also produced in sensitive or sensitized individuals. However,
the principal hazardous effect is likely to be development of resistance strains of
bacteria following the ingestion of subtherapeutic doses of antimicrobials. The
resistance could be transferred to other bacteria. This could include transfer of
resistance from nonpathogenic organisms to pathogenic organisms, which would
then no longer respond to normal drug treatment. The illicit use of antibiotics
could thus increase the risk of foodborne infection with antibiotic-resistant patho-
genic bacteria contaminating food taken by humans.

A brief description of the antibacterial drugs potentially used in food-pro-
ducing animals, along with their pharmacokinetic profiles, is provided here.

3.1. AMINOGLYCOSIDES AND AMINOCYCLITOLS

Aminoglycosides and aminocyclitols are antibiotics elaborated by bacteria of the
genus Streptomyces and Micromonospora (1). Streptomycin, kanamycin, ami-
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kacin, neomycin, and apramycin are examples of antibiotics derived from the
former species, in which case the compound name ends in the suffix -mycin,
while gentamicin and sisomicin are antibiotics derived from the latter, in which
case the compound name ends in the suffix -micin.

The structure of aminoglycosides consists of one or more amino sugar units
in the form of a glycosamine and/or a disaccharide containing D-ribose, which
are attached to a central aglycon moiety with glycosidic linkage (2). The central
moiety, a saturated ring substituted with amine and hydroxyl groups, is 2-deoxys-
treptamine in most aminoglycosides but streptidine in the streptomycin and dihy-
drostreptomycin.

Aminocyclitols are closely related to aminoglycosides. They differ in that
aminoglycosides contain amino sugars joined by a glycosidic link, while amino-
cyclitols have the amino group on the cyclitol ring (3). The two major aminocycli-
tols are spectinomycin and apramycin.

Most aminoglycosides are complexes of several almost identical compo-
nents differing either in the degree of methylation of one amino sugar unit, as
in the case of gentamicin, or in the stereochemistry of the disaccharide unit, as in
the case of neomycin. Differences in the substitutions on the basic ring structures
between the various aminoglycosides account for the relatively minor differences
in antimicrobial spectra, patterns of resistance, and toxicity.

The aminoglycosides interfere with bacterial protein synthesis by binding
irreversibly to ribosome and could cause cell membrane damage. They may be
inactivated by bacterial resistant enzymes but bacteria could also display resis-
tance through ribosomal modifications or by decreased uptake of antibiotic into
the bacterial cell.

Aminoglycosides are widely distributed in the body after injection and little
is absorbed from the gastrointestinal tract. However, inflammation or other lesions
may increase absorption considerably (4). Aminoglycosides are not metabolized
in the body but are bound and eliminated by renal glomerular filtration and excre-
tion in the urine (5). Residues in the body tend to be concentrated in the kidney
(6). When used at therapeutic dosages, ototoxicosis principally, but also nephro-
toxicosis, allergy, and neuromuscular effects are the adverse effects of the amino-
glycosides.

In food-producing animals, the most commonly used aminoglycosides and
aminocyclitols are streptomycin, dihydrostreptomycin, gentamicin, neomycin,
and spectinomycin, although other members of this family are used to a lesser
degree. Several new aminoglycosides are available for human use or are being
developed for human and veterinary use, such as paromomycin, dibecacin, and
habecacin. The development of semisynthetic derivatives has resulted in drugs
with lower toxicity and greater effectiveness. Kanamycin was synthetically modi-
fied to produce tobramycin and amikacin, and sisomicin has been synthetically
modified to produce netilmicin (7). The need to turn to other members of the
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aminoglycoside family is determined by the growing resistance of bacteria to the
established drugs (8). Structures of selected aminoglycosides are shown in Figure
3.1.

Apramycin is a broad-spectrum aminocyclitol antibiotic and component
of the nebramycin complex, produced by a strain of Streptomyces tenebrarius.
Use of this antibiotic is specifically aimed at mass therapy of colibacillosis and
salmonellosis in veal calves and swine. It is administered to calves by intramuscu-
lar or oral route at a dose of 20–40 mg/kg body weight/day for 5 days, and to
swine via the drinking water at a dosage of 7.5–12.5 mg/kg bw/day for 7 days,
or via the feed at a rate of 100 mg/kg feed for 28 days. It is further used for
treatment of colibacillosis in lambs given orally at a dosage of 10 mg/kg bw/day
for 3–5 days, and for treatment of E. coli septicemia in poultry administered in
the drinking water at a concentration of 250–500 mg/L for 7 days. In contrast
to other aminoglycosides, apramycin is not used in human medicine.

If apramycin is used, incorrectly, residues may be found in large concentra-
tions in foodstuffs of animal origin and represent both a hazard for the consumer
and a disruptive element for the manufacturing processes adopted by the food
industry. Apramycin is poorly absorbed after oral administration, but is rapidly
and effectively absorbed after parenteral administration and distributed through
the extracellular fluid. Excretion is through the kidney, and the compound is
found unchanged in the urine. More than 75% of the total residues found in
liver and kidneys of animals slaughtered 5–6 days after treatment appear to be
unmetabolized apramycin.

After oral administration to pigs of 20 mg apramycin/kg bw /day for 7
days, detectable residues were present only in kidney. One day after the treatment,
residues in kidney were in the range 5800–15,300 parts per billion (ppb), declin-
ing to 2500–3100 ppb 7 days after treatment, and to below 210 ppb 14 days after
treatment. Unlike with pigs, residues are much higher in calf tissues. Apramycin
residues in calves given orally 20 mg/kg bw/day for 5 days declined from 2800
to 21,700 ppb in kidney, 100 ppb in fat, and 1200 ppb in the liver at 7 days after
treatment to 200–9400 ppb in kidney, to less than 50 ppb in fat, and 400–700
ppb in the liver at 21 days after treatment.

Residues in tissues are, generally, much higher with parenteral than oral
administration. Residues in calves given intramuscularly 20 mg apramycin /kg
bw /day for 5 days declined from 296,600–435,300 ppb in kidney, 8700–14,700
ppb in liver, 6200 ppb in fat, 1900–3400 in muscle, and 23,600–65,100 at the
injection site at 4 h after the last treatment to 1200–14,500 ppb in kidney,
3500–4200 ppb in liver, 400 ppb in fat, below 268 ppb in muscle, and less than
268–4600 ppb at the injection site at 28 days after treatment.

In broilers given drinking water containing 500 mg radiolabeled apramycin/
L for 5 days, mean total residues in kidney declined from 3230 ppb at 1 day after
treatment to 1475 ppb 7 days later, and to 470 ppb 14 days after treatment. Over
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FIG. 3.1 Chemical structures of commonly used aminoglycosides and amino-
cyclitols.
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the same period, mean total residues in liver declined from 420 ppb to 150 ppb
and finally to 80 ppb, whereas those in skin were from 70 ppb to 60 ppb and
finally to 30 ppb. Mean total residues in muscle declined from 70 ppb at 1 day
after treatment to 20 ppb at 7 days after treatment. Compositional analysis of
total residues showed that more than 80% of the residues in liver and kidney
consisted of unmetabolized apramycin.

Apramycin is authorized for use neither in laying hens nor in cattle or sheep
producing milk for human consumption. When apramycin was administered intra-
venously and intramuscularly to lactating cows with clinically normal and acutely
inflamed udders, and to lactating ewes with normal or subclinically infected
udders, drug penetration into the milk from the acutely inflamed quarters of cows
was extensive. Maximum concentrations in mastitic milk were more than 10-fold
greater than those in normal milk (9). On the other hand, the drug had limited
access to the milk produced by subclinically infected half-udders of ewes.

Bambermycin is an aminoglycoside complex produced by Streptomyces
bambergiensis and related strains. This complex is also known as flavomycin,
flavophospholipol, or moenomycin. It consists of at least four active components
known as moenomycins A, B1, B2, and C; moenomycin A is the major component.
Bambermycin, although possessing antibacterial activity, is used only as a growth-
promoting agent in veterinary medicine. It is added to cattle, swine, poultry, and
rabbit feeds at dosages ranging from 1 to 20 ppm.

Bambermycin is an antibiotic that, because of its heteropolar behavior,
tends to form complexes. It is, therefore, a compound that is extremely difficult
for animals to absorb. Balance studies proved that bambermycin is not absorbed
but is excreted in the feces as the intact, biologically active drug. As a result, no
withdrawal period is required.

Gentamicin is an aminoglycoside complex composed of three major com-
ponents designated C1, C2, and C1a. It is a generally utilized bactericidal agent
with the broadest spectrum of activity among the aminoglycosides. Gentamicin
is indicated for treatment of pigs with colibacillosis or swine dysentery at a
dosage of 5 mg/kg bw intramuscularly or orally. It has been also used in cattle
by intramammary infusion for treatment of mastitis, by intrauterine infusion for
treatment of metritis, and parenterally for treatment of respiratory diseases. A
popular treatment regimen combines gentamicin and penicillin. Apart from its
ototoxic and nephrotoxic potential, gentamicin may also cause liver disturbances
and both peripheral and central neuropathies including encephalopathy, lethargy,
and convulsions.

The compound is poorly absorbed from the gastrointestinal tract. Gentami-
cin serum and tissues concentrations during and following intramuscular or oral
administration of gentamicin (5 mg/kg bw twice daily) to calves showed that the
drug was absorbed poorly after oral administration but rapidly after intramuscular
injection (10).
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After parenteral doses, gentamicin distributed into extracellular space but
significant amounts penetrated the kidney and inner ear. There was negligible
biotransformation of the drug following parenteral administration and unchanged
gentamicin was excreted rapidly in the urine. After intramuscular injection, signif-
icant amounts penetrated into the kidney and liver, with only low levels being
found in muscle and fat; residues in kidney depleted to below 0.08 ppm by day
14. Only low levels of residues, as determined by total radioactivity, were found
in pigs given oral doses of radiolabeled gentamicin. The disposition of gentamicin
after repeated oral administration to neonatal piglets with enterotoxemia was fully
comparable to the disposition in healthy piglets, as indicated by the plasma and
fecal levels observed during treatment (11). Also, the residue depletion in body
tissues was fully comparable; at 14 and 28 days withdrawal, residue levels were

0.05 ppm in muscle, and 0.10 ppm in liver. At 14 days, kidney contained
0.17–0.27 ppm, whereas at 28 days than 0.15 ppm.

In dairy cattle given gentamicin by a intramuscular injection, intramammary
infusion, or intrauterine infusion, milk was free of detectable residues at 60–84
h posttreatment. However, following repeated treatment over a period of 5 days,
depletion of gentamicin residues to a concentration less than or equal to 30 ppb
appeared at 228 h posttreatment (12). Therefore, illegal and extralabel use of the
compound is likely to cause residues in milk.

In general gentamicin is excreted by the urinary route, and so has the draw-
back of binding to the kidney tissue, which in food-producing animals may give
residues lasting over months (13). Thus, even the minor fraction absorbed after
oral administration accumulates in the kidney and brings about concentrations
far above the accepted residue concentrations. Following oral application, a long
withdrawal period of more than 105 days before slaughter applies to the kidney,
independent of application form. However, this precaution is not necessary for
meat, and a much shorter withdrawal period of 5 days is observed in calves
following oral application. Following intramuscular application to calves, the
withdrawal period for meat should be prolonged to about 60 days.

Kanamycin is an aminoglycoside complex produced by Streptomyces ka-
namyceticus. It is comprised of three components, kanamycin A being the major
component and kanamycins B and C minor congeners. Kanamycin is active
against many pathogenic bacteria and has been used parenterally for treatment
of bovine respiratory disease, mastitis, and other infectious conditions. A popular
combination used in horses and cattle with respiratory disease is kanamycin and
penicillin G. It is also used orally for treatment of bacterial enteritis because
limited absorption occurs after oral administration.

Apart from its ototoxic and nephrotoxic potential, kanamycin may also
cause liver disturbances and both peripheral and central neuropathies including
encephalopathy, lethargy, and convulsions. Cochlear toxicity is more frequent
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than vestibular toxicity with kanamycin. Gastrointestinal disturbances have been
reported following administration of kanamycin by mouth.

Kanamycin crosses placenta and is found in breast milk. When kanamycin
was administered intramuscularly to cattle, sheep, and swine at dosages in the
range 5–10 mg/kg bw at 12 h intervals, milk was free of the antibiotic 36 h after
the last injection (14). However, kanamycin residues persisted longer in the kid-
ney tissue.

Neomycin is an aminoglycoside complex produced by Streptomyces frad-
iae. It consists of three components: A, B, and C. Component B is the major
component of commercial preparations of neomycin (over 90%). Framycetin,
which is also known as soframycin, is merely the more pure B component of
neomycin. Component C is present only in traces ( 1%) in the neomycin com-
plex. Both B and C components of neomycin are chemically similar and biologi-
cally active.

Neomycin is administered orally for treatment of bacterial infections of
cattle, sheep, pigs, goats, and poultry at a dosage of 10 mg/kg bw. It is also used
as a feed additive for growth-promoting purposes. Neomycin is further available
alone or in combination with other drugs such as oxytetracycline, oleandomycin,
lincomycin, and prednisolone, in intramammary formulations for treatment of
mastitis. There has been relatively little clinical use of neomycin parenterally in
animals because of the compound’s reported nephrotoxicity and ototoxicity.

Neomycin is particularly ototoxic and nephrotoxic when given parenterally.
As with gentamicin and kanamycin, the nephrotoxicity may be reversible but
the ototoxicity is usually irreversible and deafness may occur following oral
administration, instillation into cavities, or topical use. It may block neuromuscu-
lar action and respiratory depression has been reported. Local treatments may
cause hypersensitivity, rashes, pruritus, and anaphylaxis. Neomycin is not geno-
toxic.

Neomycin is poorly absorbed from the gastrointestinal tract, and has low
absorption from the udder. In contrast, it is rapidly absorbed following parenteral
administration. In all cases, it undergoes negligible biotransformation in the body.
Orally administered neomycin is mainly excreted unchanged in the feces, whereas
after parenteral administration it is excreted fairly rapidly in the urine. Neomycin
must not be used parenterally in food-producing animals because of the prolonged
persistence of its residues in edible tissues, eggs, and milk.

Spectinomycin is an aminocyclitol antibiotic produced by Streptomyces
spectabilis. It is indicated for use via the oral and intramuscular or subcutaneous
routes in the treatment of a variety of enteric, respiratory, and other infections
of cattle, sheep, swine and poultry. Recommended dosages are 7.5–12.5 mg/kg
bw for intramuscular injections and 1–5 mg/bird for subcutaneous injections in
poultry. Spectinomycin is frequently combined with lincomycin and administered
either intramuscularly at 15 mg/kg bw to calves, sheep, and swine (15), and at
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30 mg/kg bw to poultry or orally at a dosage of 5–10 mg/kg bw in swine and
50–150 mg/kg feed in poultry.

Spectinomycin is a particularly valuable antibiotic because of its low toxic-
ity. It may cause hepatic, renal, and hematological disturbances. Anaphylaxis has
rarely been reported.

The absorption of spectinomycin is poor via the oral route, but rapid and
extensive after intramuscular injection. It is not extensively metabolized in ani-
mals and rapidly excreted in the urine (16). Following subcutaneous injections
of spectinomycin sulfate to cattle, 70–83% of the dose was excreted in the urine
and 62–64% of this was parent spectinomycin (17). Several minor metabolites
were found in the urine that consisted mostly of dihydroxyspectinomycin and
two acetylated isomers, and an unusual ammoniated spectinomycin metabolite
and its acetylated derivative. There was also some evidence, but it was not compel-
ling, for a spectinomycin sulfate conjugate. Dihydrospectinomycin and parent
spectinomycin were the only identifiable major components found in the liver
and the kidney, respectively. Liver and kidney retained the highest concentrations
of total residues throughout the 15-day withdrawal period.

Residue depletion studies with calves given intramuscular spectinomycin
30 mg/kg bw/day for 5 consecutive days showed that the average concentrations
of the parent drug in liver, kidney, muscle, and fat were 4654, 43,053, 646, and
less than 200 ppb, respectively, at 3 days, and 903, 2750, 200, and less than 27.1
ppb at 14 days after the last dose.

Residue depletion studies with piglets orally dosed with 30 mg
spectinomycin/kg bw/day for 5 consecutive days showed that the average concen-
trations of the parent drug in liver, kidney, muscle, and skin/fat were 1030, 7700,
less than 300, and less than 394 ppb, respectively, at 3 days, and less than 198,
500, 300, and 26 ppb, respectively, at 14 days postdosing. Broilers given water
dosed at 50 mg spectinomycin/kg bw/day for 5 consecutive days were not found
to contain detectable spectinomycin concentrations (limit of detection: 500 ppb
for liver and kidney and 250 ppb for muscle and skin/fat) in any edible tissue
even only 1 day after the last dose.

Passage of spectinomycin into milk is possibly limited by its high degree
of ionization in serum and its low lipid solubility. Pertinent studies with similarly
treated lactating cows showed spectinomycin levels in milk to average 1431, 439,
and less than 100 ppb at the 12, 24, and 36 h milking.

Streptomycin and dihydrostreptomycin are aminoglycoside antibiotics
closely related in structure, which are active against mainly gram-negative bacte-
ria. Streptomycin is produced by certain strains of Streptomyces griseus; dihy-
drostreptomycin can be prepared by reduction of streptomycin.

They are active against many gram-negative bacteria but resistance devel-
ops rapidly and limits their use. Streptomycin and dihydrostreptomycin are less
nephrotoxic than other aminoglycosides. They may cause neurological distur-
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bances including optic neuritis and peripheral neuropathies. Hypersensitivity, se-
vere dermatitis, and anaphylaxis have been reported.

Administration of streptomycin intramuscularly is the method of choice for
treating systemic infections. Oral forms of streptomycin or dihydrostreptomycin,
frequently combined with sulfonamide drugs and other compounds, are also used
in animals for treatment of enteric infections. In addition, streptomycin is used
as a feed additive for growth promotion purposes. In some countries, the combina-
tion of streptomycin with procaine penicillin is used as an initial nonspecific
therapy in farm animals, and in intramammary applications for treatment of masti-
tis. Intramuscular dosages are in the range 5–10 mg/kg bw, while oral dosages
are 20 mg/kg bw. Dihydrostreptomycin is also used in veterinary medicine in
intramammary and topical treatments.

Results of pharmacokinetic studies of streptomycin are in most cases also
applicable to dihydrostreptomycin and vice versa. In animals, the absorption of
both streptomycin and dihydrostreptomycin is poor via the oral route but rapid
after intramuscular administration. In cattle, peak serum levels were obtained 1
h after intramuscular injection of either streptomycin or dihydrostreptomycin (18),
whereas serum concentrations produced in sheep and horses paralleled those
obtained in cattle (19). As a result, most of an oral dose is recovered in the feces
whereas most of a parenteral dose is recovered in the urine. However, if kidney
function is severely impaired, little of an intramuscularly administered dose is
excreted in the urine.

Unfortunately, streptomycin residues persist for long time at the site of
injection and are also found in the kidney. Residue levels in other edible products
of drug-treated sheep, pigs, and poultry were generally low and did not necessitate
long withdrawal periods.

Analysis of bovine and swine kidney and muscle pairs from suspect Cana-
dian slaughter animals has indicated an average difference in residue levels of
150/L and 164/L, respectively, for dihydrostreptomycin (20). Although dihydros-
treptomycin is eliminated with the milk soon after its intramuscular administration
to lactating cows, reaching residue levels in the range 0.05–0.13 ppb, it is not
absorbed when given by the intramammary route and, thus, care must be taken
to obey recommended withdrawal periods to avoid residues in milk.

3.2 AMPHENICOLS

Chloramphenicol, thiamphenicol, and florfenicol are broad-spectrum antibacteri-
als with closely related chemical structures (Fig. 3.2). In thiamphenicol, the p-
nitro group on the benzene ring of chloramphenicol is replaced with a methyl
sulfonyl group. In florfenicol, the hydroxyl group on the side chain of thiampheni-
col is replaced with a fluorine. They are all potent antibacterial agents acting
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FIG. 3.2 Chemical structures of commonly used amphenicols.

through interaction with ribosomes to inhibit organisms from synthesizing pro-
teins (21).

Chloramphenicol is a highly active antibiotic that was first isolated from
cultures of Streptomyces venezuelae but is now produced synthetically. It is
unique among natural compounds in that it contains a nitrobenzene moiety. Chlor-
amphenicol has been used both in treatment and prophylactically in food-produc-
ing animals for over 40 years, administered orally with the feed or drinking
water to poultry, veal calves, swine, sheep, and lambs, and intramuscularly or
intravenously to sheep, goats, pigs, and calves at a dosage of 2–4 mg/kg bw. In
several countries, chloramphenicol has been also used in fish for the treatment
of furunculoses on salmonids (22).

The most serious toxic effect of chloramphenicol is depression of the bone
marrow, which is generally dose-related and reversible but is sometimes dose-
unrelated, irreversible, and fatal in patients who are probably genetically predis-
posed (23). In newborn infants receiving large doses of chloramphenicol, a toxic
syndrome has been reported, characterized by vomiting, hypothermia, cyanosis,
and circulatory collapse followed by death. This syndrome may also rarely occur
in adults and in infants born to mothers given chloramphenicol in pregnancy.
Chloramphenicol may also cause neuritis, encephalopathy with dementia, and
ototoxicity. Since chloramphenicol and its metabolites would be genotoxic, its
use is restricted in many countries, while it is totally banned for use in food-
producing animals within the European Union and United States (24, 25). Consid-
erable concern has been voiced over the extralabel use of chloramphenicol in
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animals, and surveillance programs within many countries constantly monitor for
residues of the drug.

In most species, chloramphenicol is rapidly and almost completely absorbed
from the gastrointestinal tract. This route of administration provides antibiotic
levels in blood comparable with or higher than the intramuscular or the subcutane-
ous routes. The only known exception is in ruminants in which the drug is de-
stroyed by the rumen microflora.

Chloramphenicol is rapidly metabolized to its glucuronide conjugate in the
liver of most species. In swine liver, kidney, and serum, more than one-half of
the chloramphenicol present is in the conjugated form (26), but in muscles of
swine, chicken, and calf, conjugated chloramphenicol is not observed (27). Six
metabolites have been observed (28) in plasma and tissues of calves after oral
administration of a single dose of 50 mg radiolabeled chloramphenicol/kg bw,
the glucuronated metabolite being the major one in the plasma with a maximum
concentration of 2.6 ppm at 3 h. Another metabolite identified as nitroaminopropa-
nediol did not exceed 0.13 ppm; at 5 h post administration, the parent drug
represented 88.7% of the total radioactivity in plasma, 74.2% in muscle, 61.5%
in fat, 26.4% in liver, and 18.4% in kidney.

After infeed medication to swine, chloramphenicol was rapidly absorbed
and declined rapidly thereafter due both to its rapid elimination and intensive
metabolism (29). Chloramphenicol glucuronide was the main metabolite formed
(30); deacetylchloramphenicol was also present although in minor quantities.
No other metabolites such as nitrosochloramphenicol or dehydrochloramphenicol
could be detected in the kidney that was the target tissue (31).

When chloramphenicol is administered parenterally, it rapidly enters the
enterohepatic cycle, which is of significance because it prolongs the residence
of the drug in the body. Deposition of chloramphenicol residues in animal tissues
results from this prolongation of excretion. In diseased animals, residues of chlor-
amphenicol can be detected for weeks after the initial administration.

Following intramuscular injection of chloramphenicol in sheep, the with-
drawal period down to the level of 0.05 ppm was estimated at 14.4 days for the
injection site, 6 days for noninjected muscle, 9 days for fat, 11 days for kidney,
and 11 days for the liver (32). When chloramphenicol was administered to rabbits,
muscle and kidney were the tissues containing the highest levels of the parent
drug at 6 h postdosing, whereas at 24 h only muscle contained detectable amounts
of residues (33).

The ability of liver to biotransform chloramphenicol has been also demon-
strated in several fish species. In pertinent studies, various metabolic pathways
were determined and chloramphenicol–glucuronide, chloramphenicol–base,
chloramphenicol–alcohol, and chloramphenicol–oxamate were the main metabo-
lites observed (34, 35). Following hepatic biotransformation, a large proportion
of the administered dose was excreted in the urine.
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Thiamphenicol is a synthetic chloramphenicol analogue with a molecular
structure that appears to preserve the antibacterial properties, decrease markedly
the metabolism by the liver, enhance kidney excretion, and eliminate the occur-
rence of aplastic anemia, although it is probably more liable to cause dose-depen-
dent reversible depression of the bone marrow (15). These properties make it
preferable in certain cases to chloramphenicol (36, 37).

Interest in the use of thiamphenicol in veterinary medicine, has grown
recently. Thiamphenicol is intended for the treatment and control of respiratory
and intestinal diseases in cattle and poultry where it is administered orally at
dosages of 5000 mg/kg feed for 5 days (calves), 1000 mg/kg feed for 5 days
(poultry), and 800 mg/2 drinking water for 5 days (poultry), or intramuscularly
at dosages of 50 mg/kg bw for 7 days (cattle) and 70 mg/kg bw for 3 days
(turkeys). In addition, it is intended for intramammary administration in both
lactating and dry cows at a dosage of 10 mg/kg bw, and for intrauterine administra-
tion in cows at a dosage of 15 mg/kg bw. Thiamphenicol may also serve as a
suitable replacement for other antibiotics that present long depletion times in
aquaculture.

Following oral or parenteral administration, thiamphenicol is well absorbed
and rapidly and extensively distributed in the tissues of most animal species.
Thiamphenicol is primarily excreted in the urine but small amounts are found
in feces as well. It is excreted almost entirely in the unchanged form. Unlike
chloramphenicol, thiamphenicol may not be an optimal substrate for the hepatic
microsomal enzyme glucuronyl transferase. In rabbits and rats, more than 90%
of the administered dose was excreted unchanged. However, a higher level of
glucuronidation occurred in swine.

Residue depletion studies in orally treated beef cattle showed that liver,
kidney, and muscle contained 65–77 ppb, 50–115 ppb, and less than 20 ppb
thiamphenicol, respectively, at 4 days after dosing, but less than 20 ppb at 10 days
after dosing. Milk from dairy cows intramuscularly dosed with thiamphenicol
contained residues 800 ppb 1 day after the cessation of treatment, but less
than 20 ppb 48 h later.

Following treatment with thiamphenicol in drinking water, concentrations
of the parent drug in liver, kidney, muscle, and skin/fat tissues of broiler chickens
were 310.2 ppb, 386.2 ppb, 852.4 ppb, and 20100 ppb, respectively, 1 day after
the cessation of treatment, dropping to 7–21 ppb, less than 3 ppb, 4.6–57.8 ppb,
and 5100 ppb at 17 days after cessation of treatment. Eggs from laying hens
exposed to thiamphenicol through their diet were found to contain 72–190 ppb
and 20–43 ppb at 4 and 7 days after cessation of treatment, respectively. At day
9, none of the laid eggs contained more than 20 ppb thiamphenicol.

Residue depletion studies in sea bream administered once daily for 5 con-
secutive days feed medicated with 4 ppm thiamphenicol showed that residue
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levels in muscle, liver, and skin were 240 ppb, 380 ppb, and 180 ppb, respectively,
at 1 day after treatment (38).

Florfenicol is a fluorinated derivative of thiamphenicol developed in the
United States for use exclusively in veterinary medicine. It has been approved
for treatment of bovine respiratory disease in the United States (39). Florfenicol
has been also recently approved in Japan for use by the aquaculture industry to
prevent yellowtail disease.

Florfenicol targets the bacterial ribosome and inhibits bacterial protein bio-
synthesis. Acquired resistance has been reported, the forms being ribosomal muta-
tions and reduction of the cell permeability. The molecular structure of florfenicol
precludes the possibility that its toxicity is associated with idiosyncratic anemia.

The pharmacokinetic characteristics of florfenicol have been described in
goats (40), calves (41), and chickens (42). The efficacy of florfenicol in aquacul-
ture has been also demonstrated against bacteria involved in some major fish
pathologies, especially in salmon and trout (43, 44). Pharmacokinetic studies in
Atlantic salmon indicated that the compound was well absorbed and distributed
following oral administration (45). Tissue residue depletion studies after an oral
daily administration of 10 mg/kg bw florfenicol in rainbow trout at 10 C for 10
days showed that muscle/skin tissue contained 150 ppb drug at 15 days after the
last dose (46).

3.3 -LACTAMS

The -lactam antibiotics are the most widely used antimicrobial drugs in veteri-
nary practice. They represent an enormous class of compounds, the discovery,
chemistry, and biology of which have been well reviewed (47–49). Penicillin G
and penicillin V are two of the naturally occurring penicillins belonging to the
group of antibiotics collectively referred to as -lactams. This group is further
comprised of a great variety of semisynthetic penicillins including the cephalospo-
rin antibiotics. All -lactams have at their basic structure a -lactam ring responsi-
ble for the antibacterial activity and variable side chains that account for the
major differences in their chemical and pharmacological properties. The primary
distinguishing structural difference between penicillins and cephalosporins is the
ring system fused to the -lactam ring. This is a five-membered thiazolidine ring
for penicillins and a six-membered dihydrothiazine ring for cephalosporins.

All -lactam antibiotics are bactericidal. They interfere with the synthesis
of the bacterial wall by inhibiting the bacterial transpeptidase enzymes essential
for the construction of peptidoglycan of the wall. Some -lactams may be inacti-
vated by the -lactamases (penicillinases) produced by bacteria and, thus, the
activity of both penicillins and cephalosporins can be determined by their ability
to withstand the destructive action of -lactamases also produced by the organism
for its optimal protection. Bacterial resistance caused by -lactamase production
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can be overcome by either modifying the -lactam nucleus to produce a resistant
antibiotic such as cloxacillin or by using combinations of -lactams with naturally
occurring compounds such as clavulanic acid or sulbactam that resemble penicil-
lin structurally and are inhibitors of the -lactamase enzymes (50).

3.3.1 Penicillins

Penicillins have been used in veterinary medicine for more than 30 years and
still constitute the most important group of antibiotics. They can be classified in
three distinct groups. The group of the natural penicillins includes penicillin
G and penicillin V; the group of the penicillinase-resistant penicillins includes
methicillin, nafcillin, oxacillin, cloxacillin, dicloxacillin, and mecillinam; the
group of the broad-spectrum penicillins includes ampicillin, amoxicillin, and heta-
cillin (Fig. 3.3.1)

All penicillins have low toxicity in the normal sense of the word. The most
common adverse effects of penicillins by far are hypersensitivity reactions and
especially skin rashes. Gastrointestinal disturbances including diarrhea, nausea,
and vomiting may sometimes also appear. No teratogenic effects have been re-
ported.

Distribution of penicillin antibiotics is limited to extracellular fluids, but
inflammation may enhance their distribution into tissues. Penicillins are actively
transported in kidney, brain, and liver. Most penicillins undergo minimal hepatic
metabolism and are cleared from the plasma primarily by renal excretion. Secre-
tion of penicillins by the renal tubules results in high urine concentrations and
rapid elimination from the body (50).

Penicillin G or benzylpenicillin is a natural penicillin produced by Penicil-
lium chrysogenum. It is active against gram-positive bacteria and is administered
by intravenous, intramuscular, intramammary, or subcutaneous injection. The
oral route is not satisfactory because penicillin G is largely destroyed by gastric
acid and bacterial action. It is used for therapy in all farm animal species with
a dose range of 3–25 mg/kg bw. Major uses are for the control of mastitis in
dairy cows and for treating infections of the gastrointestinal system and the urinary
and respiratory tract.

The rates of absorption, clearance, and elimination of penicillin G are influ-
enced by its formulation. Penicillin G is available in a number of different salts
either with inorganic ions including sodium, potassium, or calcium or with organic
cations including procaine and benzathine. These salts have differing solubilities
and hence differing durations of action.

The sodium and potassium salts are rapidly absorbed but give effective
plasma concentrations for no more than 4 h. The procaine salt has a lower solubil-
ity and forms, on injection, a depot that slowly releases penicillin G, maintaining
effective concentrations for up to 24 h. After intramuscular treatment of swine
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FIG. 3.3.1 Continued
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with procaine penicillin G, blood levels peaked 1 h after injection but were barely
detectable 24 h after treatment (51). In another pertinent study in swine, blood
serum and tissues except the injected muscle were free of detectable penicillin
G at 24 h after treatment, whereas, by 48 h, the injected muscle was also essentially
free of drug residues (52).

The benzathine salt is only slightly soluble and therefore has a prolonged
action, but plasma concentrations are generally lower (53, 54). Hence, benzathine
salt is usually used in conjunction with procaine salt, to give an initial high plasma
level with prolonged activity. Numerous long-acting formulations in which peni-
cillin G is combined with other antibiotics are also available for treatment of
bovine mastitis. The need to use formulations containing benzathine penicillin
G in food-producing animals has been questioned by Nouws (55), who reported
that high penicillin G concentrations may remain at the injection sites for 3–10
weeks or even longer when benzathine or benethamine penicillin G is adminis-
tered to pigs. On the other hand, detectable penicillin levels were found up to
120 h in tissues of chickens fed diets containing up to 500 ppm of benzathine
penicillin (56).

The rates of absorption, clearance, and elimination of penicillin G are fur-
ther influenced by the route of administration. Intramuscular and subcutaneous
injections provide drug to the bloodstream more slowly, but maintain concentra-
tions longer than the intravenous administration. Absorption of penicillin G from
intramuscular or subcutaneous sites can be further slowed down by the use of
the relatively insoluble procaine salt. When equivalent dosages of penicillin G
and procaine penicillin G were injected parenterally, peak residues concentration
in blood occurred after 2 h and the drug had cleared the blood by 8 following
penicillin G administration. With the procaine penicillin G, peak residues concen-
tration appeared 5 h after injection and the drug cleared the plasma 24 h after
administration (57).

Penicillin G is readily absorbed into the bloodstream where it is partially
bound to blood proteins. During the first few hours after injection of penicillin
G, residue concentration was higher in the blood than in other tissues and milk,
except liver and kidney. Thereafter, there was a more rapid drug clearance from
the blood and the concentrations in tissues and milk became higher. Penicillin
G was rapidly cleared from the blood through the kidneys and excreted un-
changed, almost entirely into the urine.

Although it is not a major elimination route following intravenous or intra-
muscular injection of penicillin G to dairy cattle, milk constitutes a very important
route of elimination following intramammary injection since most of the dose
enters milk (58, 59). The persistence of residues in milk does depend on the
formulation and route of administration, but, in a wide variety of trials, residues
were not found to persist beyond 5 days after the end of treatment (59, 60).
Transfer of penicillin G from treated to untreated quarters has also been observed
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in dairy cattle (59), and residues could be detected in most tissues sampled within
24 h following treatment.

Some workers have suggested (61) that subcutaneous injection of penicillin
G in food-producing animals might have advantages over intramuscular injection
to overcome the problem of drug residues in muscle tissues at the injection sites.
A few practitioners prefer the subcutaneous route over the intramuscular route
when giving large doses because the injections are easier to give and cause less
muscle stiffness. However, subcutaneous injection of procaine penicillin G in
cattle is an extralabel use in Canada for which withdrawal times are not available.
The tissue depletion profiles of procaine penicillin G following intramuscular
and subcutaneous injection have been investigated in beef steers (62). These
studies demonstrated that the appropriate withdrawal period after extralabel intra-
muscular dosages of 24,000 and 66,000 IU/kg bw was 10 and 21 days, respec-
tively.

When procaine penicillin G was intramuscularly injected in pigs at the
approved (15,000 IU/kg bw) label dose once daily for 3 days, residues were not
found in liver after 1 day of withdrawal, in muscle and fat after 2 days of with-
drawal, in plasma after 4 days of withdrawal, in skin after 5 days of withdrawal,
or in kidney and the injection sites after 8 days of withdrawal (63). When these
pigs were given an extralabel dose at the 66,000 IU/kg bw level, residues were
not found in liver after 2 days of withdrawal, in fat after 3 days of withdrawal,
or in muscle, skin, plasma, or injection sites after 7 days of withdrawal.

Penicillin V or phenoxymethylpenicillin is a -lactam antibiotic produced
by Penicillium notatum. It is a biosynthetic penicillin that should be differentiated
from the semisynthetic penicillins since it is produced by altering the composition
of the medium where the mold is growing.

Like penicillin G, penicillin V is also available in a number of different
salts either with inorganic ions including sodium, potassium, or calcium, or with
organic cations including benzathine and hydrabramine. These salts have differing
solubilities and hence differing duration of action.

This antibiotic is used as an economical oral treatment for gram-positive
infections in farm animals at a dosage of 8 mg/kg bw because it has the property
of being stable in the gastric acid, allowing it to be bioavailable by the oral route.
It is well absorbed from the gastrointestinal tract and metabolized in the liver.
Unchanged compound and metabolites are excreted in urine. Small amounts are
also found in bile.

Ampicillin is a broad-spectrum semisynthetic antibiotic also inactivated by
-lactamases. The action and uses of ampicillin are like those of penicillin G but

it has a broader spectrum of activity. It is active against a large number of gram-
positive and gram-negative organisms and, thus, it is of high value in the treatment
of several diseases in cattle, swine, sheep, horses, and poultry. Many prodrugs
that are hydrolyzed to ampicillin in vivo also exist and are better absorbed from
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the gastrointestinal tract than ampicillin. Ampicillin is available in powder, tablet,
cream, intramammary, and parenteral injection formulations.

Ampicillin is relatively stable in gastric acid secretion and well absorbed
from the gastrointestinal tract. In most animal species, about 35% of an oral dose
is absorbed, reaching peak serum levels within 1–2 h after dosing. It is widely
distributed in body tissues and concentrated in liver and kidney. Ampicillin is
excreted primarily in the unchanged form in the urine, and some may be excreted
in the feces as well. Little ampicillin is excreted in milk, whereas high concentra-
tions have been found in bile. Following oral administration to cattle, ampicillin
may be returned to the intestinal lumen through enterohepatic circulation. This
is of importance in residue depletion studies.

The disposition profile of ampicillin has been thoroughly investigated in
honeybees, larvae, and honey and royal jelly from hives treated with 30 mg of
ampicillin/hive in syrup or in paste (64). In hives given the antibiotic in syrup,
high drug residue levels were found in honey, which lasted over 14 days beyond
the detection limit of the analytical method. In hives given the same dosage of
ampicillin in paste, relatively low residues were found in the honey. The distribu-
tion of the drug residues in young larvae and jelly, which was the food of the
larvae, was very low as well.

Amoxicillin is a close analogue to ampicillin that is also inactivated by -
lactamases. The action and uses of amoxicillin are like those of ampicillin. Hence
it is used against a wide variety of bacterial infections in farm animals including
those of the gastrointestinal, respiratory, urinary, and mammary system. It is
administered in the form of tablets, suspensions, powders, parenteral, and intra-
mammary formulations at dosage rates of 10 mg/kg bw by the oral route and
7–15 mg/kg bw by the parenteral route.

After oral administration to preruminant calves and pigs, amoxicillin is
absorbed better and has more rapid action and greater resistance to the gastric
acid than ampicillin. Following amoxicillin administration, plasma levels are ap-
proximately twice those achieved by the same dosage of ampicillin. Unlike with
ampicillin, food cannot impair absorption of amoxicillin. When given intrave-
nously to calves, the elimination half-life is approximately 90 min, slightly longer
than that of ampicillin.

Amoxicillin is widely distributed in body tissues and its metabolism is
limited. Excretion of amoxicillin is through the kidney, resulting in high concen-
trations in both the kidney tissue and urine, where the levels may be 100-fold
higher than that in serum. Concentrations in milk are 10 times lower than those
in serum. Following intramuscular or subcutaneous injection to goats, levels of
amoxicillin in milk were very close to the detection limit of 10 ppb within 24 h
after the last dose (65).

When amoxicillin in addition to colistin was given subcutaneously to tur-
keys for 4 consecutive days, average drug concentrations in muscle and at the
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injection sites were about 389 and 440 ppb, respectively, 1 day after treatment
withdrawal, with a subsequent rapid decline (66). The drug was undetectable in
liver and kidney by 10 days posttreatment. When amoxicillin was administered
orally to broilers for 5 consecutive days, no significant differences were observed
between the elimination profiles in healthy and diseased birds (67). In all cases,
kidney was the target tissue containing 2–7 ppm or less than 0.05 ppm at 1 h or
24 h, respectively, after the last treatment. Levels in muscle and fat were below
the 0.05 ppm detection limit at 4 h after the last dosage, and in liver and skin at
8 h after the last dosage. The daily administration of amoxicillin to laying hens
at a dosage of 16 mg/kg bw for 5 consecutive days was not found in another
experiment capable of resulting in residues in eggs at concentrations above 0.007
ppm (68).

Hetacillin is a semisynthetic prodrug of ampicillin also inactivated by -
lactamases. It is more stable in the gastric acid than ampicillin and amoxicillin
and, therefore, is absorbed best. Hetacillin is inactive per se, but after it enters
the bloodstream it is metabolized to ampicillin and becomes active.

Oxacillin, cloxacillin, and dicloxacillin are all semisynthetic isoxazolyl
penicillins suitably modified to be relatively resistant to hydrolysis by staphylo-
coccal -lactamase. They have the additional advantage of being stable in the
presence of gastric acid, so they can be administered orally as well as parenterally.

Dicloxacillin is absorbed well from the gastrointestinal tract but the pres-
ence of food in the stomach reduces resorption. Although cloxacillin differs chem-
ically from oxacillin only in the presence of a chlorine atom, their absorption
profile after oral administration is not similar. Cloxacillin is more rapidly and
effectively absorbed than oxacillin. However, absorption of all isoxazolyl penicil-
lins is better when given by intramuscular injection. These agents can be also
administered by intravenous, intrauterine, intra-articular, intrapleural, and intra-
mammary injections.

Following absorption, all isoxazolyl penicillins are bound to plasma pro-
teins in the circulation and are partly metabolized in the body. They cross the
placenta and are found in breast milk. Parent drugs and their metabolites are
principally excreted in the urine, whereas small amounts are also found in bile.

Oxacillin and cloxacillin are the most widely used isoxazolyl penicillins,
the latter being particularly appropriate for treatment or prevention of bovine
staphylococcal mastitis. Following intramammary treatment of a lactating cow
with three successive infusions of 200 mg/48 h each of sodium cloxacillin, resi-
dues were present in milk (detection limit equal to 3 ppb) from the treated quarter
for 60 h after the last infusion; crossover from treated to untreated quarter was
also observed (59). When cloxacillin benzathine was administered by the intra-
mammary route to dairy cows in the dry period at a dosage of 500 mg/quarter,
cloxacillin residues were present neither in serum ( 25 ppb) sampled after 5
days of drug administration nor in milk ( 5 ppb), including the milk collected
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just after parturition (69). Therefore, this milk could be ingested by newborn
calves or used for human consumption without any health risk even after cloxacil-
lin treatment.

Methicillin is a semisynthetic penicillin that also resists the action of -
lactamases and, thus, is frequently used for penicillin G-resistant staphylococci.
It is the first semisynthetic penicillin developed but it is poorly absorbed when
given orally due to its instability in gastric acid. Absorption is better when it is
administered intravenously or intramuscularly. Methicillin is principally elimi-
nated in the urine but small amounts are also found in bile and other body fluids.

Nafcillin is a semisynthetic penicillin that is resistant to -lactamases but
can be largely inactivated by hepatic enzymes. It is the active ingredient in intra-
mammary preparations intended for treatment of mastitis in dairy cows and pre-
vention of mastitis during the dry period in cattle, sheep, and goats.

Nafcillin shows properties similar to those of oxacillin and cloxacillin.
Thus, it is incompletely resorbed from the gastrointestinal tract especially when
given after a meal. It crosses the placenta and is found in breast milk.

In dogs, absorption following oral administration tends to be poor. At simi-
lar oral doses, peak serum levels are lower and plasma levels are less persistent
than those observed for methicillin. Following intramuscular administration, how-
ever, maximum concentrations in serum are reached within 30 min. In contrast
to methicillin, liver is the main excretory pathway for nafcillin. Like most other
penicillins, nafcillin undergoes biotransformation to a small extent. Parent com-
pound and its metabolites are excreted in bile and urine. Concentrations of nafcil-
lin in tissues tend to be higher and more persistent following parenteral adminis-
tration than was the case for methicillin, obviously due to enterohepatic
recirculation.

The presence of detectable levels in plasma and urine of treated cows indi-
cates that nafcillin is absorbed systematically following intramammary adminis-
tration. The major part of nafcillin is excreted in the milk, but a higher proportion
of nafcillin is absorbed from the udder when nafcillin is administered at drying
off. Residue depletion studies (70) with lactating cows showed that residues in
all edible tissues were below 300 ppb at 72 h after cessation of treatment, while
residues in milk were below 30 ppb from the fourth milking onwards, after cessa-
tion of the treatment.

Pregnant ewes and dairy goats given intramammary infusions with 100 mg
nafcillin per teat immediately after the last milking prior to drying off, were
not found to contain detectable ( 15–20 ppb) residue concentrations in milk,
irrespective of the length of the dry period and the interval between lambing and
sampling. Detectable residue concentrations could not be observed in any edible
tissues of these animals species.

Mecillinam is a semisynthetic penicillin with the unusual property of being
a specific gram-negative antibiotic. It is used in form of a uterine bolus for
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prophylactic and therapeutic treatment of endometritis in cattle. Pharmacokinetic
studies show that mecillinam is poorly absorbed following oral administration in
laboratory animals and cattle.

Following parenteral administration to laboratory animals, the elimination
half-life in plasma was 0.8–1.5 h, with the highest tissue concentrations appearing
in kidney and liver. Mecillinam was excreted mainly through the urine within
the first few hours after administration. Seven metabolites were found in dog
urine, but only the formyl-6-aminopenicillanic acid could be identified.

In nonruminant calves given an oral dose of 15 mg/kg bw, only 1–3% of
the dose was excreted in the first 24 h through urine. In contrast, when the same
dose was administered intravenously, as much as 40–60% of the dose could be
excreted in the first 24 h through urine.

Following intrauterine administration to postpartum cows, the maximum
plasma concentrations of mecillinam within 1–4 h were generally low compared
to the administered dose, indicating limited absorption of the drug from the uterine
cavity; mecillinam residues could be only occasionally detected in milk from the
first milking following treatment. Residue depletion studies in cattle after a single
intrauterine administration of mecillinam showed that 12 h after treatment the
concentrations of the parent drug in liver, kidney, muscle, and fat were all below
the quantification limit of 50 ppb.

3.3.2 Cephalosporins

The cephalosporins are semisynthetic -lactams derived from cephalosporin C,
a natural antibiotic. Their active basic nucleus consists of a six-membered dihy-
drothiazine ring fused to a -lactam ring (Fig. 3.3.2). Cephalosporins have some
desirable quality characteristics that are generally deficient in penicillins. The
popularity and usefulness of cephalosporins results from their resistance to many

-lactamases, their stability in acidic media, their wide spectrum of activity com-
pared with penicillin G, and their wide safety margin. Similarly to penicillins,
cephalosporins inhibit the synthesis of bacterial cell wall. They generally exhibit
good activity against both gram-positive and gram-negative bacteria, and may
be administered both orally and parenterally. The adverse effects associated with
cephalosporins are similar to those described for penicillins.

The term ‘‘generation’’ has been primarily used as a means of classifying
these antibiotics on the basis of their in vitro antibacterial potency and spectrum
of activity. With the introduction of each cephalosporin generation, there was a
loss of gram-positive but an increase in gram-negative activity, a widening of
the spectrum, an enhancement of the resistance to -lactamases, and a marked
increase in cost (71, 72).

First-generation cephalosporins are the cephalosporins most often used in
food-producing animals. Included in this group are cephapirin, cephacetrile, ceph-
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FIG. 3.3.2 Chemical structures of commonly used cephalosporins.
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FIG. 3.3.2 Continued

alexin, cephalonium, cefazolin, cephalothin, cefadroxil, and cephradine. Second-
generation cephalosporins include the parenteral agents cefoxitin and cefuroxime
which, however, are used infrequently in veterinary medicine because of their
high cost. Third-generation cephalosporins, such as cefoperazone, ceftiofur, and
cefquinome, are reserved for specialized conditions such as antibiotic-resistant
infections that are difficult to treat safety. However, their cost, which is often
five to six times higher than that of first-generation cephalosporins, makes their
use prohibitive for farm animals.

Cephapirin, a first-generation cephalosporin, is used in form of benzathine
or sodium salts for intramammary treatment of mastitis in dry and lactating cows.
In the United States, the benzathine intramammary formulations are sold for use
by dairy farmers without a prescription. The benzathine salts are further used for
intrauterine treatment of endometritis, whereas the sodium salts for parenteral
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treatment of infections in cattle, sheep, goats, and pigs at a dosage of 10 mg/kg
bw.

Pharmacokinetic studies in mice, rats, and dogs showed that cephapirin
was readily metabolized into desacetylcephapirin. The rate and the extent of this
metabolism showed a decreasing tendency from rodents to dogs. In these species,
the plasma elimination half-lives of cephapirin and desacetylcephapirin were
0.4–0.9 h. In dairy cows, cephapirin was mainly eliminated by the urinary route
and, to a smaller extent, by the biliary route.

Residue depletion studies in dairy cows following intramuscular administra-
tion of 8.5 mg benzathine cephapirin/kg bw showed that residue levels in kidney,
muscle, and liver were 1–5 ppm, less than 0.008–0.024 ppm, and less than 0.045
ppm, respectively, at 4.5 h postdosing (73). After intramuscular administration
of 10 mg/kg bw sodium cephapirin to lactating cows, residue levels of 0.03–0.11
ppm were present in milk at 1–4 h, whereas 0.01 ppm were found from 4–8 h
postdosing. In piglets, after intramuscular treatment with 20 mg/kg bw sodium
cephapirin, residues could not be detected in liver, kidney, spleen, lung, and
muscle at 24–120 h after treatment.

Following intramammary infusion of cephapirin to a lactating cow, the
parent compound metabolized rapidly so that nearly similar levels of cephapirin
and desacetylcephapirin appeared in milk 16 h after the medication (74–76). At
24 h, desacetylcephapirin was the major residue in milk. The concentration of
the parent drug declined to below 0.005 ppm at the 64 h milking.

After intramammary administration of 381 mg benzathine cephapirin to
dairy cows, residue levels in fat, muscle, udder, kidney, and liver were below
the limit of detection (0.04 ppb) at day 21–42. Following intramammary adminis-
tration of 261 mg sodium cephapirin in lactating cows, residue levels in milk
were 5–20 ppm at first milking, up to 2.5 ppm at fourth milking, and below the
limit of detection from the fifth milking onwards. After intramammary infusions
of 500 mg benzathine cephapirin to dairy cows during the dry period, residue
levels in milk were less than 0.02–0.13 ppm at fourth and fifth milking, and less
than 0.02 ppm from sixth milking onward.

Cephacetrile is a first-generation cephalosporin used for the intramammary
treatment of mastitis in lactating cows. Its antibacterial activity is similar to that
of penicillin G but it is -lactamase-resistant.

Oral bioavailability of cephacetrile appears to be rather low. In calves dosed
orally with 20 mg cephacetrile/kg bw, only 3–15% of the dose was absorbed
from the gastrointestinal tract. Following parenteral administration of cephacetrile
to cattle, sheep, and goats, plasma elimination half-lives were shorter than 1 h.
The drug was poorly metabolized, with desacetylcephacetrile and its lactone being
the only metabolites detected. Cephacetrile was rapidly and almost exclusively
excreted through the urine. In goats intramuscularly injected with 10 mg
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cephacetrile/kg bw, 80% of the dose was recovered in urine within 12 h and more
than 90% within the first day after treatment.

Absorption through the udder is moderate; after intramammary administra-
tion of radiolabeled cephacetrile to cows, 54.6% of the dose was recovered in
milk, 21% in urine and feces, and only 2.55 in tissues within 5 days. At 5 days
posttreatment, kidney, udder, and liver contained total drug-related residues
equivalent to 232, 227, and 33 ppb of cephacetrile, respectively. When lactating
cows were treated with 250 mg intramammary cephacetrile/quarter twice at an
interval of 24 h, mean residue concentrations in milk were 14257, 1860, 208, 20,
and less than 5 ppb at the first, second, fifth, seventh, and ninth milking postdos-
ing, respectively.

Cephalexin is a first-generation cephalosporin that can be given orally
without its gastrointestinal absorption being altered by the presence of food in
the stomach. Sodium cephalexin is indicated for treating infections of the gastroin-
testinal and respiratory tract in cattle, sheep, and swine at dosages in the range
7–10 mg/kg bw. With its monohydrate and benzathine formulations, cephalexin
is also administered in intramammary form for treatment of mastitis in lactating
(200 mg/quarter) and dry cows (375 mg/quarter).

Cephalexin is quickly absorbed and metabolized to unidentified compounds
in cattle, sheep, and swine. It is principally excreted in urine but small amounts
are also excreted by liver in bile. No detectable residues (limit of detection 60
ppb) were found in cows, in sheep and swine slaughtered at 4 and 10 days,
respectively, after receiving intramuscularly 7 mg cephalexin sodium/kg bw/day
for 5 consecutive days. No detectable residues were found in sheep and swine
slaughtered 3 and 2 days, respectively, after receiving 10 mg cephalexin sodium/
kg bw/day intramuscularly for 5 consecutive days.

Intramammary treatment of lactating cows with 200 mg cephalexin/quarter
for four consecutive milkings resulted in cephalexin concentrations in the mam-
mary tissue, kidney, liver, fat, and muscle of 513–1267, 553–1378, 47–94,
37–299, and less than 20–199 ppb, respectively, at 12 h after last treatment. At
4 days postdosing, cephalexin concentrations were 21–174, less than 20–24, and
less than 20 ppb in the mammary tissue, kidney, and other tissues, respectively,
whereas at 9 days these levels were 53–89 ppb in mammary tissue and less than
20 ppb in all other tissues. Cephalexin concentrations in milk were found to be
up to 37,320 ppb during administration, but decreased from 1181–37,061 ppb at
first milking to less than 10 ppb at the 13–15th milking after the last dosing.

Cephalonium, a first-generation cephalosporin, is exclusively used in vet-
erinary medicine. It has a low solubility in water and so it is indicated for intra-
mammary administration to cows for treating existing infections and preventing
new infections during the dry period. However, this may lead to postcalving
residues, which can persist beyond 4 days after calving (15).
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Cefazolin is a first-generation cephalosporin with antibacterial activity sim-
ilar to that of penicillin G but it is -lactamase-resistant. It is poorly absorbed
from the gastrointestinal tract and, thus, it is primarily administered parenterally.
It is widely used for treatment of mastitis in lactating cows, sheep, and goats and
for treatment at drying off by the intramammary route.

The adverse effects associated with cefazolin are generally similar to those
described for penicillins. Cefazolin contains a methylthiodiazolethiol side chain
and may further cause hypoprothrombinemia and a disulfiram-like reaction with
alcohol similar to that seen with cephalosporins containing the related N-methyl-
thiotetrazole side chain.

Absorption of cefazolin is poor: low concentrations were found in plasma
and tissues after intramammary administration. It is bound to plasma proteins in
the circulation and crosses the placenta. Metabolism of cefazolin is very limited
and no major metabolites seem to occur. After parenteral administration to horse,
nearly 100% of the dose was excreted unchanged in the urine within 24 h.

Depletion studies carried out in lactating cows showed that residues in milk
were below 50 ppb at the seventh milking and below 25 ppb at the eighth milking
after the last treatment (74). In tissues, cefazolin could be found only in kidney
and liver at 3 h after last treatment, and also in kidney at very low concentrations
at 24 h after treatment. Depletion studies carried out in cows at drying off showed
that residues in udder declined from 3500–16,500 ppb at day 7 after treatment
to 40–1400 ppb at day 14 after treatment. On day 21, residue levels varied from
below the detection limit (25 ppb) to 600 ppb. Residues were not detected in the
milk collected at the first and second milking after calving from cows treated at
drying off 28–40 days before calving. No residues were detected in edible tissues
sampled 21 days after the drying off treatment.

When ewes and goats were treated according to recommendations (78),
cefazolin residues were below the limit of detection (25 ppb) in all milk samples
collected at the three first milkings following parturition. For the ewes included
in the study, the length of the dry period averaged 137 days; the corresponding
figure for goats was 76 days. Residue levels in all edible tissues were below the
detection limit at day 21 after treatment.

Cephalothin, a first-generation cephalosporin, is suitable for administration
only by injection. It is more resistant to staphylococcal -lactamase than other
first-generation cephalosporins.

The most common adverse effects, as for penicillin G, are hypersensitivity
reactions and especially skin rashes, urticaria, fever, and anaphylaxis. Cephalothin
may cause renal failure, hepatitis, and jaundice. Gastrointestinal disturbances may
also occur, particularly diarrhea, nausea, and vomiting.

Following injection, cephalothin is well and rapidly absorbed from intra-
muscular sites. It is widely distributed in body tissues and fluids and binds to
plasma proteins. Cephalothin crosses the placenta and is found in breast milk. It
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is metabolized in the liver to the less active desacetylcephalosporin product, which
is subsequently excreted, along with the parent compound, in the urine.

Cefoxitin is a second-generation cephalosporin that is both well absorbed
by the intramuscular route and not metabolized in the body. It is stable not only
to staphylococcal -lactamase but also to gram-negative bacterial enzymes. This
is due to the fact that cefoxitin is strictly a cephamycin rather than a cephalosporin,
since it is derived by a chemical modification of the naturally occurring cepha-
mycin (79). This difference in molecular structure gives cefoxitin its high degree
of resistance to inactivation by bacterial cephalosporinases. Because of its effec-
tiveness against many aerobic and anaerobic bacterial infections, cefoxitin is
widely used in human and veterinary medicine to aid in the prevention of postop-
erative infections (80).

Cefuroxime is also a second-generation cephalosporin resistant to some
-lactamases. It is used in veterinary medicine in intramammary treatments. Cef-

uroxime axetil is also a prodrug active by the oral route. It is absorbed from the
gastrointestinal tract and its absorption is enhanced if the compound is given after
food. It is rapidly hydrolyzed in blood to cefuroxime.

Cefuroxime is widely distributed in the body, crosses the placenta, and is
found in breast milk. It is bound to plasma proteins in the circulation. Cefuroxime
is principally excreted unchanged in urine and small amounts are excreted by
liver in bile.

Cefoperazone is a third-generation cephalosporin with activity against both
gram-positive and gram-negative pathogens. It is suitable for use as an intramam-
mary product in the treatment of bovine mastitis due to its broad-spectrum activity,
nonirritant properties, and persistence at a significant level in the treated quarter
of a cow for three to four milkings after a single intramammary infusion of 250
mg. It is also used in horses where, after intramuscular or intravenous administra-
tion, it attains serum, spongy bone, and urine concentrations above 1 ppm for at
least 5 h (81).

The great biliary excretion of cefoperazone causes changes in bowel flora
and diarrhea may often occur. Containing a N-methylthiotetrazole side chain,
cefoperazone may also cause hypoprothrombinemia and a disulfiram-like reaction
with alcohol (alcohol intolerance). This antibiotic should be avoided by patients
receiving anticoagulants.

Cefoperazone is widely distributed in body tissues and fluids. It is bound
to plasma proteins in the circulation. It is excreted primarily in the bile, and is
also excreted in urine and poorly in breast milk. Cefoperazone is susceptible to
the action of some -lactamases, and thus may be given with a -lactamase
inhibitor.

Ceftiofur is a third-generation cephalosporin active against both gram-
positive and gram-negative bacteria and is resistant to -lactamases. It is adminis-
tered intramuscularly to cattle, including lactating cows, at dosages of up to 2
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mg/kg bw for up to 5 days, and to swine at dosages of up to 5 mg/kg bw for up
to 3 days for control of respiratory tract bacterial infections.

Ceftiofur is absorbed poorly after oral administration but rapidly after intra-
muscular injection. In all species, ceftiofur was rapidly metabolized to desfuroyl-
ceftiofur and furoic acid. Desfuroylceftiofur occurred in the free form in the
plasma of treated cattle but was covalently bound to plasma proteins in rats (82).
Maximum blood concentrations of ceftiofur-related residues were achieved within
0.5 and 2 h of dosing. Unmetabolized ceftiofur was generally undetectable in
blood within 2–4 h of dosing (83). More than 90% of the administered dose was
excreted within 24 h of administration, mostly in urine. Residues in urine and feces
were composed primarily of desfuroylceftiofur and desfuroylceftiofur cysteine
disulfide, with small amounts of unmetabolized ceftiofur.

After intramuscular injections of radiolabeled ceftiofur to cattle and swine,
the compound was absorbed rapidly into the blood and eliminated mostly in urine
(84). The tissue in which highest residue concentrations were observed at 12 h
after the last dose was the kidney. Most of the radioactivity was found in the
form of the microbiologically active primary metabolite, desfuroylceftiofur, con-
jugated to macromolecules in plasma and tissues. Desfuroylceftiofur cysteine was
also found in tissues, plasma, and urine, whereas the desfuroylceftiofur dimer
was found in urine. It was suggested that since the binding of desfuroylceftiofur
to biological molecules is reversible, all of the ceftiofur-related residues that
contain the desfuroylceftiofur moiety have the potential to be microbiologically
active.

Residue depletion studies in pigs after intramuscular administration of cefti-
ofur showed total residue concentrations of 590, 1190, 250, 400, and 1320 ppb
in liver, kidney, muscle, skin/fat, and injection site, respectively, at 12 h after
dosing. In cattle, intramuscular administration of radiolabeled ceftiofur resulted
in total residue concentrations of 1294, 250, 60, and 60 ppb equivalents in liver;
3508, 853, 159, and 159 ppb equivalents in kidney; 208, 20, 10, and 10 ppb
equivalents in muscle; 324, 37, 10, and 10 ppb equivalents in fat; and 3924,
766, 399, and 399 ppb equivalents at the injection site at 8 h, 3, 21, and 39 days
withdrawal, respectively.

Milk from lactating cows intramuscularly injected with radiolabeled ceftio-
fur was found to contain 103 and 50 ppb of total residues at 12 and 24 h, respec-
tively, postdosing. No parent ceftiofur could be detected in milk (85). Therefore,
use of ceftiofur at the approved dosage and route is not expected to result in
ceftiofur-related residues exceeding maximum residue limit (MRL) at any time
postdosing, and no milk withdrawal periods need to be assigned for ceftiofur. In
addition, ceftiofur residues are not hazardous to industrial cheese and yogurt
starter cultures.

Cefquinome, a third-generation cephalosporin, has been developed solely
for veterinary use. It is used for the treatment of respiratory tract diseases in cattle
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and swine by the intramuscular route at a dosage of 1 and 2 mg/kg bw/day,
respectively, for 3–5 days. It is also administered in intramammary form for
treatment of bacterial infections of the udder in lactating cows.

Absorption of orally administered cefquinome is poor, but absorption fol-
lowing intramuscular or subcutaneous administration proceeds relatively quickly.
A small fraction of the intramammarily administered cefquinome is absorbed
systemically. Distribution of cefquinome is not extensive; following parenteral
administration of radiolabeled cefquinome the highest activities were found in
injection-site tissues, kidney, and liver. Excretion of parenterally administered
cefquinome is predominantly renal, while intramammarily administered cefqui-
nome is excreted mainly in milk. Cefquinome is metabolically quite stable.

The residue profile of cefquinome in beef calves intramuscularly treated
with the drug has been studied (86). The data were reminiscent of those form
other cephalosporins and indicated that cefquinome was rapidly cleared, with
detectable levels of significance seen at injection site, kidney, and liver tissues.
However, the residues remaining after 12 h at the injection site, kidney, and liver
were not antimicrobially active and/or bioavailable and no parent drug could be
detected; 80–100% of these residues were bound residues.

Residue depletion studies (87) after intramammary administration of cefqui-
nome to lactating cows showed that residues in edible tissues could be detected
only in kidney at 24 h posttreatment and at concentrations below 200 ppb. High
concentrations of cefquinome were found in milk at the first milking posttreat-
ment, while at the 10th milking the residue concentrations in all milk samples
were below 20 ppb.

Residue depletion studies in pigs given intramuscularly the recommended
treatment regimen showed that injection sites contained up to 208 ppb cefquinome
24 h after the last injection, declining to no measurable amounts at 144 h. Kidney
contained 88–293 ppb at 24 h, but no measurable residues at 48, 72, and 120 h
after the treatment. Liver, fat, skin, and muscle excluding the injection site were
not found to contain detectable cefquinome up to 72 h after treatment.

Clavulanic acid is produced by Streptomyces clavuligerus and is structur-
ally related to penicillins. This naturally occurring compound is a specific and
irreversible inhibitor of a wide range of bacterial -lactamases and, therefore,
can enhance the activity of penicillins and cephalosporins against many resistant
organisms. Potassium clavulanate can be administered both orally and perenter-
ally in combination with antibiotics sensitive to the action of -lactamases.

Following oral treatment to calves, 34% of the dose is absorbed and peak
concentration occurs within 3–4 h after dosing. Complete absorption occurs after
intramuscular administration. Body clearance of clavulanic acid is significantly
higher for chickens than for turkeys and pigeons (88). Biotransformation studies
in dogs and humans show that the main identifiable compounds in urine of both
species are the parent drug and its metabolite 1-amino-4-hydroxybutan-2-one.
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The main excretion pathway is through the urine in both calves and swine.
Residue depletion studies did not showed detectable ( 0.01 ppm) residues in
calves treated orally with 8 mg clavulanic acid–ampicillin formulation/kg bw
for 3 days and slaughtered after 3 days; or in calves, pigs, and sheep treated
intramuscularly with 1.75 mg/kg bw for 5 days and slaughtered after 10, 7, and
14 days, respectively.

Excretion in milk occurs to a limited extent, and the concentrations attained
are lower that those detected in plasma. No detectable residues were found in
cow milk at 24, 48, or 72 h after a 5 day intramuscular treatment of 1.75 mg/kg
bw, or intramammary infusions of 50 mg of the drug in one or the four quarters
of the udder.

Sulbactam is a penicillanic acid sulfone. It exhibits a weak antibacterial
activity, and is an inhibitor of -lactamases produced by some bacteria. Hence,
it can enhance the activity of penicillins and cephalosporins against many resistant
organisms when used in combination with these antibiotics. Sulbactam, although
it has a spectrum similar to that of clavulanic acid, is, however, a less potent
inhibitor.

Sodium sulbactam is poorly absorbed from the gastrointestinal tract and is
administered parenterally in combination with ampicillin or cefoperazone. Its
pharmacokinetics are similar to those of ampicillin.

3.4 MACROLIDES AND LINCOSAMIDES

The macrolide antibiotics are basic macrocyclic compounds that have a common
14-, 16-, or 17- membered macrocyclic lactone ring linked to one or more deoxy
sugars, often amino sugars, by glycoside bonding (Fig. 3.4). Most macrolide
antibiotics are compounds isolated from culture broth of Streptomyces strains.
An exception is mirosamicin, which is produced by Micromonospora. They are
highly effective against a wide range of gram-positive bacteria with limited or
no activity against most gram-negative bacteria. They represent the most effective
medicines against diseases produced by Mycoplasma.

Erythromycin and oleandomycin are examples with a 14-membered ring.
The former is a mixture of three closely related compounds: erythromycin A, B,
and C; erythromycin A is the major and most important component. The latter
consists of a single component.

Spiramycin, kitasamycin, josamycin, desmycosin, mirosamycin, tilmicosin,
and tylosin are examples with a 16-membered ring. Spiramycin consists of three
components: spiramycin I, II, and III; spiramycin I is the major component.
Kitasamycin consists of several components: leucomycin A1, A3–9, and A13, the
leucomycin A5 being the major component (89). Josamycin is identical to the
leucomycin A3 (90), while tylosin consists of four components, tylosin A, B, C,
and D, the major component being tylosin A. Tylosin B is identical to desmycosin,
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FIG. 3.4 Chemical structures of commonly used macrolides and lincosamides.
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FIG. 3.4 Continued
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FIG. 3.4 Continued

another macrolide antibiotic, which is the mild acid hydrolysis product of tylosin;
further acid hydrolysis results in sugar mycarose and an inactive residue. Tilmi-
cosin can be prepared by reductive amination of the C-20 aldehyde group of
desmycosin (91). Mirosamicin is the principal of the five components of mycina-
mycins (92).

Sedecamycin is an example with a 17-membered ring that belongs to the
lankacidin group of antibiotics. It is a neutral compound since, unlike other macro-
lides containing amino sugars, sedecamycin does not contain amino sugar moie-
ties (93).

Macrolide antibiotics target the bacterial ribosome and inhibit the bacterial
protein biosynthesis. Many gram-negative bacteria are inherently resistant to mac-
rolides because their outer membrane is impermeable to macrolides. Several
mechanisms of acquired resistance have been reported. In some cases, resistance
is conferred by methylation of ribosomes by methylase enzymes, the genes of
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which are carried on plasmids or chromosomes. Some bacteria are also able to
produce enzymes that inactivate macrolides either by destroying the macrocyclic
nucleus or by attaching a conjugate onto the antibiotic. Resistance can also occur
via a protein that increases drug efflux from bacteria. The macrolide antibiotics
generally exhibit low toxicity (15).

In general, the macrolides are administered orally but sometimes also paren-
terally. All the members of this group are well absorbed and are distributed
extensively in tissues, especially in the lungs, liver, and kidneys, with high tissue
to plasma ratios. They are retained in the tissues for long periods after the levels
in the blood have ceased to be detectable. Elimination of all macrolides occurs
primarily through hepatic metabolism, which accounts for approximately 60%
of an administered intravenous dose; the remainder is excreted in active form in
the urine and bile. With oral and intramuscular administration, urinary excretion
decreases, but biliary excretion and hepatic metabolism increase proportionally.
Milk has often macrolide concentrations severalfold greater than in plasma (7).

Lincosamides constitute a small group of antibiotics that includes lincomy-
cin, clindamycin, and pirlimycin. They are all monoglycosides with an amino
acidlike side chain. Lincomycin, the parent compound of this group, contains a
thiolated-D-erythro- -D-galacto-octopyranoside that is joined to a proline via an
amide linkage. Clindamycin is a semisynthetic derivative of lincomycin with a
chlorine replacing a hydroxyl group at the seven position of the lincomycin mole-
cule. Lincomycin and clindamycin are the best-known members of this group of
drugs. Pirlimycin is another semisynthetic derivative containing the chloro-sugar
moiety of clindamycin and the modified amino acid residue, 4-ethyl-pipecolic
acid.

Lincosamide antibiotics are highly effective against a wide range of gram-
positive and anaerobic bacteria. They are generally inactive against gram-negative
bacteria but are synergistic with aminoglycosides against these bacteria. Linco-
samides are inhibitors of bacterial protein biosynthesis and block the bacterial
ribosomes similarly to macrolides. Bacteria have developed resistance to the
lincosamides. A common form of resistance arises from mutation of bacterial
ribosome. The lincosamides may also inactivated by plasmid-mediated enzymes.
Lincosamides appear to be safe compounds exhibiting generally low toxicity (15).

3.4.1 Macrolide Antibiotics

Tylosin (tylosin A) is a macrolide antibiotic produced by Streptomyces fradiae.
Desmycosin (tylosin B), macrocin (tylosin C), and relomycin (tylosin D) are
minor compounds also produced by this bacterial strain.

Tylosin is widely and exclusively used in veterinary medicine and is primar-
ily directed against the chronic respiratory disease complex in chickens and infec-
tious sinusitus in turkeys, although it is also effective for bovine respiratory and
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swine dysentery diseases. It is also used as a growth promoter for pigs. Tylosin
can be administered orally either through the drinking water to chickens, turkeys,
and pigs at a dosage of 0.2–0.5 mg/L; or through the feed to pigs at 20–40 mg/
kg; subcutaneously in chickens; and intramuscularly to cattle, calves, and pigs
at 2–10 mg/kg bw.

It is well absorbed by oral or parenteral routes and is excreted relatively
slowly. Although tylosin is extensively metabolized, the parent compound always
occurs in tissues at higher concentration than its metabolites (94). After oral
administration of radiolabeled tylosin to swine, almost all of the radioactivity
was excreted through the feces in the form of tylosin A, tylosin D, and dihydrodes-
mycosin; very low concentrations of these residues were also present in liver and
kidney (95).

Residue depletion studies in pigs and cattle showed that the tissue in which
the highest residue levels occur depends highly on the route of administration.
Using injectable preparations of tylosin, higher and more persistent residue con-
centrations are found in kidney, excluding the injection site. However, using oral
preparations, the highest residue concentrations are found in liver (95).

The route of administration also determines the level of the residues in the
tissues; in general, oral dosing of animals results in lower residue concentrations
than injections (96, 97). For that reason, detectable residues of parent tylosin
cannot be found in swine liver unless the medicated feed contains at least 1000
ppm of the drug (98); residues of the parent compound are also undetectable in
poultry tissues following oral administration of tylosin.

Tylosin in its unchanged form can pass into milk and eggs. When lactating
cows were intramuscularly injected with 17.6 mg tylosin/kg bw for 5 days, resi-
dues of the parent drug persisted in milk for longer than 3 days after the final
treatment, at a mean concentration of 0.03 ppm (99). Thus, milk taken from cows
during treatment and for 96 h after the last treatment, must not be used as food.
Tylosin must not be used in laying hens, whereas broilers must not be slaughtered
for food within 3 days of injection or 1 day of oral treatment. In addition, turkeys
and pigs must not be slaughtered for food within 5 and 21 days after treatment,
respectively.

Tilmicosin is a macrolide antibiotic exclusively used in veterinary medicine
and resembling tylosin. It is approved for treatment of respiratory diseases in
beef cattle and sheep by the subcutaneous route (100, 101). It is also indicated
for treatment and control of respiratory diseases associated with mycoplasma in
broiler chickens, but not in laying hens. Of major significance is that in contrast
to other macrolides, tilmicosin is not safe for use in swine since fatalities may
occur at dosage as low as 20 mg/kg bw (7).

In cattle, treatment consists of 10 mg tilmicosin/kg bw as a single injection
administered subcutaneously in the neck. This results in long-lived serum and
tissue tilmicosin levels. Cattle dosed with radiolabeled tilmicosin excreted most
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of the dose in feces (102). Among edible tissues, liver and kidney contained the
highest levels of radioactivity. Total residues that accumulated in liver were
mostly composed of the parent compound and the N-desmethyl metabolite. Liver
was the tissue with the highest and most slowly depleting residues; parent tilmi-
cosin declined to less than 1 ppm by 28 days after treatment.

Because of this slow kinetic excretory pattern, tilmicosin is contraindicated
for use in lactating animals. Rapid and extensive penetration of tilmicosin from
blood into milk and slow elimination from the milk are among the characteristic
kinetic features of the drug after intravenous and subcutaneous administration
(103).

When tilmicosin was administered to six lactating cows as a single subcuta-
neous dosage of 10 mg/kg (104), residues in milk were higher than 25 ppb from
19 to 31 days postdosing. Following subcutaneous administration to sheep, a
maximum concentration of 10247 ppb of tilmicosin was observed in milk at 8 h
after dosing; by day 12, however, the concentration of tilmicosin was below the
MRL of 50 ppb. The half-life of tilmicosin in milk was calculated to be approxi-
mately 24 h (105).

After oral administration of radiolabeled tilmicosin to broilers at dosage in
the range 25–450 mg/L in water for 3–5 days, radioactivity was mainly distributed
to liver and kidney and, to a lesser extent, to muscle and fat. The parent drug
was the main residue in tissues, excreta, and bile, but partly desmethylated, hy-
droxylated, reduced, and sulfated metabolites could be also identified. Similar
pharmacokinetic characteristics were also observed in cattle, swine, and sheep.
In broilers treated with tilmicosin at the recommended dosage, residues of the
parent drug in liver were 2.6 ppm at day 3 declining to 0.13 ppm at day 17;
residue levels in kidney averaged 0.65 ppm at day 3 and declined via 0.08 ppm
on day 10 to below 0.06 ppm thereafter. Residues in muscle, fat, and skin were
approximately 0.10 ppm at day 3 and less than 0.014 ppm after day 14.

Sedecamycin is a macrolide primarily used for treating swine dysentery.
As with most macrolides, sedecamycin is extensively metabolized in swine; 20
metabolites have been detected, the major ones being lankacidin C, lankacidinol,
and lankacidinol A (106).

Both the parent drug and its metabolites disappear from all tissues at 1 day
after treatment withdrawal. When pigs were fed diets containing 50–500 mg
sedecamycin/kg for 14 or 28 days, liver contained the highest residue concentra-
tion 2 h after withdrawal of the diets. Muscle and fat, however, were free of drug
residues even with the heavy-dosage 500 mg/kg medication.

Erythromycin is a macrolide antibiotic produced by Streptomyces
erythreus. It is considered the most active macrolide for treatment of staphylococ-
cal infections in cases of penicillin resistance. It is used parenterally at a dosage
of 3–5 mg/kg bw, in intramammary form at 300 mg/quarter, and orally at 20–50
mg/kg bw. For treatment of mycoplasmal infections in poultry, an oral medication
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at 0.25 g/L of drinking water is also used. Erythromycin is the most acid-labile
of the macrolides; the erythromycin base is unstable in gastric acid but some
salts and esters are acid-resistant and are given orally.

Erythromycin is absorbed rapidly when administered orally. Peak serum
concentration occurred 1–2 h after oral administration and 1–3 h after intramuscu-
lar use. In the latter case, peak serum concentrations were maintained for several
hours and then decline slowly. Two hours after intramuscular administration, the
highest concentrations were detected in liver, lungs and kidney.

Erythromycin distributes widely in the body with residue levels in tissues
generally exceeding those in serum. Both hepatic and renal routes of elimination
of erythromycin are significant and it undergoes enterohepatic circulation. Elimi-
nation of erythromycin in relatively high levels in the feces may follow its oral
administration. As with almost all macrolides, the principal metabolic pathway
of erythromycin is by N-desmethylation of the desosamine sugar (107).

Oleandomycin is a macrolide antibiotic produced by Streptomyces antibi-
oticus. Oleandomycin and its triacetylated form, troleandomycin, are less effec-
tive than erythromycin against staphylococcal infections. They are usually admin-
istered orally or intravenously; intramuscular administration is avoided because
of the pain and tissue irritation it induces. Oleandomycin is also used in intramam-
mary treatments and as a feed additive for growth promotion purposes.

The toxicity of oleandomycin is quite low. Troleandomycin may cause
hepatic disturbances and jaundice, liver function should be monitored in patients.

Oleandomycin is absorbed fairly slowly after oral administration, but tro-
leandomycin is more rapidly and completely absorbed. Following absorption,
troleandomycin is converted to several metabolites but oleandomycin is not me-
tabolized (108). After both oral or parenteral administration, oleandomycin can
be detected in many tissues including liver, kidney, spleen, heart, lungs, and bile.

Spiramycin is a macrolide–antibiotic complex produced by Streptomyces
ambofaciens. It is used for the treatment and control of a number of bacterial
and mycoplasmal infections in a variety of food-producing animals. Like tylosin,
spiramycin has been used in many countries as a feed additive at low inclusion
rates. It is available as spiramycin embonate for use in animal feed, and as the
adipate for administration by parenteral routes.

Spiramycin is incompletely absorbed from the gastrointestinal tract, but
widely distributed in tissues. After absorption, some portion of the drug is desmy-
carosylated into neospiramycin by gastric acid; neospiramycin does not differ
from the parent drug in the antibacterial activity (109). Spiramycin is metabolized
in the liver to active metabolites and excreted in bile but also in urine. It is found
in breast milk. In raw milk, the neospiramycin level was 6–7% of the spiramycin
content (110).

Data from the literature suggest that spiramycin produces more persistent
residues than the other macrolides (95). However, due to the microbiological
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methods most often applied, uncertainties remain as to whether the activity mea-
sured comes from the parent drug or its metabolites. Young cattle injected with
spiramycin at 30 mg/kg bw showed higher residue concentrations in the liver
and kidney than in muscle and fat. Unlike with other tissues, residues in liver
persisted for 28 days after treatment. Calves fed spiramycin at 25 mg/kg bw for
7 days also showed high residue concentrations in the liver and kidney, which
declined below 0.1 ppm at 24 days after withdrawal. In contrast, residue levels
in muscle and fat could not be detected at 3 days after treatment.

Residue studies following oral administration of spiramycin were also car-
ried out in swine and poultry. The high residue levels found in swine liver and
kidney declined to below 0.3 ppm at 10 days after treatment. The residue levels
found in the liver of broilers given medicated feed (300 mg/kg of feed) for 10
days declined below 0.02 ppm at 8 days after the dietary administration.

Kitasamycin is a macrolide antibiotic intended for use in poultry and pigs.
It is administered through the feed for the protection and treatment of chicken
respiratory mycoplasmosis at a dosage of 500 mg/kg feed, and for protection and
treatment of pig diarrhea at a dosage of 330 mg/kg feed.

Pharmacokinetic studies in pigs following a single oral administration of
20 mg kitasamycin/kg bw showed that the drug was rapidly absorbed and distrib-
uted in the body. A maximum plasma concentration of 4.5 ppm was attained
within 0.5 h, the half-life in plasma being 0.7 h. Highest tissue residue concentra-
tions (21 ppm) were detected in kidney within 1–2 h. The ratio of the maximum
concentrations determined in kidney to that in liver was around 3 2.

In chickens given a single oral administration of 200 mg kitasamycin/kg
bw, a maximum plasma concentration of 4 ppm was attained within 2 h, the half-
life in plasma being 1.2 h. Highest tissue residue concentrations (40 ppm) were
detected in liver within 2 h The ratio of the maximum concentrations determined
in liver to that in kidney and in muscle was 12 8 1.

Residue depletion studies in pigs fed 330 mg kitasamycin/kg feed for 14
days showed that at zero withdrawal only liver (100 ppb) and kidney (60 ppb)
contained detectable residues. One day after withdrawal of the treatment, residual
antibiotic activity was detectable only in the liver. Residue depletion studies in
chickens fed 500 mg kitasamycin/kg feed for 14 days showed that at zero with-
drawal only liver (70 ppb) contained detectable residues. One day after with-
drawal, residual antibiotic activity could not be detected in any tissue.

Josamycin is a macrolide antibiotic produced by Streptomyces narbonensis
var. josamyceticus. It is used for the prevention and treatment of chronic respira-
tory diseases caused by mycoplasma and gram-positive germs in chickens and
pigs by the oral route via drinking water or feed at a dosage of 9–18 mg/kg bw/
day for 3–5 and up to 14 days, respectively.

Josamycin is absorbed from the gastrointestinal tract and concentrated in
lungs. It is principally excreted in bile. In rats, 99% of the total radioactivity was
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excreted in urine and feces within 4 days after oral administration at a dosage of
400 mg radiolabeled josamycin/kg bw. A major metabolite, deisovalery-josa-
mycin, representing 96% of the total urinary metabolites, was identified.

Residue depletion studies in chickens showed that 1 day after the end of
treatment the concentrations of the microbiologically active residues in liver,
kidney, and fat/skin were 490, 240, and 330–41,810 ppb, respectively. Eggs from
laying hens similarly treated contained residues ranged from less than 100 ppb
to 450 ppb during treatment and at 3 days after treatment.

Residue depletion studies in pigs showed that 2 days after the end of treat-
ment the concentrations of microbiologically active residues in muscle, fat, skin,
and kidney were from less than 100 ppb to 190 ppb, 4100 ppb, 780 ppb, and
from less than 100 ppb to 1660 ppb, respectively.

3.4.2 Lincosamide Antibiotics

Lincomycin is an antibiotic produced by Streptomyces lincolnensis. It is used in
monopreparations or in combination with other antibiotics such as spectinomycin,
sulfamethazine, and gentamicin, for the initial treatment of mild to moderate
staphylococcal infections in a variety of animal species. It can be administered
orally to poultry at dosages equivalent to up to 50 mg/kg bw/day for up to 7
days, and to swine at dosages equivalent to up to 10 mg/kg bw/day for up to 21
days. In calves, sheep, goats, and swine, it can be administered intramuscularly
at dosages of up to 15 mg/kg bw/day for up to 4–7 days. It is also added in feeds
for growth-promoting purposes.

Lincomycin is reported to cause gastrointestinal disturbances including
diarrhea, vomiting, nausea, and colitis that may prove fatal. Other adverse effects
include skin rashes, urticaria, polyarthritis, hepatic damage, and hematological
disturbances.

Lincomycin is readily absorbed when given orally but its resorption may
be affected by the presence of food. It is also completely absorbed from intramus-
cular sites. It is widely distributed in the body and does not appear to concentrate
in any particular tissue. Pharmacokinetic studies indicate that bile is an important
route of excretion. Lincomycin has been also shown to be excreted in the milk
of lactating cows and goats (111). Metabolism of lincomycin in food-producing
animals proceeds primarily through oxidation of the sulfur atom to the sulfoxide
metabolite, demethylation to the N-desmethyl metabolite, and conversion of both
metabolites to N-desmethyl lincomycin sulfoxide.

Residue depletion studies in laying hens given oral boluses of 0.55 mg
radiolabeled lincomycin/12 h for 12 days showed that residual radioactivity in
whole eggs was in the range 1.2–12.0 ppb lincomycin equivalents during the
treatment period, and in the range 1–4 ppb equivalents 3 days after treatment;
liver contained 141, 24, and 6 ppb equivalents; kidney 152, 21, and 6 ppb equiva-
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lents; muscle 20, 13, and 10 ppb equivalents; and skin/fat 19, 14, and 3 ppb
equivalents at 4, 28, and 76 h after treatment, respectively.

When pigs were intramuscularly injected with lincomycin, liver contained
4710, 4860, 2480, 552, 65, and 17 ppb; kidney contained 20,900, 18,400, 7470,
1360, 239, and 60 ppb; and muscle contained 2460, 1840, 638, 85, 17, and

17 ppb lincomycin at 3, 6, 12, 24, 48, and 144 days after treatment, respectively.
When pigs were given water containing 66 mg lincomycin/L for 7 days, liver
contained 204, 105, 53, 17, and 17 ppb; kidney contained 647, 296, 161, 60,
and 60 ppb; and muscle contained 42, 28, 17, 17, and 17 ppb lincomycin
at 3, 6, 12, 24, and 48 days after treatment, respectively.

In sheep intramuscularly injected with 5 mg lincomycin/kg bw/day for 3
days, liver contained 4340, 27, 17, and 17 ppb lincomycin at 8 h, 7, 14,
and 21 days after treatment, respectively. In lactating cows given intramammary
lincomycin 200 mg/quarter, milk contained 64,000–150,000 ppb at 12 h,
4900–62,000 ppb at 24 h, 200–3950 ppb at 36 h, and below 200 ppb at 48 h
postdosing. In goats given 15 mg lincomycin/kg bw/day intramuscularly for 3
days, milk contained 2110 ppb at 24 h, 443 ppb at 36 h, 115 ppb at 48 h, and
less than 100 ppb at 60 h and at all time points thereafter.

Clindamycin is a more potent drug than the parent lincomycin. It possesses
neuromuscular blocking activity and should not be used with other compounds
having similar activity. The indications for clindamycin treatment are the same
as those for lincomycin. It is absorbed more rapidly orally, and its absorption is
not affected by the presence of food in the gastrointestinal tract as happens with
lincomycin.

Clindamycin is widely distributed in body fluids and tissues. It is bound
to plasma proteins in the circulation. It crosses the placenta and appears in breast
milk. Clindamycin is mostly metabolized in the liver and excreted in the bile
and urine as parent drug and active metabolites (89). Similarly to lincomycin,
metabolism of clindamycin proceeds primarily by oxidation of the sulfur atom
to the sulfoxide metabolite and demethylation to the N-desmethyl metabolite
(112).

Pirlimycin is a lincosamide recently approved by the US Food and Drug
Administration for treatment of mastitis in dairy cattle (113, 114). It has excellent
activity against Staphylococcus aureus, the principal organism responsible for
mastitis in the dairy cow, and is administered as an aqueous gel by intramammary
infusion (115).

Metabolism studies (116) in dairy cows treated twice at a 24 h interval
with radiolabeled pirlimycin into all quarters at 200 mg/quarter by the intramam-
mary route showed that the drug was readily absorbed from the udder; about
68% of the dose was excreted in the milk, urine, and feces as parent pirlimycin.
About 4% appeared as pirlimycin sulfoxide generated by hepatic oxidation, and
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was excreted in both urine and feces. Demethylation to the N-desmethyl metabo-
lite was not observed (112).

Both pirlimycin and its sulfoxide metabolite were partially converted to
ribonucleotide adducts by gastrointestinal tract microflora and excreted in feces.
Such adducts have been well documented as products of antibiotic inactivation
by bacteria for a variety of substances including lincomycin and clindamycin
(117–119).

These polar adducts were apparently not reabsorbed since there was no
evidence of their presence in either milk or tissue. Total pirlimycin residues in
milk were 43.95 ppm 12 h after its last administration, but declined rapidly
thereafter to reach 0.09 ppm at 120 h after drug withdrawal. Muscle and fat
contained 0.10 and 0.22 ppm, respectively, on day 4, but no detectable residues
beyond day 6. Liver and kidney contained 9.18 and 1.96 ppm, respectively, on
day 4, and 0.50 and 0.01 ppm, respectively, on day 28.

In liver, a minor component of total residues was attributed to pirlimycin
itself while the bulk, 77%, was attributed to the sulfoxide metabolite (116). The
liver contained relatively higher concentrations of total pirlimycin residues than
other tissues, the sulfoxide metabolite accounting for approximately 62% of the
total residues.

3.5 NITROFURANS

The nitrofurans are synthetic antibacterial compounds, all containing in their
molecule a characteristic 5-nitrofuran ring (Fig. 3.5). Furazolidone, nitrofurazone,
furaltadone, and nitrofurantoin are all nitrofurans that have been widely used in
the prophylactic and therapeutic treatment of infections caused by bacteria and
protozoa in swine, cattle, poultry, rabbits, and fish. They have been also used as
feed additives in animal husbandry. They are very effective drugs and do not
appreciably contribute to the development of resistance (120).

Nitrofurans are metabolized in vivo to reduced forms responsible for the
effects exerted upon bacteria. These metabolites inhibit bacterial respiration, glu-
cose metabolism, and ribosomal function, and may damage bacterial DNA.

Controversy regarding the use of nitrofurans in food-producing animals has
arisen during the last two decades because indications have appeared that residues
of these drugs may be mutagenic and tumorigenic (121, 122). Extensive toxico-
logical studies showed that nitrofurazone was a carcinogenic but not genotoxic
agent, whereas furazolidone exhibited both carcinogenic and genotoxic properties
(123). As a result, systemic use of nitrofurans, as a chemical class, in food-
producing animals was prohibited in the United States and Europe, except for
topical applications (124). Because of the carcinogenic potential of these other-
wise important antimicrobial drugs, interest in all nitrofurans has been further
lost in several other countries in the world.
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FIG. 3.5 Chemical structures of commonly used nitrofurans.

Furazolidone has been used for treatment of Salmonella infections in most
farm animals. It has been also used as a feed additive for growth-promoting
purposes. For poultry it was given in the feed at a level of 0.04% for 10 days,
and in large animals at an oral dosage of 10–12 mg/kg bw for 5–7 days.

Furazolidone is extensively metabolized in animals after its absorption from
the gastrointestinal tract (125). Immediately after its last administration to chick-
ens and pigs, residual concentrations of the parent drug in muscle, kidney, and
liver tissues were less than 0.5 ppb (126). In chicken and swine urine, the un-
changed furazolidone occurred only in trace amounts, but a large number of
metabolites, most of which could not be identified, appeared. Among those metab-
olites, the open-chain cyano metabolite, 3-(4-cyano-2-oxobutylideneamino)-2-
oxazolidone, was most common in animal species.

Other residue depletion studies in pigs and calves given medicated feed at
300 mg/kg feed also showed that the parent drug is either absent or present at
very low levels in muscle tissues, even at zero withdrawal (127, 128). In poultry
treated with 440 mg furazolidone/kg feed, residues of the parent drug could be
detected in muscle at very low ppb concentrations for up to 4 days after the
cessation of treatment (129). When laying hens were given medicated feed for
28, 14, and 14 days, residues of the parent drug in the whole egg declined to 1
ppb at 9, 10, and 11 days for the 100 ppm, 200 ppm, and 400 ppm feeding level,
respectively (130). In the same study, the deposition and clearance of residual
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furazolidone were found to vary between yolk and albumen; levels in albumen
were lower than those in yolk and cleared rapidly while those in yolk took longer
to clear.

In trout species held at 8–14 C and given medicated feed at the 35 ppm
level for 20 days, residues of the parent compound accumulated in muscle during
the medication period, reaching a maximum of 0.482 ppm at day 10 of medication
(131). After withdrawal of the medication, residues fell rapidly to less than 0.075
ppm at day 10 posttreatment.

Residue depletion studies with radiolabeled furazolidone have shown that
the almost complete degradation of the drug in the body resulted in formation
of a variety of protein-bound metabolites that were not solvent-extractable. Thus,
when pigs were given radiolabeled furazolidone orally at 16.5 mg/kg bw/day for
14 days (123), total residual radioactivity in liver, kidney, muscle, and fat ac-
counted for 41.1 ppm, 34.4 ppm, 13.2 ppm, and 6.2 ppm furazolidone equivalents,
respectively, at zero withdrawal (132). Total residues were substantially lower
by 21 days withdrawal, but were still in the ppm range at 45 days withdrawal.
Extraction of the incurred muscle tissue at 0 and 45 days withdrawal with organic
solvents led to removal of 21.8 and 13.7% of the total radioactivity, respectively.
In contrast, 44 and 8.3% of the total radioactivity was extracted from liver on
days 0 and 45, respectively.

This nonextractable radioactivity was probably the result of covalent bind-
ing of the furazolidone intermediates to endogenous macromolecules. The bio-
availability of these bound tissue residues from the above pig residue depletion
study was determined by feeding rats lyophilized samples of liver and muscle
tissues from animals sacrificed at 0 and 45 days after the last treatment (132).
Results showed that the fraction of the bound residues bioavailable to rats was
in the range 16–41%. The toxicological impact of these bioavailable bound resi-
dues has not been yet determined.

Nitrofurazone has been used as a wide-spectrum antimicrobial drug for
prophylactic and therapeutic purposes in swine, cattle, sheep, goats, chickens,
turkeys, and fish for many years. The drug is also available as a premix for
inclusion in the feed for growth-promoting purposes, and as a piglet dosing pump
at a dosage of 100 mg/day. It is also used at a concentration of 0.2% in a cream
for treatment of topical bacterial infections.

In common with other nitrofurans, nitrofurazone is well absorbed from the
gut following oral administration. Limited information is available on the extent
of its biotransformation and on the identities of the metabolites produced. How-
ever, a comparison with other nitrofurans suggests that nitrofurazone also under-
goes extensive biotransformation.

Following infeed administration of a commercial dose of the drug to chick-
ens, residues of parent nitrofurazone were highest in the liver (113 ppb) and
lowest in muscle (0.7–9 ppb) at zero withdrawal, whereas no residues of the
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parent drug could be detected at 2-day withdrawal. Following administration
to laying hens of a medicated feed containing 100 mg/kg each nitrofurazone,
furazolidone, nitrofurantoin, and furaltadone for 7 days, residues of nitrofurazone
in egg yolk showed a maximum concentration of 0.5 ppm (129). In pig muscle,
no residues could be detected at zero withdrawal after feeding of a commercial
dose of nitrofurazone (123).

Furaltadone has been used primarily for treatment of poultry infected with
salmonellosis, colibacillosis, coccidiosis, blackhead, and infectious synovitis at
a dosage of 0.02–0.04% in the drinking water or feed for a maximum of 10 days.
The drug has been also used in intramammary form to treat bovine mastitis at a
dosage of 500 mg/quarter.

Following oral administration, furaltadone is well absorbed from the gastro-
intestinal tract. After administration to laying hens of a medicated feed containing
100 mg/kg each nitrofurazone, furazolidone, nitrofurantoin, and furaltadone for
7 days, residues of furaltadone in egg yolk showed a maximum concentration of
0.2 ppm (129).

Nitrofurantoin has been used as an urinary antiseptic in calves and horses
at an oral dosage of 10 mg/kg bw/day. It is absorbed rapidly and completely from
the gastrointestinal tract. About 40% of the drug is eliminated in the urine, while
the remainder is catabolized.

When laying hens were fed a diet containing nitrofurantoin in addition to
furazolidone, furaltadone and nitrofurazone at levels of 100, 100, 50, and 100
ppm in the feed, respectively, residues in the eggs laid between days 6 and 15
contained 84, 164, 171, and 20 ppb of the drugs, respectively (133).

3.6 QUINOLONES

Quinolones constitute an expanding group of synthetic antibiotics that are very
effective in combating various diseases in animal husbandry and aquaculture.
Although oxolinic acid and nalidixic acid, the earliest members of this group,
showed activity against only gram-negative bacteria, the former has been by far
the most widely used drug in fish farming for prophylaxis and treatment of bacte-
rial fish disease during the last decade (134, 135).

Recent research on 4-quinolone-3-carboxylates has led to discovery of the
fluoroquinolones, which are second-generation quinolones and include ciproflox-
acin, danofloxacin, difloxacin, enrofloxacin, flumequine, marbofloxacin, norflox-
acin, ofloxacin, and sarafloxacin. The main difference between classic quinolones
and the fluoroquinolones is that the latter contain a fluorine atom at the C-3
position and a piperazinyl group at the C-7 position (Fig. 3.6).

The addition of either the fluorine or the piperazino moiety, or both, to the
basic quinolone backbone enhances the overall antibacterial activity of the new
compounds. Fluorine increases the activity against gram-positive pathogens,
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FIG. 3.6 Chemical structures of commonly used quinolones.
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whereas the piperazino moiety improves the effectiveness against gram-negative
organisms (136). The mode of action of quinolones is not entirely understood,
but it has been demonstrated that they inhibit the action of bacterial DNA gyrase
enzymes.

The main application of fluoroquinolones has been for gastrointestinal and
respiratory infections. The US Food and Drug Administration has approved the
therapeutic use of sarafloxacin in poultry, making this the first approved fluroqui-
nolone in food animals (137). Other members of this class of drugs have been
petitioned for similar use. Although not approved for use in treatment of infections
in cows, enrofloxacin is the most commonly used fluroquinolone in the European
Union (138).

Gastrointestinal disturbances including nausea, vomiting, and diarrhea are
the most frequent adverse affects of quinolone antibiotics. Headache, visual dis-
turbances, and insomnia have been reported. Rashes, pruritus and epidermal ne-
crolysis have sometimes also occurred. Quinolones are not recommended for
children, adolescents, and pregnant and breastfeeding women because they cause
joint erosions in immature animals.

As a rule, when quinolones are administered orally, their absorption from
the gastrointestinal tract is rapid and almost complete, but food in the stomach
delays their absorption. In unweaned calves, fluoroquinolones are often given in
the milk replacer, but oral bioavailability is slightly reduced compared with the
oral drench (139). On the other hand, fermentation in the rumen of mature rumi-
nants precludes the oral use of fluoroquinolones. Injectable solutions are also
available for systemic therapy of large animals and turkeys.

Serum concentrations of fluoroquinolones tend generally to be lower than
those of the first-generation quinolones. Most fluoroquinolones are characterized
by a great availability in all monogastric animals, a large volume of distribution,
and a low binding to plasma proteins. These pharmacokinetic characteristics allow
them to cross membranes and reach the most remote parts of the body. Kidney,
liver, and bile are the body parts presenting the highest concentrations after sys-
temic administration of fluoroquinolones. Fluoroquinolones are partially metabo-
lized in the liver and excreted in the urine where they can reach 100–300 times
higher concentrations than in serum.

Danofloxacin is a fluoroquinolone antibacterial developed specifically for
use in veterinary medicine (140). It has been studied for use in cattle, swine,
chickens, and turkeys for the control of respiratory and enteric bacterial infections
(141). Danofloxacin can be administered via drinking water to broiler chickens
and replacement chicks at a dosage of 5 mg/kg bw for 3 days, and via the intramus-
cular route to calves, beef, and nonlactating cattle at a dosage of 1.25 mg/kg bw/
day for 3 days.

In chickens, danofloxacin is rapidly absorbed after oral administration and
rapidly distributed in tissues. In cattle, danofloxacin exhibits similar bioavailabil-
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ity by the intramuscular, intravenous, and subcutaneous routes of administration.
The oral bioavailability in pigs is around 89%. In all species, tissue residues are
highest in the liver and consist mostly of the parent drug and the N-desmethyl
metabolite (142).

After oral administration of radiolabeled danofloxacin to chickens or intra-
muscular administration to cattle, residues of total residues in all tissues declined
rapidly with time. In both species, total residues were highest in liver at all time
points. Unmetabolized danofloxacin was the major component in chicken liver
and constituted 47–61% of total residues at 6–24 h after treatment. Residues of
N-desmethyl danofloxacin over the same period were 14–20% of the total liver
residues. Residues in cattle consisted of 14–32% danofloxacin. Residues of N-
desmethyl danofloxacin declined from 30–40% of the total residues at 12 h to
14% at 72 h.

Residue depletion studies in chickens showed that residues of danofloxacin
in muscle declined from 36–90 ppb at 6 h to less than 25 ppb at 18 h after
withdrawal of treatment. Residues of the N-desmethyl metabolite were less than
25 ppb at all time points. Residues of danofloxacin in liver declined from 157–319
ppb at 6 h to 18–66 ppb at 36 h after withdrawal of treatment. Residues of the
N-desmethyl metabolite were 35–193 ppb and less than 10 ppb over the same
time points.

In a residue depletion study in cattle given the normal therapeutic treatment,
residues of danofloxacin in liver declined from 372 ppb at 12 h after the last
dose to 13 ppb at 5 days after the last dose. Over the same time period, residues
at the injection site, kidney, and muscle declined from 669 ppb to less than 10
ppb, from 426 ppb to 5 ppb, and from 112 ppb to less than 10 ppb, respectively.
Residues in most fat samples were below 10 ppb.

The metabolism of danofloxacin does not differ in swine. When five daily
intramuscular injections of 1.25 mg radiolabeled danofloxacin/kg bw were given
to pigs, the parent drug accounted for 72–81% of the radioactivity excreted in
feces and urine over the 5- day dosing period (143). In feces, 5–7% of the
radioactivity was identified as N-desmethyl danofloxacin. In urine, 2–3% was
N-desmethyl danofloxacin, 10–14% danofloxacin-N-oxide, and 3% danofloxacin
glucuronide.

Residue depletion studies in pigs given three daily intramuscular injections
of 1.25 mg danofloxacin/kg bw showed that residues of the parent drug in liver
were 27 ppb at 2 days after the last dose and below 10 ppb at later time points.
Mean danofloxacin concentrations in kidney declined from 36 ppb at 2 days after
the last dose to 5.5 ppb at 6 days after the last dose and to below 5 ppb at later
time points. Two days after the last dose, mean danofloxacin concentrations in
muscle, fat, and at the injection site were 15 ppb, below 5 ppb, and 17 ppb,
respectively; at later time points residues could not be detected. Residues of N-
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desmethyl danofloxacin could be found only in liver and declined from 622 ppb
at 2 days to 221 ppb at 6 days and to 79 ppb at 18 days after the last dose.

Difloxacin is another fluoroquinolone antibacterial developed for adminis-
tration via the drinking water to chickens and turkeys. When male and female
broiler chickens and turkeys were administered radiolabeled difloxacin at 10 mg/
kg bw for 5 consecutive days, liver was the tissue with the highest level of total
radioactive residues: 1878 and 2660 ppb of difloxacin equivalents, respectively,
at 6 h after last dosing (144). Within 12 h following the last dose, total radioactiv-
ity in all edible tissues of chickens and turkeys fell well below their maximum
residue limit settings (145). No gender-related differences were observed in the
residue levels found in all edible tissues. It was found that in both species difloxa-
cin could be glucuronidated or sulfated, demethylated into sarafloxacin, or oxi-
dized into N-oxide-difloxacin. Nevertheless, the main metabolites detected were
identified as hydrolyzable conjugates of difloxacin.

Enrofloxacin is another fluoroquinolone antibacterial developed exclu-
sively for animals (146). It is administered either by parenteral route to cattle,
swine, sheep and rabbits, or by the oral route to cattle, swine, rabbits, chickens,
and turkeys (147). Although it is not allowed for use in dairy cows, enrofloxacin
is also used in some countries for treatment of coliform mastitis in lactating cows.
In addition, enrofloxacin has received growing attention during the last years for
its potential against several fish pathogens (148).

Following oral administration to animals, enrofloxacin is well absorbed and
widely distributed to all tissues, with highest concentrations in liver and kidney.
Elimination is rapid via both urine and feces. Total enrofloxacin-related residues
in urine are mainly composed of enrofloxacin, enrofloxacin amide, and ciproflox-
acin and, to a lesser extent, from oxociprofloxacin, dioxociprofloxacin, desethy-
lene ciprofloxacin, desethylene enrofloxacin, N-formyl ciprofloxacin, oxoen-
rofloxacin, and hydroxy oxoenrofloxacin.

Since ciprofloxacin, the major metabolite of enrofloxacin, exhibits biologi-
cal activity similar to that of the parent compound, it is also used as an individual
fluoroquinolone drug. In this case, ciprofloxacin is metabolized mainly to oxoci-
profloxacin and desethylene ciprofloxacin (149). After oral administration to
broiler chickens, ciprofloxacin was rapidly and efficiently absorbed, its metabo-
lism being similar to that observed in other animal species. It has been reported
that the mean tissue concentrations of ciprofloxacin and its metabolites that ranged
between 5 and 26 ppb persisted in chickens up to 12 days after treatment (149).

Residue depletion studies in chickens and turkeys orally dosed with 10
mg enrofloxacin/kg bw for 7 days showed that the sum of enrofloxacin and
ciprofloxacin, which has been designated as the market residue for regulatory
purposes, in the chicken liver declined from 42 ppb at 3 day withdrawal to 11
ppb at 15 day withdrawal; in turkeys, the level of the marker residue in liver
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declined from 1250 ppb at 1 day withdrawal to less than 10 ppb at 7 day with-
drawal.

When chickens were treated orally with 7 mg/kg bw enrofloxacin, residues
in muscle, liver, and kidney were 99 ppb, 88 ppb, and 154 ppb, respectively, at
1 day after the treatment (150). Eggs from breeder turkeys orally dosed with
enrofloxacin were also found by a microbiological assay to contain residues by
the day 11 postmedication (151).

Studies in pigs treated intramuscularly with enrofloxacin at a dosage of 2.5
mg/kg bw for 3 days showed that the parent compound was absorbed and effi-
ciently distributed in tissues; the concentrations of enrofloxacin detected in mus-
cle, liver, kidney, and fat tissues at 10 days after treatment were 15, 26, 20, and
29 ppb, respectively (152).

When cattle were subcutaneously injected with a single dose of 7.5 mg
enrofloxacin/kg bw, the levels of the marker residue in liver, kidney, muscle, and
fat fell rapidly from about 30 ppb, 20 ppb, less than 10 ppb, and less than 10
ppb, respectively, at day 3 after dosing to less than 10 ppb in all tissues at 7 day
withdrawal. When enrofloxacin was injected intravenously to cows, ciprofloxacin
could be detected at higher concentrations and for a longer period than the parent
enrofloxacin (153). When enrofloxacin was administered parenterally to dairy
cows at 5 mg/kg bw, the levels of the marker residue in milk remained above
30 ppb at day 4 after the last treatment of experimentally induced E. coli mastitis
(154, 155). Significant concentrations of ciprofloxacin could also be found in
milk of rabbits after intravenous administration of enrofloxacin (156).

The pharmacokinetics of enrofloxacin and its active metabolite, ciprofloxa-
cin, have been further extensively studied in sea bass after treatment by oral
gavage or water, at a temperature of 15 C (157). Enrofloxacin was absorbed
and eliminated slowly after oral administration to the sea bass. Following bath
treatment, enrofloxacin efficiently penetrated fish tissues but it was poorly metab-
olized compared with mammals. On the other hand, ciprofloxacin was generally
detected in very low concentrations (less than 0.02 ppm) in plasma samples after
both oral and bath treatment. Liver levels of ciprofloxacin were found to be 0.12
ppm after a 5 ppm bathing for 24 h, 0.06 ppm after a 10 ppm bathing for 8 h,
and 0.33 ppm after a 50 ppm bathing for 4 h, suggestive of hepatic metabolism
of enrofloxacin.

Flumequine is used in food-producing animals and fish for treatment and
prevention of several bacterial infections. In aquaculture, the substance is adminis-
tered preferably in the form of commercially available medicated feed pellets.

Its bioavailability to fish is favorable in comparison with other antibacterials
such as oxytetracycline, which was used extensively in European aquaculture
during the 1980s. The bioavailability of flumequine to Atlantic salmon was deter-
mined to be 40–45%, while that of oxytetracycline was only 1–5% when both
compounds were administered orally to fish (158–161).
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In rat, dog, and calves (162, 163), flumequine is glucuronidated and, to a
lesser extent, is hydroxylated to 7-hydroxyflumequine (164). In sheep, flumequine
is widely distributed in edible tissues; after a single intravenous injection of 12
mg/kg bw, residues in kidney were higher than those in liver and muscle at 24
h after drug administration (165).

Studies on flumequine administered to laying hens at a dosage of 200 mg/
L water for 5 consecutive days showed that residues in eggs were present from
day 2 of treatment to day 11 after the end of treatment (166). Higher accumulation
of residues occurred in egg white than in the yolk. Concentrations in egg white
increased with a tendency to plateau during the treatment, but in the yolk it
dropped before the end of treatment (167). The slopes of those depletion curves
were more pronounced for egg white than yolk; 4 days after the end of treatment,
the ratio of the residue levels in those egg fractions became inverted, to proceed
threafter in parallel lines.

The persistence of flumequine residues in eel plasma and tissues was also
determined for a 44 day period following a single intramuscular injection (168).
The time to reach maximum concentrations of flumequine in tissues (48–192 h)
was comparable to that in plasma (96 h). Mean maximum concentrations in tissues
ranged from 725 ppb in bone to 121,000 ppb in fat. These concentrations declined
with time in all tissues to reach, 44 days after administration, the values of 769,
427, 238, 213, 197, 153, 89, and 85 ppb in liver, fat, muscle, plasma, spleen,
skin, bone, and kidney, respectively.

In search of possible reservoirs of flumequine and oxolinic acid in fish,
several tissues of salmon treated with the drugs were analyzed (169). The results
showed that residues of these drugs were present in the fish tissues for prolonged
periods after the end of treatment. It was found, however, that even when residues
in muscle and liver were at the low ppb level, there were still quite high residues
left in bone and skin. Residues of oxolinic acid were especially bound to bone
and skin, whereas flumequine was bound to bone.

Another pertinent study (170) also showed that residues of quinolones could
be present in certain tissues for a prolonged period after the end of medication.
In this study, oxolinic acid and flumequine were especially entrapped in bone,
enrofloxacin in skin, and sarafloxacin in both skin and bone. When salmon was
treated with flumequine and oxolinic acid, highest residue levels of flumequine
found in the backbone averaged 465 ppb and were detectable for 70 days posttreat-
ment (171). Residues were also present in skin, back fat, and liver for 70 days
posttreatment, but no residues could be found in muscle from fish sampled 48
days after treatment.

Following oral administration of 6 and 12 mg flumequine/kg/day for 5 days
to trout at a temperature of 12 C, flumequine residues could be detected in muscle/
skin by 2 days after the last treatment (172). The elimination was found to be
temperature dependent. At 16 C, residues of the parent compound could be de-
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tected by the day 4 (0.083 ppm) after the last treatment, while at 7 C by the day
7 (0.084 ppm) after the last treatment. In trout, the hydroxylated metabolite of
flumequine could not be found in any tissue (173).

The residue depletion profile of flumequine in trout seems to be quite similar
to that in the sea bass (174). When flumequine was administered to seabass as
a mixture with the feed at a dosage of 12 mg/kg bw for 5 days, residues of
flumequine in muscle tissue could be detected by 36 h after the last treatment.
The relatively high temperature of the sea water (21–25.3 C) in this study was
suggested as the primary factor determining the rapid depletion of residues from
the fish tissue. In another study (175), flumequine disappeared from muscle of
sea bream at 240 h after the end of treatment, but showed a longer depletion rate
from skin and vertebrae that behaved in fact as reservoir tissues. Much slower
depletion profiles have been reported in studies carried out with Atlantic salmon
(158, 170, 176), rainbow trout (177), and some wild fish caught in the vicinity
of fish farms such as saithe and cod (178).

Marbofloxacin is a new fluoroquinolone intended for treatment of bovine
respiratory disease by the oral or parenteral route, and for treatment of the masti-
tis–metritis–agalactia syndrome in pigs by the parenteral route. The proposed
dosage rate is 2 mg/kg bw/day for up to 5 days.

Marbofloxacin is well absorbed after oral or parenteral administration, and
widely distributed to the tissues of several species (179, 180). In pigs, marbofloxa-
cin is weakly bound to plasma proteins ( 10%), whereas in calves binding in-
creases to around 30%. It is excreted mostly unchanged in the urine. The extent
of biotransformation is very limited and there are no significant species differ-
ences in metabolism. The unmetabolized drug is the major component of the total
residues found in both tissues and excreta, but some marbofloxacin conjugates
are also present with small amounts of the desmethyl- and N-oxide metabolites.

When pigs and calves were subcutaneously given marbofloxacin, residues
persisted in liver and kidney for up to 4 days posttreatment. Almost all of the
residues detected in muscle and fat were due to the parent drug, whereas residues
in liver and kidney were also due to drug-related metabolites as well. Residue
depletion studies in dairy cows similarly treated showed that a proportion of
73–89% of the total residues in the milk was due to the parent marbofloxacin.

Nalidixic acid is a first-generation quinolone that exhibits antibacterial
activity against various gram-negative bacteria. It has been used exclusively in
Japan for treatment of vibriosis and furunculoses of plasmonids.

The pharmacokinetics and tissue levels of nalidixic acid were determined
after oral administration of a single dose of 40 mg drug/kg bw to cultured rainbow
trout and amago salmon held at 15 C (181). The absorption rate of the drug was
found to be nearly equal for the two species and was completed within 48 h.
Nalidixic acid could be detected in all tissues of both species at as early as 0.5
h after dosing.
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In rainbow trout, maximum levels of the parent drug were observed in
serum, liver, and kidney at 12 h after administration, whereas in muscle and bile
these were observed at 24 and 48 h, respectively. In amago salmon, maximum
levels of the parent drug occurred in serum, muscle, liver, and kidney at 24 h
postdosing and in bile at 12 h. At their highest levels, the concentrations of
nalidixic acid for both species were bile liver kidney serum muscle.
Residues of the parent drug were present in all tissues of both species at 7 days
after administration. At 10 days, residue levels in muscle, liver, and kidney were
as low as 0.06, 0.14, and 0.09 ppm for trout and 0.13, 0.43, and 0.31 ppm for
salmon, respectively. However, relatively high levels of the parent drug could
still be detected in the bile of both species.

The glucuronide conjugate of nalidixic acid could be also seen in all tissues
of both species. At 7 days postdosing, its levels in muscle, liver, and kidney were
0.07, 0.39, and 1.60 ppm for trout, and 0.14, 1.53, and 6.56 ppm for salmon,
respectively. Considerable amounts of conjugated nalidixic acid were also ob-
served in bile of both species even after 7 days postdosing.

Norfloxacin is a new water-soluble fluoroquinolone registered for veteri-
nary use in several countries. It is commercially available as a dry powder for
medication of drinking water and as a sterile injectable solution (182).

When norfloxacin was given to turkeys by oral, intramuscular, or intrave-
nous routes, bioavailability was highest with the intramuscular route and lowest
with the oral route (183). At the end of a 72 h medication with drinking water,
mean tissue concentrations of norfloxacin were 0.48 ppm in the serum, 0.56 ppm
in lungs, 3.2 ppm in liver, 0.68 ppm in kidney, 0.34 ppm in muscle, 0.40 ppm
in spleen, 0.52 ppm in skin, 0.32 ppm in fat, and 50 ppm in feces. Residues of
norfloxacin were not detected in any tissue sampled 72 h after the end of water
medication.

When norfloxacin was administered orally or intravenously to healthy and
E. coli-infected chickens, residues could be detected in tissues of both healthy
and infected birds (184). Residual levels in infected birds were higher than those
of healthy birds and remained longer in bile for 4 days after multiple administra-
tion. Bile, kidney, and liver accumulated the highest concentration of the drug.

When norfloxacin was given to broilers and laying hens, the highest residue
concentrations were measured in tissues on day 5 of drug administration and on
day 0 after the end of treatment (185). Concentrations were highest in liver at
4867 ppb and 4496 ppb on day 5 and day 0, respectively. On day 1 after the
end of treatment, the level of norfloxacin decreased, with highest concentrations
measured in the liver (76 ppb) and lowest in heart (17.5 ppb). By day 3, concentra-
tions had fallen to 13 ppb in liver and 21.3 ppb in muscle. No residues were
measured in tissues on days 6, 7, and 9 after the end of treatment except in muscle
where 7.5 ppb was detected on day 9. The concentrations of norfloxacin measured
in eggs increased steadily over the treatment period. Concentrations at days 3
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and 4 of treatment were lower than those measured at day 1 after the end of
treatment, with highest concentrations (103.5 ppb) detected in the egg yolk. Resid-
ual concentrations decreased steadily for the first 4 days after the end of treatment.
By day 6, the concentrations measured were 12.2 ppb in yolk and 3.5 ppb in the
egg white.

When norfloxacin was intramuscularly administered to calves, tissue con-
centrations were higher in kidney, liver, and muscle tissues at 4 h after the last
dose (186). In body fluids other than bile and urine, norfloxacin concentration
was lower than that in serum. None of the tissues sampled exceeded 1 ppm 24
h after the last administration; at 72 h and 120 h after the last administration,
highest concentrations in liver were 60 and 80 ppb, respectively. Norfloxacin
could not be detected in muscle at 120 h postmedication.

Oxolinic acid, a first-generation quinolone, has been authorized for use in
fin fish, calves, swine, and poultry by the oral route. It may be given with the
feed, the drinking water, or as a bolus. In 1991, 11.4 tons of oxolinic acid in
addition to 5.7 tons of flumequine were used by the Norwegian aquaculture
industry (187).

Oxolinic acid is quickly absorbed after oral administration, but its absorp-
tion is variable and dependent on animal species, drug formulation, diet, and
disease status. After an oral dose of 10 mg/kg bw, bioavailability was approxi-
mately 82% in healthy chickens, but around 100% in diseased chickens. Oral
bioavailability was also higher in swine and calves, but lower in fin fish and
Atlantic salmon. The bioavailability of oxolinic acid given as medicated feed at
a single dose 9–26 mg/kg bw to Atlantic salmon kept in seawater at 7.5–9 C
was estimated to be 20–21% (188, 189).

When broiler chickens were given a single dose of 15 mg oxolinic acid/
kg bw orally, mean residues in liver declined from 2160 ppb, 1 day after dosing,
to 490 and 50 ppb at 3 and 6 days after dosing. Over the same time period, mean
residues in kidney declined from 2380 ppb to 910 ppb and to 160 ppb, whereas
residues in muscle decreased from 1460 ppb to 570 ppb and to 20 ppb. When
laying hens were given oral doses of 15 mg oxolinic acid/kg bw/day for 5 days,
mean residue in eggs were 5610 ppb 1 day after the cessation of treatment, and
depleted to 1240 ppb at 3 days, 80 ppb at 6 days, and below 10 ppb at 9 day
withdrawal.

When piglets were given feed containing oxolinic acid at a dosage equiva-
lent to 15 mg/kg bw/day for 7 days, mean residues in liver, kidney, and muscle
were 1080, 1350, and 1500 ppb, respectively, 1 day after the cessation of treat-
ment, declining to below 25 ppb in all tissues at 3 day withdrawal.

In aquaculture, the salinity of the surrounding water appears to affect the
pharmacodynamics of oxolinic acid in fish. Thus, the residue depletion profile
of oxolinic acid in seawater coho salmon was similar to that observed in various
seawater fish such as Japanese mackerel, red sea bream, yellowtail, and flounder
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(190). However, tissue concentrations of the parent drug in the seawater rainbow
trout decreased to undetectable levels by 72 h, whereas in the freshwater rainbow
trout peaked at 48 h and were detectable for at least 244 h (191, 192). Both
groups of trout metabolized oxolinic acid by the same pathway; oxolinic acid
and the glucuronides of oxolinic acid, 7-hydroxy-oxolinic acid, and 6-hydroxy-
oxolinic acid were the residues detected in the bile.

Residue depletion studies (193) in rainbow trout kept at a water temperature
of 9–10 C and given feed containing oxolinic acid at a dosage equivalent to 12
mg/kg bw/day for 7 days showed that mean residues in muscle/skin depleted
from 1970 ppb at day 1 after the end of treatment to 930 ppb at 2 day, 90 ppb
at 4 day, and 50 ppb at 6 day withdrawal. When rainbow trout were given feed
containing oxolinic acid at a dosage equivalent to 20 mg/kg bw/day for 5 days,
mean residues in muscle at day 1 after the end of treatment were 1990 ppb for
trout kept at a water temperature of 8.5–11.5 C and depleted to 540 ppb at 3
day, 40 ppb at 5 day, and 20 ppb at 7 day withdrawal. For trout kept at a water
temperature of 17.1–19.6 C, mean residues in muscle at day 1 after the end of
treatment were 2090 ppb, and depleted to 340 ppb at 3 day, 70 ppb at 5 day, and
60 ppb at 7 day withdrawal.

In a study in which rainbow trout were administered oxolinic acid for 7
days at a dosage of 12 mg/kg bw/day, drug level in muscle tissue was 0.03 ppm
at 10 days withdrawal (194). In amago salmon held at 15 C and given a single
oral dose of 40 mg/kg bw, oxolinic acid concentrations of 0.02 ppm could still
be detected in muscle tissue at day 30 after administration (195). In yellowtail
held at 24.5 C and administered oxolinic acid at a dose of 50 mg/kg bw, concentra-
tions of 0.09 ppm and 0.17 ppm were recorded in muscle and kidney tissues,
respectively, at day 8 posttreatment (196).

When rainbow trout were administered a single dose of 75 mg oxolinic
acid/kg bw at 5, 10, and 16 C, the elimination was faster at higher water tempera-
tures (197). Drug concentrations in muscle tissue declined to the detection limit
of 0.01 ppm within 10 days at 16 C; at this temperature, however, the levels in
kidney and liver persisted for 25 days. At 10 C, oxolinic acid was eliminated
within 45 days postdosing, but at 5 C levels of 0.1–0.3 ppm were still present
at day 55 after drug administration.

Different tissues of salmon treated with oxolinic acid in addition to
flumequine were also analyzed in search of possible reservoirs of the drug (187).
Results showed that low residue levels of oxolinic acid were present in muscle
and liver for 2 months posttreatment. After that period, there were still quite high
residues left in bone and skin. More than 6 months after the end of treatment,
levels as high as 164 ppb were still present in the backbone and 35 ppb in the
skin.

Sarafloxacin is another fluoroquinolone administered with the drinking
water to poultry for treatment of bacterial diseases, or incorporated in fish feed at
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a dosage equivalent to 10 mg/kg bw for treatment of diseases such as furunculosis,
vibriosis, and enteric redmouth.

Infeed treatments of Atlantic salmon held at 9–13 C with sarafloxacin at
10 mg/kg bw for 10 days or at 20 mg/kg bw for 5 days showed that the highest
average concentrations of the parent drug in plasma, muscle, and liver were 0.14
ppm, 0.39 ppm, and 0.88 ppm, respectively, for the former treatment, and 0.40
ppm, 0.61 ppm, and 1.56 ppm, respectively, for the latter treatment (198). After
withdrawal of the treatment, sarafloxacin concentrations in plasma and tissues
declined rapidly. Sarafloxacin could not be detected in any plasma sample taken
6 days after the end of the medication. The corresponding time figures for muscle,
skin, and liver tissues were 14 days, 20 days, and 22 days, respectively. The half-
lives of sarafloxacin varied in the different tissues, being shortest in plasma and
higher in ascending order in muscle, liver, and skin.

The distribution and elimination of radiolabeled sarafloxacin have been
thoroughly examined in juvenile channel catfish orally dosed at 10 mg/kg bw
for 5 consecutive days (199). At 3 h after the last dose, relative sarafloxacin
concentration was greatest in the liver (4.06 ppm equivalents) and least in the
residual carcass (1.13 ppm equivalents). Intermediate levels were found in the
kidney (2.04 ppm equivalents), skinless fillet (1.71 ppm equivalents), and skin
(1.51 ppm equivalents). Concentrations in edible skinless fillet were consistently
among the lowest of all tissues examined. Highest mean concentrations of parent
drug in the fillet tissue were found 12 h after administration of the last dose (2.27
ppm equivalents). Sarafloxacin constituted 80–90% of the extractable radioactiv-
ity from the fillet homogenates. The concentrations of parent sarafloxacin in
samples taken at 72 h declined dramatically in liver (12-fold) and skinless fillet
(29-fold) from values found in fish sampled at 24 h; the decline was much less
in skin (2.6-fold), kidney (3.7-fold), and residual carcass (5-fold). After 72 h,
the rate of loss of radioactivity from all tissues was much reduced. Residue
concentrations were nearly constant or declined only slowly from all tissues in
samples analyzed between 120 and 240 h. One exception to this trend was the
increase in activity among all tissues from fish sampled at 168 h. Highest tissue
concentrations at 240 h were found in the skin; lowest were in the skinless fillet.
Sarafloxacin-equivalent concentrations in the skinless fillet were consistently the
lowest of all the tissues examined from 72 to 240 h after dosing.

The effect of water temperature on the diffusion and metabolism of saraflox-
acin has been also investigated in Atlantic salmon maintained at 15 or 5 C and
given 10 mg/kg bw sarafloxacin hydrochloride daily for 5 days. At 5.5 days after
withdrawal, residues in muscle of fish maintained at 15 C were below 50 ppb,
whereas residues up to 166 ppb were found in muscle of fish maintained at 5 C.
At the same time, residues in skin were in the range of less than 50–54 ppb for
fish maintained at 15 C and less than 50 ppb for fish maintained at 5 C.
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3.7 SULFONAMIDES AND DIAMINOPYRIMIDINE
POTENTIATORS

Sulfonamides are a group of synthetic organic compounds that have played
an important role as effective chemotherapeutics in bacterial and protozoal infec-
tions in veterinary medicine. Phthalylsulfathiazole, succinylsulfathiazole, sulfa-
bromomethazine, sulfachlorpyrazine, sulfachlorpyridazine, sulfadiazine, sulfadi-
methoxine, sulfamethazine (sulfadimidine), sulfadoxine, sulfaethoxypyridazine,
sulfaguanidine, sulfamerazine, sulfamethoxazole, sulfamethoxydiazine, sulfame-
thoxypyridazine, sulfamonomethoxine, sulfapyridine, sulfaquinoxaline, sulfathia-
zole and sulfisoxazole have all been used in food-producing animals (Fig. 3.7).
They share a common chemical nucleus that is essential for the exhibited antibac-
terial activity and comes from sulfanilamide, the simpler member of the sulfon-
amide group; in this nucleus, the sulfonamide (-SO2NH2-) nitrogen has been
designated as N1, and the amino (-NH2) nitrogen as N4. Most sulfonamides have
been synthesized by chemical substitution at the N1 position since substitution
at the N4 position results, with certain exceptions, in compounds with greatly
reduced antibacterial activity compared to their unsubstituted counterparts.

Parent sulfonamides are relatively insoluble in water but their sodium salts
have greater water solubility than the parents compounds and are commonly
included in commercial preparations. Indications for sulfonamides are wide owing
to their wide spectrum of activity. They cover infectious diseases of the digestive
and respiratory tracts, secondary infections, mastitis, metritis, and foot rot. Sulfon-
amides are administered to animals by all known routes at dosages noticeably
higher than those for antibiotics. Sometimes several sulfonamides may be com-
bined in only one preparation to ensure a wider range of activity and to reduce
toxicity. Some sulfonamides are also used to treat bacterial infections in horses,
cattle, sheep, goats, pigs, poultry, and fish in the form of potentiated formulations
with synthetic diaminopyrimidines such as trimethoprim, ormetoprim, or baquilo-
prim. Trimethoprim is usually combined with sulfadiazine or sulfadoxine,
whereas ormetoprim is combined with sulfadimethoxine, and baquiloprim with
sulfamethazine. These formulations are believed to act synergistically on specific
targets on bacterial DNA synthesis, with the sulfonamide blocking the conversion
of p-aminobenzoic acid to dihydrofolic acid and the diaminopyrimidine inhibiting
the conversion of dihydrofolic acid to tetrahydrofolic acid in the folic acid path-
way, thus potentiating the antibacterial effects of the sulfonamide.

They are still widely used as feed additives for treatment or prevention of
coccidiosis. In ruminants, sulfaquinoxaline, sulfadimethoxine, and sulfame-
thoxypyridazine are the most useful coccidiostats, although sulfachlorpyrazine,
sulfathiazole, and sulfamonomethoxine are also highly effective. Additional coc-
cidiostats or adjuvants such as amprolium, chlortetracycline, and ethopabate are
often combined with sulfonamides for synergistic effects in poultry.
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FIG. 3.7 Chemical structures of commonly used sulfonamides and diamino-
pyrimidine potentiators.
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FIG. 3.7 Continued
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Except for sulfonamides such as phthalylsulfathiazole and succinylsulfathi-
azole, which are not absorbed from the intestine, most members of the sulfon-
amide group follow a common pharmacological pattern. Following oral adminis-
tration, absorption rates of sulfonamides are approximately proportional to their
water solubility although these can vary between species. Thus, pigs and horses
absorb sulfonamides move slowly than birds but better than cattle. Exceptions
are sulfapyridine, which is slowly absorbed in most species, and sulfamethazine,
which is second to sulfanilamide in the rate of absorption.

The absorption of sulfonamides by diseased animals may be quite different
from that observed in healthy individuals of the same species. Experimental rumen
stasis, produced by atropine, markedly reduced the absorption of sulfamethazine
following its oral administration to sheep.

In addition, the solubilized sulfonamides as a group diffuse very widely
into the tissues, penetrating into all fluids, including urine, bile, and milk. The
degree of tissue penetration is influenced by several factors, including the ioniza-
tion state and lipophilicity of the particular sulfonamide, the vascularity of the
absorption site, and the degree of protein binding.

Metabolism of sulfonamides proceeds with acetylation, oxidation, conjuga-
tion with sulfate or glucuronic acid, and cleavage at varying degrees of their
heterocyclic rings. The metabolism of sulfonamides is important because it affects
the antibacterial activity and toxicity of the compounds. In general, the acetylated,
hydroxylated, and conjugated forms of the sulfonamides exhibit a marked de-
crease in antibacterial activity compared to the parent compounds. The acetylated
forms of all sulfonamides except those of sulfadiazine, sulfamerazine, and sulfa-
methazine are less water-soluble than the parent compounds and thus are more
likely to precipitate in the urine causing renal damage. In contrast, the hydroxy-
lated and conjugated metabolites are more soluble than the parent sulfonamides,
and therefore are less likely to damage renal tissues.

The extent to which a sulfonamide is acetylated depends upon the drug
administered and the animal species. Acetylsulfathiazole is the principal metabo-
lite found in the urine of cattle, sheep, and swine after enteral or parenteral
administration of sulfathiazole. However, sheep can acetylate only 10% of the
dose, while cattle can acetylate 32%, and swine 39%. When sulfamethazine was
administered intravenously or orally to cattle, the animals eliminated 11% or
25% of the dose, respectively, in urine as N4-acetylsulfamethazine. The increased
acetylation that occurred following the oral administration may be related to the
increased exposure of sulfamethazine to liver enzymes following its absorption
into the portal circulation. The acetylation rate may also be affected by the health
status of an animal. Thus, cows suffering from ketosis in cows acetylate sulfon-
amides at much lower extent.

Oxidation of sulfonamide rings is another important metabolic process in
certain species. Sheep eliminate 25% of an intravenous dose of sulfamethazine in
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the form of 4-hydroxymethyl-6-methyl-2-sulfanilamidopyrimidine, while cattle
eliminate only 12% of the dose. In contrast, swine are unable to hydroxylate this
drug since hydroxylated metabolites cannot not be found in urine after oral or
intravenous administration of the compound. In addition, sulfonamides and their
metabolites are often found in the urine in conjugated forms with glucuronic or
sulfate acid, the amount of conjugation being dependent upon the individual drug
and the animal species to which this is given. Conjugation commonly occurs at
the N1, N2, or hydroxylation sites of the compounds. Ring cleavage, which also
sometimes occurs, appears to be a minor metabolic pathway since only small
amounts of degradation products are excreted in the urine.

Following their metabolic transformation, sulfonamides are eliminated in
urine, feces, bile, and milk. However, the kidney is the organ primarily involved
in the excretion of these drugs. Sulfonamide residues deplete from body tissues
and fluids with widely variable velocity that depends on many factors including
the nature of the compound, its formulation and the route of administration, and
the animal species. Nevertheless, sulfonamide residues eliminate much earlier
from liver, kidney, and milk than from muscle and fat. Withdrawal periods in
meat and milk differ, therefore, for each sulfonamide.

Sulfadiazine is a relatively short-acting sulfonamide with an elimination
half-life of about 3 h in cattle. The importance of this drug for control of furuncu-
loses in fish is determined by its combined use with the potentiator trimethoprim.

When a single dose of radiolabeled sulfadiazine was administered to eels
at 7 C (200), highest initial radioactivity was observed in blood, liver, kidney,
and skin, with a tendency for accumulation in bile and skin. In another pharmaco-
kinetic study (201) on sea-water rainbow trout fed a combination of sulfadia-
zine–trimethoprim, the elimination process for both sulfadiazine and trimetho-
prim rapidly reached a point at which only a small but persistent residue was
left; at 8 C as opposed to 10 C, sulfadiazine was the more potent residue promoter,
still being detected at 90 days posttreatment. This was suggested to be a result
of the greater binding ability of sulfadiazine as a weak electrolyte. The authors
proposed a withdrawal period for sulfadiazine–trimethoprim of 60 days at water
temperatures above 10 C for tabled-size fish, and a prohibition on its use below
10 C for such fish.

Another study (202) of sulfadiazine pharmacokinetics in carp treated by
the intraperitoneal route showed an elimination half-life of 17.5 h at 20 C. Both
acetylation and hydroxylation metabolic pathways appeared to occur, but they
only represented 2% and 0.41% of the dose, respectively. This is in strong contrast
to the metabolism profile of sulfadiazine in mammals, where hydroxylation is
much more important.

When sulfadiazine in addition with trimethoprim was fed to pigs, the ab-
sorption of trimethoprim from the gastrointestinal tract was faster than the absorp-
tion of sulfadiazine, whereas the elimination of trimethoprim was slower than
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that of sulfadiazine (203). One day after the last multiple-dose administration,
the maximum tissue concentration of trimethoprim was 0.29 ppb and detected in
liver, while the maximum tissue concentration of sulfadiazine was 0.23 ppb and
detected in kidneys. Neither drug could be detected in any tissue at day 8 posttreat-
ment.

Sulfamethazine (sulfadimidine) is perhaps one of the most widely used
sulfonamides. It is employed largely in mass medication of pigs to control atrophic
rhinitis and other infections, although it is also used in other species such as
cattle. Beyond its therapeutic applications, sulfamethazine is widely used to pro-
mote growth in food-producing animals, although it is not approved for use in
lactating dairy cows. This drug has been shown to be a thyroid nongenotoxic
carcinogen in rodents.

Pharmacokinetic studies indicate that sulfamethazine is rapidly absorbed
and excreted in farm animal species. The elimination is generally more rapid
when the drug is injected than when it is administered orally with the feed or
drinking water.

Sulfamethazine is metabolized by hydroxylation at the 5 and 6 positions
of the pyrimidine ring and by acetylation–deacetylation pathways. After hydrox-
ylation, the metabolites may become glucuronidated and also acetylated (204).
In cows and calves (205), sulfamethazine is extensively metabolized into hydroxyl
derivatives and, to a lesser extent, acetylated into N4-acetylsulfamethazine. Hy-
droxylation of the 6-methyl group to form 6-hydroxymethylsulfamethazine domi-
nates hydroxylation at the 5 position.

Sulfamethazine concentrations in plasma exceed those in muscle, kidney,
or liver tissue, but run parallel to those in milk. The N4-acetylsulfamethazine
concentrations in muscle, kidney, and liver are always below those of the parent
compound. In contrast, the 6-hydroxymethylsulfamethazine concentration in the
kidney exceeds that of sulfamethazine.

Residue depletion studies (206) with lactating cows orally or intravenously
dosed with 220 mg radiolabeled sulfamethazine/kg bw showed that the milk
collected within 0–48 h after dosing accounted for 1.1–2.0% of the administered
radioactivity. Besides the parent compound, milk was found to contain two metab-
olites: the N4-lactose conjugate of sulfamethazine and the N4-acetylsulfametha-
zine. A small amount of N4-acetylsulfamethazine was also present in all of the
tissues at 48 h postdosing. The parent compound was the major residue in blood,
skeletal muscle, and adipose tissues. Liver and kidney were also found to contain
a series of more polar metabolites similar to those isolated in the urine. They
were characterized as products of various metabolic processes including oxidation
of the methyl group to hydroxymethyl group followed by sulfate ester or hexuro-
nic acid conjugation, conjugation at the N1-position with an hexoze or hexuronic
acid, hydroxylation at the 3-position of the benzene ring followed by hexuronic
acid conjugation, and cleavage of the N1-C bond to yield sulfanilamide.
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When lactating cows were dosed orally or intravenously with sulfametha-
zine for 5 consecutive days (207), average concentrations of parent drug in the
milk of the orally dosed cows were higher than in the milk of intravenously dosed
cows during all stages of the withdrawal period. However, for both treatment
groups, the concentration of the parent drug in milk decreased to less than 10
ppb at day 4 after the last dose. In addition, the concentrations of the N4-lactose-
and N4-acetylsulfamethazine decreased to less than 10 ppb in the milk at day 3
posttreatment.

In swine, the acetylation pathway of sulfamethazine is predominant; the 6-
hydroxymethylsulfamethazine metabolite could not be detected in plasma, edible
tissues, and urine because it was also excreted in the form of the acetylated
metabolite (205). The N4-acetylsulfamethazine percentage in plasma and edible
tissues of swine was relatively higher than that in calves, but its distribution
pattern was similar in these two species. Other metabolites formed in swine
were identified as the sulfamethazine-N4-glucocide and desamino-sulfamethazine
metabolites (208). The highest N4-sulfamethazine concentrations were found in
plasma, kidney, muscle, and liver tissue. Elimination of the parent drug and the
N4-acetylsulfamethazine metabolite from swine organs and tissues was rapid
when plasma levels were high (10–14 h half-life), but much slower at lower
plasma levels (3–9 days half-life); a withdrawal period of approximately 18 days
was considered appropriate to meet the generally accepted tolerance level of 0.1
ppm for sulfonamide residues (209).

Laying hens eliminate sulfamethazine rapidly by metabolic pathways that
include both hydroxylation and acetylation (205). Within 3 days of the last sulfa-
methazine administration, plasma concentrations of the drug and its metabolites
fell below the level of 0.02 ppm. In eggs, increase of sulfamethazine in egg white
and yolk occurs during the whole medication period. Residues of the parent drug
could be detected in the eggs laid 7 days after the cessation of the administration
(210). Traces of N4-acetylsulfamethazine and hydroxyl metabolites were also
detectable up to day 3 after drug withdrawal.

When sheep were injected intravenously with a single dose of 107 mg
sulfamethazine/kg bw, total residues in muscle, liver, kidney, and fat declined
rapidly to reach, after 5 days of withdrawal, a value of less than 0.1 ppm (211).
In fish, the main metabolite is N4-acetylsulfamethazine, although sulfamethazine
is hydroxylated and acetylated only to a small degree.

Sulfadimethoxine is a low-dose, rapidly absorbed, long-acting sulfonamide
that is effective in reducing mortality due to bacterial infections and coccidiosis
in poultry and ruminants (212, 213). The drug is highly protein-bound (80–85%)
and this probably contributes to its slow excretion.

After oral administration of sulfadimethoxine to poultry at a dosage of 100
mg/kg bw for 5 days, the drug was slowly eliminated causing accumulation in
plasma and particularly in liver and kidney (212). Sulfadimethoxine residues
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could be reduced, however, to 0.1 ppm or less by day 8 after treatment in all
chicken tissues, except kidney where they persist longer. This depletion profile
is in line with that observed in another pertinent study (214). Following oral
administration of the drug to young hens and turkeys, residues in tissues were
undetectable at days 6 and 8 days, respectively (215). Significant levels of the
N4-acetylsulfadimethoxine metabolite could also be found in plasma, tissues, and
feces, the maximum percentage of acetylation being attained within 7 days after
drug withdrawal.

When sulfadimethoxine was orally administered to laying hens at doses of
1.0 or 0.5 g/L water for 5 days, drug residues accumulated in eggs to a large
extent (216). This was attributed to the longer time period over which albumen
formation occurs (217). Maximum concentrations in egg white and yolk could
reach levels of more than 30 ppm and 9 ppm, respectively, during such a medica-
tion, but could also decline to below 0.1 ppm at day 4–6 or 7 posttreatment for
egg white and yolk, respectively.

When sulfadimethoxine in addition to ormethoprim was administered
through feed to Atlantic salmon for 5 consecutive days, plasma and tissue levels
of both drugs reached steady-state levels between 3 and 8 days following initiation
of medication (218). The highest average concentrations of sulfadimethoxine in
plasma, muscle, liver, and kidney were 14.3, 17.7, 7.4, and 6.8 ppm, respectively,
whereas the corresponding elimination half-lives were 20, 19, 62, and 45 h, re-
spectively. On the other hand, the highest average concentrations of ormethoprim
in plasma, muscle, liver, and kidney were 1.5, 3.7, 9.1, and 166.0 ppm, respec-
tively, whereas the corresponding elimination half-lives were estimated at 63,
143, 95, and 410 h, respectively.

Sulfaquinoxaline, although largely superseded by more potent drugs, is
still used for prevention and treatment of coccidiosis in turkeys, chickens, rabbits,
and cattle. It is available as a powder for adding to drinking water or as a premix
for inclusion in the feed for growth promotion purposes.

Feeding trials with rabbits orally administered 100 mg/kg bw sulfaquinoxa-
line twice daily for 5 days showed that the drug was preferentially accumulated
in kidney and liver (219). The highest residue concentrations were observed 4
days after the start of drug feeding, whereas a posttreatment period of 7–8 days
was required to reach 0.1 ppm in liver, kidneys, and plasma.

Sulfathiazole is available for oral use and is also included in some paren-
teral formulations in combination with other sulfonamides. It is also used as a
feed additive for growth promotion purposes. It is more toxic than sulfamethazine
and sulfadimethoxine but is safe when used as the phthalyl derivative.

Sulfathiazole has electrostatic properties similar to sulfamethazine, so that
there is a tendency for nonmedicated feed to be contaminated during milling and
on animal premises. These properties of the drug also make its use for treatment
of foul brood in bees likely to contribute to the contamination of honey with
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sulfathiazole residues, especially if it is used during the months when honey
production is in progress.

Sulfathiazole is rapidly absorbed from the gut, and rapidly excreted in the
urine of animals. It is readily metabolized and residues of acetylsulfathiazole,
small amounts of other unidentified polar metabolites, and the parent drug were
all detected in plasma and urine of ruminants following administration (220).

Baquiloprim is a diaminopyrimidine derivative acting synergistically with
sulfonamides (221). In cattle, it is used orally, intravenously, or intramuscularly
for treatment of mastitis and infections of the respiratory and gastrointestinal
tract, whereas, in swine, it is administered intramuscularly for treatment of the
mastitis–metritis–agalactia syndrome and infections of the respiratory and gastro-
intestinal tract.

Baquiloprim has a high oral bioavailability in animals where it is widely
distributed in the body and slowly eliminated (222,223). In cattle, baquiloprim
was reported to have a much longer half-life and a larger volume of distribution
than trimethoprim (223). Both urine and bile are important routes of elimination.

Baquiloprim is extensively metabolized in the target animals to a variety
of metabolites including desmethylbaquiloprim, bis-desmethylbaquiloprim, ba-
quiloprim-1-N-oxide, baquiloprim-3-N-oxide, and 6-hydroxybaquiloprim. A high
percentage of the total residues in liver, kidney, and injection site is covalently
bound.

Baquiloprim residue depletion studies in cattle treated by oral and parenteral
route and in swine treated by parenteral route showed that 14–42 days after
administration, the parent compound amounted to a very small proportion of the
total residues in liver, kidney, and at the injection site. This was also the case
with all identified metabolites. The concentrations of the residues in fat and
normal muscle were too low to permit examination of their presence. However,
pig skin contained a relatively high proportion of the parent compound. Pigs
generally showed a faster degradation and elimination profile than cattle at com-
parable times after administration, resulting in lower total and parent drug residue
levels.

Trimethoprim, a structural analogue of the pteridine portion of dihydro-
folic acid, is also a diaminopyrimidine derivative used extensively in food animal
production for treatment of respiratory and alimentary tract infections. Although
the half-life of trimethoprim is short in most species, when combined with a
sulfonamide, particularly sulfadiazine or sulfadoxine, at a concentration ratio of
1 5, a pronounced clinical synergy is evident. Trimethoprim formulations are
administered orally as a bolus, paste, or in the drinking water or in feed for calves,
pigs, poultry, and fish at a dosage of 5 mg/kg bw. Parenteral formulations are
also available for treatment of pigs, cattle, sheep, and goats at a dosage of up 3.8
mg/kg bw.
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In all target species, trimethoprim is rapidly and almost completely ab-
sorbed, and widely distributed throughout the body after oral administration. A
significant proportion of the residues in tissues consists of unmetabolized trimeth-
oprim, but several metabolites including the 1-N-oxide, 3-N-oxide, 3-hydroxy,
4-hydroxy, and the -hydroxy metabolites are also present, each metabolite com-
prising less than 5% of the total residues.

In gilts and hogs administered a single intramuscular injection at either the
label or twice the label dose (224), no residues of trimethoprim were detected in
any of the tissues of the market-ready hogs at day 3 or 10 after drug administration.
In pigs fed medicated feed containing the equivalent of 5 mg trimethoprim/kg
bw for 10 days, residues of the drug were detectable (limit of detection 15 ppb)
only in one muscle sample (34 ppb) taken at day 3 after the end of treatment,
and two samples of skin/fat taken at day 5 (31 ppb) and day 10 (27 ppb) after
the end of treatment.

In calves given oral, intramuscular or intramammary doses of trimethoprim,
total residues in all edible tissues fell well below 100 ppb by the 7 day after the
last dose. In lactating cows intramammary infusions of 40 mg trimethoprim/
quarter for three consecutive milkings resulted in mean residue concentrations
in milk of 4749 ppb at 6 h after the first infusion, which declined to 215 ppb at
12 h after the first infusion. Twelve h after the second infusion, mean residue
concentrations were 70 ppb. Six h after the last infusion, mean residue concentra-
tions in milk were 2805 ppb whereas 18 h later, mean residue concentrations
were 32 ppb. In goats given a single intravenous injection of 13 mg trimethoprim/
kg bw, mean residue concentrations in muscle, liver, and kidney were 1100, 800,
and 2100 ppb 3 h later.

In sheep given a single intramuscular injection of 5 mg trimethoprim/kg
bw, mean residue concentrations in liver, muscle, and fat were 400, 30, and 40
ppb, respectively, 7 days after treatment. In broilers given oral doses of 7.5 mg
radiolabeled trimethoprim/kg bw/day for 5 days, mean total residue concentra-
tions in kidney, liver, muscle, fat, and skin declined from 1000, 1340, 110, 90,
and 210 ppb at 1 day after the end of treatment to 60, 30, 10, 10, and 30 ppb
at 7 days postdosing.

In fish, rates of absorption and elimination of trimethoprim are greatly
dependent on water temperature. Rainbow trout given 220 mg radiolabeled
trimethoprim/kg bw orally showed detectable residues in plasma within 6 h after
dosing when kept at 15 C, but undetectable residues when kept at 7 C, even
within 12 h after dosing. Higher residue concentrations were present in kidney
than in skin, which, however, contained higher residue levels than blood. Biliary
excretion was shown to be a major excretory pathway in rainbow trout, while
excretion through the gill was of minor importance.

In another experiment with rainbow trout given oral trimethoprim at differ-
ent dosage levels, the elimination half-life in plasma was found to be approxi-
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mately 24 h (225). At 72 h, the average plasma residue levels ranged between
0.02 and 0.18 ppm. Trimethoprim concentration in plasma was two to three times
lower than in muscle tissue. The highest trimethoprim concentrations at zero
withdrawal time were observed in the kidney tissue.

In Atlantic salmon given feed containing trimethoprim at a dosage equiva-
lent to 30 mg/kg bw/day for 10 days, residue concentrations in plasma peaked
at around 12 ppm from day 7 to 10. Mean residue concentration in muscle was
10,740 ppb immediately after the end of treatment and declined to 100 ppb and
10 ppb after 300 and 400 days, respectively.

3.8 TETRACYCLINES

Tetracyclines are broad-spectrum antibiotics widely used in animal husbandry
both for prevention and treatment of disease and as feed additives to promote
growth. Three naturally occurring tetracyclines—chlortetracycline, oxytetracy-
cline, and demeclocycline—have been isolated from fungi, and several others
such as doxycycline, methacycline, minocycline, rolitetracycline, and tetracycline
have been prepared semisynthetically by chemical manipulation of the basic hy-
dronaphthacene ring of the tetracycline nucleus (Fig. 3.8). The objectives of these
chemical manipulations have been to improve gastrointestinal absorption, in-
crease tissue distribution, and prolong retention in the body. Currently, the only
tetracyclines of routine use in cattle, pigs, sheep, goats, poultry, and fish are
oxytetracycline, chlortetracycline, tetracycline, and doxycycline.

In food-producing animals, tetracyclines can be administered orally through
feed or drinking water, parenterally, or by intramammary infusion. However, oral
administration suppresses initially the ruminal fermentation of plant fiber. The
absorption of tetracyclines can be further adversely affected by the presence of
metallic ions in the gastrointestinal tract. All tetracyclines have an affinity for
metallic ions and should not be administered with milk or high calcium levels
in feed unless an upward adjustment in the dosage is made (226–228).

Tetracyclines are rapidly but moderately absorbed from the gastrointestinal
tract. The degree of oral absorption of the various tetracyclines is also a function of
the lipophilicity of the particular compound. The least lipophilic oxytetracycline is
the least well absorbed and the most lipophilic doxycycline is the best absorbed,
whereas the absorption of the other tetracyclines falls between these two extremes.

Some of the administered dosage is concentrated in liver, excreted in bile,
and reabsorbed from the intestines so that a small amount may persist in the
blood for a long time after administration, due to enterohepatic circulation. The
persistence of tetracyclines in the blood following absorption is a surprising con-
trast to other antibiotics that are eliminated more rapidly. Some absorption of
tetracyclines into the bloodstream may also occur following intramammary infu-
sion.

Copyright © 2001 Marcel Dekker, Inc.



96 Chapter 3

FIG. 3.8 Chemical structures of commonly used tetracyclines.

Following absorption through various routes of administration, the tetracy-
clines are widely distributed in the body, with highest levels in kidney and liver
tissues. Because of their generally low lipophilicity, tetracyclines are not detecta-
ble in fat to any great extent. These antibiotics, owing to their affinity for calcium,
also accumulate in poultry, swine, cattle, and fish bone tissue where residues
have been detected following even subtherapeutic dosages (229–231). The tetra-
cyclines can also be incorporated in egg shells. Hen and turkey eggs contained
chlortetracycline for 3 days following oral or parenteral administration (232).

They undergo minimal or no metabolism and they are excreted in urine
and feces either unchanged or in a microbiologically inactive form. Although
there have been differences among individual tetracyclines as to their urinary
and fecal excretion, these differences are not substantial. Tetracyclines are also
eliminated in milk (233), attaining approximately 50–60% of the plasma concen-
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tration, the levels being often higher in mastitis milk. Peak concentrations oc-
curred in milk 6 h after a parenteral dose, and traces were still present up to 48
h.

Oxytetracycline has a long history in human and veterinary medicine for
the treatment and control of a wide variety of bacterial infections, and for its
growth-promoting properties. It may be administered by any of the normal routes.
It is readily absorbed from the intestine by most mammals but intestinal absorption
in poultry is restricted. Oxytetracycline is most useful in that it readily disperses
throughout the body, attaining therapeutic levels in most tissues and fluids within
a short time.

Residue depletion studies in cattle, swine, sheep, chickens, and turkeys
given oral forms of oxytetracycline including feed premixes, soluble powders,
and tablets showed that residues in all edible tissues, with the exception of kidney,
were cleared of detectable amounts of oxytetracycline within 5 days postdose.
Injectable forms of oxytetracycline yielded higher residue levels that persisted
longer than the oral forms, while long-acting formulations of oxytetracycline
required extended withdrawal periods (234).

Following intramuscular injection of a long-acting oxytetracycline formula-
tion, all sheep tissue residues were below the US tolerance of 0.1 ppm by 14
days after treatment (235). After intramuscular administration to a dairy cow of
a single dose of 5 mg oxytetracycline/kg bw, residues were present in milk for
as long as 4 days after dosing at concentrations ranging from 370 ppb at day 1
posttreatment to 10 ppb at day 4 posttreatment (233).

Oxytetracycline is particularly employed in swine production to treat ani-
mals for intestinal and respiratory bacterial diseases. In pigs given oxytetracycline
orally at a dosage of 40 mg/kg bw/day for 5 days, residual oxytetracycline levels
in all edible tissues of pigs were below 0.04 ppm within 4 days after withdrawal
(236). Unlike with pigs, calves showed oxytetracycline concentrations of 0.40,
0.20, 0.060, and 0.027 ppm in kidney, liver, muscle, and fat, respectively, 5 days
after cessation of the medication. When higher dosages (800–1600 ppm) were
administered, oxytetracycline residues persisted in all edible tissues of pigs and
calves for more than 7 days posttreatment.

Following medication via drinking water to laying hens for 7 days, oxytetra-
cycline residues reached a maximum concentration in egg white faster than in
yolk, although residues in yolk persisted longer (237). Thus, oxytetracycline resi-
dues could be detected in egg white and yolk for up to 13 days in both.

Oxytetracycline is also one of the most frequently used antibiotics in fish
farming. Oxytetracycline residues exceeding the 0.1 ppm tolerance level were
detected in raw catfish fillets 18 h after oral administration at a dosage of 37.5,
75, or 150 mg/kg fish for 10 days (238). Residues were highest in liver, followed
by muscle, plasma, and kidney. Drug excretion was temperature dependent:
higher residue levels could be detected at lower temperatures. In rainbow trout

Copyright © 2001 Marcel Dekker, Inc.



98 Chapter 3

muscle, oxytetracycline residues were detectable for up to 28 days at 6–7 C, 15
days at 9–10 C, and 10 days at 12–13 C. In rainbow trout liver, residues could
be detected for 28–35 days at 6–7 C and 15–21 days at 12–13 C (239).

Following a single intramuscular injection of oxytetracycline to European
eels at a dosage of 60 mg/kg bw, maximum plasma oxytetracycline concentration
(113 ppm) were achieved between 8 and 16 h after administration (240). At 3
weeks after drug administration, highest residue concentrations were in liver (21.7
ppb) and bones (30.2 ppb), whereas kidney, spleen, and muscle contained 6.0,
5.5, and 3.6 ppb. This experiment demonstrated that the pharmacokinetic profile
of intramuscularly injected oxytetracycline to eel differed largely from those in
rainbow trout, carp, and catfish (241).

When rainbow trout were kept at 5–10 C, oxytetracycline residues in mus-
cle could be found for 29 days after intraperitoneal injection (4.2 mg/kg bw), for
23 days after continuous oral therapy (75 mg/kg bw/day for 14 days), and for
11 days after treatment with a single overdose (10.5 mg/kg bw) (242). Withdrawal
periods of 60 days or 100 days have been proposed for fish treated with up to
75 mg/kg bw orally for no more that 10 days and kept at temperatures above
10 C or at 7–10 C, respectively (243,244).

Residual concentrations in tissues of cultured eel and ayu orally treated
with oxytetracycline were found to be in the order of bone liver skin muscl-
e serum for eel kept at 28 C, and in the order of liver bone skin muscle s-
erum for ayu kept at 18 C (245). Although the elimination times from serum,
muscle, and liver were calculated to be 4, 5, and 25 days for eel, and 10, 14, and
24 days for ayu, respectively, no elimination phase could be recognized up to 30
days for skin and bones of both fish.

Chlortetracycline has, in many respects, a pharmacological profile similar
to that of oxytetracycline. Similarly to other tetracyclines, the main excretory
routes are through the urinary system, biliary system, and intestine. Its higher
biliary excretion rate makes chlortetracycline a better choice than oxytetracycline
for liver infections.

Investigation of the metabolic fate of chlortetracycline in rats and dogs
following oral, intravenous, or intraperitoneal administration showed that excreta
from both species contained two main components—chlortetracycline and 4-
epichlortetracycline—and a very small amount of isochlortetracycline (246). In
spite of the finding of the 4-epi- and iso- isomers, it was concluded that chlortetra-
cycline was not metabolized to any significant degree by rats and dogs. The
presence of the chlortetracycline isomers in the excreta of those animals was
ascribed to instability of the drug in the urine and feces rather than to metabolic
transformation of the parent drug.

Tetracycline has activity similar but not identical to that of oxytetracycline
and chlortetracycline. It may be administered by all the usual routes but absorption
from the gastrointestinal tract is better than from intramuscular injection. Blood
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levels are higher and are maintained longer than those following equal doses of
oxytetracycline and chlortetracycline.

Metabolism studies in dogs and rats with radiolabeled tetracycline showed
that with the exception of metal–chelate formation, tetracycline was chemically
unaltered by the rat (247). Organ extracts from dosed animals were not found to
contain metabolic products of tetracycline. Dog urine also contained unchanged
drug, indicating that metabolic transformation of tetracycline had not occurred.

After a single oral or intravenous administration of tetracycline to chickens
at dosage rates of 100 mg/kg or 20 mg/kg bw, respectively, residue concentrations
in muscle, kidney, and liver tissues were 0.03, 0.13, and 0.05 ppm, respectively,
at 5 days posttreatment (248). Following intramuscular injection of tetracycline
and oxytetracycline to goats at a dosage of 15 mg/kg bw at 24 h intervals for 4
days, residual levels of both drugs could be found in milk by day 4 after the last
administration (249). The concentration of tetracycline at this time was 0.913
ppm, while that of oxytetracycline was 0.459 ppm in the milk.

Doxycycline tends to be more active against some bacteria than other tetra-
cyclines. This is probably due to its slower excretion rather than to enhanced oral
absorption. Doxycycline is used in cases where cost is unimportant. It is a very
lipophilic drug that shows a high bioavailability, being almost completely ab-
sorbed after oral administration to different animal species except chickens (250,
251).

After oral administration, doxycycline is rapidly and well absorbed from
the gastrointestinal tract. It has a half-life of 15–22 h, which is longer than that
of other tetracyclines. Following administration by various routes, doxycycline
is widely distributed in the body, with highest levels in kidney and liver, besides
bones and dentine. Doxycycline may be metabolized for up to 40%, and is largely
excreted in feces via bile and intestinal secretion.

From residue data with pigs, poultry, and cattle after oral administration,
and with cattle after intravenous administration, it appears that the distribution
profile of doxycycline in these animals is roughly comparable to that of oxytetra-
cycline. Highest residue concentrations are found in kidney, followed by liver,
skin, fat, and muscle. Tissue depletion studies in pigs treated intramuscularly
with doxycycline at a 10 mg/kg bw dose for 4 days showed that the parent
compound was absorbed and efficiently distributed in tissues (252). The concen-
trations of doxycycline detected in lung, muscle, liver, and kidney tissues at day
6 after treatment were 0.067, 0.047, 0.18, and 0.47 ppb, respectively; detectable
doxycycline residues were not present in fat at that withdrawal time.

Residue studies (253) performed on calves after oral administration at a
dosage of 10 mg/kg bw/day for 5 days showed that residues of the drug could
remain in kidney and liver tissues for more than 14 days after cessation of the
medication. Following a single oral or intravenous administration of doxycycline
to chickens at dosage rates of 100 mg/kg or 20 mg/kg bw, respectively, residue
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concentrations in muscle, kidney, and liver tissues were 0.06, 0.17, and 0.12 ppm,
respectively, at day 5 posttreatment (254).

3.9 MISCELLANEOUS

Novobiocin (Fig. 3.9) is a narrow-spectrum antibiotic with antibacterial activity
against many gram-positive pathogens. It is frequently used, in combination with
penicillin, for treatment of bovine mastitis by intramammary infusion of 200 mg/
quarter in two quarters, and to control fowl cholera and staphylococcal infections
in chickens and turkeys at a level of 200–350 g/ton in feed.

Upon intramammary administration to cattle, novobiocin is rapidly ab-
sorbed and excreted through milk, feces, and urine. Detectable residues are present
in milk for a few days after intramammary infusion, the elimination being highly
depended on dosage and formulation. One day after treatment, the concentrations
of microbiologically active residues in the liver, kidney, and udder tissue were
in the range 1–4 ppm, whereas concentrations in muscle and fat were below 0.1
ppm.

Polymyxin B and colistin (polymyxin E) (Fig. 3.9) are the least toxic of
the five polymyxin antibiotics designated alphabetically A–E. Both polymyxin B
and colistin are complex polypeptide compounds with specialized activity against
gram-negative organisms but they are both nephrotoxic. Topical application and
oral administration are more commonly used routes. Polymyxin B is used widely
in ointments for topical applications and may be effective in case of mastitis, but
it seldom is administered parenterally because of the possibility of renal toxicity.

Colistin is used primarily for oral treatment of E. coli infections in calves
and pigs. Commercial formulations of colistin consist of two main components:
colistin A and colistin B. The ratio between these two components is not constant,
while small amounts of other related components are also present as minor constit-
uents. Both polymyxin B and colistin have been frequently used orally in combi-
nation with bacitracin or neomycin.

Absorption of polymyxins from the gastrointestinal tract is slow and limited
so that the usual oral dosage do not produce detectable plasma concentrations.
However, polymyxins are readily absorbed when injected intramuscularly or sub-
cutaneously. Almost the whole of any oral dose is destroyed in the intestine and
only small amounts are recovered from the feces in an active form.

In chickens, residues in serum were detectable for up to 6 h after administra-
tion in the drinking water. In contrast, residues of colistin were detectable in
serum for up to 24 h after intramuscular or intravenous administration to calves
and dairy cows. In calves, bioavailability approached 100% after intramuscular
administration.

Polymyxins are eliminated primarily through kidneys and, therefore, there
is a tendency for tissue accumulation in case of renal insufficiency. Renal elimina-
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FIG. 3.9 Chemical structures of colistin, polymyxin, rifaximin, rifamycin SV,
novobiocin, and tiamulin.
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tion continues for 1–3 days after cessation of therapy, but very little polymyxin
is excreted in the unchanged form. Ultimately, approximately 60% of the adminis-
tered dose can be recovered from urine.

Residues in edible tissues after oral administration to calves, pigs, rabbits,
and chickens are usually below the limit of detection. Residue depletion studies
in calves following intravenous injection showed that liver and kidney were the
tissues containing the highest residue concentrations, in the form mainly of bound
residues. Residues in milk following intramuscular administration to dairy cows
were detectable for the first two to six milkings after treatment. Residues after
intramammary infusion were significantly higher but undetectable by the seventh
milking after treatment. In sheep milk, peak concentrations of 2 ppm could be
attained within 2 h after intramuscular administration; approximately 10% of the
residues were bound.

When colistin in addition to amoxicillin was administered subcutaneously
to turkeys for 4 consecutive days, colistin concentrations in liver, kidney, muscle,
and subcutaneous tissue were about 117, 92, 67, and 100 ppb, respectively, 1
day after the final dose (255). The concentrations of the drug residues increased
by the 9th–14th day to decline slowly thereafter. However, the drug was still
present at low concentrations in the kidneys of all birds and in the livers of 2
birds 30 days after the end of treatment. Residues in eggs from hens given colistin
sulfate in the drinking water were below the limit of detection, whereas significant
residues could be found for up to 8 days in eggs following intramuscular injection
to hens.

Rifamycin SV, rifampicin, and rifaximin are antibiotics belonging to the
group of naphthalene-ringed ansamycins (Fig. 3.9). Rifamycin SV and rifampicin
are active against gram-positive bacteria, being relatively ineffective against
gram-negative bacteria. They are both available in some countries as intramam-
mary formulations.

Rifaximin possesses a broad spectrum of action against both gram-positive
and gram-negative bacteria. In veterinary medicine, it is intended for administra-
tion by intramammary and intrauterine route in cattle, for treatment and prevention
of mastitis during the dry period (100 mg rifaximin per quarter), and for treatment
of postpartum metritis (50–200 mg per animal), respectively. It is also intended
for topical use in cattle, sheep, goats, and rabbits for treatment of foot and skin
bacterial diseases (0.34–2.44 mg/kg bw/day for 5–10 days).

Residue depletion studies of rifaximin in lactating cows or in cows at drying
off showed that the drug could not be detected (detection limit, 0.01 ppm) in
plasma or milk following intramammary treatment. Oral or topical administration
of rifaximin also led to a negligible systemic absorption of the active ingredient.

Rifaximin could not be detected in plasma of pigs, cattle, and rabbits during
and after repeated dermal applications. In addition, rifaximin could not be detected
in milk after topical application. Due to its physicochemical properties, rifaximin,
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which is a lipophilic compound, is ionized in plasma so that its ability to circulate
through the membranes and to penetrate in edible tissues is negligible.

Tiamulin (Fig. 3.9) is a semisynthetic derivative of the diterpene antibiotic
pleuromutilin (255). Its antibacterial profile is poor, but it is active against gram-
positive organisms and mycoplasmas. Tiamulin is used for treatment of swine
dysentery and pneumonia, naturally occurring mycoplasmosis in poultry and
swine, and for growth-promotion purposes (256). It is used as a hydrogen fumarate
salt for administration in drinking water, or as a premix for addition to feeds at
a dosage rate of 8.8 mg/kg bw/day. It is also available for parenteral administration
at a dosage of 10–15 mg/kg bw.

The incompatibility of tiamulin with monensin, narasin, and salinomycin
in chickens and turkeys is well documented. The toxicity of this combination in
poultry may be due to interference produced by tiamulin to the metabolism of
these polyether anticoccidials (257, 258).

Tiamulin is well absorbed when given orally, and is excreted mainly in
bile within 28 h. The withdrawal period after oral administration to pigs is 5 days,
to allow for excretion of metabolites. However, when tiamulin is administered in
combination with oxytetracycline, the elimination of tiamulin residues from tis-
sues is slightly prolonged, thus maintenance of a withdrawal period of 2 weeks
is required from the public health point of view, based on an analysis of the
elimination profile (259).

When tiamulin was given to farm animals by injection, mean elimination
half-lives were 3, 3.3, 4.6, and 3.6 h in cattle, buffalo, sheep, and goats, respec-
tively (260, 261). Tiamulin could not be detected at 24 h posttreatment.
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Anthelminthic Drugs

Anthelminthic is derived from the Greek words anti and helminth. Anthelminthics
are therefore drugs that act against internal parasites of animals collectively called
helminths.

Farm animals ingest material from the ground, soil, or pasture that has been
contaminated with feces containing eggs and larvae of helminths. Hence, they
readily become infected and without a satisfactory treatment regimen, the cycle
of expulsion and reinfection is perpetuated. Reinfection can occur within hours
following treatment.

Epidemics are most likely to occur when the climate provides the optimum
combination of temperature and humidity or when animals are kept under
crowded, damp conditions. The impact of a parasitic infection varies considerably
according to the species of the worm involved. Adult tapeworms are relatively
harmless, but certain blood- or tissue-feeding species of nematodes are highly
pathogenic. More often than not, however, it is the invasion of the larvae rather
than the adult parasites that is responsible for outbreaks of clinical disease.

Including in this group of drugs are the benzimidazoles, imidazothiazoles,
and tetrahydropyrimidines that are primarily used against roundworms (nema-
todes) that parasitize the abomasum, intestines and lungs. Salicylanilides, substi-
tuted phenols, and sulfonamide derivatives are also anthelminthic drugs used
mainly to combat flukes (trematodes) that parasitize the liver. Several drugs within
the groups mentioned are further active against tapeworms (cestodes) that parasit-
ize the intestines. The term endectocide has evolved to describe certain drugs
such as the macrocyclic lactones that have activity both against internal parasites
(endoparasites) and external parasites (ectoparasites) of animals. The use of pesti-
cides against external parasites such as arthropods is not covered in this book.
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Anthelminthics are used most frequently in spring and would not be given
immediately prior to slaughter, thus reducing the likelihood of residues in edible
animal products. Animals less than 1 year old are more susceptible to parasitic
infections than adults and are treated more frequently than adults. Residues are
most likely to be found in milk when the withdrawal periods have not been strictly
observed or in the liver since this organ is the target tissue for the metabolism
of anthelminthics.

4.1 BENZIMIDAZOLES

The benzimidazole group of anthelminthics is derived from the simple benzimid-
azole nucleus and includes the thiabendazole analogues and the benzimidazole
carbamates. Substitution of side chains and radicals on the benzimidazole nucleus
gives rise to the individual members of this group (Fig. 4.1).

Early benzimidazoles, such as thiabendazole, are quite soluble and quickly
eliminated from the body. Newer benzimidazoles, such as albendazole, fenbenda-
zole, febantel, and netobimin, are less-soluble compounds that exhibit much
slower rates of elimination because they remain as solid precipitates within the
gut for extended periods, increasing their efficacy against immature and arrested
larvae and adult nematodes.

A number of benzimidazoles exist as prodrugs; their anthelminthic activity
is due to the fact that they are metabolized in the animal body to the biologically
active benzimidazole carbamate nucleus. Due to their relatively slower excretion
rates, the newer insoluble benzimidazoles have fairly long withdrawal periods
for edible tissues and milk in contrast to the less effective and more rapidly
excreted thiabendazole analogues. Strict compliance with withdrawal periods is
always necessary because of the potentially toxic and teratogenic effects of some
of the benzimidazoles and their metabolites.

Thiabendazole is a broad-spectrum anthelminthic used in the form of wett-
able powders or suspensions in sheep, cattle, horses, and swine at dosages in the
range 50–100 mg/kg bw, and in poultry at a dosage of 1000 mg/kg bw. It is also
used as a food preservative or an agricultural fungicide (1), although recent re-
search has shown to be teratogenic and nephrotoxic in mice (2, 3). However, only
the unchanged thiabendazole has been implicated in embryotoxic and teratogenic
effects.

Following oral administration, thiabendazole is rapidly absorbed from the
digestive tract. Highest concentrations in blood appear within 3–7 h after treat-
ment. Plasma concentrations are species dependent, being higher in sheep than
in cattle and goats. This may reflect a reduced capacity for oxidative metabolism
in sheep; the parent drug occurs in the urine of sheep at a proportion higher than
the major 5-hydroxy metabolite, although not in cattle (1).
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FIG. 4.1 Chemical structures of commonly used benzimidazoles.
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FIG. 4.1 Continued

Thiabendazole is rapidly metabolized in the liver of mammals to 5-hydroxy-
thiabendazole, 5-hydroxy-thiabendazole-glucuronide, 5-hydroxy-thiabendazole-
sulfate, and 4-hydroxy-thiabendazole (4, 5). Almost 90% of the dose is excreted
in the urine, and 5% in the feces mostly in form of various metabolites; less than
1% of administered the dose corresponds to the parent compound (6).

In calves, the highest thiabendazole concentrations are found in kidney
soon after dosing, but residual concentrations persist for longer in the liver (7).
One day after dosing, the concentrations of thiabendazole and 5-hydroxythiaben-
dazole in kidney and liver were 57 and 581 ppb, and 153 and 319 ppb, respec-
tively. However, 6 days after dosing only liver contained detectable concentra-
tions of 5-hydroxy-thiabendazole (63 ppb). Muscle and fat contained undetectable
levels of thiabendazole at all time points, but detectable levels (54 and 64 ppb,
respectively) of 5-hydroxy-thiabendazole were present 1 day after dosing.

In lactating cattle, mean residue levels of thiabendazole and 5-hydroxy-
thiabendazole in milk were found to be 5007 and 168 ppb, respectively, 12 h
after dosing, decreasing to 20 and 25 ppb at 84 h after dosing. In sheep, 7 days
after oral administration of thiabendazole, no residues of the drug were found to
be present in muscle, liver, and kidney tissues.

When thiabendazole was administered to swine via the feed at 40 mg/kg
bw for 2 weeks, muscle, liver, kidney, and fat contained 0, 120, 190, and 170
ppb of the drug, respectively, at 2 day withdrawal. However, all tissues were
found to be free of residues of the parent drug and its metabolites at 7 day
withdrawal (4).

Cambendazole is a substituted thiabendazole analogue used against gastro-
intestinal parasites and lungworms of sheep, cattle, swine, and horses. It is admin-
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istered orally in form of drenching suspension, paste, or infeed powder at dosages
of 20–40 mg/kg bw.

Following administration, the drug is rapidly metabolized into a large num-
ber of degradation products. The largest proportion of the drug and its metabolites
is excreted in the feces, whereas the remainder (25%) is excreted in the urine
(6). Less than 5% of the excreted drug is actually intact cambendazole. When
radiolabeled cambendazole was administered to cattle, liver radioactivity was
detectable for 30 days after administration, and a fraction of this was in the bound
form (8).

Cambendazole has been implicated in teratogenic effects in pregnant ewes.
Hence, long slaughter clearance times of 21 and 28 days have been recommended
for treated cattle and sheep, respectively.

Thiophanate is a synthetic antinematodal pro-benzimidazole drug intended
for oral administration in form of a feed additive, drench, or bolus to cattle, sheep,
swine, and goats. Recommended dosages are either 6–7 mg/kg bw/day for at
least 14 days in the feed or 50–60 mg/kg bw as a single oral dose. Thiophanate
is considered a nontoxic benzimidazole.

In the gut lumen of the target animals, thiophanate undergoes cyclization,
forming 2-ethoxycarbonylamino-benzimidazole, which is also known as lobenda-
zole. The extent of thiophanate metabolism to lobendazole in cattle has been
estimated at approximately 57%.

In sheep orally dosed with 40 mg/kg bw radiolabeled thiophanate, only the
parent drug and its major metabolite lobendazole could be detected in plasma
for 65 h after dosing. In sheep liver, thiophanate was metabolized to lobendazole
at a rate of approximately 34%. Other metabolites included 2-aminobenzimidaz-
ole, low molecular-weight aliphatic acids, and limited amounts of the glucuronide
and sulfate conjugates.

In goats orally dosed with 11 mg/kg bw radiolabeled thiophanate, the extent
of thiophanate metabolism was about 52% in plasma (9). The major metabolites
found in milk and urine at 24 h postdosing were 5-hydroxylobendazole and 2-
aminobenzimidazole, each metabolite accounting for about 30% of the adminis-
tered dose.

In swine orally dosed with thiophanate, the major metabolic product in the
urine was 2-aminobenzimidazole, the parent drug being present only in trace
amounts. Lower levels of the 2-aminobenzimidazole glucuronide conjugate and
the lobendazole metabolite were also detected. Trace amounts of thiophanate
were also present in the feces, which further contained lobendazole and its 5-
hydroxylated metabolite. Kidney and liver tissues were found to contain 4 metabo-
lites, two of which were identified as the 1,2,-(phenylene-bisiminocarbonothioyl)-
biscarbamic acid O-ethyl-O-(1-hydroxyethyl)ester and the (phenylene-(bisimino-
carbonothioyl)) biscarbamic acid O-ethyl-O-vinyl ester.
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Following therapeutic treatment, thiophanate residues are higher in liver,
with significant levels also being present in kidney; relatively lower concentra-
tions are detected in the other edible tissues (9). Residue depletion studies in
sheep given a single oral dose of 100 mg thiophanate/kg bw showed that the
mean thiophanate residue concentrations in liver, kidney, muscle, and fat were
930, 1,060, 670, and 2930 ppb, respectively, after 1 day, and below 100 ppb on
days 3 and 7 after dosing.

Calves given a single oral dose of 100 mg thiophanate/kg bw also showed
thiophanate concentrations below 100 ppb in liver, kidney, and muscle, and below
200 ppb in fat at 7 days after dosing.

Residue depletion studies in swine given an infeed medication of 75 mg
thiophanate/kg bw/day showed mean thiophanate concentrations in liver, kidney,
muscle, and skin/fat of 5550, 6600, 2600, and 16,200 ppb, respectively, at 1 day
after dosing, and 180, 100, less than 100, and 250 ppb, respectively, at 3 days
after dosing. However, residue concentrations were below 100 ppb in all tissues
at 7 day withdrawal.

Residue depletion studies in lactating cows given a single oral dose of 100
mg thiophanate/kg bw showed mean thiophanate residue concentrations of 440,
320, and 140 ppb in the milk collected at 6 h, 20 h, and 30 h milkings, respectively
(9). However, milk collected at 44 h and thereafter was not found to contain
detectable (detection limit 50 ppb) residue concentrations.

Fenbendazole is a benzimidazole anthelminthic metabolized in mammals
to a series of other benzimidazole derivatives including oxfendazole. Fenbenda-
zole, although not teratogenic per se, gives rise to the teratogenic metabolite,
oxfendazole. It is administered orally to cattle, sheep, pigs, and goats for treatment
and control of gastrointestinal roundworms, lung worms, and tapeworms at dos-
ages from 3 to 10 mg/kg bw.

Absorption of fenbendazole is slow in ruminants but more rapid in monog-
astric animals. Maximum concentrations in blood are achieved at about 8 h in
rats and rabbits, 24 h in dogs, and 2–3 days in sheep. Elimination of fenbendazole
is predominantly by the fecal route. The metabolic pathway of fenbendazole
is similar in rats, rabbits, dogs, sheep, cattle, goats, and chickens. It is rapidly
metabolized to fenbendazole sulfoxide (oxfendazole), fenbendazole sulfone, fen-
bendazole 2-aminosulfone, and other minor metabolites detected in plasma.

In a study on pigs treated with fenbendazole at 5 mg/kg bw, a concentration
of 0.28 ppm of the parent drug was found in the liver at 7 day withdrawal; other
tissues were free of detectable fenbendazole residues. Residue depletion studies
in fenbendazole-treated cattle at 10 mg/kg bw showed the presence of 8.4 ppm
of the parent drug in liver, 1.04 ppm in kidney, 0.47 ppm in muscle, and 0.95
ppm in fat at 2 day withdrawal; however, at 7 day withdrawal, only liver was
found to contain residues at a level of 0.67 ppm (10).
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Another study with cattle treated with 7.5 mg/kg bw fenbendazole showed
that liver contained 1.29, 1.92, and 0.08 ppm fenbendazole, oxfendazole, and
fenbendazole sulfone, respectively, at 7 day withdrawal. Unlike with cattle, oxfen-
dazole levels in sheep liver can reach figures almost twice those of fenbendazole
and 10 times those of the fenbendazole sulfone at 7 day withdrawal.

When radiolabeled fenbendazole was given orally to lactating cows at 10
mg/kg bw, highest fenbendazole residues in milk appeared at the 12 h and 24 h
milking declining to less than 100 ppb at 7 day after administration (10). Oxfenda-
zole concentrations generally exceeded that of fenbendazole, whereas concentra-
tions of the sulfone metabolite were comparable to the lower levels found for
fenbendazole and oxfendazole. Total radioactive residues were found to be
equally distributed in the fat and aqueous portions of the milk (11).

When unlabeled fenbendazole was orally administered to dairy cows, the
parent drug showed its highest concentrations in milk 12–24 h after dosing,
whereas it declined below detectable levels ( 5 ppb) 60 h after dosing (12, 13).
It was observed that fenbendazole was readily oxidized to the sulfoxide metabolite
since the latter was already at its highest concentration 12 h after dosing. The
sulfoxide metabolite declined rapidly thereafter to reach nondetectable levels at
96 h, while the sulfone metabolite, which is the end-product of the oxidation of
fenbendazole, attained its highest level more slowly (48 h) but also disappeared
at 96 h.

The somewhat delayed appearance of the highest level of the sulfone metab-
olite could be accounted for by its two-step oxidization process that required
production of the fenbendazole sulfoxide as an intermediate substrate (14). This
elimination profile indicated that the predominant metabolite in the milk collected
by 36 h was the fenbendazole sulfoxide, whereas in the milk collected from
48–84 h the sulfone metabolite predominated. The p-hydroxy metabolite occurred
at trace residue levels only in the milk collected at 12 h.

A residue depletion study (15) in rainbow trout given both oral and bath
treatments of fenbendazole, at a water temperature of 12 C, showed that the
drug was partly metabolized to fenbendazole sulfoxide. Both fenbendazole and
fenbendazole sulfoxide were found to accumulate in fish skin. However, both
the parent drug and its metabolite were largely depleted within 96 and 24 h,
respectively, posttreatment. Formation of the sulfone metabolite was not detected
in any fish tissue.

Oxfendazole may be administered orally or intraruminally to cattle and
sheep for treatment and control of roundworms and tapeworms at a dosage of 4.5
mg/kg bw. Oxfendazole, although teratogenic per se in sheep, does not produce
teratogenic metabolites.

Pharmacokinetic data have demonstrated very good absorption of the orally
administered oxfendazole to cattle and sheep. After administration of the drug,
the plasma metabolite pool is composed of oxfendazole, fenbendazole sulfone,
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and fenbendazole, a finding suggesting that oxfendazole and fenbendazole are
metabolically interconvertible in vivo. Most of the drug and its metabolites are
excreted in the feces within 2 days of treatment.

For cattle and sheep, liver is the tissue with the highest concentration of
drug-related residues. Liver is also the tissue that exhibits the slowest rate of
residue depletion. The extractable portion of the residue present in liver consists
of oxfendazole, fenbendazole sulfone, and fenbendazole. A large portion of the
residue present in liver is not extractable and this proportion increases with time
after dosing. Evidence has been presented that bound oxfendazole residues have
low bioavailability (10).

Residue depletion studies in cattle showed that liver residue concentrations
declined gradually from 55.5 ppb at 10 day postdosing to below 10 ppb by 18
days after treatment (10). Residue depletion studies in sheep showed that liver
residue concentrations declined gradually from 476 ppb at 10 day post-dosing to
12 ppb by 24 days after treatment.

When lactating cows were given a dose of 2.5 mg radiolabeled oxfendazole/
kg bw by gavage, the concentration of residues in milk was highest at 1 day after
dosing (0.49 ppm), declining to below 0.005 ppm at 8 days after dosing. The
principal metabolite in the 48–72 h milk pool was identified as fenbendazole
sulfone.

Febantel is a prodrug anthelminthic metabolized in vivo to fenbendazole
and thereafter to oxfendazole. It is administered to cattle, sheep, and swine for
treatment and control of gastrointestinal nematodes at dosages of 5–7.5 mg/kg
bw. Fenbendazole, although not teratogenic per se, gives rise to the teratogenic
oxfendazole.

Intestinal absorption of febantel is quicker than oxfendazole or fenbenda-
zole, peak levels in blood reaching a maximum within a few hours of dosing.
Absorption of febantel is moderate in the rat, with around 25–30% of the oral
dose excreted in the urine; however, the approximately 70% biliary excretion
suggests a higher initial absorption in this species. In sheep, about 20% of the
administered febantel is excreted in the urine during the next 4 days.

The main route of metabolism of febantel in rats, sheep, and cattle appears
to be cyclization to yield fenbendazole. Oxidation at the sulfur atom can also
occur to yield febantel sulfoxide, which then undergoes cyclization to give oxfen-
dazole. Both fenbendazole and oxfendazole can then undergo further metabolism.

At 18 h after dosing cattle with febantel, 90% of the residues in liver
were readily extractable; expressed as percentage of total residues, fenbendazole
accounted for 30–41% in liver, oxfendazole 4–19%, oxfendazole sulfone
14–15%, and febantel 3–6%. Traces of the amine metabolite of fenbendazole,
oxfendazole, and oxfendazole sulfone could be also detected. When residues in
bovine liver were measured at 10 day withdrawal, a much lower proportion of
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total residues extractable, and a proportion of about 75% was identified as bound
residues (10).

Residue depletion studies in rats, sheep, cattle, and pigs showed that liver
contains the highest levels of residues; slightly lower amounts of residues occur
in kidney and much less in muscle and fat. Seven days after febantel administra-
tion to cattle, residue concentrations in liver, fat, kidney, and muscle tissues were
found to be 115, 19, less than 6, and less than 5 ppb, respectively. Following
application of a similar treatment protocol to sheep, residue concentrations in
liver, fat, kidney, and muscle tissues were found to be 4617, 133, 199, and 40
ppb, respectively, at 7 day postadministration. At 21 days after dosing, only the
liver contained detectable residues that amounted to 123 ppb, whereas at 28 days
after dosing all tissues had residue concentrations below the detection limit of 5
ppb. In pigs, residue concentrations in liver were found to reach 10-fold concentra-
tions of those in other tissues: levels as high as 402, 245, and 57 ppb could be
detected at 12 day, 20 day, and 34 day after dosing, respectively (10).

Albendazole is widely used in sheep and cattle for treating roundworms
and flukes at oral dosages that range from 5 to 10 mg/kg bw. Albendazole and
its sulfoxide metabolite exhibit teratogenic effects in animals.

In ruminants, oral doses of albendazole are readily absorbed from the gut.
Following absorption, albendazole undergoes extensive metabolism by rapid first-
pass oxidation of its sulfoxide group to form albendazole sulfoxide, then further
oxidation to form albendazole sulfone, and by deacetylation of the carbamate
group to form albendazole-2-aminosulfone. Albendazole sulfoxide, albendazole
sulfone, and albendazole-2-aminosulfone are the main metabolites found in tis-
sues, whereas other minor metabolites have been also detected at much lower
concentrations.

In cattle given radiolabeled albendazole as a single dosage of 15 mg/kg
bw, total residues were highest and more persistent in liver (16). One day after
dosing, total radioactive residues in liver were more than 20 ppm, but depleted
to around 6 ppm and 1.2 ppm at 4-day and 20-day, respectively, after dosing.
Kidney was the tissue with the next highest and more persistent residues, while
levels in muscle and fat were much lower and depleted rapidly. Muscle contained
5 ppm, 64 ppb, and 20 ppb at 1 day, 4 day, and 20 day, respectively, after dosing.

In sheep given a dose of 15 mg/kg bw, a depletion pattern similar to cattle
was observed, but total residues in all tissues were lower at all time points,
depleting in liver from around 16 ppm 1 day after dosing to 700 and 170 ppb 4
and 20 days after dosing, respectively. In lactating cattle, total residues in milk
were nearly 5 ppm 11 h after administration of a 15 mg/kg bw dose, reducing
to 640 and 35 ppb after 35 and 72 h, respectively.

When an oral suspension of albendazole was given via the drinking water
to laying hens, both the parent compound and the sulfoxide and sulfone metabo-
lites were rapidly eliminated from the tissues. At 96 h after treatment, liver con-
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tained 50 ppb total residues whereas muscle, skin, and adipose tissues contained
10 ppb (17). Both the sulfoxide and sulfone metabolites were also found to be
present in the white and yolk fractions of the eggs laid by 3 days and 7 days
posttreatment. Unlike the albendazole metabolites, the parent compound was
never detected in the eggs laid.

Residue depletion studies in dairy cattle and sheep showed that the propor-
tions of the major sulfoxide, sulfone, and 2-aminosulfone metabolites of albenda-
zole change dramatically over a period of days in the case of tissues or hours in
the case of milk, with albendazole sulfoxide predominating at early time points
and albendazole sulfone and albendazole-2-aminosulfone appearing later (16).
From day 4 onwards, more than 95% of the residues in bovine liver and kidney
was in the bound form, but tissue binding in sheep tissues was less extensive.

When dairy cows were orally administered 10 mg albendazole/kg bw, the
sulfoxide metabolite, which is the product of the primary oxidation of the sulfide
moiety of albendazole, arrived its maximum 12 h after dosing and declined below
detectable levels by 36 h (18–20). The sulfone metabolite, which is the end-
product of the 2-step oxidation of albendazole, attained its highest level more
slowly (24 h) and disappeared also more slowly (156 h). The N-deacetylation
product of the albendazole sulfone, which is the 2-aminosulfone metabolite, was
present at low concentration in the milk obtained at the 12 h milking, and arrived
its maximum at the 36 h milking (36 h after dosing) to disappear slowly by the
180 h milking. Four other unidentified fluorescent metabolites could be also seen
in the chromatograms of most milk samples analyzed; the earliest eluted of these
unknown metabolites reached its maximum at the 12 h milking and declined
below detectable levels by the 48 h milking. The others attained their maximum
level 24 h after dosing to disappear slowly by the 156 h milking.

Netobimin is an albendazole prodrug intended for use in sheep and cattle.
An oral dosage of 7.5 mg/kg bw is recommended for treatment of gastrointestinal
infestations by roundworms and tapeworms, and 20 mg/kg bw for type II ostertag-
iosis and adult flukes. Netobimin exhibits teratogenic effects in animals.

In order to be pharmacologically active, netobimin needs to be converted
within the body to albendazole by splitting off the side chain and formation of
the benzimidazole nucleus. This is achieved naturally by the gut microflora, where
albendazole is further converted to the sulfoxide metabolite. The absorbed alben-
dazole sulfoxide is subsequently oxidized in the liver to the corresponding sulfone.
The degree of absorption of the unchanged netobimin is minimal and, therefore,
only traces have been detected in tissues and milk from treated animals. Hence,
albendazole sulfoxide, albendazole sulfone, and albendazole-2-aminosulfone are
the main metabolites found in tissues irrespective of whether the animals have
been dosed with netobimin or albendazole. However, no information is available
on the metabolic fate of the side-chain (NHCH2CH2SO3H) that splits off from
the netobimin molecule when albendazole is formed.
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After subcutaneous or intramuscular injection of netobimin into cattle, ab-
sorption was rapid but plasma levels of radioactivity were lower than those
achieved following oral administration. This indicates that absorption occurred
prior to the conversion to albendazole since high levels of parent drug were found
in plasma and milk soon after the injection. On the other hand, at 12 h after the
injection the parent drug could not be detected at the injection site or in liver.

Excretion of orally administered netobimin takes place through urine and
feces. In adult cattle and sheep, the percentage of administered dose excreted via
urine was 45% in cattle and 48% in sheep, whereas that excreted via feces was
37% in cattle and 40% in sheep. In calves, however, the percentage of the adminis-
tered dose excreted in the urine was less (31%) than that in feces (46%).

When a single oral dose of 20 mg radiolabeled netobimin/kg bw was given
to calves, total residues were highest and most persistent in liver at 10 h, depleting
to around 3500 ppb at 10 days posttreatment (21). Levels in kidney were around
22000 ppb at 10 h but depleted rapidly, reaching at 620 ppb at 10 days posttreat-
ment. Residues in muscle and fat were much lower at all time points and depleted
to 43 and 97 ppb, respectively, by 10 days. Residue levels in adult cattle receiving
the same dose were rather higher, whereas total residues in milk from dairy cows
were more than 5000 ppb at 8 h posttreatment, dropping to 60 ppb after 71 h.

When sheep were similarly treated with an oral dose of netobimin, total
residues in all tissues except milk were generally lower than those in cattle.
Albendazole, albendazole sulfoxide, albendazole sulfone, and albendazole-2-
aminosulfone accounted for nearly all the residues in muscle and fat tissues at
time points ranging from 18 h to 20 days. In liver and kidney, however, these
metabolites accounted for a lower proportion of the total residues as time pro-
gressed, indicating the presence of bound residues.

Mebendazole is an antinematodal drug for use in horses, sheep, swine, and
poultry at dosages of 5–15 mg/kg bw. It is also used extensively in eel culture for
the control of gill infections by Pseudodactylogyrus spp. (22, 23). Mebendazole,
although not teratogenic per se, gives rise to teratogenic metabolites.

Owing to its low water solubility, mebendazole is poorly absorbed from
the gastrointestinal tract. Nevertheless, the absorption rate is generally rapid, peak
plasma levels occurring within 2–4 h after dosing. Mebendazole is also poorly
metabolized and, therefore, most is excreted unchanged in feces within 24–48
h, whereas 5–10% is excreted in urine. Only a small portion of the administered
dose is excreted as the decarboxylated amino metabolite.

In vitro biotransformation studies in pig, rat, and dog liver revealed that
hydroxyl mebendazole and amino mebendazole are the main metabolites of meb-
endazole (24). To verify the formation in vivo of the expected metabolites in eel,
wild European eels were subjected to 6, 24, and 48 h treatments (25). The results
clearly indicated that mebendazole given to eels via the water was absorbed and
metabolized into the hydroxyl and amino metabolites, as was also the case with
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the other animal species. The amino metabolite was found to be the main meben-
dazole metabolite in eels. In most eel tissues, the levels of the parent drug and
its hydroxyl and amino metabolites increased with increasing treatment time.

Low tissue levels of mebendazole have been detected in lambs given radio-
labeled mebendazole. Residue levels in liver were very persistent, total radioactiv-
ity in this organ being detectable by 15 days postdosing. In another experiment
(26), the maximum level of mebendazole-related metabolites was found in liver
and kidney tissues. In contrast, fat was found to contain the highest level of the
parent drug. Skin exhibited the highest levels for both the parent drug and its
metabolites compared with the muscle tissue samples. Mebendazole and its hydro-
xyl metabolite were eliminated within 5 days from muscle and skin, while the
hydroxyl metabolite could be still detected in fat at 14 days posttreatment.

Parbendazole is an old anthelminthic that has been widely used against
gastrointestinal nematodes and lungworms in cattle, sheep, and swine at dosages
in the range 15–50 mg/kg bw. It is the drug in which the teratogenic effects of
benzimidazoles were first identified.

After oral dosing to sheep, parbendazole was rapidly absorbed and peak
plasma levels were reached within about 6 h. Plasma levels decreased gradually
thereafter to reach a level lower than 1 ppm by 48 h. In sheep urine, seven
metabolites have been identified. In liver, total residue levels of parbendazole
corresponded to 1.41 ppm equivalents at 16 days posttreatment (8).

Oxibendazole is a broad-spectrum anthelminthic used for treatment of in-
testinal nematodes in various animal species including pigs, cattle, sheep, and
horses. It is given as a single oral dose of 5–15 mg/kg bw or incorporated in feed
at a dosage of 40 mg/kg feed/day for 10 days. Oxibendazole and its metabolites are
not teratogenic.

Administered orally, oxibendazole is rapidly absorbed from the gastrointes-
tinal tract. In sheep, the maximum plasma content is reached within 6 h. Much
of the dose administered to cattle is eliminated in urine.

Metabolism studies have indicated that oxibendazole is readily metabolized
in the liver (27). Hence, a significant portion of the total radioactivity found in
liver and kidneys does not bear any structural relation to the parent drug, which
can nevertheless serve as a marker residue in tissues. In liver, the ratio of the
unchanged oxibendazole to the total radioactivity was estimated at 1% at 2 days
postdosing. In kidney, this ratio was of the same magnitude but in muscle the
unchanged drug represented the majority of the residues.

Residue depletion studies in cattle, sheep, swine, and horses showed that
residue levels in tissues rapidly decreased with time (27). Total residue levels in
muscle and fat, although higher than in liver and kidneys, were generally lower
than 0.1 ppm at 4 days postdosing. Levels of extractable residues were also lower
than 0.1 ppm at 7 days after treatment.
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When pigs were orally dosed with radiolabeled oxibendazole, total residues
were highest in liver and kidneys (24 ppm) after 24 h withdrawal and depleted
relatively slowly to reach approximately 1.8 ppm at 7 day withdrawal (28). Ex-
tractable residues decreased from 35% to 11% over the same period. Milk from
treated cows also showed that total radioactive residues were rapidly eliminated
following drug withdrawal.

Flubendazole is used against gastrointestinal nematodes and lungworms
in swine and poultry at dosages of 5 mg/kg bw or 30 ppm in the feed. This
anthelminthic is poorly absorbed from the gut and, therefore, exhibits low toxicity.

Unlike mebendazole, flubendazole which is its halogenated analogue, pro-
duces only one-tenth of the plasma levels attained with mebendazole. When swine
or poultry are treated with flubendazole, the tissue with the highest residues
concentration and the slowest depletion rate is the liver. Residues in swine liver
are primarily composed of the (2-amino-1H-benzimidazol-5-yl)-4-fluorophenyl-
methanone metabolite, which is generally found at a much higher concentration
than the parent drug.

Residue depletion studies in sows receiving 30 mg flubendazole/kg bw in
the feed for 10 days showed that the mean concentrations of the unchanged
flubendazole in liver, kidney, muscle, and fat were 59, 67, 13, and 33 ppb, respec-
tively, 7 days after cessation of the treatment (4).

When hens were given feed containing 60 mg/kg flubendazole for 7 days,
muscle, kidney, and liver tissues contained 79, 173, and 198 ppb of unchanged
flubendazole at zero withdrawal. Flubendazole could not be detected in any tissue
by 6 and 7 days after withdrawal. In contrast, residues of the parent drug could
be detected at the level of 19 ppb in the yolks of the eggs laid at 11 days after
the end of the treatment. Residues in eggs were generally higher and more persis-
tent in the yolk than in the white fraction.

Triclabendazole is a very potent anthelminthic used against all stages of
liver flukes in sheep, goats, and cattle at dosages of 10–12 mg/kg bw. This drug
does not exhibit nematocidal activity and is not teratogenic.

Following oral administration to animals, triclabendazole is satisfactorily
absorbed from the gastrointestinal tract. Peak plasma levels are generally achieved
within 8 h, with more than 95% of the administered dose being eliminated in
feces, about 2% in urine, and less than 1% in the milk.

Triclabendazole is rapidly and extensively degraded in cattle, buffalo, rab-
bits, dogs and humans, with the sulfoxide and sulfone being the main metabolites
found in plasma (4, 29, 30). In addition to these oxidation products, rat excreta
also contain the 4-hydroxytriclabendazole and 2-benzimidazolone metabolites. As
with several other benzimidazoles, the use of triclabendazole in food-producing
animals results in a large portion of total residues bound to endogenous tissue
components. The proportion of bound residues to total residues increases with
increasing withdrawal periods.
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The marker residue for triclabendazole is 5-chloro-6-(2′,3′-dichlorophe-
noxy)-benzimidazole-2-one, a compound formed when common fragments of
triclabendazole-related residues are hydrolyzed under alkaline conditions at
90–100 C. Since the marker residue does not represent total residues, the marker
residue levels are converted to triclabendazole equivalents using a conversion
factor of 1.09 (31).

Residue depletion studies in cattle showed that liver, kidney, muscle, and
fat contained 109, 103, 104, and 40 ppb of the marker residue at 28 day with-
drawal. Residue depletion studies in sheep showed that liver, kidney, muscle,
and fat contained 440, 260, 180, and 40 ppb of the marker residue at 10 day
withdrawal.

Luxabendazole is a novel broad-spectrum benzimidazole for use in sheep
against nematodes, cestodes, and trematodes at dosages of 7.5–10 mg/kg bw.
Luxabendazole has no mutagenic or teratogenic effects.

Following oral administration, approximately 95% of the absorbed drug is
bound to serum proteins. About 71% of the dose is excreted in feces as parent
luxabendazole, a further 12% occurring in form of various metabolites. A portion
of 13% is detected in the urine, 5% of which is attributed to the unchanged drug
(32).

4.2 IMIDAZOTHIAZOLES

The racemic DL-tetramisole and its levo-isomer, levamisole, constitute the best-
known members within this group of drugs (Fig. 4.2). Since the anthelminthic
activity of tetramisole, which was first marketed in 1966, resides almost entirely
in its levo-isomer, levamisole rather than the parent tetramisole is the drug cur-
rently used in most countries.

Levamisole possesses a broad spectrum of activity against lung and gut
nematodes, but it has no activity against cestodes, trematodes, and arthropods. It
is commonly used in swine, nonlactating dairy cattle, beef cattle, sheep, goats,
and poultry in the forms of ‘‘pour-on,’’ bolus, drench, feed additive, or injectable

FIG. 4.2 Chemical structure of levamisole.
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solution. The usual maximum dose rate of levamisole for cattle, sheep, swine,
and goats is 8 mg/kg bw, while for poultry it is 25–50 mg/kg bw.

Following either oral or parenteral administration, levamisole is rapidly
absorbed, but the parenteral route produces higher blood levels (6). When given
intramuscularly, peak plasma levels are almost twice those attained by oral admin-
istration of the same dose. After subcutaneous administration, peak plasma levels
of levamisole occur within 30 min, with 90% of the total dose being excreted in
24 h, mainly in the urine.

Following oral or subcutaneous administration to cattle, levamisole residues
were detected in muscle, fat, liver, and kidney at 2 h postdosing, declining to
below 100 ppb at 2 day after oral treatment, and at 7 or 8 days after parenteral
treatment; highest residue levels appeared in liver.

Following a single oral administration to sows, residues in muscle and fat
were below 100 ppb at 3 day withdrawal, whereas residues in kidney and liver
were below 100 ppb and 310 ppb, respectively, at 5 day withdrawal. When differ-
ent levamisole formulations including drench, pellets, bolus, and injectable solu-
tions were administered to lactating cows at the same dosage, residues in milk
averaged 500, 550, 580, and 320 ppb, respectively, 12 h after the cessation of
treatment, declining to below 10 ppb at 48 h after the treatment with drench and
at 60 h after the treatment with the other three formulations (8).

Literature data on the depletion of levamisole residues from edible animal
products concern only the parent drug (33). It appears, however, that the metabo-
lism of levamisole in food-producing animals is qualitatively similar to that in
rats, since limited data from swine (34) and goats (35) are generally consistent
with those observed for rats. Metabolism studies in rats using radiolabeled levami-
sole showed extensive metabolism of levamisole, with at least 50 metabolites
identified in some samples of urine from treated rats.

Four major metabolic pathways have been proposed to account for many
of these metabolites (36). The most important pathway appears to be an oxidative
introduction of a double bond into the imidazoline ring followed by parahydroxy-
lation of the phenyl ring and oxidation of the sulfur atom to the sulfoxide and
sulfone metabolites. Hydroxylation of the thiazole ring may initiate a second
pathway, where the thiolactone formed is hydrolyzed either to a thiohydantoic
acid or to the hydantoic acid metabolite. Formation of parahydroxylevamisole
followed by formation of conjugates may be another metabolic pathway, whereas
opening of the thiazole ring followed by oxidation or methylation of the sulfy-
drylic group appears to constitute the quantitatively least important pathway.

The toxic effects of levamisole, for which no safety threshold can be set,
to induce idiosyncratic organulocytosis in some individuals have caused concern.
The identified metabolites of levamisole are, however, much less toxic than the
parent compound. Hence, the parent compound is sought in analysis of tissue
samples.
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4.3 ORGANOPHOSPHATES

A number of organophosphates originally employed as broad-spectrum parasit-
icides against both nematodes and insects have come to be used as alternatives
for treating benzimidazole-resistant nematodes in recent years (Fig. 4.3). Organo-
phosphates tend to be labile to alkaline media and may therefore be partially
hydrolyzed and inactivated in the alkaline region of the small intestine. As a result,
oral dosage rates are severalfold higher than those parenterally administered in
sheep, cattle, and swine. Organophosphates are usually rapidly oxidized and inac-
tivated in the liver, but their safety margin is generally less than that of benzimid-
azoles.

Haloxon is probably the safest of the organophosphate anthelminthics (37).
It is approved by the Food and Drug Administration (FDA) for use in sheep,
cattle, and goats at a dosage of 30–50 mg/kg bw. It is not intended for use in
swine and poultry, although certain parasites can be very effectively controlled
by the drug in these hosts. It is usually administered orally in the form of a paste,
bolus, drench, or liquid suspension, and as a feed premix for poultry.

Haloxon is rapidly absorbed from the gut, metabolized extensively in the
liver to nontoxic metabolites, and excreted in the urine. In sheep, the rapidity of
hydrolysis of haloxon varies widely among individual animals and is genetically
determined by the presence or absence of the enzyme A-esterase (6). Residues
of haloxon are present in the milk of treated animals and, therefore, the drug
should not be used for treating dairy cattle or goats of breeding age or older.

Coumaphos, like other organophosphates, was originally developed as a
pesticide for treatment of external parasites of animals, but later came to be used

FIG. 4.3 Chemical structures of commonly used organophosphates.
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as an anthelminthic. Unlike haloxon, coumaphos can be used in lactating animals
without requiring the milk to be discarded after treatment.

Drenching is the common means of administering coumaphos to beef cattle
and swine in Europe at a dosage of 8–15 mg/kg bw. Coumaphos is also adminis-
tered to beef and dairy cattle as a top dressing or a feed premix at a rate of 2
mg/kg bw/day for 6 days. Coumaphos is further prepared as a feed premix for
use in replacement pullets older than 8 weeks and in laying flocks at a dosage
of 30–40 ppm in the feed for 10–14 days.

Dichlorvos is a particularly versatile organophosphate since it can be incor-
porated as a plasticizer into polyvinyl chloride resin pellets and can be released
slowly from the undigestible pellets as they pass through the digestive tract. This
allows for a therapeutic concentration against parasites all along the digestive
tract.

It is used in swine in a single oral administration with feed at a dosage of
7.5–35 mg/kg bw for control of internal and external parasites. Although its
anthelminthic spectrum is acceptable in cattle (38) and sheep (39), dichlorvos
does not have FDA approval for use in ruminants due to its narrow safety margin.
Also, dichlorvos cannot be used in poultry because birds accumulate the resin
pellets in their gizzard. Dichlorvos is generally toxic to animals, and it is less toxic
via the dermal and oral routes than by parenteral routes. Moreover, dichlorvos is
a suspect carcinogen.

Following oral administration to animals, dichlorvos is rapidly absorbed
from the digestive tract and extensively metabolized in the liver. The metabolism
of dichlorvos has not been clearly elucidated because almost none of its potential
metabolites has been yet unequivocally identified due mainly to its very rapid
biotransformation rate (6). It appears, however, that the initial hydrolysis of di-
chlorvos, which occurs in all species, leads presumably to dichloroacetaldehyde
(40), which is further metabolized by reduction to dichloroethanol or oxidation
to dichloroacetic acid. In addition, dealkylation to desmethyldichlorvos appears
to be another minor route of biotransformation, except in the mouse where des-
methyldichlorvos constitutes at least 18% of the administered radioactivity. The
metabolites of dichlorvos do not persist in tissues, whereas only trace levels occur
in the milk of lactating mammals (41). There is no evidence that the metabolites
of dichlorvos are toxic.

Trichlorphon is a precursor of dichlorvos used in swine and horses against
gastrointestinal nematodes at dosages of 40–50 mg/kg bw. It is metabolized
rapidly to dichlorvos, which is responsible for its therapeutic efficacy. The toxicity
of trichlorphon is similar to that of dichlorvos.

4.4 TETRAHYDROPYRIMIDINES

Pyrantel and its methyl analogue, morantel, constitute the group of the tetrahy-
dropyrimidine anthelminthics currently used in food-producing animals. Both
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FIG. 4.4 Chemical structures of commonly used tetrahydropyrimidines.

drugs are commercially available for veterinary use in the form of tartrate salts
(Fig. 4.4), whereas morantel is also available as a fumarate salt and pyrantel as
a pamoate salt.

Morantel tartrate is used in cattle for eradication and control of mature
gastrointestinal nematode infections. It is administered orally either as a bolus
containing 11.8 g of the drug or as an aqueous solution at a dosage of 6–7.5 mg/
kg bw, and in swine and sheep as a single oral dosage of 5–7.5 mg/kg bw. The
fumarate salt is also used in sheep at a dosage of 12.5 mg/kg bw. Morantel
exhibits no teratogenicity.

In all species, morantel is mostly unabsorbed and excreted in the feces.
Only a small proportion of the administered dose is rapidly absorbed, producing
peak blood levels within 4–6 h. The drug is quickly metabolized, presumably in
the liver, and 17% of the administered dose is excreted in the urine of sheep in
the form of metabolites within 4 days after administration (1). In cattle, less
than 20% of the administered dose is recovered in the urine over 4 days after
administration, whereas in swine 45% of the administered dose is excreted in
urine within 24 h.

Metabolism of morantel proceeds via three main routes involving oxidation
of the thiophene, oxidation of the tetrapyrimidine ring, and conjugation with
glutathione. Oxidation of thiophene in urine leads to acidic metabolites including
4-ketohept-2-eneldioic acid, levulinic acid, 4-ketopimimelic acid, and -ketoglu-
taric acid, which are all highly polar. This acidic residue fraction can represent
from 3% for sheep to 25.7% for dogs of the total urinary radioactivity. A propor-
tion of around 57% for dog and pig to 86% for rats of the total urinary radioactiv-
ity, accounts for metabolites that contain the tetrahydropyrimidine ring and are
convertible to N-methyl-1,3-propanediamine.

Due to the extensive metabolism of morantel in vivo, total morantel-related
residues in edible animal products are usually determined after their conversion
to either N-methyl-1,3-propanediamine through alkaline hydrolysis or to 3-(3-
methyl-2-thienyl)acrylic acid through digestion with hydrochloric acid.
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When calves were given orally a single dose of 5.9 mg radiolabeled mor-
antel tartrate/kg bw, kidney contained 60 ppb, fat 20 ppb, and muscle less than
10 ppb of morantel equivalents at 7 days after dosing. In liver, the amounts of
radioactivity were 495, 250, and 140 ppb morantel equivalents at 7, 14, and 28
day after dosing, respectively. Following conversion of residues to N-methyl-
1,3-propanediamine, the proportion of this compound in total residues in liver
was found to be 59%, 54%, and 40% at 7, 14, and 28 day after dosing, respectively.

When ruminating calves were given an intraruminal bolus containing 12 g
morantel, the concentrations of morantel residues, after their conversion into 3-
(3-methyl-2-thienyl)acrylic acid, in muscle, kidney, and liver, were 15, 40, and
150 ppb morantel equivalents, respectively, at 7 days after dosing.

When pigs were orally treated with a single dose of 15 mg radiolabeled
morantel/kg bw, the amounts of radioactivity in muscle, skin, fat, liver, and kidney
were 50, 100, 50, 826, and 150 ppb morantel equivalents, respectively, at 14-
day after dosing.

When sheep were given a single oral dose of 9 mg radiolabeled morantel/
kg bw, the amounts of radioactivity in muscle, fat, liver, and kidney, were 20,
20, 1130, and 190 ppb morantel equivalents, respectively, at 7 day after dosing.
At 14 days, radioactivity levels were still high in liver and kidney, amounting to
1050 and 80 ppb, respectively.

When dairy cows were treated with a single oral dose of 5 mg radiolabeled
morantel/kg bw, total radioactivity in milk peaked at 84 ppb at the second milking
to decline thereafter to 49 ppb and 19 ppb at the fourth and sixth milking, respec-
tively.

Pyrantel, the parent compound of morantel, is used against gastrointestinal
parasites of sheep, goats, pigs, cattle, and deer at dosages in the range 15–20
mg/kg bw. Its tartrate salt is administered orally to animals in forms of a feed
premix, pellets, or drench.

Pyrantel exhibits absorption, distribution, biotransformation, and elimina-
tion profiles similar to those of morantel. Pyrantel tartrate is well absorbed with
peak plasma levels occurring 2–3 h after dosing. In ruminants, urinary excretion
accounts for about 25% of the administered dose, while much of the remainder
passes unchanged in feces. However, the pamoate salt is very poorly absorbed,
most of the dose being excreted in feces.

Pyrantel is quickly metabolized in the body, a small proportion remaining
intact by the time it is excreted. Individual metabolites of pyrantel have not been
yet identified. Nevertheless, it is known that at least half of them contain the N-
methyl-1,3-propanediamine structure of the tetrahydropyrimidyl ring, which is
more resistant to the metabolic attack than the thiophene ring (6).

In swine, residues of pyrantel depleted most slowly from the liver. Metabo-
lism of pyrantel was rapid in this species, with no residues of the unchanged drug
being detected in liver at 4 days after treatment. In swine liver, 40–50% of the
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total residues were convertible to N-methyl-1,3-propanediamine, at 4–42 days
after treatment. In ovine and bovine liver, these figures amounted to approxi-
mately 30–60% and 86–99%, respectively.

4.5 SALICYLANILIDES

Closantel, niclosamide, oxyclozanide, rafoxanide, dibromsalan, and tribromsalan
are the better-known members of the salicylanilides group of anthelminthics (Fig.
4.5). They are all used to control primarily liver flukes in animals. On absorption,
most salicylanilides are bound strongly to plasma proteins, with the exception of
the tapeworm remedy niclosamide. These drugs are not soluble in water; neverthe-
less, solutions have been formulated that enable closantel and rafoxanide to be
administered parenterally.

FIG. 4.5 Chemical structures of commonly used salicylanilides.
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Closantel is used primarily in cattle and sheep for treatment of mature
and immature liver flukes, hematophagous nematodes, and larval stages of some
arthropods. It is administered orally or parenterally at dosages of 5–15 or 2.5–7.5
mg/kg bw, respectively. Closantel does not exhibit carcinogenic, teratogenic, or
embryotoxic activities.

Closantel is well absorbed, achieving peak plasma levels within 24 h after
its oral administration. With parenteral treatment, peak plasma levels are reached
within 24–48 h. The primary route of metabolism of closantel is reductive deiodi-
nation leading to monoiodoclosantel metabolites (42). Although complete deiodi-
nation is possible, no evidence for deiodinated closantel has been yet presented.

Metabolism studies in sheep with radiolabeled closantel showed that the
parent drug accounted for nearly all the radioactivity in muscle, fat, and kidney. In
contrast to tissues in which no metabolism occurred, liver contained two closantel
metabolites, 3-monoiodoclosantel and 5-monoiodoclosantel, besides the parent
drug. The same metabolites were also identified in feces, although 80–90% of
the total radioactivity was due to the parent drug. While amide hydrolysis would
also appear to be an alternative metabolism pathway, metabolites that would
result from this pathway, such as 3,5-diiodosalicylic acid, have not yet been
identified. It might well be that steric hindrance around the amide bonds prevents
their hydrolysis (42).

The residue depletion profiles of closantel in cattle and swine are almost
similar. Highest concentrations of closantel are seen in kidney, whereas the deple-
tion of closantel from all edible tissues is very slow over the first 28 days of
withdrawal. Within animal species, the parenteral and the oral routes of adminis-
tration yield comparable residue concentrations provided that the oral dose is
twice the parenteral dose. A dose linearity is also observed for residue concentra-
tions in tissues; doubling the dose for a particular route of administration doubles
the residue level.

In tissues of sheep treated orally with a single dose of 5 mg/kg bw, residue
levels of closantel were 0.06–0.09 ppm in fat and muscle and up to 0.47 ppm
in kidney and liver at 56 day withdrawal; at 84 days, residues could not be
detected in fat and muscle, whereas liver and kidney contained levels as low as
0.06–0.17 ppm (43).

In treated cattle, highest concentrations of closantel were found in kidney;
they ranged from 3.29 ppm at 14 days to 0.11 ppm at 42 days. In muscle, closantel
concentrations ranged from 0.58 ppm at 14 days to less than 0.1 ppm at 42 days,
whereas in liver they ranged from a maximum at 1.55 ppm at 14 days to less
than 0.1 ppm at 42 days (44).

In milk from dairy cows treated intramuscularly with closantel, mean con-
centrations of residues peaked at about 1 ppm from 4 days to 7 days, to decline
thereafter to 0.22 ppm at 35 days postdosing (43). All depletion studies suggest
that closantel residues occur in bound form in incurred samples.
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Niclosamide is an oral teniacidal drug administered to ruminants in the
form of drench at a dosage of 50 mg/kg bw for cattle and 100 mg/kg bw for
sheep and goats. It is also administered to ruminants for convenience with the
feed at a dosage of 70 mg/kg bw.

Niclosamide is poorly absorbed from the gastrointestinal tract. Unlike other
salicylanilides, niclosamide is very rapidly excreted. The small amount absorbed
is transformed into the inactive metabolite, aminoniclosamide (32).

Oxyclozanide possesses activity against only adult flukes, but at elevated
dosage levels some activity against the later parenchyma stages (flukes of more
than 4 weeks of age), may be obtained. In sheep and cattle, recommended oral
dosages are 10–15 mg/kg bw. It is frequently combined with levamisole or oxibe-
ndazole for combined treatment of gastrointestinal nematodes and liver fluke
infections.

Following absorption, oxyclozanide reaches its highest concentrations in
liver, kidney, and intestines, and is excreted into the bile in form of an active
glucuronide metabolite. Oxyclozanide has a terminal half-life in sheep of 6.4
days. This long half-life is related to its high protein-binding tendency and, there-
fore, residues in liver are detectable for extended periods after administration
(32). Since detectable amounts of oxyclozanide can pass into milk, treatment of
lactating animals with this drug is contraindicated.

Rafoxanide is a halogenated salicylanilide that is commercially formulated
for use in sheep and cattle in the form of bolus or drenching suspension at a
dosage of 7.5 mg/kg bw. It is also administered subcutaneously to cattle at a
dosage of 3 mg/kg bw. It is highly effective against adult flukes and the later
parenchyma stages. Rafoxanide is frequently combined with thiabendazole for
combined treatment of gastrointestinal nematodes and liver fluke infections.

Following oral dosing, rafoxanide is well absorbed, reaching peak plasma
levels between 24 and 48 h, but it is slowly excreted. In sheep, its biological
half-life ranges from 5 to 10 days due mainly to its high protein-binding tendency
(32).

In cattle and sheep, rafoxanide is not metabolized to any detectable degree
and residues in liver are detectable for weeks after its administration. Residue
depletion studies in cattle given a single oral dose of 15 mg rafoxanide/kg bw
showed that edible tissues are free of drug residues at 28 days postdosing.

Dibromsalan and tribromsalan are both closely related salicylanilides are
commercially available as a mixture for treatment of adult and juvenile fluke
infections in sheep at oral dosages of 30 and 60 mg/kg bw, respectively.

4.6 SUBSTITUTED PHENOLS

A wide range of substituted phenols has been used for treatment of liver flukes
and tapeworms in animals. Most drugs within this group have a low safety index
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FIG. 4.6 Chemical structures of commonly used substituted phenols.

and, thus, have been largely superseded by less toxic and more effective drugs.
Nevertheless, a range of substituted phenols including nitroxynil, dichlorophen,
hexachlorophen, niclofolan, and bithionol are still used as anthelminthics (Fig.
4.6).

Nitroxynil is one of the few injectable flukicides available and possesses
activity not only against adult flukes but also against flukes of more than 4 weeks
of age. Nitroxynil also displays a stunting effect against early immature larvae
and, hence, reduces pasture contamination by suppressing egg output. It is used
in cattle and sheep subcutaneously at a dosage of 10 mg/kg bw, but is contraindi-
cated for use in lactating cows. It is also administered orally although with less
success, because its nitro group is reduced to an inactive metabolite by the rumen
microorganisms (32).

Nitroxynil is well absorbed after oral administration, with peak plasma
levels being achieved within 5 h after dosing. In cows, sheep, and rabbits, ni-
troxynil is highly bound to plasma proteins. In all species, residues in plasma are
higher than in tissues and consist almost entirely of the unchanged drug. Ni-
troxynil is extensively metabolized, 4-cyano-2-nitrophenol and 3-iodo-4-hyroxy-
aminobenzamide being identified as the metabolites of the greatest concern.

Studies on the composition of nitroxynil-related residues in calves and
sheep after subcutaneous treatment showed that the unchanged nitroxynil was
the major component of the residues in calf kidney, muscle, and fat, accounting
for around 56%, 69%, and 78% of the total residues, respectively. The 4-cyano-
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2-nitrophenol was the major component of the residues in calf liver with unmetab-
olized nitroxynil composing only 2% of the residues. In sheep, nitroxynil was
the major component of the residues in kidney, muscle, and fat, accounting for
45–56%, 90–100%, and 64–100% of the extractable residues, respectively, at
5-day withdrawal. In sheep liver, most of the residues were in the form of 3-
iodo-4-hydroxy-aminobenzamide, while 4% was unchanged nitroxynil.

Nitroxynil has a tendency to bind strongly to proteins and therefore is
retained in animal tissues and milk for long periods after its administration (8).
Residue depletion studies in cattle subcutaneously treated with nitroxynil showed
that kidney contained 252, 107, and 90 ppb, muscle 149–587, 89–131, and

50, and the injection site 90–504, 90–207, and 90 ppb of the parent drug
at 30, 45, and 60 days, respectively, after withdrawal of the treatment. In sheep,
residues of nitroxynil in kidney were 382, 208, and 102 ppb, and at the injection
site 161–508, 102–189, and 90 ppb at 30, 45, and 60 days, respectively, after
withdrawal of treatment.

Dichlorophen is a safe, narrow-spectrum drug that, in addition to its bacte-
ricidal and fungicidal properties, has been used as a teniacide in veterinary medi-
cine for many years. It is administered to sheep as a tablet or suspension at a
dosage of 0.5g/2.5 kg bw. The insolubility of dichlorophen in water limits its
absorption from the gastrointestinal tract and probably accounts for its low toxic-
ity. Worms are killed in the gut where they disintegrate prior to expulsion in the
feces.

Hexachlorophen is a very efficient drug against mature flukes in sheep
and cattle, but is not effective in removing immature flukes from the liver paren-
chyma. This is due, at least in part, to the protein-binding tendency of the drug
in blood and the consequent reduced availability to the immature flukes, which
are bathed in blood.

Hexachlorophen is excreted into the animal bile in the form of its glucuron-
ide metabolite, which has high activity against the adult flukes occupying the
bile ducts (6). Although the principal anthelminthic use of hexachlorophen is for
liver flukes in sheep and cattle, it has also limited use as an anticestodal drug in
these species and in poultry. The main anticestodal use of hexachlorophen in the
United States has been for the control of chicken tapeworms, when administered
at an oral dosage of 30–60 mg/kg bw.

Niclofolan is a nitrosubstituted analogue of hexachlorophen. It is highly
effective against adult flukes in sheep, cattle, and swine at dosages of 3–5 mg/
kg bw. Toxicity can occur at two times the recommended dosage rate. Although
niclofolan can be administered subcutaneously in sheep, it is usually administered
orally as a drench or in bolus forms.

Following its oral administration, niclofolan is metabolized to some degree
in the rumen of cattle (45). Niclofolan passes into the milk of cattle at concentra-
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tions not exceeding 100 ppb and remains at detectable levels for up to 5–8 days
posttreatment.

Bithionol is used for the treatment of tapeworm infections in poultry, and
tapeworm and rumen fluke infections in sheep, cattle, and goats. An oral dose
of approximately 200 mg/kg bw is used in sheep and goats, whereas two treat-
ments, 4 days apart, of 200 mg/kg bw are used for chickens. The drug is adminis-
tered to poultry with the feed, whereas to other animals it is administered in the
form of gelatin capsules, tablets, or boluses.

Bithionol is absorbed to a limited degree from the digestive tract of the
host and is detected in blood and particularly in the bile. Peak concentrations of
bithionol are found in the bile within 2 h following treatment. Blood concentra-
tions of the drug are significantly lower than those found in bile (6).

4.7 MACROCYCLIC LACTONES

Macrocyclic lactones are active against a variety of nematodes but lack activity
toward cestodes and trematodes. They are also active against a wide variety of
insects and other arthropods, including mites, ticks, and lice. Since these com-
pounds encompass activity against both endo- and ectoparasites, they are also
called ectendocides.

Included in this group are avermectins and milbemycins, which are fermen-
tation products possessing a 16-member cyclic lactone, a spirochetal moiety, and
a disaccharide unit. Abamycin, ivermectin, doramectin, and eprinomectin are
major avermectins available for anthelminthic treatment of livestock, whereas
moxidectin is a milbemycin with worldwide acclaim as a cattle anthelminthic
(Fig. 4.7).

Abamectin is a specific mixture of two components: avermectin B1a and
avermectin B1b. Both of these components possess a double bond between C22

and C23 and differ by a methylene group in the side-chain substituents on C25.
The mixture containing not less than 80% avermectin B1a and not more than 20%
avermectin B1b is known as abamectin. Abamectin has a broad spectrum of activ-
ity against nematodes, but is primarily used in agriculture as an acaricide and
insecticide (46).

Following subcutaneous administration of 0.3 mg radiolabeled abamectin/
kg bw to cattle, a mean peak plasma radioactivity level of 0.09 ppm equivalents
was detected. Depletion half-life rates for liver, kidney, muscle, fat, and plasma
were estimated at 4.6, 5.7, 5.6, 8.1, and 4.7 days, respectively. About 70% of
radioactivity was detected in feces, and 1–2% in the urine, within 7 days of
treatment.

Residue depletion studies in cattle following subcutaneous treatment with
a single dose of 0.3 mg radiolabeled abamectin/kg bw showed total residues in
liver and fat to be significantly higher than those in kidney and muscle at any

Copyright © 2001 Marcel Dekker, Inc.



FIG. 4.7 Chemical structures of commonly used macrocyclic lactones.

142

Copyright © 2001 Marcel Dekker, Inc.



143Anthelminthic Drugs

FIG. 4.7 Continued
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time after dosing. Avermectin B1a represented a major fraction of the total residues
in all edible tissues examined; between days 7 and 21, the ratio of avermectin B1a/
total residues was in the range 0.55–0.36 for liver, 0.65–0.20 for fat, 0.74–0.51 for
muscle, and 0.48–0.24 for kidney. In addition to the parent drug components,
the 24-hydroxymethylavermectin B1a metabolite was also identified in liver and
fat (47). Hydroxylation of the 24-methyl group appeared to be a major metabolic
pathway in cattle and goats, whereas 3-O-desmethylation also occured but at a
limited extent. Unlike in cattle and goats, 3-O-desmethylation seems to be a major
metabolic pathway in rats and hydroxylation of the 24-methyl group a minor one.

Consistent with results in cattle and sheep are the results of pertinent experi-
ments in fish (48). Abamectin did not strongly bioconcentrate in aquatic organ-
isms and would not be expected to biomagnify. Nine days after a 28 day exposure
of bluegill sunfish to radiolabeled abamectin in water, samples of whole fish,
fillets, and viscera were found to contain 0.32, 0.27, and 0.53 ppm abamectin
equivalents, respectively.

Ivermectin is produced from abamectin by reduction of the double bond
at the C22–C23 position, a process that leads to formation of dihydroavermectin
B1a and dihydroavermectin B1b. The reaction product that contains no less than
80% dihydroavermectin B1a and no more than 20% dihydroavermectin B1b consti-
tutes ivermectin.

Ivermectin is exceptionally effective in very low dosages against nematodes
and arthropod parasites in cattle and has been widely used for treatment of endo-
and ectoparasites in cattle, sheep, goats, and swine (49). It is administered orally,
parenterally, or as a pour-on preparation at dosages ranging from 0.2 to 0.6 mg/
kg bw. Ivermectin exhibits teratogenic effects in rat, rabbit, and mouse.

The pharmacokinetics of ivermectin differ with the animal species, formula-
tion, and the route of administration (50). When goats were given a subcutaneous
administration of 0.2 mg ivermectin /kg bw, the mean concentrations of ivermec-
tin in plasma and milk increased initially to reach at 2.8 day the maximum levels
of 6.12 and 7.26 ppb, respectively (51). The drug could be detected in milk for
25 days postdosing, the total drug amount recovered over this period being esti-
mated at 0.6% of the administered dose. This percentage is low compared with
the 4% level determined in sheep (52) and 5.6% in cows (53).

Metabolism studies showed that the major metabolites of the components of
ivermectin in cattle, sheep, and rats were 24-hydroxymethyl compounds, whereas
major metabolites in swine were 3-O-desmethyl compounds. Identification of
the 24-hydroxymethyl metabolites has not been yet achieved in swine, whereas
identification of the 3-O-desmethyl metabolites has not been made possible in
cattle or sheep (54, 55). Recent metabolism studies (56) in cattle, swine, and rats
have indicated, however, that the metabolism of avermectins was qualitatively
similar for all three species. There were quantitative differences both between
species and between compounds for a given species, but all three species produced
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either 24-hydroxymethyl- or 3-O-desmethyl-compounds as the major metabolites,
other drug-related compounds being of minor importance.

Depletion studies showed that the parent drug could account for the major
proportion of total residues in the edible tissues of cattle, sheep, and swine. In
addition, a relatively nonpolar fraction but more polar than the parent drug could
account for 26–55% of the total residues in fat. This fraction in fat was found
to be composed of acyl esters of major ivermectin metabolites. Their deposition
in fat probably explains the high concentrations and the persistence of ivermectin
residues in fat (57). The slow excretion rate together with the long half-lives in
the peripheral tissues, especially fat, and the short residing time of the drug at the
site of administration suggest that the drug is rapidly absorbed into the peripheral
circulation from which it is taken up into secondary depots. Ivermectin and its
metabolites are probably released gradually into the peripheral circulation, metab-
olized in the liver, and excreted into the bile and pass into feces.

Residue depletion studies in cattle, sheep, and swine revealed that drug
residue levels are higher in liver and fat, with much lower values in kidney and
muscle (57). Following subcutaneous or oral administration of ivermectin to cattle
at a dosage of 0.3 mg/kg bw, residual levels of ivermectin B1a in muscle, liver,
kidney, and fat tissues were 37, 244, 62, and 201 ppb at 7 day post dosing, and
0, 11, 1 and 4 ppb at 28 day post dosing. Milk also contained residues of ivermectin
B1a that peaked at about 28 ppb at 2–3 days postdosing and declined thereafter
to 2 ppb at 21 days postdosing. Swine and sheep exhibited a residue depletion
profile analogous to that of cattle.

Doramectin, unlike ivermectin components, possesses a double bond be-
tween C22 and C23 and a cyclohexyl ring on C25. This novel avermectin is intended
for use in cattle and sheep in the form of a single subcutaneous injection at a
dosage of 0.2 mg/kg bw, or in pigs in the form of a single intramuscular injection
at a dosage of 0.3 mg/kg bw (58).

Pharmacokinetic studies (59) in cattle treated with the recommended dosage
showed that the drug was well dispersed from the injection site, with less than
1% of the dose remaining at 21 day withdrawal. By 14 days, 87% of the dose
was excreted via the bile and feces whereas less than 1% was eliminated via
urine. Mean plasma half-life was found to be 6.2 days for the parent compound
and 5.9 days for total drug-related residues.

Concentrations of total residues were highest at the injection site, liver, and
fat. Much lower concentrations were present in muscle and kidney tissues. In all
samples, unchanged doramectin represented a major fraction of the total residues,
the remaining being composed of the major metabolite, 3 -O-desmethyldoramec-
tin, and two minor metabolites, 24-hydroxymethyldoramectin and 24-hydroxy-
methyl-3 -O-desmethyldoramectin. Another metabolite identified as the 2-epimer
of doramectin was also detected in fat. Residue depletion studies showed that
mean levels of the parent drug in fat, liver, muscle, kidney, and injection site
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declined from 493, 319, 33, 96.2, and 2530 ppb at 7 days after treatment to 16.7,
13.2, less than 2.1, 3.1, and 18 ppb at 42 days posttreatment, respectively.

Residue depletion studies (60) in swine given a single intramuscular injec-
tion of doramectin at a dosage of 375 mg/kg bw showed that residues of the
parent drug were always higher at the injection site and declined from 9000 ppb
at 7 days after treatment to 70 ppb at 35 days after treatment. Residues in back
fat declined from 470 ppb at 7 days after treatment to 50 ppb at 35 days after
treatment. Residues in liver declined from 160 ppb at 7 days after treatment to
18 ppb at 35 days after treatment. Residues in kidney and muscle declined from
80 and 40 ppb, respectively, at 7 days after treatment to 18 and 11 ppb, respec-
tively, at 21 days after treatment.

Metabolism studies in sheep given a single subcutaneous injection of 0.3
mg radiolabeled doramectin/kg bw showed that unmetabolized doramectin made
up 92%, 75%, 73%, and 67% of the total radioactivity present in muscle, liver,
kidney and fat, respectively, at 14 days after treatment. The metabolite 3 -O-
desmethyldoramectin was found to be a minor component in all edible tissues
of sheep except muscle. A metabolite tentatively identified as the 2-epimer of
doramectin was also found to constitute a minor component in sheep fat. The
metabolites 24-hydroxymethyldoramectin and 24-hydroxymethyl-3 -O-desmeth-
yldoramectin were found in sheep feces but not in tissues. Mean residue levels
of the parent drug in pooled renal and omental fat declined from 62.8 ppb at 14
days after treatment to less than 4.5 ppb at 35 days after treatment. Mean levels
in liver were 47.5 ppb at 14 days after treatment, and were below 2.5 ppb in
three of the four sheep slaughtered at 35 days after treatment. Residues in kidney
and muscle were 17.9 ppb and 13.5 ppb, respectively, at 14 days after treatment,
and were below 2.5 ppb in all samples at 35 days after treatment. Residue levels
at the injection site were variable, declining from a mean of 2554 ppb at 14 days
after treatment to 365 ppb at 35 days after treatment. Fifty-six days after the
treatment, residues at the injection site were still present at levels below 113 ppb.

Eprinomectin is derived from the natural product abamectin by conversion
of the 4 -hydroxy group to the 4 -epi-N-acetyl substituent. Like abamectin, epri-
nomectin is a mixture of two active constituents that contain more than 90% 4 -
deoxy-4 -(epi-acetylamino)avermectin B1a and less than 10% 4 -deoxy-4 -(epi-
acetylamino)avermectin B1b. It is indicated for treatment of internal and external
parasites in beef and dairy cattle at a dosage of 0.5 mg/kg bw and is applied
along the midline of the animal’s back (61).

Following topical application to cattle, only 29% of the dose was absorbed
through the skin. Most of the absorption occurred within 7–10 days postdosing,
after an initial time lag of about 24 h, and continued for 17–21 days postdosing,
but to a minor extent. Metabolism studies (62) in calves treated with the recom-
mended dosage showed that only 0.35% of the applied dose was present in urine
over 28 days, while 17–19.8% was present in feces. In feces, the eprinomectin
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B1a was the most abundant residue representing 78.3% of the total residues, the
eprinomectin B1b 8.3%, the 24a-hydroxymethyl metabolite 7.4%, whereas the
sum of the minor 24a-hydroxy-, 26a-hydroxymethyl-, and N-deacetylated metab-
olites represented less than 1.6%. The metabolism profile also indicated that
eprinomectin B1a was the major residue in all edible tissues, the eprinomectin
B1b representing 7.2–9.3%, whereas five to seven minor metabolites represented
only 1–2% of the total radioactivity. In muscle, however, the N-deacetylated
metabolite accounted for as much as 3.9% of the total residues. Eprinomectin
B1a was also found to be a major metabolite, accounting for 80–85.6% of the total
extractable radioactivity in milk. In this matrix, the 24a-hydroxymethyl metabolite
represented less than 2%, the N-deacetylated metabolite 0.7-2.5%, whereas the
contribution by the other metabolites was negligible.

In a radiometric depletion study (62) carried out in cattle, the concentrations
of eprinomectin B1a residues in muscle, injection site, fat, liver, and kidney were
6, 17, 30, 807, and 161 ppb, respectively, at 7 days postdosing, and declined to
3, 14, 14, 369, and 54 ppb, respectively, at 21 days after the treatment. In a
nonradiometric study with dairy cows dosed topically with 0.5–0.55 mg
eprinomectin/kg bw, 5 ppb was the highest concentration of eprinomectin B1a

residues observed in milk obtained at the fifth to sixth milking postdosing; resi-
dues in milk declined to 0.5 ppb by the 13th milking.

Moxidectin is a semisynthetic milbemycin intended for treatment of endec-
toparasites in cattle, sheep, and horses. It is administered by oral or subcutaneous
routes at a dosage of 0.2 mg/kg bw in cattle and sheep, and 0.4 mg/kg bw in
horses.

After a single oral administration of 0.4 mg radiolabeled moxidectin/kg bw
to horses, a mean peak serum concentration of 0.134 ppm moxidectin equivalents
was attained at 6 h postdose (63). Oral availability was estimated at 40%, while
the terminal elimination half-life was approximately 80 h. Within 168 h, 77% of
the total radioactivity was excreted mostly by the fecal route. In feces, the parent
drug represented approximately 70% of the fecal radioactivity, whereas a fraction
of 0.28–3.45% was due to four minor metabolites resulting from oxidation mainly
on C14, C24, and/or C28 positions.

At 168 h postadministration, the parent drug represented 48% of the total
radioactivity in muscle, 87% in fat, 61% in liver, and 78% in kidney. In a pertinent
radiometric depletion study (64) carried out in horse, moxidectin residues in fat
were found to be 221, 165, 130, and 131 ppb at 28, 35, 42, and 49 days, respec-
tively. In all other edible tissues, residue concentrations were below 10 ppb even
at the first sampling.

In cattle and sheep, parent moxidectin represented 40% of the total radioac-
tivity in liver, 50% in muscle, 60–75% in kidney, and 90% in fat. When moxidec-
tin was given subcutaneously to steers, both the parent drug and at least seven
metabolites could be detected in extracts of tissues, feces, and bile (65). The
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parent drug accounted for 36–91% (4–275 ppb) of the residues in fat, tissues,
and the injection site, and 26% of the residue in feces collected at 2 days. At 28
day withdrawal, residue levels of metabolites in tissues were as low as 2 ppb.
Two major metabolites accounting for 9% and 11% of the total residues monitored
in liver at 7 days, or for 25% and 9% of the total residues monitored in feces at
7 days, were isolated and identified as the C29–C30 hydroxymethyl metabolite
and the C14 hydroxylated metabolite.

When moxidectin was administered orally to lambs, residue levels in liver,
muscle, fat, and kidney were 35, 17.5, 259, and 35 ppb, respectively, at 7 day
withdrawal; at 28 day withdrawal, the levels in the same tissues changed to 3.0,
10, 70.4, and 5.6 ppb, respectively (66). This depletion profile is in good agree-
ment with biotransformation studies of radiolabeled moxidectin (67).

4.8 PIPERAZINE DERIVATIVES

Included in this group are the anthelminthics piperazine and diethylcarbamazine
(Fig. 4.8). They are both safe drugs available in the form of simple salts, mainly
citrates.

Piperazine is a diethylenediamine used extensively in swine and chickens,
but seldom in cattle and sheep. Piperazine preparations can be administered via
either the feed or drinking water at a dosage of 275–440 mg/kg bw to pigs and
250 mg/kg bw to chickens.

Piperazine and its salts are readily absorbed from the gastrointestinal tract,
but nitrosation may occur in the stomach (32). The major portion of the absorbed
drug is metabolized in tissues and the remainder, which is about 30–40%, is
excreted in the urine. Piperazine is detectable in the urine as early as 0.5 h after
drug administration. Although there is a wide variation in the rates at which
piperazine is excreted by different animal species, urinary excretion is practically
complete within 24 h.

Diethylcarbamazine has long been used in sheep and especially in cattle
for treatment of lungworm infections. Intramuscular injection is the routine

FIG. 4.8 Chemical structures of commonly used piperazine derivatives.
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method of administration, but results of equal efficacy can be obtained when an
initial intramuscular injection is followed by two orally administered doses.

Diethylcarbamazine is rapidly absorbed from the gastrointestinal tract. Peak
concentration in the blood occurs at about 3 h after oral administration and falls
to zero within 48 h. The drug is distributed almost equally throughout all body
compartments, with the exception of the fat, and there is little tendency for accu-
mulation with repeated doses. Excretion occurs almost entirely through the urine,
with most of the drug appearing in form of metabolites.

4.9 MISCELLANEOUS

Clorsulon (Fig. 4.9) is a benzenesulphonamide derivative recommended for
treatment and control of adult and immature liver flukes in cattle and sheep (68).
It is administered orally or subcutaneously at a dosage of 7 or 2 mg/kg bw,
respectively, in association, frequently, with ivermectin.

Following subcutaneous administration of 2 mg radiolabeled clorsuron/kg
bw to cattle, a maximum peak plasma level of about 1.3 ppm was attained at
about 6 h, declining to 0.01 ppm at 7 days after injection. Following intraruminal
administration of 10 mg radiolabeled clorsuron/kg bw to cattle, a maximum peak
plasma level of about 3 ppm occurred at about 24 h, declining to 0.014 ppm by
21 days postdosing. In the same study (69), the ratios of the unchanged clorsulon
to total residues in kidney, liver, and muscle were estimated at about 75%, 55%,
and 41%, respectively. About 80% of the radioactivity in kidney and liver was
extractable by organic solvents. Acid hydrolysis of liver extracts revealed the
presence of 10 metabolites less polar and 3 metabolites more polar than the parent
drug, none of the metabolites accounting for more than 5% of the total residues.
In kidney, major component of the total residues was the parent drug, whereas
five less polar and three more polar metabolites could be also detected.

Residue depletion studies in cattle administered 3 mg clorsulon/kg bw by
the subcutaneous route showed that kidney and liver were the tissues with the
highest residue concentrations containing 3.3 and 2.2 ppm of parent clorsulon,
respectively, at 1 day posttreatment and 0.1 and 0.04 ppm, respectively, at 7
days post treatment. When steers were dosed intraruminally with radiolabeled
clorsulon at 10 mg/kg bw, edible tissues contained 100–400 ppb clorsulon equiva-
lents at 7 days after dosing (70). A major part of the radioactive residues found
in the liver and kidney tissues was attributed to the unchanged drug.

When cows were dosed singly with an oral suspension of radiolabeled
clorsulon at 7 mg/kg bw, average milk residue levels decreased from 0.54 ppm
at 0.9 days posttreatment to 0.004 ppm at 6.9 day is posttreatment, with a half-
life of 0.81 days (71). The unchanged drug was identified as the major residue
component in the milk collected by the 4 day postdosing, and accounted for
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FIG. 4.9 Chemical structures of diamphenethide, praziquantel, clorsulon, and
hygromycin B.

56–99% of the total radioactivity. About 0.7% of the dose could be recovered
in the milk during the 6.9 day period.

Praziquantel (Fig. 4.9), a racemate derivative of pyrazino-isoquinoline, is
effective against many species of cestodes and trematodes. It is indicated for use
in nonlactating sheep in form of a single oral dose of 3.75 mg/kg bw.

Pharmacokinetic studies with sheep treated with the recommended dosage
showed that praziquantel was rapidly absorbed, peak plasma concentration being
reached within 2 h of dosing (72). A half-life of 4.2 h was determined and
excretion from plasma was rapid, 98% being excreted within 72 h. At 8 h posttreat-
ment, the maximum levels present in liver, kidneys, muscle, and fat were 2.87,
2.55, 0.19, and 0.13 ppb, respectively, of praziquantel equivalents. At 24 h post-
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treatment, levels in muscle and fat were 0.02 ppb of praziquantel equivalents.
Metabolism studies in a variety of animal species indicated rapid and almost total
biotransformation of the drug in the liver (32).

Diamphenethide, an aromatic amide (Fig. 4.9), is effective against young
flukes and, hence, is indicated against acute fascioliosis. The drug is available
commercially as a ready-to-use suspension for oral administration to sheep in a
single dose of 100 mg/kg bw. The high anthelminthic efficacy of this compound
in sheep, is due to the deacetylated metabolite formed locally in the host liver. This
metabolite is also responsible for the activity exhibited against liver parenchyma
stages.

Following oral administration, diamphenethide is absorbed into the blood
and distributed throughout the animal body. At 3 days postdosing, its concentra-
tion is highest in liver and gallbladder. At 7 days postdosing, concentrations of
the drug in these tissues were reduced approximately 10-fold to a range of 0.1–0.5
ppm, while low concentrations in the musculature were about 0.02 ppm.

Hygromycin B (Fig. 4.9) is an antibiotic that exhibits anthelminthic proper-
ties. Although it is also active against both Gram-positive and Gram-negative
bacteria, its antibacterial activity is too poor to be therapeutically useful. However,
its anthelminthic activity has been confirmed in poultry and swine. It is used as
feed additive in swine and poultry, for consumption over periods of several weeks.
A dosage of 12 g hygromycin B/ton of total ration is recommended for swine,
while a dosage of 8 g hygromycin B/ton of total ration is recommended for
chickens.
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Anticoccidial and Other
Antiprotozoal Drugs

High-intensity rearing systems, particularly in the poultry industry, have resulted
in a dependence on anticoccidial feed additives to provide prophylactic control
against protozoal infections caused by pathogenic species of Eimeria (1). Nine
species of coccidia belonging to the genus Eimeria are known to infect poultry
that are most susceptible, due to the warm humid environment created in intensive
rearing units on modern farms. The degree of pathogenesis caused by each species
of Eimeria varies. The most pathogenic species in chickens are Eimeria tenella,
Eimeria necatrix, and Eimeria brunetti, which can give rise to spectacular out-
breaks of disease. In addition to poultry, coccidiosis also affects pigs, cattle, and
sheep. However, the disease is usually less than a problem in food-producing
animals other than chickens since pigs, cattle, and sheep are reared less intensively
with less chance of infection.

In general, protozoa are transmitted through feces contaminated with coc-
cidial oocysts. When oocysts are swallowed, the membrane is damaged, releasing
sporozoites that penetrate the epithelial cells and multiply rapidly in both asexual
and sexual cycles. Some also enter the bloodstream and are transmitted to the
liver and kidney. During the reproductive cycle, which takes 7–10 days to be
completed, the parasites multiply 100,000-fold before being excreted with the
feces. The effects of coccidial infestation in animals vary from poor weight gain
and reduced egg production to hemorrhage, destruction of cells on a massive
scale, and, very often, death.

A closely related disease, particularly in turkeys, is known as histomoniasis
or blackhead, in which the liver is badly damaged by the attack of a protozoan
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parasite, Histomonas meleagridis and, unless properly treated, rapidly results in
death. Parasitic protozoa are also responsible for a wide range of diseases of
worldwide importance but that are difficult to eliminate since they are frequently
transmitted by ticks, flies, and tabanids. Trypanosomiasis, piroplasmosis, and
anaplasmosis caused by Trypanosoma, Babesia and Anaplasma species, respec-
tively, are severe hemotrophic diseases of cattle that have hampered, to a large
extent, the development of the livestock industry in tropical and subtropical areas
of the world.

Parasitic diseases pose an ever-present threat to any intensive poultry or
livestock rearing unit but can be controlled by addition of low levels of drugs to
the daily ration. In good veterinary practice, the drugs used to control coccidiosis
and other protozoal diseases are used at levels that do not allow resistant strains
to be developed and are selected to be rapidly metabolized to keep residues in
edible tissues to a minimum. The residue problem could be controlled using
mandatory withdrawal periods, but under practical farming conditions such re-
strictions are not always observed. On the other hand, since so many coccidiostats
are available, many farmers switch from one compound to another to prevent the
development of drug resistance over the years. Hence, most poultry are given
feeds containing drugs for the whole or the majority of their lives.

The major anticoccidial and other antiprotozoal drugs have no common
chemical structure and therefore no group tests can be used to screen for residues
in animal-derived foods. This is in complete contrast to the antibacterials previ-
ously discussed, which can be detected, although not identified, on the basis of
their biological activity.

Some drugs, including sulfaquinoxaline, sulfadimethoxine, sulfame-
thoxypyridazine, sulfachlorpyrazine, sulfamethazine, sulfaguanidine, furazoli-
done, nitrofurazone, tetracycline, and chlortetracycline, in addition to their role
as coccidiostats, are also used as antibacterials. These drugs will not be discussed
in this chapter since they have been discussed previously. On the other hand,
other compounds such as roxarsone, are classified as growth promoters and there-
fore will be described in the corresponding chapter. This chapter is limited to
compounds whose primary function and use are as antiprotozoals.

5.1 BENZAMIDES

Aklomide, nitromide, and dinitolmide are the major drugs used within this
group (Fig. 5.1). Subsequent to their initial marketing, each of these drugs has
appeared in formulations with roxarsone and sulfanitran or roxarsone alone. All
three drugs, but especially dinitolmide, have been used worldwide as chicken
coccidiostats. Dinitolmide, also known as zoalene, has moderate to good activity
against chicken coccidia. It is added to animal feeds at 125 ppm for chickens
and at 125–187 ppm for turkeys but is not intending for laying hens.
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FIG. 5.1 Chemical structures of commonly used benzamides.

Following administration to poultry, dinitolmide is mainly metabolized to
3-amino-5-nitro-o-toluamide and 5-amino-3-nitro-o-toluamide metabolites that
are bound to tissues. Residue depletion studies of dinitolmide in chicken, also
showed the formation in chicken liver of an acid-labile conjugate of the 5-amino-
3-nitro-o-toluamide metabolite, presumably the N5-glucoside conjugate (2). How-
ever, no evidence was presented for the formation of the corresponding 3-amino-
5-nitro-o-toluamide conjugate in chicken tissues.

5.2 CARBANILIDES

Nicarbazin and imidocarb represent the major drugs within this group (Fig.
5.2). Nicarbazin constitutes an equimolar mixture of 4-4′-dinitrocarbanilide and
2-hydroxy-4,6-dimethylpyrimidine. Its activity is predominantly coccidiocidal,
but it also exhibits coccidiostatic properties. It is used as a feed additive at 125
ppm for prevention rather than treatment of intestinal and cecal coccidiosis in
chickens. However, it is not intended for use in breeding or laying hens because
egg production and hatchability may be reduced because of its use.

Following administration, the two moieties of the nicarbazin molecule are
absorbed separately from the digestive tract of the chicken. Metabolism studies
have shown that the 2-hydroxy-4,6-dimethylpyrimidine moiety of nicarbazin is
absorbed and excreted or metabolized more rapidly than the 4,4′-dinitrocarbani-

FIG. 5.2 Chemical structures of commonly used carbanilides.

Copyright © 2001 Marcel Dekker, Inc.



158 Chapter 5

lide moiety (3). Since this was shown, residue studies of nicarbazin have been
carried out almost exclusively on the 4,4′-dinitrocarbanilide moiety of the mole-
cule. The required withdrawal period is 9 days in order not to exceed a residue
level of 0.2 ppm of 4,4′-dinitrocarbanilide in liver.

Imidocarb is a carbanilide used for treatment and prophylaxis of piroplas-
mosis and anaplasmosis. It can be administered by subcutaneous or intramuscular
injection to cattle, sheep, and horse at dosages of 1.2–3.4 mg/kg bw.

Although its mode of action is uncertain, two mechanisms, one involving
interference with the production and/or utilization of polyamines and the other
preventing the entry of inositol into the erythrocyte that contains the parasite,
have been proposed. It is a compound with low safety margin since administration
of as low as 10 mg/kg bw to cattle can cause death. By now, its withdrawal
periods in edible animal products are under review by the licensing authorities
and, in some cases, a 90-day withdrawal period may be required (4).

In cattle, imidocarb is well absorbed and distributed throughout the body.
After subcutaneous administration to calves of 3 mg radiolabeled imidocarb/kg
bw, absorption of the drug was rapid with mean peak plasma concentrations of
1316 ppb equivalents occurring 1 h after dosing. The level of radioactivity re-
mained constant for up to 4 h after dosing but declined to 279 ppb equivalents
24 h after dosing. More than 70% of the radioactivity was found to be bound to
plasma proteins. Most of the administered radioactivity was excreted in feces,
with smaller amounts in the urine. The major component of both urine and feces
was identified as the unchanged imidocarb.

In sheep treated intramuscularly with radiolabeled imidocarb, there was
also no evidence for formation of imidocarb metabolites in urine, bile, liver, or
kidney tissues, although the drug was widely distributed to all tissues and re-
mained detectable in most tissues by 32 days after dosing. Residue depletion
studies in sheep given two intramuscular doses of 1.2 mg imidocarb/kg bw, 7
days apart, showed that residues in kidney, liver, and muscle were in the range
of 22,600–121,200, 5700–14,300, and 1100–1200 ppb, respectively, at 7 days
after the last dose, declining to 5600–9600, 900–3100, and 100–400 ppb, re-
spectively, at 28 days after the last dose. In lactating sheep given an intramuscular
injection of 4.5 imidocarb/kg bw, residues in milk were found to be 4500 and
5300 ppb at 4 and 6 h, respectively, after dosing.

When cattle were given a single intramuscular injection of 3 mg imidocarb/
kg bw, residues in kidney, liver, muscle and at the injection site were 13,600,
16,300, 1500, and 4200 ppb, respectively, at 7 days after dosing, declining to
3200, 3700, 500, and 1700 ppb, respectively, at 28 days after the last dose. In
lactating cows given two injections of 3 mg imidocarb/kg bw, 28 days apart,
residues in milk were in the range of 604–793 ppb 1 day after the first treatment
and these declined to below 10 ppb at 7 days after treatment.
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5.3 NITROIMIDAZOLES

Ronidazole, dimetridazole, metronidazole, and ipronidazole are all nitroimidazole
drugs that have been extensively used as growth promoters and therapeutic anti-
bacterial and antiprotozoal agents in food-producing animals (Fig. 5.3). Since
they are mutagens and suspect carcinogens, a number of nitroimidazoles have
been already banned even for therapeutic purposes within the European Union.
Use of ronidazole has been banned by Council Regulations 3426/93/EEC (5),
whereas use of dimetridazole is banned by Council Regulations 1798/95/EEC
(6).

Their antibacterial and mutagenic activity is closely related to the reduction
of the 5-nitro group, which is common to all nitroimidazole drugs, and the subse-
quent formation of reactive metabolites that bind to bacterial DNA, inhibiting
DNA and protein synthesis in the microorganisms. Metabolism of 5-nitroimidaz-
oles in mammals usually leads to covalently bound residues with a persistent
imidazole structure.

Dimetridazole has been traditionally used for treatment and prevention of
histomoniasis in turkeys and chickens, trichomoniasis in cattle, and dysentery in
swine. Concentrations of 125–500 ppm are satisfactory feed levels for turkeys,
75–500 ppm for chickens, and 1000 ppm for pigs. The drug has also been used
as a feed or water additive in pigs for growth-promoting purposes. A 5-day
withdrawal period is required to ensure absence of residues in edible tissues.

Orally administered dimetridazole is well absorbed from the gastrointestinal
tract (7). Approximately 88% of the administered dose is eliminated within 3
days in turkeys, whereas around 76% is eliminated within 7 days in pigs. In

FIG. 5.3 Chemical structures of commonly used nitroimidazoles.
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laying hens, turkeys, and pigs, 2-hydroxymethyl-1-methyl-5-nitroimidazole has
been identified as the predominant metabolite (8). Additional ring-intact, nitro-
containing metabolites including 1-methyl-5-nitroimidazole-2-carboxylic acid
and the sulfate and glucuronide conjugates of 2-hydroxymethyl-1-methyl-5-nitro-
imidazole have been also identified. Apart of these metabolites, several other
metabolites presumably formed through reduction of the nitro group, fragmenta-
tion of the imidazole ring, and generation of covalently bound residues have been
also reported but not identified.

When pigs were given a single oral dose of radiolabeled dimetridazole, the
concentrations of total residues in muscle, liver, kidney, and fat were found to
be 8.6, 15.4, 36.1, and 3.6 ppm, respectively, at 0 withdrawal time, declining to
0.32, 0.91, 0.81, and 0.37 ppm, respectively, 7 days after dosing.

Other residue depletion studies of dimetridazole in chickens, turkeys, and
swine generally showed that the concentrations of dimetridazole residues de-
creased to less than 0.1 ppm in the edible tissues of chickens at 1 day withdrawal,
and to less than 2 ppm in the edible tissues of turkeys and swine at 2-day with-
drawal (9, 10).

When laying hens were given feed containing dimetridazole at dosages of
0.5, 1.0 and 1.5 mg/kg for 21 days (11), residue levels in eggs from all feed
levels rose rapidly, reaching a plateau at 5 days after the treatment. Residue levels
in eggs showed a good dose–response relation to the levels of the drug in the
diet. The sum of the parent compound and the 2-hydroxy metabolite was found
to be higher in egg white than in yolk, the metabolite accounting for some 75–80%
of the total residues. After feed withdrawal, residue levels in eggs declined below
the limit of detection within 5 days. Glucuronidated conjugates of the parent
compound or its metabolite could not be detected in the eggs laid.

Ipronidazole and ronidazole are very similar in structure to dimetridazole
and, thus, have several properties in common. They are added to the feed at
dosages of 50–200 mg/kg for treatment and prevention of histomoniasis in tur-
keys, treatment of trichomoniasis in cattle, and treatment of swine dysentery.
They have been also used as weight-gain and feed-efficiency improvers. A 4 day
withdrawal period is recommended for both of these compounds.

Residue depletion studies in turkeys orally treated with radiolabeled iproni-
dazole showed that the total residue concentrations in muscle, liver, kidney, fat,
and skin were 71.2, 285.4, 257.7, 24.8, and 92.9 ppb of of ipronidazole equiva-
lents, respectively, at 5 days after dosing. In similarly treated pigs, total residue
concentrations in muscle, liver, kidney, and fat were 41.1, 192.7, 189.5, and 20.6
ppb ipronidazole equivalents, respectively, at 5 days after dosing. Among the
total residues present in the tissues of the treated turkeys and pigs, 1-methyl-2-
(2′-hydroxyisopropyl)-5-nitroimidazole was found to constitute the major drug-
related residue besides the parent drug.

Ronidazole is absorbed well from the gastrointestinal tract and is widely
distributed throughout the body (12–14). The parent compound accounts for part
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of the urinary excretion whereas it is almost absent from feces, which contain
only metabolized ronidazole. In turkeys administered radiolabeled ronidazole at
the normal feed level for 4 days (11), total residue concentrations in muscle,
kidney, and liver averaged 3, 4.7, and 4.5 ppm of ronidazole equivalents, respec-
tively, at 0 withdrawal; concentrations fell to 0.26, 0.14, and 0.05 ppm, respec-
tively, at 10 days after treatment.

In swine given radiolabeled ronidazole at the normal feed level for 3 days,
total residue concentrations in muscle, kidney, liver, and fat were 8.6, 12.3, 11.9,
and 2.5 ppm ronidazole equivalents, respectively, at 0 withdrawal. Total residues
persisted in edible tissues by 42 days of withdrawal, at which time muscle con-
tained 130 ppb, whereas liver, kidney, and fat contained 50–60 ppb. Nevertheless,
the concentration of the parent drug in the edible tissues was less than 2 ppb at
2 days withdrawal. Ring-intact metabolites including 2-hydroxymethyl-1-methyl-
5-nitroimidazole, 1-methyl-2-hydroxymethyl-5-acetamidoimidazole, and 1-
methyl-2-carbamoyloxymethyl-5-acetamidoimidazole were found to constitute
part of the total residues monitored in the tissues of both animal species.

Metronidazole is used for treatment of bovine trichomoniasis by topical
application or intravenous injection of 75 mg/kg bw. It is also used for treatment
of swine dysentery at a dosage of 25 mg/kg bw/day for 4 days, whereas, for
eradication of the disease in herds, treatment for 7 days followed, after 3–4 weeks,
by a second treatment for 5 days in indicated. Metronidazole is a genotoxic
carcinogen in animals.

Like other nitroimidazoles, metronidazole is rapidly metabolized in the
body. Oxidation of the two side-chains and formation of the corresponding metab-
olites followed by conjugation of the unchanged drug and its metabolites appears
to be the major metabolic pathway of this compound. Another important meta-
bolic pathway appears to be the degradation of the compound via reduction of
the nitro group and cleavage of the imidazole ring. Acetamide and N-(2-hydroxye-
thyl) oxamic acid are produced as final metabolites.

In humans, hydroxymetronidazole was identified as the main metabolite,
accounting for 40–50% of the total residues. In rats, 97% of the radioactivity
that excreted in urine was attributed to the parent drug.

Residue depletion studies are very limited for metronidazole. After intra-
uterine treatment of cows with metronidazole at the recommended dosage, resi-
dues of metronidazole and its main metabolite hydroxymetronidazole could be
detected in the milk collected at 2 and 6 h after dosing; residues declined to
below the limit of detection at 43 h postdosing.

5.4 POLYETHER IONOPHORE ANTIBIOTICS

Among the anticoccidials, polyether antibiotics constitute the most widely used
agents by the poultry industry over the last two decades. They provide excellent
disease control and are refractory to development of resistance (15).
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Monensin, narasin, lasalocid, salinomycin, maduramicin, and semdura-
micin are all polyether antibiotics produced by various actinomyces, mostly Strep-
tomyces species. Chemically, they are all organic acids with fairly complex mole-
cules consisting of an array of heterocyclic ether-containing rings (Fig. 5.4).
Biologically, the polyether antibiotics are compounds that are able to form lipid-
soluble, reversible complexes with cations thus participating in the transport and

FIG. 5.4 Chemical structures of commonly used polyether ionophore antibi-
otics.
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FIG. 5.4 Continued

exchange of these cations across the biological membranes (16). The result of
this transport is an alteration in the levels of cations and anions inside the cell and
its subcellular components, which influences the regulation of the body functions.

Although the polyether antibiotics do not exhibit a similar tendency for
cation complexation, with the exception of lasalocid that binds only divalent
cations, all other members of this group of drugs from complexes mainly with
monovalent cations (17). Due to these functional properties, the polyether antibi-
otics are frequently also called ionophores. The name ionophore comes from the
Greek language, ion meaning something that goes and phore meaning carrier.

Oral administration of polyether antibiotics allows, initially, for regulation
of the body function at the site of digestion by positively affecting feed conversion
efficiency and negatively affecting the developmental stage of coccidia. Since
their activity is directed particularly towards sporozoites and merozoites, the
polyethers must be fed continuously to be fully effective but are not recommended
for treating established infections. They have a low therapeutic index and may
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be very toxic in certain species (18, 19). In turkeys, for example, salinomycin
and narasin can be fatally toxic (20). For enhancing their effectiveness, polyether
antibiotics are often used in poultry in combinations with roxarsone, virgin-
iamycin, and/or bambermycin.

Monensin plays a dual role in veterinary practice because it is used both
as a coccidiostat in poultry and as a growth promotant in cattle. It is also effica-
cious in the control of coccidiosis in lambs and calves, can treat ketosis in dairy
cows, and can control bloat in pastured dairy cattle. It is administered incorporated
in poultry feeds as a coccidiostat at a dose up to 120 ppm, and in cattle and sheep
feeds at a dose of 11–33 ppm. Monensin is not recommended for administration
to laying hens, while a 3 day withdrawal period is required for chicken meat.

Following oral administration to cattle, it is absorbed from the gastrointesti-
nal tract, rapidly distributed, metabolized, excreted in the bile, and eliminated in
the feces. Residues in liver averaged 0.4 ppm at 12 h after the last dose, whereas
residues detected in other tissues were negligible (21). When radiolabeled monen-
sin was administered to steers, essentially all radioactivity was eventually excreted
in the feces after conversion to many metabolites that accumulated in the liver
(22).

A residue depletion study with radiolabeled monensin given to chickens at
a concentration of 120 ppm in the feed for 2 weeks, showed highest residue levels
of 495 ppb equivalents in liver samples during the feeding period; residue levels
of 106 and 50 ppb monensin equivalents could be still detectable in liver and fat,
respectively, at 5 days posttreatment (23). Other workers found lower concentra-
tions of monensin residues in liver than in fat and muscle tissues when chickens
were withdrawn at 0, 1, 2, 3, and 26 days after following a standard therapeutic
scheme for 30 days (24). In this study, residual levels of monensin persisted in
all edible chicken tissues postwithdrawal far longer than the putative fall in plasma
levels would indicate. When monensin was fed to laying hens, low residue levels
( 4.0 ppb) in eggs were detected even in cases in which the diet contained
monensin at a level of 13 ppm (25).

Monensin has been shown to form within the body more than 50 metabo-
lites, among which the glucoside metabolite is also active as a coccidiostat (26).
Clear evidence of the extensive monensin metabolism has been provided by an-
other study based on the administration of radiolabeled monensin to chickens
(21). Chromatographic analysis of the incurred livers showed how many metabo-
lites were present in the analyzed extracts. It was found that only 7% of the
radioactivity detected in liver and 70% of that in fat were due to the presence
of the parent monensin. The rapid metabolism and depletion of the unchanged
monensin were attributed to O-demethylation and oxidation at various positions
along the carbon backbone of its molecule.

Maduramicin, unlike other polyether anticoccidials produced by Strepto-
myces species, is a fermentation product of Actinomadura yumaense. The com-
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pound should not be confused with maduramycin (C28H22O10) produced by Actin-
omadura rubra. Maduramicin exhibits a 12–24-fold greater anticoccidial potency
than other polyether antibiotics and as such it is administered to broilers at a
level of 5 ppm continuously with the feed (27–29). However, its use is prohibited
within 7 days before slaughter.

Metabolism of maduramicin in various animal species seems to proceed in
a manner similar to monensin. Selective O-demethylation of one or two methoxy
groups has been reported as the major biotransformation route in chickens and
rats (30), whereas O-demethylation of one or more methoxy groups followed
by hydroxylation is the major biotransformation route in turkey excreta (31).
Conjugation with glucuronic acid also occurs but it is of minor metabolic impor-
tance.

Residue depletion studies (32) in chickens fed 5 ppm maduramicin for 2
weeks showed residue levels of 106 and 28 ppb in liver and muscle, respectively,
at zero withdrawal, declining to 20 and 3 ppb, respectively, at 3 days after with-
drawal.

Salinomycin is used in broiler chickens for prophylaxis of coccidiosis at
a dose of 50–70 ppm continuously in the feed; a 5 day withdrawal period is
required before slaughter (33). Salinomycin also constitutes the first licensed
growth promoting polyether antibiotic for use in swine. Its unique mode of action
ensures disruption of the growth and reproduction of certain intestinal bacteria.
This particular mechanism also helps to counteract bacterial resistance, so salino-
mycin continues to improve growth performance in the long term. Inclusion rates
for pigs range from 50 ppm in starter rations to 25 ppm in finisher rations.

Pharmacokinetic studies have shown that most salinomycin appears in feces
in the form of an inactive metabolite that is subsequently degraded with a half-
life of less than 50 h. Residue depletion studies in chickens showed wide variation
in the concentrations of residues appearing in edible tissues. Some workers have
reported levels of salinomycin residues as high as 1100 ppb in liver of chickens
at 0 withdrawal (34, 35). In contrast, other workers reported residue levels as
low as 3 ppb in the same tissue under similar experimental conditions (36).

All depletion studies carried out by now in poultry have clearly shown that
at 1 day of withdrawal the concentrations present in edible tissues are very low and
barely detectable (37–40). For example, after administration of feed containing
salinomycin at 60 mg/kg, levels of 0.08, 0.14, and 0.08 ppm were found in muscle,
liver, and fat, respectively, of nonwithdrawn birds (37), whereas levels in muscle
and liver decreased to below 0.05 ppm at 1 day withdrawal. Levels in fat decreased
to 0.05 ppm at 1 day withdrawal and to below 0.05 ppm at 2 day withdrawal.

Other pertinent studies have also demonstrated levels of 0.05–0.09 ppm
parent salinomycin in livers of nonwithdrawn birds fed salinomycin at 75 ppm
(39). However, this accounted for only 3% of the total salinomycin-related resi-
dues in liver.

Copyright © 2001 Marcel Dekker, Inc.



166 Chapter 5

When day-old broilers were fed a ration containing 66, 90, or 120 ppm
salinomycin sodium for 6 weeks, concentrations of salinomycin at 0 withdrawal
time in breast skin/fat, thigh skin/fat, and abdominal fat increased as the level
of the drug in the ration also increased; after 6 h of withdrawal, salinomycin
concentrations in tissues were decreased, whereas after 24 h of withdrawal, salino-
mycin could not be detected in any tissue. It appears that salinomycin residues
are concentrated in the more fatty tissues, such as subcutaneous fat, and follow
the order liver kidney thigh breast muscles (40).

Studies in laying hens have shown that salinomycin has the tendency to
accumulate in the egg yolk (41). When laying hens were fed a ration containing
60 ppm salinomycin sodium for 5 days, considerable concentrations of salino-
mycin were found in the produced eggs (42). Residues in the egg yolk persisted
for 8 days, while residues in the egg white were negligible.

Semduramicin is a relatively new polyether antibiotic that exhibits potent
antimicrobial and anticoccidial activities. It is intended for use in broilers at a
dosage of 25 ppm in the feed for 7 consecutive days.

The absorption profile of semduramicin is characterized by low levels in
plasma, muscle, kidney, fat, and skin, but higher levels in the bile and liver (43).
Liver constitutes the edible tissue with the highest total residues at all withdrawal
times. Over a 5 day withdrawal period, total residues in each of liver, kidney,
muscle, fat, and skin/fat tissues were depleted to 0.057, 0.022, 0.015, 0.011, and
0.009 ppm semduramicin, respectively. The consistently low plasma concentra-
tions and relatively higher residue concentrations found in bile and excreta were
consistent with the metabolic clearance and the efficient hepatic route of drug
elimination.

Residues in liver of poultry sacrificed at 6 h after withdrawal, were com-
prised of unchanged semduramicin at a percentage of 45%, whereas an array of
more polar, low-level ( 0.1 ppm) metabolites could be also detected. Using bile
as a source of major semduramicin metabolites, the metabolism of semduramicin
was spectrometrically determined to proceed by O-demethylation of the methoxy
groups in the ‘‘A’’ and ‘‘G’’ rings, as it has been also described for maduramicin
(30, 31) and monensin (21, 44).

Since the unchanged semduramicin represented a significant portion of the
residues in liver, use of the parent drug as a marker residue has been recom-
mended. The utility of determining unchanged semduramicin levels in poultry
liver to monitor drug elimination substantially differentiates this compound from
the other polyether antibiotics. While relatively high concentrations of total resi-
dues have been reported for monensin (44, 45), and salinomycin (46) in poultry
liver, total residues of these compounds were generally characterized by lower
participation of the parent drugs. Only in fat, where total residues of monensin
was generally low, was it possible to detect a higher percentage of the parent
drug.
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Lasalocid is the more disruptive polyether antibiotic to biological systems.
This is due to its high tendency to dimerize and form complexes with biologically
important divalent ions such as Ca++ and Mg++. Lasalocid exhibits a wide range
of complexation affinities and transport capabilities, encompassing not only inor-
ganic polyvalent ions but also primary amines and catecholamines (22).

Lasalocid is widely used for controlling poultry coccidiosis since it is very
efficient against all species of Eimeria at the optimal dose of 90 ppm in the feed.
It is licensed for use in broilers and hens up to 16 weeks from hatching but is
not licensed for use in laying hens. It has been also used as a growth promoter
in cattle.

Following administration, lasalocid is rapidly metabolized in animals. Resi-
due depletion studies in chickens fed 90 ppm lasalocid for 2 weeks showed residue
levels of 450 and 1 ppb in liver and muscle, respectively, at 0 withdrawal; residues
declined to 10 and 1 ppb, respectively, at 3 day withdrawal (36). Lasalocid concen-
trations in liver were approximately 10 ppb at 7 days posttreatment.

When lasalocid was fed to layer hens at a dosage of 5 ppm, considerable
accumulation of drug residues in eggs occurred (25); the highest mean egg lasa-
locid concentration in eggs was found to be in excess of 400 ppb after the medica-
tion period.

Narasin is effective against all intestinal and cecal coccidia if administered
continuously in the feed. It is used for treatment of Eimeria species in broiler
chickens at a dosage of 60–80 ppm in the feed. Narasin has been also used as a
growth-promoting agent. However, it should not be given to laying hens or to
other species of birds or animals to which it is toxic.

After administration to chickens, edible tissues of muscle, liver, or fat from
nonwithdrawn birds did not contain detectable levels of the parent drug (37).
Nevertheless, a withdrawal period of 5 days is required to be observed before
slaughter.

5.5 QUINOLONE DERIVATIVES

Although hundreds of different quinolone derivatives have been synthesized, only
buquinolate, decoquinate, and methylbenzoquate have shown good efficacy
against all species of chicken coccidia (Fig. 5.5). Their activity is essential coccidi-
ostatic against the invading sporozoites; as a result, if treatment is delayed after
animals have become infected, anticoccidial activity is not effective. All quino-
lones are virtually insoluble in water and very poorly absorbed and, as a conse-
quence, are nontoxic and result in low residue levels in the tissues of treated
animals.

Buquinolate is used at a level of 82–110 ppm in the feed, often in associa-
tion with arsenicals or antibiotics, for prevention of coccidiosis in chickens. Their
minimal absorption by the host probably accounts for the remarkable freedom
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FIG. 5.5 Chemical structures of commonly used quinolone derivatives.

of toxicity. At 0 withdrawal period, residues in tissues are as low as 0.1 ppm in
muscle and 0.4 ppm in liver.

Decoquinate is another quinolone derivative also incorporated in the feed.
It is administered at a level of 20–40 ppm in the feed continuously for prevention
of coccidiosis in broiler chickens, at 100 ppm for 28 days for prevention of
coccidiosis in ewes and lambs, and at 500 ppm for at least 28 days for prevention
of coccidiosis in cattle. Many feedlot farmers also use a 28 day feeding program
for all incoming cattle to guard against costly disease that can destroy a feedlot.
It is an approved feed additive in Europe, as defined by Directive 70/524/EEC
(47).

Little is known about the absorption of orally administered decoquinate. It
is assumed, however, that some decoquinate must be absorbed since drug-related
residues are consistently found in tissues (47). Most decoquinate is rapidly ex-
creted in feces, whereas some is excreted via the urine.

The highest levels of decoquinate are found in liver and kidney with variable
amounts in fat. Low levels are usually found in muscle, whereas residues in all
edible tissues reach a plateau after 3 days of administration. Most of the residues
(at least 50% of the total residues) appear to be in the form of the parent compound.
Decoquinate is a low-toxicity compound requiring a 3-day withdrawal period for
meat.
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Methylbenzoquate is probably the most potent among the anticoccidial
quinolone derivatives. It is often used at 8.35 ppm in the feed in conjunction with
other coccidiostats, especially clopidol, for prophylaxis of coccidiosis in chickens
and turkeys.

5.6 TRIAZINES

Major drugs within this group of compounds are clazuril, diclazuril, and toltra-
zuril. They are all triazine derivatives used for prevention and treatment of cocci-
diosis in avian species (Fig. 5.6).

Clazuril is intended for oral use in pigeons at a dosage of 2.5 mg/pigeon/
month. Pigeons given clazuril at the recommended dosage showed a maximum
concentration of 14,700 ppb of the parent drug in plasma within 5 h following
treatment. At both 8 and 24 h time points after treatment, muscle contained a
maximum of 4600 ppb clazuril. The maximum concentration in liver (13,200
ppb) appeared at 24 h after treatment.

Diclazuril is recommended for broilers, turkeys, and rabbits at a dosage
of 1 ppm in the feed. Broiler chickens given a single oral dose of 1 mg radiolabeled
diclazuril/kg bw showed peak plasma concentrations of 1.5 and 2 g diclazuril
equivalents/ml, respectively, within 6 h after dosing (48). All radioactivity in
plasma for up to 72 h after dosing was found to be due to the parent diclazuril.

FIG. 5.6 Chemical structures of commonly used triazines.
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Plasma concentrations were about 2–10 times higher than tissue concentra-
tions. Liver and kidney contained the highest levels of residual radioactivity,
while muscle and skin/fat contained much less. In liver, the parent drug accounted
for more than 90% of the residual radioactivity. About half of the radioactivity
was excreted within 24 h, almost exclusively as parent diclazuril. At longer time
points, several transformation products were recovered in the excreta. In turkeys
similarly treated, liver and kidney showed a maximum of 1400 and 1090 g
diclazuril equivalents/kg, respectively, at 6 h after dosing. The parent drug ac-
counted for about 98% and 85% of the radioactivity in liver at 6 and 48 h,
respectively, after dosing.

When diets containing 1 ppm of diclazuril were fed to laying hens for 32
days, the maximum level of the parent drug in the egg yolks was 322 ppb at 3
day withdrawal. In egg white, 82 ppb of parent diclazuril were detected at both
14 and 29 days of treatment (49). However, withdrawal of the treatment could
result in a rapid decrease of diclazuril in the egg white (below 50 ppb at 4 day
after withdrawal) but a slower decrease in the yolk (below 50 ppb at 15 day
withdrawal). The steady-state concentrations of diclazuril in the eggs laid when
hens were given a 5 ppm diet were found to be very close to those observed for
the 1 ppm diet; in this case, the maximum values reached in yolk amounted to 1280
ppb at 4 day withdrawal, and to 325 ppb in the egg white at 26 day withdrawal. The
depletion of residues was slower, however, in the eggs laid from the highly dosed
birds, lasting up to 10 days of withdrawal in the egg white and still longer in the
yolk, where residues could be detected even at 20 h day withdrawal.

Toltrazuril is administered with drinking water at a concentration of 10–25
ppm for treating coccidiosis in turkey, chicken, and rabbits. It is a suspect terato-
gen so an extended withdrawal period is required. Following oral administration
of radiolabeled tortrazuril to chickens at the recommended dosage of 7 mg/kg
bw/day for 2 days, 50% of the total radioactivity was eliminated by 4.5 days
after the last dose, increasing to 90% at 15.5 days.

Nine drug-related metabolites could be isolated from chicken feces, with
the parent drug and its major sulfoxide and sulfone metabolites accounting for
33.1%, 15%, and 16.4%, respectively, of the fecal radioactivity measured at 1
day after the end of the treatment.

Toltrazuril residue depletion studies in chickens orally given 14.1 mg/kg
bw/day for 2 consecutive days per week, three times at a week interval, showed
that the concentrations of the parent drug were 342, 1845, 870, 1332, and 1077
ppb in muscle, fat, skin, liver, and kidney, respectively, 1 day after the cessation
of treatment. These concentrations declined thereafter to reach, at 6 days after
dosing, 10, 81, 33, 22, and 15 ppb in muscle, fat, skin, liver, and kidney,
respectively. At 10 days postdosing, 24 ppb were found in fat and 11 ppb in skin,
whereas other tissues did not contain detectable residue levels.
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One day after the cessation of treatment, the residues of toltrazuril sulfoxide
were found to be 773, 1268, 1030, 3416, and 4411 ppb in muscle, fat, skin, liver,
and kidney, respectively. These levels declined thereafter to reach, at 6 days
postdosing, 10 ppb in muscle, fat, and skin tissues; however, concentrations of
54 and 95 ppb could be still measured in liver and kidney, respectively. Ten days
after dosing, the sulfoxide metabolite could only be detected in the liver (16 ppb)
and kidney (36 ppb).

The concentrations of the sulfone metabolite were much higher: at 1 day
after the cessation of treatment, the levels were 4742, 13,267, 7931, 21,275,
and 17,084 ppb in muscle, fat, skin, liver, and kidney, respectively. At 16 days
postdosing, concentrations of 38, 104, 97, 225, and 152 ppb were still present in
muscle, fat, skin, liver, and kidney tissues, respectively. At 20 days postdosing,
117 and 152 ppb could be still detected in liver and kidney, respectively, whereas
other tissues contained low residue levels in the range of 30–85 ppb. The profile
of toltrazuril depletion in edible tissues of chickens is similar to that observed in
turkeys.

5.7 MISCELLANEOUS

Aminonitrothiazole and nithiazide are both nitrothiazole derivatives (Fig. 5.7)
used against histomoniasis by the poultry industry. Aminonitrothiazole is used
both therapeutically and prophylactically against blackhead in turkeys; treatment
is achieved by administering feed medicated with aminonitrothiazole at the level
of 0.1% for 14 days, and then reducing the level to 0.05% and continue feeding
for a further 18 weeks.

Nithiazide is used for prevention and treatment of histomoniasis and hexa-
mitiasis in fowls and turkeys also by feed medication; treatment is achieved by
administering feed medicated at the level of 0.04% for 7 days, and subsequently
decreasing the level to the prophylactic dosage of 0.025%, which is continued
for a further 2 weeks.

Amprolium (Fig. 5.7) is a vitamin B1 analogue. It is a competitive antago-
nist of the thiamine transport mechanism. Amprolium has been used as a coccidi-
ostat mainly in chickens, laying hens, turkeys, and ruminants. It is available as
a soluble powder for addition to drinking water (60–240 mg/L) or as a premix,
usually in combination with ethopabate and/or sulfaquinoxaline, for mixing with
the feed (125–500 mg/kg feed). A withdrawal period of 3 days is required for
chickens.

Pharmacokinetic studies in chickens orally dosed with 12 or 20 mg
amprolium/kg bw showed that maximum blood concentrations of 9.5 and 26
ppm, respectively, were achieved at 4 h after dosing. At 8 h after dosing, residue
concentrations in kidney and cecum were 18 and 46 ppm, respectively, for the
low-dose group, and 36 and 74 ppm, respectively, for the high-dose group.
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FIG. 5.7 Chemical structures of various anticoccidial drugs.
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Residue depletion studies in chicks given a diet containing 150 or 250
mg amprolium/kg feed from day 1 to day 32 of age showed that amprolium
concentrations at 0 day and 2 day withdrawal from the high-dose diet were 90 and
less than 10 ppb, respectively, in muscle, 410 and less than 20 ppb, respectively, in
liver, 380 and less than 40 ppb, respectively, in kidney, and 420 and less than
20 ppb, respectively, in skin/fat. With the low-dose diet, the corresponding con-
centrations found were 90 and less than 10 ppb, respectively, in muscle, 420 and
less than 20 ppb, respectively, in liver, 350 and less than 10 ppb, respectively,
in kidney, and 160 and less than 10 ppb, respectively, in skin/fat.

When hens were fed diets containing 5 or 250 mg amprolium/kg feed for
21 days, the concentrations of the parent drug in the egg yolks plateaued at 200
and 2000 ppb, respectively. Concentrations in the egg whites were 7 and 50 ppb,
respectively. Following withdrawal of the medications, a linear decline in the
concentrations of amprolium residues in yolks was observed; at 10 days after the
cessation of treatments, concentrations in the egg yolks were lower that 5 ppb.

Arprinocid (Fig. 5.7) is a benzyl purine derivative shown to be effective
against all species of turkey and chicken coccidia. It is administered continuously
with the feed at a dose of 60 ppm for chickens and 90–120 ppm for turkeys.

Following administration, the drug is rapidly metabolized to arprinocid-1-
N-oxide, which is the major metabolite excreted in the urine. In chicken, arpri-
nocid-1-N-oxide is thought to affect microsomal metabolism and DNA synthesis
in the coccidia.

Clopidol (Fig. 5.7), also called metichlorpindol or clopindol, is the only
member of the pyridinol group of anticoccidials that has been commercially suc-
cessful. It is most active against the sporozoite stage of Eimeria, and represents
one of the few drugs used to control the disease in rabbits.

It is administered continuously with the feed at a dose of 200 ppm for
rabbits and 125 ppm for chickens. A mixture with methylbenzoquate is also
available for prevention of coccidiosis in chickens and turkeys. Clopidol is more
coccidiostatic than coccidiocidal. Its coccidiostatic activity may hold the sporozo-
ite undeveloped in the host cell for as long as 60 days; if the drug is withdrawn
during this static phase, latent coccidiosis may appear as the parasite resumes
development. For clopidol, a withdrawal period of 5 days has been set for all
animal species.

Diaveridine, a pyrimidine derivative (Fig. 5.7), is a compound used primar-
ily as a synergist with sulfaquinoxaline or other sulfonamide drugs.

Diminazene, an aromatic diamidine (Fig. 5.7), is a veterinary drug em-
ployed for the treatment of piroplasmosis and trypanosomiasis. A combination
product consisting of 44.5% diminazene and 55.5% phenazone is authorized for
use in cattle, sheep, and horses at an intramuscular dosage of 3.5 mg/kg bw.
Diminazene acts against Babesia by affecting the fine structure and function of
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the cell membranes. It also acts against trypanosomes by binding to DNA and
blocking kinetoplast DNA replication.

In rats and monkeys, moderate absorption of diminazene has been reported
following its oral administration. In studies with rabbits given the combination
product at 3.5 mg/kg bw intramuscularly, maximum blood levels at 15 min and
3 h were 1.3 and 0.116 ppm, respectively. Tissue levels at 7 days after treatment
were highest in the liver (40 ppm), brain (2.5 ppm), and kidney (3 ppm), whereas
40–50% of the administered was eliminated in the urine and 8–20% in the feces.

Following intramuscular administration of 3.5 mg radiolabeled diminazene/
kg bw in cattle, the metabolites p-aminobenzamidine and p-aminobenzamide were
found in the urine besides the parent drug; these metabolites constituted 22% and
4% of the total radioactivity, respectively. Liver, kidney, and muscle tissues were
found to contain total residue levels of 75, 55, and 2.5 ppm diminazene equiva-
lents, respectively, at 7 days postdosing, declining to 24, 12, and 1 ppm, respec-
tively, at 20 day postdosing.

When dairy cows were administered 3.5 mg diminazene/kg bw, highest
residue levels in milk were found at 6 h postdosing, declining to below 0.07 ppm
at 48 h post dosing (50).

Ethopabate (Fig. 5.7) is a substituted benzoic acid having anticoccidial
activity against a number of Eimeria species. It is always used in combination
with amprolium.

Halofuginone, a quinazoline derivative (Fig. 5.7), is a potent anticoccidial
drug for chickens and turkeys since it requires incorporation of only 3 ppm in
the feed (51). Because of its steep dose–response curve, which allows little devia-
tion from the therapeutic dosage before the onset of drug toxicity, difficulties
have arisen in ensuring even distribution of halofuginone in the diet. When given
in high dosages, halofuginone is a growth depressant, it impairs feed utilization,
and reduces feed intake whereas in rats it causes alopecia. Whether similar prob-
lems could occur in humans consuming products with residues of halofuginone
is still unknown. To protect consumer health, a withdrawal period of 7 days has
been set for turkeys and of 5 days for broilers.

Results from a feeding trial in which chickens were fed a commercial feed
containing 3 ppm halofuginone showed that liver could contain about 0.2 ppm,
kidney 0.15 ppm, whereas muscle and fat residue levels lower than 0.02 ppm.

Isometamidium, a phenanthridium derivative (Fig. 5.7), is a veterinary
drug effective for the treatment of trypanosomiasis in cattle, horses, buffaloes,
and camels. It is administered by intramuscular injection at dosages in the range
0.5–2 mg/kg bw.

In rats, isometamidium is poorly absorbed from the gastrointestinal tract,
approximately 99% of an oral dose being excreted in the feces. A similar
absorption/excretion profile is exhibited by homidium, one of the four major
impurities of the commercial product that normally contains about 70% of pure
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isometamidium. Available information on calves, dairy cows, and goats indicates
that high levels of residues of isometamidium occur at the injection site, liver,
and kidneys after intramuscular administration. Reported levels at the injection
site exceeded 1000 ppm, whereas levels in kidney and liver stayed in the range
of 2–7 ppm several days after dosing.

Quinuronium is a complex urea compound (Fig. 5.7) widely used in Babe-
sia infections in horses, cattle, sheep, and swine. The drug is administered only
subcutaneously at dosages of 0.3–0.5 mg/kg bw in horses and 0.5 mg/kg bw in
cattle, sheep and swine.

Robenidine, a guanidine derivative (Fig. 5.7), is suitable for the effective
control of all intestinal coccidia affecting turkey, chicken, and rabbits. Early
formulations of robenidine were administered to poultry at 66 ppm and had no
withdrawal requirements. Complaints of adverse flavoring of meat and eggs from
metabolites of the drug were answered by decreasing the incorporation level to
33 ppm and by enforcing a 5 day withdrawal period. It is now administered
during the risky period by continuous medication in the feed at a dosage of 33
ppm for broilers and turkeys and 55–66 ppm for rabbits.
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Antimicrobial Growth Promoters

Antimicrobial growth promoters are substances that, when added to feeds at
subtherapeutic dosages for an extended period of time, produce improvements
in growth rate and feed conversion efficiency, mortality, and morbidity.

The era of antimicrobial growth promoters began in the late 1940’s when
scientists found that chicks fed a dried fermentation mash of Streptomyces aureo-
faciens grew faster and to a greater final weight than those fed a diet supplemented
with liver extract. The component of the fermentation mash responsible for the
stimulation of growth was identified as chlortetracycline. Soon after the ability
of chlortetracycline to enhance growth was confirmed in turkeys and swine, sev-
eral other drugs were added to the list of the compounds that could enhance
growth and improve feed efficiency when used at levels ranging from 2 to 50
ppm in feed. Since the process by which farm animals convert feed protein into
edible protein for the consumer is not particularly efficient, the extensive and
continuous use of antimicrobial growth promoters as feed additives was rapidly
become a major feature in modern intensive livestock production systems.

In nonruminating animals, antimicrobial growth promoters act primarily in
the digestive tract, exerting a beneficial effect on the composition of microorga-
nisms inhabiting the gut. It has long been known that a well-balanced intestinal
flora obstructs the way to pathogens trying to enter the body. Antimicrobials also
act to slow down bacterial metabolism, thus reducing, the rate at which the intes-
tinal flora break down feed proteins to substances such as ammonia and biogenic
amines, which are toxic to the animals and interfere with the absorption of nu-
trients through the intestinal wall. Antimicrobials help to increase, therefore, the
availability of nutrients and improve intestinal absorption. At the same time, they
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also exert a positive effect on metabolism, increasing the rate at which animals
lay down protein, thus improving weight gain and feed efficiency.

In ruminants, the extent or importance of changes in the small intestine
similar to those observed in nonruminants has not, so far, been documented. In
the case of ruminants, however, the beneficial effects of antimicrobial growth
promoters lies more clearly in their ability to influence the balance of microbial
species inhabiting the rumen. A higher level of rumen propionate is produced in
treated animals at the expense of acetate and sometimes of butyrate production,
and there are significant reductions in energy losses due to the ruminal production
of methane. The total effect is to make rumen fermentation more efficient, thus
increasing the metabolizable energy content available for lean meat production.

In the United States, permitted antimicrobial growth promoters include
several antibiotic and synthetic antibacterial agents. The former group is com-
posed of three aminoglycoside antibiotics including neomycin, streptomycin, and
bambermycin; three macrolide antibiotics including erythromycin, oleandomycin,
and tylosin; three polyether ionophore antibiotics including lasalocid, monensin,
and salinomycin; two tetracycline antibiotics including chlortetracycline and oxy-
tetracycline; three peptide antibiotics including avoparcin, bacitracin, and virgin-
iamycin; and a series of miscellaneous antibiotics including lincomycin, penicillin
procaine, avilamycin, and tiamulin. Within the latter group, several compounds
such as arsenical compounds, nitrofurans including furazolidone and nitrofura-
zone, sulfonamides including sulfamethazine, nitrofurans including furazolidone
and nitrofurazone, sulfonamides including sulfamethazine, sulfathiazole and sul-
faquinoxaline, and quinoxaline-1,4-dioxides are included.

In the European Union, significant changes in use of the permitted antimi-
crobial growth promoters have occurred during the last decade. Currently, only
four antibiotics including monensin, salinomycin, bambermycin, and avilamycin,
and two synthetic antibacterials including carbadox and olaquindox, and autho-
rized. It is important to note that continued use of the antimicrobial growth pro-
moters is constantly under review throughout the world because of consumer
discontent.

Since many of the above-mentioned compounds possess major anti-infec-
tious activity in addition to their role as growth promoters, their application in
animal farming has already been discussed in previous chapters. Hence, this
chapter concentrates on the remaining compounds within this group, namely the
organic arsenicals, peptide antibiotics, quinoxaline-1,4-dioxides, and miscella-
neous substances.

6.1 ORGANIC ARSENICALS

Certain organic arsenicals are incorporated in pig and broiler feeds to improve
weight gain and feed efficiency and to combat enteric infections. Arsanilic acid
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FIG. 6.1 Chemical structures of commonly used organic arsenicals.

and its sodium salt are most commonly used, particularly in pigs, whereas roxar-
sone and the related compound 4-nitro-phenylarsonic acid are used mainly in
broilers (Fig. 6.1). The exact mode of action of these compounds is not yet
understood but it is assumed that it is associated with their antibacterial activity.
They are also efficacious in the egg-producing industry and were previously
approved for use in laying hens, although presently these drugs are no longer
approved for this purpose. However, their use in animals is, generally, rather
limited and the risk–benefit ratio is questionable because these drugs can produce
toxicosis known as peripheral nerve demyelination.

Organic arsenicals are poorly absorbed from the gastrointestinal tract and
are excreted mainly in feces (1). After their absorption, organic arsenicals are
distributed throughout the body and rapidly excreted in the urine without being
metabolized to a great extent. Elimination of the parenterally administered com-
pounds is nearly complete within 24–48 h, while several days are required for
elimination of the compounds from the gut.

When animals do not have constant access to organic arsenicals, there is
a high possibility that significant levels of arsenic residues will not appear in
tissues. However, excessive feeding of these compounds can result in arsenic
concentrations as high as 3–10 ppm in liver and kidney and 1–2 ppm in blood
(1). Feeding organic arsenicals to laying hens also produces a substantial increase
in arsenic residues in eggs, especially in the yolk. It is interesting to note that
arsenic residue concentrations in incurred tissues increase in a dose-dependent
manner and, therefore, a maximum limit of arsenic transfer is not normally
reached (2).

Arsanilic acid is added to swine and poultry feeds at a dosage rate of up
to 100 ppm for growth-promoting purposes. It is also effective for prophylaxis
and treatment of many outbreaks associated with E. coli infections in swine. To
treat scour in swine, arsanilic acid is administered in the feed, at a level of 250
ppm for up to 3 weeks. Arsanilic acid may also be administered to poultry for
treatment of coliform septicemia at a level of 250 ppm in the feed for 5–8 days.
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Roxarsone has been used by the poultry industry due primarily to its ability
to improve growth, feed conversion, and pigmentation to broilers. At least 50%
of the poultry industry has used roxarsone as a growth promoter, although the drug
also exhibits anticoccidial activity similar to that of arsanilic acid (3). Roxarsone is
not approved for use as anticoccidial in the United States, but it is approved for
use in chicken and turkey feeds as a growth promoter. It is added in poultry feeds
at a rate of 50 ppm and in swine feeds at 25–37.5 ppm.

When diets that contained 11–88 mg/kg arsenic originating from the incor-
porated roxarsone were fed to layer hens for 4 weeks, arsenic residues in liver,
eggs, and the excreta significantly increased with increasing arsenic levels in
feeds (4).

6.2 PEPTIDE ANTIBIOTICS

Peptide antibiotics are compounds containing amino acids that are covalently
linked to other chemical entities and consist of more than one component. In
contrast to naturally occurring proteins that are built up from L-amino acids only,
peptide antibiotics usually contain D-amino acids. Avoparcin, bacitracin, efroto-
mycin, enramycin, thiopeptin, and virginiamycin constitute the main members
within this group of drugs (Fig. 6.2). They are usually added to animal feeds at
low concentrations, and produce residues in tissues at very low or undetectable
levels. Unfortunately, the metabolic pathways of most peptide antibiotics have
not been still elucidated. Within the European Union, these antibiotics are regu-
lated under a separate legislation (Directive 70/524/EEC).

Avoparcin is a narrow-spectrum glycopeptide antibiotic composed of two
components. It is used solely for growth-promoting purposes, although it is also
primarily active against gram-positive bacteria. Avoparcin is administered as a
feed additive to improve the rate of weight gain in chickens, turkeys, pigs, and
calves, and to enhance milk production in lactating cattle (5). It is also recom-
mended at dosages of 15–40 ppm in the feed for beef cattle to improve live
weight gain by 5–15%.

In ruminants, avoparcin has a dual action. It acts in the rumen by enhancing
fermentation, and in the intestine by improving the absorption of nutrients. Fol-
lowing feeding to animals, avoparcin is virtually unabsorbed from the gastrointes-
tinal tract and is rapidly eliminated in the form of the parent compound. As a
result, no withdrawal period is required.

Bacitracin is a linear-ring peptide antibiotic produced by Bacillus subtilis
and Bacillus licheniformis. Commercial formulations of bacitracin comprise a
mixture of many closely related compounds classified into bacitracin A, B, C,
D, E, F, and G (5). The main components are bacitracin A, B1, and B2, constituting
57%, 22%, and 13%, respectively, of the mixture, whereas bacitracin F constitutes
less than 2%. Bacitracin F is actually a degradation product of bacitracin A that
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FIG. 6.2 Chemical structures of commonly used peptide antibiotics.
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shows nephrotoxic activity. Except for bacitracin A and F, which have known
molecular structures, the chemical formulas of other existing bacitracin forms
have not been yet elucidated.

Although the A, B, and C forms are microbiologically active, bacitracin F
exhibits no activity. The bacitracin mixture is active against gram-positive organ-
isms, and is usually added to feeds in the form of the zinc salt to promote growth
and enhance egg production. Zinc bacitracin is indicated as a growth-promoting
agent for calves, lambs, swine, and turkeys at a dose of 5–50 ppm and for rabbits
at 5–20 ppm in the feed. It is further used for treatment of mastitis in cows by
the intramammary route. No withdrawal period is required, but the compound
should not be used as a feed additive for adult breeding stock or lactating cattle.
Manganese and sodium salts of bacitracin are also commercially available but
have never gained extensive use.

After oral application, bacitracin is hardly absorbed by the gastrointestinal
tract and, therefore, its distribution in tissues is considered negligible (6). Approxi-
mately 95% of an orally administered dose is excreted via feces, and only 3%
or less via urine. Bacitracin is primarily metabolized to desamidobacitracin and
further to smaller peptides and amino acids. Main metabolites identified in feces
are bacitracin A, B1, B2, F, desamidobacitracin, and catabolic peptides. In urine
and bile, only hydrolytic cleavage products such as small peptides are present.

Intramammary use of bacitracin resulted in residues in milk, but not in
plasma, udder, or any other tissue. Residue depletion studies in cows given intra-
mammary bacitracin treatment showed that muscle, liver, kidney, fat, udder, and
milk from untreated quarters did not contain detectable residues ( 0.003–0.005
IU/ml) after the end of treatment. In milk from treated quarters, however, residues
of bacitracin could be detected during treatment, declining to around 0.04 IU/ml
at the sixth milking after treatment.

Efrotomycin is a peptide antibiotic produced by Streptomyces lactamdur-
ans (7). It is used as a growth stimulant for swine by incorporation at a minimum
level of 4 ppm and a maximum of 8 ppm in the feeds.

Enramycin is also a linear-ring peptide antibiotic produced by Streptomy-
ces fungicidicus. Enramycin consists of two main components called enramycin
A and enramycin B. It is active against gram-positive and acid-fast bacteria and
is an approved growth promoter for poultry and swine. Enramycin is usually
incorporated in feeds in the form of its monohydrochloride form.

Thiopeptin is a sulfur-containing peptide antibiotic complex produced by
Streptomyces tateyamensis. It is composed of five closely related components,
the thiopeptins A1, A2, A3, A4, and B (8). Commercially available thiopeptin is
primarily composed of thiopeptins B. This antibiotic is active against gram-posi-
tive bacteria and is used exclusively as a feed additive for pigs.

Virginiamycin is a mixture of macrocyclic lactones with a peptide part,
collectively called peptolides, that is produced by cultures of Streptomyces virgin-
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iae. These peptolides are classified into the components M1 and M2 that constitute
the so-called factor M, and the components S1, S2, S3, S4, and S5 that make up
the so-called factor S. These two types of microbiologically active factors show
a natural synergism.

Commercially available virginiamycin is prepared by mixing the isolated
components M1 and S1 at a ratio of 4 1. Virginiamycin is primarily effective
against gram-positive bacteria, and has been used as a growth-promoting agent
in nonruminating animals. It can also increase egg production in laying hens (9),
and is effective against necrotic enteritis in broilers and against dysentery in pigs.
Virginiamycin is added to broiler feeds at a dosage rate of 20 ppm, to swine and
calves feeds at 20–50 ppm, and to turkey feeds up to 20 ppm.

Pharmacokinetic studies (10) showed that virginiamycin is not significantly
absorbed and is eliminated mostly in the feces. Following administration of radio-
labeled virginiamycin to rats, turkeys, and cattle, metabolites of the drug appeared
in liver of all animals. Most of these metabolites were covalently bound to tissues,
whereas the extractable metabolites could not be identified. No residues of virgin-
iamycin could be detected in edible tissues and consequently no withdrawal period
has been set up.

When laying hens were fed a diet supplemented with 10 or 40 ppm radiola-
beled virginiamycin, about 0.05% of the ingested dose was recovered in eggs
(11). Radiolabeled residues expressed in terms of virginiamycin equivalents were
found to be 5.1 ppb in the albumen and 31.8 ppb in the egg yolk from hens fed
the 10 ppm diet. However, antibacterial activity could not be detected in these
eggs. Tentative identification showed that about 17% of the total radiolabeled
residues in the albumen behaved chromatographically like the parent drug, while
about 18% was associated with ovalbumin. In the yolk, 31% of the radioactivity
was associated with proteins, 58% with fatty acids, and 4% with nonsaponifiable
matter.

6.3 QUINOXALINE-1,4-DIOXIDES

The importance of quinoxaline-1,4-dioxides to swine was recognized many years
ago, when quindoxin was first marketed as an antibacterial growth-promoting
agent. However, quindoxin caused persistent photocontact dermatitis in several
agricultural workers and, as a result, it was rapidly withdrawn from use. A number
of analogues including carbadox and olaquindox were subsequently introduced
in the market (Fig. 6.3).

The growing concern of consumer groups and of policymakers in drug
regulatory agencies regarding the mutagenic and carcinogenic potency of the
quinoxaline-1,4-dioxides and their possible residues in edible animal products has
caused much debate. Carbadox was initially the main drug in use, but suspicion as
to its safety arose because this compound exhibited both genotoxic and mutagenic
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FIG. 6.3 Chemical structures of commonly used quinoxaline-1,4-dioxides.

activity. Its mutagenic activity appeared to be connected with the mechanism of
antibacterial action, thereby indicating that quinoxaline-1,4-dioxides with antibac-
terial activity will also inevitably show mutagenic activity to some extent (12).
Olaquindox is also a strongly mutagenic agent but seemingly devoid of carcino-
genic activity.

Carbadox is an antimicrobial agent used in swine feeds for growth promo-
tion, improved feed efficiency, increased rate of weight gain, and control of swine
dysentery and bacterial swine enteritis (13). The product is sold for use in starters
and/or grower rations but not in finisher rations. In most areas of the world it is
fed to pigs at 50 ppm in the feed and may be used in animals up to 4 months of
age, with a 4 week withdrawal period before slaughter. In the United States, it
is approved for use in feed at 55 ppm for pigs up to 35 kg bw with a 70 day
withdrawal period.

In swine, carbadox is metabolized rapidly to quinoxaline-2-carboxylic acid,
with the intermediary formation of the aldehyde and the desoxy metabolite of
the parent compound. Metabolism studies with radiolabeled carbadox showed
that the parent compound and its three metabolites are present in plasma within
hours after drug administration, but all four compounds can disappear within 24
h postdosing. The major urinary metabolite was shown to be the quinoxaline-2-
carboxylic acid, which was also excreted in the conjugated form. N-oxides were
not found in urine. Feces also contained some quinoxaline-2-carboxylic acid but
no unchanged carbadox (14).

Residue depletion studies in young pigs fed carbadox-supplemented rations
for 1 week showed the parent compound to be present at 20 ppb in blood, and
at 26 ppb in muscle tissue at 24 h withdrawal; residues were reduced to less than
2 ppb at 48 h, and eliminated at 72 h (15). Desoxycarbadox, although not detected
in blood, could be detected in muscle at the 17 ppb level at 24 h withdrawal to
be reduced, subsequently, to 9 ppb at 48 h and to below the detection limit at
72 h. Whereas only traces of carbadox were found in kidney at 24 h withdrawal,
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desoxycarbadox could be detected in kidney at 186 ppb, 34 ppb, and below the
detection limit at 24 h, 48 h, and 72 h, respectively.

Although carbadox and desoxycarbadox are suspected carcinogens, the con-
ditions of use of the drug and its depletion patterns lessen the human food safety
concerns from these compounds (16). Residues of carbadox in the animal carcass
can be monitored by analyzing liver for the noncarcinogenic quinoxaline-2-car-
boxylic acid. Unlike carbadox and its desoxy metabolite, quinoxaline-2-carbox-
ylic acid persisted in liver although not in kidney, muscle, and fat of pigs fed 55
ppm carbadox for 5 days; average levels of 18.9 ppb at 30 day, 5.5 ppb at 45
day, and 1.3 ppb at 70 day withdrawal were reported (14). In another study,
alkaline hydrolysis of liver and muscle samples of swine treated with carbadox
showed that the concentration of quinoxaline-2-carboxylic acid ranged from less
that 3 ppb to 45.3 ppb for liver and to 10.8 ppb for muscle (17).

Olaquindox is an antibacterial also used as a growth promoter for swine at
an incorporation rate in feeds of 25–100 ppm. In swine, olaquindox is metabolized
either by oxidation of the alcohol group on the side chain or removal of one or
both of the N-oxide groups at the positions 1 and 4 on the quinoxaline ring.

Metabolism studies in swine with radiolabeled olaquindox showed that the
drug was rapidly absorbed from the gut, more than 90% of the dose being excreted
in urine within 48 h after administration (18). In urine, the parent drug constituted
more than 60% of the original dose, whereas the remainder was due to five
metabolites identified as metabolites II, III, IV, V, and VI. Less than 0.1% of
the dose was excreted in the feces within 48 h.

Radiolabeled residue depletion studies in swine also showed that the maxi-
mum concentrations of total olaquindox residues at 2 days after its oral administra-
tion occurred in the kidney (110 ppb) and liver (52 ppb); much lower concentra-
tions could be seen in the plasma (10 ppb) and muscle (9 ppb), whereas fat did
not contain detectable residues (7). These residue levels declined with time so
that at 28 days postdosing they were negligible in kidney (1 ppb) and liver (2
ppb) and nondetectable in muscle and fat.

Feeding low levels of olaquindox (2.0 and 6.0 ppm in feed) to laying hens
for 21 days, resulted in residues in eggs that reached a plateau after some 10
days of medication (19). The sum of residues of the parent compound and the
N4-monooxy metabolite, which was the only metabolite observed, was higher in
egg white than in yolk, the amount of the metabolite accounting for 15–20% of
the total residues. After cessation of the medication, the residues in both yolk
and white declined below 2 ppb in about 5 days.

6.4 MISCELLANEOUS

Avilamycin is a polyether antibiotic of the orthosomycin family that consists of
a six-member oligosaccharide, dichloroisoeverninic acid, and methyl eurekanate
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FIG. 6.4 Chemical structures of avilamycin A, halquinol, mupirocin, and ni-
trovin.

(Fig. 6.4). The avilamycin complex is produced by Streptomyces viridochromo-
genes and is composed of factor A as the major component with several other
minor components (20). It is used as a feed additive for swine at a level of 20–40
ppm for animals up to 4 months of age and at 10–20 ppm for animals of 4–6
months of age (21, 22). When fed to swine, avilamycin causes an increase in
gain rate and efficiency of feed utilization.
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Metabolism and residue depletion studies of avilamycin in swine and rats
showed that oral doses are excreted rapidly and nearly quantitatively, with only
5% of the dose excreted in urine and the remainder in feces (23). Most of the
parent compounds were metabolized or degraded, since only about 8% of the
total residues in feces was parent avilamycin.

Pigs dosed with radiolabeled avilamycin produced three unidentified fecal
metabolites derived from the oligosaccharide and/or the eurekanate moieties.
However, the primary metabolite in feces and liver was flambic acid. Mean total
residues in muscle were all below 0.2 ppm, whereas residues in other edible
tissues were all below 1 ppm. Most of tissue residues were derived from the
oligosaccharide and/or the eurekanate portion of avilamycin, whereas very little
was parent avilamycin. In fat, the avilamycin related residues was found to be
due to radioactivity that had entered normal metabolic pathways and had been
incorporated into the fatty acids.

Halquinol is a mixture of compounds obtained by the chlorination of 8-
quinolinol (Fig. 6.4). It is composed of 5,7-dichloro-8-quinolinol (57–74%), 5-
chloro-8-quinolinol (23–40%), and 7-chloro-8-quinolinol (up to 3%). Halquinol
is active against both gram-positive and gram-negative bacteria, fungi, and pro-
tozoa.

When administered orally, halquinol is not absorbed by the gastrointestinal
tract and, thus, is effective for controlling intestinal tract infections in swine and
poultry. It is added to swine feeds at a level of 100–600 ppm and to poultry
feeds at 30 ppm.

Mupirocin is an antibiotic complex produced by Pseudomonas fluorescens.
Its structure contains a unique 9-hydroxy-nonanoic acid moiety (Fig. 6.4). It is
active against both gram-positive bacteria such as staphylococci and streptococci
and against some gram-negative bacteria of lesser importance. Mupirocin is li-
censed for use in skin and soft tissue infections in dogs and cats in the United
States. The calcium salt of mupirocin is used in swine and cattle feeds as a growth-
promoting agent at a dosage of 120–300 mg/day (24).

Nitrovin (Fig. 6.4) is a nitrofuran used as a growth promoter in animal
feeds for chickens, turkeys, swine, and calves at concentrations varying from 10
to 40 ppm in the feed. The compound has been withdrawn in the European Union.
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Anabolic Hormonal-Type Growth
Promoters

It has long been established that the sexual status of an animal controls and
coordinates its growth rate and speed of fattening. Bulls grow faster and lay down
more lean meat in the carcass than steers, whereas steers grow faster with a
higher feed conversion efficiency than cows. These beneficial effects on animal
performance are due to the sex steroids produced in the testes.

The decreased level of androgens in castrated male cattle as a result of
testicular removal leads to production of a carcass that is intermediate between
that of an intact male and a female. Since the increased proportion of fat in such
a carcass makes it less valuable for the health-conscious consumer, extensive
research has been directed towards replacing the loss of carcass quality resulting
from castration, by administration to the animals of various natural and synthetic
hormonal substances, collectively called anabolic hormonal-type growth pro-
moters. These compounds can substantially increase growth rate and improve
feed efficiency and carcass composition in a process that may be highly profitable
for the animal feeders.

These beneficial effects, which are on the order of 10–40%, are achieved
predominantly in ruminants. It has been estimated that use of hormonal implants
can improve farmers’ margins by up to £30 a head for steers and £15 a head for
heifers. Applications in other food-producing animals such as sheep, swine, and
poultry occur to a lesser extent and, thus, are of limited importance.

The use of anabolic hormonal-type growth promoters in ruminants can
create a hormonal situation in castrates, females, and young stock that may be
similar to that found in intact males and pregnant females. Accordingly, the
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greatest benefits are seen in cows treated with androgens, bulls treated with estro-
gens, and castrates treated with combined formulations of androgens and estro-
gens. Beyond their hormonal estrogenic, androgenic, and gestagenic activity, the
anabolic hormonal-type growth promoters can be classified according to their
chemical structure or origin into endogenous sex steroids, steroidal compounds
not occurring naturally, nonsteroidal compounds not occurring naturally, and
polypeptide hormones.

For all these hormonal substances to exert their desired effect, the method
of administration to the animal is most important. They can be administered to
animals by intramuscular injections but some compounds can be also administered
incorporated into the feeds. However, the best method is one in which they are
administered in form of a subcutaneous implant in the ear. This allows for a
controlled slow release of the active ingredients, exposing the animal to a constant
stimulating effect of the anabolic agent.

The overall rate of absorption of an anabolic agent from an implant can be
influenced by a number of factors, including the technique of administration,
total dosage given, integrity of the implant, presence of a second anabolic in the
implant, implant size, shape, and hardness. Since at the end of the withdrawal
period, up to 10% of the initial dose may still be found at the site of implantation,
care should always be taken to discard this area at slaughter.

Unlike in the United States where some anabolic hormonal-type growth
promoters are permitted, use of these compounds, either natural or synthetic, as
growth promoters in meat-producing animals has not been allowed in the Euro-
pean Union since 1988, due to potential adverse effects to human health. Never-
theless, many anabolic hormonal-type growth promoters are still used illegally
in the European Union.

The distribution of residues of anabolic hormonal-type growth promoters
in animal tissues depends on their mode of metabolism and excretion. Residues
are commonly found in muscle, fat, liver, kidney, and milk, as well as in urine,
bile, and feces. In general, residue concentrations tend to be higher in the excreta
than in tissues. Control of the abuse of these compounds is usually carried out
through the analysis of edible tissues, injection sites, kidney, fat, urine, or even
feces. In recent years, use of fecal samples has become of increasing importance
because of their ease of collection in intensive livestock farming.

7.1 ENDOGENOUS SEX STEROIDS

Two female sex hormones, estradiol-17 and progesterone, and one male sex
hormone, testosterone, are used as growth promoters on beef cattle (Fig. 7.1). By
nature, they are all endogenous products playing an important role in controlling
reproductive functions in humans and animals. When applied exogenously they
will enter the same metabolic pathways as the endogenously produced molecules.
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FIG. 7.1 Chemical structures of commonly used endogenous sex steroids.

Metabolism leads to their rapid deactivation in the body and, hence, these
compounds exhibit little oral activity. Thus, they have to be given parenterally.
Most of the catabolism of these compounds occurs in liver, and enterohepatic
circulation may then occur, with the metabolites exerting little if any biological
activity. In cattle, most of these compounds are eliminated in feces where 60–90%
of the metabolites are found in the free form. In contrast, metabolites occurring
in urine are predominantly in conjugated forms.

Residue depletion studies in animals have generally indicated that adminis-
tration of natural sex steroids resulted in residues in the edible tissues orders of
magnitude lower than those naturally occurring in mature males, females, and
pregnant females. Thus, in order to define such residues after exogenous adminis-
tration, it is necessary to establish previously the physiologically occurring range
of values. Ever since people started to use animals as a source of food, they have
been exposed to such levels of endogenous sex steroids.

Estradiol-17 is given to animals in form of a subcutaneous implant in
the ear, alone or in combination with other hormonally active compounds such
as progesterone or trenbolone acetate. Estradiol-17 is used in steers, to best
advantage, but also exhibits some anabolic effects in heifers and veal calves. It
works best in lambs in conjunction with androgens, but is not effective as an
anabolic agent in pigs. It has been used in many forms in the past including the
benzoate, dipropionate, hemisuccinate, heptanoate, propionate, undecanoate, and
valerate esters.

Estradiol-17 derived from an implant is indistinguishable from the endoge-
nous estradiol-17 in the circulatory animal’s system. Following administration
of radiolabeled estradiol-17 to calves, radioactivity in urine was mainly due to
estradiol-17 , with much lower amounts of estrone. Apart of the free forms,
both compounds were present as conjugates as well. Radioactivity in feces was
primarily due to estradiol-17 and to estradiol-17 and estrone, each compound
occurring in the nonconjugated form (1).
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After administration of estradiol benzoate to calves, the major metabolites
found in muscle were estradiol-17 and estrone. The pattern of metabolites occur-
ring in fat was similar to that in muscle. Highest residue concentrations were
found in kidney and liver, the major metabolites being identified in kidney includ-
ing estradiol-17 , estradiol-17 -glucuronide, estradiol-17 , and estrone. In liver,
major metabolites could not be identified but estradiol-17 , estrone, estriol, and
glucuronides accounted for the remaining radioactivity (2).

Unlike in calves, the nature of the major liver metabolites was identified
in steers; the -D-glucopyranoside of estradiol-17 was found to be a major
metabolite, whereas the 3- -D-glucosiduronate of estradiol-17 and other 17-
glucosides of estradiol-17 and estradiol-17 were found to be minor ones (3).
Residue depletion studies in steers implanted for 70–180 days with controlled-
release implants containing 24 mg estradiol-17 showed that 24 h after implant
removal the concentrations of residual estradiol-17 and estrone were 4.0 and
4.0 ppt in muscle, 5.0 and 4.7 ppt in liver, 7.5 and 7.1 ppt in kidney, and 7.1
and 14.3 ppt in the fat, respectively. These concentrations of residual estradiol-
17 and estrone in the incurred samples were very close to those in the control
tissues, which accounted for 5.8 and 4.8 ppt in muscle, 4.0 and 6.5 ppt in liver,
6.7 and 7.9 ppt in kidney, and 6.8 and 10.5 ppt in the fat, respectively.

Progesterone is used primarily as a growth promotant in cattle in combina-
tion with estradiol or its esters. Administration is carried out by subcutaneous
implant in the ear, which is subsequently discarded at slaughter. When adminis-
tered exogenously, progesterone enters the same metabolic pathways and is indis-
tinguishable from the endogenously produced compound.

In the liver of treated steers and calves, the major metabolites of progester-
one were identified as the 3- -hydroxy-5 -pregnan-20-one and 5 -pregnan-
3 ,20 -diol. In kidney, the major metabolites were identified as the 20 -hydrox-
ypregn-4-en-3-one, 3 -hydroxy-5 -pregnan-20-one, 3 -hydroxy-5 -pregnan-
20-one, and 5 -pregnan-3 ,20 -diol, whereas about 15% of the total residues
was due to the unchanged progesterone. In muscle and fat, there was also evidence
of hydroxylated metabolites that constituted minor fractions and possessed greatly
diminished biological activity compared with the parent compound. The observed
residues in these tissues were primarily composed of the parent compound and
its glucuronide conjugate (4).

Similarly to other endogenous sex steroids, residue levels of progesterone
in edible tissues of treated animals were very low. Residue depletion studies (5)
in steers showed progesterone levels of 0.4 ppb in muscle, liver, and kidney, and
3.5 ppb in fat; these levels compare well with the normal levels amounting to
approximately 0.2 ppb in muscle, liver, and kidney and about 2.5 ppb in fat from
untreated animals.

Testosterone is used for growth-promoting purposes in cattle as an subcuta-
neous implant in the ear, in combination with estradiol or its esters. It is usually
administered in the form of its acetate, propionate, or isobutyrate esters.
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When administered exogenously, testosterone enters the same metabolic
pathways and is indistinguishable from the endogenously produced molecule.
Since testosterone is normally produced in all mammalian species, it is always
present in plasma of untreated animals but in a wide range of concentrations.
The testosterone levels determined in plasma of the male calf are related to its
age but are higher than those in immature and mature females. Compared to bull
calves, slightly higher values for testosterone were determined in male piglets.
As determined in veal calves, the percentage of conjugated testosterone was found
to vary in the range 20–55% (6).

In all species, metabolism of testosterone leads to its biological deactivation.
In sheep and cattle, this biological deactivation leads mainly to formation of
epitestosterone, whereas in nonruminants it leads to androsterone, etiocholano-
lone, and dehydroepiandrosterone (7–9). Residues of endogenous testosterone are
usually highest in the kidneys of animals such as heifers with a low testosterone
production rate, and highest in fat of animals such as bulls, with a high production
rate.

Residue depletion studies (10) with nonpregnant heifers showed that at 30
days after implantation of testosterone and estradiol-17 , mean levels of testoster-
one in fat increased from 26 to 340 ppt, in muscle from 20 to 100 ppt, in liver from
13 to 34 ppt, and in kidney from 190 to 450 ppt. These levels were progressively
decreased to reach the concentrations expected for the endogenous hormone levels
at 130 days. The maximum levels of testosterone in all tissues of treated heifers
were less than the levels found, in the untreated pregnant heifers. In kidney, this
difference was of the order of three-to eightfold, depending on the length of
pregnancy. Similar differences were seen in kidneys of treated heifers and un-
treated bulls; however, the difference in the fat of treated heifers and untreated
bulls was found as high as 30-fold.

7.2 STEROIDAL COMPOUNDS NOT OCCURRING
NATURALLY

Synthetic steroidal compounds currently in use in many countries as officially
licensed anabolic agents for food-producing animals include trenbolone acetate
and melengestrol acetate (Fig. 7.2). In addition, a great variety of other synthetic
steroidal compounds that may be used illegally for growth-promoting purposes
are also available. Examples of such compounds that are approved only for ther-
apy of behavior and reproductive disorders in non-food-producing animals are
boldenone, chlormadinone acetate, ethylenestrol, fluoxymesterone, medroxy-
progesterone acetate, megestrol acetate, methandienone, methylboldenone, meth-
yltestosterone, drostanolone, norethandrolone, norgestomet, norgestrel, nortes-
tosterone (nandrolone), nortestosterone decanoate, oxymetholone, and stanozolol
(Fig. 7.2).
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FIG. 7.2 Chemical structures of commonly used steroidal compounds not oc-
curring naturally.
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FIG. 7.2 Continued

Boldenone (17 -boldenone) is an androgenic steroid with known anabolic
properties. As the oxidation of 17-ol to 17-one steroids is a recurring pathway
both in vivo and in vitro, boldenone studies in cattle liver microsomes performed
in vitro showed that the most prominent metabolite formed was androst-1,4-diene-
3,17-dione (11). Not long ago, it was assumed that the presence of boldenone or
its main metabolite in the urine implied illegal administration of this steroid to
the animal. Evidence has been recently presented that the presence of only the
boldenone metabolite in urine cannot be taken as a proof of the illegal use of
this compound because boldenone is a naturally occurring steroid in urine of
cattle (12). Nevertheless, the presence of 17 -boldenone in urine at levels above
1–2 g/L seems to be clear proof of its illegal use, although clear cut-off levels
have not been yet assessed.

Chlormadinone acetate is a synthetic progestagen used to prevent or sup-
press ovulation. Injection of chlormadinone acetate intramuscularly at a level of
200 mg in the neck of a veal calf results in relatively high residue concentrations
in the urine of the treated animal (13). Levels of chlormadinone acetate residues
in the urine of calves were found to range between 6 and 18 ppm.

Chlortestosterone is a steroid that is biotransformed in cattle to various
metabolites. Urine analysis showed that the major metabolites were represented
by the compounds 4-chlorandrost-4-ene-3,17-dione, 4-chlorandrost-4-ene-3 ,
17 -diol, and 4-chlorandrost-4-ene-3-ol-17-one (14).
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Ethylenestrol, a 17 -methylated steroid, represents a further step from
testosterone towards an estrogen, given the removal of an oxygen atom at the C-
3 position. In disagreement with the commonly occurring oxidative pathway of
steroids from 17-ol to 17-one forms, ethylenestrol cannot produce a dione ana-
logue, both in vivo and in vitro, possibly due to shielding of the 17-OH function
by an alkyl group. However, norethandrolone has been clearly identified as a
major metabolic product of ethylenestrol.

Medroxyprogesterone acetate is a synthetic long-acting progestagen
closely related to progesterone, although it is 20–30 times more potent in sup-
pressing ovulation in animals. In veterinary medicine, medroxyprogesterone ace-
tate is used at a dosage of 60 mg/animal for synchronization and induction of
estrus in sheep.

In sheep treated intravaginally with medroxyprogesterone acetate, residues
were highest and more persistent in fat; lower residue levels were found in liver
and muscle. Mean residue concentrations in fat were higher than 20 ppb at 2 h
posttreatment, declining to 14 ppb at 2 days and to approximately 7.5 ppb at 5
days posttreatment. Residues in liver and muscle were 2 ppb at 2 h and 1 ppb
at 2 days posttreatment, respectively, declining to less than 1 ppb at 5 days
posttreatment. In kidney, residue levels were less than 1 ppb at all time points.

Studies on the excretion of medroxyprogesterone acetate in veal calves
following intramuscular injection of a ‘‘hormone cocktail’’ containing 24 mg
medroxyprogesterone acetate, 100 mg estradiol-17 benzoate, and 200 mg nortes-
tosterone decanoate, showed that residue levels in plasma were about 1 ppb at 2
day postdosing, declining rapidly thereafter to reach 30 ppt at 14 days postdosing
(15). Urinary medroxyprogesterone acetate could be detected for only a few days
after injection, reaching 37 ppt at 14 days postdosing; residue levels in kidney
fat were much higher and, thus, this tissue was suggested to serve as target tissue.

Melengestrol acetate, a synthetic progestagen, is an effective agent in
promoting growth and improving feed efficiency in feedlot heifers. The progesta-
genic activity of melengestrol acetate is approximately 125 times greater than
that of progesterone. Since it is orally active, this steroid is usually administered
as a feed supplement at a dosage of 0.25–0.5 mg/day for 140–185 days.

Pharmacokinetic data with radiolabeled melengestrol acetate showed that
the parent compound and/or its metabolites are primarily eliminated with the
feces (16). At 6 h postdosing, total radioactivity in heifer liver, fat, kidney, and
muscle tissues was 9–15 ppb, 7–8 ppb, 1.2–1.8 ppb, and 0.5–1 ppb of melenges-
trol acetate equivalents, respectively. In fat, most of this radioactivity (80%) was
found to be due to the parent drug, while in liver, kidney, and muscle tissues
the parent drug represented about 37%, 30%, and 45% of the total residues,
respectively.

Residue depletion studies (1) using melengestrol acetate as marker residue
and fat as marker tissue have demonstrated that residues in fat remained well
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below the level of 25 ppb, even when animals were still consuming the drug. A
48-h withdrawal period has been established by the US Food and Drug Adminis-
tration. Although widely used in the United States, melengestrol acetate is not
approved for use in the European Union.

Norgestomet, a synthetic derivative of progesterone, has been widely used
for synchronization of estrous in cattle. It is administered with an intramuscular
injection in combination with a subcutaneous ear implant that contains 3 mg
norgestomet and is removed after 9–10 days.

Pharmacokinetic studies in heifers showed that plasma peak levels of norg-
estomet were reached within 2–6 h after dosing. Plasma elimination half-lives
were estimated at 4.3–9.5 days after removal of the implant. Elimination occurred
mainly via feces within 18 days after treatment.

In heifers and cows, norgestomet was extensively metabolized into several
polar metabolites. Besides the parent compound, three metabolites including a
norgestomet metabolite with a degraded pregnane chain, a norgestomet metabolite
with a hydrolyzed 17 -acetyl chain, and a norgestomet metabolite with a hydro-
lyzed 17 -acetyl chain reduced at the C-20 position were identified in plasma,
urine, and bile of heifers. However, the greater part of the total polar metabolites,
a small fraction of which corresponded to glucuronides or sulfates, could not be
identified.

Immediately after removal of norgestomet implants from cows, highest
mean residue levels were found in fat (0.37 ppb), followed by the injection site
(0.09 ppb), kidney (0.07 ppb), and liver (0.05 ppb). Norgestomet levels in liver
and fat declined rapidly to below 0.03 and 0.07 ppb, respectively, at 2 days
withdrawal. Norgestomet levels in kidney declined more gradually from 0.05 ppb
at 2 days to below 0.03 ppb at 5 and 8 day withdrawal. In the injection site,
norgestomet levels showed no apparent decline: the levels were in the range
0.07–0.15 ppb from 2 day to 8 day withdrawal. Lactating cows similarly treated
showed highest mean norgestomet concentration in milk (0.138 ppb) at 2 days
postdosing, declining gradually to 0.008 ppb upon removal of the implant.

Nortestosterone and its derivatives are banned for use in livestock produc-
tion within the European Union, but have been abused as growth promoters in
cattle (17). Abuse can be detected by finding injection sites at slaughter and also
by monitoring bile and urine for 17 -19-nortestosterone and/or its 17 -epimer,
the major metabolite in cattle (18, 19). However, it is known that 17 -19-nortes-
tosterone occurs naturally in pregnant cows (20), and 17 -19-nortestosterone is
produced in boars (21) and stallions (22). To evade detection of injection sites
at slaughter, some producers have used either multiple injections of small volumes
at obscure sites or pour-on formulations.

The pharmacokinetics and residue excretion profiles of differing
formulations/administration routes of nortestosterone esters were examined in
beef heifers (23). Differences were not found in the pharmacokinetic parameters
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between single and multiple treatments for either nortestosterone phenylpropion-
ate or nortestosterone laurate. Relative bioavailability of pour-on formulations
was 8.2% and 9.8% for multiple and single nortestosterone phenylpropionate
treatments, and 31.9% and 24.6% for multiple and single nortestosterone laurate
treatments, respectively, whereas 17 -19-nortestosterone was the only biliary
metabolite detected in animals receiving injections. Both 17 - and 17 -19-nortes-
tosterone were detected in animals given pour-on formulations, but 17 -19-nort-
estosterone was the only one found for a short period following withdrawal.
Apart from these major metabolites, several other minor metabolites that were
hydroxylated degradation products of nortestosterone could be detected (18).

Following injection of nortestosterone esters in veal calves, residues were
detectable, even after a long waiting period of 73 days, in fat, whereas in urine
residues were below 1 ppb (24). Elevated dosages and shorter waiting periods
resulted in an almost proportional increase in the residue levels in both fat and
urine. In contrast, nortestosterone given orally did not cause residue formation
in the fat but nortestosterone was present in urine.

These residue patterns may be explained on the basis of the different meta-
bolic routes by which nortestosterone reaches blood circulation. Nortestosterone
esters that come from the injection site are hydrolyzed and partly oxidized within
the blood, and then 17 -19-nortestosterone and norandrostendione migrate into
fat and muscle. After epimerization and conjugation to 17 -19-nortestosterone
glucuronide, this metabolite also enters the circulation and is excreted via bile
and urine. Following oral uptake, nortestosterone is transported to the liver by
the portal vein, and is almost completely metabolized to 17 -19-nortestosterone
glucuronide during the first passage of the liver. Predominantly this metabolite
enters the circulation prior to excretion; hence residues of 17 -19-nortestosterone
or norandrostendione remain below the detection limit

Stanozolol is an androgenic anabolic steroid used in cases of deficiency in
protein synthesis and osteoporosis. In spite of its prohibition by the International
Olympic Committee since 1974, this compound has been often abused by athletes
and in horse-races to enhance performance (25). In recent times, the discovery
of stanozolol at injection sites revealed its illegal use as a growth promoter in
breeding, despite the ban in the European Union in effect since 1988 (26).

Metabolism studies of stanozolol in cattle showed the presence in urine of
treated animals of the parent stanozolol and its 16-hydroxystanozolol metabolite
in case of oral administration, or the presence of the two hydroxylated metabolites,
16-hydroxystanozolol and 4,16-dihydroxystanozolol, in case of subcutaneous ad-
ministration (27).

Trenbolone acetate is a synthetic steroid with hormonal activity similar
to testosterone but with greater anabolic activity. After administration to cattle,
trenbolone acetate is rapidly hydrolyzed to its free hydroxylated form (28). The
17 -OH epimer is the major metabolite occurring in the excreta, bile, and liver,
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while the 17 -OH epimer that has one-tenth of the hormonal activity of the 17 -
OH epimer, is the major metabolite occurring in muscle (29). A number of other
metabolites have been also identified in the bile, but only trendione seems to
occur in some quantitative amounts. The major route of elimination is via the
bile and feces, whereas elimination with the bile and urine occurs following
conjugation, predominantly to glucuronic acid (30).

Following implantation of 200 mg of radiolabeled trenbolone acetate in
calves and heifers, maximum levels of residues in tissues occurred at about 30
days postimplantation (31). The highest total drug-related residues expressed as
trenbolone equivalents were approximately 50 and 3 ppb in liver and muscle,
respectively. Only 25% and 10% of those residues could be extracted by ether
or ethyl acetate from glucuronidase-treated liver and muscle samples, respec-
tively. The majority of trenbolone residues were not extractable by organic sol-
vents, a finding suggesting that they were covalently bound to tissues (32).

Additional studies demonstrated that the ratio of 17 - to 17 -OH epimers
in liver and kidney was about 1 5 and 1 2.5, respectively, while it was the reverse
in muscle and fat (33). The levels of the conjugated 17 - and 17 -OH epimers
in liver were two- to fourfold than those in free form, while there were about
equal or double amounts of conjugated trenbolone residues in kidney. Levels of
conjugated trenbolone were found to be very close to the detection limits in
muscle and fat (34).

7.3 NONSTEROIDAL COMPOUNDS NOT OCCURRING
NATURALLY

Zeranol and stilbene estrogens are the two major types of compounds included
in this class of anabolics (Fig. 7.3). Major members of group of stilbene estrogens
are diethylstilbestrol, hexestrol, and dienestrol.

Zeranol ( -zearalanol) is a semisynthetic estrogen prepared industrially by
reduction of zearalenone, which is one of three closely related toxins produced
by Fusarium spp. fungi. The isomeric -zearalanol is called taleranol. Only zera-
nol from these resorcyclic acid lactones is used as a growth promoter. Administra-
tion is performed by a subcutaneous ear implant at a dose of 36 mg for suckling,
weaned, growing, and finishing cattle, and at 12 mg for sheep, with a duration
of activity of 90–120 days. The implant is used alone or with another hormonally
active ingredient to increase weight gain and improve feed efficiency. Unlike in
the United States, the administration of zeranol to fatten animals is prohibited in
the European Union.

The metabolism of zeranol has been studied in many species, including
cattle, sheep, and rabbits. In all mammals, zeranol was metabolized in liver mainly
to zearalanone and taleranol (35). The ratios of zeranol to zearalanone to taleranol
in tissues and excreta varied with the animal species. In cattle, taleranol has been
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FIG. 7.3 Chemical structures of commonly used nonsteroidal compounds not
occurring naturally.

identified as a major metabolite (36). Additional minor metabolites of unidentified
structure that demonstrated polar characteristics were observed in urine, liver,
and feces from cattle treated with radiolabeled zeranol (37). Since the concentra-
tions of these metabolites were reduced but not eliminated after prolonged incuba-
tion with either -glucuronidase or sulfatase enzyme preparations, it was specu-
lated that there might be multiple conjugates of zeranol and its metabolites.

In all animal species except rabbits, zeranol and its metabolites were ex-
creted through the bile to feces both as free compounds and glucuronidated and/
or sulfated conjugates. Elimination with urine could also be monitored over an
extended period of time following implantation at the recommended dosage (29).
Concentrations in urine of sheep were generally higher than in cattle, due presum-
ably to the lower dose per unit of body weight in cattle than in sheep. In rabbits,
zeranol and its metabolites were excreted primarily through urine.

Total tissue residues resulting from ear implantation of radiolabeled zeranol
to cattle at the recommended dosage peaked from 5 days to 15 days, decreasing
slowly thereafter as the implantation time increased (38). At 65 days, approxi-
mately 60% of the initial dose remained at the implant site, 12–18% was re-
covered in the urine, and 21–34% in the feces. Total residue levels in edible
tissues at all times postimplantation were generally very low. Highest residue
concentrations occurred in liver but never exceeded the level of 10 ppb. Residue
concentrations in muscle, kidney, and fat were below 0.2, 2 and 0.3 ppb, respec-
tively, at any time postimplantation.
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Following implantation of radiolabeled zeranol and trenbolone acetate to
pigs, a considerable biliary excretion occurred that presumed the existence of an
intense enterohepatic circulation (39). Free zeranol, zearalanone, and taleranol
as well as the corresponding glucuronated and sulfated conjugates were identified
in the urine, bile, and feces. Glucuronated conjugates were the major metabolites
found, and zearalanone was the major aglycon (39–41). Liver was the target
tissue, and most of the residual radioactivity corresponded to similar quantities
of zeranol and its conjugated metabolites.

Diethylstilbestrol, hexestrol, and dienestrol are all stilbene estrogens cur-
rently banned worldwide for use in food-producing animals. They are genotoxic,
not easily metabolized compounds, which are considered capable of irreversibly
initiating the carcinogenic process even at small residue concentrations.

Diethylstilbestrol and hexestrol have been legally permitted for use as ana-
bolics for quite some time in many countries, while the use of dienestrol, which
is a metabolite of diethylstilbestrol, was restricted to illegal practice. Since all
stilbene estrogens have high oral activity, both oral and parenteral formulations
have been in use in cattle and, to a lesser extent, in sheep and swine.

Pharmacokinetic studies, particularly with diethylstilbestrol, showed that
70–80% of the dose administered to ruminants was eliminated through the feces,
whereas less than 50% of the dose administered to pigs was excreted in urine
(42, 43). At 1 day after oral administration of radiolabeled diethylstilbestrol to
cattle, approximately 1% of the initial dose was found in organs and muscle
tissue, the value decreasing to 0.29% and 0.01% at 2 days and 5 days postdosing,
respectively. Therefore, in spite of enterohepatic circulation and binding to plasma
proteins, the overall elimination of diethylstilbestrol from muscle and organs was
rather rapid. At least for cattle, more than 60% of the diethylstilbestrol given was
eliminated in the glucuronated form with bile and urine. Hence, in liver and kidney
the concentrations of the conjugated diethylstilbestrol and dienestrol exceeded by
far those occurring in the free form.

In the living organism, the conjugated diethylstilbestrol reaching the gut
with the bile is hydrolyzed by intestinal enzymes and then is available for entero-
hepatic circulation. Metabolism of diethylstilbestrol is similar among species: a
major part of the administered dose is eliminated as unchanged diethylstilbestrol,
but it is different in respect to the type of the metabolites formed.

In rodents, some of the urinary metabolites were identified as dienestrol,
and as hydroxy- and methoxy-derivatives of dienestrol and diethylstilbestrol.
When diethylstilbestrol was given orally to ostriches, parent compound and the
metabolite dienestrol could be detected in urine (44). Diethylstilbestrol was rap-
idly excreted, its concentration being above 2 ppb for only 4 days although it
could be detected by 18 days. The concentration of dienestrol was just above 2
ppb for 1 day only and could be detected for 3 days only.
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In cattle feces, 64% of the total residues was identified as diethylstilbestrol,
23% as 3-(p-hydroxyphenyl)-2-hexene-4-one, and less than 1% as 4′-hydroxypro-
piophenone (43). The identification of 4′-hydroxypropiophenone as a metabolite
of diethylstilbestrol implies that dienestrol is formed through an epoxide-diol
pathway and that these metabolites show electrophilic reactivity (45). These ob-
servations have to be seen in connection with the mutagenic and carcinogenic
activity of diethylstilbestrol and possibly also the other stilbene estrogens.

7.4 POLYPEPTIDE HORMONES

The most common polypeptide compound affecting growth is a natural hormone
known as somatotropin. It is a single-chain polypeptide of 191 amino acids with
two intrachain disulfide bridges, its precise structure being species-specific. Thus,
the specific somatotropin found in cows, also called bovine somatotropin, exhibits
maximal biological activity in cattle, but it is inactive in humans or other species.
Somatotropins, in general, have a short half-life of 20–30 min, they are not orally
active, and are rapidly metabolized and excreted by gut, liver, and kidney. Kidney
constitutes the major site of degradation and clearance of somatotropins and
other polypeptide hormones such as insulin, corticotrophin, and somatomedins.
Although natural somatotropins substantially improve carcass composition, pro-
duction efficiency, and lactation in farm animals, their only source until recently
was that extracted in small quantities from the pituitary gland of slaughtered
animals. With the development, however, of genetic engineering techniques it
has recently become possible to produce large quantities of some somatotropins
at relatively low cost, using recombinant DNA technology (46).

Long-term administration of somatotropins to growing pigs, lambs, heifers,
and steers has been shown to increase live weight gain, an increase typically
associated with increased protein accumulation, decreased fat content, and im-
proved feed conversion efficiency (47, 48). Experiments with cattle showed that
live weight responses to the administration of somatotropins were generally lower
than those normally observed with steroid implants. In contrast, somatotropins
were potent stimulators of milk production, increasing the milk yield by 20–40%
in dairy cows (49, 50). It should be emphasized that, in this case, the effect of
somatotropins was to increase the efficiency of milk production, not milk yield
per se, by improving feed efficiency (51).

Bovine somatotropin in the form of several recombinant DNA-derived
analogues, such as sometribone, somagrebone, somidobone, and somavubone, is
used to increase milk production in lactating dairy cows. There is available a
great variety of commercial formulations including daily formulations as well as
7 day-, 14 day-, and 28 day-prolonged-release formulations. The daily formula-
tions are based on homology with natural bovine somatotropin, whereas the 14
day and 28 day formulations are based on methionyl bovine somatotropin (some-
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tribone). The recombinantly derived somatotropins differ structurally from the
pituitary bovine somatotropin by about 0.5–5% in the amino acid sequence at
the terminal end of the molecule.

Somatotropins, including recombinantly derived somatotropin, are de-
graded by enzymes of the gastrointestinal tract and are therefore inactive when
administered orally. Thus, they must be injected rather than fed to animals. Treat-
ment of lactating dairy cows with recombinantly derived somatotropin causes an
increase in plasma bovine somatotropin concentrations physiologically indistin-
guishable from the changes induced with pituitary-derived bovine somatotropin.
The major metabolite identified in the serum was the same as the bovine somato-
tropin fragment cleaved by thrombin, occurring between amino acid 132 and 133.
The analytical methods used to determine the concentration of bovine somato-
tropin in plasma, milk, or tissues do not differentiate between recombinantly
derived somatotropin and endogenous bovine somatotropin. Thus, when concen-
trations are given, they actually represent total bovine somatotropin concentra-
tions.

Milk residue studies demonstrated that use of recombinantly derived soma-
totropin, even at exaggerated doses, did not lead to concentrations of bovine
somatotropin in milk above those normally present in the untreated cows (0.9–1.6
ppb) (52, 53). Bovine somatotropin occurs naturally in cow milk at variable levels
generally less than 2 ppb, but they may occasionally range up to 10 ppb.

There tends to be more prolonged debate however, about the effects of
bovine insulin-like growth factor-I levels in milk. Insulin-like growth factor-I
(IGF-I), also called somatomedin, is produced mainly in liver in response to
somatotropin, and is probably involved in mediating the action of somatotropin
on milk production. Relevant studies demonstrated that IGF-I concentrations in
plasma and milk were slightly elevated in somatotropin-treated cows. Although
IGF-I is a single-chain peptide containing 70 amino acids and is therefore digested
in the gastrointestinal tract into its constituents, it might be important to establish
that these elevated concentrations do not affect the human gut epithelium before
digestion.

In regard to tissue residue data, recombinantly derived somatotropin treat-
ment of cows leads, at most, to a doubling of bovine somatotropin concentrations
to levels of 4.2 ppb in muscle and 25 ppb in liver. Cows treated with recombinantly
derived somatotropin further show an up to doubling in IGF-I levels in muscle
and liver.

Porcine somatotropin and poultry somatotropin are both under develop-
ment for use in swine and poultry. Recombinantly produced porcine somatotropin
has been found to enhance performance dramatically. Increases in protein deposi-
tion, decreases in fat deposition, and depression of voluntary feed intake after
injections of recombinant porcine somatotropin have been found across breeds,
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nutritional levels, genders, and various management systems in different parts of
the world.
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Other Drug Classes

8.1 ANTIFUNGAL DRUGS

Drugs grouped as antifungals either destroy parasitic fungi, in which case they
are called fungicides, or prevent growth and multiplication of fungi and are called
fungistatics. Antifungal drugs may also be grouped according to their intended
application as local or systemic.

Antifungals applied topically are used to treat dermatophytic infections
caused by Trichophyton and Microsporum species. Ringworm is the most com-
mon and widely known of such fungal skin diseases of animals and birds. In
recent years, a number of reports have appeared drawing attention to the high
incidence of human ringworm caused by fungi from animals. The public health
aspects of the disease is of considerable importance, whereas the economic impact
to the farmer is yet not clearly defined.

On the other hand, systemic administration of antifungal drugs offers oppor-
tunities for treating not only systemic mycoses such as histoplasmosis and asper-
gillosis but also dermatophytic mycoses. Amphotericin B, natamycin, nystatin,
and griseofulvin are all widely used drugs for the management of antifungal
infections in animals (Fig. 8.1).

Amphotericin B, a polyene antibiotic, is the most suitable remedy, despite
the nephrotoxicity that may occur, for treating systemic mycoses such as coccidio-
mycoses, histoplasmosis, and blastomycosis in animals. It is not effective against
dermatophytes and has no activity against bacteria. It is only available in form
of a colloidal dispersion for intravenous injection since its poor absorption from
the gastrointestinal tract obviates oral administration.

Data on tissue distribution and possible pathways of drug metabolism are
very limited. It is probable that most of the antibiotic is bound to sterol-containing
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FIG. 8.1 Chemical structures of commonly used antifungal drugs.
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membranes in many different tissues. Amphotericin B is excreted very slowly in
urine, whereas only a small fraction of a given dose is excreted in active form.
The parent drug can be detected in the urine for at least 7–8 weeks after a
treatment (1).

Natamycin is another polyene antibiotic effective against dermatophytes.
The name originally proposed for the compound was pimaricin, which has been
used in some of the earlier literature studies and reports. It has been used as
topical therapeutic in animals and humans for over 30 years, and it is also used
as an antifungal agent in food processing.

It is administered topically to skin or mucous membranes for treatment of
ringworm in cattle and horses. It is usually applied in form of a suspension that
contains 0.1 mg natamycin/ml. Natamycin is not toxic.

Studies on the absorption of natamycin through the skin and the gastrointes-
tinal tract of rats and cows suggested that if percutaneous or gastrointestinal
absorption occurs at all, it does so at a very low level (2). Treated cattle absorb
negligible amounts of natamycin through the skin, whereas they absorb less than
2 mg natamycin via the gastrointestinal tract. A maximum theoretical level of
0.1 ppm for milk contamination would occur if all of the absorbed natamycin
were to be excreted into the milk over a short period of time; this would only
occur if all of the absorbed natamycin from a single treatment could be excreted
into the milk collected at a single milking.

Nystatin, a polyene antibiotic with fungicidal and fungistatic action against
yeast and yeastlike fungi, is mainly used to treat candidiasis. It is not effective
against dermatophytes and is inactive against bacteria. It is an heterogenous com-
plex of polyene compounds consisting mainly of three biologically active compo-
nents designated nystatin A1, A2, and A3.

Nystatin is available as an ointment for topical applications and as a suspen-
sion or tablet for oral administration. It is approved for oral administration at
100,000 IU/day for 7 days in chickens and turkeys by the Food and Drug Adminis-
tration (FDA), but it is also used in cattle for treatment of genital mycoses.
Nystatin is remarkably low in toxicity when given orally, but it is much more
toxic after parenteral administration.

Absorption of nystatin from the gastrointestinal tract is negligible, and the
drug appears in feces. In turkeys and chickens, dietary dosing with nystatin re-
sulted in residue concentrations below 2,500 ppb in muscle, liver, kidney, fat,
and skin, and below 500 ppb in blood. In laying hens, dietary dosing with nystatin
resulted in residue concentrations in eggs below 500 ppb of the parent compound.

Griseofulvin is a fungistatic antibiotic with no antibacterial activity. It is
highly effective against dermatophytes and has therefore been used orally for
treatment of ringworm in a variety of animals. For calves and horses, it is mainly
used as a feed additive at dosages of 10–30 mg/kg bw/day for 7–35 days.
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After oral administration, griseofulvin is absorbed from the gastrointestinal
tract and deposited in new epithelial cells that make up skin, hair, claws, and
nails. The drug has a greater affinity for diseased skin than for normal skin.
Increasing the surface area of the griseofulvin particles and the dietary fat intake
also increases drug absorption.

Most of orally ingested griseofulvin is eliminated in unchanged form in
feces. Less than 1% of an oral dose is excreted in urine. Griseofulvin is mainly
metabolized to 6-dimethylgriseofulvin and its glucuronated conjugate (1).

8.2 -ADRENERGIC AGONISTS

Following the ban of stilbene and other hormonal-type growth promoters, interest
has focused on alternative compounds for promoting live weight gain in food-
producing animals. The -adrenergic agonists constitute such group of com-
pounds. Including in this group are certain synthetically produced phenethanolam-
ines such as bambuterol, bromobuterol, carbuterol, cimaterol, clenbuterol, dobu-
tamine, fenoterol, isoproterenol, mabuterol, mapenterol, metaproterenol,
pirbuterol, ractopamine, reproterol, rimiterol, ritodrine, salbutamol, salmeterol,
terbutaline, and tulobuterol (Fig. 8.2).

-Agonists, in addition to their therapeutic role in veterinary medicine as
bronchodilatory and tocolytic agents, are able to enhance growth rate and improve
feed efficiency and lean-meat content of beef cattle, sheep, pigs, and poultry.
These compounds, are also referred to as repartitioning agents, because their effect
on carcass composition is to increase the deposition of protein while reducing fat
accretion, but the organoleptic quality of meat may be adversely affected.

The dose level of -agonists affects the response obtained, the optimum
dose often varies for the different production parameters measured. The mode
of action of -agonists is poorly understood, but their interaction with membrane-
bound receptors increases lipolysis in adipose cells and stimulates hypertrophy
in muscle fibers. Although -agonists are known to stimulate the secretion of
growth hormone and insulin, there is no direct evidence that these hormones
mediate the tissue responses to the drug.

Although most -agonists are well absorbed, they are not equally available
to target tissues after absorption (3). Following oral administration of radiolabeled

-agonists, the quantity of the parent compounds, in general, in plasma or urine
is less than 50% of the total radioactivity measured. For phenethanolamine -
agonists of the catechol-type such as isoproterenol and dobutamine, phenol-type
such as ractopamine and ritodrine, resorcinol-type such as fenoterol and terbuta-
line, and saligenin-type such as salbutamol and salmeterol, the level of the parent
compound accounts for 25% or less of the urinary radioactivity in cattle, with
the exception of salbutamol. The halogenated drugs exhibited greater percentages
of unchanged drug in plasma or urine after their oral administration. However,
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FIG. 8.2 Chemical structures of commonly used -adrenergic agonists.
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FIG. 8.2 Continued

regardless of the structure of the compound, intravenous administration resulted
in proportion of the parent drug in urine of animals higher than after oral adminis-
tration. These data indicate that intestine and liver may play an important role
in the biotransformation of the -agonists after oral administration (4).

-Agonists are generally rapidly excreted from the animal body. Hence,
when used therapeutically at the recommended low dosing and allowing the toxi-
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cologically established withdrawal period for elimination, no major risk would
exist. For use in lean meat production, however, dosages of 5–15 times greater
than the therapeutic dosage would be required, together with a more prolonged
period of infeed administration, which is often quite near to slaughter, to obviate
the elimination problem. Such a use would result in significant residue levels of
these compounds in edible tissues of treated animals, which might, in turn, exert
adverse effects on the cardiovascular and central nervous system of consumers
(5).

Pharmacokinetic studies have shown that -agonists with halogenated aro-
matic ring systems are metabolized by oxidative and conjugative pathways and
have longer plasma half-lives than the compounds with hydroxyl groups on their
aromatic rings and that are metabolized solely by conjugation (4). -Agonists
having high oral bioavailabilities, long plasma half-lives, and relatively slow rates
of elimination have high oral potencies in humans. Residues of such illegally
used compounds in edible tissues of livestock may represent a genuine risk to
consumers.

Despite the proven beneficial effects on animal performance that -agonists
have achieved, there are a number of well-documented cases in which the illegal
use of such compounds has resulted in human food poisoning (6). Although
without exception these incidents have all been caused by the toxicity of clenbut-
erol, the entire group of -agonists are now treated with great suspicion by regula-
tory authorities and are unlikely ever to be accepted as licensed growth promoters
in the European Union in the foreseeable future. To protect public health, use of
all -agonists in farm animals for growth-promoting purposes has been prohibited
by regulatory agencies in Europe, Asia, and the Americas. In spite of that, veteri-
nary use of some -agonists such as clenbuterol, cimaterol, and ractopamine is
licensed in several parts of the world for therapeutic purposes.

However, -agonists are being used illegally in parts of Europe and United
States by some livestock producers (7, 8). This use has given rise to much concern
in recent years, not least because of the high pharmacological potency of such
drugs and reports of food poisoning associated with residues in liver (9, 10). As
a result, clenbuterol has been banned by the FDA for any animal application in
the United States, whereas it is highly likely to be banned even for therapeutic
use in the European Union in the near future.

In the illegal practice of application of growth-promoting -agonists in
cattle raising, new analogues are regularly and continuously introduced, often
with deviating structural properties but with a common pattern of biological activ-
ity (11). As a result, specific knowledge of the target residues appropriate to
surveillance is very limited for many of the -agonists that have potential black-
market use. Thus, continuous improvement of detection methods is necessary to
keep pace with the rapid development of these new, unknown -agonists used
for growth-promoting purposes.
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Clenbuterol is known to be illegally used orally in the feed or drinking
water to improve carcass characteristics and productivity in animals (12). After
administration at anabolically effective levels, clenbuterol residues are present
in most tissues of treated animals, particularly in liver, even after long periods
of withdrawal (13). Massive human toxicity has been related to consumption of
liver and meat from such illegally treated animals (5).

Clenbuterol absorption by calves is rapid. Radioactivity in the blood aver-
aged 160 ppb clenbuterol equivalents within 1 h of an oral dose of 3 mg/kg bw.
By 48 h after dosing, less than 50% of the total dose administered was excreted
in urine and less than 2% in feces. Rabbits excreted in the urine within a 72 h
period 92% of the radioactivity present in a 2.5 mg/kg bw oral dose of radiolabeled
clenbuterol; 83% of the administered radioactivity was excreted during the first
24 h (14).

Following administration to rat, dog, rabbit, and cow, clenbuterol was rap-
idly eliminated, being largely excreted in urine in the form of the parent drug
(15). Following a 4 day treatment of cattle at the therapeutic dosage (0.8 g/kg
bw) and a 7 day withdrawal, concentrations of clenbuterol in liver were at the
level of 0.35 ppb or below, whereas concentrations in urine were approximately
one-tenth of the levels in liver (16). Administration. on the other hand, of a single
oral dose of radiolabeled clenbuterol to cattle showed that 40% of the urinary
radioactivity was due to the parent compound. The urinary half-life of clenbuterol
in cattle, estimated from the urinary excretion of the parent compound, was ap-
proximately 36 h (17).

Studies on the metabolic fate of radiolabeled clenbuterol in rats and bovine
showed that several metabolites were present in urine and feces of both species
(18–20). Clenbuterol arylhydroxylamine was the major metabolite found in urine,
whereas clenbuterol arylsulfamate was the major one in the feces. The correspond-
ing nitro- and hydroxylated derivatives of clenbuterol were identified in rat urine.

Residue depletion studies (21) in calves orally given a single dose of 3
mg/kg bw radiolabeled clenbuterol showed that total urinary, fecal, and carcass
radioactivity averaged 41.5%, 2.4%, and 52.3% of the dose, respectively. Radio-
active residues detected in carcass at 2 days postdosing averaged 0.6 ppm in
blood, 1.4 ppm in heart, 8.4 ppm in lungs, 2.6 ppm in spleen, 5.0 ppm in liver,
5.9 ppm in kidney, 1.9 ppm in brain, 1.0 ppm in skeletal muscle, 12.5 ppm in
bile, 0.7 ppm in white skin, and 4.0 ppm in black skin. Ocular residues were
13.5 ppm in cornea, 255.8 ppm in iris, and 84.5 ppm in retina/choroid. Mean
concentrations of parent clenbuterol were 6.8 ppm in lungs, 3.7 ppm in kidney,
and 0.9 ppm in heart. Parent clenbuterol corresponded to about 43.9% of the total
residues in liver and 81.2% in lungs.

Other pertinent studies also indicated that melanin-containing tissues, such
as retina and hair, could accumulate clenbuterol (22, 23). In cattle orally treated
with clenbuterol at a therapeutic dosage, the only tissue containing detectable
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residues beyond 14 days of drug withdrawal was the eye, with a mean level of
6.3 ppb at 42 days after treatment (24).

In black hair of male veal calves orally treated with clenbuterol at 0.8 mg/
kg bw twice daily for 10 days, residues could be detected at 60 days after treat-
ment. This was also the case for fair-colored hair, although at much lower levels.
Once incorporated into the hair, no depletion of clenbuterol occurred, making
hair a promising matrix to monitor for abuse in live animals. Such accumulation
is not unusual since it occurs also for drugs such as phenothiazine (25), chlo-
roquine (26), rifampicin (27), and epinephrine and norepinephrine (28), and has
been associated with an intense affinity for melanin-containing tissues.

Clenbuterol is secreted into the milk of dairy cows. Following administra-
tion of 10 mg/kg bw, concentrations of parent clenbuterol in bovine milk were
in the range of 5.5–22.5 ppb. Following treatment with 5 mg/kg bw twice daily,
concentrations of parent clenbuterol in bovine milk were in the range of 3–9 ppb.
The levels of the parent drug in milk can be directly related to plasma levels,
but it is unknown whether metabolites of the drug are also excreted into milk.

For inspection at slaughterhouses liver has been suggested as appropriate
target tissue, because residues of clenbuterol persisted longer in this tissue after
repartitioning treatment of calves (29) and sheep (30). Sheep orally treated with
clenbuterol displayed a tissue distribution profile similar to that observed in calves
(30). The accumulation of clenbuterol in liver and kidney was dosage- and time-
dependent (24, 31).

In cattle, the accumulation of clenbuterol in liver reached a maximum after
15 days of treatment (31). Parent clenbuterol depleted fairly rapidly from liver
and kidney during the first 48 h after withdrawal, but depleted more slowly after
the first 48 h (32). Liver residues of clenbuterol remained at the ppb range from
16 to 39 days after the termination of treatment, and at the ppt range by 56 days
withdrawal (33).

In broilers, the concentrations of clenbuterol after 1 day withdrawal were
1.1, 2.7, 6.8, 22.6, and 4.6 ppb in meat, kidney, liver, cecum, and gizzard, respec-
tively (34). Therefore, liver seems again to be the most suitable target tissue for
control of clenbuterol residues in poultry.

In rainbow trout, clenbuterol residues were at levels as high as 24 ppb in
liver at 30 day withdrawal (35). The relatively high dose of 5 ppm dietary clenbut-
erol used in this study undoubtedly contributed to these high level residues in
liver. Sheep fed 3.1 ppm dietary clenbuterol for 14 days showed clenbuterol
residues in liver at the mean level of 3.6 ppb following a 15 day withdrawal.
Since residues in sheep liver were 35-fold lower than residues in trout liver, it
was concluded that trout eliminates clenbuterol more slowly than terrestrial ani-
mal species.

Salbutamol studies in cattle showed that plasma levels of the parent drug
peaked at levels similar to those of clenbuterol, even though the dosage of the

Copyright © 2001 Marcel Dekker, Inc.



220 Chapter 8

administered salbutamol in these studies was several times higher than that of
clenbuterol (36). Unlike with other species, salbutamol has a relatively high oral
bioavailability in cattle. Peak salbutamol concentrations in cattle plasma were
4.8 and 4.0 ppb within 3–4 h after an oral dose of 78 g/kg bw at 1 day and 10
days of dosing, respectively. In lactating dairy cows that received orally 50 g
salbutamol/kg bw twice daily, plasma salbutamol levels peaked at approximately
6 ppb, whereas there was no evidence for residue accumulation in plasma with
repeated dosing.

A study employing oral administration of nonradioactive salbutamol in
cattle at a dosage rate of 1 mg/kg bw showed 40–70% of the dose to be excreted
into urine as parent drug (37). Oxidative biotransformation of salbutamol has
been suggested in this study, but definitive evidence for this metabolic route was
not presented. Salbutamol has also been shown to be glucuronidated by intestinal
tissues at rates that could limit bioavailability (38). The parent salbutamol was
secreted into the milk of treated dairy cows, but it is unknown whether drug-
related metabolites could also excrete into milk (39). Nevertheless, the extensive
biliary elimination of salbutamol in form of conjugates in laboratory animals
suggests that liver should play a major role in the formation of such conjugates
(9).

Melanin-binding studies have shown that the affinity of salbutamol for
melanin-containing tissues should be lower than that of clenbuterol (40, 23). A
residue depletion study in calves orally treated with 1 mg salbutamol/kg bw/day
for 7 days showed that liver residues of salbutamol were almost 4 ppm at 0
withdrawal, falling to about 0.11 ppb after a 7 day withdrawal period (37).

In broiler chickens fed 10 ppm salbutamol for 14 consecutive days, the
concentrations of terbutaline residues in the liver, kidney, and eye of the treated
birds were found to be 334 ppb, 110 ppb, and 85 ppb, respectively, at 0 with-
drawal, declining to less than 1 ppb in the liver and kidney and to 4 ppb in the
eye 43 days after withdrawal.

Terbutaline residues can appear in blood after oral administration of the
compound to dairy cattle and chickens (32). In dairy cows dosed twice daily with
50 g terbutaline/kg bw, residue concentrations in plasma ranged from below
0.5 ppb to about 4 ppb during the course of a 6 day treatment period.

In broiler chickens fed 10 ppm terbutaline for 14 consecutive days, plasma
residues at 0 withdrawal averaged 42.8 ppb. The concentrations of terbutaline
residues in the liver, kidney, and eye of the treated birds were found to be 165
ppb, 55 ppb, and 22 ppb, respectively, at 0 withdrawal, declining to 7 ppb in the
liver and to less than 2 ppb in the kidney and eye at 14 day withdrawal. Terbutaline
has been shown to be glucuronidated by intestinal tissues at rates that could limit
its bioavailability (38).

Ractopamine is another -agonist that increases nitrogen retention and
protein synthesis, enhances lipolysis, suppresses lipogenesis, and increases the
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rate of weight gain and feed conversion when given with feed to farm animals
(41–43).

Studies with radiolabeled ractopamine in several species have indicated a
rapid absorption following oral administration (44). When calves were treated
orally with ractopamine at 0.1 mg/kg body mass for 17 days, high residue concen-
trations were found in urine throughout the medication period; residue levels
could be detected in urine for several days following removal of the drug from
the diet (45). Ractopamine residues could not be detected in urine at only 14
days withdrawal. Ractopamine residues were excreted mainly in form of glucu-
ronides that could be deconjugated using Helix pomatia and Escherichia coli as
sources of the enzyme -glucuronidase.

Ractopamine is extensively and rapidly absorbed in turkeys and swine. In
swine, radiolabeled ractopamine was excreted at a rate of 88% in urine and
9% in feces. The parent compound accounted for 4–16% of the total urinary
radioactivity following a single oral dose of ractopamine, but this could increase
to 36–85% after repeated dosing (46). In turkeys, only 8% of an oral dose of
ractopamine was excreted unchanged in the urine (47). Biliary excretion was
observed to be of major importance in turkeys treated with ractopamine, but it
was of less importance in swine in which 88% of the oral dose was eliminated
in the urine.

Residue and metabolism studies in swine fed diets containing 20 or 30
ppm of radiolabeled ractopamine for 4–10 days indicated that the elimination of
ractopamine was very rapid, resulting in relatively low tissue concentrations of
residues (46). Two days after diet withdrawal, total radioactive residues levels
in liver and kidney were less than 90 ppb. Most of this radioactivity was found
to be due to ractopamine metabolites rather than the parent compound whose
concentration in both liver and kidney was less than 10 ppb. Liver, kidney, and
urine were each found to contain the same three monoglucuronidated and one
diglucuronidated metabolites of ractopamine. Muscle and fat did not contain any
detectable residues of ractopamine.

8.3 CORTICOSTEROIDS

Evidence has been presented recently that the already large number of the illegal
anabolic growth promoters has been further expanded with another group of
synthetic glucocorticosteroids derived from endogenous cortisol and cortisone.
Included in this group of compounds are betamethasone, dexamethasone, flume-
thasone, isoflupredone, methylprednisolone, prednisolone, prednisone, and triam-
cinolone. They are all frequently used therapeutic drugs in veterinary practice for
treatment of bovine ketosis, inflammatory diseases, and induction of parturition.

Although their use in farm animals is not allowed for growth-promoting
purposes, some of the glucocorticosteroids are known to be illegally used as
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feed additives in livestock production, often in combination with -agonists, to
improve live weight gain. Dexamethasone is frequently encountered in feeding
stuffs, urine, and feces of cattle (48). Although little information is available
on the dosages of the glucocorticosteroids illegally used for fattening purposes,
effective concentrations in feed and premixes are estimated to be in the sub-ppm
level. Residues of these compounds in edible animal products are hazardous since
they may have pharmacological and toxicological effects for the consumer.

Glucocorticosteroids, in general, predominantly affect carbohydrate, fat,
and protein metabolism, and exert an anti-inflammatory effect. They can also
exert effects on the endocrine and hematopoietic system, growth, and wound
healing. In general, glucocorticosteroids have weak mineralocorticosteroid effects
influencing water and electrolyte metabolism. They act through binding to spe-
cific receptors found in most mammalian tissues.

Glucocorticosteroids are readily absorbed after oral and parenteral adminis-
tration, being extensively but reversibly bound to plasma proteins, mainly to
transcortin or corticosteroid-binding globulin and less to albumin. Only the un-
bound fraction exerts its pharmacological effects and is metabolized. The syn-
thetic corticosteroids bind less extensively to plasma proteins than cortisol, and
their metabolism is slower, resulting in longer half-lives. Corticosteroids are me-
tabolized mainly in the liver but also in kidney and mammary glands, giving rise
to inactive, water-soluble conjugates excreted in urine (75%) and feces (25%).
It has long been recognized that large dosages of synthetic glucocorticosteroids
reduce growth rates and lead to muscle atrophy. On the other hand, low dosages
resulted in increased live weight gain and reduced feed conversion ratio and
nitrogen retention; the proportions of the adipose and muscle tissues in the carcass
remained unchanged, while water retention and muscle fat were increased in the
longissimus dorsi (49). These are indications that combinations of corticosteroids
with -agonists might lead to enhanced growth promotion, due to effects at the
receptor level (50).

The well-known effect of appetite stimulation and the generally better feel-
ing could also be responsible for the stimulation of growth. Being a group of
compounds with hormonal action, the corticosteroids exert a variety of effects on
tissues in terms of endocrinology and metabolism and can therefore be regarded as
growth promoters according to EU and US legislation. Comparing the status
within the European Union member states, it appears that there is no uniform
approach as far as the control of the anabolic use of corticosteroids is concerned.
In Belgium, for example, corticosteroids cannot be used in fattening animals,
whereas in The Netherlands corticosteroids are not specifically excluded. Prednis-
olone, as another example, is included in 11 veterinary drugs registered for use
in the German market (51).

Dexamethasone (Fig. 8.3) is used for treatment of metabolic diseases in
ruminants and for inflammatory diseases in a number of animal species. It is
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FIG. 8.3 Chemical structures of commonly used corticosteroids.

usually administered intramuscularly or intravenously at dosages equivalent to
60 g/kg bw to cattle, pigs and horses.

Pharmacokinetic studies revealed rapid systemic absorption after intramus-
cular administration of dexamethasone, with peak plasma levels attained at 0.5
h and 6 h in dogs and rats, respectively. It is rapidly excreted in urine and feces. Its
biotransformation profile is comparable in rats and humans and mainly involves
hydroxylation to 6-hydroxy- and 2-dihydroxy-derivatives followed by conjuga-
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tion. These metabolic pathways lead to rapid and extensive loss of corticosteroid
activity.

Residue depletion studies indicated that different formulations led to differ-
ent dexamethasone depletion rates. Studies in cattle and pigs indicated that dexa-
methasone residues were quickly eliminated from muscle and milk of cows.
Residues did not occur in the free form in fat, whereas the depletion rate in liver
was the slowest. Following intramuscular administration of 60 g/kg bw to cows,
mean dexamethasone levels in milk declined from 8.4 ppb at the first milking
after treatment to below 1 ppb at the sixth milking after treatment (52).

Following dexamethasone treatment of heifers and young bulls with 60 g/
kg bw, mean dexamethasone levels in liver declined from 127 ppb at 1 day after
treatment to 16 ppb at 2 days after treatment to below 2.6 ppb at 4 days after
treatment. Over the same time period, mean residues in kidney declined from 78
ppb to 13 ppb and finally to less than 0.9 ppb, respectively. Residues in muscle
declined from 3.3 ppb to 0.75 ppb and finally to less than 0.5 ppb, respectively.
Residues at the injection site declined from 8 ppb to 3.7 ppb and finally to 2.2
ppb, respectively. However, residues could not be detected in fat. Unlike with
cattle, residues could not be detected in pigs given 60 g dexamethasone/kg bw
intramuscularly.

Betamethasone has a chemical structure similar to that of dexamethasone
(Fig. 8.3), except for the conformation of the 16-methyl group that projects above
the plane of the steroid moiety in the betamethasone molecule forming the 16 -
epimer and below the plane in the dexamethasone molecule forming the 16 -
epimer. For therapeutic purposes, betamethasone is administered to cattle, sheep,
goats, pigs, and turkeys intravenously or intramuscularly at a maximum dosage
of 80 g/kg bw for treating inflammatory conditions, shock, and acetonemia and
for inducing parturition in cattle.

Betamethasone is well absorbed after oral administration to be extensively
bound to plasma proteins in humans, dogs, cows, and rats. Its metabolism does
not differ of the other corticosteroids, involving oxidation of the 11 -hydroxyl
group to ketone, reduction of the ketone group at the position C-20 to give the
corresponding alcohol, and hydroxylation at the C-6 position and loss of the C-
17 side chain to give 17-oxosteroids.

Residue depletion studies in cattle given a single intramuscular injection
of 80 g betamethasone/kg bw showed that the concentrations of the parent drug
in liver of 2 animals were 5.4 and 7.8 ppb at 2 days post dosing. Residues in
liver from one of the animals slaughtered at 8 days postdosing were 10.9 ppb,
whereas residues in kidney, muscle, and fat were below 2.3, 3.9, and 4.4 ppb,
respectively. In similarly treated pigs, residues of the parent drug could be de-
tected in only one muscle sample at the 3.9 ppb level and in two samples from
the injection sites at the levels of 6.9 and 13.8 ppb at 4 days post dosing.
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Residue depletion studies in lactating cattle given a single intramuscular
injection of 1 g betamethasone/kg bw showed that the concentrations of the
parent drug in milk were in the range 3.82–38.22 nmol/L at the first milking,
and lower than 1.6 ppb at the seventh milking.

Flumethasone (Fig. 8.3) is primarily indicated for treatment of inflamma-
tory diseases, dermatosis, shock, and primary cattle ketosis. It is administered
parenterally at dosages of 2.5–40 g/kg bw.

Pharmacokinetic data after intravenous, intraruminal, or subcutaneous ad-
ministration of 0.25–0.5 mg flumethasone/kg bw/day for 8 days in sheep showed
that maximum plasma levels were reached within 48 h postdosing. The metabolic
clearance was estimated at about one-quarter to three-quarters of that found for
cortisol in sheep.

When 13.5 g flumethasone/kg bw was injected intramuscularly in lactat-
ing dairy cows, residues in milk were below the detection limit of 0.23 ppb at 2
days after administration (52). However, urine was found to contain 5–50-fold
higher concentrations than the corresponding milk samples.

8.4 DIURETIC DRUGS

Diuretics are drugs used in certain pathological conditions to eliminate somatic
fluids by promoting renal excretion of water and salts (53). Chemically, they are
heterogenous compounds that present different pharmacological properties and,
accordingly, are classified into several different groups. The groups of loop di-
uretics and thiazide diuretics are the most important in veterinary practice (54).
The former group includes three compounds (furosemide, ethacrynic acid, and
bumetadine), but only furosemide has been approved for use in cattle (55). In-
cluded in the latter group are chlorothiazide, hydrochlorothiazide, and trichlor-
methiazide.

Furosemide and thiazide diuretics (Fig. 8.4) have been approved for use in
dairy cattle for treatment of postparturient edema of the mammary gland and
associated structures (56). Furosemide and hydrochlorothiazide are administered
intramuscularly or intravenously at a dosage of 500 and 125–250 mg/animal,
respectively. Chlorothiazide and trichlormethiazide are administered orally at dos-
age of 2000 and 200 mg/animal, respectively.

Unauthorized use of these diuretics, or the failure to follow label indications
for approved use in the cattle, could lead to unacceptable residues in meat and
milk destined for human consumption. While there are no official tolerances for
these drugs in milk, the Food and Drug Administration (FDA) has established
safe levels that range from 7 ppb for trichlormethiazide, to 10 ppb for furosemide,
and 67 ppb for the other thiazides (56). Administration of diuretics is associated
with potential toxic effects such as bone marrow depression, hyperbilirubinemia,
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FIG. 8.4 Chemical structures of commonly used diuretic drugs.

altered carbohydrate metabolism, and elevated levels of urea, uric acid, and sugar
(57).

Furosemide is a strongly acidic o-chlorosulfonamide compound that in-
cludes an additional carboxyl group that differentiates it from the weakly acidic
thiazides.

Pharmacokinetic studies showed that 30 min after oral administration of 20
mg furosemide/kg bw in dogs, 22.73 ppb was the maximum plasma concentration
attained. The oral bioavailability of the compound was estimated at approximately
77%. Furosemide is extensively bound to plasma proteins (91%). In dogs, the
elimination half-life of furosemide was found to be 1.42 h after oral dosing, and
1.13 h after intravenous dosing. Excretion of furosemide was rapid and proceeded
primarily through kidney, mostly in form of the parent drug.
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Following oral administration of radiolabeled furosemide, excretion was
reported to be almost complete within 3 days in rats (96–98%) and dogs
(98–99%). Rat urine contained 40–50% of the parent drug, 30% 4-chloro-5-
sulfamoyl-anthranilic acid, and four unidentified metabolites that accounted for
the rest of the administered radioactivity. In contrast, urine of dog and monkey
contained 85% unmetabolized furosemide, 7% 4-chloro-5-sulfamoyl-anthranilic
acid, and the remainder was due to unidentified metabolites. Following intramus-
cular injection of 5 mg furosemide/kg bw in cattle, the half-life for plasma elimi-
nation was estimated at 4.3 h. In contrast, the half-life of furosemide in cattle
was reported to be less than 1 h following intravenous administration.

Residue depletion studies in lactating cows given an intramuscular injection
of 5 mg furosemide/kg bw showed that residues could be detected in milk for at
least 24 h after treatment. The half-life in milk was estimated to be 3 h. When
cows were administered three intramuscular injections of 1.5 mg furosemide/kg
bw per day, milk contained 660 ppb at 7 h after dosing.

Trichlormethiazide is often given in combination with dexamethasone
because in this way effects can be achieved with a minimum dosage of trichlor-
methiazide, since the two drugs are complementary in their action. Studies in
humans and experimental animals have shown that trichlormethiazide presents a
favorable pattern of lower potassium excretion than the other thiazides. The clini-
cally determined saluretic potency of trichlormethiazide was estimated to be
10–20 times lower than that of hydrochlorothiazide and 100–200 times lower
than that of chlorothiazide; this results in decrease in the incidence of hypokalemic
manifestations.

Milk from a lactating cow treated with 200 mg trichlormethiazide and 5
mg dexamethasone for 3 days was found to contain 6 ppb trichlormethiazide
residues at 8 h after the last dose, and no detectable residues at the 24 h milking
(58). Hence, milk taken from dairy animals during trichlormethiazide treatment
and for 72 h after the last treatment must not be used for consumption by humans
(59).

8.5 DYE DRUGS

Dyes are used for numerous purposes including treatment of diseases. Dyes used
as therapeutic agents can be classified in terms of their chemical structure into
several groups—the triphenylmethane, phenothiazine, and acridine groups—that
are all of interest to animal husbandry and aquaculture (Fig. 8.5).

The first group includes a series of dyes including gentian violet and mala-
chite green that are active in basic medium against gram-positive bacteria. The
second group includes dyes such as methylene blue and toluidine blue O that do
not exhibit antibacterial activity but are useful for certain medical situations.
Methylene blue is valuable as an antidote in cyanide and nitrate poisoning,
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FIG. 8.5 Chemical structures of commonly used dye drugs.
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whereas toluidine blue O has been used clinically as an antiheparin agent to
control idiopathic uterine bleeding. Acriflavine, proflavine, and quinacrine are
major drugs within the third group that have a demonstrated utility for bactericidal
action. Acriflavine has been shown to be an effective treatment for bovine mastitis
and local and urinary infections. Proflavine is particularly effective against entero-
bacterial infections, whereas quinacrine is an effective antiprotozoal/teniacide
agent (60).

Gentian violet has been utilized in the past as a feed additive for inhibiting
mold and fungal growth in poultry feeds at a level of up to 8 ppm. The authoriza-
tion of this dye as a feed additive was withdrawn in 1991, because evidence was
presented that gentian violet had a tumorigenic effect in several organs of mice
(61).

Metabolism studies in chickens showed that residues of this drug in carcass
were very persistent, remaining at a level of 20.9 ppb in liver at 240 h after final
administration (62). Additional residue studies in chickens demonstrated that the
biotransformation of gentian violet resulted in several demethylated tabolites be-
sides the parent drug (63, 64). Pentamethylpararosaniline, N,N,N′,N′-1-tetrameth-
ylpararosaniline, N,N,N′,N′-2-tetramethyl-pararosaniline, and the completely re-
duced form, leucogentian violet, were the metabolites that could be identified in
thigh and breast muscle. Leucogentian violet was in the range of 2.1–4.6 ppb
and 0.4–3.7 ppb in thigh and breast, respectively. Leucogentian violet was also
the major metabolite found in fat. Liver contained an average total residue of
105 ppb composed of gentian violet and its pentamethyl and tetramethyl metabo-
lites with mean individual values of 31.2, 34.2, and 39.6 ppb, respectively, with
no leucogentian violet detected. The metabolic profile of gentian violet was not
found to differ among mice, rat, hamster, guinea pig, and chickens (65).

Malachite green has been used for treatment of external fungal, protozoal,
and bacterial infections in farmed fish for more than 50 years (66). It is normally
administered as a flush at the 1 ppm level. Although this dye is not approved by
the FDA for use in aquaculture because of its potential carcinogenic activity (67),
it has a high probability of abuse due to its effectiveness for treating fungal
infections in aquatic species. Unfortunately, no equally effective alternative for
malachite green has been found to date.

The metabolism of malachite green has been well studied in trout and
catfish (68–70). It is rapidly absorbed through the gill to be partially reduced to
leucomalachite green and deposited in the fatty fish tissue. Trout excretes the
parent drug relatively rapidly, but the leucomalachite green metabolite slowly.
Average concentrations of malachite green and leucomalachite green in the 24
h depuration catfish tissue were 73.4 and 289 ppb, respectively. The half-life of
leucomalachite green was estimated at about 40 days. It was observed that fat
content influenced the excretion rate: the higher the content, the greater the deposi-
tion of leucomalachite green. This effect was found to be cumulative with repeated
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treatments. No evidence of systematic demethylation was observed in aquatic
species.

In other studies in which channel catfish were exposed to radiolabeled
malachite green, the parent compound was rapidly eliminated from plasma with
extensive biotransformation to leucomalachite green (71, 72). Malachite green
and leucomalachite green concentrations in plasma of fish sampled immediately
after the exposure period were 2632 and 2208 ppb, respectively. At 24 h, the
concentration of malachite green approached the limit of detection (10 ppb).
Extensive metabolism of malachite green to leucomalachite green was also ob-
served in the muscle tissue of catfish. At 336 h postdosing, the concentration of
malachite green in muscle approached the limit of detection (5 ppb), whereas the
concentration of leucomalachite green in the same tissue was approximately 50-
fold higher.

Methylene blue is primarily employed for treatment of ruminant poisoning.
Although not regulated for use with edible fish, methylene blue has been also
shown to be effective for the control of infections by Ichthyophthirius multifiliis,
a protozoal parasite affecting freshwater fish, at concentrations of 2 ppm in water
(73). Therefore, a potential exists that this dye could become an alternative to
malachite green as an antifungal and antiparasitic agent in aquaculture.

Residues of methylene blue in edible animal tissues are of public health
concern because this dye and its metabolites are mutagenic (74). Metabolism
studies in cattle have indicated that methylene blue can be eliminated in urine
partly unchanged, partly metabolized to leucomethylene blue, or demethylated
to N-methyl homologues of thionin, the completely demethylated metabolite of
methylene blue, or reduced in vivo and subsequently eliminated in its leuco-form
or in one or more ‘‘chromogenic’’ substances (75).

Although the leucometabolite of methylene blue has been repeatedly de-
tected (75, 76), recent research (77) cannot confirm its presence in milk; various
metabolites at different stages of demethylation, in addition to a methylene blue
complex, are found instead. Among these metabolites, a trimethyl derivative
called azure A, a dimethyl derivative called azure B, a monomethyl derivative
called azure C, and completely demethylated thionin have been positively identi-
fied. Further investigation demonstrated that the methylene blue complex was a
protein–thionin conjugate, whereas thionin was the residue with the longest resi-
dence time in milk (78).

Little is known about the fate of methylene blue in fish. Absorption of
methylene blue appears to be low in fish. Thus, methylene blue could not be
detected ( 100 ppb) in muscle of eel after exposure of the fish to 3 ppm drug
in water for 1–3 h (79). Analysis of catfish exposed to 5 ppm methylene blue
bath treatment for 1 h showed that muscle tissue contained 10–20 ppb drug (80).

Acriflavine and proflavine have historically been used as topical antisep-
tics in human and veterinary medicine. In aquatic species, acriflavine has been
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used to treat external parasitic and fungal infections and to reduce transport mor-
tality, particularly in tropical fish. It is also of value in monosex aquaculture since
it exhibits sex-manipulating activity in fish (81).

Commercially available acriflavine is a mixture of acriflavine and profla-
vine, in which proflavine forms 30–35% of the total dye. For treatment of fish,
commercial acriflavine is usually administered in a bath solution at various levels,
depending on treatment duration (82). Acriflavine is not regulated for use in food
fish aquaculture in the United States.

Following exposure of channel catfish to commercial acriflavine (10 ppm
total dye in the water for 4 h), proflavine levels in muscle were consistently
higher than those of acriflavine, although the concentration ratio of these dyes
in the dosing solution was 1 2 (83). Immediately after dosing, acriflavine and
proflavine levels in muscle were 9.8 and 14.4 ppb, respectively. Acriflavine and
proflavine concentrations in muscle increased for up to 12 h after dosing, possibly
due to redistribution of residues from other tissues such as skin. The skin of
catfish was noticeably stained during waterborne exposure, but staining dimin-
ished during the elimination period. From 12 to 72 h after dosing, acriflavine
and proflavine concentrations in muscle declined with half-lives of approximately
108 and 66 h, respectively. At 168 h, acriflavine and proflavine levels were below
5 ppb. No metabolites of acriflavine and proflavine were observed in this study.

When channel catfish were intravascularly dosed with radiolabeled acrifla-
vine or proflavine, total residue equivalent concentrations were highest in the
excretory organs and lowest in muscle, fat, and plasma (84). In proflavine-dosed
fish, residues in liver and trunk kidney were composed primarily of glucuronosyl
and acetyl conjugates of proflavine; residues in muscle were composed mostly
of the parent drug. In acriflavine-dosed fish, the parent compound made up 90%
of the total residues in all tissues examined.

8.6 NONSTEROIDAL ANTI-INFLAMMATORY DRUGS

Nonsteroidal anti-inflammatory drugs are widely used in veterinary practice
and are, therefore, of growing interest to the residue control of animal-derived
food. Veterinarians are seeing an increased use of anti-inflammatory agents, ad-
ministered with or without antibiotics, for treatment of mastitis because of the
increase in efficiency of these agents over antibiotics alone.

Little information is available regarding tissue distribution or metabolic
products of nonsteroidal anti-inflammatory drugs in cattle. The early synthetic
compounds were simple derivatives either of salicylic acid such as acetylsalicylic
acid and methylsalicylic acid, or of pyrazolone such as metamizole, oxyphenbuta-
zone, phenylbutazone, propylphenazone, and suxibuzone. Modern nonsteroidal
anti-inflammatory drugs are derivatives either of anthranilic acid such as diclo-
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fenac, flunixin, and tolfenamic acid; or of arylpropionic acid such as ketoprofen
and naproxen; and of indene such as indomethacin (Fig. 8.6).

Acetylsalicylic acid is readily absorbed from the gastrointestinal tract in
dogs, cats, and swine due to its ionization suppression by the stomach acid. In
the more alkaline small intestine, the large surface area for absorption makes up
for the increased ionization of the drug and rapid absorption continues. In contrast,
absorption is slower from the rumen in cattle.

The plasma half-life of acetylsalicylic acid varies from 0.8 h in the ruminant
to 37.5 h in the cat. This is due partly to the very short elimination in cattle,
which is 10 times more rapid in cattle than in most other animals. The clearance
is also very high in cattle.

Metabolism of acetylsalicylic acid is similar among all animal species and
involves hydrolysis in the plasma, liver, and some other organs to salicylic acid
followed by formation of salicyluric acid, salicyluric glucuronide, salicyl ester
glucuronide, salicyl phenol glucuronide, gentisic acid, and gentisuric acid. Orally
administered methylsalicylate is nearly completely hydrolyzed to salicylate within
1 h in rats and dogs. The liver is the main site of methylsalicylate hydrolysis in
rats, rabbits, and dogs.

Methylsalicylic acid, unlike acetylsalicylic acid, is nearly exclusively used
as an external rubifacient drug for painful muscles or joints and distributed as
ointments or liniments due to their irritating effects on the gastrointestinal mucosa.
Absorption through intact skin is possible and has led to prosecution following
detection in race-horse urine.

Metamizole, also known as dipyrone, is a pyrazolone derivative. Metami-
zole is administered by intramuscular or intravenous routes to cattle, pigs, sheep,
and goats at dosages in the range 15–50 mg/kg bw as an adjunct to therapy in
many inflammatory conditions of the musculoskeletal and locomotor systems.

It is rapidly and almost completely absorbed after oral administration to
humans and laboratory animals. It is extensively metabolized to a variety of
metabolites, none of which is significantly bound to plasma proteins. After intra-
venous administration to humans, unmetabolized metamizole is rapidly undetecta-
ble in plasma, the majority of the administered dose being excreted in urine.
Pharmacological studies in rats showed that 4-methylaminoantipyrin, 4-amino-
antipyrin, 4-formylaminoantipyrin, and 4-acetylaminoantipyrin constitute all
major metabolites of metamizole.

Following administration of metamizole to pigs, cattle, and lactating cows
at or above the recommended therapeutic dosages, all muscle, liver and kidney
samples contained residues of the 4-methylaminoantipyrin metabolite well below
the detection limit of 100 ppb at all time points.

Suxibuzone, another pyrazolone derivative, is intended for the treatment
of inflammatory conditions of the musculoskeletal and locomotor systems in
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FIG. 8.6 Chemical structures of commonly used nonsteroidal anti-inflamma-
tory drugs.
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horse, cattle, sheep, and swine (85, 86). The dosage recommended for cattle and
swine is 7.5 mg/kg bw administered either orally or intramuscularly.

Following oral treatment, suxibuzone is slowly absorbed from the gastroin-
testinal tract, but is very rapidly distributed in the body. In all species, suxibuzone
was rapidly metabolized to phenylbutazone, which subsequently was metabolized
to oxyphenbutazone and -hydroxyphenylbutazone. Animals treated with suxibu-
zone exhibited lower plasma concentrations of the parent drug than the phenylbu-
tazone metabolite. Available data on phenylbutazone, the principal suxibuzone
metabolite, indicated that phenylbutazone has carcinogenic potential for animals.

Species differences in peak plasma levels or in urine concentrations of the
respective metabolites were also observed. After a single oral dose of suxibuzone,
the suxibuzone half-life in plasma was approximately 8 min in rats, 3 h in dogs,
and 4 h in rabbits, while that of phenylbutazone was 5–6 h in rats, 6–7 h in dogs,
and 4–8 h in rabbits. Following intramuscular treatment in cattle, the half-lives
for phenylbutazone and oxyphenylbutazone were estimated at 48–53 h and 56–70
h, respectively. After intravenous treatment of horse, the half-lives for phenylbuta-
zone and oxyphenylbutazone were 6–9 h and 11 h, respectively. After repeated
oral treatment of suxibuzone, the half-life of phenylbutazone was lower, however,
at approximately 3 h in rats and 2.5 h in dogs. The plasma levels of phenylbuta-
zone after repeated treatment with either suxibuzone or phenylbutazone were
much lower than those obtained after a single treatment in several species.

Residue depletion studies in pigs treated intramuscularly with 15 mg
suxibuzone/kg bw for 3 days showed that suxibuzone was present in muscle and
at the injection site only at 1 day after the last dose. Phenylbutazone was present
in muscle tissue up to 3 days, in liver up to 6 days, and at the injection site up
to day 10. Oxyphenbutazone was also present in all tissues up to 3 days after the
last dose.

Phenylbutazone, the major suxibuzone metabolite, has been approved by
the FDA for use in dogs and horses (87). It is not licensed in cattle but its
properties make it useful in this species for the treatment of musculoskeletal
conditions, mastitis, endotoxemia, and castration. Since there is evidence of ex-
tralabel use for treatment of mastitis in lactating cows, residues of this drug may
be found in bovine milk.

After oral administration to calves, the bioavailability of phenylbutazone
was approximately 66%; peak concentrations occurred at 12 h (88). In contrast,
the concentration of its active metabolite, oxyphenylbutazone, was very low or
undetectable in plasma.

Diclofenac, an indolacetic acid derivative, is considered to be one of the
strongest nonsteroidal antiphlogistics. It is administered intramuscularly in cattle
and swine at a dosage of 2.5 mg/kg bw/day for 7–21 days.

The pharmacokinetics of diclofenac have been investigated in calves and
swine. In the former species, plasma levels were 5.4 ppm at 15 min postdosing
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and attained a maximum of 8.5 ppm at 60 min, whereas in the latter species
levels were 3.7 ppm at 15 min postdosing and attained a maximum of 5.8 ppm
at 45 min.

Biotransformation and excretion of diclofenac appear to be species-specific.
In the bile of rats and dogs, glucuronated conjugates dominated although these
conjugates did not occur in human bile. In rat and human urine, diclofenac conju-
gates were predominant, but in dog urine nonconjugated metabolites were mainly
present. The sum of the excreted residues in urine and bile accounted for more
than 100% of the administered dose, indicating enterohepatic circulation.

Diclofenac undergoes hepatic methylation and oxidation, creating (6 metab-
olites that are all susceptible to conjugation by glucuronidation and sulfation. A
major metabolite of diclofenac is considered to be its hydroxylated derivative,
4-hydroxydiclofenac.

Flunixin is registered or is under development in many countries for use
in horses, cattle, and swine for treatment of equine colic, musculoskeletal disor-
ders, acute endotoxin-induced mastitis in cattle, and respiratory disease (89–91).
It is administered orally or parenterally for a maximum of 5 successive days (92).
Flunixin is a genotoxic but not carcinogenic compound. Its mechanism of action
is believed to be via the inhibition of cycloxygenase to reduce the presence of
arachidonic acid metabolites produced during inflammation (93).

Following single daily intravenous injections of radiolabeled flunixin in
cattle at the rate of 2.2 mg/kg bw for 3 consecutive days, the parent compound
accounted for 50% of the extractable tissue radioactivity, composing the major
residue in liver and kidney (94). Three metabolites were also present in both liver
and kidney samples: 4-hydroxyflunixin was present at higher levels, whereas 5-
hydroxyflunixin and 2-methylhydroxyflunixin occurred at lower levels.

These results indicated that the primary routes of metabolism of flunixin
were through oxidation of the pyridine and the phenyl ring systems, and oxidation
of the methyl substituent on the phenyl moiety. The mean concentrations of
flunixin in the liver were 389 ppb at 12 h postdosing, 53 ppb at 24 h, 13 ppb at
48 h, and less than 8 ppb at 72 h of withdrawal.

Following intravenous dosing of lactating cows with 2.2 mg flunixin/kg
bw, residues in milk ranged from 7.3 ppb at 16 h postdosing to 1.7 ppb at 24 h
postdosing (95).

Tolfenamic acid is used as an injectable formulation in cattle and swine.
In rats and target animals, tolfenamic acid is metabolized by hydroxylation either
of the methyl or the methylchlorophenyl group producing two metabolites; further
oxidation of the hydroxymethyl group to the corresponding aldehyde or carbox-
ylic acid can produce two additional metabolites. The two hydroxylated metabo-
lites of tolfenamic acid, N-(2-hydroxymethyl-3-chlorophenyl)-anthranilic acid
and N-(2-hydroxymethyl-3-chloro-4-hydroxyphenyl)-anthranilic acid, are much
less potent than the parent compound in terms of anti-inflammatory and analgesic
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activities. In cattle and swine, the major elimination route is through the urine,
the parent drug representing the major excreted component.

Intravenous administration followed by intramuscular administration 24 h
later of radiolabeled tolfenamic acid in dairy cattle at a dosage of 4 mg/kg bw
or two intramuscular administrations of 2 mg/kg bw showed that at 8 days after
the cessation of treatment, the concentrations of residues in liver, kidney, and
injection site were 0.07, 0.09, and 39.6 ppm tolfenamic acid equivalent. The
proportion of the parent drug relative to total residues was 51% in liver, 56.7%
in kidney, and 78% at the injection site. Residues of tolfenamic acid could not be
detected in milk at 24-h, following intravenous and intramuscular administrations.

Ketoprofen is an arylpropionic acid derivative that contains a single asym-
metrical carbon atom and therefore exists in two enantiomeric forms that differ
in their pharmacokinetic and pharmacodynamic properties (96). It is available
for veterinary use in products containing the racemic mixture, and is indicated
for treatment of respiratory infections in sheep and mastitis–metritis–agalactia
syndrome in the sow. The recommended dosage is 3 mg/kg bw in a single injection
(97).

Following a single intravenous administration of ketoprofen at the recom-
mended dosage rate in swine, the parent compound was poorly distributed. Its
principal metabolic pathway consisted of reduction of its carbonyl group. Follow-
ing three repeated intramuscular injections of 3 mg/kg bw in pigs at 12 h intervals,
the concentrations of the parent drug in all edible tissues were below 50 ppb at
4 days after the last dose, while those of its reduced metabolite were below 100
ppb in all tissues even at 1 day postdosing.

Indomethacin is a useful drug for the relief of symptoms of rheumatoid
arthritis in humans (98). In veterinary medicine, it is effective in the treatment
of inflammatory processes related to infectious diseases. The drug is usually
administered orally with drinking water.

Pharmacokinetic studies of intravenously administered indomethacin in cat-
tle showed a wide extravascular distribution as suggested by the high volume of
distribution and the long elimination half-life observed (99). Similar kinetic
behavior of indomethacin was noticed after intramuscular administration in sheep
(100). These results suggested that indomethacin could induce high residue levels
in tissues.

Following oral administration of indomethacin to chickens at a dosage of
2 mg/kg bw, significant levels of indomethacin residues were detected in liver,
muscle, and fat of treated birds (101). However, 24 h after administration, tissue
concentrations declined to very low levels and even undetectable in some animals.

8.7 SEDATIVES AND -BLOCKERS

Meat-producing animals, especially pigs, do not have enough capacity in adapting
to stress situations such as those that occur during the transportation of animals
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to the slaughterhouse. The main consequence of this syndrome is the possible
death of the animals during transportation, as a result of a heart attack. In addition,
this circumstance may generate some metabolic changes in the muscle that brings
about undesirable modifications on the postmortem process, leading to production
of the so-called pale soft exudative (PSE) meat. To avoid this, as well as making
animals more manageable when loading trucks, sedatives and -blockers are
used.

On the basis of the type of the effect produced, sedatives can be differen-
tiated into the tranquilizer–sedatives and the classic sedatives. On the basis of
their chemical structure, further subdivisions within the two general groups of
sedatives can be made. Major members of the group of tranquilizer–sedatives are
the phenothiazine-type drugs such as acepromazine, chlorpromazine, merazine,
promazine, promethazine, and propiopromazine, and the butyrophenone-type
drugs such as azaperone (Fig. 8.7). Major members of the group of the classical
sedatives are the thiazine-type drugs such as xylazine and detomidine, and the
benzodiazepine-type drugs such as brotizolam, diazepam, temazepam, and triazo-
lam (Fig. 8.7).

The drugs in the former group exert quieting, calming effects on animals,
lessening anxiety and sometimes reducing fear and aggression in animal species
with naturally nervous temperaments. These drugs do not produce loss of con-
sciousness even at high dosages. Drugs in the latter group can depress the central
nervous system sufficiently to cause lethargy, drowsiness, and indifference to
surroundings. They decrease locomotor activity, fear, and apprehension, and may
produce loss of consciousness when high dosages are used.

Among the -adrenergic receptor-blocking agents used in food-producing
animals for the prevention of shipment stress caused by transportation and forma-
tion of new herds, carazolol and propranolol are the best-known representatives
(Fig. 8.7).

The health hazard presented by the use of these veterinary drugs in farm
animals is even more crucial than that of other drugs since sedatives and -
blockers are frequently injected just a few hours before slaughter. As a result, high
levels of active residues may be present in edible animal tissues. Furthermore,
administration by injection is known to create a local area of high concentration
of the drug, which, in part, is likely to be present at the time of slaughter and,
if in edible tissue, is a potential hazard to the consumer.

Acepromazine is used in cattle, swine, sheep, and goats by parenteral
routes at dosages of 0.01–0.22 mg/kg bw. In contrast to some other phenothiazine
derivatives such as chlorpromazine and promazine, acepromazine is not used in
human therapy.

Little is known about the pharmacokinetics and biotransformation of ace-
promazine in food-producing animals. After intramuscular injection of 0.1 mg/
kg bw to horses, the unchanged acepromazine was detectable in plasma 1.5–3 h
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FIG. 8.7 Chemical structures of commonly used sedatives and -blockers.
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FIG. 8.7 Continued

after injection. Elimination in the urine began at 6 h after injection and was
completed after 24 h. Following an oral dose of 105 mg acepromazine to horse,
the parent drug was detectable in plasma up to 24 h, with a peak level between
1.5 and 3 h. Elimination in feces started 12 h after injection and was maximum
at 24 h, this excretion route being more important than urine.

Acepromazine is rapidly metabolized, and it is eliminated mainly in the
urine in form of the sulfoxide metabolite. Following oral administration of 1 mg
acepromazine/kg bw to the horse, the maximum rate of residues excretion was
achieved within 8 h. However, after intramuscular injection of 0.5 mg
acepromazine/kg bw to the horse, the maximum rate was not obtained until 8–16
h. Metabolites were no longer detectable in the urine by 40 h after administration.
The nonconjugated residues fraction consisted mainly of promazine sulfoxide.
Glucuronidated and sulfated conjugates were found only in trace amounts after
intramuscular injection, but accounted for approximately 20% and 27%, respec-
tively, of the total residues recovered after oral administration. After intravenous
injection with doses between 5 and 50 mg acepromazine, a single nonconjugated
metabolite, 2-(1-hydroxyethyl)promazine sulfoxide, and 2 conjugated metabo-
lites, 2-(1-hydroxyethyl)-7-hydroxypromazine and (7-hydroxyacetylethyl)pro-
mazine, were isolated.

Following intramuscular injection of 0.1 mg acepromazine/kg bw in the
horse, the parent acepromazine was present only in the kidney at a level of 43
ppb. At the injection site, both acepromazine and its sulfoxide metabolite were
present at concentrations of 65 and 36 ppb, respectively.
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Chlorpromazine is a tranquilizing and antiemetic agent that may cause a
number of side effects in the circulatory and nervous system and adverse effects
on blood cells, skin, and the eye. Recent studies suggest a possible genotoxic
activity for chlorpromazine, whereas it has been established that certain reactive
metabolic intermediates are capable of binding with macromolecules including
DNA.

Chlorpromazine appears to be variably absorbed and is metabolized in the
gut as well as in the liver, where it can accelerate its own hepatic metabolism or
conjugation. After being absorbed, the drug was widely distributed in the body
and its lipophilicity allowed it to achieve sufficient intramembrane concentrations
to influence the stability or fluidity of cell membranes.

In blood more than 90% of the drug was plasma-protein bound. Oxidation,
demethylation, and hydroxylation together with conjugation with glucuronic acid
were its major metabolic pathways. These led to formation of a sulfoxide metabo-
lite with about one-eighth of the sedative action of the parent drug in the dog.
N-oxide metabolites, on the other hand, underwent significant reduction back to
the parent drug in a number of species including humans, in whom chlorpromazine
and its metabolites could be detected in urine for 6–18 months after the cessation
of treatment (102).

Propiopromazine has been used in all the domesticated animals. Although
very limited information is available on the absorption, distribution, metabolism,
and elimination of propiopromazine in animals, several studies (103) have re-
ported the presence of propiopromazine in pig kidney collected from abattoirs,
so that human exposure should therefore be presumed. Both pigs and horses are
able to metabolize propiopromazine, at least in part. The drug binds extensively
to tissue proteins, and also accumulates in fatty tissues.

Following injection to horse, the drug was rapidly absorbed, with plasma
levels peaked at 30-min after dosing. Propiopromazine was extensively metabo-
lized in horse to form numerous metabolites, four of which have been identified
in the urine.

Following intramuscular injection of 0.5 mg propiopromazine/kg bw in
swine, the parent drug decreased in kidney from 215 to 53 ppb between 2 and
24 h postdosing, although not in the liver where it remained at about 200 ppb.
The concentrations of propiopromazine at the injection site also decreased with
time, being 22, 19, and 6 ppm at 2, 8, and 24 h, respectively (103).

Azaperone is a widely used sedative drug in pigs. Available pharmacoki-
netic studies are insufficient to determine the extent of absorption of azaperone
from the gastrointestinal tract. However, by comparison with the excretion profile
following parenteral dosing, absorption after oral dosing is probably high. Distri-
bution within the body of rats was extensive, and excretion was primarily in the
feces (81%), with lesser amounts in urine (16%) (104).
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Metabolism studies in swine showed that the drug was extensively and
rapidly metabolized to at least 11 metabolites (105). The three major metabolic
pathways elucidated primarily through in vitro studies were reduction of the
ketone group to yield azaperol and other reduced compounds, oxidative N-deace-
tylation, and hydroxylation of the pyridine ring. Apart form swine, these primary
pathways were also observed in rats but there were quantitative differences be-
tween these species.

Metabolism studies in female adult pigs administered with each of azaper-
one, acepromazine, and propiopromazine showed that urine contained several
metabolites, besides the parent compounds, during the first day following admin-
istration (104, 106). The administration of azaperone led to formation of both a
hydroxylated (phenolic) metabolite and a biotransformation product formed by
reduction of the ketonic function. The metabolic pathway of acepromazine was
close to that found for azaperone, with similar hydroxylation processes on the
aromatic ring that did not carry the short side-chain. Propiopromazine was also
biotransformed through hydroxylation reactions occurring independently on both
short and long side chains, leading to formation of an alcoholic function on both
the methyl and ethyl group, respectively. In addition, reduction of the ketone
group with formation of the corresponding alcoholic group was observed. In all
urine specimens, the consecutive hydroxylated products were highly conjugated
with glucuronic acid, generating thus hydrophilic compounds that were rapidly
eliminated with urine. These metabolic profiles observed in pigs were close to
those noticed in other species for the same drugs (107–111).

Following intramuscular administration of radiolabeled azaperone in swine
at a dosage of 4 mg/kg bw, total radioactivity decreased rapidly in all edible
tissues reaching at 48 h postdosing very low levels in muscle, plasma, skin, and
fat, but higher levels in liver and kidney (105). Although kidney was the tissue
with the highest total residue concentration at 2 h postdosing, residue levels in
liver at 24, 48, and 72 h after dosing were the highest among all edible tissues:
0.698, 0.441, and 0.228 ppm, respectively. In contrast, the levels of total residues
in muscle were the lowest among all tissues: 0.041, 0.020, and 0.013 ppm at 24,
48, and 72 h postdosing, respectively. Determination of both the parent drug
and its reduced metabolite, azaperol, in all incurred tissue samples, showed that
azaperol was at much higher concentrations than azaperone at all withdrawal
times.

Xylazine is widely used in veterinary practice for its potent sedative, analge-
sic, and myorelaxant properties. It may be administered intramuscularly or intra-
venously to all animal species, although not to pigs due to the very high dose
rates required.

Pharmacokinetic studies in horses, cattle, sheep, and dogs have shown that
the differences between the four species were remarkably small (112). After
intravenous administration of xylazine, systemic half-lives ranged from 22 min
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for sheep to 50 min for horse. The distribution phase was transient with half-
lives ranging from 1.2 min for cattle to 5.9 min for horse. After intramuscular
administration, peak levels in plasma of all species were reached within 12–14
min.

Following intramuscular administration to sheep of 1 mg xylazine/kg bw,
two-thirds of the injected dose could be absorbed within 10 min (113). The drug
was rapidly distributed to different tissues, and rapidly eliminated. The rapid
elimination of xylazine in sheep is probably related to its intense metabolism
rather than to its rapid renal excretion. This hypothesis was supported by the lack
of significant amounts of the intact drug in urine samples collected every 10 min
from treated sheep.

Experiments using radiolabeled xylazine in rats have clearly demonstrated
the rapid metabolism of the drug since about 20 unidentified end-products have
been detected (114). In the urine of cattle injected with 0.2 mg xylazine/kg bw,
less than 1% of the unchanged drug was eliminated during the first 2 h, with
an apparent half-life of 40 min (113). In this study, peak excretion of xylazine
metabolites occurred between 2 and 4 h after the administration of the drug, a
finding confirming the extensive metabolism of xylazine.

Because of its relatively short excretion time, xylazine produces residue
concentrations below 0.1 ppm in all edible tissues of sheep and cows except the
injection site, liver, and kidney, at 20 h after intramuscular administration (115).
In addition, xylazine is not excreted with cow milk. Hence, only 2 days are
recommended in Norway between treatment and slaughter of cattle or the delivery
of milk for human consumption. However, liver and kidney should be discarded
if slaughter has taken place less than 4 days after medication.

Brotizolam, diazepam, temazepam, and triazolam are all classic benzodi-
azepine-type sedative drugs that exhibit antihypertensive and myorelaxant proper-
ties, and further act as feed-intake and weight-gain promoters.

In field conditions, benzodiazepines can be illegally administered to food-
producing animals, apart from any therapeutic purpose, in order to tranquillize
animals during the transport to slaughterhouse, and also to counteract the side
effects of -agonist drugs on the central nervous system, such as muscular
tremors, nervousness, and depression in feed intake during long-term treatment.
At present, however, only brotizolam, a short-acting benzodiazepine, is licensed
as an antianorexic drug in food-producing animals.

Benzodiazepines undergo extensive and complex metabolism. They are
excreted mainly in the urine, largely in the form of several metabolites. Biotrans-
formation processes include mainly hydroxylation and N-dealkylation reactions,
whereas the end-products include both free and conjugated compounds (116).
Chlordiazepoxide, for example, is metabolized to oxazepam and other metabolites
and, depending on its dosage, urine may contain significant concentrations of
oxazepam (117).
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Carazolol, a major -adrenergic receptor-blocking agent used in food-
producing animals, is indicated for use in swine by the intramuscular route to
prevent sudden death due to stress during transport. It is also intended for use in
cattle, at a single intramuscular or intravenous dosage of 0.01 mg/kg bw, for
prevention of the shipment stress caused by transportation and formation of new
herds, for the facilitation of parturition and expulsion of the placenta, to increase
fertility, and for training to mechanical milking (118–121).

In cattle given a single intramuscular injection of 0.02 mg carazolol/kg bw,
the drug was rapidly absorbed reaching a maximum concentration of 6.9 ppb in
plasma within 30 min after injection. Thereafter, carazolol concentrations de-
clined rapidly, being detectable in only one animal at 8 h after dosing. Plasma
was found to contain, besides the parent compound, several carazolol-related
metabolites including carazolol lactate, carazolol diol, carazolol glucuronide, and
4-hydroxycarazolol, among which carazolol diol persisted longer and at higher
levels. In contrast, urine did not contain the diol and hydroxylated metabolites,
but contained carazolol acetate instead. The relative concentrations of the metabo-
lites in urine were similar to those observed in swine and dogs after intramuscular
or intravenous injections and the same metabolites were also found in urine from
humans after oral administration. It can therefore be concluded that carazolol
follows the same metabolic pathways in most animal species.

When pigs were intramuscularly administered 10 mg radiolabeled
carazolol/kg bw, highest residual concentrations were detected in liver, kidney,
and lungs, with generally much lower levels in muscle, fat, and brain (122).
Residues were present in all tissues at 16 h after dosing. Although the identity
of the residues was not examined, data from one pig suggested that residues in
muscle corresponded to the parent drug. In liver and kidney, the parent drug
accounted for about 15% and 20%, respectively, of the total residues.

Carazolol dosing of cattle by intramuscular or intravenous injections gave
distribution patterns similar to those seen in pigs. In cattle given a single intramus-
cular injection of 0.01 mg carazolol/kg bw, residues in tissues depleted to below
1.5 ppb within 24 h after dosing. At 8 h postdosing, carazolol residues could be
detected only in liver, kidney, and injection site. In dairy cattle, carazolol residues
could be detected in milk from treated animals during the first milking only.

8.8 THYREOSTATIC DRUGS

Thyreostatics, also known as antihormones, are drugs capable of inhibiting the
production of thyroid hormones (123). One side effect of their use is the build
up of water in muscle tissues and this property has led to their illegal use in some
sections of the livestock industry to increase meat yield.

When thyreostatic drugs are given to animals, the decreased production of
thyroid hormones reduces basal metabolism, lowers gastrointestinal motility, and
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favors extracellular water retention (124, 125). Therefore, the mass gain obtained
with thyreostatics is due mainly to an increased filling of the gastrointestinal tract
and increased water retention by the animal (126).

The result of the abuse of the thyreostatic drugs in animal production is
not only the potential risk to human health of drug residues but also production
of inferior quality meat. Furthermore, the consumer is deceived since water is sold
for the price of meat. Consequently, a worldwide agreement has been promulgated
prohibiting the use of these drugs in animal breeding (127).

The group of thyreostatic drugs includes compounds that are either thioura-
cil analogues, such as thiouracil, methylthiouracil, phenylthiouracil, and propyl-
thiouracil; or mercaptoimidazole analogues, such as tapazole (Fig. 8.8). These
drugs can be administered to animals orally by mixing with feed or dissolving
in drinking water (128).

Thyreostatics are generally excreted in urine in the form of both the parent
and conjugated compound (129). Excretion studies in cows showed that methyl-
thiouracil can be detected as a free unchanged compound, for several weeks after
oral administration (130). However, the highest concentration of thyreostatics
occur in the thyroid drug when these compounds are distributed to farm animals
as illegal feed additives. In regulatory control at the farm, plasma, urine, and/or
feces may be sampled. At the retail level or in the case of import/export, sampling
is restricted to tissue only, whereas at the slaughterhouse tissue as well as excreta
can be sampled.

FIG. 8.8 Chemical structures of commonly used thyreostatic drugs.
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Benefits and Risks of Drug Usage

Like humans, food-producing animals fall sick, suffer accidents, and need protec-
tion from disease. As a result, a whole range of drugs have been developed and
used to help the veterinarian and the food animal producer to prevent and cure
diseases. Drugs are also used at subtherapeutic levels in order to improve the
efficiency of feed utilization and to promote growth of healthy animals so they
can produce more meat, eggs, or milk on less feed. Drug usage in food-producing
animals, however valuable for increasing livestock productivity it may be, is of
particular concern because of the possible impact on human health. Benefit and
risk analysis of drug usage has therefore become a topic of great importance
to food animal producers, consumers, veterinarians, pharmaceutical firms, and
regulatory agencies.

9.1 BENEFITS TO ANIMALS, HUMANS, AND THE
ENVIRONMENT

Whenever health safety issues in food-producing animals are considered, benefits
versus possible risks of drug usage are always evaluated. The antithesis is that
the benefits of using versus the risks of not using these drugs in food-producing
animals are rarely addressed although they are equally if not more important to
consider.

Never before in human history has our planet been so densely populated:
nearly 6 billion people now live on Earth and, even though birth rates are decreas-
ing in some developing countries, others are experiencing constant birth rates at
a higher level (1–4). In the aggregate, the population of the developing countries
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that constitute about 80% of the global total continues to increase at record levels.
With an increase of 56 million per year, Asia has the highest absolute growth,
whereas Africa has the steepest rate with 2.8% population growth per year. World
population is now increasing at about 1.7% per year, corresponding to a doubling
time of 40 years (5). With the current annual increase in the world human popula-
tion of 100 or more million people, food problems will become increasingly
severe. According to the World Bank and the Food and Agricultural Organization
of the United Nations, 1–2 billion people, the largest number of hungry humans
ever recorded in history, are currently malnourished.

In the early 1960s, most nations were self-sufficient in food, but now only
a few are. In the period 1950–1984, the introduction of high-yield crops and
energy-intensive agriculture ushered in the Green Revolution, leading to increased
crop production. Except for parts of Africa, world grain output in this period
expanded at an annual rate of 2.8% compared with a 2.6% increase in the popula-
tion. Since then, the world grain reserves have steadily declined (6, 7) and, it
appears, are unlikely to be resumed although some countries in Asia and Latin
America are still gaining total annual increases in grain yield (8). Factors such
as adverse weather conditions, enhanced soil erosion, fuel and resource shortages,
and socioeconomic instability have been contributing to the decline of food pro-
duction (9–14). In the United States, which has one of the best records with corn,
the rate of increase from 1945 to 1990 was about 3% per year. Since 1980, this
rate has slowed. With wheat, however, the record is not as good, the increase in
world grain yield being less than 2% per year.

A major difficulty arises simply from the rate with which food supplies
would have to be expanded to keep pace with or exceed population growth rates
in countries experiencing high growth rates. To stay even with population growth,
it will be necessary to expand food supplies, globally, by the rate of population
increase. For many countries, the rate of population expansion is in the range of
2–3% per year. As an example, in order to achieve an increase of 50% in the
per capita food production, by the end of a population doubling, the rate of
expansion of agricultural production must be appropriately larger. If the popula-
tion grows at 2% per year, the food production must increase at 3.2% per year;
if it is 3% per year, the food production must grow at 4.8% per year. This will
result in an increased demand for foods of animal origin and a concomitant
decrease in a surplus of food crops to be used in their production. If a deficit in
cereal grains develops as anticipated, because of an increasing world population,
greater diversion of cereals directly into the human diet will be necessary. This
means that the supply of cereal grains for use in composite feeds for animals
will decline. Such a decline will adversely affect the pork and poultry industries
to a greater extent than the production of ruminants. Ruminants such as cattle,
sheep, and goats have the ability to survive on land of varying topography and
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vegetation as well as to convert grass and shrub forages, which are unsuitable
for human food, into milk and meat for use by humans.

Ruminant livestock currently graze about half of the earth’s total land area,
an area that does not lend itself to cereal crop production (15). Plant or crop
production provides the basis for any subsequent consumption by livestock or
humans. Theoretically, humans in the position of primary consumers should pro-
duce the greatest efficiency, but the relationship is complex and not always ra-
tional. Most crops are grown primarily because some part of the plant can be
consumed directly by people. Under many conditions, however, much of the plant
material cannot be used because it is indigestible by humans. Ruminants, other
herbivorous animals such as horses and camels, and some omnivores, such as
ducks, geese, and pigs, possess specially modified digestive systems that can
extract substantial amounts of nutrients from plant material that is not suited for
human food. These species have the digestive ability to satisfy much of their
requirements for both maintenance and some production through grazing on mar-
ginal land and consumption of the considerable byproducts left over after extrac-
tion of plant components that can be used directly in human diets. However,
faster growth or higher yields can be obtained whenever herbivores or omnivores
receive better-quality feeds such as cereal grains that are also suited for direct
consumption by humans.

Critics of intensive livestock production allege that when consuming grains,
domesticated animals compete directly with humans and are responsible for con-
siderable malnutrition in lesser developed countries. Such simplistic arguments
are naive since almost all intensively managed animal units operate in affluent,
industrialized countries where cereal grains grow in surplus rather than deficit
amounts. Farmers often find they cannot dispose of surplus cereals for even the
cost of production, and so they cycle the crops through animals to obtain value-
added products.

Approximately one-quarter of the worlds cropland is devoted to producing
grains and other feed for livestock. About 38% of the world’s grain production
is now fed to livestock (15). In the United States, for example, this amounts about
135 million tons of grain/year, of a total production of 312 million tons/year,
sufficient to feed a population of 400 million on a vegetarian diet. With greater
deficits in the production of cereal crops, animal production will need to become
more efficient than it is now (16). Improved feed efficiency of livestock and
poultry is necessary or more cereal grains may be directed to the diet of human
beings. Improved efficiency decreases the amount of feed to produce meat as
well as the time animals spend in the feedlot or poultry batteries prior to slaughter.

Increased animal productivity and improved feed efficiency cannot occur
without the benefits derived from the use of drugs. Drug are administered in
relatively large dosages to treat sick animals and in lower dosages to prevent
disease in exposed animals. Without drugs, diseases that could lead to reduced
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productivity and finally to direct losses through death of food-producing animals
would not be controlled. It has been estimated for example, that, even using
drugs, the annual loss per cow caused by mastitis in the United States totals $181.
In addition, diseased animals take much longer to reach marketable weight and
some must be even be shipped in poor condition. Even if they pass the quality
inspection within the slaughterhouse, these older or emaciated carcasses are gen-
erally used for processed products rather than for the more profitable meat trade.
Organs or regions showing any evidence of infection or injury cannot be used
for human consumption. The portions removed by inspectors during carcass ex-
amination cost producers many million of dollars each year.

Some critics of current intensive animal production methods suggest that
drugs are necessary only because of the stressful rearing conditions and that the
return to more extensive rearing systems would obviate the need for drugs. How-
ever, returning to the extensive animal rearing systems would result in exposure
to greater environmental extremes and increase the exposure to internal parasites
and the associated susceptibility to diseases. Hence this would increase rather
than decrease the response to drugs. People have largely forgotten such episodes
as, in 1950, when bloody diarrhea caused obvious suffering and death in young
pigs, when chickens died in thousands suffocated by air-sac disease, and baby
calves perished from scours. These various forms of acute distress were rapidly
alleviated by antibiotics.

Growth hormones are also used by livestock producers for different profita-
ble purposes. US farmers and feedlots generally raise steers (i.e., castrated bulls)
instead of bulls. Bulls are much more aggressive and difficult to manage. Meat
from steers is considered more desirable than bull meat, which is usually less
tender, less marbled, and of a darker red color. Castration results in lower andro-
gen hormone production. Androgen supplementation allows steers to achieve the
higher growth rates more typical of bulls.

The use of hormones in heifers, (i.e., young cows) stimulates growth rates
and feed efficiency. The treated animal converts the feed better into meat; thus
a treated animal needs less feed to gain weight than an animal that has not been
treated. In this way, the farmer is making a considerable saving of costs in his
or her food supply. Treated animals also gain weight more quickly than untreated
animals. This means that the treated animals needs less time to reach its slaughter-
ing weight, allowing the farmer savings in work, loans, and standing charges.
Some growth hormones allow the feed to be converted in meat without fat. This
fat-reducing effect is positive for the livestock breeder, as it increases the trade
and value of the animal since consumers are asking for more fat-freemeat.

Other hormones are used for increasing the milk production and efficiency
of lactating dairy cows. In the United States an estimated 63% of all cattle and
about 90% of feedlot animals are implanted with growth hormones. Beef and
sheep may be also implanted but not swine. When implants are used in young
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cattle, they will improve body weight gain by 8–20% and feed conversion effi-
ciency by 6–10%. Growth implants reduce the total cost of beef production by
$50–80 per steer. If implants were banned, the average retail price of all cuts of
beef would increase by 10–15%, or about 20–30¢ per pound.

In current veterinary practice, small amounts of antimicrobial drugs are
added to animal feeds to prevent or reduce diseases and to improve feed efficiency
and growth. The value of these feed additives in improving the rate and efficiency
of growth has been well documented by many researchers. A comprehensive
summary involving 937 experiments and more than 20,000 pigs showed that the
magnitude of the response was greater for the younger animals and declined as
the animal matured (17). The improvement attained by the use of feed additives
was found to be in the range 16.9–28.4% for daily gain and 7.0–14.5% for feed
conversion factor (18). Similar results were presented for chicks, turkeys, and
cattle. It is estimated, that, with the help of feed additives and advances in genetic
selection of animals that are more efficient in the production of meat, milk, and
eggs, the broiler feed conversion factor was reduced to 1.7 lb of feed/lb of broiler
from 2 lb in 1975. Egg production reached 273 eggs/hen/year compared to the
220 eggs produced annually in 1975. Feed conversion in beef animals has declined
to a ratio of 6 1 from the levels of 8 1 or 9 1, and daily weight gains in the
feedlot have attained an average of 3.5 lb compared to 2.75 lb in 1975 (19).

Drug usage has also reduced the amount of animal waste per animal and
hence alleviated the problem of environmental pollution. For competitive reasons,
the stimulus to improve efficiency in the production of animals is also beneficial
to the consumer in the reduction of food costs. The total aggregate of these
benefits to all of animal agriculture is very substantial; it has been estimated at
as much as $3.5 billion per year reduction in food costs to the US consuming
public in 1981 (20). The future role of drugs in this endeavor will be more
important than in the past in providing a wholesome and ample food supply.

Some livestock diseases, in addition to causing a reduction in the supply
of edible animal products, may also affect human health directly or indirectly.
Many disease organisms are pathogenic in both humans and animals. Infections
commonly known as zoonoses, could be spread by direct contact or through
consumption of contaminated animal products, such as unpasteurized milk and
dairy products, causing public health and socioeconomic problems of considera-
ble magnitude. Zoonotic diseases such as salmonellosis cannot be efficiently
controlled or eliminated if prevention and control activities are not carried out
through the use of suitable drugs.

Improved animal performance and reduced mortality are definite benefits.
It would not be difficult to hypothesize on the problems that would arise if no
drug medication were available. Large numbers of farm animals would die,
chronic bacterial disease would be commonplace, and the consequent losses both
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of life and productivity would drastically inflate the cost of food of animal origin
and lead to the economic death and disappearance of many livestock producers.

9.2 RISKS RELATED TO FOOD CONTAMINATION AND
BACTERIAL RESISTANCE

Human health risks from drug usage in food-producing animals, whether real or
perceived, are generally topics of intense debate. An issue that has gained world-
wide attention as a potential health hazard is connected with the potential contami-
nation of the food supply by the drugs used in animal farming. Another issue
rapidly moving to the forefront of public health is associated with bacterial resis-
tance and the effects on human health from the use of antibacterials in livestock
and poultry production.

9.2.1 Food Contamination

When drugs are administered to food-producing animals, residues may appear
in edible tissues, milk, or eggs. Violative drug residues in animal products can
be avoided by using prescribed treatment protocols and allowing sufficient with-
drawal periods after treatment for the compounds to be depleted from the animals.
There is nonetheless a potential for abuse from failure to adhere to prescribed
dosages and withdrawal periods, and use of unproved compounds. Violative drug
residues are of concern because they may produce toxicological, pharmacological,
microbiological, immunological, and enzyme perturbation hazards which are dis-
cussed exhaustively in Part II.

9.2.2 Bacterial Resistance

Veterinary drugs constitute a class of compounds with diverse usefulness. Not
only we have to rely on these agents to maintain a cost efficient food supply
through their growth-promoting and anticoccidial benefits, but we also expect
them to protect human health from lethal diseases. These uses increase the total
selective pressure exerted on microorganisms to adapt or die and favor the emer-
gence of bacterial resistance.

Development of resistance in bacterial populations is an extremely complex
subject (21). The origin of drug resistance may be nongenetic because inherent
resistance to some antibacterials is always present in the population. However,
most drug-resistant bacteria emerge as a result of genetic change and subsequent
selection processes by the drugs.

Chromosomal resistance develops as a result of spontaneous mutation in
a locus that controls susceptibility to a given antimicrobial drug; the presence of
the drug serves as a selecting mechanism to suppress susceptible organisms and
favor the growth of drug-resistant mutants. In addition, extrachromosomal resis-
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tance develops by transduction, transformation, conjugation, and transposition
transfer of the so-called R factors between bacterial isolates, species, and even
genera.

The R factors constitute a class of plasmids that are extrachromosomal
genetic elements that carry genes for resistance to one or several antibacterial
drugs. These shared genetic elements may encode for multiple resistance, enabling
the use of one antibacterial to select for resistance to multiple antibacterials. Such
a possibility exists mainly between drugs that are closely related chemically (e.g.,
polymyxin B–colistin, erythromycin–oleandomycin, neomycin–kanamycin), but
it may also exist between unrelated chemicals (erythromycin–lincomycin). In
certain classes of drugs such as tetracyclines and cephalosporins, the active nu-
cleus of the compound is so similar among many congeners that extensive cross-
resistance is to be expected. Other antibacterials, such as the fluoroquinolones,
have been shown to select only for resistance derived from chromosome-coded
resistance, and are not known to be subject to plasmid-mediated resistance (22).
Conditions favoring the development and selection of bacteria carrying resistance
factors are thought to be associated with repeated or long-term exposure to anti-
bacterials, and low-level dosing (22).

It is widely believed that the phenomenon of bacterial resistance is a prob-
lem created by human intervention through the discovery of antibiotics. It is not
very well known that, soon after the discovery of penicillin, resistant strains were
isolated in cultures of bacteria that had been laid down in the preantibiotic era.
Since then, resistant isolates have been obtained from sources of great antiquity.
Since the first emergence of life on earth, its lower forms have been involved in
a continual form of biochemical war; each species sought to defend and extend
its ecological niche. When molds came into conflict with bacteria, there were
strong evolutionary pressures for the molds to develop antibacterial weapons and
for the bacteria to defend themselves, a common feature of the constant competi-
tion for the recycling of biological matter.

Antibiotic resistance in bacteria is not a fixed property, and the degree of
resistance detectable in the laboratory probably bears little relationship to the
resistance of the organism when growing in the intestinal tract of animals. The
types of resistance that bacteria may develop to the action of antibiotics involve
two distinct mechanisms: mutation and inheritance. The former mechanism af-
fects DNA sequence and results in the synthesis of a protein or macromolecule
by the bacterial chromosome that differs from the original chemical entity, with
the ability to interfere with the antibiotic activity. Because an antibiotic hinders
a bacterium only after it has entered or crossed the cell wall and has bound to a
target site, resistance can develop directly if the mutation has so altered the
characteristics of the protein or macromolecule that the cell wall, receptor site,
or transport mechanism is no longer ‘‘friendly’’ to the antibiotic.
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Resistance can also develop indirectly if the altered protein blocks a bio-
chemical pathway used by the antibiotics. In the simplest terms, a sensitive popu-
lation of bacteria can be changed into a resistant population by the selection
pressure created by the presence of an antibiotic. Resistance can derive from
mutation of a single pre-existing gene or from new mutants or variants that may
appear during multiplication. Mutants remain unrecognized until the sensitive
organisms are eliminated. This occurs when antibiotic is present in excess of the
minimum inhibitory concentration (MIC). Hence, it is the high-level therapeutic
use of antibiotics and not the low-level growth-promotion use that exerts selection
pressure in favor of the mutants. Selection pressure can thus occur both in human
and in veterinary medicine.

In human medicine, selection pressure is at its most intense in hospitals,
where antibiotics are extensively used. The major cause of problems of antimicro-
bial resistance in humans arises from overuse of antimicrobials at therapeutic
levels in humans. It is generally accepted that drug resistance that develops in a
bacterium as a result of mutation is only of importance within the individual
host and a single bacterial strain. Because the determinant is chromosomal, the
resistance cannot be transferred between different bacterial species and genera.
In addition, the mutationally resistant microorganism is not usually as viable as
the wild ones; hence once the selective antibiotic is removed from the environ-
ment, the proportions of the mutant decrease. If exposure to the antibiotic contin-
ues, however, the mutants can become life-threatening to the patient. It should
be understood that the antibiotic does not induce the mutation. The mutant simply
takes advantage of its fortuitous spontaneous appearance to flourish in the pres-
ence of a selected antibiotic.

The mechanism of inherited resistance proceeds through R-plasmids,
which, like chromosomes, are also collections of DNA representing genes capable
of coding and inducing the production of new proteins in the bacterial cell. In
this fashion, the plasmid can provide the cell with a greater chance of survival
and propagation.

A number of characteristics of plasmids are significant in relation to the
development of bacterial resistance. These include the encoding of resistance
capability for as many as six unrelated antibiotics in the same DNA material, the
capacity to transfer from one cell to another and thus disseminate the resistance,
and the mobilization by which ordinarily nontransferable gene fragments can be
transferred by the plasmid from one bacterial cell to others. Plasmids are of
varying size and have been identified in most bacteria. Their majority carries
resistance determinants for two or more antibiotics not of the same chemical class.
It appears that two identical plasmids cannot coexist in one cell, but plasmids of
different groups can occur, increasing even further the possibilities for resistance
spread. The transfer or acquisition of other plasmid-mediated characteristics, such
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as virulence and enterotoxin production, in gram-negative bacteria is facilitated
by the presence of resistance plasmids.

The transfer of resistance can be achieved by conjugation, transduction, and
transformation. There is also a phenomenon of transposition by which resistance
determinants pass from one plasmid to another or to a chromosome or to a bacte-
riophage, thus allowing construction of new plasmids under the pressure of new
antibiotic exposure.

Inherited resistance in bacteria is accepted as the most important type from
the standpoint of the community and the environment. Studies of isolated microor-
ganisms of animal and human origin have demonstrated that plasmids from both
sorts of isolates were practically identical. In terms of the dissemination of resis-
tance determinants of R-plasmids, one must regard the problem as involving both
humans and animals as vectors. Presence of a large reservoir of antibiotic-resistant
organisms in animals has been demonstrated in the United States.

R-plasmid-mediated resistance is almost invariably associated with cross-
resistance to a number of related and unrelated antibiotics. The reasons for the
association lie in the resistance mechanism to related compounds that have been
coded, the usual presence of more than one R determinant in the same plasmid,
and the frequent coexistence of several different plasmids in the same bacterial
cell. As a result, use of any antibiotic can lead to development of resistance to
itself and to other related and unrelated antibiotics. If, for example, a plasmid is
encoded for resistance to ampicillin, tetracycline, sulfonamide, and streptomycin,
exposure to any of these antibiotics results in resistance to all the others, whereas
the use of a -lactamase-containing strain results in resistance to other members
of this group.

If resistant organisms are selected due to the use of an antibiotic, they do
not only show resistance to this particular substance, but also resistance to many
other antimicrobial agents. This principle became even clearer when molecular
biologists and geneticists examined the structure of R factors in more detail. They
found a further fundamental component of the ‘‘infectious antibiotic resistance’’:
the transposons or ‘‘jumping genes.’’ A characteristic of transposons is that they
are capable of jumping from one DNA molecule to another, for example, from
plasmid to plasmid, plasmid to chromosome, plasmid to bacteriophage, and vice
versa, thus giving rise to another effective mode for the spread of resistance
genes.

In short, the spreading of R factors and transposons as a consequence of
the uptake of antimicrobial agents represents the major risks for human health.
In turn, this spreading results in development and an increasing incidence of
organisms such as Salmonella, Escherichia coli, Campylobacter, Vibrio cholerae,
Yersinia pestis, Shigella, Proteus, and Pseudomonas aeruginosa that are not ac-
cessible to therapy. These organisms may be the causative agents of diseases
such as typhoid fever, infantile gastroenteritis, pyelitis, plague, and cholera. A
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number of pertinent reports have increasingly appeared showing an alarming rise
in the incidence of organisms resistant to the usual antibiotics.

9.2.3 Impact of Resistance on Human Health

Bacteria of animal origin that are resistant to a particular antibacterial may make
the agent ineffective for controlling human infections with pathogens bearing the
kind of resistance as a consequence of the pathogenic properties of the animal
bacteria as such, or the transference of the resistance to other bacteria that may
be human pathogens. The transfer may occur in animals as well as in humans
via direct contact with animals or through consumption of contaminated food or
water. Adverse consequences of such a transfer include increase in the incidence
of human infections caused by resistant pathogens, and potential therapeutic fail-
ures in animals and humans. In some cases, resistance may render an infection
immune to any drug available. More often, bacterial resistance increases therapeu-
tic costs because more diagnostics are required, more costly and sometimes more
toxic drugs are needed, and hospitalization may be extended.

The impact of transmissible drug resistance on public health has been a
point of great debate since the early days of the use of antimicrobials in animal
farming. There has been great concern that the feeding of low levels of antibiotics
that are also used in human medicine can lead to serious human health problems.
In intensive livestock production, animals are mass-medicated with growth-pro-
moting antibiotics for much of their life at levels considered too low to inhibit
the growth of most pathogens but are more than ideal for development of bacterial
resistance. If resistance factors carried in animal isolates are transmitted to humans
by ingestion or contact, it is not clear how much effect on human therapy is
enough to outweigh the benefits gained by the use of antibiotics in animal feed
to maintain a cost-effective food supply.

In contrast to the risk associated with low-level, long-term use of antibacte-
rials for growth promotion, the risk of the development of resistance due to
therapeutic use in animals has been deemed within acceptable limits. With thera-
peutic usage, the dosages administered are considered sufficient to eliminate
pathogens, the periods of drug exposure are generally limited to days, and the
number of animals undergoing treatment is relatively small compared to those
receiving growth-promoting agents. However, as veterinary medicine expands
its therapeutic armamentarium into more powerful antimicrobials, including those
considered secondary human therapeutics such as fluoroquinolones, and concern
over human drug resistance increases, physicians and microbiologists are voicing
concern. The willingness to accept risks associated with therapeutic use, particu-
larly in mass-medication practices, of newer antibiotics in animals is lessening.
Fortunately, since resistance factors have not yet been demonstrated to transfer
beyond mutations passed to progeny, the human health effects of bacterial resis-
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tance are limited to zoonotic bacterial pathogens such as Salmonella, Campylo-
bacter, Enterococci, and Escherichia species that occur in animal reservoirs that
serve as sources of human exposure.

9.2.3.1 Sa lmonella

Numerous episodes have occurred in which humans have developed drug-resis-
tant nontyphoid Salmonella infections that have been traced to animal sources
(23). These bacteria can be transmitted to humans in food or through direct contact
with animals. Antimicrobial resistance limits the therapeutic options available to
veterinarians and physicians for the subset of clinical cases of nontyphoid Salmo-
nella that require treatment. A recent example is a clone of Salmonella typhimu-
rium DT 104 with chromosomally encoded resistance to ampicillin, tetracycline,
streptomycin, chloramphenicol and sulfonamides, which has become increasingly
common in humans in England and Wales since 1990 (24). Since 1992, only
Salmonella enteritidis has accounted for more cases of human salmonellosis than
Salmonella typhimurium DT 104 (25, 26). Multiresistant DT 104 has currently
emerged in several European countries (27–29); outbreaks have been also re-
ported in the United States in both cattle (30) and humans (31).

There is little doubt that the persistence of Salmonella typhimurium DT
104 in food animals has been enhanced by the use of antibiotics in animal husban-
dry for the treatment of sick animals and also for prophylactic purposes. Although
there is no microbiologically proven link between antibiotic resistance and viru-
lence for humans in zoonotic Salmonella, increased rates of hospitalization have
been reported for patients with infections with multiresistant Salmonella typhimu-
rium DT 104. The World Health Organization Scientific Working Group on
Monitoring and Management of Bacterial Resistance to Antimicrobial Agents
has discouraged the unnecessary use of antibiotics for prophylaxis or for hygiene
purposes in animal husbandry (32).

It has been reported that common serotypes of Salmonella were found
responsible for human bacteremia in 0.5–2.5% of culture-confirmed salmo-
nellosis cases in the United Kingdom and in fewer than 6% in the United States.
Untreated or ineffectively treated Salmonella bacteremia in humans can be fatal.
There has been only one published case of a nonfatal infection by a Salmonella
typhimurium DT204c resistant strain of animal origin that failed to respond to
fluoroquinolone therapy (33).

Subsequent to the introduction in 1988 of the use of fluoroquinolones for
livestock production in Germany, an emergence of fluoroquinolone-resistant var-
iants of the multiresistant Salmonella typhimurium clone DT 204c was observed;
resistance reached a prevalence of 50% in isolates from calves in a defined area
of this country (33). In following years, the prevalence of such resistant strains
diminished. Unfortunately, epidemiological data associating this change in preva-
lence with changes in fluoroquinolone usage have never been available. Hence,
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there is uncertainty about the relative contribution of direct selective pressure
versus the spread of resistant strains in the presence or absence of quinolone use
to the emergence and dissemination of quinolone-resistant Salmonella.

There has been, however, a temporal association between the introduction
of fluoroquinolones in food-producing animals and the emergence of reduced
susceptibility to ciprofloxacin in Salmonella typhimurium DT 104 in the United
Kingdom. Indications of reduced susceptibility to ciprofloxacin in human isolates
of a variety of zoonotic salmonellae following the introduction of fluoroquino-
lones into food-producing animals have been reported in the United States and
Denmark (33). Although correlations between quinolone usage in general and
the emergence of resistance are hard to be made, there is concern that zoonotic
salmonellae with decreased susceptibility to fluoroquinolones are increasing and
that a small proportion of these will cause invasive infections that require treat-
ment, possibly with a fluoroquinolone, and that treatment failure could occur.
While fluoroquinolones are not used as growth promoters, they are currently used
for treatment of animal disease in many countries, and, in some regions, they are
also used for preventive purposes.

9.2.3.2 Ca mpyloba cter

Following the use of fluoroquinolones by the poultry industry, there has been a
dramatic rise in the prevalence of the fluoroquinolone-resistant Campylobacter
jejuni isolated in poultry muscle and liver, and in infected humans (34). Prior to
the use of fluoroquinolones in poultry, no resistant strains were reported in indi-
viduals with no previous exposure to these drugs. In the past, some studies based
on molecular markers showed a link between human and animal isolates of sus-
ceptible Campylobacter. Similar links of fluoroquinolone-resistant strains of
Campylobacter jejuni with therapeutic failures in humans have recently been
confirmed (34).

Campylobacter species are most commonly responsible for outbreaks of
bacterial gastroenteritis in developed countries. The majority of the gastrointesti-
nal Campylobacter infections do not require antibiotic treatment and are self-
limiting. Where treatment is required, erythromycin is usually recommended.
However, fluoroquinolones are often also used pending laboratory results, be-
cause they can cover additional bacterial pathogens and are better tolerated than
erythromycin.

The effect of fluoroquinolone-resistance in Campylobacter on the clinical
outcome of treatment with a fluoroquinolone is not yet clear. There are conflicting
data on whether resistant Campylobacter can cause more severe disease. Although
there has been little documented impact of this resistance on human health, current
concern about the potential human health consequences if resistance were to
increase and spread, is high. Thus, further research and data-gathering are essen-
tial to quantify this potential. In addition to quinolone resistance, coresistance
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with other antibiotics such as macrolides has been also observed in Spain and
Thailand. High resistance to erythromycin and streptomycin has been also found
in swine isolates in Portugal (35).

9.2.3.3 Enterococci

The use of avoparcin as a growth-promoting feed additive in animal husbandry
has contributed to a reservoir of transferable resistance genes to glycopeptides,
including vancomycin, in the commensal enterococci of animals. Glycopeptide-
resistant enterococci from animals may reach humans via the food chain. Al-
though glycopeptide resistance genes have been shown (34) to be widely dissemi-
nated, the extent to which the gene pool in animals contributes to the prevalence
of glycopeptide-resistant commensal enterococci in humans has not been yet
quantified. Glycopeptide-resistant enterococci have caused serious infections in
hospitalized immune-impaired patients. In this setting, these organisms contribute
to increased morbidity and mortality, in part because of limited therapeutic op-
tions. This medical impact may be greater in countries where vancomycin is used
intensively (34).

There is concern that there will be increased dissemination of glycopeptide-
resistance genes to Enterococcus faecalis and their spread to other gram-positive
organisms, particularly to multiresistant Staphylococcus aureus for which vanco-
mycin is the drug of last resort. Due to the limited number of agents available
for treatment of glycopeptide-resistant enterococci, antimicrobial agents not pre-
viously used in humans are being sought, including drugs from groups currently
used as growth promoters in animals. However, the selection of further resistance
in enterococci, such as streptogramin resistance due to use of virginiamycin as
a feed additive in animals, is undesirable.

9.2.3.4 Escherichia

Multiresistant Escherichia coli have been selected by the use of broad-spectrum
antimicrobials in both livestock and humans (36). The development of antimicro-
bial resistance in Escherichia coli creates problems due to the high propensity
of these bacteria to disseminate antimicrobial resistance genes. Resistance genes
have been traced from Escherichia coli in animals to Escherichia coli in humans.
Escherichia coli O157 H7 has been recently recognized as an important human
pathogen (37). The mode of its transmission is primarily through the food, but
person-to-person transmission has been also identified in some day-care center
and nursing home outbreaks (38).

9.2.4 Magnitude of the Resistance Transfer to Humans

In recent years, antimicrobial-resistant pathogens have been emerging in human
medicine and spreading more rapidly than in previous decades. Treatment of
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resistant-infections is increasingly hampered due either to the prohibitive cost of
existing new-generation drugs or to a total lack of effective antimicrobial agents
on the market. Antimicrobial resistance has become a global problem, affecting
developed and developing countries, and it is rapidly spreading between conti-
nents through international travel (39). There is no question that bacteria develop
resistance to antibacterials, and that they can transfer their resistance to other
bacteria, even of other species. However, the extent to which the administration
of antibacterials to animals has contributed to the human health problem is still
unclear and a source of great controversy.

Prior to the use of antibacterials to control infectious diseases, the frequency
of resistance to these agents in human pathogenic species was probably low (40).
Surveys in the early 1970s demonstrated that their use resulted in a rise in the
frequencies of resistant strains and, with respect to some agents and in some
species, this rise was rapid and to high levels (41–43). In later years, significant
frequencies of resistance were encountered in human pathogens, but there was
no rise. A survey conducted on almost 6 billion strains from 242 hospitals in the
United States in the period 1971–1984 showed that, with respect to the most
pathogens, the frequencies of resistance to 16 most commonly used antibiotics
remained stable during this period (36). However, a survey on Salmonella isolates
in the United States showed significant decreases in the frequency of resistance
during almost the same period (44). A study carried out in the same period in
central Europe also failed to detect any increase in the overall levels of resistance
(45). A more recent survey of 86,000 strains isolated in a district general hospital
in the United Kingdom between 1984 and 1991 provided no evidence that this
situation has changed with time (46).

In contrast to these large-scale surveys that failed to identify significant
rises in resistance, a plethora of articles have appeared in recent literature reporting
increasing resistance as a major problem in the therapy of infections in hospitals
(47–50). Some studies suggested that this apparent conflicting evidence was be-
cause most outbreaks of bacterial resistance are usually localized and the increases
in the resistance frequency in human pathogens were determined in specific niches
in specific hospitals (51, 52). An epidemiological study (53) of antibiotic resis-
tance in hospitals identified the specific niches in hospitals where increased resis-
tance was a problem; these were units where patients were immunocompromised
and subject to invasive procedures, or obliged to remain for a long time. This
would suggest that the selective pressure for the emergence of resistant strains
was internal to the hospital environment. Hence, problems encountered in antimi-
crobial therapy of infections in hospitals might primarily be those related to
the pathogens acquired in these hospitals where resistance is a function of the
antimicrobial agent used there.

In general, there is little doubt that treatment problems in humans associated
with resistant bacteria are primarily due to the prescribing practices of health
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workers and to medication-taking practices of patients. The liberal availability
of antimicrobials in some countries can also contribute to the basic problem of
bacterial resistance. A recent analysis (54) of the frequency of multiresistant
strains in community-acquired and nosocomial infections lends support to this
conclusion, since the data collected could not support the hypothesis that such
strains were selected by veterinary use of drugs.

In 1987, the US National Institutes of Health reviewed existing worldwide
data on the prevalence of antibiotic resistance (51). They concluded that resistance
to antibiotics was not solely a function of usage, but might result from the inevita-
ble process of bacterial evolution. Other phenomena, including increased human
resistance to antibiotics never used in animals and the prevalence of antibiotic
resistance in developing countries where use of animal antibiotics is uncommon,
led the experts to support that human antibiotic resistance should primarily be
due to a variety of factors other than animal antibiotics.

Additional studies, such as those conducted by the US Institute of Medicine
Report (IOM) in 1988, also attempted to determine the impact of drug usage in
food-producing animals on antimicrobial resistance of human pathogens, using
penicillin and tetracycline on Salmonella as a model. The authors of this study
attempted to describe the extent to which transfer of resistance factors occurred
between human and animals and to define whether the risk to human therapy
was enough to outweight the benefits of a cost-effective food supply. The result
of the IOM Report was that the information available to answer the question was
insufficient.

Reasons for the magnitude of the problem being unknown are manifold,
but are related to the paucity of national and regional information on antimicrobial
drugs use and resistance trends in hospitals and the community. Scarcity of perti-
nent data complicates attempts to quantify the proportion of resistance problems
in humans caused by antimicrobial use in livestock production. Data are even
more limited on antimicrobial consumption, antimicrobial use in agriculture, and
the prevalence of antimicrobial-resistant zoonotic bacteria in animals and animal-
derived food.

Despite the uncertainty there is enough evidence, however, to cause con-
cern. Microbiological and clinical evidence that resistant bacteria or resistance
determinants might be passed from animals to humans is mounting (55–67).
Therefore, continuous close monitoring is needed in order to determine the magni-
tude and trends of the resistance and to define the relative importance of different
contributing factors such as therapeutic, behavioral, economic, social, and health
system factors, and/or veterinary and agricultural misuse.

Based on this understanding, it might be possible to develop effective meth-
ods to contain antimicrobial resistance in different settings. This will require close
cooperation between sectors involved in food hygiene, prevention and control of
diseases transmitted from animals to humans, hospital infection control, resistance
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monitoring, and prudent use of antimicrobials in humans and animals. The animal
production sector shares with other sectors the responsibility for the provision of
safe and wholesome food for human consumption. Among other things, this sector
must ensure that animals are healthy and are not a reservoir for antimicrobial-
resistant bacteria.
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Drug Residues and Public Health

The most serious objections to the presence of drug residues in food intended
for human consumption arise as a consequence of human health considerations.
With the extensive use of drugs in animal production, residues of the parent
drugs and/or metabolites have a high potential to be present in the edible animal
products. The public health significance of such adulteration of the food supply
is determined mainly by the level of the residues and the individual drugs they
are originated from.

Drug residues normally appear in meat, milk, eggs, and honey at very low
concentrations and, therefore, risks for public health are practically excluded.
Exceptions are some non-dose-related side effects, such as allergic reactions that
may arise from -lactam residues in sensitized consumers. In instances, however,
of extralabel use or noncompliance with withdrawal periods, much higher residue
levels may appear in the edible animal products. Such residues in food constitute
a variety of public health hazards including toxicological, microbiological, immu-
nological, pharmacological, and other hazards.

Health hazards from drug residues in food depend on the frequency and
degree of human exposure. Increase in the degree of human exposure occurs
when injection sites are accidentally consumed. Continuous exposure is more
probable when a side or quarter of a contaminated food animal is purchased
by a consumer for deep-freeze use. Basic antibiotics such as chloramphenicol,
erythromycin, tylosin, and oleandomycin, are more likely to accumulate in tissue
at a higher concentration than in plasma due both to ion trapping, which results
from a pH difference between blood and tissue, and to the innate lipid solubility
of the compounds (1). A factor with the potential to reduce the drug residues
intake is that most animal tissues are cooked before eating, which may decrease
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the degree of food contamination by several types of residues including penicillins
and tetracyclines.

Proper assessment of public health hazards is a complicated task and has
become one of the most vexing problems. The diverse opinions associated with
defining exactly what constitutes a hazard to human health have further perplexed
existing mechanisms to determine whether human health is affected or not by
the therapeutic or subtherapeutic use of drugs in food-producing animals. In spite
of the obvious limitations, the attitude of drug residues will be approached in
this chapter from the public health perspective, since the requirement for safe
food is of utmost importance as far as consumer health is concerned. Existing
evidence for specific health hazards of certain groups of drugs will be described
and the risks associated with the consumption of residues of these drugs in edible
animal products will be explained. The focus will be on the possible health conse-
quences that may occur as a result of acute exposure to illegal residues, but long-
term chronic effects will be also considered.

10.1 TYPES OF RESIDUES AND THEIR TOXICOLOGICAL
SIGNIFICANCE

There has been an increasing worldwide public outcry to know what residues
and contaminants are in the food supply, and a demand that food be free of
residues that could have an impact on the public health. A simplistic but often
voiced concept is that edible animal products should be only consumed when all
administered drugs and drug-related residues have been totally eliminated. For
some time in the past, this concept seemed to guarantee the highest degree of
food safety as animal products destined for human consumption were found to
be free of drug residues by the analytical methods applied at that time.

However, as the sensitivity of the analytical methodology increased with
time, this concept had to be abandoned because animal-derived food formerly
believed to be free of residues was found to be contaminated after all. With the
current extensive use of drugs in treatment of disease and as feed additives for
food-producing animals, it is highly probable that drug-related residues will al-
ways be present, most often at practically nonmeasurable concentrations, in the
edible products of the treated animals. It is now realized that the goal of producing
food free of residues in absolute terms is, to all practical purposes, impossible
to achieve (2). Such a target could theoretically be attained by entirely abandoning
the use of veterinary drugs, but this is an unacceptable option in modern animal
farming (3). On the other hand, drug residues at any level or form in food are
not necessarily toxic.

In general, safety evaluation is primarily based on the toxicological testing
of the parent drug. However, consumers of edible animal products are also ex-
posed to many other products of drug metabolism, including free metabolites of
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TABLE 10.1 Compounds Described Under the Concept of ‘‘Total
Residues’’

Parent compound
Free metabolites produced by addition, cleavage, oxidation and reduction bio-

transformations of the parent compound
Conjugates to small molecules (glucuronides, glutathione, etc.)
Conjugates to macromolecules (proteins, nucleic acids, etc.)
Covalently bound metabolites
Drug fragments incorporated into endogenous cellular components (amino

acids, proteins, lipids, etc.)

the parent drug, conjugates to small molecules and macromolecules, and cova-
lently bound metabolites, which are all described under the concept of ‘‘total
residues’’ (Table 10.1). It is very possible that some metabolites are devoid of
the toxicity of the parent drug, but others may be equally or more responsible
for the exhibited toxicity. According to the Food and Drug Administration (FDA),
the concept of ‘‘total residues’’ should apply to any compound from the use of
the drug in the target animal resulting in the edible tissues. Compounds would
include the parent compound, its metabolites, and any other substances formed
in or on the food because of the use of the drug (4).

The amount of total residues is generally determined by study with radiola-
beled drugs and is expressed as the parent drug equivalent in milligrams per
kilogram of the food. Bound metabolites can be measured as the difference be-
tween the total and extractable residue. Microbiological assays measure the parent
molecule and its bioactive metabolites; immunochemical assays measure the par-
ent molecule and closely chemically related metabolites.

Regulatory requirements in the field of drug residues analysis are limited,
in most cases, to the identification of only the major metabolites. Quantitative
selection of major over minor metabolites is certainly devoid of rational biological
ground, since several studies have shown that the toxic metabolites are usually
transitory and often present in small quantities. However, isolation and identifica-
tion of all these metabolites are difficult and proper assessment of the toxicity
of drug residues is still a real challenge.

Metabolic activation of drugs forming highly reactive intermediates that
react with tissue macromolecules can be an important mechanism for drug toxic-
ity, although not necessarily the most important one (5–7). Reactive intermedi-
ates, such as electrophiles, free radical, and active oxygen species, have the poten-
tial to initiate toxicity by interacting with critical macromolecules or by generating
propagate oxidative mechanism that lead to both structural and functional altera-
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tions. Covalent binding of such intermediates to macromolecules is the first effect
in an organism receiving drug therapy.

From the standpoint of consumer safety, reactive intermediates are of little,
if any, toxicological significance. There is little chance of finding reactive inter-
mediates in edible animal products because of their high reactivity and very short
half-life. Free radical intermediates may be formed by one-electron oxidation,
one-electron reduction, or homolytic cleavage of many compounds, including
nitrofurans, amines, phenols, quinones, and halogenated derivatives. These toxic
intermediates may induce protein and lipid alkylation, and peroxidation of mem-
branes, which is considered as a primary event in the toxicity of several drugs.
Electrophilic intermediates, on the other hand, may be produced by metabolic
oxidative or reductive processes leading to formation of epoxides and oxiranes,
which are very unstable and rarely identified. These compounds may interact
with various cellular components causing alkylation of cellular molecules and
subsequent damage but leading also to deactivation of reactive intermediates.

In contrast, all free metabolites potentially present in animal products are
stable chemical species with defined toxic potential for which safety margins can
be determined, and, thus, are of toxicological concern. The biological activities
serving as criteria for determining their toxicity are those most relevant to humans,
primarily the teratogenic and the mutagenic activity. Apart from free metabolites,
their conjugates to small molecules and macromolecules present also the potential
of toxicological concern. Such residue forms can be deconjugated into the human
organism after ingestion of the contaminated food. This leads to formation of
new electrophilic derivatives that may readily react with human macromolecules.
This process is defined as secondary bioavailability since it represents the begin-
ning of a second passage of the drug through the mammalian organism (8, 9).

Covalently bound drug residues in edible animal products are not necessar-
ily toxic because this type of binding is normally not cleaved during digestive
processes. By definition, a residue is designated as bound if it cannot be released
from the macromolecular fraction after mild but exhaustive extraction procedures.
The nonextractable material may include two different residue fractions that can-
not be differentiated by this experimental approach. One fraction may consist of
certain elements of the drug that have been incorporated by normal metabolic
pathways into endogenous components, such as amino acids, proteins, or nucleo-
tides, and is of no more toxicological significance. The other fraction may contain
metabolites covalently bound to cellular macromolecules and is considered to be
of toxicological concern. This concern must be considered equal to that of the
parent compound unless proven otherwise. This level of toxicological concern
may be a conservative assumption, but it is impossible to establish the concern
as zero or any other value without scientific information (10, 11).

The extremely complex chemistry of bound residues contributes to the
difficulty in assessing their safety in food. Reactive intermediates can bind with
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numerous naturally occurring compounds, yielding a plethora of derivatives, most
of which are likely to be present in extremely low concentrations. As a conse-
quence, the structural determination of the bound residue is difficult, if not impos-
sible, in many cases. It is extremely difficult to differentiate analytically between
a drug metabolite chemically bound in nonextractable form to tissue macromole-
cules such as proteins, lipids, nucleic acids, or glycogen, and extensively metabo-
lized drug fragments that have entered the metabolic pool, becoming incorporated
into the same macromolecules. Although the portion of the bound residue shown
to be due to endogenous incorporation can be discounted from the total residue
of toxicological concern, such an incorporation may be widespread in some in-
stances and makes an accurate quantification very difficult.

A concept that is critical in the complex evaluation of bound residues is
the adduct residue. The concept of adduct residue can be applied to any metabolite
covalently linked to an endogenous component. Hydrolysis of the macromolecu-
lar bound residue, whether by enzymatic or chemical means, may lead to lower-
molecular-weight adduct residues, free residues, and residue fragments. Since
bound residues are derived from reactive metabolites, the reversibility of adduct
formation to yield reactive compounds may be a key factor in the safety assess-
ment of bound residues.

For example, the macromolecule to which the metabolite is bound may
undergo digestion to peptide or amino acid adducts that may themselves be toxic
or may be chemically or enzymatically transformed into an active species, as in
the case of certain cysteine adducts shown to be activated through subsequent
metabolism in the kidney (12), thereby eliciting toxicity. A demonstration that
the reactive metabolite cannot be regenerated under various conditions, such as
mild acid or enzymatic digestion, would lessen the concern for the toxicological
significance of the bound residue. Tissue-bound residues liberated by hydrolysis
or enzymatic procedures are likely to be in a highly oxidized or polar state, and,
in general, may be expected to have reduced toxic potential (13).

Because differentiating among drug-related residues and drug fragments
that have entered the normal metabolic pool is difficult, alternative indirect meth-
ods are employed to gain further insight into the toxicological potential of bound
residues. The most straightforward approach is the so-called relay toxicity method
(14). This procedure provides a useful means of equating test animals and human
exposure. Target tissue from farm animals receiving the drug is mixed with normal
feed and fed to laboratory animals for varying periods. The animals are then
sacrificed and observed for signs of toxicity. The technique is attractive because
it simulates experimentally the exposure of humans to tissue residues by ensuring
that the test animal (i.e., the rat) is exposed to the same mixture of metabolites
as humans. It is a relatively inexpensive test because it is not necessary to charac-
terize the residues present in the target animal tissues. The residue containing

Copyright © 2001 Marcel Dekker, Inc.



274 Chapter 10

the parent drug and its metabolites is present in the proportions to which humans
might be exposed.

Any positive response in a relay toxicity test is indicative of a serious
toxicological residue hazard that cannot be ignored. It is argued, however, that
negative results are inconclusive since the animals are not exposed to high enough
concentrations of residues. Even when the tissues containing the incurred residues
are used as the only dietary source in order to reach the highest concentration
possible, the total residue concentration given to rats will still be orders of magni-
tude lower than the lowest concentration of the parent drug that would give a
positive carcinogenic or toxicological response. At a minimum, levels at least as
high as those for which a carcinogenic or toxicological end point are observed
would be needed.

When, for example, relay embryotoxicity studies were used to study the
total residues of cambendazole and albendazole, no toxicity was detected when
livers incurred with residues were fed to pregnant rats (15, 16). However, for
extrapolation to humans, these studies did not allow the demonstration of a wide
safety margin because of the low residue levels present in the tested edible tissue.
To eliminate this major drawback, Galer and Monro (17) have made some recom-
mendations including treatment of the target species at a dose level three- to
fivefold higher than normal, killing of experimental animals several days earlier
than the projected withdrawal period, and administration of the tissues containing
the artificially high-level residues to laboratory animals for conventional toxico-
logical evaluation.

Due to the obvious limitations of other methods, the relay bioavailability
method is more widely used. The method of relay bioavailability endeavors to
provide information about the degree of absorption of residues by establishing a
ratio between the absorbed and unabsorbed fractions. This involves feeding resi-
due-containing tissues from treated target animals to rodent pseudoconsumers
that have been used in the overall toxicological assessment of the drug. These
target animal tissues contain the metabolites to which humans are exposed. Relay
bioavailability can be carried out by feeding freeze-dried tissues from target ani-
mals treated with radiolabeled drug to laboratory animals. A bile-canulated rat
model similar to that developed by Gallo-Torres is often used (18). After sacrific-
ing the animals, the radioactivity of the liver and kidney is measured. An approxi-
mate estimate of the proportion of radioactivity absorbed can be made by sum-
ming the radioactivity found in the bile and urine.

The experimental design of the relay bioavailability method allows the
toxicological assessment of bound residues by comparing their relative bioavail-
ability to that of the parent compound, and deducing the amount of the nonbioavai-
lable bound residues from the total residue of toxicological concern. This has
been found to be true for several drugs including cambendazole and albendazole
where total residue bioavailabilities were low compared with the parent drugs
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(15, 19). In the cambendazole study, the bioavailability of the parent drug in rats
was determined at 50%, but when rats were given total residues of cambendazole
through the ingestion of liver of calves treated with the drug, only 15% of the
total radioactivity was absorbed. Thus, on the same withdrawal day, the amount
of residues found in the rats used as pseudoconsumers was 30 times less than
that in the rats fed the parent drug. It appears that, despite bioactivation processes,
total residues do not account for a higher toxic risk than the parent drug.

The US Food and Drug Administration (FDA) has recently proposed an
approach to the safety assessment of bound residues derived from carcinogenic
drugs thought to be both scientifically valid and reasonably capable of being
accomplished (20, 21). This approach is based on the data collected from a combi-
nation of both in vitro and in vivo tests in the areas of the bioavailability and
toxicological potential of bound residues, the reversibility of adduct formation,
and the mechanism of bound residue formation.

Although the human food safety assessment has long challenged regulatory
agencies and extensive research on the issue of bound residues has been carried
out, the scientific knowledge about the real chemical nature, bioavailability, and
coherent toxicity as well as on the release of fragments during digestive degrada-
tion of tissues containing bound residues is still very limited. Real progress in
finding answers to these questions and establishing a rational basis for risk assess-
ment can only be achieved with a more detailed analysis of the chemical nature
of such residues.

10.2 TOXICOLOGICAL HAZARDS

Drug residues in contaminated foodstuffs have the potential to produce direct
toxic effects. However, the residue concentrations in food are generally so low that
direct toxic effects are improbable. Next to direct toxicity, possible toxicological
hazards with respect to the presence of drug residues in food may be of carcino-
genic, mutagenic, and/or teratogenic nature. Long-term low-level mutagenic or
carcinogenic effects, if any, are far more relevant from a public health point of
view. However, the greatest hazard from the human health safety point of view
may be the unrecognizable exposure to possible teratogens.

10.2.1 Direct Toxic Effects

The likelihood of acute toxicity from drugs or their metabolites in edible animal
products is extremely low, a fact confirmed by the lack of documented scientific
reports in the pertinent literature (22, 23). This lack can be best exemplified in
two cases of premature thelarche outbreaks The first of these outbreaks of breast
development before the age of 8 years occurred in children attending an Italian
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school, the second in Puerto Rico. In both outbreaks, meat containing estrogenic
substances was implicated as the cause of precocious sexual development (24).

More significant by far in terms of the number of infants and children
affected was the outbreak that occurred in Puerto Rico. In 1980 through 1981
pediatric endocrinologists in Puerto Rico reported a threefold increase in the
number of premature thelarche cases compared with 1978. The outbreak was
originally alleged to be caused by consumption of poultry or meat containing
residues of naturally occurring or synthetic hormonal substances (24). Beef and
pork meat, milk, drinking water, and blood and urine samples from affected and
unaffected children were analyzed for synthetic and naturally occurring hor-
mones, but no underlying cause for the increase in premature thelarche cases
could be determined (25). It was finally concluded that the increased number of
cases might be attributed to better diagnosis and reporting of premature thelarche
by physicians, or to the presence of entirely new, unexpected factors, but not to
drug residues in food (26).

Among all groups of drugs used in food animal production, none has evoked
greater emotional response in the public than the hormonal growth-promoting
drugs. One event more than others may have been responsible for precipitating
the present consumer attitudes. In 1980, high concentrations of diethylstilbestrol
were found in baby food in Europe (27). Although it was later surmised that the
extreme concentration of diethylstilbestrol in the baby food could have only re-
sulted from severe misuse or intentional and malicious adulteration, the incident
implanted in the public a fear of all hormonal growth-promoting drugs.

Despite public apprehensions concerning the use of the hormonal growth-
promoting drugs, numerous scientific studies have demonstrated that when these
drugs are used in accordance with good husbandry practices, residual concentra-
tions in meat remain within the normal physiological range established for un-
treated cattle of the same age and gender. Based on these facts, the FDA has
concluded that no harmful effects will occur in persons who daily consume animal
tissues that contain an incremental increase of endogenous hormone equal to 1%
or less of the amount produced daily by the segment of the population with the
lowest daily production rate. Prepubertal boys synthesize the least estradiol and
progesterone, whereas prepubertal girls synthesize the least amount of testoster-
one per day. Prepubertal boys produce, on average per day, 100–3,000 times the
amount of estradiol and more than 500 times the amount of progesterone that
would be expected to occur in 500 g meat from treated animals. Prepubertal
girls likewise produce 600–900 times the amount of testosterone that would be
expected to be present in 500 g meat from treated animals (27, 28).

Unlike the naturally occurring hormones for which human food safety as-
sessment is based on a ratio of their amount consumed in food compared to
their amount produced endogenously by the consumer, safety assessment for
the synthetic trenbolone acetate and zeranol hormones is based on alternative
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strategies. Considerable research has gone into assessing the risk of cancer to
the consumer from use of synthetic hormones in food-producing animals. The
establishment of hormonal no-effect levels as a basis for assessing human food
safety and setting tolerances for residues is scientifically sound: the hormonally
active compounds cause no increased incidence of tumors when administered to
laboratory animals in amounts below those required to produce detectable hor-
monal activity (29). The major impediment to establishing safe tissue concentra-
tions of the synthetic hormones results primarily from their ability to produce
tumors in laboratory animals when these compounds are fed at high concentra-
tions. These tumors occur only in endocrine-sensitive tissues and are similar to
those produced by high doses of the naturally occurring hormones. On the other
hand, the newest members of the anabolic hormonal growth-promoting drugs,
bovine somatotropin, or porcine somatotropin do not leave hazard residues in
meat or milk.

Exceptions, however, to this situation may occur for some drugs, particu-
larly those possessing inherent properties that can threaten human health. One
such example is chloramphenicol, which has been implicated as the causative
agent in many cases of fatal aplastic anemia, a condition reported to be non-dose-
related and potentially could be induced by even extremely low levels of this
antibiotic in food (30). Thus, the establishment of a safe level in chloramphenicol
residue exposure from food animal tissues can be precluded.

Aplastic anemia in humans represents an idiosyncratic reaction affecting
1 20,000–50,000 patients receiving a typical course of chloramphenicol therapy.
The mechanism of chloramphenicol-induced aplastic anemia is uncertain, but
bone narrow stem cells are believed to be involved. Thiamphenicol, an analogue
of chloramphenicol lacking the p-nitro group, although sharing many of the clini-
cal antibacterial and toxicological properties of chloramphenicol, has not been
implicated to date in the aplastic anemia syndrome. As a result, it has been
postulated that a nitroso reduction product of the p-nitro group of chloramphenicol
can irreversibly inhibit the growth of bone marrow precursor cells. Considerable
controversy still exists as to whether chloramphenicol-associated bone marrow
depression is a toxigenic or allergenic effect.

The resulting disease is fatal in approximately 70% of the cases and those
who recover experience a high incidence of acute leukemia (31). It has been
reported that a 6-year-old girl died after receiving only 2 g chloramphenicol (32),
while a 73-year-old woman died following an estimated total dose of only 82
mg chloramphenicol received as an ophthalmic drug (33). These total dosages
have the potential to be present in human food: it has been confirmed in a report
in which chloramphenicol residues were found in 13 of 3020 calves tested (31).
Ten muscle samples had levels above 1 ppm, while one was reported to contain
about 12 ppm chloramphenicol.
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Although there have been no reported cases of aplastic anemia attributable
to consumption of chloramphenicol residues through food, the possibility of such
an event is not remote. Use of chloramphenicol in cattle is thought to be responsi-
ble for the death of a Kansas rancher. The rancher was diagnosed as having
aplastic anemia 4 months after he began treating his cattle with chloramphenicol
(31).

In the past, chloramphenicol was approved for use in food-producing ani-
mals in Canada and Europe (31). In the United States it has never been approved
for such use although it was approved for use in dogs. However, chloramphenicol
has gained wide popularity among food animal veterinary practitioners in the
United States because of its effectiveness in treating bacterial infections. By 1985,
FDA had accumulated enough data to establish that most chloramphenicol oral
solution marketed for use in dogs was being used to treat food-producing animals,
usually by injection or infusion. Since the labeling directions for use had not
been followed in practice and were not likely to be followed in the future, the
FDA withdrew approval of all oral solutions containing chloramphenicol (34).

Although in 1983 approximately 0.5% of all calves in the United States
contained residues of chloramphenicol, by 1984 the violation rate declined to
0.09% as a result of chloramphenicol withdrawal and no violations were detected
under the US Department of Agriculture Food Safety Inspection Service (FSIS)
monitoring program in 1985 or 1986 (35–38). Veterinarians were forbidden from
using chloramphenicol for any purpose that would result in the presence of resi-
dues in food for consumption by humans. Use of chloramphenicol in food-produc-
ing animals was also specifically restricted in the Extra-Label Drug Use policy
of the FDA (39), and FDA has prosecuted veterinarians who have disregarded
this policy.

Clenbuterol has been also implicated as the causative agent in many cases
of human poisoning. This -agonist has been illegally incorporated into animal
feeds in a number of European countries and Canada for the purpose of enhancing
animal growth rates. Its administration in feedlots can constitute a severe risk
for animal welfare and exposes consumers to involuntary drug consumption at
pharmacologically active concentrations. Most reported poisoning episodes have
been associated with the consumption of beef liver, in which clenbuterol residues
particularly accumulate.

In Spain, a foodborne clenbuterol poisoning outbreak occurred in the central
part of the country between October, 1989, and July, 1990, affecting 135 persons
(40). Epidemiologists located the cases using the pharmacological profile of clen-
buterol and the appearance of symptoms 30 min to 6 h after ingestion, lasting
for approximately 40 h. Consumption of liver containing clenbuterol in the range
160–291 ppb was identified as the common point in the 43 families affected,
while symptoms were observed in 97% of all family members who consumed
liver (41).
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Between January and April, 1992, another outbreak occurred in the northern
part of Spain, affecting 232 persons (42). Clinical signs of poisoning in more
than half of the patients included muscle tremors and tachycardia frequently
accompanied by nervousness, headaches, and myalgia. Intervals between expo-
sure and onset of symptoms ranged from 15 min to 6 h and the duration varied
from 90 min to 6 days. Clenbuterol levels in the urine of the patients were found
to range from 11 to 486 ppb, but clenbuterol could not be detected in serum.
Based on food consumption data obtained from the patients, the origin of the
contaminated foodstuffs was determined (43). A total of 61 of those afflicted had
eaten at either the same restaurant or company canteen, whereas all patients had
consumed veal liver, veal tongue, or cannelloni before the onset of symptoms.

In addition, an incident of food poisoning by residues of clenbuterol in veal
liver occurred in the fall of 1990 in the cities of Roanne and Clermont-Ferrand,
France (44). A total of 22 persons from eight families were affected. Symptoms
appeared 1–3 h after consuming veal liver meals, and all patients recovered within
1–3 days. A woman with a prior heart disease developed marked palpitations
but her son, who consumed the same meal, did not, indicating that heart conditions
can make a person more susceptible. In two of the liver samples originated from
a slaughterhouse in Roanne, relatively high concentrations of clenbuterol, reach-
ing 375 and 500 ppb, were determined.

Two farmers in Ireland were also reported to have died while preparing
clenbuterol for feeding to livestock (45). In August 1996, 62 persons asked for
medical help at the emergency rooms of two hospitals near the city of Caserta,
Italy (46). Their clinical profile was characteristic of previously occurring clenbut-
erol intoxication, including superventricular extrasystoles and atrial fibrilation.
All patients had consumed beef meat 10–30 min to 2–3 h before symptoms
developed. Definitive confirmation of clenbuterol and determination of the drug
content in meat samples was obtained by gas chromatography–mass spectrome-
try, using two different derivatization procedures. Clenbuterol levels in the meat
ranged from 0.8 to 7.4 ppm. This case demonstrates that clenbuterol poisoning
can also occur after consumption of beef meat other than liver.

All intoxication cases described above demonstrate clearly that safety evalu-
ation of pharmacologically active compounds to which consumers are exposed
as residues in food must be based on both toxicological and pharmacological
criteria. Consumption of 100 g liver containing clenbuterol in concentration levels
as determined in liver samples contaminated with 160–500 ppb, would exceed
the pharmacological effect level of 5 g per person (47).

The thyreostat methimazole has been reported to be illegally added to cattle
feeds along with clenbuterol to increase animal weight and water retention (48).
Maternal use during pregnancy for the treatment of hyperthyroidism is associated
with a high incidence of congenital aplasia cutis, which is a characteristic scalp
defect in children. In Spain, there has been a significant increasing trend in the
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prevalence of aplasia cutis from 1984 to 1991. This trend has not been related
to maternal treatment of hyperthyroidism but it is closely associated with out-
breaks of clenbuterol poisoning. Thus, it was eventually postulated that the in-
crease in congenital scalp defects in Spain was caused by consumption of beef
containing illegal residues of methimazole.

10.2.2 Carcinogenicity

The major concern as far as the potential carcinogenicity of veterinary drugs is
concerned is directed toward their residues in edible animal products (49). The
number of chemicals shown to be carcinogenic in animals has increased enor-
mously over the past decade. They represent a wide spectrum of unrelated chemi-
cal structures, including many that are apparently nongenotoxic in most test sys-
tems.

Cell damage induced by chemical carcinogens involves the conversion in
the body of a proximate carcinogen (inert) to the ultimate carcinogen that is a
reactive electrophilic compound. This ultimate carcinogen may then interact or,
more frequently, combine covalently with intracellular components, such as
DNA, RNA, phospholipids, or glutathione.

In terms of molecular activity, the precise mechanism of carcinogenesis
has not been fully elucidated. Many general mechanisms underlie induction of
carcinogenic changes. Alone or in combination, these may initiate neoplastic
alterations. Formation of chemically reactive metabolites or ultimate carcinogens
may occur by a complicated, varied process of biological mechanisms. A number
of metabolites may exist in the free radical form or the epoxide form, which
then complex with cellular macromolecules, initiating structural, functional, or
chemical change, especially in informational proteins. Reactive metabolites can
give rise to various types of toxicity, including carcinogenesis, mutagenesis, tera-
togenesis, cellular necrosis, blood dyscrasias, and immunological effects. Mecha-
nisms underlying these toxic manifestations are largely unknown.

Carcinogens can be subdivided into two major types: genotoxic and epige-
netic compounds. Genotoxic carcinogens are compounds that either in their parent
form or after metabolism in the body possess direct biological capability to dam-
age DNA. Genetic toxicity tests reveal such carcinogens. They pose a major
hazard because they can be effective after a single exposure. Aromatic and hetero-
cyclic amines, nitrofurans, azo and N-nitroso compounds, and carbamates are
included in this class.

Epigenetic carcinogens do not directly damage DNA. They operate indi-
rectly by a variety of mechanisms, including hormonal effects, immunosuppres-
sion, and cocarcinogenic effects. Carcinogenic effects occur with high or sus-
tained levels of exposure, which in turn can lead to physiological imbalances,
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hormonal dysfunction, or tissue injury. Included in this category are promotional
agents, cytotoxic agents, and hormone modifiers.

The distinction between different types of carcinogens is extremely impor-
tant in the area of food toxicology. The characteristics of genotoxic carcinogens
make them qualitative hazards, but with epigenetic agents a safe threshold of
exposure may be delineated. DNA reactive chemicals represent significant health
hazards. They have the potential to produce toxicity, birth defects, genetic disease,
and cancer. A drug that is not genotoxic in hepatocyte cultures in vitro but that
can induce this effect in vivo is suggestive of epigenetic mechanisms of activity
by conversion to electrophilic metabolites in the body.

Diethylstilbestrol (DES), which has been used as a feed additive growth
promoter, possesses a stilbene double bond and therefore has been suggested to
be capable of interacting with DNA through formation of a reactive species. With
chronic exposure in adult mice, DES produces tumors only in mice carrying the
mammary tumor virus. Thus, its effect is a promotional type. After high exposure
to DES in neonates, tissue changes are likewise induced in the hormonally sensi-
tive target tissues, such as the vagina. Neoplasia occurs later in life only when
endocrine changes occur in the female reproductive system. DES then would
be mechanistically classed as an epigenetic carcinogen and therefore requires a
different evaluation from ‘‘straightforward’’ genotoxic in vitro carcinogens. This
classification, however, is currently under review. DES may be a genotoxic car-
cinogen.

Quinoxaline compounds are commonly used agents for growth promotion
or enteric disease therapy in swine. Therefore two closely related veterinary com-
pounds, carbadox and olaquindox, were evaluated in the Salmonella/microsome
test (Ames test) and the hepatocyte/DNA repair test (Williams test). Both were
positive. Thus, not only are they potentially genotoxic and mutagenic, but also
should be considered potential carcinogens. Not only do they share a common
structural similarity, but they are also deemed to be a hazard at any level of
exposure because of their in vitro genotoxic activity. In short, nongenotoxic or
epignetic carcinogens may represent only quantitative human hazards because of
their dependence on mammalian activation systems of variable intensities. Thus,
safe levels of exposures of these types of agents could be at least theoretically
defined. Conversely, human exposure to direct genotoxic carcinogenic veterinary
drugs must be minimized.

Lengthy toxicological studies are required when carcinogenicity is sus-
pected because of the drug’s chemical similarity to known carcinogens or muta-
gens. The procedure is to treat animals for their lifespan and to determine the
differences between control and treated groups with regard to tumor time of
appearance, number, and type. Differences in susceptibility to carcinogens, how-
ever, can be seen between different strains of laboratory animals. For example,
Fischer rats are relatively resistant to the induction of extrahepatic neoplasms by
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aromatic amines, whereas these compounds can cause increased occurrence of
mammary tumors in Sprague-Dawley rats.

Other known carcinogens in humans may not necessarily act as carcinogens
in rats. Susceptibility of animals to carcinogens is influenced not only by the
potency or toxicity of the chemical agent but also by many additional factors,
including diet, species, period of exposure, strain, organ sensitivity, transplacental
exposure, gender, endocrine balance, stress, disease, and exposure to secondary
compounds that suppress or induce drug-metabolizing enzymes. Exposure to min-
ute amounts of carcinogens raises many difficult questions. This is important to
regulatory agencies that must decide whether any degree of exposure to a carcino-
gen can be permitted.

The biological reactivity of ultimate carcinogens is nonetheless causing
increased concern. Induced conformational changes in DNA can affect replication
transcription and translation processes within the cell. In many cases, the lag
period for carcinogenesis can be 20 years in humans, and so it is extremely
difficult not only to design effective toxicity tests for drugs whose residues have
carcinogenic potential but also to interpret mechanisms of activation and to define
interpretive and predictive criteria. The rodent is used in assessment for carcino-
genic potential of drugs or chemicals because its 2–3.5 year lifespan is shorter
than that of humans.

Accumulation of DNA damage over a period of years can contribute to
carcinogenesis by way of somatic mutagenesis. Mammalian cells possess an enzy-
matic mechanism for the removal of certain carcinogens bound to DNA. Not
only is repair a natural process, but also spontaneous depurination of DNA is
a naturally occurring phenomenon, albeit at a low rate constant. Exposure to
carcinogens can increase the rate of depurination with a significant increase in
the number of apurinic sites. This creates vast capability for miscoding potential,
especially if DNA repair is not complete. DNA repair errors induced by chemical
exposure is another mechanism of action of carcinogens leading to mutations or
carcinogenesis.

The FDA has chosen to define ‘‘no residue’’ operationally based on quanti-
tative carcinogenicity testing of residues and the extrapolation of animal test data
to arrive at a concentration of residue that presents an insignificant risk to humans.
The virtually safe level of exposure is determined by this linear-extrapolation
model for each test compound, expressed as a fraction of the total diet fed to the
test animal, calculated for a maximum lifetime risk that is essentially zero but
never expected to exceed 1 1,000,000. The lowest of all calculated acceptable
levels for the parent drug or its metabolites is designated as the required sensitivity
of the method for the tissue assay. The 1 1,000,000 level of risk used in the FDA
guidelines does not mean that 1 1,000,000 people will develop cancer as a result
of the regulation of an animal drug carcinogen. Rather it represents 1 1,000,000
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increase of risk over the normal risk of death and also represents a lifetime but
not an annual risk.

10.2.3 Mutagenicity

Mutagenesis is the induction of changes in the genetic component of the cell. In
many cases, mutagens also cause cancer in laboratory animals. Because of this,
an added benefit of mutagenicity studies is to provide short-term predictive tests
of carcinogenicity potential. Mutagenic compounds may react with a base in
DNA and modify it chemically. At the next replication, the modified base may
pair with a new base partner. Subsequent replication ensures completion of the
mutational process. The sequence of base pairs determines the corresponding
sequence of base pairs in DNA, which determines the corresponding sequence of
bases in RNA. When DNA base pairings are changed by mutational mechanisms,
during replication and transcription, because a new genetic code has now been
established, formation of a different amino acid may be specified. This may be
quite deleterious to cellular function.

The Salmonella/microsome assay, referred to as the Ames test, is currently
the most widely used short-term assay for mutagenic compounds. Although the
Ames test possesses good routine predictive value, it is often criticized on grounds
of selectivity of chemicals tested, the occurrence of false-negative results, and
for various chemicals inherently toxic to bacteria. A major disadvantage of the
test system has been the failure to detect mutagenicity attributable to drug or
chemical metabolites. Incorporation of a mammalian metabolic activation system
or various microsomal tissues facilitates increased reliability by detecting muta-
genic effects induced by metabolites. Without this addition, the performance of
the Ames test would be limited exclusively to direct-acting agents that do not
require metabolic activation.

Because most carcinogens are not carcinogenic themselves but are active
only after metabolism, the compounds are tested in the Ames test in the presence
of a mammalian metabolizing system as well as directly. Such an artificially
created bacterial in vitro system does not truly mimic the mammalian system as
exemplified by humans or animals. Despite these limitations, the Ames test,
although controversial, still remains one of the primary assay systems for quick
screening and detection of possible mutagens and is of importance as a predictive
test for carcinogens. The question arises whether the Ames test is the appropriate
tool with which to investigate mutagenicity of anabolic drugs. Although steroids
are proven carcinogens in several animal models, they are not mutagenic in the
bacterial test system.

10.2.4 Teratogenicity

The greatest problem from the human health safety point of view is inadvertent
or accidental exposure to possible teratogens. This invisible exposure poses the
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greatest risk, especially in the context of drug residues from food animals. A
teratogen is a chemical agent that can affect the somatic cells of a developing
fetus such that defective development of organ systems occurs. During the embry-
onic stages, organogenesis is taking place and at this stage the conceptus is particu-
larly sensitive to the toxic effects of drugs. Because the rate of cellular turnover
is high in the first trimester of gestation, agents that interfere with the cellular
proliferation can be embryotoxic, giving rise to a variety of developmental abnor-
malities. For teratogenic effects to occur, all that is required is transient exposure
to a potentially embryotoxic agent during a critical period of early pregnancy.

During early fetal development, there are critical or sensitive periods when
malformations are most likely to be induced. These critical periods are short
windows of time during the phase of organogenesis. Teratological calendars have
been drawn up for humans, laboratory animals, and target animals identifying
the critical time periods.

Teratogenicity is essentially a ‘‘one hit’’ phenomenon; that is, it is really
a form of acute toxicity, and it can appear after only a single exposure to the
drug or chemical. Level of exposure and dosage are important because although
certain fetal concentrations may be teratogenic, higher levels may actually kill a
fetus and are not necessarily teratogenic for the survivors.

Many agents that are mutagenic and carcinogenic also display teratogenic
activity. Induction of mutational or chromosomal abnormality can cause abnormal
fetal development. Teratogenicity and congenital abnormalities, however, are not
necessarily associated with obvious chromosomal abnormalities, and so the mal-
formations are not heritable. This is in contrast to mutagens and carcinogens, in
which a heritable alteration in a cell line is a prerequisite.

In laboratory animals, teratogenic effects have been demonstrated for anti-
thyroid substances, alkylating agents, antifolate agents, hormonal excesses, and
some antibacterial sulfonamides. A number of organophosphates and carbamate
insecticides, and certain corticosteroids are also teratogenic in a number of labora-
tory animals. During the later stages of pregnancy, the urogenital system is suscep-
tible to the action of steroid hormones. Progesterone and progestagens given to
the dam can produce masculinization of female fetuses; androgens and anabolic
steroids may induce female pseudohermaphroditism. In the bitch, dexamethasone
may result in birth of pups with deformed limbs. Griseofulvin, a fungistatic antibi-
otic, is teratogenic in cats but not in dogs.

Many of the benzimidazole drugs also exhibit teratogenic properties. This
was first recorded with parbendazole, which is teratogenic in sheep and rats but
not in pigs, cattle, or rabbits. Species sensitivities can thus be quite dissimilar.
In the well-documented case of parbendazole in sheep, dosing of the pregnant
ewe is associated with congenital abnormalities in the offspring. The anomalies
are primarily those of the bones and joints affecting the pelvis, long bones, and
digits. Exposure at different times of early pregnancy give rise to different mani-
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festations of abnormality, for example, day 12 exencephaly, day 16 fused verte-
brae, and day 24 arthrogryposis.

Oxfendazole, on the other hand, is teratogenic in sheep but not in cattle.
Albendazole administered on day 12 in sheep causes exencephaly and on day 17
causes skeletal abnormalities. In sheep, head and face abnormalities tend to occur
following exposure from day 12 to 17, spinal column defects from day 16 to 21,
and limb distortion from day 22 to 25.

Depending on the species, parbendazole, mebendazole, albendazole, oxfen-
dazole, cambendazole, and febantel can be teratogenic in the parent form or
indirectly from metabolite formation. Oxibendazole and fenbendazole in parent
form are not teratogenic, although one of the metabolites of fenbendazole, a
sulfoxide found in the milk of cows treated with fenbendazole, is teratogenic in
the rat and sheep. Albendazole displays similar biotransformation pathways in
cattle as it does in sheep, yet the bovine animal is refractory to its teratogenic
effect at normal dosage rates.

With many of the benzimidazoles, the critical exposure time span of early
pregnancy is important as well as the dosage rate. Many label instructions accom-
panying these anthelminthics draw attention of the necessity to avoid suprathera-
peutic dosages in early pregnancy. The general pharmacological principles for
species variation in the metabolism of drugs in the liver and to a lesser extent in the
placenta may be an important underlying factor in explaining this refractoriness of
some species to teratogenic drugs. Even when identical active metabolites for
teratogenic drugs are present in different species, other factors, such as placental
transfer, ion trapping in fetal tissues, mechanism of action, the critical exposure
period, and the different rates and patterns of organogenesis and morphological
differentiation, may determine the presence or absence of a congenital abnormal-
ity effect.

Although voluntary medication during human pregnancy is best avoided,
the risks inherent from the possible intake of teratogenic compounds in foodstuffs
during pregnancy always exist. One of the dilemmas of this accidental human
exposure to teratogens is knowing whether pregnancy can be recognized early
enough so that exposure can be avoided. Experiments for teratogenic effects in
laboratory animals are conducted under highly artificial conditions: the precise
time of mating is established and so the crucial dates of early pregnancy are
known and identified. This obviously does not mirror the human situation. For
a woman with irregular cycles, it takes longer for a missed cycle to be noted and
therefore for the woman to consider herself pregnant. By that time, however,
drug effects on the developing fetus through inadvertent exposure to a possible
teratogen may already be taking place. Potentially a large population of women
of childbearing age could unknowingly expose their embryos to the risks of
malformation before their pregnancies are recognized.
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10.3 PHARMACOLOGICAL HAZARDS

Also of concern are drug residues whose presence in food could result in a pharma-
cological effect in the consumer in the absence of conventional toxicological
effects. A few reports have suggested that prolonged ingestion of tetracyclines
from any source, including food, has detrimental effects on teeth and bones in
growing children. In addition, reactivation of signs of chloramphenicol toxicity
have been reported after consumption of meat, milk, or eggs containing chloram-
phenicol residues (50). The quantities that could be ingested by such means,
however, scarcely approach the therapeutic range and do not reach the levels
ordinarily required to produce toxicity, which are usually 100 times the therapeu-
tic dosage.

A pharmacological effect may be observed only when food contains ele-
vated concentrations of potent therapeutics, as in the case of the -blocker carazo-
lol whose residues in tissues caused sedation; residues of the -agonist clenbuterol
that produced bronchodilatory action; and residues of the anthelminthic ivermec-
tin that produced antiparasitic activity (51).

10.4 MICROBIOLOGICAL HAZARDS

The question of whether residues of veterinary drugs in food can, upon ingestion,
exert a selective pressure on the bacterial population of the human gut, thereby
favoring the development of resistant bacteria, still is controversial. The same
holds for the influence of antibiotic residues on the perturbation of human intes-
tinal microflora. These aspects are increasingly believed not to be a high risk to
public health, certainly if compared with the risk of multiple-drug resistance
of pathogens, resulting from both the therapeutic and growth-promoting use of
antimicrobials.

10.4.1 Perturbation of Human Intestinal Microflora

Therapeutic dosages of antibiotics can cause adverse effects on the ecology of
human intestinal microflora. Such adverse effects are a concern because of the
important role that the intestinal microflora play in maintaining human health.
The bacteria of the human intestine ingest nutrients and intestinal secretions but
also play a major role in the metabolism of endogenous substrates such as estro-
gens, vitamins, cholesterol, and bile acids (52). They contribute to the health of
the host due to their inherent colonization resistance property, a natural defense
system of the microflora in the gut against colonization of pathogens (53).

The bacterial composition of the intestinal microflora is relatively stable;
however, the metabolic activity of the organisms can be easily altered (54). Any
metabolic alteration caused by perturbation of the intestinal microflora may affect
the metabolism of endogenous compounds and also compromise the effectiveness

Copyright © 2001 Marcel Dekker, Inc.



287Public Health

of other drug therapies, particularly with agents undergoing enterohepatic circula-
tion and, thereby, adversely affect public health.

Most studies of antimicrobial drugs and their effects on human intestinal
microflora have been performed at therapeutic drug levels. As an example (55),
antibiotics such as tetracycline or erythromycin can greatly decrease the ability
of Eubacterium lentum, a specific intestinal microorganism, to metabolize the
antiarythmic drug digoxin. In individuals taking therapeutic levels of antibiotics,
serum digoxin levels were reported to rise by 30–100%. Elevation of serum
digoxin levels can result in serious digitalis toxicity.

Another example of concern is the effect of antibiotic therapy on the effi-
ciency of the synthetic and semisynthetic steroids used by more than 50 million
women as contraceptive agents. Since 1973, many antibiotics such as ampicillin,
amoxycillin, chloramphenicol, and sulfonamides have been shown to cause fail-
ures of oral contraceptives due to perturbation of intestinal microflora (56, 57).

In contrast to the well-documented negative effects of therapeutic dosages
of antibiotics, the effect of low levels of antibiotics on perturbing the intestinal
microflora is not well defined. It is generally anticipated that the effects of antibi-
otics on the colonic bacteria are commonly minimized by the large number and
slow growth rate of these cells. In addition, the infrequency of exposure to residues
further decreases the potential for antibiotic drug residues to have any adverse
effects on the intestinal microflora. However, it cannot be excluded that low
dosages of antimicrobial drugs, such as those found as residues in foods, may
alter the intestinal enzyme activity and, thus, have an effect on certain hormones
and drugs.

In order to eliminate the potential hazard from the effect of antimicrobial
residues on human intestinal microflora, regulatory agencies have determined a
maximum safe concentration of 1 ppm in a total diet of 1.5 kg as the level of
total antimicrobial residues in food that would produce no effects on the intestinal
microflora. All studies on antibiotics performed to date support 1 ppm as being
below the effect level for humans (58).

10.4.2 Bacterial Resistance

There has been considerable debate over the role of antimicrobial residues as
factors contributing to the relatively high levels of resistance found in human
enteric bacterial populations. Whether the relatively high levels of antimicrobial
resistance found among enteric bacterial populations arise from medical use,
from selection due to exposure to antimicrobial residues, from colonization by
antibiotic-resistant organisms related to food production, or from transient coloni-
zation of antibiotic-resistant species and transfer of resistance to indigenous popu-
lations is undefined (59–62).
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The emergence of resistant strains of microorganisms usually follows the
prolonged use of drugs at therapeutic levels; however, low levels of drugs may
also lead in the development of resistance. Enteric organisms can become resistant
to antibiotics at the relatively low exposure rate of 2 ppm antibiotic/day (63).
Therefore, any discussion in dealing with residues of antimicrobial agents in food
must always address itself to the possibility of induced antibiotic resistance in
the consumer. It is important to consider whether residues of antimicrobial agents
ingested in food of animal origin constitute a hazard to human health by exerting
a selective pressure on the intestinal flora, thereby favoring the growth of microor-
ganisms with natural or acquired resistance. As an alternative, the possibilities
of giving rise directly or indirectly to the development of acquired resistance in
the pathogenic Enterobacteriaceae cannot be ignored.

By now, it has not been made possible to determine the levels of antimicro-
bials that can cause an increase of primarily resistant Enterobacteriaceae in the
gut of the consumer. As a result, measuring the microbial significance of antimi-
crobial residues continues to be the subject of considerable discussion. Much of
the discussion involves the development of model systems that will reflect the
effects of residue levels of antimicrobials on human intestinal microbial popula-
tions. The consensus of opinion at a recent symposium is that no such single
system is available (64). The human intestine is a very complex microbial ecosys-
tem, about which little is known of the effects of antimicrobial residues on the
population dynamics and biochemical responses (65).

In evaluating the effect of residues of antimicrobial drugs on the human
gut flora, the characteristics of the flora should be taken into account. There are
approximately 1011 microbes/g feces, more than 90% of which are anaerobic
bacteria. The flora is stable and specific for human individuals, meaning that the
bacterial ecology generates important barrier effects that tend to prevent intrusion
by foreign microbes (66). Given these characteristics, the establishment of the
minimal exposure time or the minimum antimicrobial concentration in the human
digestive tract should be based on data obtained from in vivo experiments that
take into account the barrier effects and pertain to the identification of bacteria
that constitute the human gut flora and to bacteria representative of the whole
flora. For this possibility to arise, there is undoubtedly a considerable degree of
variation between the susceptibility of individual consumers to such induced
bacterial resistance following residue intake.

At present, human epidemiological studies are not able to provide adequate
information in this area, given the variations in resistant bacterial flora due to
human drug therapy. Nevertheless, published data have suggested that experimen-
tation in human volunteers may be an appropriate methodology.

If human data are not available, other data on experiments in animals may
be considered. However, models that involve feeding of low levels of antimicrobi-
als to animals to determine the effects on intestinal bacterial populations are
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generally complicated by the high percentages of drug-resistant intestinal organ-
isms usually present in the intestinal tract of animals (67). Because of the ubiqui-
tousness and extremely high numbers of antibiotic-resistant organisms in the
intestinal populations of animals, nonanimal systems are normally required to
evaluate the potential for antimicrobials at residue levels to select for resistant
populations, unless special animal models such as holoxenic rodents implanted
with human gut flora are used.

Using either animal or human subjects requires keeping exacting records
of exposure to antimicrobials, frequently examining fecal samples, studying anti-
microbial resistance patterns, and following the molecular biology of the bacteria
and plasmids used as indicators over an extended time (68). Regardless of the
care taken, conclusions concerning the ecological sequence of events in the pro-
cesses of selection, development, and transfer of resistance between genera and
species would be limited (69).

The fact that an accurate animal model does not exist has not precluded
the use of other systems to make estimates of the potential of residues to select
for resistance. In the absence of in vivo data, in vitro data such as the minimum
inhibitory concentrations (MIC) may be used, on a temporary basis, for safety
evaluations. The MIC has been defined as the minimum concentration of an
antimicrobial drug giving complete inhibition of growth of a particular microor-
ganism, as judged by the naked eye after a given period of incubation.

The current approach to antimicrobial residue control is based on in vitro
experimentation and analysis. Indicator organisms can be representative of target
populations or can represent a specific response to a phenomenon. There is always
the potential for criticism of the use of an organism whose normal environment
is not the intestinal tract. Strains of enterobacteria (Escherichia coli) as represen-
tatives of the normal gut flora are being increasingly used as test organisms in
microbiological assay systems (70). This approach has the advantage of taking
into account the relevance of antibiotic residues to organisms of direct signifi-
cance in human health. The successful growth of the organisms in the presence
of animal tissue extracts is conventionally interpreted as an indication of no
detectable antimicrobial residues.

Although microbiological in vitro assays are the currently accepted interna-
tional detection methods, many problems surround their usefulness. Test strains
of microorganisms differ widely, as also does their susceptibility to antimicrobial
inhibition. A negative result generated from one particular assay technique may
yield a positive result when a different test organism is used.

The predictive value of such microbiological tests is also open to question
since the site of action is the agar plate and not the human colon, under the
conditions of those systems. Using gram-positive and/or gram-negative microor-
ganisms, some authors reported recently a few data on the significance of individ-
ual and multiple antimicrobial residues in the development/selection for resistant
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populations. Since these data suggested that the safe levels of antimicrobial resi-
dues have a strong potential for selecting for resistant populations of bacteria,
the authors further recommended that greater emphasis should be placed on keep-
ing the food supply residue-free rather than reliance on maintaining the working
residue levels suggested by the term ‘‘safe levels’’ (65, 69–71).

The question is not whether there may be in vitro evidence but whether
residue levels, singly or in combination, can select for resistant populations in
vivo experiments. Under in vivo conditions, an antimicrobial residue that is stable
to cooking processes would have to move through the stomach and the intestine,
would then be metabolized during the passage or would be absorbed and excreted.
A portion of it will not occur in the colon, the site of this specific action. Only
a small portion of the ingested dose will reach the colon and remain there for a
certain time, since many conditions have an influence upon the final concentration
at the site of action in the colon.

10.4.3 Effects on the Food Processing Industry

Apart from public health impacts, residual antimicrobials in animal products can
bring about technoeconomic losses in the food processing industry. It has long
been known that the presence of some antimicrobial compounds in milk can
dramatically affect the production of fermented dairy products such as yogurt,
cheese, buttermilk and sour cream (72, 73). As shown in Table 10.2, even minute
concentrations of antibiotics in milk can cause inhibition of the growth of com-
monly used dairy starter cultures (74).

Table 10.2 further shows that the minimum inhibitory concentration may,
for some antibiotics and some cultures, be lower than the corresponding detection

TABLE 10.2 Minimum Inhibitory Concentrations of Antibiotics for Common Dairy
Starter Cultures and Ba cillus stea rothermophilus

Chloramphenicol Chlortetracycline Oxytetracycline Penicillin Streptomycin
Culture (mg/ml) (mg/ml) (mg/ml) (IU/ml) ( g/ml)

B. stea rothermophilus 1.0 0.6–1.0 1.0 0.001–0.008 0.6–1 .0
va r. ca lidola ctis

Butter starter 0.1–0.2 0.01–0.10 0.01–0.10 0.017–0.170 0.1–0.2
Cheese starter 0.04 0.02–0.25 0.01 0.05–0.20 0.04
La ctoba cillus 0.5–5.0 — — 0.3–0.6 —

bulga ricus
Streptococcus — — — 0.05–0.10 —

cremoris
Streptococcus 0.05–0.10 0.001–0.010 0.001–0.010 0.0017–0.170 0.5–5.0

thermophilus

Source: From Ref. 74.
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limit of the commonly used assay microorganism Bacillus stearothermophilus
var. calidolactis. Moreover, residue levels lower than the MIC are sometimes
capable of affecting the flavor and texture properties of the dairy products (73,
75) while promoting the growth of undesirable antibiotic resistant coliforms (73,
76). Therefore, routine application of adequately sensitive test kits is required to
avoid major losses due to presence of undetected but fermentation-inhibiting
residues in milk.

Among the antimicrobial residues giving rise to such technological prob-
lems in the manufacture of dairy products, residues of penicillin G in particular
have been determined as most important. This is the reason why measures to
reduce the presence of penicillin G residues in milk were originally taken: to
prevent economic loss and not due to public health concerns.

The technological consequences of the presence of drug residues in meat
should not be neglected. Fermentation failure in the production of dry sausages
was recently demonstrated to be caused by the presence of residues of antimicro-
bial drugs such as penicillin and tetracycline in the raw material (77). The concen-
trations involved were about 0.9 and 1.6 IU penicillin and about 4 and 1.9 g
tetracycline/g sausage.

10.5 IMMUNOLOGICAL HAZARDS

Drug residues in animal-derived food are sometimes incriminated in human
allergic reactions as well. There are not many reported cases of humans
exhibiting an allergic reaction that can be definitely traced to a drug residue
source, and the overwhelming majority of these pertain to allergic reactions
to penicillin. It is supported, however, that the observations made in the field
actually represent a small percentage of the food intolerance problem. Most
reactions of this type, of known cause, are mainly attributed to normal food
constituents (78). The inherent complexity of retrospective-case epidemiological
studies, which is confounded with the perplexity of marketing, processing,
and distribution practices of most animal products, is considered the major
cause of the existing debate.

Antibiotic allergy in humans is a complex subject. For a drug to produce
an allergic reaction, a prior sensitizing contact is required either with the same
drug or with one closely related. Exposure to the drug, which is the primary
eliciting contact, results in an antigen–antibody interaction that provokes the
typical manifestation of allergy (79).

For small molecules to stimulate an immunological hypersensitivity re-
sponse, covalent binding with macromolecules such as proteins or polysaccha-
rides should occur (80). The resultant immunological response will be specific
for the drug portion of the conjugate, and antibody precursor cells will respond
by producing immunoglobulins (IgE) antibodies. The first step in an acute allergic
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reaction is the fixation of IgE antibody to blood basophilic or tissue mast cells.
The dosage of a drug necessary to produce this primary sensitization is consider-
ably higher than that required to elicit an allergic response. When a drug appears
again in the body as a result of ingestion of food contaminated with residues, the
IgE antibodies attached to the surface of the sensitized basophilic bind to the
antigenic form of the drug. The sensitized tissue mast cells and blood basophilics
release histamine, leukotrienes, and other mediators with the ability to act on
smooth muscle and other end-organs to produce a variety of hypersensitive aller-
gic responses including anaphylaxis, urticaria, and angioedema.

The reactive antigenic fraction for many veterinary drugs is a cleavage
metabolite. In the case of penicillin G, the major reactive product is the penicilloyl
moiety that forms more than 95% of the penicillin conjugates. This determinant
can combine with a carrier protein through opening of the -lactam ring. Since
all penicillins share the basic 6-amino-penicillinic acid nucleus, they can form
the benzyl penicilloyl metabolite following opening of the -lactam ring. This
derivative is responsible for the cross-allergenicity demonstrated to other -lac-
tams such as cephalosporins and the semisynthetic penicillins such as carbenicillin
or ampicillin.

Animal drug residues are unlikely to play a role as sensitizing agents but
could trigger an allergic response in sensitized persons. Although reports of aller-
gic reactions following ingestion of antibiotic residues in food have been uncom-
mon, the risk to already sensitive individuals cannot be discounted. The majority
of the few reported cases implicate penicillin as the offending agent (81–86) and
the source of penicillin residues originated mostly from intramammary infusions
(87) or from minced meat taken from an injection site (88). In all instances, the
patients reported a history of penicillin allergy or skin disease unrelated to penicil-
lin therapy.

For penicillin, primary sensitization usually follows parenteral administra-
tion (80) and seldom oral therapy (89). Therefore, development of primary sensiti-
zation following consumption of foodborne residues is a negligible risk. The
probability of eliciting an allergic response in an individual who has consumed
penicillin residues and has been previously sensitized depends on the threshold
dosage necessary to elicit a reaction. It has still not been determined if repeated
ingestion of subthreshold dosage could subsequently produce allergic symptoms.

Foodborne allergic reactions to other drugs have been documented only in
a single report of a 14-year-old girl who experienced anaphylaxis on four separate
occasions. Before each attack, the girl, who had positive skin test reactions and
evidence of antibodies to streptomycin, had eaten a meal containing ground beef.
Although the meat was not available for testing, the girl had eaten beef before
with no problem. Thus, while this case is highly suggestive of streptomycin
involvement, there was only presumptive evidence of food contamination (90).
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Besides -lactams and streptomycin, many other drugs including sulfon-
amides, and to a lesser extent neomycin, nitrofurans, erythromycin, spiramycin,
novobiocin, and the tetracyclines, are known to cause allergic reactions in sensi-
tive persons (80, 91). However, such reactions in humans are variable and are
mostly related to therapeutic use.

The scarcity of reported allergic problems due to antimicrobial drug resi-
dues in food is surprising in light of the estimate that high proportions of the
population are allergic to these drugs. Numerous surveys carried out on both the
general population and patients attending hospital clinics have indicated that the
incidence of antibiotic allergies in the population is 10% for penicillins including
ampicillin, 5% for cephalosporins, 0.5% for erythromycin, 13% for sulfonamides,
5% for tetracyclines, and 3% for trimethoprim (92). Possibly, the reason that few
cases are documented is that many may be masked by other health conditions,
particularly in elderly populations, and/or by the inclination of humans to develop
allergic sensitivity to milk proteins, by the variable nature and extent of penicillin
allergy, and possibly by the likely exposure to penicillin-like molecules in molds
in the environment. However, the low number of reports might equally well be
attributed to insufficient amounts or absence of drug residues in foods. In a total
of 252 patients with chronic recurrent urticaria, 70 (27.8%) were determined to
be allergic to penicillin (93). When 52 of the positive-reacting patients were
placed on a milk-free diet, 30 (58%) experienced remission of symptoms. Con-
versely, changing to a milk-free diet caused remission of symptoms in only 2
patients of a group of 40 (5%) with chronic urticaria but with negative results
of tests for allergies to penicillin.

Because of the paucity of valid predictive tests for assessing the allergenic
potential of veterinary drug residues (16), the lowest practical tolerance levels
must be set for drugs for which high allergenic potential is likely. For example,
10 IU benzyl penicillin has been regarded as safe for oral ingestion in sensitized
individuals (81, 94). Microbiological assays capable of detecting 0.005 ppm of
this antibiotic should accordingly be adequate to guard against the likely induction
of allergy in sensitized individuals. Nonetheless, some extremely sensitive indi-
viduals may experience adverse reactions to lower levels of penicillin, even to
levels undetectable by standard analytical methods. Because of the limitations of
current knowledge on the role of low drug concentrations in hypersensitivity
reactions, there are few clinical experimental or epidemiological data from which
to estimate the risk to humans from consumption of food products containing
antibiotic residues.

10.6 ENZYME PERTURBATION HAZARDS

Some other hazards that have not been still widely considered concern the effect
drug residues in edible animal products may have on consumers’ enzyme systems.
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Although it is difficult to assess whether induction or inhibition of hepatic micro-
somal enzyme systems will have any practical bearing on the health of humans,
such hazards cannot be excluded.

Due to detoxification and sequestration mechanisms inherent in any living
organism, humans have an apparent unlimited capacity to adapt to contact with
xenobiotic compounds, provided that this contact is on a low scale. However,
this potential for detoxification may be insufficient at certain stages of the human
lifespan. This is especially true for the embryo in the uterus, the newly born
infant, the elderly, or the individual with dysfunction of the liver or kidney. In
such instances, severe toxic reactions to the intake of drugs can be manifested
in a most severe fashion. Such groups may also be at most risk from ingestion
of residue-contaminated food. What may be considered an acceptable risk for a
healthy adult may not be so for an infant with a partly developed drug-metaboliz-
ing enzyme capacity. Therefore, a substance with an established lack of safety
should obviously not be used, whereas a substance with a potential for human
health hazard must be assessed under the circumstances of its use and toxicologi-
cal potential.

Enzymes responsible for the bioactivation of drugs to chemically reactive
metabolites constitute the microsomal P-450 mixed function enzymes. Such major
drug-metabolizing enzymatic systems can be induced or inhibited after exposure
to lipophilic drugs of relatively long biological half-lives with an ability to bind
to cytochrome P-450 enzymes. Induction of such enzymes by secondary drugs
may play a critical role, albeit an indeterminate one, in the final establishment
of the ultimate toxicity of the metabolite to the body system. Enzyme induction
involves an adaptive change and increase in the number of drug metabolizing
enzymes in response to an enzyme-inducing agent.

Exposure, for example, of newly born rats to hormones alters their response
later in life to carcinogens that are biotransformed in the liver. Diethylstilbestrol
is genotoxic, but restriction of its carcinogenic effects to hormonally responsive
tissues indicates the hormonal mechanisms underlying its carcinogenicity. The
subsequent appearance of diethylstilbestrol tumors in the neonate suggests the
development of neoplasia by the process of imprinting of enzymatic systems
during exposure in the uterus.

A number of substances that are enzyme inducers are also carcinogens.
Establishing a correlation between the two properties is vexing. The possibility
remains, however, that enzyme induction may influence both the initiation and the
promotion of experimentally induced carcinogenesis. Commonly used veterinary
drugs including phenobarbital, phenylbutazone, griseofulvin, and halogenated an-
esthetics are known enzyme inducers. Phenobarbital and griseofulvin have been
observed to increase the incidence of hepatic neoplasms in mice.

Significant changes in drug-metabolizing activities can be detected by phar-
macokinetic studies, which indicate an increased ability to stimulate the metabo-
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lism of differing substrates by a variety of biotransformation pathways. Relative
changes in the amounts of multiple forms of cytochrome P-450 can be induced
by exogenous or endogenous factors, such as disease states, drug intake, and
perhaps drug residues in food. Polycyclic aromatic hydrocarbon produced from
steroids in meat when cooked over charcoal can exert a selective inductive effect.

Enzymatic induction may result in diminished biological effect in response
to increased biotransformation activity. Drug interaction can also arise after the
concomitant administration of two or more drugs, either or both of which may
be enzyme inducers. Increased toxicological effects by which the endogenous
production of chemically reactive electrophilic metabolites can trigger a range
of toxic activities by reacting covalently with essentially cellular components is
another significant possibility.

Enzyme inhibition mediated via suicide enzyme inactivators and suicide
enzyme inhibitors is another critical dimension of the toxicological potential of
drugs. This phenomenon may induce side effects or drug interactions. Impairment
of microsomal drug-metabolizing capacity can lead to reduced clearance and
elevated plasma levels of other drugs or metabolites. Interactions with oral hypo-
glycemic agents, such as tolbutamide, can precipitate a hypoglycemic crisis from
the coadministration of chloramphenicol, a known microsomal enzyme inhibitor.
Chloramphenicol increases the duration of pentobarbital anesthesia significantly
in dogs and cats. Steroid metabolism is impaired by drug-metabolizing enzyme
inhibitors.
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Safety Assessment and Control of
Residues

A large variety of active ingredients and increasingly sophisticated formulations
are now available in the market for the animal industry. When these drugs are
administered to food-producing animals, the main area of concern is undoubtedly
consumer safety arising from the presence of residues. Because it is perceived
as a food safety issue, the topic of drug residues in food is a highly emotive one
and can elicit a strong public reaction that can adversely influence both domestic
and international markets.

As human food safety from drug residues is of utmost importance, a large
amount of information is required to be presented by the pharmaceutical industry
before marketing authorization for a particular drug can be granted. No veterinary
drug can be marketed in a country before having received approval of the compe-
tent national authority. Different regulatory authorities have differing require-
ments; thus, it would be impracticable to try to describe the various procedures
established by regulatory authorities throughout the world. Instead, a general
overview of those procedures will be given below. Pertinent legislation giving
the frame of adequate handling of drugs in intensive livestock farming is now
available in most developed countries and is also briefly outlined below.

11.1 GENERAL OVERVIEW

To evaluate the safety aspects of a drug intended for use in food-producing ani-
mals, multistep procedures have to be applied. A major portion of these proce-
dures refer to toxicity studies. Over the last 30 years, a broadly accepted package

299

Copyright © 2001 Marcel Dekker, Inc.



300 Chapter 11

of toxicity studies conducted in laboratory animals has emerged for assessing
drug toxicity.

Although the need to conduct a particular toxicity study may depend on
the results of another, most regulatory authorities generally request a package of
toxicity studies including an acute toxicity study, a 28 day or 90 day short-term
toxicity study, and long-term studies on genotoxicity, carcinogenicity, teratoge-
nicity, and reproductive performance. The major goal is to identify a dosage level
that will have no effect on the most sensitive animal species, assuming that
long-term toxicological studies have not shown adverse manifestations such as
genotoxic carcinogenicity but some toxicity has been identified (1). This dosage
is what is called the ‘‘no-observed effect level’’ (NOEL).

For a genotoxic carcinogen—an agent that causes cancer by a direct effect
on the genetic material of a cell—a NOEL cannot be established. Current scien-
tific knowledge indicates that it is unacceptable to be faced with the possibility
of residues of genotoxic carcinogens in edible animal products. However, a few
genotoxic carcinogens are biotransformed to nonactive metabolites after their
administration to food-producing animals. This is the case with carbadox, a
growth promoter for swine, which produces nontoxic residues although the drug
itself is both mutagenic and carcinogenic in laboratory studies (2). For such
compounds, alternative risk assessment is possible and residues may be viewed
as more acceptable.

Once a NOEL has been established, an acceptable daily intake (ADI), which
is the quantity that can be taken by the consumer without the likelihood of being
harmful, can be calculated using a suitable safety factor (3, 4). There has been
considerable debate over the magnitude of this safety factor but the one usually
chosen is 100. If toxic effects in laboratory species are not observed but some
minor adverse reactions in humans are identified, a smaller factor, usually 10,
may be employed instead. When severe forms of toxicity are noted or there is
some degree of uncertainty about the performance of the toxicity studies, a larger
factor may be chosen and a temporary ADI can be adopted (5, 6). An ADI can
also be calculated for a nongenotoxic carcinogen, if the mechanism of carcinoge-
nicity is known. Sulfamethazine and steroid hormones are examples of such
nongenotoxic compounds for which a NOEL and an ADI can be determined in
suitable experimental models (7, 8).

After an ADI has been determined, it is essential that a maximum residue
limit (MRL) in each particular edible animal product be specified so that its
consumption by humans will not result in a residue intake exceeding the ADI.
The elaboration of MRLs depends on a number of food intake factors including
the likely degree of consumption of the edible animal product in question and
the normal dietary habits among the population. Currently, there is much debate
over these factors and their realistic evaluation for the commodities involved.
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Residues at the MRL in a food commodity usually result in intakes well
below the ADI. As a result, residues above the MRL do not represent any immedi-
ate risk to a consumer. A residue will need to be many times greater than the
MRL in a food before the ADI is approached by the consumer. However, in the
face of strict trade requirements, a residue above the MRL could mean failure
to meet specifications and loss of access to export markets.

Once MRLs have been established, it is next essential to ensure that the
edible products of the treated animals do not exceed these values. This is not as
simple as it might appear at first (9). The requirements of therapy dictate that
numerous formulations administered by various routes be used even for a single
active ingredient. Therefore, the depletion profile of a particular drug in the living
animal will not be constant but will vary according to the formulation given
and the route of administration. Moreover, the species, or more correctly the
metabolism in that species, will determine the rate of residue depletion. This
means that residue depletion studies are generally required by regulatory authori-
ties for each species using each formulation and route of administration.

Drug residue studies usually involve treating the animal in question with
the intended formulation under the intended route of administration, usually at
the highest recommended dosage and the maximum duration of administration.
Animals are then serially slaughtered so that residues depletion can be studied
and the time taken to achieve levels below the MRL can be established. These
studies should, if conducted properly, show the residue depletion profile of the
formulation under study and will reveal any reemergence of residues because,
for example, of enterohepatic recirculation. The time taken for the residues to be
depleted to below the MRL for each of the tissues of interest is then usually
defined as the withdrawal period for that formulation. Usually the studies must
be conducted in each of the indicated species, although simpler and cheaper
bioequivalence studies, in which pharmacokinetic profiles are examined and com-
pared, may be used to evaluate the withdrawal period in other food-producing
species.

Withdrawal periods can be a cause for argument between pharmaceutical
companies and regulatory authorities, often for competitive marketing reasons.
If two similar pharmaceutical products are available for a particular therapeutic
purpose, the veterinarian or farmer will usually choose the one with the shorter
withdrawal periods so that, if necessary, the animal can be sent to slaughter at
the earliest possible time after therapy. These considerations are extremely impor-
tant for milk and eggs because animals can be retained from slaughter using a
suitable withdrawal time until drug residues decay to below the MRLs, but resi-
dues in the milk and eggs collected during drug administration do not deplete
with time. Consequently, it is necessary to discard these products until levels fall
to or below the MRL Similar considerations can be applied to honey. When bees
are treated for disease conditions, the drug accumulates in the honey (10, 11),
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and, if it slowly changes to nonbiologically active residues, the honey may be
consumed. If it persists, the honey will need to be discarded until treatment has
finished (12, 13).

Determining MRLs in fish presents particular problems because the meta-
bolic rates of drugs are partly governed by fish body temperature, which is, in
turn, dependent upon the ambient temperature of the water in which they live:
the cooler the water, the longer residue depletion takes. For this reason, residue
depletion studies in fish are usually conducted at several temperatures chosen to
represent the range of temperatures to which they will be exposed under normal
farming conditions. Withdrawal periods are then quoted in degree days, a unit
that is a function of both time and temperature.

Present regulatory standards require that drugs be regulated on the basis of
total residues. Total residues resulting from drug administration to an animal
consist of the parent drug and all metabolites, conjugates, and residues bound to
endogenous macromolecules. To ensure compliance with the withdrawal period,
an assay is needed to monitor total residues in the edible tissues. However, it
would be impractical to subject all known metabolites of a drug to analysis, since
some drugs can give rise to numerous metabolites. The anthelminthic levamisole,
for example, affords over 50 metabolites in the rat (14).

Because it is impractical to develop assays for each residue in each of the
edible tissues, the concepts of the ‘‘marker residue’’ and the ‘‘target tissue’’ have
been introduced. Marker residue is a selected analyte whose level in a particular
tissue has a known relationship to the level of the total residue of toxicological
concern in all edible tissues. Therefore, it can be taken as a measure of the total
residue of interest in the target animal. Information obtained from studies on the
depletion of radiolabeled total residue can be used to calculate a level of the
marker residue that must not be exceeded in a selected in a selected tissue, (the
target tissue) if the total residue of toxicological concern in the edible tissues of
the target animal is not to exceed its safe concentration.

Questions are often raised for bound residues because their impact on the
ADI must be assessed as well. Such an assessment raises the question of the
degree of bioavailability of bound residues and their biological activity (15). In
most cases, this question has no simple answers. Of course a drug may be metabo-
lized to carbon dioxide or some other simple precursor of normal endogenous
biochemicals. If these arise from a radiolabeled portion of the molecule, measure-
ments of residues simply as incorporated radiolabel will lead the investigator to
suspect bound residues when in fact there are only normal bodily constituents
containing incorporated isotope. The complexity of the problem can easily be
seen in the case of ronidazole (16). Ronidazole itself is mutagenic but its bound
residues are devoid of genotoxic potential and so do not offer a risk to the con-
sumer. Bound residues of carbadox, cambendazole and furazolidone have been
also shown to be devoid of toxicological concern (17–19). In contrast, reactive
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metabolites have been regenerated from bound residues of trenbolone by hepatic
monooxygenases in vitro, although the toxicological significance for the in vivo
situation is still unclear (20).

The overall effect of regulating on total residues as opposed to the parent
drug is a lowering of the MRL level. The amount by which the MRL decreases
depends on the proportion of the parent drug to the sum of total residues. For
some antibiotics, the parent drug may be a good approximation of total residues
if the compounds are not metabolized. For other drugs, however, the parent drug
may be a vanishingly small fraction of the total residues and, therefore, the parent
drug would not able to serve as a marker residue for total residues; if not, the
MRLs would be greatly reduced due to the low percentage of the parent drug.

Only a few of the currently regulated antibiotics would not require total
residue studies to support requests for new uses. Examples include the tetracy-
clines, aminoglycosides, bacitracin, and bambermycin. The tetracyclines are not
significantly metabolized and the parent drug is a good approximation of the total
residues, since degradation to the epi-form may occur to only a small extent.
The aminoglycosides undergo limited metabolism and their absorption from the
gastrointestinal tract is low, whereas the lack of absorption also has been demon-
strated with bacitracin and bambermycin.

Specific problems are sometimes presented by residues of drugs that exhibit
pharmacological activity. The pharmacological effect that is desired for the pa-
tients is unwelcome for the consumers, particularly if they are extremely sensitive
to such an effect. -Blockers such as carazolol are examples in which the inadvert-
ent pharmacological effect can be extremely undesirable in individuals with cardi-
ovascular or respiratory diseases. Other examples of drugs with pharmacological
activity are the tranquillizers, -agonists, and anesthetics. Since the protective
effect of most of these drugs, used to minimize preslaughter losses in pigs, is
normally required right to the time of slaughter, it is highly likely that their
residues will be present in animal tissues in high concentrations.

Under such circumstances, acceptable safety for the consumer would re-
quire the demonstration that these residues are not only toxicologically acceptable
but also are without the possibility of pharmacological effect. Even in the case
of a drug that has been allocated a zero withdrawal period, as in the case of
azaperone in some countries, it is unlikely that these criteria would be met. In
the case of a drug licensed for use with any longer withdrawal period, as in
the case of propiopromazine, the criteria are even less likely to be met. These
considerations have caused some manufacturers to remove the immediate pre-
slaughter use from clinical indications for their products.

A controversial area of risk assessment concerns the possible effects of
residues of antimicrobial drugs on the human gut flora, favoring the growth of
microorganisms with natural or acquired resistance to the drug in question. Avail-
able risk assessment studies include studies in human volunteers, studies in germ-
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free (holoxenic) rodents, and in vitro studies with bacterial populations (16, 21).
Studies in human volunteers involve examination of the human fecal flora before
and after treatment with antibiotics; colonization of the gastrointestinal tract by
adventitious microorganisms is also investigated.

Studies in germ-free rodents follow the same design as with human volun-
teers. Animals are inoculated with human gut flora and the effects of antimicrobi-
als are then studied. In vitro studies with bacterial populations, examine the effects
of varying concentrations of the drug or drugs of interest on cultures of indicator
organisms. All three studies can be used to derive NOELs for toxicity towards
the bacteria employed. More specifically, the minimum inhibitory concentration
(MIC) values can be determined. However, applying the results of testing for
antimicrobial resistance may result in very low MRLs and long withdrawal pe-
riods.

Because drug registration processes that establish MRLs are typically com-
plex and involve lengthy procedures that require investment of considerable tech-
nical and financial resources, in countries where a particular drug is not used or
needed, its registration is not normally sought by drug manufacturers. In these
circumstances, regulatory authorities usually do not establish an MRL and set a
default tolerance for a particular commodity/residue combination at zero. Because
default tolerances are not based on a scientific evaluation of the drug concerned,
they have no intrinsic food safety standing. However, they serve as a regulatory
limit by which foods produced domestically or overseas must comply.

Problems sometimes can arise when an importing country has not estab-
lished an MRL for a certain drug in common use in the exporting country. This
does not necessarily mean that the drug has been banned but it could mean that
the importing country has no need for the particular drug and has had no cause
to establish an MRL. The absence of an MRL, however, has exactly the same
effect as an MRL of zero, because in the absence of an MRL any detectable
residue is unacceptable.

11.2 REGULATORY OUTLINE BY INTERNATIONAL
ORGANIZATIONS

The global nature of the food supply and world food trade have made food quality
and food safety international issues. Hence, since its inception, the World Health
Organization (WHO) has been working toward the improvement of food safety.
In partnership with the Food and Agriculture Organization of the United Nations
(FAO), WHO provides for the Secretariat of the Codex Alimentarius Commission
(CAC). The latter Commission is responsible for all matters pertaining to the
implementation of the Joint FAO/WHO Food Standards Program.

The purpose of this program is to protect the health of consumers and ensure
fair practices in the food trade; to promote coordination of all food-standards labor
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undertaken by international governmental and nongovernmental organizations;
to determine priorities and to initiate and guide the preparation of draft standards
through and with the aid of appropriate organizations; to finalize food standards;
after acceptance by governments, to publish them in a Codex Alimentarius either
as regional or worldwide standards together with international standards already
finalized by other bodies; and to amend published standards after appropriate
survey in the light of new research developments.

The Codex Alimentarius is a code of food standards for all nations. All
members of CAC and interested international organizations are invited to com-
ment on proposed standards, including possible implications for their economic
interests. Members are encouraged to consult with interested and affected parties
in their countries. Codex standards are recognized by the World Trade Organiza-
tion as the international reference standards for food safety.

Development of standards, guidelines, and recommendations for veterinary
drug residues in food has been delegated by CAC to its subsidiary body, the
Codex Committee on Residues of Veterinary Drugs in Foods (CCRVDF), which
is more routinely involved in risk management. The work of this subcommittee
is mainly supported by the Joint FAO/WHO Expert Committee on Food Additives
(JECFA).

JECFA is a scientific advisory body established in the 1950s, prior to the
establishment of the CAC. Over the past 40 years, it has provided independent
scientific advice to all FAO and WHO member countries. The traditional and
current activities of JECFA are mainly in the area of risk assessment, not risk
management. To some extent, however, JECFA activities also touch on risk man-
agement. Risk assessment, risk management, and risk communication constitute
the three basic elements of risk analysis that are taken into account in the Codex
procedure for setting MRLs of veterinary drug residues in foods (Table 11.1).

Risk assessment, a process used to evaluate potential adverse effects on
health from human exposure to veterinary drug residues, involves four stages
starting from hazard identification and terminating through the hazard characteri-
zation and exposure assessment stages to risk characterization.

In the hazard identification stage, all drug residues in food that are capable
of causing adverse effects on human health have to be identified. The definition
of veterinary drug residue adopted by the Codex Alimentarius includes both the
parent drug and the sum of its biotransformation products that may be present
in animal-derived food. The metabolic changes vary in magnitude depending on
the substances and may in some cases be intense and rapid. In such cases, it is
technically and hence economically difficult to identify all the residues resulting
from the parent substance. Therefore, in the case of heavy metabolism of the
substance under study, hazard identification is basically limited in practical terms
to this substance and to the main residues resulting from its metabolism. Conse-
quently, while for practical reasons the MRL values are usually expressed in
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TABLE 11.1 Maximum Residue Limits (MRLs) and Acceptable Daily Intake (ADI) for Veterinary Medicinal Products in
Foodstuffs of Animal Origin According to the Codex Alimentarius

MRLs ADI
Compound(s) Residue definition Animal species Tissue ( g/kg) ( g/kg b.w.) Other provisions

ANTIBACTERIAL DRUGS
Benzylpenicillin, Benzylpenicillin Cattle, pig, Muscle 50 0–30 Refers to g/

procaine chicken liver 50 person/day
benzylpenicillin kidney 50

Cattle Milk 4
Ceftiofur Desfuroylceftiofur Cattle, pig Muscle 1000 0–50

liver 2000
kidney 6000
fat 2000

Cattle Milk 100
Chloramphenicol Chloramphenicol NA NA
Chlortetracycline, Parent drugs, singly or Cattle, pig, Muscle 200 0–30 MRL for fish

oxytetracycline, in combination sheep, poultry liver 600 muscle is
tetracycline kidney 1200 temporary

Cattle, sheep Milk 100
Poultry Eggs 400
Fish, giant prawn Muscle 200

Danofloxacin Danofloxacin Cattle, chicken Muscle 200 0–20
liver 400
kidney 400
fat 100

Pig Muscle 100
liver 50
kidney 200
fat 100

Dihydrostreptomycin, Sum of Cattle, pig, Muscle 600 0–50 MRL for cattle
streptomycin dihydrostreptomycin sheep, chicken liver 600 milk is

and streptomycin kidney 1000 temporary
fat 600

Cattle Milk 200
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Flumequine Flumequine Cattle, pig, Muscle 500 0–30 MRLs for pig,
sheep, chicken liver 1000 sheep, chicken

kidney 3000 and trout
fat 1000 tissues are

Trout Muscle/skin 500 temporary
Gentamicin Gentamicin Cattle, pig Muscle 100 0–20

liver 2000
kidney 5000
fat 100

Cattle Milk 200
Neomycin Neomycin Pig, sheep, goat, Muscle 500 0–60

chicken, liver 500
turkey, duck kidney 500

fat 500
Cattle Muscle 500

liver 15000
kidney 20000
fat 500
milk 500

Chicken Eggs 500
Sarafloxacin Sarafloxacin Chicken, turkey Muscle 10 0–0.3

liver 80
kidney 80
fat 20

Spectinomycin Spectinomycin Cattle, pig, Muscle 500 0–40
sheep, chicken liver 2000

kidney 5000
fat 2000

Cattle Milk 200
Chicken Eggs 2000

(continued)
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TABLE 11.1 Continued

MRLs ADI
Compound(s) Residue definition Animal species Tissue ( g/kg) ( g/kg b.w.) Other provisions

Spiramycin Sum of spiramycin and Cattle, pig, Muscle 200 0–50
neospiramycin liver 600

kidney 300
fat 300

Chicken Muscle 200
liver 600
kidney 800
fat 300

Cattle Milk 200
Sulfadimidine Sulfadimidine Not specified Muscle 100 0–50

liver 100
kidney 100
fat 100

Cattle Milk 25
Thiamphenicol Sum of thiamphenicol Pig Muscle 50 0–5 Temporary MRLs

and thiamphenicol liver 100
conjugates as free kidney 500
thiamphenicol fat 50

Fish Muscle 50
Tilmicosin Tilmicosin Cattle, sheep Muscle 100 0–40 MRL for sheep

liver 1000 milk is
kidney 300 temporary
fat 100

Pig Muscle 100
liver 1500
kidney 1000
fat 100

Sheep Milk 50
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ANTHELMINTHIC DRUGS
Abamectin Avermectin B1a Cattle Liver 100 0–2

kidney 50
fat 100

Albendazole Sum of albendazole, Not specified Muscle 100 0–50
albendazole liver 5000
sulfoxide, kidney 5000
albendazole sulfone, fat 100
and albendazole 2- milk 100
amino-sulfone,
expressed as
albendazole

Closantel Closantel Cattle Muscle 1000 0–30
liver 1000
kidney 3000
fat 3000

Sheep Muscle 1500
liver 1500
kidney 5000
fat 2000

Doramectin Doramectin Cattle Muscle 10 0–0.5
liver 100
kidney 30
fat 150

Pig Muscle 5
liver 100
kidney 30
fat 150

Eprinomectin Eprinomectin B1a Cattle Muscle 100 0–10
liver 2000
kidney 300
fat 250
milk 20

(continued)
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TABLE 11.1 Continued

MRLs ADI
Compound(s) Residue definition Animal species Tissue ( g/kg) ( g/kg b.w.) Other provisions

Febantel, Sum of fenbendazole, Cattle, pig, Muscle 100 0–7
fenbendazole, oxfendazole and sheep, goat, liver 500
oxfendazole oxfendazole sulfone horse kidney 100

expressed as fat 100
oxfendazole sulfone Cattle, sheep Milk 100

Flubendazole Flubendazole Pig Muscle 10 0–13
liver 10

Poultry Muscle 200
liver 500
eggs 400

Ivermectin 22,23- Cattle Liver 100 0–0.2
Dihydroavermectin fat 40
B1a

Pig, sheep Liver 15
fat 20

Levamisole Levamisole Cattle, pig, Muscle 10 0–6
sheep, poultry liver 100

kidney 10
fat 10

Moxidectin Moxidectin Cattle, deer Muscle 20 0–2
liver 100
kidney 50
fat 500

Sheep Muscle 50
liver 100
kidney 50
fat 500
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Thiabendazole Sum of thiabendazole Cattle, pig, Muscle 100 0–100
and 5-hydroxy- sheep, goat liver 100
thiabendazole kidney 100

fat 100
Cattle, sheep Milk 100

Triclabendazole 5-Chloro-6-(2,3- Cattle Muscle 200 0–3
dichlorophenoxy)- liver 300
benzimidazole-2- kidney 300
one fat 100

Sheep Muscle 100
liver 100
kidney 100
fat 100

ANTICOCCIDIAL AND OTHER ANTIPROTOZOAL DRUGS
Diclazuril Diclazuril Sheep, rabbit, Muscle 500 0–30

poultry liver 3000
kidney 2000
fat 1000

Diminazene Diminazene Cattle Muscle 500 0–100
liver 12000
kidney 6000
milk 150

Imidocarb Imidocarb Cattle Muscle 300 0–10 Temporary MRLs
liver 2000
kidney 1500
fat 50
milk 50

Isometamidium Isometamidium Cattle Muscle 100 0–100
liver 500
kidney 1000
fat 100
milk 100

(continued)
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TABLE 11.1 Continued

MRLs ADI
Compound(s) Residue definition Animal species Tissue ( g/kg) ( g/kg b.w.) Other provisions

Nicarbazin N,N′-Bis-(4- Chicken (broilers) Muscle 200 0–400
nitrophenyl)urea liver 200

kidney 200
fat/skin 200

ANTIMICROBIAL GROWTH PROMOTERS
Carbadox Quinoxaline-2- Pig Muscle 5 NA

carboxylic acid liver 30
ANABOLIC HORMONAL-TYPE GROWTH PROMOTERS
Bovine somatotropins Not applicable Cattle Muscle NS NS

liver
kidney
fat
milk

Porcine somatotropin Not applicable Pig Muscle NS NS
liver
kidney
fat

Estradiol-17 Estradiol-17 Cattle Muscle NS 0–0.05
liver
kidney
fat

Progesterone Progesterone Cattle Muscle NS 0–30
liver
kidney
fat
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Testosterone Testosterone Cattle Muscle NS 0–2
liver
kidney
fat

Trenbolone acetate -Trenbolone (muscle) Cattle Muscle 2 0–0.02
-Trenbolone (liver) liver 10

Zeranol Zeranol Cattle Muscle 2 0–0.5
liver 10

-ADRENERGIC AGONISTS
Clenbuterol Clenbuterol Cattle, horse Muscle 0.2 0–0.004

liver 0.6
kidney 0.6
fat 0.2

Cattle Milk 0.05
SEDATIVES AND -BLOCKERS
Azaperone Sum of azaperone and Pig Muscle 60 0–6

azaperol liver 100
kidney 100
fat 60

Carazolol Carazolol Pig Muscle 5 0–0.1
liver 25
kidney 25
fat/skin 5

CORTICOSTEROIDS
Dexamethasone Dexamethasone Cattle, pig, horse Muscle 0.5 0–0.015 Temporary MRLs

liver 2.5
kidney 0.5

Cattle Milk 0.3

NA, not allocated.
NS, not specified (residue does not represent a health concern).
Source: From Refs. 2, 7, 8 75–82.
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substance equivalent, the calculations of consumer exposure consider the full
range of residues from its metabolism.

Once the adverse effects of the drug residues have been quantitatively evalu-
ated in the hazard characterization stage, the toxic effects observed in laboratory
animals have to be extrapolated to humans. The question is whether the drug
residues present in the food from treated animals are likely to have the same
toxic effects on the consumer as those observed in the laboratory animals. This
can only be answered by comparing the metabolic profiles of the substance in
the laboratory animals where the adverse effect was identified, and in the food-
producing animals that will be the source of consumer exposure to the drug
residues. Analogy of metabolic profiles provides the scientific basis for the results
of the toxicological evaluation of the laboratory animals to be extrapolated to
humans. Such metabolic information is, however, incomplete and any extrapola-
tion from animal to human is based more on assumption than analogy of metabolic
profile.

In the hazard characterization stage, the nature of the adverse effects associ-
ated with drug residues that may be present in the food is evaluated qualitatively
and/or quantitatively. This difficult task requires a methodology to evaluate the
results of the necessary toxicological and pharmacological tests. In this connec-
tion, WHO published the methodology for evaluating the safety of food contami-
nants together with a list of toxicological tests in its 1987 compendium entitled
Environmental Health Criteria. Hazard characterization can sometimes be based
on observations in humans, but is more generally carried out by means of toxico-
logical studies on laboratory animals. It can also be done with the help of in vitro
experiments.

Epidemiological studies carried out on humans are very useful because a
hazard can be directly characterized without need for extrapolation. Unfortu-
nately, the statistical power of this methodological tool is too weak to identify
with the required accuracy the adverse effects of lower quantities of residues
unlikely to produce acute toxic effects. The evidence of allergic effects in humans
from penicillin residues is a fortunate exception. More frequently, useful informa-
tion can be obtained for drugs also used in human medicine.

In these cases it is possible to observe adverse effects caused by the higher
dosages used when treating humans. But it is still necessary to extrapolate the
chronic risks at exposure to low dosage. Therapeutic tests carried out on humans
using drugs that are also employed in veterinary medicine can provide indications
of dosage associated with pharmacological effects. The difficulty, however, lies
in the fact that the purpose of human medicine is to determine an effective, optimal
dosage and only rarely a dose without effect, which is the point of evaluating the
harmless of veterinary drug residues.

The limitations of studies conducted in vitro and on humans make animal
experimentation the best source of the toxicological and pharmacological infor-
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mation needed to evaluate the safety of veterinary drug residues. The JECFA
uses a complete battery of toxicological tests to detect general or specific toxic
effects. It combines acute, subacute or chronic toxicity tests, toxic effects on
reproduction, and teratogenic, mutagenic, carcinogenic, and immunotoxic effects.
For ethical and economic reasons, this complex battery of toxicological tests is
restricted to the parent substance and is not used to assess the toxicity of all
residues resulting from its metabolism. This neglect of the specific toxic potential
of each residue has given rise to the assumption that the parent substance and
all its metabolites are jointly responsible for the observed toxic effects and that
the toxicity of each metabolite is similar to that of the parent substance.

In each toxicological test, the laboratory animals are exposed to increasing
doses of the substance, calculated to cause adverse effects to emerge. Identifying
the correlation between dosage and effect is an important component of hazard
characterization. The objective is to determine any relationship that might exist
between degree of exposure to a chemical agent and severity and/or frequency
of adverse effect on health. The joint FAO/WHO expert consultation of March,
1995, estimated that setting an ADI is the final stage of the hazard characterization
process. It should therefore be inferred that, as far as veterinary drug residues
are concerned, this stage concerns both the dose–response relationship that helps
in determining a NOEL and the extrapolation to humans to set an ADI.

In the dose–response assessment to determine a dosage that is risk-free for
human health, the JECFA has never used mathematical models to extrapolate
risks at low dose and determine a ‘‘virtually safe’’ dose, on the grounds that the
lack of validation would produce very different results. However, the JECFA
could usefully address this matter in its deliberations. When progress in this area
permits selection from various validated models, this exercise should no longer
be solely associated with risk assessment but will also incorporate an element of
risk management.

The JECFA procedure is therefore more pragmatic. It is based on determin-
ing a NOEL for the laboratory animal and a subsequent ADI for humans based
on NOEL and safety factor. The value of the safety factor used to calculate an
ADI from a NOEL is normally 100 and itself comprises two factors. The first is
designed to offset the uncertainty of the NOEL that arises from the necessarily
restricted number of animals used in the toxicological study. It also takes into
account the possibility that human beings might be more sensitive to the toxic
effect than the most sensitive laboratory animal. When the NOEL has been deter-
mined on the basis of undesirable effects on humans, this factor is not used.

The second factor is designed to take account of the genetic variability of
consumers likely to consume these drug residues, which is much wider than the
genetic variability of the laboratory animals used in the toxicological study. The
safety factor value of 100 can be increased to take account of the severity of the
toxic effect observed and/or to offset shortcomings in the toxicological study.
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An ADI is therefore calculated for each toxicological study and the ADI with
the lowest value will be the one eventually adopted.

This ADI calculation process is based on the assumption that humans are
at least as sensitive as the most sensitive laboratory animal exposed to the most
sensitive test. This concept is not based on any scientific evidence but is used as
a precaution against the uncertainties inherent in the process of risk assessment.
The ADI corresponds to the quantity of residues consumers can take each day
throughout their lives without incurring any appreciable risk to their health and,
as such, expresses the intention to keep the risk to public health so low as to be
insignificant. Under this perspective, the setting of this value is therefore strongly
influenced by the concept of risk management.

This approach has two drawbacks, one relating to the need to have a NOEL,
the other concerning the standard nature of the security factor. If, for any reason,
it is not possible to determine a NOEL for an animal then it is not possible to
establish an ADI. In such a case, if it is still possible or desirable to set MRLs,
the pragmatic approach used is an exercise in risk management. The safety factor
value of 100 often used does not consider the slope of the curve expressing the
relationship between dosage and frequency and/or severity of adverse health ef-
fect. It does not therefore always guarantee the same margin of safety in extrapola-
tion from animals to humans.

In the exposure assessment stage, qualitative and quantitative evaluation
of the likely intake of drug residues through food as well as exposure from
other sources are performed. Estimating consumer exposure is based on the daily
consumption of a particular food commodity combined with its content of veteri-
nary drug residues.

The worst-case scenario is based on the assumption that all edible products
from animals likely to have been treated with a veterinary drug are contaminated
by residues at a level at most equal to the value of the MRLs set for the drug.
This scenario is not a realistic reflection, because very few veterinary drugs are
administered on a massive scale to all the animals, and throughout their lives, of
any species. On the contrary, there are many seasonal and even occasional uses
of veterinary drugs, or cases in which they are only administered to treat sick
animals. Lastly, statistical methods for establishing withdrawal periods used by
national authorities responsible for registering veterinary drugs strengthen the
highly protective character of this scenario in relation to public health. On the
other hand, the possibility of using veterinary drugs incorrectly reduces this mar-
gin of safety.

Concern for international standardization translates as the adoption of 300
g muscle, 100 g liver, 50 g kidney, 50 g fat, 100 g eggs, 1.5 L milk, and 20 g
honey as daily food intake by humans. The value set for milk seems to be particu-
larly high, but has been estimated as appropriate to ensure that infants do not
consume drug residues at levels exceeding ADIs. The JECFA has considered that
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the potential error from using these intakes only accounts for a small proportion
of the uncertainty inherent in the risk assessment procedure and that there is no
need to specify these values any further. The components of this diet should,
however, be reconsidered on the basis of more relevant studies of intake if the
exposure assessment stage is to use the scientific approach employed in the risk
assessment procedure. Because the administration of veterinary drugs to an animal
takes place under strictly controlled conditions, the values of maximum residue
contents in foods can be also defined in particular by establishing appropriate
withdrawal periods. The MRL values are therefore established in such a way that
maximum daily intake of residues is below that authorized by the corresponding
ADI. Hence, the determination of MRL relates more to risk characterization than
to exposure assessment.

Risk characterization, the final stage of risk assessment, sets out to provide
a qualitative and/or quantitative estimate, given the uncertainties of assessment,
the probability of occurrence, and the severity of known or potential adverse
health effects in a given population based on hazard identification, hazard charac-
terization, and exposure assessment. The aim is to characterize the risks to the
consumer from residues possibly present in animal products on the basis of use
of the substance and particularly the withdrawal period, given that the period of
administration and the dosage are predetermined by the objective of effectiveness.

The conditions under which the drug is used need to be estimated as do
acceptable residues linked to the level of acceptable risk to the consumer. The
acceptable level of risk, which is determined in theory at the risk management
stage, has already been expressed in terms of residues by the ADI under hazard
characterization. Moreover, the elements considered for hazard identification,
hazard characterization, and exposure assessment make it possible, for a given
form of utilization of a particular substance, to establish a profile of residues in
animal tissues and to associate this with a profile of consumer exposure. Compari-
son of this consumer profile and ADI indicates whether the mode of utilization
of the substance is acceptable or not. Analysis of the different results of residue
content in animal products then provides an indication of level of residues in one
or several animal tissues, making it possible to differentiate between veterinary
drug applications that do or do not permit compliance with the ADI.

As expressed by the 1995 joint FAO/WHO expert consultation, this risk
characterization stage leads to one or several proposed MRLs associated with
sound veterinary drug practices, which, on the basis of established food intake,
can guarantee that ADI values will not be exceeded. The JECFA does not use
rigorous mathematical models to set MRLs from a particular ADI. The MRLs
are set, using available metabolism and pharmacokinetic data, at the end of a
procedure heavily dependent on trial and error and strongly influenced by risk
management. The few examples below illustrate the close interaction between
risk assessment and risk management in setting MRLs.
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Since it is difficult, in practical terms, for a monitoring plan to measure
analytically a series of residues with widely differing chemical structures, control
exigencies require that MRL values be expressed in terms of a single chemical
entity, know as the marker residue. It is important that the contents of this marker
residue evolve in the different tissues of treated animals in proportion to all
targeted residues, if it is to reflect them. For obvious practical reasons, this marker
residue must also satisfy two requisites: it must permit a practical dosage and
must be commercially or otherwise available for the purposes of official controls.

The MRL values for muscle, liver, kidney, and fat are set in proportions
that reflect the tissue distribution of the residues. To avoid producing a set of
highly complex figures for different tissues and different animal species, the
JECFA tries as far as possible to harmonize these values to keep their number
down. When it appears that the residue contents in a given tissue are likely to
be too small for the feasible control after a recommended withdrawal period of
residue contents in other tissues, the JECFA likewise cannot propose any MRL
for that particular tissue.

When a veterinary drug is used for both meat and dairy animals, the ADI
breakdown between meat and milk is done by trial and error. This is a decision
pertaining to risk management. The MRL values may be reduced to take into
account the normal conditions under which a particular veterinary drug is used
when these lower MRL values can always be controlled by a viable analytical
method.

Even though the JECFA is not involved in setting withdrawal periods, it
has to refer to a practical withdrawal period in order to establish a consistent set
of MRL values. If it emerges that compliance with the MRLs requires unrealisti-
cally long withdrawal periods, the JECFA cannot recommend any MRL. This
situation can arise in particular for milk and eggs. Furthermore, the JECFA pres-
ently limits its proposed MRLs to animal species for which the necessary informa-
tion is already available. This strict approach raises the problem of controlling
drug residues for the so-called minor animal species, for which the veterinary
drug industry considers the economic market too small to justify the funding of
the studies required. The whole pragmatic approach used in establishing MRLs
indicates strong interlinkage between risk assessment and risk management.

Apart from risk assessment, risk management and risk communication are
the other basic elements of risk analysis. Risk management is the process by
which the policy options determined by risk assessment findings are weighed
and any necessary control and regulation measures are instituted and put into
effect. The joint FAO/WHO expert consultation that discussed this issue in Janu-
ary, 1997, organized risk management into risk evaluation, assessment of manage-
ment options, implementation of management options, and monitoring and review
stages.
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Risk evaluation proceeds through identification of the public health prob-
lem, description of the problem, classification of the identified danger in terms
of risk assessment and management priorities, establishment of a risk assessment
policy, appointment of a body to conduct the risk assessment, and consideration
of risk assessment findings. In the field of veterinary drug residues, all these
actions defining risk evaluation are under the responsibility of the Codex Member
Nations sitting on the CCRVDF. The first five elements of risk evaluation corre-
spond to the work of the CCRVDF at step 1 of the Codex standard drafting
procedure. At this step, the CCRVDF establishes a priority list of veterinary
substances that could pose a risk to public health and submits this list to the
JECFA Secretariat so that its WHO and FAO experts can assess the related risks
at the step 2 of the Codex procedure.

Central element of risk evaluation is the establishment of a risk assessment
policy. The 1997 FAO/WHO consultation considered that such policy should
protect scientific integrity, coherence, and transparency of risk assessment. More
specifically, this component of risk management should deal with identification
of populations at risk, criteria for ranking hazards, and modalities for determining
safety factors. The protection of scientific integrity, coherence, and transparency
of risk assessment by the JECFA is crucial if confidence in the JECFA and its
MRL proposals is to be total. Since the JECFA is not strictly speaking a Codex
structure, the CCRVDF and FAO/WHO should discuss how this objective of risk
management can be achieved. They should focus on the management of JECFA
meetings by FAO and WHO and look into the modalities of selection of the
experts who should complete a declaration of interest.

The 1997 consultation addressed the topic of safety factors, which is vitally
important for the protection of public health. Setting MRLs is in fact based on
a series of assumptions. One assumption is that humans are at least as sensitive
as the most sensitive laboratory animal to a potentially toxic residue. Another
assumption is that all the residues covered by the MRLs are as toxic as the
parent substance. A third assumption is that residues ‘‘free’’ from the human
gastrointestinal tract are all totally bioavailable. A fourth assumption is the safety
factor used to infer an ADI from a NOEL, including the additional safety factor,
generally with a value of 2, to establish a provisional ADI until further information
is available to convert this into a definite ADI. Other assumptions are the overesti-
mation of consumer exposure to drug residues and the reduction of MRL values
to take account of normal conditions under which the veterinary drugs are admin-
istered.

Establishing the value of these different assumptions would seem to be a
basic component of public health policy. The exercise involves decisions on the
magnitude of a socially acceptable risk. This needs to be assessed in the light of
observed toxic effect, quality of information on residue toxicity and content,
benefit–risk trade-off assessment determined by the therapeutic or productive
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purpose for administering the substance in question. This is a central aspect of
risk management that should be dealt with by the mandated parties.

The stage of assessment of management options has been classified by
the joint FAO/WHO consultation into three parts: the identification of possible
management options, selection of preferred option, and the final decision. So far,
the CCRVDF has done very little in this area for which the member states have
the required competence. The joint FAO/WHO consultation on risk management
has insisted that decisions on acceptable levels of risk should be based on consid-
erations of public health. It also accepted that other considerations such as eco-
nomic costs, expected benefits, technical feasibility, and social choices could be
considered, where these could be objectively determined. For its part, the JECFA
has advised against using certain veterinary drugs with dairy cattle and laying
hens when the withdrawal times needed to meet the MRLs seemed unrealistic in
view of the drugs’ normal conditions of use.

Implementation of management options and monitoring and review, the
two last stages of risk management, are essentially under state responsibility.
However, the JECFA advises states on appropriate methods of analysis to ensure
compliance with the MRLs. It is important to stress that risk management goes
beyond straightforward analytical study of residues in animal products and must
also include the control of good practices at, and prior to, the time of drug adminis-
tration. The JECFA can also make a contribution when it studies the validity of
analytical methods proposed to check MRLs, specifies the statistical basis for
establishing withdrawal times, and recommends the conditions of use of certain
veterinary drugs in relation to MRLs set, such as in the case of tranquillizers for
pigs, to reduce consumer exposure to veterinary drug residues.

One of the recommendations of the 1995 joint FAO/WHO expert consulta-
tion was to separate as far as possible the two phases of risk assessment and risk
management in the risk analysis process. Examination of risk analysis and MRL-
setting revealed that this recommendation has been largely followed, as the
JECFA, a committee of independent experts acting in their personal capacity,
worked on risk assessment. The CCRVDF, a committee of national delegations,
was essentially involved in risk management. However, closer examination shows
a slightly different picture and indicates that the respective roles of the CCRVDF
and the JECFA in the risk analysis process need to be better defined. Since the
organization and division of work were decided on before the introduction of the
risk analysis concept, de facto systems have arisen that are perfectly logical in
functional terms but that do not fulfill the recommendation of separate responsibil-
ities for risk assessment and risk management. As a result, the JECFA includes
elements of risk management in its risk assessment work.

JECFA utilizes certain significant risk assessment policies at specific deci-
sion points in its work. Such risk assessment policies are properly the responsibil-
ity of CCRVDF and CAC. They are, however, used by JECFA and are described
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in detail in relevant WHO Environmental Health Criteria documents. Examples
include the reliance on animal models to establish potential human effects, use
of body weight scaling for interspecies comparison, assumption that absorption
in animals and humans is approximately the same, use of a 100-fold safety factor
to account for likely inter- and intraspecies differences in susceptibility, decision
not to assign ADIs to veterinary drugs found to be genotoxic carcinogens, and
establishing of temporary ADIs for residues of veterinary drugs pending submis-
sion of requested data. In carrying out their work the experts in JECFA continually
need to select and utilize various scientific assumptions. This is necessary because
there are inevitable gaps in the science of risk assessment that need to be filled
with default assumptions to allow for the conduct of a risk assessment. These
assumptions also need to be reevaluated constantly to keep them up-to-date with
scientific developments. Each of these represent risk assessment policies, and the
assumptions embodied in them can significantly influence the outcome of the
risk assessment. Each also represents a choice among a number of plausible
alternatives.

This can be acceptable for proper Codex functioning, particularly as it
echoes a pragmatic observation made by the consultation of 1995 that there might
be exceptions to any hard and fast separation of responsibilities. When these
aspects of risk management go to the very heart of public health protection, it
would seem inappropriate for the CCRVDF not to assume its appointed risk
management responsibilities. A clear example is establishing the values of the
safety factors used in the different stages of risk assessment. It would be useful
if, for each substance studied, the JECFA could clearly indicate the assumptions
and choices made during the risk assessment process that relate to risk manage-
ment, thus providing more information on its proposals. This would not be neces-
sary for routine assumptions and decisions already announced in a general paper.
Greater involvement in JECFA activities by experts put forward by consumer
associations and greater transparency in the nomination of experts would greatly
enhance this interactive process of risk communication.

The primary role of CCRVDF is to recommend MRLs for residues of
veterinary drugs in food. CCRVDF relies on its expert committee (JECFA) to
derive initial recommendations for MRLs. In this regard, CCRVDF has accepted
some risk management decisionmaking by JECFA. This includes the decision to
use different safety factors based on the amount and quality of data available to
JECFA and the formulation of new guidelines when necessary to address new
or emerging issues, such as the establishment of microbiological end-points as a
safety criterion for antimicrobial drug residues. CCRVDF reviews the basis for
JECFA recommendations before deciding whether to accept the proposed MRL.

CCRVDF may determine that an MRL should not be adopted because
adequate methods of analysis are not available for detecting the residues in spe-
cific animal-derived foods, or because pertinent new information has been gener-
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ated that was not available to JECFA when it undertook its evaluation. CCRVDF
may request that JECFA reassess the recommendation for an MRL based on
concerns raised by CCRVDF. On occasion, CCRVDF has chosen not to accept
the recommendations of JECFA by retaining indefinitely the MRL in the Codex
process. To date, however, CCRVDF has not attempted to change the numerical
value of an MRL without the concurrence of JECFA.

The role of the CCRVDF in communication of risks, the third component
of risk analysis, is limited to reports of meetings, which, for budgetary reasons,
are increasingly succinct to the point of having little substance to communicate.
The important step of drawing up priority lists of substances, which is the point
of departure of the JECFA and the CCRVDF work, provides no explanation for
the choices made. Even the general criteria adopted in 1986 to determine priority
lists have lost their transparency. It is also important to recall that the Codex
procedure for establishing MRLs only considers substances for which the JECFA
has been able to propose ADIs and MRLs. Other substances, whatever the reasons
for the nonexistence of ADI and MRL, are cast aside and simply ignored.

The CCRVDF should review the procedure for establishing priority lists of
substances to be evaluated by the JECFA. One criterion for including a candidate
substance on the priority list is that all the necessary information be made available
to the JECFA, but this condition can only be met by the veterinary pharmaceutical
industry because of the growing complexity of the documentation. As a result,
the JECFA works on the basis of CCRVDF priorities that are heavily influenced
by industry decisions.

Thought should be given to the ultimate aim of the work of the CCRVDF
and JECFA and to the respective importance of public health and international
trade. Without wishing to lower the importance of evaluating new substances,
which are at the forefront of modern medicine and are a lifeline to the veterinary
pharmaceutical industry, there is at the same time no reason to neglect older
substances still in widespread use. The problem is that these substances are no
longer protected by patent and therefore no longer represent an economic market
sufficiently important to justify investment in the requisite studies. The unfortu-
nate result is that the JECFA focuses especially on evaluation of new molecules,
which, under constant pressure from ever-tighter technical requirements, offer
increasing guarantees of safety. It perhaps does not spend enough time addressing
long-established substances, some of which, although prohibited here and there,
can expose public health to considerable risk. There is an urgent need to draw
up a list of these substances and to agree on an appropriate methodology to
identify their associated residue risks and/or provide interested parties with all
relevant information.

11.3 REGULATORY OUTLINE IN THE UNITED STATES

The regulatory authority for approving veterinary drugs in the United States re-
sides with the Food and Drug Administration (FDA) Center for Veterinary Medi-
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cine (CVM), of the Department of Health and Human Services. For gaining drug
approval, the sponsor is required to furnish FDA with the necessary scientific
data for demonstrating the safety and efficacy of the compound and proof that
the residues in the edible products of treated animals are safe. These data must
be provided from studies and procedures approved by the FDA, and must be
consistent with the regulatory requirements in force at the time of registration.

To assist the animal health industry, the FDA has developed a set of general
guidelines that may be used as an acceptable basis for determining drug safety
(22). Included in this set are guidelines concerning metabolism studies, selection
of residues for toxicological testing, toxicological testing, threshold assessment,
establishing a tolerance, approval of a method of analysis for residues, establish-
ing a withdrawal period, and guidelines for new animal drugs and food additives
derived from fermentation. These guidelines describe studies that the Sponsor
needs to conduct in order to meet the statutory provisions of the FDA. Although
these guidelines may be followed by the Sponsors with the assurance that they
describe FDA approved procedures, alternative approaches may equally well be
used, provided that the sponsors have previously reviewed the appropriateness
of their approach with the FDA.

11.3.1 Safety Assessment

The procedure established by FDA to regulate drugs used in food-producing
animals is complex. In reviewing the historical basis for the process and the
development of the scientific concepts, one finds two types of tolerances, the so-
called negligible tolerance and finite tolerance, that have been used in regulating
drug residues since 1966. A negligible tolerance has a maximum value of 0.1
ppm in meat and 0.01 ppm in milk and eggs. Negligible tolerances were calculated
on the basis of 90-day subacute studies in rats and dogs using a safety factor of
2000. In cases where the calculated tolerance exceeded 0.1 ppm, the tolerance
was arbitrarily set at 0.1 ppm. As a consequence, most tolerances set in the past
were of the value of 0.1 ppm. When the drug manufacturer desired a tolerance
above 0.1 ppm, additional toxicological studies were required to set exactly the
value of that finite tolerance. Because of the chronic nature of these studies, the
safety factor was reduced in that case from 2000 to 100, or in case of teratogenic
activity from 2000 to 1,000 (23).

From the results of the toxicological studies, a NOEL for the most sensitive
species could be determined. This NOEL was used in the calculation of the
tolerance according to the equation

Tolerance NOEL (ppm/day) 60 (kg) /
Safety factor Food factor 0.5 (kg/day)

where 0.5 kg is the estimated consumption of meat per day, and the food factor
is an acknowledgment that tissues such as liver and kidney are not consumed to
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the same extent as the muscle tissue. Because of the different food factors, the
tolerances in the Code of Federal Regulations (CFR) differ depending on what
edible tissue is being described. However, some of the tolerances in the CFR
give the same value for all edible tissues because some drugs have been regulated
before the introduction of the food factors in the calculation of tolerances.

The food factors suggested by the FDA for various edible products of
different animal species are given in Table 11.2 In cattle, the food factor for
muscle is 1.0 but it is 0.5 for liver. Because of the halving of the food factor for
liver, the tolerance in this tissue is twice the value of the tolerance in muscle.
The food factor for swine liver is 0.33, indicating that swine liver si consumed
less than beef liver. Poultry kidney is not given a factor because its consumption
is insignificant in the human diet and it is usually removed with the viscera.

The concept of negligible tolerance is no longer used by the CVM in its
approval process. Starting with the will of the Congress to permit the use of
carcinogens in food-producing animals, the regulatory concept for all and drugs
and feed additives has been changed. The established procedure was founded on
the DES Proviso, an exception to the Delaney anticancer amendment of the Fed-
eral Food, Drug, and Cosmetic Act (24). According to this proviso, a potential
carcinogen might be used in animals if it did not adversely affect the animal and
if no residues of the compound could be detected by an analytical method pre-
scribed or approved by the Secretary of Health, Education, and Welfare. The
presence or absence of residues was, however, a function of the residue detection

TABLE 11.2 Food Factor Breakdown of a
1500 g Diet According to the FDA

Cattle Swine
Muscle 1.00 Muscle 1.00
Liver 0.50 Liver 0.33
Kidney 0.33 Kidney 0.25
Fat 0.25 Fat 0.25
Skin a Skin 0.25
Milk 3.00

Sheep Poultry
Muscle 1.00 Muscle 1.00
Liver 0.20 Liver 0.33
Kidney 0.20 Kidney a

Fat 0.20 Fat 0.50
Skin a Skin 0.50

Eggs 1.00

a Not used for human food.
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technique employed. Each time more sophisticated analytical methods were de-
veloped, the ‘‘no residue’’ level should be redefined because increasingly smaller
amounts of residue could be detected. On account of the constant redefining of
‘‘zero,’’ the FDA, based on the principle that once a drug is given to an animal
residues will not deplete to absolute zero, followed another scientific approach
to surmount the associated problems. This has become known as the sensitivity
of the method (SOM) procedure because it is based on a process that determines
the level (sensitivity/concentration) required for no residue (25).

The SOM procedure outlines the process for assessing the carcinogenic
potential of the sponsored compounds. It uses a simple approach that involves
extrapolating cancer data from animal models (usually mice or rats) from the
observed natural or background incidence to a predicted increased incidence of
no more than 1 tumor in 1,000,000 test animals as a result of ingesting the
sponsored compound. These calculations involve the number of animals with
tumors compared to the total number of animals exposed at a given dosage in
their diet over a lifetime. For calculating the 1 1,000,000 dose, a multistage
mathematical model is usually applied (26). The 1,000,000 dose becomes the
permitted concentration used to calculate the no-residue level required for the
method of analysis for residues in food for human consumption. Although this
value is involved in the calculation, an additional calculation is needed to take
into consideration total residues in the food animal before a specific value for a
specific analyte can become the no-residue value by which the drug is regulated.

Although the SOM procedure was developed initially to implement the
process by which carcinogenic animal drugs could be approved, it was fully
integrated thereafter into the general food safety concept that the FDA applies
for all animal drugs and feed additives. This unified concept applies to both
carcinogens and noncarcinogens. The SOM document begins the process by sub-
jecting the drug to a threshold assessment in order to assess its carcinogenic
potential. The process initially involves a structure–activity assessment to deter-
mine whether the drug is a suspect carcinogen. The compound must also be tested
in a battery of mutagenicity tests and in subchronic 90-day studies usually in the
rat and dog. The carcinogenic potential of the compound may be suggested by
these tests. If any of the tests signal a potential for carcinogenicity, chronic lifetime
studies are usually required. When a carcinogenic potential is not seen, the level
of residue in edible tissues further determines whether a drug has to undergo
chronic studies. Other toxicological studies of concern are teratogenesis and mul-
tigeneration reproduction studies. These studies essentially replaced the studies
required to obtain a negligible tolerance. A liberalizing aspect of the new toxico-
logical requirements is that the safety factor for subchronic studies can be reduced
from 2000 to 1000.

If the drug is not a carcinogen, a NOEL will be determined from the noncar-
cinogenic toxicity endpoints. The NOEL is then used in calculation of the safe
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concentration (SC) for total residues of the compound in each edible animal
tissue. The calculation is based on the use of safety and food factors as well as
a scale up factor for the body weight of humans (60 kg). With this new procedure,
the safety factor is set at 100 or 1000 depending on the length of the study.

If the drug gives a carcinogenic response in the chronic bioassay, the mul-
tistage model is used to determine the level of insignificant risk, which is consid-
ered to be 1 1,000,000 (26). The mathematically derived value is called the
virtually safe dose (So). This value is multiplied by food factors to give the
permitted concentrations for total residues of the drug in the edible animal tissues.
All residues that result from administering a drug to food-producing animals are
considered as potentially toxic as the parent compound unless additional studies
are performed to remove this concern.

After estimating the permitted safe concentration or the virtually safe dos-
age, a total residue study is also required to determine a target tissue, a marker
residue, and a tolerance for the marker residue in meat as well as in milk and
eggs where appropriate. A total residue study generally involves 12 animals dosed
with the radiolabeled drug according to label directions and slaughtered at several
time points after cessation of the treatment. From this experiment, the depletion
of total residues in each of the tissues can be followed. Target tissue is that in
which residues having depleted to their safe concentration will ensure that all of
the tissues in the animal are below their permitted safe concentration. Therefore,
the food factors previously mentioned have been applied and the results plotted
on a semilog graph, the last tissue to deplete to its food factor adjusted safe
concentration is the target tissue. As far as the withdrawal period is concerned,
this can be approximated by the point in time where the total residue curve
intersects the safe concentration level, previously referred to as the tolerance, as
determined by the prementioned equation.

Having determined the target tissue, the parent drug and/or one or more of
the metabolites in the target tissue are chosen to be the marker residue. The
proportion of the marker residue to total residues is obtained at the point on the
total residue depletion curve where this line crosses its permitted safe concentra-
tion. The level of the marker residue at that point represents the tolerance since
it is specified in the Code of Federal Regulations, Title 21, Part 556.

In some instances additional specialized studies may be required to assess
drug-specific toxicological concerns. For example, hypersensitivity tests may be
required for the -lactam antibiotics FDA has recently been concerned with how
this standard human food safety assessment process accurately determines the
safe concentration of antibiotic residues based on the traditional toxicological
end-points. Of particular concern was the impact of low levels of antibiotics on
the intestinal microflora.

In June 1992, CVM and the Animal Health Institute sponsored a symposium
on the Microbiological Significance of Drug Residues in Food to assess whether
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the current toxicology models were appropriate in determining the impact of
low concentrations of antibiotics on the human intestinal microflora (27). After
considering data from a large number of substances, including animal drugs and
food additives, CVM has concluded that, based on the results of the standard
toxicology tests, noncarcinogens will receive a maximum safe concentration of
1 ppm in the total diet of 1.5 kg. Therefore, the total residue limit for new animal
antimicrobial products with no carcinogenic potential will be 1 ppm in the total
diet unless additional microbiological testing is performed.

In instances where there are antimicrobial residues with only limited antimi-
crobial activity, CVM notes that all new animal antimicrobial drugs consumed
as residues will have to be exposed to the metabolic activities of the target animal.
Again, based on their review of the data, in most instances the metabolic action
of the microflora- and drug-metabolizing enzymes of the target species will inac-
tive the antibiotic. When the total microbiologically active residue is below 1
ppm in the total diet, no further microbiological testing will be required.

One conclusion in the proposed guidelines is that it is the sponsor’s respon-
sibility to identify comprehensively the microbiological activity of their product,
to determine the appropriate microbiological end-points to be measured, and to
establish the antimicrobial NOEL in an appropriate model system. These new
guidelines may have a significant impact on future registration of antimicrobial
animal drug products.

The tolerances permitted by the FDA typically range from 0 to 10 ppm,
their value depending on the toxicity of the drug as determined by its toxicology,
residue, and metabolism studies. Table 11.3 lists drugs and tolerances approved
by the FDA. Action levels, although not supported by law, are used by the FDA
in a discretionary manner to determine the safety of food when no tolerance
exists for a compound. Where a zero tolerance is required, the Code of Federal
Regulations provides a full description of the suggested analytical method, since
the concept of zero tolerance is dependent on the particular method applied for
the determination of the analyte.

Current regulations require that the drug sponsor further submit an analyti-
cal method suitable for determining and confirming the marker residue in the
target tissue at the tolerance level that will successfully pass a multilaboratory
validation study. The quantitative methods should be sensitive enough to quanti-
tate residues at one-half the residue tolerance, and should be practical and rugged
to be useful for routine surveillance monitoring of residues in US Department of
Agriculture (USDA) field laboratories. On the other hand, the confirmatory meth-
ods must permit unequivocal identification of the marker residue so that the
identity of a residue that exceeds the tolerance can be supported in a court of
law.

All analytical methods presented to the FDA undergo a desk review and
then trial by at least three government laboratories. Screening tests are not required
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TABLE 11.3 Tolerances for Veterinary Medicinal Products in Foodstuffs of Animal Origin According to the US Code of
Federal Regulations

Safe
concentration Tolerance

Compound(s) CFR Sec. Residue definition Animal species Tissue ( g/kg) ( g/kg)

ANTIBACTERIAL DRUGS
Amoxycillin 556.38 Amoxycillin Cattle Edible tissues — 10

Not specified Milk — 10
Ampicillin 556.40 Ampicillin Cattle, swine Edible tissues — 10

Not specified Milk — 10
Apramycin 556.52 Apramycin (marker) Swine Kidney (target) — 100
Ceftiofur 556.113 Ceftiofur Cattle, swine, Edible tissues — Not required

sheep, poultry
Cephapirin 556.115 Cephapirin Dairy cattle Edible tissues — 100

Not specified Milk — 20
Chlortetracycline 556.150 Sum of tetracyclines Beef cattle, Muscle — 2000

residues nonlactating liver — 6000
dairy cows, kidney — 12000
calves, swine, fat — 12000
sheep, turkey,
duck, chicken

Cattle Milk — 300
Cloxacillin 556.165 Cloxacillin Cattle Edible tissues — 10

Not specified Milk — 10
Dihydrostreptomycin 556.200 Dihydrostreptomycin Cattle, swine Kidney — 2000

other edible — 500
tissues

Not specified Milk — 125
Enrofloxacin 556.228 Enrofloxacin (marker) Chicken, turkey Muscle (target) — 300
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Erythromycin 556.230 Erythromycin Beef cattle, swine Edible tissues — 100
Chicken, turkey Edible tissues — 125
Not specified Milk — 0
Not specified Eggs — 25

Florfenicol 556.283 Total florfenicol Cattle Muscle 2000 —
residues liver 6000 —

kidney 12000 —
fat 12000 —

Florfenicol amine Liver (target) — 3700
(marker)

Furazolidone 556.290 Furazolidone Swine Edible tissues — 0
Gentamicin sulfate 556.300 Total gentamicin Swine Muscle — 100

residues liver — 300
kidney — 400
fat — 400

Gentamicin sulfate Chicken, turkey Edible tissues — 100
Lincomycin 556.360 Lincomycin Swine Edible tissues — 100

Chicken Edible tissues — Not required
Neomycin 556.430 Neomycin (marker) Cattle, swine, Kidney (target) — 7200

sheep, goat muscle — 1200
liver — 3600
fat — 7200

Not specified Milk — 150
Novobiocin 556.460 Novobiocin Cattle, chicken, Edible tissues — 1000

turkey, duck
Dairy animals Milk — 100

Oleandomycin 556.480 Oleandomycin Swine, chicken, Edible tissues — 150
turkey

(continued)
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TABLE 11.3 Continued

Safe
concentration Tolerance

Compound(s) CFR Sec. Residue definition Animal species Tissue ( g/kg) ( g/kg)

Ormetoprim 556.490 Ormetoprim Chicken, duck, Edible tissues — 100
turkey, catfish,
salmonids

Oxytetracycline 556.500 Sum of tetracyclines Cattle, beef calves Muscle — 2000
residues nonlactating liver — 6000

dairy cattle, kidney — 12000
dairy calves, fat — 12000
swine, sheep,
turkey, chicken,
catfish, lobsters,
salmonids

Cattle Milk — 300
Penicillin 556.510 Penicillin and its salts Cattle Edible tissues — 50

Turkey Edible tissues — 10
Swine, sheep, Edible tissues — 0

chicken, quail,
pheasant

Not specified Eggs — 0
Not specified Milk — 0

Pirlimycin 556.515 Pirlimycin (marker) Cattle Liver (target) — 500
Not specified Milk — 400

Sarafloxacin 556.594 Sarafloxacin Chicken (broiler), Edible tissues — Not required
turkey
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Spectinomycin 556.600 Spectinomycin Chicken, turkey Edible tissues — 100
Streptomycin 556.610 Streptomycin Calves, swine, Kidney — 2000

chicken other edible — 500
tissues

Sulfabromomethazine 556.620 Sulfabromomethazine Cattle Edible tissues — 100
sodium sodium Not specified Milk — 10

Sodium 556.625 Sodium Chicken Edible tissues — 0
sulfachloropyrazine sulfachloropyrazine
monohydrate monohydrate

Sulfachlorpyridazine 556.630 Sulfachlorpyridazine Calves, swine Edible tissues — 100
Sulfadimethoxine 556.640 Sulfadimethoxine Cattle, turkey, Edible tissues — 100

chicken, duck,
salmonids,
catfish

Not specified Milk — 10
Sulfaethoxypyridazine 556.650 Sulfaethoxypyridazine Cattle Edible tissues — 100

Swine Edible tissues — 0
Not specified Milk — 0

Sulfamerazine 556.660 Sulfamerazine Trout Edible tissues — 0
Sulfamethazine 556.670 Sulfamethazine Cattle, swine, Edible tissues — 100

chicken, turkey
Sulfanitran 556.680 Sulfanitran and its Chicken Edible tissues — 0

metabolites
Sulfaquinoxaline 556.685 Sulfaquinoxaline Cattle, calves, Edible tissues — 100

chicken, turkey
Sulfathiazole 556.690 Sulfathiazole Swine Edible issues — 100
Sulfomyxin 556.700 Sulfomyxin Chicken, turkey Edible tissues — 0
Tetracycline 556.720 Sum of tetracyclines Calves, swine, Muscle — 2000

residues sheep, chicken, liver — 6000
turkey kidney — 12000

fat — 12000
Cattle Milk — 300

(continued)
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TABLE 11.3 Continued

Safe
concentration Tolerance

Compound(s) CFR Sec. Residue definition Animal species Tissue ( g/kg) ( g/kg)

Tiamulin 556.738 8-alpha- Swine Liver (target) — 600
hydroxymutilin
(marker)

Tilmicosin 556.735 Tilmicosin (marker) Cattle Liver (target) — 1200
Swine Liver (target) — 7500

Tylosin 556.740 Tylosin Cattle, swine, Muscle — 200
chicken, turkey liver — 200

kidney — 200
fat — 200

Not specified Milk — 50
Not specified Eggs — 200

ANTHELMINTHIC DRUGS
Albendazole 556.34 Albendazole 2-amino- Cattle Liver (target) — 200

sulfone (marker) Sheep Liver (target) — 250
Clorsulon 556.163 Total clorsulon Cattle Muscle 1000 —

residues liver 2000 —
kidney 3000 —
fat 4000 —

Clorsulon (marker) Kidney (target) — 1000
Dichlorvos 556.180 2,2-dichlorovinyl Swine Edible tissues — 100

dimethyl phosphate
Doramectin 556.225 Doramectin (marker) Cattle Liver (target) — 100

Swine Liver (target) — 160
Eprinomectin 556.227 Eprinomectin B1a Not specified Liver (target) — 4800

(marker) Not specified Milk — 12
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Ethylenediamine 556.270 Ethylenediamine Not specified Milk — 0
Fenbendazole 556.275 Total fenbendazole Cattle Milk 1670 —

residues
Fenbendazole (marker) Cattle, goat Liver (target) — 800

Swine Not specified — Not required
Fenbendazole Cattle Milk — 600

sulfoxide (marker)
Haloxon 556.310 Haloxon Cattle Edible tissues — 100
Hygromycin B 556.330 Hygromycin B Swine, poultry Edible tissues — 0

Not specified Eggs — 0
Ivermectin 556.344 22,23- Cattle Liver (target) — 100

dihydroavermectin Swine Liver (target) — 20
B1a (marker) Sheep Liver (target) — 30

Reindeer, Liver (target) — 15
American bison

Levamisole 556.350 Levamisole Cattle, swine, Edible tissues — 100
hydrochloride hydrochloride sheep

Morantel tartrate 556.425 N-methyl-1,3- Cattle, goat Liver (target) — 700
propanediamine Not specified Milk — Not required
(marker)

Moxidectin 556.426 Moxidectin Cattle Muscle — 50
liver — 200

Oxfendazole 556.495 Total oxfendazole Cattle Muscle 840 —
residues liver 1700 —

kidney 2500 —
fat 3300 —

Fenbendazole (marker) Liver (target) — 800

(continued)
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TABLE 11.3 Continued

Safe
concentration Tolerance

Compound(s) CFR Sec. Residue definition Animal species Tissue ( g/kg) ( g/kg)

Pyrantel tartrate 556.560 Pyrantel tartrate Swine Muscle — 1000
liver — 10000
kidney — 10000

Thiabendazole 556.730 Thiabendazole Cattle, swine, Edible tissues — 100
sheep, goat,
pheasant

Not specified Milk — 50
ANTICOCCIDIAL AND OTHER ANTIPROTOZOAL DRUGS
Aklomide 556.30 Sum of aklomide and Chicken Muscle — 4500

4-amino-2-chloro- liver — 4500
benzamide skin/fat — 3000

Amprolium 556.50 Amprolium Chicken, turkey Muscle — 500
liver — 1000
kidney — 1000
egg yolk — 8000
whole egg — 4000

Calves Muscle — 500
liver — 500
kidney — 500
fat — 2000

Pheasant Muscle — 500
liver — 1000

Buquinolate 556.90 Buquinolate Chicken Muscle — 100
liver — 400
kidney — 400
skin/fat — 400
yolk — 500
whole egg — 200
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Clopidol 556.160 Clopidol Cattle, sheep, goat Muscle — 200
liver — 1500
kidney — 3000

Swine Edible tissues — 200
Chicken, turkey Muscle — 5000

liver — 15000
kidney — 15000

Not specified Milk — 20
Decoquinate 556.170 Decoquinate Cattle, goat, Muscle — 1000

chicken other edible — 2000
tissues

Ethopabate 556.260 Ethopabate converted Chicken Muscle — 500
to metaphenetidine liver — 1500

kidney — 1500
Halofuginone 556.308 Total halofuginone Broiler, turkey Muscle 100 —

hydrobromide hydrobromide liver 300 —
residues skin/fat 200 —

Halofuginone Chicken (broiler) Liver (target) — 160
hydrobromide Turkey Liver (target) — 130
(marker)

Lasalocid 556.347 Total lasalocid Cattle Muscle 1200 —
residues liver 4800 —

kidney 3600 —
fat 4800 —

Sheep Muscle 1200 —
liver 6000 —
kidney 6000 —
fat 6000 —

Chicken Muscle 1200 —
liver 7200 —
skin/fat 2400 —

Lasalocid (marker) Cattle Liver (target) — 700
Sheep Not specified — Not required
Chicken Skin/fat — 300

(target)

(continued)
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TABLE 11.3 Continued

Safe
concentration Tolerance

Compound(s) CFR Sec. Residue definition Animal species Tissue ( g/kg) ( g/kg)

Maduramicin 556.375 Total maduramicin Chicken Muscle 240 —
ammonium ammonium residues liver 720 —

skin 480 —
fat 480 —

Maduramicin Fat (target) — 380
ammonium (marker)

Monensin 556.420 Total monensin Chicken, turkey, Muscle 1500 —
residues quail liver 4500 —

skin/fat 3000 —
Monensin Cattle, goat Edible tissues — 50

Chicken, turkey, Not specified — Not required
quail

Narasin 556.428 Total narasin residues Chicken Muscle 600 —
liver 1800 —
skin/fat 1200 —
fat 1200 —

Narasin Not specified — Not required
Nicarbazin 556.445 Nicarbazin Chicken Muscle — 4000

liver — 4000
kidney — 4000
skin — 4000

Robenidine 556.580 Robenidine Chicken Skin — 200
hydrochloride hydrochloride fat — 200

other edible — 100
tissues
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Zoalene 556.770 Sum of zoalene and Chicken Muscle — 3000
3-amino-5-nitro-o- liver — 6000
toluamide kidney — 6000

fat — 2000
Turkey Muscle — 3000

liver — 3000
ANTIMICROBIAL GROWTH PROMOTERS
Arsenic 556.60 Total arsenic residues Swine Muscle — 500

liver — 2000
kidney — 2000
edible by- — 500
products

Chicken, turkey Muscle — 500
edible by- — 2000
products
eggs — 500

Bacitracin 556.70 Bacitracin Cattle, swine, Edible tissues — 500
chicken, turkey,
pheasant, quail

Not specified Milk — 500
Not specified Eggs — 500

Carbadox 556.100 Quinoxaline-2- Swine Liver (target) — 30
carboxylic acid
(marker)

Virginiamycin 556.750 Virginiamycin Cattle Not specified — Not required
Swine Muscle — 100

liver — 300
kidney — 400
fat — 400
skin — 400

Chicken (broiler) Muscle — 100
liver — 300
kidney — 500
fat — 200
skin — 200

(continued)
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TABLE 11.3 Continued

Safe
concentration Tolerance

Compound(s) CFR Sec. Residue definition Animal species Tissue ( g/kg) ( g/kg)

ANABOLIC HORMONAL-TYPE GROWTH PROMOTERS
Estradiol and related 556.240 Estradiol Calves, steers, Muscle — 0.12

esters heifers liver — 0.24
kidney — 0.36
fat — 0.48

Lambs Muscle — 0.12
liver — 0.6
kidney — 0.6
fat — 0.6

Melengestrol acetate 556.380 Melengestrol acetate Cattle Fat — 25
Progesterone 556.540 Progesterone Calves, steers Muscle — 3

liver — 6
kidney — 9
fat — 12

Lambs Muscle — 3
liver — 15
kidney — 15
fat — 15

Testosterone 556.710 Testosterone Heifers Muscle — 0.64
propionate liver — 1.3

kidney — 1.9
fat — 2.6
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Trenbolone 556.739 Total trenbolone Cattle Edible tissues — Not required
residues Muscle 50 —

liver 100 —
kidney 150 —
fat 200 —

Zeranol 556.760 Total zeranol residues Cattle Edible tissues — Not required
Muscle 150 —

liver 300 —
kidney 450 —
fat 600 —

ANTIFUNGAL DRUGS
Nystatin 556.470 Nystatin Swine, poultry Edible tissues — 0

Not specified Eggs — 0

Corticosteroids
Hydrocortisone 556.320 Hydrocortisone Not specified Milk — 10

sodium succinate or
hydrocortisone
acetate

Methylprednisolone 556.400 Methylprednisolone Not specified Milk — 10
Prednisolone 556.520 Prednisolone Not specified Milk — 0
Prednisone 556.530 Prednisone Not specified Milk — 0

NONSTEROIDAL ANTI-INFLAMMATORY DRUGS
Salicylic acid 556.590 Salicylic acid Not specified Milk — 0

PROHIBITED DRUGS FOR FOOD-PRODUCING ANIMALS
Chloramphenicol Furazolidone (except approved topical use)
Clenbuterol Nitrofurazone (except approved topical use)
Diethylstilbestrol (DES) Sulfonamide drugs in lactating dairy cattle (except approved use of
Dimetridazole sulfadimethoxine, sulfabromomethazine, and sulfaethoxypyridazine)
Ipronidazole Fluoroquinolones (except approved use for chicken and turkey)
Other nitroimidazoles Glycopeptides
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of drug sponsors as a condition of approval at this time. However, the need by
USDA to screen large numbers of samples may require the development of a
screening test or the inclusion of the marker residue in an existing screening
procedure in the future as part of the methods package needed for approval.

11.3.2 Residue Control

Once a drug is marketed, the FDA continues, through postmarketing surveillance,
to oversee the safety and efficacy of the drug. In this role, however, FDA control
over the usage is reduced considerably because the regulatory authority for deter-
mining compliance of animal-derived food with established tolerances rests with
the USDA Food Safety and Inspection Service (FSIS). FDA regulates and inspects
foods other than meat and poultry and regulates animal feeds.

FSIS is the agency responsible for enforcing the Federal Meat Inspection
Act and the Poultry Products Inspection Act. Under these laws, FSIS is responsi-
ble for ensuring that USDA-inspected meat and poultry products are safe, whole-
some, free of adulterating residues, and accurately labeled. As part of this respon-
sibility, FSIS conducts the National Residue Program (NRP) to help prevent the
marketing of animals containing unacceptable (violative) residues from animal
drugs, pesticides, or potentially hazardous chemicals. The specific objectives of
the NRP are to assess and communicate the exposure potential from residues in
the US meat and poultry supply, to prevent live animals with violative concentra-
tions of residues in their tissues from being presented for slaughter, and to prevent
edible tissues from slaughtered animals containing violative concentrations of
residues from entering the food supply. There should be no impetus to livestock
owners to misuse drugs.

To prevent marketing of edible animal products containing illegal drug
residues, FSIS has been conducted residue testing since 1967. Sample specimens
of livestock and poultry tissues are collected at both domestic slaughterhouses
and ports of entry of imported products. To accomplish this, about 7000 federal
inspectors and veterinarians carry out inspections in some 7200 meat and poultry
plants throughout the country. This is the largest inspection force in the federal
government, both in absolute numbers and in the ratio of inspectors to regulated
facilities. Within the NRP, over 2 million laboratory analyses and inplant tests
are performed on over 450,000 samples each year to test for the presence of
unacceptable levels of drugs and other potential contaminants in food of animal
origin (28).

At the point of the slaughterhouse, the NPR conducts two types of residue
testing in domestic animal populations. Population sampling testing is the one
used to acquire information about the occurrence of residues in the domestic food
animal populations going to slaughter, whereas enforcement testing is used to
minimize the potential of violative animals entering the food chain. The popula-
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tion sampling testing operates in three basic modes: monitoring, surveillance,
exploratory (29).

In the monitoring program mode, all animals slaughtered at federally in-
spected plants are subject to random sampling of carcasses for residues determina-
tion. The target is to explore the occurrence of violative residues of drugs for
which there are established tolerances in each healthy-appearing animal popula-
tion. The data gained from analysis of these samples provide the most meaningful
residue statistics, because the samples are randomly selected according to a statis-
tical plan and, moreover, their sampling is nationwide. The number of samples
chosen provides a 95% probability of detecting at least one violation, when 1%
of the animal population is in violation. When a problem in a major species is
suspected, a larger number of samples may be assayed.

The results from the monitoring programs, which are conducted on an
annual calendar year basis, can define the profile of residues over time and high-
light potential problems for which intensive testing may be necessary to protect
the public health (30). They can also provide a good foundation for long-term
future planning, helping the agencies to implement a fully coordinated approach
to residue control and prevention. Thus, monitoring not only gathers information
but also deters practices that lead to violative residues.

The surveillance programs are designed to measure the magnitude of resi-
due problems in a population and to control the movement of potentially adulter-
ated products when there is some prior knowledge or suspicion of a high potential
for violative residues. Such knowledge comes from experience and a familiarity
with agricultural production practices. Surveillance programs, however, are not
nationwide in scope and not random.

Sampling is biased and is directed at particular carcasses, producers, buyers,
or products in response to information of monitoring, or other information
sources, or from observations during ante- or postmortem inspection indicating
that adulterating concentrations of residues may be present. Inplant testing proce-
dures may be performed by the inspector, or samples may be submitted to an
FSIS laboratory for analysis. Depending upon the weight of evidence that led to
the testing, products may be retained until test results indicate the appropriate
regulatory disposition. Laboratory testing of surveillance samples is completed
as rapidly as possible and takes precedence over monitoring samples.

The exploratory programs aim to strengthen the National Residue Program
as a whole. They are conducted for a variety of reasons, but these activities,
whatever their objective, have in common the fact that test results are not ordinar-
ily used to take regulatory action or to trigger follow-up surveillance testing.
Gathering information about the occurrence of residues for which no safe concen-
trations have yet been established, about animal species not approved for use of
a particular drug, about residues being considered for inclusion in the monitoring
program, or evaluating new methods and approaches to monitoring, are usually
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some of the targets of the exploratory programs. These programs may be nation-
wide or limited to specific geographic areas. Sample collection may be random
and statistically based, or biased to obtain worst-case information. Exploratory
programs planned on a limited scale may be expanded if preliminary results cause
greater concern and make acquiring comprehensive information more urgent.

Inplant tests are also a key part of the NRP because they provide rapid
screening of residues at the plant level. The sulfa-on-site (SOS) test was imple-
mented in April 1988 to test swine urine for sulfonamide residues. It is used in
many of the largest swine slaughtering facilities but laboratory confirmation of
violations is required. The calf antibiotic and sulfonamide test (CAST) is used
to test bob veal calves (under 150 pounds and less than 3 weeks old). Prior to
1996, CAST did not require laboratory confirmation of the result; any violation
found with CAST resulted in immediate condemnation of the calf. Beginning in
1996, any zone of inhibition measuring greater than 18 mm is sent to the labora-
tory for confirmation. The swab test on premises (STOP) was implemented in
1979 to detect the presence of antibiotic residues in kidney tissue. Originally
developed for testing dairy cows, STOP is now used for a number of slaughter
classes. Laboratory confirmation is required before the animal carcass is con-
demned. Certain STOP-positive samples are tested for both antibiotics and sulfon-
amides. Confirmed STOP-positive sample specimens with sulfonamide residues
that have no established limits are considered violative in those slaughter classes
for which they are not approved for use. The fast antimicrobial screen test (FAST)
quickly detects both antibiotic and sulfonamide drug residues in kidneys and
livers and has proved to be a suitable replacement for CAST and STOP. Though
FAST is capable of detecting sulfonamides, this test is significantly less sensitive
than the SOS test. FAST was implemented in pilot plants in 1995. FAST has
been extended to approximately 50 of the largest cow and bob veal slaughtering
plants in 1996.

Despite those extensive residue testing programs, it is, of course, not feasi-
ble for any inspection authority to monitor residues of all drugs that theoretically
could contaminate meat and poultry, nor is this necessary to adequately protect
public health. It is important, however, to monitor those drugs most likely to
present the greatest risk. Within this concept, FSIS has included, over the last
three decades, the testing of the compounds listed in Table 11.4, leaving out a
plethora of other drugs. A hierarchical compound evaluation system (CES) has
been used in this selection (31). This system was designed to provide FSIS with
a more systematic approach to the categorization of compounds with respect to
their likelihood of occurrence in meat and poultry, and their potential impact on
public health.

Under the initial version of CES developed in 1985, compounds that may
leave residues were ranked both for toxicity and for probability of human expo-
sure. After several years’ experience with the CES, the Agency determined that
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TABLE 11.4 Drugs Included in the US National Residue Program from 1972 to 1997

Type of drug Years Type of drug Years

Antiba cteria ls
Apramycin 1983–1985, 1987–1990
Chloramphenicol 1972–1997
Chlortetracycline 1972–1997
Dihydrostreptomycin 1972–1997
Erythromycin 1972–1997
Gentamicin 1984–1997
Lincomycin 1985–1987, 1990
Neomycin 1972–1997
Novobiocin 1985–1990
Oxytetracycline 1972–1997
Penicillins 1972–1997
Streptomycins 1972–1997
Sulfabromomethazine 1973–1997
Sulfachloropyrazine 1991–1997
Sulfachlorpyridazine 1984–1997
Sulfadiazine 1986–1997
Sulfadimethoxine 1973–1997
Sulfadoxine 1990
Sulfaethoxypyridazine 1984–1997
Sulfamethazine 1973–1997
Sulfamethoxypyridazine 1984–1997
Sulfanitran 1990–1997
Sulfaphenazole 1990
Sulfapyridine 1973–1997
Sulfaquinoxaline 1973–1997
Sulfathiazole 1973–1997
Sulfisoxazole 1990–1997
Tetracycline 1972–1997
Tylosin 1984–1997

Anthelminthics
Albendazole 1984–1985, 1987–1992
Benomyl 1989–1992
Cambendazole 1990
Clorsulon 1986–1989

Coumaphos 1972–1976, 1978, 1980–1994
Dichlorvos 1972–1976, 1978, 1980–1983,

1985–1987, 1989, 1991–1997
Fenbendazole 1984–1992
Ivermectin 1984–1997
Levamisole 1976, 1978–1979, 1984–1986,

1993–1994
Mebendazole 1986–1989
Morantel tartrate 1983–1985, 1993–1997
Nicarbazin 1989–1991
Oxfendazole 1986–1992
Pyrantel tartrate 1983–1985, 1990–1997
Thiabendazole 1976–1978, 1985–1992

Anticoccidia l a nd other a ntiprotozoa l drugs
Buquinolate 1975–1976
Clopidol 1975, 1977–1979, 1986
Dimetridazole 1978–1979
Decoquinate 1975–1976, 1983–1984,

1986–1988, 1990
Halofuginone 1986–1997
Ipronidazole 1974–1978, 1984–1991
Lasalocid 1983–1985
Monensin 1974–1978, 1980–1985

Antimicrobia l growth promoters
Arsenicals 1972–1997
Bacitracin 1974–1975, 1981–1990
Carbadox 1973–1985, 1987–1994
Virginiamycin 1985–1990

Ana bolic hormona l-type growth promoters
Diethylstilbestrol 1972–1991
Estradiol 1987–1990
Melengestrol acetate 1978–1983, 1987–1990
Zeranol and metabolites 1973–1974, 1977, 1985–1989

Dyes
Gentian violet 1990, 1993
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additional criteria were needed in order to select chemicals for our testing program
that are most likely to leave a residue. In the revised version of 1991, developed
by the Residue Evaluation and Planning Division of USDA/FSIS/S&T, CES has
changed to include three elements. The first element is determining if a compound
produces a residue. If so, the second CES element is assessing the toxicological
hazardous of the compound. This hazardous element is ranked from A (high) to
D (low) and Z (unknown). The third element is assessing the potential human
exposure resulting from residues occurring in meat and poultry. This exposure
element is ranked from 1 (likely) to 4 (unlikely) to Z (unknown). Hence, the CES
ranking or risk characterization is actually a product of both hazard and exposure.

Compound evaluation and classification is a dynamic process. Thus, addi-
tional compounds are to be considered in the system, and additional research on
a drug toxicity and its potential for leaving harmful residues may affect previous
rankings. The selection of drugs for monitoring is based on the compound ranking
assigned, on whether a practical test method suitable for regulatory use is avail-
able, on whether the compound can be determined at low cost in a multiresidue
method, and on whether monitoring or other experience shows that violative
residues are present in edible animal products. As such, the CES serves as a
useful guide in the planning and allocation of the NRP recourses for those residues
considered to represent the greatest potential effect on public health. As Table
11.4 indicates, one of the strengths of the NRP is the dynamic nature of the FSIS
residue test programs. Compounds may be rotated out of the NRP but can be
added during the year if needed. Over the past 10 years, virtually all drugs for
which suitable methods were available have been included in the NRP, except
for compounds with especially low rankings such as tiamulin and others.

When FSIS finds levels of drugs in edible animal products that are above
the set tolerances, FDA and CVM are notified so that enforcement action can be
considered. Enforcement testing is conducted on individual animal carcasses or
lots. Testing is performed in populations of animals known to have had problems
with residues to assist in preventing carcasses with residues from entering the
food supply. Testing decisions are made by FSIS employees in slaughterhouses
on an individual animal basis based on clinical signs or lesions. In addition,
enforcement testing may be based on herd history, or previous laboratory results
to follow up on producers, and other sources identified as marketing animals with
violative residues.

FSIS requires all slaughterhouses to maintain records of the ownership of
animals for a 30-day period immediately preceding slaughter. When an animal
leaves the rearing farm, it may be sold through a dealer to a producer and then
again to another factory supplier. As a result, only 5–10% of residue violations
are untraceable, particularly in poultry. In addition, FSIS has implemented a
nationwide database, the Residue Violation Information System (RVIS), to handle
all residue data obtained by all regulatory agencies from residue violation cases.
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This includes names and addresses of sellers, producers, dealers, and the results
of investigations.

In the enforcement phase of testing, FDA may also conduct follow-up
investigation at the animal producer level to uncover the original source and cause
of the contamination problem. This often results to seizure of animal feed or
seizure and condemnation of carcasses. In accordance with the federal law, of-
fenders may face prosecution if found guilty of contravening FDA tolerance
levels. In addition, farmers harboring violative residues may find future shipments
impounded unless they can clearly demonstrate compliance with residue stan-
dards.

If violative residues are demonstrated as a recurring problem on a particular
premises, a surveillance program may be mounted. This intensive monitoring
scheme is investigated when animals are known to belong to producers responsi-
ble for reaching illegal residue levels in the past. Such surveillance programs
involve a regular, routine sampling program that continues until the residue prob-
lem is deemed to be under control. Sometimes surveillance sampling can be as
broad in scope as the United States Nationwide Program since 1988 for sulfon-
amides in the 100 largest hog-slaughtering plants. Monitoring results have helped
to trigger this program, showing unacceptable levels of sulfamethazine residues
in swine over time.

Depending on the needs, enforcement testing can be of small or high scale.
When an injection site is seen postmortem, an inspector-generated sample is
taken. The carcass is retained until laboratory results verify the presence or ab-
sence of illegal residues. In such cases, inspection findings can trigger enforce-
ment testing. If, for example, chloramphenicol violations are found on monitoring,
all the meat products will be recalled. In addition, FDA and cooperating state
agencies may make on-site visits to these firms. Typically, an educational visit
by the state is the first step in attempting to correct a residues problem. If the
problem is not corrected, subsequent visits made by FDA could result in enforce-
ment action, including prosecution.

Although the demonstrated presence of drug residues in an edible tissue is
a requirement for regulatory action in most cases, regulatory authorities will
usually act on any proof that a food-producing animal has been exposed to a
banned drug, such as chloramphenicol. In such situations, the FDA will take
action even on positive urine results and the qualitative confirmatory identification
of the banned drug becomes of primary importance.

In the US, the effort to reduce the incidence of antibiotic residues in the
meat supply involves not only FSIS and FDA but also the farmers, their trade
associations, feed manufacturers, and veterinarians. FSIS has expended considera-
ble resources recently, investigating several antibiotic residue problems, such as
sulfonamides and antibiotic residues in bob veal calves, and sulfonamides and
chloramphenicol in pigs. Agency representatives advise the industry and other
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involved parties on the problem and provide resources such as educational materi-
als and field tests to resolve the residue problems on the farm, before the animals
are sent to market. When these efforts do not produce the desired results, FSIS
implements intensive in-plant testing programs to detect the residues in the meat
at slaughter and takes corresponding regulatory action against the offending pro-
ducers.

11.4 REGULATORY OUTLINE IN THE EUROPEAN UNION

In common with most legislative authorities throughout the world, drug legislation
in the European Union is concerned with the quality, efficacy, and safety of
medicinal products from the standpoint of their effects on animals, humans, and
the environment. In addition to these objectives, the European Union is further
concerned with the harmonization of differing standards throughout the Member
States, so permitting the free circulation of goods in the intra-Community trade

11.4.1 Safety Assessment

Unlike in the United States, veterinary drugs are regulated in the European Union
as two distinct assemblies. One assembly includes drugs used for therapeutic
purposes; the other comprises drugs incorporated into feeding stuffs for prophy-
lactic, coccidiostatic, and growth-promotion purposes. The former assembly is
regulated under veterinary medicines directives dealt with by the Directorate
General III responsible for human and veterinary pharmaceuticals. Latter is regu-
lated by the feed additives directives which do not cover medicinal products
added to feeds for therapeutic purposes and are dealt with by the Directorate
General XXIV, which is responsible for agriculture. Thus, a complex legal frame-
work has been established within the members of the EU.

Major veterinary medicines directives within the EU are thought to be the
Council Directives 81/851/EEC (32) and 81/852/EEC (33) of 28 September, 1981.
Although both served to ensure that regulatory requirements of veterinary medici-
nal products were the same throughout the Member States, the main objective
of the former, along with its amending directives 90/676/EEC (34) and 93/40/
EEC (35), was to establish the Committee for Veterinary Medicinal Products
(CVMP). The latter, along with its amending directives 87/20/EEC (36), 92/
18/EEC (37), and 93/40/EEC, mainly targeted the laying down of analytical,
pharmacological, and clinical standards and protocols regarding the testing of
veterinary drugs. These directives have set out the basic rules for the assessment
and authorization of drugs in the European Union.

According to these rules, Member States may, with some exceptions, make
their own authorization at the national level. In this type of authorization, the
drug sponsor submits an application to the regulatory authority of the country in
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which the drug is to be marketed. If the application is successful, the drug can
be marketed only in the Member State in which the application was made.

A sponsor that has obtained an authorization in at least one Member State
can further request extension of the authorization to at least five other Member
States. In this type of authorization, the sponsor follows a decentralized procedure
by which the application is forwarded to each of the selected Member States and
to the CVMP secretariat in Brussels. The regulatory authorities of the Member
States have 120 days to access the supporting data of the application and to
provide objections, if any, to the CVMP, whose main role is to advise and give
opinion on whether a particular veterinary drug complies with the requirements
of the European Union legislation. The application and the objections are consid-
ered by the CVMP, which then issues an opinion that is not binding on Member
States. If a favorable decision is given, Member States then have 30 days to decide
individually on granting marketing authorization, and the CVMP is informed
accordingly. This procedure applicable to the majority of conventional veterinary
products operates by mutual recognition of the national marketing authorizations.

In the event of disagreement between Member States about the quality,
safety, or efficacy of a medicinal product that is the subject of a decentralized
authorization procedure, the matter can be resolved only by a binding Community
decision within a European regulatory framework. This task has been allocated
to the European Agency for the Evaluation of Medicinal Products (EMEA), which
was established by Council Regulation 2309/93/EEC (38) of 22 July, 1993. The
primary task of this Agency is to provide scientific advice of the highest possible
quality to Community institutions and Member States for the exercise of powers
conferred upon them by Community legislation in the field of authorization and
supervision of medicinal products. When mutual recognition of the national mar-
keting authorizations is not possible, the EMEA is called on to prepare a binding
arbitration.

Apart from establishing the EMEA, the Regulation 2309/93/EEC offers
alternative approaches for marketing authorization in the so-called centralized
procedure. According to this procedure, no medicinal product containing a new
active substance can be placed in the market, unless a marketing authorization
has been granted by the Community. To obtain marketing authorization, the spon-
sor must submit an application accompanied by a complete technical dossier
supplying all the information required to the EMEA. The Agency shall ensure
that the opinion of the Committee is given within 210 days of the receipt of a
valid application. To prepare its opinion, the Committee shall examine whether
the submitted data comply with the requirements of Directives 81/851/EEC and
81/852/EEC, and whether they satisfy the conditions specified in the Regulation
2309/93/EEC for issuing a marketing authorization.

Within 30 days of receipt of the opinion, the Commission prepares a draft
of the decision to be taken in respect of the application, taking account of Commu-
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nity law. The draft decision is be forwarded to the Member States and the appli-
cant. Where, in the opinion of the Commission, the written observations of a
Member State raise important new questions of a specific or technical nature that
have not been addressed in the opinion of the Agency, the Chairman suspends
the procedure and refers the application back to the Agency for further considera-
tion. The Agency, upon request, will inform any person concerned of the final
decision.

Authorization can be refused if, after verification of the submitted data, it
appears that the drug is harmful under the conditions of use stated at the time of
application for authorization, it has no therapeutic effect or the applicant has
not provided sufficient proof of such an effect, its qualitative and quantitative
composition has not been stated, or the recommended withdrawal period is not
long enough to ensure that foodstuffs obtained from treated animals do not contain
residues that might constitute a health hazard for consumers.

Marketing authorization granted in accordance with the centralized proce-
dure applies throughout the EU Member States. It confers the same rights and
obligations in each of the Member States as a marketing authorization granted
by that Member State. Notification of marketing authorization is published in the
Official Journal of the European Communities, quoting in particular the date of
authorization and the number in the Community Register.

After authorization has been issued, the person responsible for placing the
veterinary drug on the market takes account of all technical and scientific progress
and make changes that may be required to enable the product to be manufactured
and checked by means of generally accepted scientific methods. Where the com-
petent authorities of any Member State are of the opinion that the sponsor is no
longer fulfills the obligation laid by Directive 81/851/EEC, they forthwith inform
the committee and the commission, stating their reasons in detail and indicating
the course of action taken. The Commission, in consultation with the Agency,
forthwith examines the reasons advanced by the Member State concerned and
prepares a draft of the decisions to be taken that will be adopted. Where urgent
action is essential to protect human or animal health or the environment, a Member
State may suspend the use on its territory of an authorized veterinary medicinal
product, informing the Commission and the other Member States no later than
the following working day of the reasons for action.

In mentioned centralized procedures, the CVMP is responsible for formulat-
ing the opinion of the Agency on any question concerning the admissibility of
the files submitted, the granting, variation, suspension, or withdrawal of an autho-
rization to place a veterinary drug on the market arising in accordance with the
provisions of this regulation and pharmacovigilance. To assist it in its work, the
CVMP has established a number of working groups, among which the Working
Group on the Safety of Residues is responsible for carrying out the safety assess-

Copyright © 2001 Marcel Dekker, Inc.



349Safety Assessment and Control of Residues

ment of new and existing active substances, establishing MRLs, and making
recommendations to the CVMP accordingly.

Up to the end of 1991, establishing MRLs had been a very much ad hoc
procedure, the priorities for MRL setting being identified by the Working Group.
However, from January, 1992, Regulation 2377/90 (39) as amended by Regula-
tions 762/92 (40), 675/92 (41), 3093/92 (42), 895/93 (43), and 2901/93 (44)
requires that no Member State may authorize a new pharmacologically active
substance for use in veterinary medicine unless a Union-wide MRL has been
established, and that MRLs for all existing drugs must be established up to the
end of 1999.

In accordance with these regulations, the Commission has published a time-
table for the consideration of establishing MRLs for substances currently autho-
rized for use in food-producing animals, including time limits for submission of
the relevant information by the sponsors. Information and particulars to be in-
cluded in an application for the establishment of MRLs for a pharmacologically
active substance used in veterinary medicinal products are provided in the 2377/
90/EEC Regulation. It is essential for this application to contain two particular
documentation files: the safety and the residue files.

The safety file specifies the pharmacological, toxicological, and microbio-
logical studies usually required to allow the construction of the toxicological
profile of a pharmacologically active substance. The EU guidelines are notable
in that while they indicate in some detail the types of toxicological tests required,
pharmacology studies appear under the two broad headings of pharmacodynamic
and pharmacokinetic studies. There is a good reason for this. Whereas toxicology
studies have evolved into rigid investigations to maintain standards and ensure
that chemicals are tested using similar models, pharmacodynamic, and especially
pharmacokinetic, studies have remained as ad hoc experimental investigations.
The design of each experiment depends very much on the nature of the chemical
agent and on its interaction with the animal in which the experiments are being
carried out. As a consequence, each experiment is usually designed de novo
depending on the drug being tested, the effect being investigated, and the animal
being used. For these reasons there are no strict pharmacological testing guidelines
comparable with those developed for toxicological testing.

The overall approach to the safety evaluation of residues of veterinary
medicinal products within the Community is similar to that employed by the Joint
FAO/WHO Expert Committee on Food Additives (JECFA). The approach is
based on the type and amount of residue considered to be without any toxicologi-
cal hazard for human health as expressed by the ADI, or on a temporary ADI
that uses an additional safety factor. It also takes into account other relevant
public health risks as well as food technology aspects and estimated food intakes.
From the toxicological data on single- and repeated-dose toxicity, reproductive
effects, embryotoxicity/fetotoxicity including teratogenicity, mutagenicity, carci-
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nogenicity, immunotoxicity, effects on the human gut flora, effects on the micro-
organisms used for industrial food-processing, and observations in humans pro-
vided in the safety file a suitable NOEL can be determined. The ADI is calculated
from the NOEL determined for the most sensitive parameter in the most sensitive
appropriate test species, according to the equation

ADI (mg/day) NOEL (mg/kg body weight)
Standard Human Weight (kg) / Safety Factor

Because the ADI is related to body weight, a 60 kg average body weight
has been accepted. In addition, the safety factor takes a value of 100 when the
NOEL is derived from a long-term animal study, on the assumption that humans
are 10 times as sensitive as the test animals and that there is a 10-fold range of
sensitivity within the human population. There have been cases, however, in
which a safety factor of 100 is considered insufficient. Higher safety factors may
be required when the data are incomplete, the study in which the NOEL was
established is inadequate, or teratogenic and carcinogenic effects have been seen.

The objective of the Residue File is to allow the elaboration of MRLs
taking into account the ADI calculated in the Safety File in conjunction with the
pharmacokinetics, residues depletion data, and a knowledge of target tissues and
marker residues. The individual MRLs in different tissues should be a function
of the amount of the food items consumed, and should also reflect the kinetics
of the depletion of the residues to be consistent with the established withdrawal
periods. MRLs should be proposed in such a way that the total amount of residues
ingested with 500 g meat or 500 g poultry or 300 g fish, plus 1500 g milk, plus
100 g egg, plus 20 g honey does not exceed the ADI. The EU uses the daily
intake values presented in Table 11.5. After an MRL has been established for a

TABLE 11.5 Daily Food Consumption According to the European Union (g)

Large animals Poultry Fish

Muscle 300 Muscle 300 Muscle/skin 300
Liver 100 Liver 100
Kidney 50 Kidney 10
Fata 50 Fat/skin 90
Total 500 Total 500 Total 300

Milk 1500
Egg 100
Honey 20

a For pigs, 50 g fat and skin in natural proportions.
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named marker residue, the corresponding withdrawal period must be calculated
such that the concentration of this residue in the target tissue falls with reasonable
statistical certainty below it.

Although the ADI is related to any residue of toxicological concern, the
marker residue represents the preferable analyte for a residue assay method. The
target tissue is usually, but not necessarily, the tissue with the slowest depletion
rate of the residues. When a compound is to be used in lactating animals or laying
birds, milk or eggs are usually target tissues in addition to the target tissue selected
for residue monitoring in the edible carcass.

For residue monitoring purposes, it is frequently useful to define MRLs
for a particular marker residue. A specific quantitative analytical method for
measuring the concentration of the residue with the required sensitivity must be
available. The MRL establishes the concentration of the marker residue permitted
in the target tissue. Marker residue and target tissue are selected in such a way
that total residues in each edible tissue are at or below its safe concentration if
the marker residue is at or below the MRLs. For milk or eggs, it may be necessary
to select a marker residue different from the marker residue selected for the target
tissue representing the edible carcass.

By now, MRL values have been established for many pharmacologically
active substances as shown in Table 11.6. It is expected, however, that with the
start of the new century all active substances intended for use in food-producing
animals will be listed in one of the Annexes I–III of the amendments of the
regulation 2377/90/EEC; if not, their administration to animals will be prohibited.

Annex I contains the list of pharmacologically active substances in respect
of which MRLs have been established. Entry into Annex I depends on full pack-
ages of toxicological and residue data, the analysis of which suggests no major
human health concerns.

Substances included in the list of Annex II are those not thought to represent
a hazard to health and, thus, establishment of an MRL value is not necessary for
the protection of public health. Annex II substances include endogenous com-
pounds, such as 17- -estradiol, and other drugs that are either not absorbed or
do not leave potentially hazardous residues such as cefazolin, detomidine, dicla-
zuril, and dicloxacillin. It is worth mentioning that a recommendation to insert
a compound in Annex II should not be interpreted as automatically implying that
no withdrawal time is necessary. If there is any indication that the amount of
drug derived residues in an edible portion of the carcass, including injection
sites for intramuscularly or subcutaneously injected drugs, exceeds the ADI, a
withdrawal period has to be set. Since no MRLs are set for Annex II compounds,
withdrawal periods have to be estimated on the basis of the ADI.

Annex III is reserved for substances that do not fully meet the requirements
of Annexes I and II. Sometimes this may be due to the absence of a key study
or because of difficulties in interpreting the studies provided. The MRLs listed
in Annex III are considered provisional because they are subject to a time limit
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TABLE 11.6 Maximum Residue Limits (MRLs) for Veterinary Medicinal Products in Foodstuffs of Animal Origin
According to the European Communities
ANNEX I

MRLs
Compound(s) Marker residue Animal species Target tissues ( g/kg) Other provisions

ANTIBACTERIAL DRUGS
Amoxycillin Amoxycillin All food producing Muscle 50

species fat 50
liver 50
kidney 50
milk 4

Ampicillin Ampicillin All food producing Muscle 50
species fat 50

liver 50
kidney 50
milk 4

Benzylpenicillin Benzylpenicillin All food producing Muscle 50
species fat 50

liver 50
kidney 50
milk 4

Baquiloprim Baquiloprim Bovine Fat 10
liver 300
kidney 150
milk 30

Porcine Skin/fat 40
liver 50
kidney 50

Cefazolin Cefazolin Bovine, ovine, caprine Milk 50
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Cefquinome Cefquinome Bovine Muscle 50
fat 50
liver 100
kidney 200
milk 20

Ceftiofur Sum of all residues Bovine Muscle 1000 Not for
retaining the -lactam fat 2000 intramammary use
structure expressed as liver 2000
desfuroylceftiofur kidney 6000

milk 100
Porcine Muscle 1000

fat 2000
liver 2000
kidney 6000

Chlortetracycline Sum of parent drug and All food-producing Muscle 100
its 4-epimer species liver 300

kidney 600
milk 100
eggs 200

Cloxacillin Cloxacillin All food-producing Muscle 300
species fat 300

liver 300
kidney 300
milk 30

Danofloxacin Danofloxacin Bovine Muscle 200
fat 100
liver 400
kidney 400
milk 30

Chicken Muscle 200 Not for use in
skin/fat 100 animals producing
liver 400 eggs for human
kidney 400 consumption

(continued)
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TABLE 11.6 Continued

MRLs
Compound(s) Marker residue Animal species Target tissues ( g/kg) Other provisions

Difloxacin Difloxacin Chicken, turkey Muscle 300
skin/fat 400
liver 1900
kidney 600

Doxycycline Doxycycline Bovine Muscle 100
liver 300
kidney 600

Porcine, poultry Muscle 100
skin/fat 300
liver 300
kidney 600

Enrofloxacin Sum of enrofloxacin and Bovine Muscle 100
ciprofloxacin fat 100

liver 300
kidney 200
milk 100

Rabbits Muscle 100
fat 100
liver 200
kidney 300

Porcine, poultry Muscle 100 Not for use in
skin/fat 100 animals producing
liver 200 eggs for human
kidney 300 consumption

Florfenicol Sum of florfenicol and its Bovine Muscle 200
metabolites measured liver 3000
as florfenicolamine kidney 300
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Lincomycin Lincomycin Bovine Muscle 100
fat 50
liver 500
kidney 1500
milk 150

Oxacillin Oxacillin All food-producing Muscle 300
species fat 300

liver 300
kidney 300
milk 30

Oxytetracycline Sum of parent drug and All food-producing Muscle 100
its 4-epimer species liver 300

kidney 600
milk 100
eggs 200

Penethamate Benzylpenicillin Bovine Muscle 50
fat 50
liver 50
kidney 50
milk 4

Sarafloxacin Sarafloxacin Chicken Skin/fat 10
liver 100

Salmonidae Muscle/skin 30
Spiramycin Sum of spiramycin and Bovine Muscle 200

neospiramycin fat 300
liver 300
kidney 300
milk 200

Chicken Muscle 200
skin/fat 300
liver 400

(continued)
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TABLE 11.6 Continued

MRLs
Compound(s) Marker residue Animal species Target tissues ( g/kg) Other provisions

Sulfonamides Parent drugs All food-producing Muscle 100 Sum of total residues
species fat 100 of all compounds

liver 100 should not exceed
kidney 100 100 g/kg

Bovine, ovine, caprine Milk 100
Tetracycline Sum of parent drug and All food-producing Muscle 100

its 4-epimer species liver 300
kidney 600
milk 100
eggs 200

Thiamphenicol Thiamphenicol Bovine Muscle 50
fat 50
liver 50
kidney 50
milk 50

Chicken Muscle 50 Not for use in
skin/fat 50 animals producing
liver 50 eggs for human
kidney 50 consumption

Tilmicosin Tilmicosin Bovine, ovine, Liver 1000
porcine kidney 1000

Ovine Milk 50
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Trimethoprim Trimethoprim Bovine Muscle 50
fat 50
liver 50
kidney 50
milk 50

Porcine Muscle 50
skin/fat 50
liver 50
kidney 50

Equidae Muscle 100
fat 100
liver 100
kidney 100

Poultry Muscle 50 Not for use in
skin/fat 50 animals producing
liver 50 eggs for human
kidney 50 consumption

Fin fish Muscle and skin 50
Tylosin Tylosin A Bovine Muscle 100

fat 100
liver 100
kidney 100
milk 50

Porcine Muscle 100
skin/fat 100
liver 100
kidney 100

Poultry Muscle 100 Not for use in hens
skin/fat 100 producing eggs for
liver 100 human
kidney 100 consumption

(continued)
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TABLE 11.6 Continued

MRLs
Compound(s) Marker residue Animal species Target tissues ( g/kg) Other provisions

ANTHELMINTHIC DRUGS
Abamectin Avermectin B1a Bovine Fat 10

liver 20
Closantel Closantel Bovine Muscle 1000

fat 3000
liver 1000
kidney 3000

Ovine Muscle 1500
fat 2000
liver 1500
kidney 5000

Doramectin Doramectin Bovine Muscle 10
fat 150
liver 100
kidney 30

Porcine, ovine Muscle 20 Not for use in ovines
fat 100 producing milk for
liver 50 human
kidney 30 consumption

Eprinomectin Eprinomectin B1a Bovine Muscle 30
fat 30
liver 600
kidney 100
milk 30

Febantel Sum of extractable Bovine, ovine, Muscle 50
residues that may be porcine, equidae fat 50
oxidized to liver 500
oxfendazole sulfone kidney 50

Bovine, ovine Milk 10
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Fenbendazole Sum of extractable Bovine, ovine, Muscle 50
residues that may be porcine, equidae fat 50
oxidized to liver 500
oxfendazole sulfone kidney 50

Bovine, ovine Milk 10
Flubendazole Sum of flubendazole and Porcine, chicken, Muscle 50

(2-amino 1H- game birds skin/fat 50
benzimidazol-5-yl) (4- liver 400
flurorophenyl) kidney 300
methanone

Flubendazole Chicken Eggs 400
Ivermectin 22,23- Bovine Fat 40

Dihydroavermectin B1a liver 100
Porcine, ovine, Fat 20

equidae liver 15
Deer, reindeer Muscle 20

fat 100
liver 50
kidney 20

Levamisole Levamisole Bovine, ovine, Muscle 10
porcine, poultry fat 10

liver 100
kidney 10

Moxidectin Moxidectin Bovine, ovine Muscle 50
fat 500
liver 100
kidney 50

Nitroxinil Nitroxinil Bovine, ovine Muscle 400
fat 200
liver 20
kidney 400

Oxfendazole Sum of extractable Bovine, ovine, Muscle 50
residues that may be porcine, equidae fat 50
oxidized to liver 500
oxfendazole sulfone kidney 50

Bovine, ovine Milk 10

(continued)
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TABLE 11.6 Continued

MRLs
Compound(s) Marker residue Animal species Target tissues ( g/kg) Other provisions

Oxibendazole Oxibendazole Porcine Muscle 100
skin/fat 500
liver 200
kidney 100

Thiabendazole Sum of thiabendazole Bovine Muscle 100
and 5-hydroxy- fat 100
thiabendazole liver 100

kidney 100
milk 100

Triclabendazole Sum of extractable Bovine, ovine Muscle 100 Not for use in
residues that may be liver 100 animals producing
oxidized to kidney 100 milk for human
ketotriclabendazole consumption

SEDATIVES AND -BLOCKERS
Carazolol Carazolol Porcine Muscle 5

skin/fat 5
liver 25
kidney 25

NONSTEROIDAL ANTI-INFLAMMATORY DRUGS
Vedaprofen Vedaprofen Equidae Muscle 50

fat 20
liver 100
kidney 1000

Tolfenamic acid Tolfenamic acid Bovine Muscle 50
liver 400
kidney 100
milk 50

Porcine Muscle 50
liver 400
kidney 100
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CORTICOSTEROIDS
Dexamethasone Dexamethasone Bovine Milk 0.3

Bovine, porcine, Muscle 0.75
equidae liver 2

kidney 0.75
ANNEX II

Compound(s) Animal species Other provisions

17 -Estradiol All mammalian food-producing species For therapeutic and zootechnical
uses only

Cefacetrile Bovine For intramammary use only and
for all tissues except milk

Cefazolin Bovine, ovine, caprine For intramammary use only
(except if the udder may be
used for human consumption)

Detomidine Bovine, equidae For therapeutic uses only
Diclazuril Ovine For oral use in lambs only
Dicloxacillin All food-producing species
Ketoprofen Bovine, porcine, equidae
Mecillinam Bovine For intrauterine use only
Medroxyprogesterone acetate Ovine For intravaginal use for

zootechnical purposes only
Praziquantel Ovine For nonlactating sheep only
Rifaximin Bovine For intramammary (except if the

udder may be used for human
consumption) and intrauterine
use only

(continued)
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TABLE 11.6 Continued
ANNEX III

MRLs
Compound(s) Marker residue Animal species Target tissues ( g/kg) Other provisions

ANTIBACTERIAL DRUGS
Aminosidine Aminosidine Bovine, porcine, Muscle 500 Provisional MRLs

rabbits, chicken liver 1500 expire July 1, 2000
kidney 1500

Apramycin Apramycin Bovine Muscle 1000 Provisional MRLs
liver 1000 expire July 1, 1999
kidney 20000 Not for use in

Porcine Muscle 1000 lactating cattle
skin/fat 1000
liver 1000
kidney 5000

Bacitracin Bacitracin Bovine Milk 150 Provisional MRLs
expire July 1, 2001

Cefacetrile Cefacetrile Bovine Milk 125 Provisional MRLs
expire January 1,
2001

For intramammary
use only

Cefquinome Cefquinome Porcine Muscle 50 Provisional MRLs
skin/fat 50 expire January 1,
liver 100 2000
kidney 200

Cephapirin Sum of cephapirin and Bovine Muscle 50 Provisional MRLs
desacetylcephapirin fat 50 expire January 1,

liver 50 2001
kidney 100
milk 10
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Clavulanic acid Clavulanic acid Bovine, ovine, Muscle 200 Provisional MRLs
porcine fat 200 expire July 1, 1999

liver 200
kidney 200

Bovine, ovine Milk 200
Clorsulon Clorsulon Bovine Muscle 50 Provisional MRLs

liver 150 expire January 1,
kidney 400 2000

Colistin Colistin Bovine, ovine, Muscle 150 Provisional MRLs
porcine, chicken, fat 150 expire July 1, 2000
rabbits liver 150

kidney 200
Bovine, ovine Milk 50
Chicken Eggs 300

Danofloxacin Danofloxacin Porcine Muscle 100 Provisional MRLs
skin/fat 50 expire January 1,
liver 200 2000
kidney 200

Decoquinate Decoquinate Bovine, ovine Muscle 500 Provisional MRLs
fat 500 expire July 1, 2000
liver 500
kidney 500

Difloxacin Difloxacin Bovine Muscle 400 Provisional MRLs
fat 100 expire January 1,
liver 1400 2001
kidney 800

Porcine Muscle 400 Not for use in
skin/fat 100 lactating cattle
liver 800
kidney 800

Dihydrostreptomycin Dihydrostreptomycin Bovine, ovine, Muscle 500 Provisional MRLs
porcine, poultry fat 500 expire June 1,

liver 500 2000
kidney 1000

Bovine, ovine Milk 200

(continued)
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TABLE 11.6 Continued

MRLs
Compound(s) Marker residue Animal species Target tissues ( g/kg) Other provisions

Enrofloxacin Sum of enrofloxacin and Ovine Muscle 100 Provisional MRLs
ciprofloxacin fat 100 expire July 1, 1999

liver 300
kidney 200

Erythromycin Erythromycin Bovine, ovine, Muscle 400 Provisional MRLs
porcine, poultry fat 400 expire June 1,

liver 400 2000, MRLs apply
kidney 400 to all

Poultry Eggs 200 microbiological
Bovine, ovine Milk 40 active residues

expressed as
erythromycin
equivalent

Florfenicol Sum of florfenicol and its Fish Muscle and skin 1000 Provisional MRLs
metabolites measured expire July 1, 2001
as florfenicolamine

Flumequine Flumequine Bovine, ovine, Muscle 50 Provisional MRLs
porcine, chicken skin/fat 50 expire January 1,

liver 100 2000
kidney 300

Salmonidae Not specified 150
Gentamicin Gentamicin Bovine, porcine Muscle 100 Provisional MRLs

fat 100 expire June 1,
liver 200 2000
kidney 1000

Bovine Milk 100
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Josamycin Sum of microbiologically Porcine, chicken Muscle 200 Provisional MRLs
active metabolites skin/fat 200 expire July 1, 2002
expressed as liver 200
josamycin kidney 400

Chicken Eggs 200
Lincomycin Lincomycin Ovine Muscle 100 Provisional MRLs

fat 50 expire January 1,
liver 500 2001
kidney 1500
milk 150

Porcine, chicken Muscle 100
skin/fat 50
liver 500
kidney 1500

Chicken Eggs 50
Marbofloxacin Marbofloxacin Bovine Muscle 150 Provisional MRLs

fat 50 expire July 1, 2000
liver 150
kidney 150
milk 75

Porcine Muscle 150
skin/fat 50
liver 150
kidney 150

Morantel Sum of residues which Bovine, ovine Muscle 100 Provisional MRLs
may be hydrolyzed to fat 100 expire July 1, 2001
N-Methyl-1,3- liver 800
propanediamine and kidney 200
expressed as morantel milk 100
equivalents

Porcine Muscle 100
skin/fat 100
liver 800
kidney 200

(continued)
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TABLE 11.6 Continued

MRLs
Compound(s) Marker residue Animal species Target tissues ( g/kg) Other provisions

Nafcilin Nafcilin Bovine Muscle 300 Provisional MRLs
fat 300 expire January 1,
liver 300 2001
kidney 300 For intramammary
milk 30 use only

Neomycin Neomycin Bovine, ovine, Muscle 500 Provisional MRLs
(including caprine, porcine, fat 500 expire June 1,
framycetin) chicken, turkey, liver 500 2000

duck kidney 5000
Bovine, ovine, caprine Milk 500
Chicken Eggs 500

Oxolinic acid Oxolinic acid Bovine Muscle 100 Provisional MRLs
fat 50 expire January 1,
liver 150 2001
kidney 150

Porcine, chicken Muscle 100
skin/fat 50
liver 150
kidney 150

Chicken Eggs 50
Fin fish Muscle/skin 300

Oxyclozanide Oxyclozanide Bovine, ovine Muscle 20 Provisional MRLs
fat 20 expire July 1, 2000
liver 500
kidney 100

Bovine Milk 10
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Penethamate Benzylpenicillin Ovine Muscle 150 Provisional MRLs
fat 150 expire January 1,
liver 150 2000
kidney 150
milk 4

Porcine Muscle 50
fat 50
liver 50
kidney 50

Pirlimycin Pirlimycin Bovine Muscle 100 Provisional MRLs
fat 100 expire July 1, 2000
liver 1000
kidney 400
milk 100

Spectinomycin Spectinomycin Bovine, porcine, Muscle 300 Provisional MRLs
poultry fat 500 expire July 7, 2000

liver 2000
kidney 5000

Bovine Milk 200
Streptomycin Streptomycin Bovine, ovine, Muscle 500 Provisional MRLs

porcine, poultry fat 500 expire June 1,
liver 500 2000
kidney 1000

Bovine, ovine Milk 200
Thiamphenicol Thiamphenicol Ovine Muscle 50 Provisional MRLs

fat 50 expire January 1,
liver 50 2001
kidney 50

Porcine Muscle 50
skin/fat 50
liver 50
kidney 50

Fin fish Muscle/skin 50

(continued)
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TABLE 11.6 Continued

MRLs
Compound(s) Marker residue Animal species Target tissues ( g/kg) Other provisions

ANTHELMINTHIC DRUGS
Albendazole Sum of albendazole, Bovine, ovine, Muscle 100 Provisional MRLs

sulfoxide albendazole sulfoxide, pheasant fat 100 expire January 1,
albendazole sulfone, liver 1000 2000
and albendazole 2- kidney 500
aminosulfone, Bovine, ovine Milk 100
expressed as
albendazole

Imidocarb Imidocarb Bovine, ovine Muscle 300 Provisional MRLs
fat 50 expire January 1,
liver 2000 2002
kidney 1500
milk 50

Moxidectin Moxidectin Equidae Muscle 50 Provisional MRLs
fat 500 expire January 1,
liver 100 2000
kidney 50

Netobimin Sum of albendazole, Bovine, ovine, caprine Muscle 100 Provisional MRLs
albendazole sulfoxide, fat 100 expire July 31,
albendazole sulfone, liver 1000 1999
and albendazole 2- kidney 500
aminosulfone, milk 100
expressed as
albendazole

ANTICOCCIDIAL AND OTHER ANTIPROTOZOAL DRUGS
Halofuginone Halofuginone Bovine Muscle 10 Provisional MRLs

fat 25 expire January 1,
liver 30 2001
kidney 30
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-Adrenergic agonists
Clenbuterol Clenbuterol Bovine Muscle 0.1 Provisional MRLs

hydrochloride liver 0.5 expire July 1, 2000
kidney 0.5 For tocolysis in
milk 0.05 parturient cows

only
Equidae Muscle 0.1 For locolysis and the

liver 0.5 treatment of
kidney 0.5 respiratory

ailments only
Sedatives and -blockers
Carazolol Carazolol Bovine Muscle 5 Provisional MRLs

fat 5 expire January 1,
liver 15 2000
kidney 15
milk 1

Nonsteroidal anti-inflammatory drugs
Carprofen Carprofen Bovine Muscle 500 Provisional MRLs

fat 500 expire January 1,
liver 1000 2000
kidney 1000

Equidae Muscle 50
fat 100
liver 1000
kidney 1000

Meloxicam Meloxicam Bovine Muscle 25 Provisional MRLs
liver expire January 1,
kidney 60 2000

35
ANNEX IV
Compound(s)
Chloramphenicol
Chlorpromazine
Dapsone
Dimetridazole
Furazolidone
Metronidazole
Nitrofurans
Ronidazole

Source: From Refs. 83–92.
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during which the sponsors should prepare their response to the questions raised,
or conduct further studies that have been requested. When it appears that an
MRL for a specific drug cannot be established because residues in edible animal
products, at whatever level, constitute a hazard to the health of the consumer,
the drug is included in Annex IV. Substances in this Annex are prohibited for
use in food-producing animals and thus, after 1 January, 2000, Annex IV is
becoming redundant because drugs included in Annexes I, II, and III will then
be permitted for such a use.

In the European Union, the medicinal products incorporated into feeding
stuffs for prophylactic, coccidiostatic, and growth-promotion purposes are not
subject to the above-mentioned authorization procedures for establishing MRLs.
Being regulated under Directive 70/524/EEC (45) and its major amendments,
especially 84/587/EEC (46) and 96/51/EEC (47), these products do follow, how-
ever, a centralized procedure through an EU system. Although no formal MRLs
have been yet established for these products, the types of toxicity and residues
data mentioned above are also required (48).

Approval of feed additives is currently coordinated through Directorate
General XXIV of the European Commission. To gain market authorization within
the Community, a feed additive must be entered into either Annex I or Annex
II of Directive 70/524/EEC. This Feed additive Directive contains a list of sub-
stances that can be incorporated into an animal feeding stuff as well as the level
of this incorporation.

To be considered for Annex I entry, an applicant usually approaches its own
national authority. Should the opinion on the application be considered favorable,
officials then guide the application through the EU procedures which take the
form of the Standing Committee for Feeding Stuffs and an EU Expert Working
Group. Advice on toxicological and other specialized areas is provided by the
Scientific Committee on Animal Nutrition (SCAN) and, ultimately, if all is satis-
factory, Annex I entry is recommended. Inclusion in Annex I means that the
compound in question must be made freely available throughout the European
Union. Compounds with a less complete data package may enter into Annex II
as a transitory measure pending further information. If these data are both forth-
coming and satisfactory, the ingredient in question will enter Annex I, but if the
data show adverse effects or are not supplied by a sponsor, the compound falls
from the Annexes and effectively losses market authorization.

A number of additives have, since the original feed additives list in 1970,
been withdrawn from the list of authorized additives for different reasons includ-
ing their contribution to the generation of resistance to bacteria (avoparcin, tylo-
sin, virginiamycin), and the decision to restrict certain antibiotics to therapeutic
use (penicillin, streptomycin, tetracyclines). Until recently there has been an in-
coherence between feed additive and veterinary medicine legislation in the Euro-
pean Union since use of some agents such as dimetridazole and ronidazole was
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prohibited as veterinary drugs because of a safety risk, but they were still allowed
to be used as feed additives. Presently authorized medicinal products for incorpo-
ration in feeds for prophylactic, coccidiostatic, and growth-promotion purposes
(Annex I or II of 70/524/EEC) are presented in Table 11.7.

11.4.2 Residue Control

According to Directive 86/469/EEC of 16 September, 1986 (49), and its amend-
ments, each Member State is required to test for the presence of antibiotics and
other veterinary drug residues in edible animal products. Under the EU Annual
National Plan (ANP) program, each Member State has to submit every year to
the Commission a monitoring plan taking into account the specific national situa-
tion and setting out the national measures to be taken. The Commission examines
the plans communicated by Member States to determine if they conform to the
provisions laid down by Directive 86/469/EEC.

In 1987 for the first time all Member States presented a plan to the Commis-
sion to identify illegal use of hormones. In 1988 they further presented a plan
for identification of other contaminants including antimicrobial substances. These
plans are updated each year in search of new substances and in light of the
experience gained from positive samples recorded during previous year or im-
provements on analytical techniques. The European Union requires the Member
States to report the results of National Plans to the Commission that will possibly
publish the data in the future. Countries exporting to the EU are also required to
present comparable results.

According to the ANP, 0.1% of all cattle, swine, sheep, goats, and horse
produced in each Member State must be sampled at the slaughterhouse for testing
for drug residues. Although the percentage appears small, it actually represents
enormous sample numbers for the regulatory authorities. The number of the main
farm animals slaughtered annually in the European Union has been estimated at
approximately 250 million, whereas only in the United Kingdom it is about 35
million.

Each country within the European Union has established its own surveil-
lance schemes for controlling drug residues. In the United Kingdom, for example,
there are the National Surveillance (NSS) and the Non-Statutory Surveillance
Schemes (50). The former concerns large-scale random sampling at slaughter-
houses and onfarm to determine the concentration, if present, of some 90 sub-
stances within 8 groups of compounds including hormones, antimicrobials, -
agonists, tranquilizers, and anthelminthics. In 1995 approximately 44,000 samples
were scheduled for collection, and 48,000 analyses were conducted. The cost of
the NSS is recovered in full from the red-meat slaughterhouse industry on the
basis of a charge per head levied on each animal sent for slaughter. Follow-up
action is taken on all samples that, on confirmatory analysis, show concentrations
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TABLE 11.7 Veterinary Drugs Authorized as Feed Additives Within the European Union

Compound(s) Animal species/category Maximum age Content in feed (mg/kg) Withdrawal (days)

Antibacterials
Avilamycin Piglets 4 months 20–40 Not specified

Slaughter pigs 4–6 months 10–20 Not specified
Chickens Not specified 2.5–10 Not specified

Flavophospholipol Layers Not specified 2–5 Not specified
(flavomycin, Turkeys 26 weeks 1–20 Not specified
bambermycins) Other poultry (certain 16 weeks 1–20 Not specified

species excepted)
Piglets 3 months 10–25a Not specified
Slaughter pigs 6 months 1–20 Not specified
Calves 6 months 6–16 Not specified
Beef Not specified 2–10 Not specified

ANTICOCCIDIALS
Amprolium Poultry From laying 62.5–125 3

onwards
Amprolium/ Chickens for laying, From laying 66.5–133 3

ethopabate turkeys, guinea fowls onwards
Arprinocid Chickens Not specified 60 5

Chickens for laying 16 weeks 60 5
Decoquinate Chickens for fattening Not specified 20–40 3
Diclazuril Chickens for fattening Not specified 1 5
Dinitolmide (DOT) Poultry From laying 62.5–125 3

onwards
Halofuginone Chickens for fattening Not specified 2–3 5

Turkeys 12 weeks 2–3 5
Lasalocid Chickens for fattening Not specified 75–125 5

Chickens for laying 16 weeks 75–125 Not specified
Turkeys 12 weeks 90–125 5

Maduramicin Chickens for fattening Not specified 5 5
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Meticlorpindol Chickens for fattening Not specified 125 5
Guinea fowls From laying 125 5

onwards
Rabbits Not specified 125–200 5

Meticlorpindol/ Chickens for fattening Not specified 110 5
methylbenzoquat Chickens for laying 16 weeks 110 Not specified

Turkeys 12 weeks 110 5
Monensin Beef Not specified 10–40 Not specified

Chickens for fattening Not specified 100–125 3
Chickens for laying 16 weeks 100–120 Not specified
Turkeys 16weeks 90–100 3

Narasin Chickens for fattening Not specified 60–70 5
Narasin/nicarbazin Chickens for fattening Not specified 80–100 7
Nicarbazin Chickens for fattening 4 weeks 100–125 9
Robenidine Chickens for fattening Not specified 30–36 5

Turkeys Not specified 30–36 5
Rabbits Not specified 50–66 5

Salinomycin Chickens for fattening Not specified 50–70 5
Piglets 4 months 30–60 Not specified
Slaughter pigs 6 months 15–30 Not specified

Semduramicin Chickens for fattening Not specified 25 5

ANTIMICROBIAL GROWTH PROMOTERS
Carbadox Piglets 4 months 20–50 28 days
Olaquindox Piglets 4 months 15–50 28 days

Piglets 4 months 50–100a Not specified

OTHER VETERINARY DRUGS
Dimetridazole Turkeys From laying 100–200 6

onwards
Guinea fowl From laying 125–150 6

onwards
Ipronidazole Turkeys From laying 50–85 6

onwards
Nifursol Turkeys Not specified 50–75 5

a Milk replacements only
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in excess of MRLs. Farmers are advised on the steps that need to be taken to
avoid residues of veterinary medicines entering the food chain. When the follow-
up visits indicate serious shortcomings, consideration is given to prosecuting the
farmers concerned.

The UK Non-Statutory Surveillance Scheme of the covers animal products
and veterinary medicines not included within the NSS scheme. The work is en-
tirely funded by the Ministry of Agriculture, Fisheries and Food (MAFF) and is
directed toward home-produced and imported meat and animal products. Since
this is a nonstatutory scheme, legal action cannot be taken on any sample shown
to contain drug residues. However, the retailers concerned are informed by the
UK Veterinary Medicines Directorate of any samples purchased from their stores
that, on analysis, have revealed illegal drug concentration. In 1995 approximately
4000 samples were scheduled to be collected on which up to 15,000 analyses
would be conducted for a wide range of drugs including -agonists, sulfonamides,
ivermectin, and malachite green. The samples were purchased from retail outlets
chosen on a random basis throughout the country and included baby food, calf
and cattle kidney, cattle liver and muscle, chicken liver and muscle, eggs, honey,
swine liver, kidney, muscle and pate, rabbit, salmon, sheep liver, kidney and fat,
tiger prawns, trout, turkey muscle, and milk.

Within the European Union, all collected samples are analyzed for potential
drug contamination in approved routine or field laboratories in each country. In
case of an official sample revealing the presence of residues of prohibited drugs
or quantities of authorized drugs exceeding Community or National levels, the
competent authorities must ensure that investigations take place at the farm of
origin without delay and must launch an inquiry into the origin of the residues.
Test-positive animals are banned from human and animal consumption and addi-
tional monitoring takes place on the farm. Investigations are undertaken in all
production units or holdings in the same region or locality. All necessary adminis-
trative and penal sanctions must be taken.

Recent Council Regulations have further clarified and improved procedures
for the control of residues. Control has to be based primarily on targeted and
unannounced inspections, with less emphasis on the system of random sampling.
The monitoring plans have to be extended to poultry meat, fish, milk, and some
other products including honey, rabbit meat, and eggs. Furthermore, more flexibil-
ity is given to sampling plans, according to the specific problems of each Member
State.

The actions taken for positive findings vary from country to country. In
some states a positive finding is sufficient to have the carcass condemned. In
other states a trace back to the farm is undertaken, and verbal or written advice
is given to the farmer. Animals from that farm are then targeted in future survei-
lance. The introduction of authorized MRLs for all drugs will change the situation
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because it will then be possible to take legal action against the suppliers. This
should further reduce the number of infringements.

Routine or field laboratories involved in the ANP are controlled in each
Member State by at least one National Reference Laboratory (NRL) designated
by the National Government (51, 52). National Laboratories are in turn responsi-
ble for the standards maintained in any other laboratories in their own country
that are involved in the National Sampling Plan program. National Reference
laboratories coordinate standards and methods of analysis for each group of resi-
dues, and may undertake work on all or limited classes of the veterinary drug
areas listed in Directive 86/469/EEC.

To oversee this surveillance, the European Union has developed a system
based on four fundamental cornerstones and controlled by four Community Refer-
ence Laboratories (Decision 91/664/EEC) hierarchically linked to a series of 36
authorized National Laboratories (Decision 93/257/EEC). The four cornerstones
are a program of reference materials (53), a set of regularly updated mandatory
minimum quality criteria for analytical techniques (54–57), a series of Reference
Manuals (58, 59), and a continuous series of laboratory workshops plus a future
Peer Review Group (60).

The responsibility of the Community Reference Laboratories (CRLs) desig-
nated in 1991 within Directorate VI (61), is to support and advise the National
Laboratories, and further to ensure that the methodology and the performance
standards used by each of the National Laboratories are adequate for enforcement
(Decision 89/187/EEC). The EU Community Reference Laboratories are hierar-
chically equal; however, each of them is designated for a dedicated set of com-
pounds. The Rijksinstituut voor de Volksge-zondheid en Milieuhygiene (RIVM)
in Holland is responsible for the analysis of stilbenes, thyreostats, steroids, and
zeranol hormones. The Bundesgesundheitsamt (BGA) in Germany covers the -
agonists, chloramphenicol, and sulfonamides. The Laboratoire des Medicaments
Veterinaires (CNEVA) in France is involved in the analysis of antibiotics, quino-
lones, nitrofurans, and nitroimidazoles. The Istituto Superiore di Sanita (ISS) in
Italy is responsible for trace metals and pesticides.

The CRLs are currently implementing programs to monitor the performance
of the National Laboratories. The powers and conditions of operation of the CRLs
concerning the examination of animals and fresh meat for the presence of residues
are defined by the EU Council Decision of 6 March, 1989 (62). Their major tasks
and duties are as follows:

To coordinate the application of good laboratory practices within the
NRLs (63, 64).
To provide the NRLs within the European Union and ‘‘third countries’’
with methods of analysis, technical advice, scientific assistance, and to
promote and coordinate research into new methods (65). A series of
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manuals is available and electronic databases such as the
CB\METHODS with information on methods validation are continu-
ously updated (58, 59).
To organize comparative ring tests between NRLs. A few ring tests have
been completed or are still running, such as for chloramphenicol (66),
diethylstilbestrol (67), clenbuterol (68), and estradiol in bovine blood
(69).
To conduct training courses for analysts of NRLs. A continuous series
of laboratory workshops have been organized, (e.g., on immunoassays,
high-performance liquid chromatography, and gas chromatogra-
phy–mass spectrometry). A workshop held in 1991 at RIVM focused
on -agonists whereas a workshop in March 1994 at RIVM focused on
quality assurance (70).
Last but not least, to perform the ‘‘final analysis’’ in case of dispute
between Member States. So far, this challenge has not been met. How-
ever, discussions about the degree of reliability and the cost efficiency
of such a ‘‘final analysis’’ are still going on.

Since residue analyses relate to both the public health and the international
trade, they have to be performed quickly and reliably, based on an integrated
analytical chemical approach and professional consensus within a limited budget.
This requires good professional behavior (GPB) of all involved officials as well
as quality assurance such as good laboratory practices (71, 72). Methods for
surveillance testing may be subdivided into screening methods and confirmatory
methods. In most EU countries screening and some confirmatory methods are
available for monitoring drug residues.

The most relevant difference between the traditional quality assuring ap-
proach of harmonizing methods of analysis and the alternative EU approach is
that no methods but quality criteria and critical control points are harmonized.
Triggered by a continuous series of residue scandals with illegal ‘‘anabolic hor-
mones’’ in cattle, the European Union developed instead of methods, analytical
strategies for residue analysis of veterinary drugs and contaminants in food of
animal origin. Thus, official methodology for routine residue testing in the Euro-
pean Union does not exist. Instead, certified reference materials (CRMs) that are
produced on behalf of the Bureau Community Reference (BCR) can be employed
to check whether the methodologies being used are effective or not (73).

A group of expert EU analysts from the have drawn up a Guideline Criteria
for Reference Methods (Decision 89/610/EEC) that lists the standards such meth-
odology ought to achieve to be considered acceptable for use. Although the criteria
for hormonal substances have been separated from the criteria for other drug
residues including antibiotics, the two sets are broadly similar and demand high
standards of recovery, reproducibility, and repeatability for the ideal method (71).
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With this EU approach, analytical strategies are applied that are defensible in
Court of Justice and are complying explicitly with the objectives of the EU regula-
tory investigations.

11.5 REGULATORY OUTLINE IN AUSTRALIA

Management of veterinary drugs in Australia is a responsibility shared among
the Commonwealth, States, and Territories, the industry, users, and the wider
community. The starting point for the management arrangements is the National
Registration Scheme, which became fully operational on 15 March, 1995, and
replaced preexisting State and Territory systems.

11.5.1 Safety Assessment

Before drugs can be used to prevent or treat animal diseases in Australia, they
must be registered by the Commonwealth National Registration Authority (NRA)
for Agricultural and Veterinary Chemicals. In registering veterinary drugs, the
NRA regulates their manufacture, distribution, and supply up to and including
the point of retail sale.

To be registered, drugs must meet standards of safety, quality, and efficacy.
They undergo a rigorous hazard and risk assessment to determine the acceptability
of the proposed use in terms of potential impacts on public health, occupational
health, trade and commerce, and the environment. In evaluating a drug, the NRA
takes full account of the nature of the compound, the amount and completeness
of the submitted data for review, and the extent of consultation required among
the NRA, manufacturers, advisory agencies, and State and Territory departments.

The registration of a drug starts with an application in which the sponsor
includes all data required by the NRA for evaluating new animal drugs. An outline
of the required data includes:

Data to identify the active constituent, its chemical and physical proper-
ties, formulation composition, batch analysis and stability, process
chemistry, analytical methods, and quality control
Results of acute, short-term and long-term toxicity studies, reproduction
studies, developmental studies, genotoxicity studies, and studies of the
toxicity of metabolites and impurities, and other adverse effects. Data
on human toxicology, the no observable effect level, acceptable daily
intake, and proposed and safety directions
Results of metabolic and toxicokinetic studies in laboratory and target
animals
Complete, detailed proposed use patterns for the product, including dose
rate, regimen, and proposed withholding period; data showing the nature,
level and safety of residues and metabolites in livestock and poultry
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tissues, eggs, and milk and the effect of any major variables; included
should also be the fate of residues during storage, processing and cook-
ing; and finally a proposed MRL and data on MRL status in Australia,
other countries, and Codex.
Information about the overseas registration status of the product/active
constituent, use patterns and MRLs overseas, export intervals, labeling,
and compliance with overseas MRLs.
Data on potential occupational exposure of workers to the active constit-
uent, end-use product, and residues; health conditions contraindicating
use of the product; occupational health monitoring including atmo-
spheric and biological monitoring.

The NRA gives full consideration to all data presented for the registration
of a product to ensure that the product meets accepted standards for safety and
efficacy. Within the first month of receiving an application, the NRA Registration
Processing Section screens each application for completeness, and advises appli-
cants if they must submit further information, including the number of copies of
data it requires. It has the right to refuse registration if insufficient data are
presented or it the data presented demonstrate that the product is either not effec-
tive or not safe for humans, animals, the environment, and trade. Applicants have
the right to obtain a formal written statement from the NRA setting out the
findings of an evaluation, with references to the materials on which those finding
were based, and reasons for the NRA decision. Applications must be in writing
and should be lodged with the NRA Corporate Secretary within 28 days of a
decision.

Maximum residue limits are set for all types of raw food commodities in
which the use of veterinary drugs is required for efficient practice. When the use
of the drug is likely to leave residues in foods, the NRA makes a determination
as to the likely maximum level of residue that could occur in the product when
the compound is used as approved. This is given to another Commonwealth
authority, the Australia New Zealand Food Authority (ANZFA), which assesses
the impact of dietary intake and, if acceptable, promulgates relevant MRLs that
are legal limits governing the allowable levels of the defined residue in foods.
These MRLs are adopted into State food laws where they take legal force as
benchmark against which residues in products can be measured to ascertain
whether the drug has been used in the approved manner (Table 11.8).

Registration of veterinary products is not indefinite. In addition to register-
ing new drugs, the NRA is required under legislation to conduct regular reviews
of registered veterinary drugs to ensure that they meet contemporary regulatory
standards for safety and efficacy. As more scientific data about the possible
harmful effects or the longer-term impacts of drugs become available, the NRA
reassesses older registered chemicals for their possible harmful effects on human
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TABLE 11.8 Maximum Residue Limits (MRLs) for Veterinary Medicinal Products in Foodstuffs of Animal Origin
According to Australian Regulation

MRLs
Compound(s) Residue definition Animal species Tissue ( g/kg) Other provisions

ANTIBACTERIAL DRUGS
Amoxycillin Amoxycillin Mammalian, Meat 10 MRL for salmonids

poultry offal 10 is temporary
Cattle, sheep Milk 10
Salmonids Not specified 10

Ampicillin Ampicillin Horse Meat 10
offal 10

Apramycin Apramycin Mammalian Meat 50
offal 2000

Poultry Meat 50
offal 1000

Benzyl G penicillin Benzyl G penicillin Mammalian Meat 60
offal 60

Not specified Milk 1.5
Not specified Eggs 18

Ceftiofur Desfuroylceftiofur Cattle Meat 100
offal 2000
fat 500
milk 100

Cefuroxime Cefuroxime Cattle Meat 100
offal 100
milk 100

Cephalonium Cephalonium Cattle Meat 100
offal 100
milk 20

Chlortetracycline Chlortetracycline Cattle, pig, Meat 100 MRLs for cattle
sheep, offal 600 and sheep
poultry tissues and milk

Not specified Milk 20 are temporary
Not specified Eggs 200

(continued)
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TABLE 11.8 Continued

MRLs
Compound(s) Residue definition Animal species Tissue ( g/kg) Other provisions

Clavulanic acid Clavulanic acid Cattle Meat 10
offal 10
milk 10

Cloxacillin Cloxacillin Cattle Milk 10
Erythromycin Erythromycin Mammalian Meat 300

offal 300
Not specified Milk 40
Not specified Eggs 300

Flavophospholipol Flavophospholipol Not specified Eggs 20
(bambermycin) (bambermycin)

Kitasamycin Kitasamycin Pig, poultry Meat 200
offal 200

Not specified Eggs 200
Lincomycin Lincomycin Mammalian Meat 200

(except offal 200
sheep)

Poultry Meat 100
offal 100

Goat Milk 100
Not specified Eggs 200

Neomycin Neomycin Mammalian Meat 500
offal 500
fat 20

Not specified Milk 20 Refers to milk fat
Novobiocin Novobiocin Cattle Meat 100 content

offal 100
milk 100

Oleandomycin Oleandomycin Mammalian Meat 100
offal 100

Copyright © 2001 Marcel Dekker, Inc.



381
S

afety
A

ssessm
en

t
an

d
C

o
n

tro
l

o
f

R
esid

u
es

Oxolinic acid Oxolinic acid Salmon Not specified 10
Oxytetracycline Oxytetracycline Mammalian, Meat 250 MRL for salmonids

poultry offal 250 is temporary
Not specified Milk 100
Not specified Eggs 300
Salmonids Not specified 200

Procaine penicillin Procaine penicillin Mammalian Meat 100
offal 100

Not specified Milk 2.5
Not specified Eggs 30

Spectinomycin Spectinomycin Mammalian Meat 1000
(except offal 1000
sheep),
poultry

Goat Milk 2000
Not specified Eggs 2000

Spiramycin Spiramycin Pig, poultry Meat 100
offal 1000

Streptomycin, Streptomycin or Mammalian Meat 300
dihydrostreptomycin dihydrostreptomycin offal 300

Not specified Milk 200
Not specified Eggs 200

Sulfadiazine Sulfadiazine Mammalian, Meat 100
poultry offal 100

Cattle Milk 100
Sulfadimidine Sulfadimidine Mammalian Meat 100

offal 100
Poultry Meat 100

offal 100 Except turkey
Sulfadoxine Sulfadoxine Mammalian Meat 100

offal 100
Cattle Milk 100

(continued)
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TABLE 11.8 Continued

MRLs
Compound(s) Residue definition Animal species Tissue ( g/kg) Other provisions

Sulfaquinoxaline Sulfaquinoxaline Poultry Meat 100 Temporary MRLs
offal 100

Sulfatroxazole Sulfatroxazole Mammalian Meat 100
offal 100

Cattle Milk 100
Tetracycline Tetracycline Not specified Milk 100
Tiamulin Tiamulin Pig, poultry Meat 100

offal 100
Tilmicosin Tilmicosin Cattle, pig Meat 50

offal 1000
Trimethoprim Trimethoprim Mammalian, Meat 50

poultry offal 50
Cattle Milk 50

Tylosin Tylosin Cattle Meat 100
offal 100

Pig, poultry Meat 200
offal 200
fat 100

Not specified Milk 50
Not specified Eggs 200

ANTHELMINTHIC DRUGS
Abamectin, Sum of avermectin B1a, Cattle Meat 5

avermectin B1 avermectin B1b and - offal 100
8,9 isomer of fat 100
avermectin B1a milk 5

Sheep Meat 50 Refers to meat fat
offal 50 content
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Albendazole, Sum of albendazole, its Cattle, goat Meat 100
albendazole sulfoxide, sulfone and offal 100
sulfoxide, 2-aminosulfone Sheep Meat 200
netobimin metabolites, expressed offal 3000

as albendazole
Clorsulon Clorsulon Cattle Meat 100

offal 100
Closantel Closantel Sheep Meat 2000

offal 5000
Coumaphos Sum of coumaphos and Cattle, poultry Meat 1000 The two meat and

its oxygen analogue, offal 1000 the milk value
expressed as Pig, sheep, Meat 500 refers to meat
coumaphos goat offal 500 and milk fat

content
Not specified Milk 100
Not specified Eggs 50

Dichlorvos Dichlorvos Mammalian, Meat 50
poultry offal 50

Not specified Milk 20
Not specified Eggs 50

Doramectin Doramectin Cattle Meat 10 MRLs for sheep
offal 100 tissues are
fat 100 temporary

Sheep Meat 2.5 Refers to meat fat
offal 2.5 content

Eprinomectin Eprinomectin B1a Cattle Meat 100
offal 2000
fat 500
milk 30

Deer Meat 100
offal 2000

(continued)
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TABLE 11.8 Continued

MRLs
Compound(s) Residue definition Animal species Tissue ( g/kg) Other provisions

Febantel Febantel Cattle, sheep, Meat 100
goat offal 500

Not specified Milk 500
milk fat 4000

Fenbendazole Fenbendazole Cattle, pig Meat 100 MRLs for pig tissues are
offal 100 temporary

Sheep, goat Meat 500
offal 500

Not specified Milk 100
Ivermectin Sum of ivermectin isomers Mammalian Meat 10

offal 10
Pig Fat 20
Sheep Fat 50

Levamisole Levamisole Mammalian Meat 100
offal 1000

Poultry Meat 100
offal 100

Goat Milk 100
Not specified Milk 300

(except
goat)

Mebendazole Mebendazole Mammalian Meat 20
offal 20

Not specified Milk 20
Morantel Morantel Mammalian Meat 300

Cattle, sheep, Offal 2000
goat

Pig Offal 5000
Not specified Milk 100
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Moxidectin Moxidectin Cattle Meat 1000 The three meat and the
offal 500 milk value refers to meat
milk 2000 and milk fat content

Sheep Meat 500
offal 50

Deer Meat 1000
offal 200

Nitroxynil Nitroxynil Cattle, sheep, Meat 1000
goat offal 1000

Oxfendazole Oxfendazole Mammalian Meat 100
offal 3000

Not specified Milk 100
Oxyclozanide Oxyclozanide Cattle, sheep, Meat 500

goat
offal 2000

Not specified Milk 50
Parbendazole Parbendazole Mammalian Meat 100

offal 100
Not specified Milk 100

Praziquantel Praziquantel Sheep Meat 50
offal 50

Rafoxanide Rafoxanide Cattle, sheep, Meat 100
goat offal 200

fat 200
Thiabendazole Sum of thiabendazole and Mammalian Meat 200

5-hydroxythiabendazole, offal 200
expressed as Not specified Milk 50
thiabendazole

Triclabendazole Triclabendazole Cattle, sheep, Meat 200
goat, deer, offal 500
horse

(continued)

Copyright © 2001 Marcel Dekker, Inc.



386
C

h
ap

ter
11

TABLE 11.8 Continued

MRLs
Compound(s) Residue definition Animal species Tissue ( g/kg) Other provisions

ANTICOCCIDIAL AND OTHER ANTIPROTOZOAL DRUGS
Amprolium Amprolium Poultry Meat 500

offal 1000
eggs 4000

Diclazuril Diclazuril Chicken Meat 200
offal 1000

Dimetridazole Dimetridazole Pig, poultry Meat 5
offal 5

Dinitolmide (zoalene) Dinitolmide Poultry Meat 3000
offal 6000
fat 2000

Ethopabate Ethopabate Poultry Meat 5000
offal 15000

Halofuginone Halofuginone Poultry Meat 50
offal 1000

Imidocarb Imidocarb Cattle Meat 1000
offal 5000
milk 200

Lasalocid Lasalocid Mammalian, Meat 50
poultry offal 50

Not specified Eggs 50
Maduramicin Maduramicin Poultry Meat 100

offal 1000
Monensin Monensin Cattle Meat 50

offal 50
milk 10

Goat Meat 50
offal 50

Poultry Fat 500
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Narasin Narasin Cattle Meat 50
offal 50

Poultry Meat 100
offal 100

Nicarbazin Nicarbazin Poultry Meat 5000
offal 20000

Salinomycin Salinomycin Cattle Meat 50
offal 500

Pig Meat 100
offal 100

Poultry Meat 100
offal 500

Not specified Eggs 20
Toltrazuril Sum of toltrazuril, its Pig Meat 1000 Refers to meat fat

sulfoxide and sulfone offal 2000 content
metabolites, expressed Chicken Meat 2000
as toltrazuril offal 5000

ANTIMICROBIAL GROWTH PROMOTERS
Avoparcin Avoparcin Mammalian, Meat 100

poultry offal 100
Not specified Milk 10

Bacitracin Bacitracin Chicken Meat 500
offal 500
fat 500

Not specified Milk 500
Not specified Eggs 500

Olaquindox Sum of olaquindox and all Pig, poultry Meat 300
metabolites that reduce offal 300
to 2-(N-2-
hydroxyethylcarbamoyl)-
3-methyl quinoxalone,
expressed as
olaquindox

(continued)
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TABLE 11.8 Continued

MRLs
Compound(s) Residue definition Animal species Tissue ( g/kg) Other provisions

Virginiamycin Virginiamycin Cattle, pig, Meat 100
poultry offal 200

fat 200
Sheep Meat 100

offal 200
Cattle Milk 100
Not specified Eggs 100

ANABOLIC HORMONAL-TYPE GROWTH PROMOTERS
Norgestomet Norgestomet Mammalian Meat 0.1

offal 0.1
Trenbolone acetate Sum of trenbolone Cattle, pig Meat 2 MRLs for pig

acetate and 17 alpha-, offal 10 tissues are
and 17 beta- temporary
trenbolone, both free
and conjugated,
expressed as
trenbolone

Zeranol Zeranol Cattle Meat 5
offal 20

SEDATIVES AND -BLOCKERS
Azaperone Azaperone Pig Meat 200

offal 200

CORTICOSTEROIDS
Dexamethasone Dexamethasone Cattle, pig, Meat 100

horse offal 100
Cattle Milk 50
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health, occupational health and safety, the environment, efficacy, and implications
for trade. This authority can further grant permits to provide for off-label use,
and conduct programs allowing minor uses of drugs.

11.5.2 Residue Control

Apart from MRL setting, NRA and ANZFA authorities are also responsible for
inspection of the primarily exported animal products, while State and Territory
authorities are responsible for inspection of products destined for domestic mar-
kets.

In Australia, extensive monitoring of edible animal products for residues
is carried out at both National and State levels to ensure that residues are within
established standards and do not pose risks to consumers. Residues monitoring
is further a trade requirement, either mandatory or as an expectation, of importing
countries allowing market access to Australian food products. Some major import-
ing countries of Australian products require a Government residue monitoring
program in the country of origin, as a condition of entry for certain products.
These include the United States and European Union, both of which formally
audit the operations and results of National Residue Survey programs. In addition,
Canada, Mexico, Japan, and Korea have conditions of entry similar to the United
States. Most countries require that imported food commodities be certified as
complying with agreed chemical residues limits.

Since 1961, the main Commonwealth government agency involved in resi-
due monitoring has been the National Residue Survey (NRS), in the National
Office of Food Safety of the Department of Agriculture, Fisheries and Forestry,
Australia (AFFA). Through its residue monitoring programs, this agency how
covers a wide range of food commodities including fisheries and aquaculture
products, eggs, and honey, as well as meat destined for the domestic and export
markets. NRS is also delivering residue monitoring services to industry clients
on a full cost recovery basis. As such it must meet all government requirements,
operate essentially on a commercial fee-for-service basis with client industries,
and work cooperatively with state and government agencies with complementary
responsibilities. In addition, NRS also provides technical support to the Australian
Quarantine and Inspection Service (AQIS) in AFFA, which also carries out exten-
sive monitoring and investigations as part of the export inspection and certifica-
tion process.

Another Commonwealth government agency also involved in residue moni-
toring is the Market Basket Survey within ANZFA. This agency is responsible
for the Australian Total Dietary Survey that estimates the total dietary burden of
pesticides and contaminants. This agency examines levels in food purchased from
retail outlets in all capital cities throughout a calendar year. In this way, ANZFA
is able to estimate the residues contained in the average Australian diet.
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Besides the above-mentioned Commonwealth agencies, state and territory
authorities are also responsible for the regulation and control of the use of veteri-
nary drugs. The Departments of Primary Industries or Agriculture in each state
and territory are also involved in monitoring drug residues in food destined for
human consumption within Australia. Moreover, many industry groups, such as
the state dairy marketing bodies, conduct residue testing programs in Australia.
They do this mainly to monitor their own practices as part of their overall quality
assurance programs. Meat processors at abattoirs test livestock for veterinary
chemicals, whereas some of the large food wholesalers and retailers also monitor
the products they buy. They do this to check on suppliers and to provide assurance
to themselves on behalf of their customers.

NRS conducts residue programs that involve monitoring, surveillance, and
compliance programs. Monitoring programs aim to obtain a statistically valid
profile of the occurrence of a residue in a commodity by a randomized sampling
process. Surveillance programs are used to obtain information about a known or
potential residue problem by a targeted sampling process. Compliance programs
control procedures to prevent the normal marketing from specific sources of
products known to be contaminated. By now, NRS surveillance and compliance
programs have related only to cattle, while monitoring programs cover a wide
range of animal, fish, and plant commodities.

Monitoring programs are used to check randomly selected samples for resi-
dues of a range of agricultural chemicals, veterinary drugs, stock-feed additives,
environmental contaminants, and some metals. Drug residue data on edible animal
products are obtained through a national monitoring survey based on commodity-
drug combinations derived from Australian veterinary practice, and the require-
ments of export and domestic markets. The data collected facilitate certification of
commodities for export and domestic consumption. Monitoring programs ensure
industries maintain access to, and a competitive advantage in, important and
potential markets NRS residue monitoring data are increasingly being used to
audit the effectiveness of industry-operated quality assurance programs.

In 1997–1998, NRS monitoring programs involved management of about
26,000 samples. A key component of the operation of these programs was a
unique sample identification number with which outgoing and incoming informa-
tion were linked. Sample requests were generated and sent to sample collection
points; they specified the commodity-tissue to be collected and the time period
for that collection. Once collected, samples were transferred in containers pro-
vided by NRS either to specified laboratories or the NRS Central Receival and
Dispatch (CRAD) facility in Canberra. At CRAD, samples were aggregated,
repacked, and forwarded to laboratories. Laboratories reported analytical results
to NRS, which were then verified and entered into the NRS database. State agen-
cies were immediately notified of any results over permitted limits.
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NRS contracts public and private sector laboratories to analyze samples for
chemical residues. Laboratories are selected on the basis of a proficiency testing
program, accreditation by the National Association of Testing Authorities for the
particular residue test when feasible, and a competitive tendering process. NRS
conducts a proficiency testing program, including interlaboratory checks in which
identical material is supplied for analysis to a number of laboratories, and blind
checks in which samples of known residue content are mixed with normal samples
to permit a comparison of results and laboratory performance. New Zealand
laboratories participate in the program as well. The system developed by NRS
is now achieving international recognition.

NRS works closely with client industries and those considering involvement
in NRS monitoring programs to develop cost-effective programs and implement
appropriate funding mechanisms. The preferred and usual method of funding
residue monitoring programs is by levy, usually imposed at the request of an
industry. Statistical validity is an essential component of a monitoring program,
but decisions on sample size must reflect the capacity of an industry to meet
costs. A sampling strategy was developed to achieve viable compromises between
requirements of statistical validity and costs.

NRS monitoring programs and the operational and administrative arrange-
ments that support them are driven primarily by the needs of participating indus-
tries to maintain access to key markets. In addition these programs establish a
bank of objective and scientifically valid data to underpin quality assurance pro-
grams and assist in resolving residue-related incidents. The data gathered by NRS
monitoring programs also contribute to the establishment of scientifically based
national and international standards for residues in food and thus, indirectly, to
the improved functioning of the international agricultural trading system. In meet-
ing the objectives of industry, NRS monitoring programs also contribute to the
achievement of government goals of enhancing the value of Australian products
and improving market access.

In addition to monitoring programs, NRS is involved in programs designed
specifically to assess the residue status of some commodities in specific circum-
stances. These surveillance programs focus on commodities from specific areas
or farms with a higher risk of residues, to help identify, investigate, or delineate
the extent of a residue problem. NRS also assists with the management of data
for surveillance programs conducted by other agencies. To date all surveillance
programs have been concerned with cattle.

The samples in surveillance programs are not taken at random and the
results do not reflect the overall residue status of a commodity. Consequently
they are reported separately from other NRS results. Surveillance programs are
generally developed under the auspices of the Residue Management Group
(RMG, now SAFEMEAT), which was formed in 1994 to provide industry leader-
ship in the development of a strategic approach to residue management in the
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cattle industry. NRS is involved in coordinating such programs; receiving and
collating the results; making payments to state governments, laboratories, and
abattoirs; and auditing the operational and financial aspects of the programs.

During 1997–1998, NRS implemented and managed a surveillance testing
programs called National Antibacterial Residue Minimization Program on veteri-
nary drug residues. This was a joint program between industry, state and Com-
monwealth governments combining extension, analytical, and regulatory aspects
that focused on the minimization of antibacterial residues in cattle.

Residue monitoring is technically demanding and expensive, and is gener-
ally used as a check rather than a control. Monitoring involves a time-lag of
several weeks between the collection of a sample and receipt of the analytical
results. Recall and destruction of produce contravening the MRL are often not
possible. If routine monitoring reveals a residue problem, the source of supply
is traced as far as possible and action is taken to avoid future occurrences. This
has occasionally meant the quarantining of properties, preventing them from
selling products until problems have been rectified. If problems are persisting
and the source is difficult to control, programs of quality control will be imple-
mented by processors to prevent product contravening an MRL from reaching
the market or consumer.

In 1997, the NRA introduced a compliance program known as the Hormonal
Growth Promoters Audit program. The objective was to monitor compliance with
controls on hormonal growth promoters usage in the cattle industry in order to
maintain access to the EU cattle market. This program was introduced following
concerns voiced by the EU about Australian meat and meat products containing
hormonal growth promoters. The control system, of which importers, wholesalers,
and retailers are part, ensures continued trade in these products with the European
Union.

Control of supply and use of hormonal growth promoters has been the
responsibility of state and territory governments, which have enacted appropriate
legislation to implement the control system. The supply of these drugs is con-
trolled by requiring that all suppliers be registered; that all importers, manufactur-
ers, and suppliers keep records; and by regular audits of these records. These
audits are conducted by the NRA. Control of use is achieved through the auditing
of supply records; identification of treated livestock; keeping of records related
to the treatment, keeping, and sale of livestock; and auditing of these controls.
These audits are conducted by the states and territories.

The system is also liable to audit by EU auditors at any time. Should the
auditors find systematic deficiencies in the procedures or in the enforcement of
the procedures, Australian trade with the European Union could be jeopardized.
Adhering to the requirements of the control system, maintaining good records,
and accounting for every dose of hormonal growth promoters will ensure that
suppliers do not jeopardize Australias trading reputation with the European Union.
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Currently there are 277 suppliers of hormonal growth promoters in Austra-
lia. The majority of these are in Queensland, where most hormonal growth pro-
moters are used. Over the past year, the NRA has audited 80 premises, with a
yearly target of 102. This means that every premises is likely to be audited every
3 years. During an audit, the auditor checks the suppliers records to ensure that
each entry is complete and that a purchases declaration has been received for
each supply of hormonal growth promoters. Stock on hand at last audit and
subsequent acquisitions are also calculated, to ensure that all units of hormonal
growth promoters are accounted for.

In the past year, the NRA found 20 minor breaches of the regulations, such
as stock on hand not being consistent with records, monthly returns not being
provided to the state or territory department, or records not being kept for 2
years. In these instances, the audit issued a report on the deficiencies with either
suggestions for rectifying them or a letter advising that the permission to supply
hormonal growth promoters had been withdrawn. Auditors also detected 26 major
breaches, including failure to obtain a purchaser declaration before supply, incom-
plete declarations, and failure to keep proper records. Critical breaches of audit
requirements lead to prosecution, whereas failure to comply may result in prosecu-
tion, with penalties of up to $1000.

11.6 REGULATORY OUTLINE IN CANADA

Canadian regulatory requirements closely parallel those used by the United States
as provided for under the terms of the United States–Canada Free Trade Agree-
ment. Nevertheless, both countries retain their individual processes, responsibili-
ties, and terminology. Thus, both countries require the same toxicological data
and use identical methods for calculating safe concentrations. Specifically, the
countries use the same safety and consumption factors, and a human body weight
of 60 kg when calculating safe concentrations. Identical methods are also used
for estimating tolerances or MRLs. Tolerance is the term used in the United
States, while MRL is the term favored in Canada. In Canada, however, the analyti-
cal method proposed by the drug sponsor is usually reviewed by a desk audit,
not through actual testing in a regulatory laboratory as in the United States. The
MRLs for veterinary medicinal products in foodstuffs of animal origin according
to Canadian Regulations are presented in Table 11.9.

11.6.1 Safety Assessment

In Canada, the registration of veterinary drugs is the responsibility of the Bureau
of Veterinary Drugs, Health Protection Branch, Federal Department of Health,
acting under the Food and Drugs Act and Regulations. The registration of a
veterinary drug in Canada starts with an application in which the sponsor includes
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TABLE 11.9 Maximum Residue Limits (MRLs) for Veterinary Medicinal Products in Foodstuffs of Animal Origin
According to Canadian Regulation

MRLs
Compound(s) Residue definition Animal species Tissue ( g/kg) Other provisions

ANTIBACTERIAL DRUGS
Ampicillin Ampicillin Cattle, swine Edible tissue 10

Not specified Milk 10
Apramycin Apramycin Swine Kidney 100
Cephapirin Cephapirin Cattle Edible tissue 100

Not specified Milk 20
Chlortetracycline Chlortetracycline Cattle Muscle 100

liver 100
kidney 100

Calves Muscle 1000
fat 1000
liver 4000
kidney 4000

Swine Muscle 1000
fat 200
liver 2000
kidney 4000

Sheep Muscle 100
liver 500
kidney 1000

Chicken, turkey Muscle 1000
fat 1000
skin 1000
liver 1000
kidney 4000

Dihydrostreptomycin Dihydrostreptomycin Not specified Milk 125
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Erythromycin Erythromycin Swine Edible tissue 100
Chicken, turkey Edible tissue 125
Not specified Milk 50

Gentamicin Gentamicin Swine Kidney 400
Turkey Edible tissue 100

Neomycin Neomycin Calves Edible tissue 250
Novobiocin Novobiocin Cattle, chicken, Edible tissue 1000

turkey
Penicillin G Penicillin G Cattle Edible tissue 50 IU/ml

Turkey Edible tissue 10
Not specified Milk 0.01 IU/ml

Polymyxin B Polymyxin B Not specified Milk 4 IU/ml
Spectinomycin Spectinomycin Chicken Edible tissue 100
Streptomycin Streptomycin Not specified Milk 125
Sulfachlorpyridazine Sulfachlorpyridazine Cattle, swine Edible tissue 100
Sulfadimethoxine Sulfadimethoxine Cattle Edible tissue 100

Not specified Milk 10
Sulfaethoxypyridazine Sulfaethoxypyridazine Cattle Edible tissue 100
sulfamethazine Sulfamethazine Cattle, swine, Edible tissue 100

chicken,
turkey

Sulfathiazole Sulfathiazole Swine Edible tissue 100
Tetracycline Tetracycline Calves, swine, Edible tissue 250

sheep,
chicken,
turkey

Tiamulin 8-alpha- Swine Liver 400
hydroxymutilin

(continued)
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TABLE 11.9 Continued

MRLs
Compound(s) Residue definition Animal species Tissue ( g/kg) Other provisions

Tylosin Tylosin Cattle, swine, Muscle 200
chicken, fat 200
turkey liver 200

kidney 200

Anthelminthic drugs
Ivermectin 22,23-dihydro- Cattle Liver 15

avermectin B1a Sheep Liver 30
Levamisole Levamisole Cattle, swine, Edible tissue 100 Calculated as

hydrochloride sheep levamisole
hydrochloride

Pyrantel tartrate N-methyl-1,3- Swine Muscle 1000 Calculated as
propanediamine liver 10000 pyrantel

kidney 10000 tartrate
Thiabendazole Sum of thiabendazole Cattle, goat, Edible tissue 100

and total 5- sheep
hydroxythiabendazole Not specified Milk 50
metabolites (free
form, glucuronide
and sulfate
conjugates)

ANTICOCCIDIAL AND OTHER ANTIPROTOZOAL DRUGS
Amprolium Amprolium Chicken, turkey Muscle 500

liver 1000
kidney 1000
eggs 7000
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Buquinolate Buquinolate Chicken Muscle 100
fat 400
skin 400
liver 400
kidney 400

Clopidol Clopidol Chicken, turkey Muscle 5000
liver 15000
kidney 15000

Decoquinate Decoquinate Cattle, goat, Muscle 1000
chicken fat 2000

chicken skin 2000
liver 2000
kidney 2000

Dinitolmide (zoalene) Dinitolmide, including Chicken Muscle 3000
the metabolite 3- fat 2000
amino-5-nitro-o- liver 6000
toluamide kidney 6000

Turkey Muscle 3000
fat 3000
liver 3000

Monensin Monensin Cattle Edible tissue 50
Nicarbazin N,N1-bis(4- Chicken Muscle 4000

nitrophenyl) urea skin 4000
liver 4000
kidney 4000

Robenidine Robenidine Chicken Muscle 100 Calculated as
hydrochloride fat 200 robenidine

skin 200 hydrochloride
liver 100
kidney 100

(continued)
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TABLE 11.9 Continued

MRLs
Compound(s) Residue definition Animal species Tissue ( g/kg) Other provisions

ANTIMICROBIAL GROWTH PROMOTERS
Arsanilic acid Arsenic Swine, chicken, Muscle 500

turkey liver 2000
eggs 500

Nitarsone Arsenic Turkey Muscle 500
liver 2000

Roxarsone Arsenic Swine, chicken, Muscle 500
turkey liver 2000

eggs 500
CORTICOSTEROIDS
Hydrocortisone Hydrocortisone Not specified Milk 10
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all data required by the Bureau of Veterinary Drugs for a six-step evaluation
process. Evaluation is based on metabolism and depletion studies to acquire infor-
mation on the depletion of total residues following treatment and to identify
residues of toxicological concern, on comparative metabolism studies to ascertain
suitability of laboratory test species for toxicity studies; on toxicity and carcinoge-
nicity tests to determine toxic effects, a NOEL, an ADI, and to establish safe
concentrations of total residues; on metabolism studies in the target species to
identify a target tissue, a marker residue and an MRL; on development of a
regulatory analytical method for the marker residue sensitive enough to detect
residues quantitatively at the MRL level; and on establishment of a withdrawal
period to ensure safe use of approved drug.

In Canada, the federal mandate for food control rests with four departments:
Health Canada, Agriculture and Agri-Food Canada, Department of Fisheries and
Oceans, and Industry Canada. A cooperative relationship exists among depart-
ments with the ultimate goal of creating a harmonized and streamlined national
food control system. All four departments ensure the application of food safety
standards in their areas of responsibility to prevent or eliminate human health
and safety threats created through chemical, biological, physical, or other hazards.

The safety of food from the view of veterinary drug residues is ensured by
a number of activities including establishment of MRLs for animal drugs in foods
(Health Canada [HC]), designing and implementing inspection and laboratory
testing programs to ensure compliance of products with safety standards (Health
Canada, Department of Fisheries and Oceans, Agriculture and Agri-Food Can-
ada), registering processing plants and slaughter plants to ensure that facilities
meet standards (Agriculture and Agri-Food Canada, Department of Fisheries and
Oceans), inspecting processing and slaughter plants (Agriculture and Agri-Food
Canada, and Department of Fisheries and Oceans in registered plants and HC in
nonregistered plants), inspecting meat animals and poultry ante- and postmortem
(Agriculture and Agri-Food Canada), inspecting retail food (Industry Canada),
and certifying products for import and export trade (Agriculture and Agri-Food
Canada, Department of Fisheries and Oceans).

The provincial governments also have food regulatory programs covering
their jurisdictions and these programs are being integrated into the Canadian Food
Inspection System. Provincial responsibilities in food control are shared between
provincial agriculture and health ministries. For most food inspection programs,
provinces are involved only with clients producing and marketing a product within
that province. The federal government is involved with products shipped interpro-
vincially or internationally. Federal provincial committees in Agriculture and
Health coordinate existing programs and are working toward a fully coordinated
Canadian food inspection system.

Provincial legislation provides inspection standards for agrifood products,
including dairy, meat, and honey. These responsibilities include provision of

Copyright © 2001 Marcel Dekker, Inc.



400 Chapter 11

regulatory and advisory services regarding farm facility standards, recommended
production practices, and dairy inspection. Municipal governments are responsi-
ble for enforcing provincially mandated legislation on food control. Food inspec-
tions are carried out by public health inspectors hired either by the local health
unit or provincial government.

11.6.2 Residue Control

In Canada, routine monitoring of drug residues in edible animal tissues is an
integral part of the Canadian federal meat inspection system of the Food Produc-
tion and Inspection Branch, Federal Department of Agriculture and AgriFood.
Monitoring for antibiotic residues in cultured fish is the responsibility of the
Inspection Service Branch, Federal Department of Fisheries and Oceans.

Unlike the meat and fish industry, the Canadian dairy industry has devel-
oped a system in collaboration with regulatory authorities by which the lead
role in product testing is taken by the industry itself, with regulatory monitoring
conducted primarily by provincial authorities. Testing is usually conducted on
bulk tank milk received at the dairy prior to processing for human consumption.
Dairy products intended for export, however, are subject to federal inspection,
and additional testing of retail meat and dairy products for drug residues may be
conducted by the Canadian Federal Department of Health.

The Canadian veterinary drug residue control program operates in the moni-
toring, surveillance, and compliance modes. Monitoring is designed to provide
profile information on the occurrence of drug residues in predefined animal popu-
lations. Monitoring information is normally obtained through a statistically based
selection of random samples from healthy-appearing animals. The sampled lots
are not held and are usually passed into consumer channels before the results are
known. No direct enforcement action is taken on the basis of monitoring alone.
The monitoring subprogram is conducted in support of setting MRLs, to discern
residue trends, to respond to international commitments, to identify potential
problem areas for surveillance activities, and to access the effectiveness of control
programs.

Surveillance is designed to verify suspected problems of potential health
risk suggested in the monitoring subprogram, and is directed at targeted popula-
tions. The program identifies samples in violation of Canadian Acts and Regula-
tions, and triggers further investigation as part of compliance action. If warranted,
product is detained until test results indicate the appropriate course of action. The
sampling approach to surveillance is referred to as biased or directed sampling.
Violative results must be verified by prescribed laboratory techniques before any
follow-up control action is taken. Education is an important element in correcting
problems once they are identified.
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Compliance action is taken as a regulatory control measure to prevent the
marketing or to remove from the market a product known to be contaminated or
adulterated. It presupposes that enforcement regulations or guidelines relevant to
the situation are in existence. The compliance action is always directed at the
party considered to be legally responsible. The product is detained until test results
indicate the appropriate disposition. The sampling approach for compliance test-
ing is referred to as in-depth sampling. The establishment of a chain of custody
of the sample is essential if legal proceedings are expected to occur.

Drug monitoring is conducted at the slaughter plants by veterinary meat
inspectors who test both a random selection of slaughter animals, according to
a national survey plan, and also any suspect animals. When results from inplant
screening tests are positive, or when an inspector has reason to suspect the pres-
ence of antibiotic residues even if the test kit result is negative, the carcass is
retained pending laboratory testing of kidney and muscle tissues. A maximum
turnaround time of 4 days from receipt to reports has been established for these
held carcass samples. Testing to confirm positive inplant test results from slaugh-
ter plant meat samples is conducted within laboratories of the Food Production
and Inspection Branch, Agriculture and Agri-Food Canada. Shipment of sample
to the laboratory can add another 1–3 days to this time. The average laboratory
turnaround time for these samples, using the current testing scheme, is under 2
working days.

11.7 REGULATORY OUTLINE IN JAPAN

Established in 1947, the Japanese Food Sanitation Law, which describes standards
and criteria of foods, was the first essential law in Japan on food safety. According
to this law, meat, eggs, milk, dairy products, fish, and shellfish should not contain
any antibiotic or synthetic antibacterial substances.

In Japan, the principal legal regulations dealing with feed additives and
veterinary drugs is the Pharmaceutical Affairs Law established in 1960. Table
11.10 summarizes the compounds currently regulated as medicinal or feed addi-
tives by the Pharmaceutical Affairs Law and the Law Concerning Safety Assur-
ance and Quality Improvement of Feed in Japan (74).

On the basis of these legal regulations, foods are analyzed for residues of
synthetic antibacterials and antibiotics used as feed additives or veterinary drugs.
The analytical methods approved by the Japanese Government are published
as two volumes. Volume I contains microbial inhibition tests organized by the
Veterinary Sanitation Division, the Ministry of Health and Welfare, using antibi-
otic-sensitive strains of bacteria as test organisms. Volume II contains approved
chemical methods for synthetic antibacterials. National surveys are conducted by
the Veterinary Sanitation Division, Environmental Health Bureau, Ministry of
Health and Welfare. Samples are collected from both urban and rural prefectures
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TABLE 11.10 Veterinary Drugs Regulated as Medicinal or Feed Additive Agents in Japan

Class Medicinal Feed additive Class Medicinal Feed additive

Aminoglycosides Apramycin
Destomycin A Destomycin A
Dihydrostreptomycin
Fradiomycin
Gentamicin
Hygromycin B Hygromycin B
Kanamycin
Spectinomycin
Streptomycin

-Lactams Amoxycillin
Ampicillin
Cloxacillin
Dicloxacillin
Mecillinam
Nafcillin
Penicillin G
Cephalonium
Cephazolin

Polypeptides Avoparcin
Bacitracin Bacitracin
Colistin Colistin
Enramycin Enramycin

Noshiheptide
Thiopeptin Thiopeptin
Virginiamycin Virginiamycin

Macrolides Erythromycin
Josamycin
Kitasamycin Kitasamycin
Mirosamycin
Oleandomycin
Sedecamycin
Spiramycin
Terdecamycin
Tylosin Tylosin

Tetracyclines Chlortetracycline Chlortetracycline
Doxycycline
Oxytetracycline Oxytetracycline
Tetracycline

Polyethers Lasalocid
Monensin Monensin
Salinomycin Salinomycin

Avilamycin
Polysaccharides Flavophospholipol Flavophospholipol
Others Bicozamycin Bicozamycin

Chloramphenicol
Fosfomycin
Lincomycin
Novobiocin

Polynactin
Tiamulin
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and are sent for analysis to Government laboratories, including those of the Meat
Inspection Offices, the Market Food Inspection Offices, and the Institutes of
Public Health.

In recent years, public concern over the presence of drug residues in meat
products has grown rapidly. To prevent the occurrence of drug residues, the
law prescribes that animals are not to be slaughtered shortly after the drugs are
administered or while the concentration of the drugs remains at therapeutically
effective levels. However, instances of illegal or extralabel usage of drugs are
occasionally found.

Since legal regulation for drug residues in foods at a level that would not
produce any hazard to the health of the consumer was not available, in January,
1994, the Japanese Health and Welfare Ministry requested the Food Hygiene
Investigative Committee to determine MRLs for those antibiotics, antibacterial
agents, and hormones that have not been banned. Based on a November, 1995,
report from the Food Sanitation Investigation Council, ministerial ordinances and
notifications have been amended for six types of veterinary drug residues, includ-
ing oxytetracycline. Standards for other veterinary drugs will gradually be set
after deliberation by the Food Sanitation Investigation Council, once there are
sufficient data to make a safety evaluation. In addition to antibacterial agents
and hormones, tolerances are to be set for residual anthelminthics. Tolerances
established for these compounds will be based on a consideration of the toxicolog-
ical data and the establishment of a NOEL in experimental animals.
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Global Harmonization of
Regulatory Requirements

The legislation on the use of veterinary drugs in food-producing animals is regu-
lated by many authorities throughout the world, all concerning the quality, effi-
cacy, and safety of the use of these agents. However, considerable variation in
the regulatory process is recognized to occur within different countries; licensing
requirements may range from highly controlled to minimal inspection.

In some developing countries, there is no legal framework for prescription
of veterinary drugs and, in some cases, they can be marketed without any type
of review process by a regulatory authority. As food laws in many developing
countries reflect their primary need to ensure an adequate supply of safe and
wholesome food for the rapidly expanding population, drugs are usually more
widely used in food-producing animals and under less rigorous systems of control
than in the developed world. However, this can cause problems to the developed
world, particularly with exports of animal products from developing countries.

Harmonized legislation relating to food safety does not exist even among
countries of the developed world, and, therefore, a barrier to international food
trade is often produced due to distortion of the conditions of competition in the
market. Usage of veterinary drugs in any country usually complies with domestic
MRLs in the edible animal products. Problems emerge, however, when these
products are exported to markets where MRLs for a particular drug have not been
established and default tolerances apply. In these cases, noncompliance of the
imported product is the direct result of a drug not being needed or registered in
the importing country and the procedural default tolerance being applied. All
food importing or exporting countries run the risk of encountering such situations,
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which may have a significant impact on trading relationships; weaken consumer
confidence; and impose considerable dislocation, uncertainty and, costs on export-
ing countries. Nevertheless, such situations, even when differences in dietary
habits and agricultural practices are taken into account, rarely place consumer
health and safety at risk.

Some critical differences in risk assessment procedure lead to confusing
situations on a worldwide basis. These differences are due to some very controver-
sial areas of safety issues including the calculation of the acceptable daily intake
(ADI), the assignment of the ADI to maximum residue limit (MRL)/tolerance,
the validation of the analytical methods needed to regulate drug residues, and
the fitness of legislation to toxicology.

12.1 ACCEPTABLE DAILY INTAKE

A comparison of the worldwide risk assessment procedures for animal drug resi-
dues in food reveals different approaches in the establishment of the ADIs (Table
12.1). Major differences among regulatory agencies concern the number and type
of genotoxicity studies required, the number of teratology studies required, the
route of administration, the length of time for which the toxicology studies are
conducted, the need for chronic versus subchronic or carcinogenic studies, the
number of species in which reproductive toxicity studies are required, and the
number of generations required per species (1). Differences in establishing an
ADI continue with the safety factor applied to extrapolate from short-term animal
studies to life time exposure in humans. Different safety factors can be applied
for the same set of data and the resulting ADI can differ by as much as 10-fold.

Other particularly controversial issues of hazard and risk assessment that
urgently need harmonization refer to the potential impact of residues of antimicro-
bial drugs on the human gut flora, the impact of bound residues, and the impact
of residues at injection site on the calculation of ADIs.

Emergence of resistance among zoonotic pathogens has become an issue
of increasing worldwide concern. While the phenomenon of induction of resis-
tance is well known, there is no evidence for the supposed effects in humans in
vivo as a result of ingestion of food contaminated with drug residues. At present,
no standardized procedure exists to assess such effects, nor, indeed, are the effects
themselves described adequately.

Despite the lack of agreed guidelines for the tests involved, tests do exist
and they comprise studies in human volunteers, studies in germ-free rats the
intestines of which harbor human gut bacteria, and in vitro studies with bacterial
populations. However, the selection of the most appropriate test system remains
an open question. All tests investigate minimum inhibitory concentrations (MICs)
that can be used in ADI calculations; however, such ADI calculations tend to
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TABLE 12.1 Approaches of Major Regulatory Authorities in Setting ADIs
and MRLs

Features FAO/WHO European Union United States

Genotoxicity Required Required Required
Acute toxicity Required Required Required
Short-term Required Required Required

toxicity
Reproduction Required Required Required
Teratogenicity Required Two studies One study
Oncogenicity Required Required Required;

threshold
higher than
European
Union

Human Required Required Not required
microflora

Expert report Required Required Not required
Safety factor 200–2000 100–1000; 1000 100–1000; 1000

for studies for studies
shorter than 90 shorter than 90
days days

Depletion of Total/marker Total/marker Total/marker
residues residue in two residue in four residue in

studies studies target tissues
only

MRL setting MRL for each MRL for each MRL for target
tissue tissue tissue only

be very conservative and may lead to long withdrawal periods for antibacterial
substances.

Most recently, the entire area of antimicrobial resistance has raised its Euro-
pean head again. While the avoparcin story is well known, the Food and Agricul-
ture Organization/World Health Organization (FAO/WHO) and the European
Union (EU) are now embarking on a new program of resistance monitoring and
surveillance. This is of particular importance in the veterinary domain. The future
of feed additives, fluoroquinolones and macrolides, and questions relating to
overuse of veterinary antibiotics are now being closely scrutinized, and monitor-
ing programs upon which to make future decisions are now being initiated. It
remains to be seen what lies ahead for feed additives and some of the therapeutic
antibiotics widely used in veterinary medicine. In the meantime, many scientists

Copyright © 2001 Marcel Dekker, Inc.



412 Chapter 12

face the calculation of ADIs based upon microbiological data as an interim and
added safety measure, while others regard it as dubious science.

As a result of these considerations, a fundamental addition to the registration
process in some countries is currently the evaluation of resistance concerns preap-
proval and the monitoring of susceptibility of zoonotic and/or target animal patho-
gens postapproval, as a critical part of the registration process. In some jurisdic-
tions, issues arising for a particular product have to be addressed before renewal
of a marketing authorization.

Another subject of scientific debate is still the bioavailability and toxicity
of bound residues (2). Data on this particular topic are sparse but tend to suggest
the absence of hazardous effects of bound residues rather than the contrary. An-
swers that remain to be provided on this subject concern the relevance of these
toxicological effects and, if the effects are viable, the best and most reliable
method by which they can be measured and evaluated for a specific compound.
As long as these questions are not answered satisfactorily, any attempt to address
them can only be considered as a shot in the dark and a potential waste of finance
and time. The industry is prepared to perform any additional safety evaluation
as long as the answers are reasonable and can result in a greater guarantee of
protection for the consumer.

JECFA has addressed this issue and has recommended a systematic ap-
proach to the problem (3, 4). It suggests use of a mild extraction procedure to
determine residues that are clearly bioavailable. This is followed by a more vigor-
ous extraction using acids or enzymatic techniques to assess whether potentially
biologically active compounds may be released in vivo. These studies can be
backed up by relay methodologies by which tissues from treated animals are fed
to laboratory species and the release of drug-related moieties measured. The
Committee stressed the need to treat each drug on a case-by-case basis rather
than laying down strict protocols to deal with bound residues as a common issue.

In addition, current Food and Drug Administration (FDA) guidelines outline
a series of short-term and in vitro tests for the safety assessment of bound residues
together with their chemical characterization (5). A study of reversibility of adduct
formation is also included and as with the Joint FAO/WHO Expert Committee on
Food Additives (JECFA) recommendation, drugs are investigated in an individual
manner. It seems likely that the JECFA and FDA approaches, at least in general
terms, will become widely adopted in this particular area of hazard and risk
assessment.

Likewise, differences in the risk assessment procedures among different
regulatory authorities might assume even more significance if the potential for
violative residues at injection site were to be taken into consideration (6). This
might become the case if certain countries decide to use this issue as a trade
barrier. To make things worse, most countries do not have a formal surveillance
program for monitoring residues at injection sites. Routine residue monitoring
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programs that use liver or kidney as the preferred sampling tissues cannot detect
such residues. Even with port-of-entry programs that use meat as the sample
tissue for analytical testing, the chances of detecting injection site residues are
actually very low.

Recent Australian and Canadian studies (7–10) on residues at injection
sites indicate that injection site residues of certain drugs are at levels high enough
to cause public health and trade concerns. Major concerns raised by these studies
are that in a significant number of cattle severe tissue reactions occur at the
injection site, which adversely affect the quality of the carcass and also create
an animal welfare issue. These tissue reactions lead to residues at the injection
sites that persist beyond the withdrawal period whereas, in some cases, they can
cause such an extremely variable residues depletion so that withdrawal periods
cannot be readily established. Lesions at the injection sites are not always obvious
on visual inspection and cannot be identified and discarded during trimming and
processing of the carcass. Moreover, the presence or absence of violative residues
in samples of kidney, liver, and muscle cannot be used as a reliable indicator of
the fate of residues at an injection site.

Until recently, regulatory authorities have not insisted on information about
residues that persist at or near the injection site when establishing ADIs or MRLs.
Even though some countries currently require injection-site residue depletion
studies, there are no so far clear guidelines, with the exception of the EU-issued
ones, on how this information can be used or on the value of this information in
determining the contribution of drug residues in edible tissues to the total daily
intake. Hence, there exists a need for a harmonized approach to all aspects of
residues at injection sites, including the elaboration of MRLs and withdrawal
periods if they are to be considered important in terms of consumer safety and
trade. A summary of the current position of major regulatory authorities toward
the issue of residues at injection site and its contribution in establishing ADIs,
MRLs and withdrawal periods is presented in Table 12.2.

In the absence of adequate information on the potential hazard of residues
at injection site to the consumer, it is also difficult for most national authorities
to develop a practical policy when evaluating injectable veterinary drugs to com-
pensate for any potential risk posed by residues at injection sites. Because of
this difficulty, greatly varying regulatory options are followed worldwide (11).
According to one option, evaluation of injection site residues may not be necessary
in view of the perceived extremely low incidence of these residues. According
to another option, depletion studies of residues at injection site should be taken
into account when establishing withdrawal periods to ensure that theses residues
are not higher than the MRLs.

The latter option has been opposed, however, by sections of the veterinary
drug and meat industry for several reasons. One reason is that the probability of
meat consumption from an injection site is estimated to occur only once in the
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TABLE 12.2 Position of Major Regulatory Authorities on Residues at
Injection Site

Country/organization Regulatory approach

FAO/WHO Residues at injection site are assessed and com-
ments made where appropriate, but results are not
used in setting ADI and MRL.

EU Specific guidelines have been prepared and deple-
tion studies of residues at injection site are re-
quired, but results are not factored into the MRL;
the withdrawal period is set at the point where res-
idues are depleted below muscle MRL.

US, Canada Tolerance/MRL is based on ordinary tissue. When
residues are 10-fold higher at the injection site,
the withdrawal period is adjusted relative to the
difference.

Australia Residues at injection site are not taken into account
when establishing MRL and withdrawal period
(currently under review).

Japan Depletion studies of residues at injection site are re-
quired; the withdrawal period is established on the
basis of ordinary tissue.

lifetime of only 1 20 consumers. Another reason is that for drugs with a good
safety profile, establishment of withdrawal periods on the basis of depletion stud-
ies at injection site would be not necessary and would be prohibitively expensive.
In addition, the hazard for contamination of meat with zoonotic or other microbes
is far greater than the hazard posed by residues at injection site. Accidental and
unintended ingestion of injection site residues by consumers is also recognized
as not adding any toxicological concern to lifetime exposure of the drug involved.
Furthermore, this option could lead to long withdrawal periods that could jeopar-
dize a number of injectable drugs that are important for the food animal industry.

According to a third option, evaluation of injection site residues on ad hoc
basis should be carried out depending on the pharmacological and toxicological
profile of the drug, its potential to initiative hypersensitivity, and its persistence
and irritability. Even though most authorities favor the third option, none so far
has vocalized its policy on the matter, except the European Union.

12.2 ASSIGNMENT OF THE ADI TO MRL/TOLERANCE

MRL/tolerance is the highest concentration of the marker residue allowed in milk,
eggs, and edible tissues. Observed values below the MRL/tolerance in marketed
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commodities are deemed safe for human consumption even if residues are present
in measurable concentrations. Observed values that exceed MRL/tolerances in
marketed commodities are violative but not necessarily a food safety concern
because human safety is based on chronic exposure.

Differences in MRL/tolerances more often reflect differences in the use of
that compound in a particular country, or in the choice of safety factors, food
consumption values, or the analyte used in monitoring programs. The United
States will, but does not always, assign tolerances when preslaughter drug with-
drawal period is zero, Generally, the European Union assigns an MRL even when
withdrawal periods are not required.

The MRL/tolerances for a certain drug are normally calculated from the
ADI determined for that compound. However, the amount of the ADI assigned
to the MRL is not consistent among regulatory agencies. Generally, the European
Union does not assign all of the ADI, even when seemingly justified; it includes
all of the four edible tissues plus milk and eggs in calculating residue daily
consumption that must be equal or less than one ADI.

In contrast, the United States frequently assigns 100% of the ADI to each
of the edible tissues (12). For those drugs, however, used in dairy cattle or laying
hens, it reserves 50% of the ADI for milk or 20% for eggs, and the remainder
for each of the four edible tissues: muscle, liver, kidney and fat.

The United States uses food consumption data and food factors in conjunc-
tion with the ADI to calculate the tolerance of residues in edible tissues. The
calculation starts with an estimate of the safe concentration of the total drug
residues by dividing the ADI by food factors that reflect the contribution of the
edible tissues to the daily diet. Following analysis of the depletion of the total
residues from the edible tissues, a target tissue is selected for residue monitoring.
The residue whose concentration is in known relationship to the total residues
in the target tissue is selected as the marker residue. The tolerance is the concentra-
tion of the marker residue in the target tissue, which ensures that the total residues
in each edible tissue are below their safe concentration.

The MRL is the EU equivalent of the US tolerance. Since in addition to
consumption figures the relative distribution of residues between edible tissues
is considered in the calculation of the MRL, practical withdrawal periods can be
set for products containing the active substances concerned. This is an important
point that differentiates the approach used to set MRLs in the Europe from the
approach used by the United States to set residue tolerances. At least two tissues,
one on the carcass and one organ meat, have to be designated as target tissues.

The daily consumption figures used by the European Union, although simi-
lar to those proposed by JECFA, differ from the food factors employed in the
United States. There is currently much debate over whether these daily consump-
tion values represent a realistic food intake for the commodities involved. One
could say that they neither take into account the so-called extreme consumer who
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might at an instance eat large daily quantities of liver nor do they represent
international food consumption. It cannot be accepted, for example, that 300
g muscle can cover both the US and developing world consumption of beef.
Nevertheless JECFA, through the Codex Alimentarius system attempts to recom-
mend MRL values that will be universally applicable. For these reasons, some
might say limitations, what might be seen as average values for food consumption
must be adopted if a practical solution is to be found.

Table 12.3 shows the impact of the different evaluation procedures on the
MRL/tolerance of a model drug. The same set of safety and residue data would

TABLE 12.3 Calculation of the US Tolerance and the EU MRL for a Model
Drug

Experimental data on a model drug
NOEL 0.3 mg/kg day
Total residues liver kidney muscle milk fat
Marker residue constitutes 50% of the total residues

USA
Safety factor: 1000
ADI NOEL 60 kg (hypothetical human body weight)/Safety factor
ADI 0.3 mg/kg day 60 kg/1000 0.018 mg per person per day
Safe concn ADI/Food factor 0.5 kg/day

Food commodity Food factor Safe concentration (ppb)

Muscle 1 9
Liver 0.5 72
Kidney 0.33 109
Fat 0.25 144
Tolerance of the marker residue in the target tissue liver: 36 ppb

EU
Safety factor: 100
ADI NOEL 60 kg (hypothetical human body weight)/Safety factor
ADI 0.3 mg/kg day 60 kg/100 0.18 mg per person per day

Daily Total Acceptable Acceptable
Total food residue residue residue

Food residues intake intake Relative intake concn
commodity (ppb) (kg) ( g) distribution ( g) (ppb)

Muscle 200 0.3 60 0.067 12 40
Liver 4800 0.1 480 0.536 96.5 965
Kidney 1600 0.05 80 0.089 16 320
Fat 120 0.05 6 0.007 1.3 26
Milk 180 1.5 270 0.301 54.2 36
Total 896 180 (ADI)
MRL of the marker residue in the target tissue liver : 482 ppb
MRL of the marker residue in the target tissue muscle : 20 ppb
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result in a tolerance of 36 ppb for the marker residue in the target tissue liver in
the United States while in the European Union the equivalent MRL value would
be 482 ppb. Consequently, the calculated withdrawal periods will differ consider-
ably as well.

Apart from differences in the establishment of the MRL/tolerance values,
different procedures are also used for the calculation of the withdrawal period.
Even in countries where similar MRLs have been established, similar drugs may
differ greatly with respect to the withdrawal periods established by the national
authorities. A greater degree of harmonization would be possible if a standard
approach for calculating the withdrawal period was adopted throughout the world.

Presently, some countries including the United States and a few Member
States of the European Union use statistical methods to establish withdrawal
periods. However, most countries employ a simple method: the withdrawal period
is set at the time point when residues in all tissues in all the animals have depleted
to below the respective MRL values. When one has determined that time point,
the estimation of a safety span also has to be considered in order to compensate
for uncertainties of the biological variability. The dimensions of a safety span
depend on various, not easy to specify, factors determined by the study design,
the quality of the data, and the pharmacokinetic properties of the drug. Hence,
an overall recommendation on the estimation of the safety span cannot be pro-
vided. An approximate guide for the safety span is likely to be a value of 10–30%
of the time period when all observations are below the MRL. As an alternative,
the safety span might be calculated from the tissue depletion curve as a value of
possibly one to three times the half-life.

When considering the establishment of withdrawal periods for parenterally
administered drugs, it is important to take into account the residues at the injection
site. For drugs for which the target tissue or one of the target tissues is muscle,
national authorities set withdrawal periods on the basis of the MRL for muscle.
The injection site and its residues should be treated as normal muscle and the
withdrawal period should be based on residue depletion to below the MRL at
the injection site as well. Where muscle is not a target tissue and hence there is
no MRL for muscle, national authorities should ensure that the withdrawal period
is established to ensure that the ADI is not exceeded when the usual food package
is consumed. Here, the usual food package of 300 g of muscle should be consid-
ered to include the injection site.

12.3 ANALYTICAL METHODS FOR RESIDUES
DETERMINATION

Differences exist among regulatory agencies in establishing the relationship of
the marker residue to total residues, and standardizing the conditions under which
analytical methods will be required. Some countries require microbiological
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methods for antibiotics for which there is no known relationship to total residues
of toxicological concern. Other countries such as the United States require an
analytical method only for the marker residue in the target tissues. The European
Union normally requires an analytical method for several tissues even when in-
curred residues are not present. It has not been generally specified whether analyti-
cal methods are needed always or only when withdrawal periods are indicated.
Moreover, there are no standardized procedures for accounting for analytical
method validation needs. This results in a continuing need for reliable analytical
methods for use in determining whether or not the marker residue exceeds the
MRL at the time a commodity is marketed, and in thus ensuring, compliance
with national regulations as well as international requirements in the area of drug
residues in food. Understanding the importance of mentioned differences might
substantially improve harmonization efforts.

The reliability of a method can be determined by assessing certain method
performance criteria including, specificity, accuracy, precision, limit of detection
and quantitation, sensitivity, applicability, and practicability as appropriate (13).
This very often requires that an extensive collaborative study be undertaken to
obtain the necessary data. Methods that have successfully undergone this perfor-
mance review testing have been considered to be validated for the purpose of
the analysis (14).

The ideal validated method would be the one that has progressed fully
through a collaborative study in accordance with international protocols for the
design, conduct, and interpretation of method performance studies. A typical
study of a determinative method conducted in accordance with the internationally
harmonized International Organization for Standardization (ISO)/International
Union for Pure and Applied Chemistry (IUPAC)/AOAC International (AOAC)
protocol would require a minimum of up to five test materials including blind
replicates or split-level samples to assess within-laboratory repeatability param-
eters, and eight participating laboratories (15). Included with the intended use
should be recommended performance criteria for accuracy, precision and re-
covery.

Validation attempts in the field of drug residue analysis have demonstrated
that the requirement for a full collaborative trial at the ideal level, while desirable,
is sometimes impractical. Limiting factors for completing ideal multilaboratory
validation studies are usually the high cost, lack of sufficient expert laboratories
willing to participate in such studies, and overall time constraints. Hence, a three-
laboratory validation study is often applied (16).

In cases in which this less stringent model cannot be used, alternative valida-
tion schemes may be used (17). These include a two-laboratory validation protocol
similar to the AOAC International Peer Verified Method Protocol, or a single-
laboratory validation approach. With any of the alternative validation schemes,
the Joint FAO/IAEA Expert Consultation on Validation of Analytical Methods
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for Food Control strongly encourages that the validation work be conducted ac-
cording to the principles outlined below:

Laboratories carrying out the validation studies should operate under a
suitable quality system based upon internationally recognized principles.
Laboratories should have in operation a periodic, independent, third-
party assessment mechanism of their whole validation process carried
out by an accreditation agency, a Good Laboratory Practice authority, or
one or more collaborating laboratories. As an alternative, the laboratory
carrying out the validation may submit the validation work for peer
review to be assessed by an appropriate organization. Such an indepen-
dent assessment and review helps to ensure the transferability of the
validated method from the originating laboratory to other laboratories.
Analytical methods are assessed in respect to internationally accepted
general analytical performance criteria for selection of methods of analy-
sis, with emphasis on the assessment of the limit of quantitation rather
than the limit of detection (18).
The validation work should be carefully documented in an expert valida-
tion report in which it is unambiguously stated for which matrices and
analyte levels the method has been found to perform in a satisfactory
manner.

While the provision of suitably validated analytical methods is a necessary
requirement for ensuring compliance with MRLs, the method alone is not suffi-
cient to ensure creditable analytical measurements. In addition to selecting suita-
ble methods, the analyst must demonstrate that the method is operating under
statistical control in the laboratory and is performed to meet performance specifi-
cations as required by the analytical problem. This means that all methods should
be applied in an environment with appropriate quality assurance procedures and
performance evaluation checks.

Performance characteristics of residue methods are often only determined
for major food animal species. The Joint FAO/IAEA Expert Consultation on
Validation of Analytical Methods for Food Control (17) has discussed the issue
of the availability of suitable analytical methods for determining compliance of
residues in tissues of the so-called minor species with established MRLs. The
Consultation has concluded that if metabolism and related pharmacokinetic data
are similar in minor species to those in major species, only the recovery of the
analytes in the minor species needs to be determined. If the recovery remains
stable, there is no need to study the method performance any further. If the
recovery is not stable the full set of performance data should be determined.

Chemical analytical methods used in veterinary drug residue depletion stud-
ies in target animals constitute a potential source of suitable methods for determin-
ing compliance of tissue residues with established MRLs. In some situations,
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these methods may have been used in several laboratories conducting depletion
studies in the same analyte/tissue combination. Often, however, the information
on these analytical methods may not have been studied or processed any further
for their suitability as regulatory methods. At the national level many methods
are available that are used for routine, but in many cases these methods have not
been subjected to interlaboratory validation trials.

An analytical method must be properly validated if it is to be used at the
national level for enforcement purposes. Validated methods stand on their own
merits in contested legal actions in national courts. This situation has been recog-
nized by all nations and international organizations. Initiatives to harmonize
method validation criteria and approaches are currently being considered.

12.4 COMPLIANCE OF LEGISLATION WITH TOXICOLOGY

Although toxicology, through its risk assessment procedures and the establish-
ment of the ADI, gives a base to legislation for prevention of public health risks
from drug residues in food, some exceptions show that toxicology and legislation
do not always fit together.

Toxicology and legislation in the field of health protection are related sub-
jects but they do not use identical procedures. Toxicology follows scientific meth-
ods in the assessment of risks using results of experiments or epidemiological
analyses. The final result will be a figure of a dose that is probably harmless for
humans. Legislation, on the other hand, has to consider these scientific recommen-
dations but has not always to follow them. The decision sometimes or mostly
has to consider many other aspects, such as public opinion, right or wrong risk
acceptance, political reliability, and social consequences.

Drug examples for which toxicology and legislation do not always fit to-
gether are the nitroimidazoles, the growth-promoting sex hormones, and the re-
combinantly produced somatotropins.

Nitroimidazoles are regulated within the European Union as both veterinary
medicinal drugs and feed additives. As veterinary medicinal drugs, they are regu-
lated under the Veterinary Medicines Directives 81/851/EEC and 81/852/EEC,
which are dealt with by one Directorate General (19, 20), while as feed additives
they are regulated under Directive 70/524/EEC, which is handled by a different
Directorate General (21). Due to safety risk concerns, use of nitroimidazoles
including ronidazole, ipronidazole, and dimetridazole as veterinary medicinal
drugs has been prohibited in the European Union for administration to food-
producing animals. Nevertheless, ipronidazole and dimetridazole, paradoxically,
are still approved for use as feed additives in feedstuffs. For the latter use, formal
MRLs and, consequently, residue monitoring are not required.

In order to avoid contradictory drug regulations and to ensure consumer
safety, the European Union has recently initiated elaboration of an amendment
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of Council Directive No 87/153/EEC. The draft of this amended Commission
Directive specifies for the first time a procedure for the establishment of MRLs
for feed additives in animal-derived food. It is based on the ADI concept and on
standard food packages similar to those used for the safety assessment of veteri-
nary medicinal drugs.

The growth-promoting sex hormones have been used for many years in
both the European Union and the United States to increase body weight gain in
immature calves. Three naturally occurring sex steroids, (estradiol, progesterone,
and testosterone), and two synthetic compounds, (zeranol and trenbolone acetate)
are still used legally in US cattle and sheep (22). All growth-promoting hormone
products used in the United States are manufactured in the form of ear implants.
Approximately 63% of all cattle and about 90% of the fed cattle in the United
States are implanted. In large commercial feedlots, the rate approaches 100%.

As fattening agents, these hormones have several economic, health, and
environmental benefits. The resulting beef is leaner, less feed is needed to produce
the same amount of meat, and animals produce less waste. When steers and
heifers are implanted with growth promoters, they grow significantly faster than
nonimplanted animals. Using implants allows the cattle grower to realize an
8–12% increase in carcass weight per unit of feed. Growth implants can reduce
the total cost of beef production by $50–80 per steer. If implants were banned,
the average retail price of all cuts of beef would increase by 10–15%, or about
20–to 30 cents per pound (23).

Despite those advantages, use of these growth-promoting agents has been
prohibited in the European Union since 1989. As a consequence, a ban has been
implemented on imports of red meat from animals treated with growth-promoting
hormones, cutting off US beef exports to the European Union valued at about
$100 million annually.

The issue over the use of hormones as growth promoters in cattle goes
back to the 1980s. In 1980, a health scandal in Italy raised suspicions about school
lunches containing veal that may have contained hormone residues. Diethylstil-
bestrol (DES), a synthetic drug that can promote weight gain and muscle develop-
ment in animals, was detected in veal samples (24). The scandal sparked a con-
sumer boycott of veal, and Italy adopted measures to restrict imports of veal from
EC Member States, particularly France, where hormones were authorized. In July
1981, the EU Council adopted Directive 81/602 to prohibit the use of hormones,
except for therapeutic purposes. The Council postponed action for five hormones
(estradiol, progesterone, testosterone, trenbolone acetate, and zeranol), calling for
a Commission report no later than July 1, 1984. Member state regulations were
to apply until the Council made a decision on these substances.

The Commission set up a Scientific Working Group on Anabolic Agents
in Animal Production, which was composed of 22 notable European scientists,
to determine whether use of these five hormones as growth promoters posed any
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health risk (25). In 1982, an interim report by this Working Group concluded
that the three natural hormones (estradiol, progesterone, and testosterone), would
not present any harmful effects to the health of the consumer when used under
appropriate conditions as growth promoters in farm animals. The Group also
reported that further research was necessary on the two synthetic hormones. The
report was approved by the EU Veterinary Committee in November, 1982, and
the Working Group continued to collect and evaluate information on trenbolone
and zeranol during 1983 and 1984.

In June, 1984, the EU Commission proposed amending Directive 81/602
to allow the use of natural hormones, and in July the EU Council president
requested the European Parliament for an opinion on this proposal. In October,
1985, the European Parliament adopted a resolution on the Commission’s pro-
posal. The resolution claimed that scientific information about the five hormonal
substances was far from complete and that considerable doubt therefore exists
about the desirability of their use and of their effect on human health. It endorsed
a ban on zeranol and trenbolone on the grounds that their safety has not been
conclusively proven, and rejected the proposed authorization of the three natural
hormones except for therapeutic purposes.

In November, 1985, the Commission submitted to the Council a draft regu-
lation that would ban natural hormones, except for therapeutic purposes, and
banned synthetic hormones altogether. In December, 1985, the Commission’s
proposal to amend Directive 81/602 to prohibit use of anabolics was adopted by
the Council and became Council directive EC 85/649. The directive banned the
use of natural hormones except for therapeutic purposes and absolutely banned
the use of synthetic hormones. The directive also imposed a trade clause that
required Member States to prohibit importation from third countries of live ani-
mals and of meat from animals to which have been administered in any way
whatever substances with a thyreostatic, estrogenic, androgenic, or gestagenic
action. Member States were required to bring this directive into force no later
than January 1, 1988.

In September, 1986, the United States raised the EU hormone ban in the
Committee on Technical Barriers to Trade of the General Agreement on Tariffs
and Trade (GATT). In 1987, after a series of informal bilateral discussions, the
United States invoked dispute settlement under the Tokyo Round Agreement on
Technical Barriers to Trade. Formal bilateral consultations were held on two
occasions without a satisfactory resolution. The United States then requested that
the matter be referred to a group of technical experts. The European Union blocked
the formation of the technical expert group, and the dispute went unresolved.

In June 1987, the JECFA established acceptable daily intake levels and
acceptable residue limits for zeranol and trenbolone acetate and decided that these
levels were not needed for the naturally occurring hormones. With respect to the
natural hormones, the JECFA explained that residues resulting from use of these
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compounds as growth promoters in accordance with good veterinary and and
animal husbandry practice are unlikely to pose a hazard to human health (26).

In November, 1987, largely in response to complaints from exporting coun-
tries, the European Union delayed application of the hormone ban to imports for
1 year until January 1, 1989. In December, 1987, the CVDCAC agreed on safe
limits for trenbolone and zeranol, and agreed that limits were unnecessary for
the three natural hormones. In December, 1987, President Ronald Reagan an-
nounced, and suspended, retaliatory tariff increases on certain EU imports.
Throughout 1988, the United States and the European Union negotiated but were
unable to resolve the dispute.

In November, 1988, the EU Commission notified the United States that
the hormone directive would apply to all meat, including pork and horse-meat.
The US Department of Agriculture (USDA) informed the European Union that
the United States has no hormonal substances approved for use in pork or horse-
meat. The Commission indicated that the United States needed a residue testing
program for these meats to be in compliance with the directive. In December,
1988, the European Union approved a counterretaliation list, but implementation
was postponed until January, 1989. On January 1, 1989, the European Union
hormone ban and the US retaliation measures took effect.

In June, 1991, the full Codex Commission met. The three natural hormones
were on the agenda for a final decision, after a lengthy eight-stage approval
process. The European Union arranged for an unprecedented vote on the hor-
mones. Due to the EU focus on nonscientific criteria and to many delegations
being unprepared for a vote, the Commission decided to postpone a final decision
until its next meeting in the summer of 1993.

In 1993, the issue of the role of science in the Codex decisionmaking
process was delegated to the Committee on General Principles. With participation
by both the United States and the European Union, the Committee developed
four principles that reenforced the preeminent role of science. In January, 1995,
the GATT Uruguay Round Agreement and the Sanitary and Phytosanitary text
were implemented. In July, 1995, the four principles developed by the Codex
committee were presented to the full Codex Commission. During a lengthy de-
bate, a diverse set of countries gave strong support to the preeminent role of
science in the Codex decision-making process, and the principles were adopted
despite EU opposition. In addition, the Codex Commission decided that MRLs
were not necessary for the three natural hormones and adopted MRLs for trenbo-
lone and zeranol.

From November 29 to December 3, 1995, the European Union held its
Scientific Conference on Growth Promotion in Meat Production. The conference
concluded that there was no evidence of health risk from the five hormones
approved for use in the United States. On January 18, 1996, the European Parlia-
ment voted 366 to 0 out of 626 total Parliamentarians for a resolution to maintain
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the ban. On January 22, the Agriculture Council discussed the final report of the
Hormone Conference and also reaffirmed its commitment to maintaining the ban.

In 1996, the United States and Canada launched separate World Trade
Organization (WTO) dispute settlement panel cases against the European Union
hormone ban. The WTO Agreement on Sanitary and Phytosanitary Measures, an
important part of the Uruguay Round, protects exporters against the use of health-
related measures as disguised barriers to trade. It has several provisions that relate
directly to the EU hormone ban. Under the SPS Agreement, all health or safety
measures must be based on sound scientific principles, whereas these measures
must be based on the concepts of risk assessment. The WTO dispute settlement
panel issued its final ruling on June 30, 1997. It found that the EU ban on imports
of beef violated several of the provisions of the WTO Agreement on Sanitary
and Phytosanitary Measures. The European Union, however, has appealed the
ruling.

The issue of hormones have received widespread publicity in recent years.
Belief that residues of hormones represent a real hazard is a misconception not
supported by experience or by the results of government monitoring of the beef
supply. Overwhelming scientific evidence has shown that beef from cows treated
with US-approved compounds is completely safe (27).

Despite the small increase in estradiol, progesterone, and testosterone in
meat from treated animals, the levels of these hormones are far less than those
naturally found in meat from sexually mature animals. Estradiol levels in muscle
from cattle in late pregnancy are 3–80 times greater than those found in the
muscle of estradiol-treated heifers. The concentration of progesterone in muscle
from pregnant cattle is likewise more than 20 times higher than that occurring
in progesterone-treated steers. Muscle from mature bulls contains approximately
eight times the level of testosterone found in testosterone-treated heifers. Conse-
quently, there is no such thing as hormone-free beef (28, 24). All beef, and all
other meats, naturally contain hormones at extremely low levels. Moreover, a
number of other foods including milk and milk products, eggs, cabbage, and
soybean oil contain naturally occurring hormonally active substances at levels
far exceeding those found in meat from treated cattle.

Because these compound are naturally occurring in humans and in food-
producing animals, the consumer is exposed throughout his or her lifetime to
large quantities of these hormones through daily production and to much lesser
quantities from food from unmedicated animals. For estradiol and progesterone,
prepubertal boys synthesize the least whereas prepubertal girls synthesize the
least amount of testosterone per day (29). Prepubertal boys produce per day
100–3000 times the amount of estradiol and more than 500 times the amount of
progesterone that would be expected to occur in 500 g meat from treated animals.
Similarly, prepubertal girls produce 600–900 times the amount of testosterone
that would be expected to be present in 500 g meat from treated animals.
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On the other hand, as a result of hormone implants the average amount of
estrogen can be increased in a 3 oz serving of beef from 1.3 ng in a sample from
a nonimplanted steer to 1.9 ng in a sample from a steer implanted 100 or so days
prior to slaughter. If it is realized, however, that the average nonpregnant human
female produces 480,000 ng estrogen/day by normal physiological body pro-
cesses, the increased body load of estrogen occasioned by eating 3 oz beef from
an implanted steer (total of 480,001.9 versus eating 3 oz beef from a nonimplanted
steer, total 480,001.2) is of no physiological or medical consequence to the con-
sumer (30). Therefore, consumers will not be at risk by eating meat from animals
treated with estradiol: the amount of added hormone is negligible compared to
the consumer’s own daily production rate.

The same situation applies to testosterone and progesterone. Unlike the
naturally occurring hormones, there is no daily production rate for the synthetic
compounds trenbolone acetate and zeranol. Therefore, the FDA requires toxico-
logical testing in animals to determine a safe level in meat for these compounds.
When FDA approved zeranol and trenbolone, it determined that residues were
well below a safe concentration and therefore no residue tolerance was required
(25). Due to consumer concerns, testing procedures for zeranol were put into
place in the early 1980s but were discontinued in the late 1980s because no
residue violations were found.

It is obvious, therefore, that the EU decision to ban the growth-promoting
hormones, both natural and synthetic, in beef production has no scientific basis.
There is little doubt that the ban was initially developed, in large part, in response
to consumer pressure by the widely publicized illegal use of DES in veal calves
in Italy several years ago. This publicity caused some antitechnology activists to
seek a ban on all hormone products.

Of course, consumers have the right to be able to buy safe food. If con-
sumers want to buy beef from untreated cattle, and producers are able to market
it as such in a way consistent with truth-in-labeling principles, there may be no
objection. However, the evidence indicates that the EU ban is not ensuring a safe
beef supply. There are widespread reports of use of illegal and often dangerous
hormones, and low consumer confidence is contributing to a declining beef con-
sumption.

The exact cause of the profound antihormone sentiment among the Euro-
pean public is unclear, but seems to be related to the European farm price support
systems, which were resulting in costly excess production of beef. Political figures
who wanted to reduce the mountain of surplus beef utilized government action
on hormones as one way to reduce beef production. By making growth hormones
illegal, they were able to remove competing US imports and those from other
nations that utilized growth hormones to a large extent. The EU hormone ban in
1989 was in response to beef supplies, not to health risks. It appears that the
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European Union used the hormone issue to create a nontariff trade barrier to
preclude importation of US beef into EU Member States (29–31).

Recombinant bovine somatotropin (rBST) is another example of a drug
that complicates the trade of dairy products between the United States and the
European Union. This substance has been one of the most extensively studied
animal drug products. In the mid-1980s, the FDA Center for Veterinary Medicine
first determined that food products from rBST-treated cows are safe for human
consumption. Since that time, the agency has authorized rBST testing on more
than 20,000 cows in the United States. In 1990, FDA scientists summarized more
than 120 studies all concerning the safety of milk and meat from dairy cows
treated with rBST (32). This review allowed FDA to conclude that milk and meat
from cows treated with rBST, under conditions authorized by FDA, are safe
within the meaning of the Federal Food, Drug and Cosmetic Act.

The FDA conclusion that rBST poses no risk to human health has been
affirmed by a variety of scientific reviews conducted by the National Institutes
of Health, the Congressional Office of Technology Assessment, Canadian and EU
regulatory agencies, and by the Health and Human Services Office of Inspector
General. Apart from the FDA, the Joint FAO/WHO Expert Committee on Food
Additives also stated in 1993 that edible products from rBST-treated animals do
not pose any risks to humans (33). In 1998, the Committee reconfirmed, after
examining new evidence, that there are no food safety or health concerns related
to bovine somatotropin residues in products such as milk and meat from treated
animals (14). In arriving at its conclusion, the Committee considered several
concerns including the likelihood of mastitis increase in rBST-treated cows and
the risk of insulin-dependent diabetes mellitus. The Committee concluded that
rBST neither increases the incidence of mastitis above that expected from the
greater milk yield nor represents an additional risk for the development of diabetes
mellitus.

In view of these findings, FDA has placed no restriction on the commercial
use of milk and meat from cows treated with rBST. In contrast, the European
Union has opposed the use of this hormone, thus complicating the trade of dairy
products with the United States. Council Decision 94/936/EC states that rBST
is an issue that gives rise to considerable interest among consumers, agricultural,
and industry interests. In this context, concerns have been expressed about the
safety to humans, animals, and the environment; the quality of milk; the economic
and social consequences in agriculture; the climate for research and development,
industrial competitiveness, and trade implications.

A major food safety issue addressed by the European Union concerns the
increase in the level of circulating insulin-like growth factor (IGF-I) in the target
animal and its increased excretion in the milk as a consequence of the administra-
tion of rBST. There has been epidemiological evidence for an association between
circulating IGF-I levels and the relative risk of breast and prostate cancer (34–36).
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It is worthwhile to emphasize that these retrospective studies refer to a time
interval in which exposure to dairy products originated exclusively from non-
rBST-treated animals.

IGF-I, a single chain polypeptide, is a physiological constituent of bovine
milk. During lactation, a typical IGF-I profile in cow’s milk varies from 150 ng/
ml after parturition, to 25 ng/ml at the end of the first week of lactation, to 1–5
ng/ml at day 200 of lactation (37, 38). However, data on the actual amount of
IGF-I in milk are inconsistent since the physiological levels show a considerable
variation depending on the age of animals, state of lactation, and nutritional status
(39, 40). On the other hand, the IGF-I concentration in human breast milk at
weeks 6–8 is 22 ng/ml.

As a consequence of rBST treatment, a two- to fivefold increase of IGF-I
has been reported in several studies (32). JECFA cited average control values
for IGF-I in milk of 3.7 ng/ml for untreated cows, and a significant increase to
an average of 5.9 ng/ml as a consequence of rBST treatment (41). These levels
correspond to amounts several times lower than the total amount of IGF-I secreted
daily in the gastrointestinal tract of humans. These findings justify the argument
that the additional amounts of IGF-I ingested with milk from treated animals
will not result in any adverse effects. Nevertheless, further concerns have been
expressed by the EU about the role of milk casein, which may hypothetically
increase the resistance of exogenous and possibly endogenous IGF-I towards
proteolytic cleavage and inactivation, thus constituting a potential health hazard
(42).

12.5 HARMONIZATION INITIATIVES

Registration of veterinary drugs has become an industry in its own right. The
requirements for registering and marketing veterinary pharmaceutical products
have expanded enormously over the past 30 years so that a separate industry has
grown up to cater to a massive volume of data and a plethora of regulation.
However, the pharmaceutical industry is becoming increasingly unwilling to in-
vest in the research and development of newly synthesized veterinary products.
There is a considerable danger that increasing the complexity and nature of the
data required of pharmaceutical companies will inevitably result in reduction in
the range and number of new products available to the veterinary profession for
treatment and prevention of animal disease.

A major factor jeopardizing the maintenance of some of the existing drugs
that have been in common use for decades is the need to generate data for calculat-
ing MRLs. This factor may lead to a reduction in licensed proven products and
create the potential for a rise in unlicensed or illegal products, leading in turn to
a genuine hazard to human health. Therefore, a revisionary approach in which
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genuine international dialogue will take place leading to significant international
harmonization seems to be indispensable.

The initiative to begin the harmonization process came in 1983 when the
first International Technical Consultation on Veterinary Drug Registration
(ITCVDR) was held. As global harmonization of the MRLs was becoming in-
creasingly essential for unconstrained world trade of animal-derived food prod-
ucts, international initiatives to harmonize the regulatory requirements and evalua-
tion procedures for animal drug residues in milk, eggs, and edible tissues of food-
producing animals began to develop as a lofty but necessary goal. Since then a
series of government and industry initiatives has been developed as follows:

The Codex Alimentarius Committee on Residues of Veterinary Drugs
in Foods in 1985.
The US FDA and the European Union have held regular bilateral meet-
ings for the last decade to discuss common areas of interest. This has
involved mutual exchange of guidelines for consultation.
Meetings on harmonization of veterinary biologicals were held in 1992
in Ploufragan, France; in 1994 in Arlington, Virginia, US; and in 1995
in Singapore.
In 1993, the Global Harmonization of Standards (GHOST) discussion
document was published by FEDESA. This sets out a program for the
international harmonization of registration requirements for veterinary
pharmaceuticals and biologicals.
Following discussions at ITCVDR and Office International des Epizoot-
ies (OIE) conferences, the OIE set up an ad hoc group on the harmoniza-
tion of veterinary medicinal products in 1994.
Preparatory work carried out by this OIE ad hoc group led to establish-
ment of an International Cooperation on Harmonization of Technical
Requirements for Registration of Veterinary Medicinal Products
(VICH).

The need for international harmonization of standards and approach to resi-
due issues has gained new urgency as a result of provisions in the General Agree-
ment on Tariffs and Trade (GATT). The GATT provisions on sanitary and phyto-
sanitary measures call for the use of Codex Alimentarius standards as reference
points in resolving international trade disputes with regards to food standards
including MRLs. This is currently the subject of discussion by many worldwide
regulatory agencies and other parties including consumers, food producers, and
drug manufacturers.

Harmonization of standards and evaluation procedures in the area of con-
sumer safety will strengthen public confidence in the safety of food stuffs of
animal origin, decrease trade barriers for food commodities and veterinary medici-
nal products, and help to reduce the amount of animal experimentation. In any
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proposals to overcome these problems, protecting consumer health and safety is
paramount. The simplest solution would be for all countries to harmonize their
MRLs. This has been attempted several times without success, possibly due to
the fact that differing regional dietary habits and agricultural practices have not
been taken into account, but more likely due to differing trade interests among
food-importing countries.

Notwithstanding these differences, the United Nations (UN), in a continuing
effort to protect the world population against harm from every sector while facili-
tating world trade, instituted the Codex Alimentarius Commission through which
controls may be established over virtually every category of food entering the
human body. The Codex Alimentarius Commission, according to official UN
documents, is an intergovernmental body that currently has 157 member govern-
ments, representing over 98% of the world consumers. One of the main tasks
of the Committee is to establish worldwide harmonized MRLs. The standards,
guidelines, and recommendations of the Commission are used by the World Trade
Organization as reference points. While noncompulsory, the UN claims that the
work of Codex has been widely accepted because it is based on sound scientific
risk assessment.

Despite being an extensive listing, the Codex MRLs do not cover all the
drugs used in modern agriculture. Some notable omissions include a number of
new-generation drugs that have come onto the market in the last 5–10 years.
Moreover, Codex processes are slow, and despite efforts to accelerate them, they
have generally failed to keep pace with demand. However, provisions of the
Sanitary and Phytosanitary Measures Agreement (SPS Agreement) concluded
under the Uruguay Round of Trade Negotiations, will place far greater importance
on Codex Standards, including MRLs.

Under the SPS agreement, if an importing country’s MRL is more stringent
than the Codex MRL for the same drug/commodity combination, the importing
country may be required to justify scientifically why it cannot accept the Codex
MRL. These provisions will improve the flow of international trade and help
reduce the number of different national MRLs. Default tolerances will be subject
to the same treatment as MRLs established after full scientific evaluation of the
chemicals concerned.

Because it will take time for the SPS Agreement to have a significant
impact, alternative ways of managing most of the residue problems currently
present in international food trade are also being examined. They are based on
different concepts including that of the temporary tolerance, the adoption of MRLs
by reference, the categorization of residue incidents, and the response and pipeline
clearance strategies.

The concept of temporary tolerance applies in situations where importing
countries have not established MRLs for particular commodity/drug combina-
tions, and therefore default tolerances apply. It aims to establish a temporary
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procedure under which international food trade can be kept unrestricted while
more permanent solutions can be negotiated.

In practice, an exporting country would identify those commodity/drug
combinations most likely to generate residue incidents in key export markets and,
through agreed channels, would provide the regulatory authorities of importing
countries with the chemical evaluation data it normally uses in its registration
processes. The objective is that a review of the supplied evaluation data would
lead to a temporary tolerance for the particular drug/commodity combination
being established at, or about, the level applicable in the exporting country. As-
suming that the exporting country employs acceptable scientifically based evalua-
tion procedures to establish its MRL, there should be no threat to consumer health
and safety. Moreover, it would be consistent with the SPS Agreement procedures.

The concept of adoption of MRLs by reference aims to establish a perma-
nent mechanism under which an importing country with no established MRLs
for particular commodity/residue combinations will automatically apply the
Codex MRL to relevant imported products. For those situations in which the
Codex has not yet established MRLs, the MRL of the exporting country, or that
of an agreed third country, would automatically be applied, provided that the
MRLs have been determined by scientifically based chemical evaluation proce-
dures. This mechanism already applies in a number of EU countries and is consis-
tent with EU directives.

Bilateral arrangements between national drug registration authorities to rec-
ognize mutually the evaluation and registration procedures would be a logical
follow on to this process. These agreements, as well as the regular exchange of
information and possibly personnel exchanges, would lead to greater confidence
in the registration processes of each country. In turn, this would lead to greater and
speedier acceptance of the overall integrity of national drug registration processes.

The concept of the categorization of residue incidents is based on develop-
ment of a system to categorize residue incidents according to response actions
needed to deal with them, while at the same time enhancing consumer confidence
in food safety. A scientifically sound classification of residue incidents together
with regulatory strategies that reassure consumers and inform import control
agencies of the appropriate ways to handle residue issues are likely to go a long
way towards defusing sensitivities associated with minor incursions above MRLs.
This is especially true in cases where import tolerances are set at zero, or near
zero, because the chemicals concerned have not been evaluated by the importing
country.

This can be effected through scientifically sound and transparent assessment
of the risks presented to consumers by drug residues in foods. It also seeks to
minimize the impact on the trade of residue incidents by establishing the basis
for a predictable and stable regulatory response to specific detection cases. By
this system, ad hoc and unscientific decisions would be avoided, consumer con-
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cerns would be addressed, and the uncertainties, delays, costs, and disruptions
to trade would be avoided.

Under the proposal, residue incidents would be categorized into risk groups,
which in turn would be used to determine the nature and severity of any response
actions needed. Criteria for such categorizations would be determined by the
impact consumption of a particular food would have on the dietary intake of
consumers, measured as a proportion of the Acceptable Daily Intake. This ap-
proach recognizes that chemical residues occasionally consumed at concentra-
tions marginally above MRL rarely present a risk to public health, whereas they
may do so at higher concentrations.

The concept of the response and pipeline clearance strategies aims to mak-
ing the control strategy more effective. Controls designed specifically for raw
material inputs would be implemented in the country of origin to screen out
contaminated material from the food chain. In the case of slaughter animals, these
controls might be exercised on the farm, at the abattoir, or at a later stage during
the processing line.

Apart from the Codex Alimentarius Commission, the EU is also concerned
with the harmonization of pertinent regulations that differ among the Member
States, thus permitting free circulation in the market of food of animal origin
(43). Up to now considerable progress in establishing EU-harmonized MRLs has
been made for many drugs, whereas a number of other old and new drugs are
under investigation.

Even when Community MRLs have been established, similar products in
various member states may differ greatly with respect to the withdrawal times
established by national authorities. Most member states employ a simple method
by which the withdrawal time is set at the time when residues in all tissues in
all the animals have depleted to below the respective MRL values. In addition,
some member states then add an additional safety period if, for example, there
are large variations in the depletion data set or other shortcomings are found in
the studies. On the other hand, some other member states use statistical methods
to establish withdrawal times. A greater degree of harmonization would be possi-
ble if a standard approach for calculating the withdrawal time was adopted
throughout the European Union. Moreover, this would aid both the centralized
and the decentralized procedures.

It becomes evident that the best approach to ensuring that food commodities
do not exceed their MRLs is to have in place comprehensive management systems
and, where necessary, regulatory controls covering all aspects of the registration
and use of veterinary drugs. Drug registration procedures must not only focus
on matters such as toxicology, chemistry, environmental, and consumer protec-
tion, but also on the potential impact chemical residues can have on international
trade.
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As a result of a Free Trade Agreement (FTA), the United States and Canada
have also made substantial harmonization efforts (44). One intention of the FTA
was to remove tariff and nontariff barriers to trade in agricultural and nonagricul-
tural products. In this area, the major goals included halting the growth in new
barriers to agricultural trade and phasing out the barriers that existed; freezing
the present level of trade-distorting agricultural subsidies and phasing out the use
of subsidies over time; and harmonizing, among others, food regulations to ease
trade. To implement certain provisions of the agreement on technical regulations
and standards, the US Center for Veterinary Medicine, the Canadian Bureau of
Veterinary Drugs, and Agriculture Canada established several working groups
including a group on Veterinary Drug Tolerances.

The primary charges to the Working Group on Veterinary Drug Tolerances
were to harmonize the procedures used for evaluating new animal drugs, perform-
ing risk assessments and calculating MRL/tolerances, and harmonizing the MRL/
tolerances for approved drugs with the goal of having the same figures in each
country. The first of these charges was met early in the negotiations. Both coun-
tries agreed to require the same toxicological data and to use identical procedures
for calculating safe concentrations and tolerances. Specifically, the countries
agreed to use the same safety and food factors and human body weight (60 kg)
when calculating safe concentrations (45, 46). The procedures adopted by the
US and Canada were consistent with those used by the European Union and
JECFA.

As a result of these harmonization efforts, Canada published an index of
38 drugs for which MRL/tolerances have been harmonized through the FTA (47).
The United States and Canada prepared also a second index of drugs for which
there are different MRL/tolerances between the two countries. An amalgamation
of both of these indexes is presented in Table 12.4.

The working group concluded that there appeared to be little or no human
food safety significance to the MRL/tolerance figures that differed. In some in-
stances, the differences were attributed to the use of different average human
body weights (50 versus 60 kg) in calculating the safe concentration. In other
cases, the difference reflected each country coming to its own conclusion on the
detection limit of a particular analytical method. The working group determined
that an effort to make MRL/tolerance figures identical for every drug would be
resource-demanding and might not prove fruitful. Accordingly, the working group
recommended that the two countries find an appropriate procedure for recognizing
and accepting the MRL/tolerances of each country when it is concluded that there
is no human food safety concern.

Such a procedure that is based on use of the ADI as the safety standard
for reaching conclusions on the acceptability of residues in food has been recently
reported in the literature (48). By this procedure, the equivalence of different
MRLs for the same veterinary drug can be determined by predicting, with varying
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TABLE 12.4 Harmonization of Tolerances (MRLs) Between the United States and
Canada

Drug (marker) Matrix MRL (ppb)

Ampicillin Swine and bovine tissues; milk 10
Amprolium Chicken and turkey muscle 500

Chicken and turkey liver and 1000
kidney

Eggs 7000
Apramycin Swine kidney 100
Arsanilic acid (arsenic) Swine, chicken, and turkey 500

muscle; eggs
Swine, chicken, and turkey liver 2000

Bacitracin Milk 0.02 IU/ml for US
0.05 IU/ml for Canada

Buquinolate Chicken muscle 100
Chicken liver, kidney, skin and fat 400

Ceftiofur Bovine kidney None for US
6800 for Canada

Cephapirin Milk 20
Bovine tissues 100

Chlortetracycline Bovine liver, kidney, and muscle; 100
sheep muscle

Swine fat 200
Sheep liver 500
Chicken and turkey muscle, liver, 1000

skin, and fat; swine muscle; calf
fat and muscle; sheep kidney

Swine liver 2000
Swine, chicken, and turkey 4000

kidney; calf liver and kidney
Clopidol Chicken and turkey muscle 5000

Chicken and turkey liver and 15,000
kidney

Cloxacillin Milk 10 for US
30 for Canada

Decoquinate Bovine, goat, and chicken muscle 1000
Bovine and goat kidney, liver and 2000

fat; chicken kidney, liver, skin
and fat

Dihydrostreptomycin Milk 125
Erythromycin Milk 50

Swine tissues 100
Chicken and turkey tissues 125

(continued)
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TABLE 12.4 Continued

Drug (marker) Matrix MRL (ppb)

Fenbendazole Bovine liver 800 for US
450 for Canada

Swine liver None for US
4500 for Canada

Gentamicin Turkey tissues 100
Swine kidney 400

Halofuginone HBr Chicken liver 160 for US
100 for Canada

Hydrocortisone Milk 10
Ivermectin (22,23- Bovine liver 15

dihydroavermectin Sheep liver 30
B1a) Swine liver 20 for US

15 for Canada
Lasalocid Bovine liver 700 for US

650 for Canada
Chicken skin and fat 300 for US

350 for Canada
Levamisole HCl Bovine, sheep, and swine tissues 100
Maduramicin Chicken skin and fat 380 for US

400 for Canada
Monensin Bovine tissues 50
Morantel tartrate (N- Bovine liver 700 for US

methyl-1,3-propane 500 for Canada
diamine)

Narasin Chicken fat None for US
500 for Canada

Neomycin Bovine tissues 250
Milk 150 for US

250 for Canada
Nicarbazin (N,N1-bis(4- Chicken muscle, liver, kidney, 4000

nitrophenyl)urea) and skin
Nitarsone (arsenic) Turkey muscle 500

Turkey liver 2000
Novobiocin Bovine, chicken, and turkey 1000

tissues
Milk 100 for US

125 for Canada
Penicillin G Milk 0.01 IU/ml

Turkey tissues 10
Bovine tissues 50
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TABLE 12.4 Continued

Drug (marker) Matrix MRL (ppb)

Polymyxin B Milk 4.0 IU/ml
Pyrantel tartrate (N-methyl- Swine muscle 1000

1,3-propane diamine) Swine liver and kidney 10000
Robenidine HCl Chicken muscle, liver, and kidney 100

Chicken skin and fat 200
Ronnel (sum of parent and Bovine, sheep and goat fat 10,000 for US

2,4,5-trichlorophenol- 7500 for Canada
containing metabolites)

Roxarsone (arsenic) Swine, chicken, and turkey 500
muscle; eggs

Swine, chicken, and turkey liver 2000
Salinomycin Chicken skin and fat None for US

350 for Canada
Spectinomycin Chicken tissues 100
Streptomycin Milk 125
Sulfachlorpyridazine Bovine and swine tissues 100
Sulfadimethoxine Milk 10

Bovine tissues 100
Sulfaethoxypyridazine Bovine tissues 100
Sulfamethazine Bovine, swine, chicken, and 100

turkey tissues
Sulfathiazole Swine tissues 100
Tetracycline Bovine, swine, sheep, chicken, 250

and turkey tissues
Thiabendazole (sum of Milk 50

parent and 5-hydroxy-
thiabendazole metabolites

Tiamulin (8-alpha- Swine liver 400
hydroxymutilin)

Tylosin Bovine, swine, chicken and turkey 200
muscle, liver, kidney and fat

Zoalene (sum of parent and Chicken fat 2000
3-amino-5-nitro-o- Chicken and turkey muscle; 3000
toluamide) turkey liver and fat

Chicken liver and kidney 6000

Source: From Ref. 47.
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degrees of conservatism, whether there is a realistic possibility that use of a
particular MRL will result in a dietary intake of residues that exceeds another
country’s ADI for the drug. The prediction is made using the so-called estimated
maximum residue intake, (EMDI) model (49). The EMDI is an estimate of drug
residue intake that is calculated using the equation, EMDI MRL 90th
percentile food consumption data for approved species/60 kg human body weight.

Since this model assumes that in those species in which a drug is approved,
100% of the animals are treated with the drug, the EMDI is actually an overestima-
tion of the real veterinary drug residue intake. It also uses exaggerated values
for food consumption of edible animal products: the 90th percentile consumer
represents the heavy eater of meat who usually consumes two or three times more
than the average, or the 50th percentile, consumer. It finally assumes that all
edible animal products contain residues at the MRL level, although very few
animal products actually contain residues at that very high level. Because it is
unlikely that, on the same day, the 90th percentile consumer of beef, for example,
will also be the 90th percentile consumer of chicken, it is not valid to add together
the estimated residue intake from beef and chicken by the 90th percentile con-
sumer of each since unrealistic estimates of the exposure of consumers to residues
would result. In order to add together exposure from different sources, the WHO
prescribes that the 50th percentile consumer data be used (50).

An example of the application of this procedure for testing the equivalence
of the albendazole or ivermectin MRLs for which differences exist between the
United States and JECFA is presented in Table 12.5. Differences between US
and JECFA MRLs for albendazole are due to use of different safety factors and to
the JECFA consideration of good veterinary practice. That is, JECFA considered
practical conditions of use of the drug and set MRLs consistent with that use;
accordingly, the entire ADI is likely not to be consumed. On the other hand, the
United States always uses the entire ADI in setting MRLs for edible tissues.

The intake estimates for albendazole and ivermectin predict that use of the
US MRLs will not result in residues above the ADI established by JECFA, and,
conversely, that use of the JECFA MRLs will not result in dietary exposure to
residues above the US ADI (51). In most cases, only small amounts of the ADI
would be consumed. Based on these estimates, the US and JECFA MRLs for
each drug would be considered equivalent for trade purposes.

In a similar fashion, dietary intake estimates can be made for lasalocid and
halofuginone, two drugs that have disparate MRLs in the United States and Can-
ada (51). The data presented in Table 12.6 predict that use of the US MRLs will
not result in residues above the ADI established by Canada, and, conversely that
use of the Canadian MRLs will not result in dietary exposure to residues above
the US ADI. Although some of the percentages in Table 12.6 appear substantial,
it should be taken into account that the estimates would have been much smaller
had less conservative factors been included in the calculations. Based on these
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TABLE 12.5 Testing of Equivalence of US and JECFA MRLs for Albendazole and
Ivermectin

Albendazole Ivermectin

US JECFA US JECFA

NOEL (mg/kg) 5 5 0.2 0.1
Safety factor 1000 100 1000 100
ADI (mg/kg) 0.005 0.05 0.0002 0.001
MRL bovine 0.6 0.1 0.025 Not established

muscle (mg/kg)
MRL bovine liver 1.2 5 0.1 0.1 (0.35 on a

(mg/kg) total residue
basis)

90% intake 0.155 0.155 0.155 0.155
bovine muscle
(kg)a

Estimated 0.000026 0.00155 Not established 0.000065 (6.5%
maximum daily (5.2% of (3.1% of of JECFA
intake for US ADI) JECFA ADI)
imported ADI)
bovine muscle
(mg/kg)

90% intake 0.02 0.02 0.02 0.02
bovine liver
(kg)a

Estimated 0.0017 (33% 0.0004 0.000117 (58% 0.0000333
maximum daily of US ADI) (0.8% of of US ADI) (3.3% of
intake for JECFA JECFA ADI)
imported ADI)
bovine liver
(mg/kg)

a The intake values cited for muscle and liver come from a National Food Consumption Survey
conducted by the Market Research Corporation of America (MRCA) in 1977–1978.

Source: From Ref. 51.
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TABLE 12.6 Testing of Equivalence of US and Canada MRLs for Halofuginone and
Lasalocid

Halofuginone Lasalocid

US Canada US Canada

NOEL (mg/kg) 0.07 0.0625 1 1
Safety factor 100 100 100 100
ADI (mg/kg) 0.0007 0.000625 0.01 0.01
MRL chicken 0.1 0.06 1.2 (MRL 1 (MRL

muscle (mg/kg) applies to applies to
beef also) beef also)

90% intake 0.054 0.084 0.054 0.084
chicken
muscle (kg)a

Estimated 0.000054 (8% 0.00014 (27% 0.0009 (9% 0.0017 (17%
maximum daily of US ADI) of Canada of US ADI) of Canada
intake for ADI) ADI)
imported
chicken
muscle (mg/kg)

90% intake beef Not applicable Not applicable 0.155 0.206
muscle (kg)a

Estimated Not applicable Not applicable 0.0026 (26% 0.0041 (41%
maximum daily of US ADI) of Canada
intake for ADI)
imported beef
muscle (mg/kg)

a The US intake values come from a National Food Consumption Survey conducted by the Market
Research Corporation of America (MRCA) in 1977–1978.

Source: From Ref. 51.

estimates, the US and Canada MRLs for each drug would be considered equivalent
for trade purposes.

In 1996, the VICH program was officially launched among the European
Union, Japan, and the United States (52). Among the objectives of the VICH is
to provide a forum for a constructive dialogue between regulatory authorities and
the veterinary medicinal products industry on the real and perceived differences
in the technical requirements for product registration in the three jurisdictions,
with the expectation that such a process may serve as a catalyst for a wider
international harmonization. VICH should identify areas in which modifications
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in technical requirements or greater mutual acceptance of research and develop-
ment procedures could lead to a more economical use of human, animal, and
material resources, without compromising safety. It has also to make recommen-
dations on practical ways to achieve harmonization on technical requirements
affecting registration of veterinary products and to implement these recommenda-
tions in these regions. Once adopted, the VICH recommendations should replace
corresponding regional requirements. These recommendations should focus on
the essential scientific requirements needed to address a topic and should elimi-
nate unnecessary or redundant requirements. The VICH has been conducted in
a transparent and cost-effective manner and provides the opportunity for public
comment on recommendations at the draft stage.

Labeling, better education in the use of farm chemicals, on-farm manage-
ment, regular monitoring of known residue problems, and selected testing of the
raw materials presented for processing are some of the considerations needed to
ensure the compliance of food products with public health concerns and residue
regulations. Other considerations include maintaining an appropriate analytical
capability, conducting regular residue surveys, and collecting and exchanging
data on residue status and trends. It is essential, however, that residue incidents
are not created through the bureaucratic practice of ascribing default tolerances
to residues of drugs for which registration has not been sought in importing
countries.

In achieving this target, all countries should seek common, science-based,
international standards. FSIS should continue to ensure that equivalent inspection
systems and standards for meat and poultry products exist in all countries export-
ing such products to the United States, especially in light of the better US safety
standards expected under Hazard Analysis Critical Control Points (HACCP).
FDA also should evaluate the food safety systems of other countries, with the
purpose of entering into agreements with those countries having food safety sys-
tems that offer equivalent levels of public health protection to those of the United
States or that can provide assurance that their products will be in compliance
with FDA requirements.

It is clear that the fundamental tenets of safety, quality, and efficacy should
remain but considerable scope exists to produce a more easily understood core
of requirements among which the subject of risk analysis should also be included.
International harmonization cannot be mandatory either for government or for
industry. Nevertheless, a commitment can and should be entered into both by
individual governments and by pharmaceutical associations to accept specific
guidelines that have drawn up and agreed. Such a commitment would preempt
the demands to provide additional data requirements unless the scientific validity
of such requirements were proven (53).

A radical revision of veterinary registration by an internationally accepted
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group of specialists would result in advantages to government, industry, and
consumers. Governments would be assured that all essential parameters are cov-
ered, industry that unnecessary bureaucratic and unscientific demands are not
being made, and consumers that standards are laid down by independent experts
without political interference and without the fear that industrial influence is
exerting pressure. Fundamentally, the timber for harmonization already exists in
sets of standards drawn up by the FDA, European Union and many countries
individually. It only remains to suggest one way in which these multidisciplinary
and multinational facets may be drawn together into a single potentially accept-
able entity.

Increased harmonization offers clear benefits for public health. It can in-
crease the safety and quality of food produced and sold in foreign countries or food
imported from other countries, as more countries participate in the international
standard setting process. Harmonization benefits industry by replacing many dif-
ferent standards with one international standard that must be met. In the long
run, harmonization will bring cost savings to industry, open markets, enhance
opportunities for export, and, in some cases, lessen the time needed to bring new
products to market.

REFERENCES

1. M. Miller, and C.C. Miller, J. Vet. Pharmacol. Ther., 20:299 (1997).
2. L. Desplenter, J. Frens, B. Schmit, and C. Verschueren, in Residues of Veterinary

Drugs in Food, Proc. Euroresidue Conf., Noordwijkerhout, May 21–23, 1990 (N.
Haagsma, A. Ruiter, and P.B. Czedik-Eysenberg, Eds.), Fac. Vet. Med., Univ.
Utrecht, The Netherlands, p. 154 (1990).

3. World Health Organization, in Evaluation of Certain Veterinary Drug Residues in
Food, Thirty-sixth Report of the Joint FAO/WHO Expert Committee on Food Addi-
tives, Technical Report Series 799, World Health Organization, Geneva (1990).

4. World Health Organization, in Evaluation of Certain Veterinary Drug Residues in
Food, Thirty-fourth Report of the Joint FAO/WHO Expert Committee on Food Addi-
tives, Technical Report Series 788, World Health Organization, Geneva (1989).

5. N.E. Weber, and S.D. Brynes, in Residues of Veterinary Drugs in Food, Proc. Eurore-
sidue Conf., Noordwijkerhout, May 21–23, 1990 (N. Haagsma, A. Ruiter, and P.B.
Czedik-Eysenberg, Eds.), Fac. Vet. Med., Univ. Utrecht, The Netherlands, p. 404
(1990).

6. P. Bette, Assessment of the Safety for the Consumer of Residues of Veterinary
Medicinal Products in Intramuscular Injection Sites, Draft Paper, 31 May, Boehringer
Ingelheim Vetmedica GmBH, Germany (1994).

7. Anonymous, Antibacterial Residues at Injection Sites in Food-producing Animals,
Report of the Animal Research Institute, QDPI, Brisbane, Australia (1992).

8. Anonymous, Report of the Working Party on Residues of Long Acting Antibiotics
at Injection Sites, National Registration Authority, Camberra, Australia (1995).

Copyright © 2001 Marcel Dekker, Inc.



441Global Regulatory Harmonization

9. G.O. Korsrud, J.O. Boison, M.G. Papich, W.D. Yates, J.D. MacNeil, E.D. Janzen,
R.D. Cohen, D.A. Landry, G. Lambert, M.S. Yong, and J.R. Messeir, Can, J. Vet.
Res., 57:223 (1993).

10. T.J. Nicholls, G.D. McLean, N.L. Blackman, and I.B. Stephens, Austr. Vet. J., 71:
393 (1994).

11. World Health Organization, in Injection Site Residues of Veterinary Drugs, Codex
Committee on Residues of Veterinary Drugs in Foods, Ninth Session, Joint FAO/
WHO Food Standards Programme, Washington, DC (1995).

12. P. Bette, Proc. of the 6th EAVPT Inter. Congress (P. Lees, Ed.), European Association
for Veterinary Pharmacology and Therapeutics, Blackwell Scientific Publications,
Edinburgh, UK, p. 70 (1994).

13. Veterinary International Cooperation on Harmonization (VICH), in Guideline on
Validation of Analytical Procedures: Methodology, EMEA/CVMP/590/98-Final,
London, UK (1998).

14. M. Thompson, and R. Wood, Pure Appl. Chem., 67:649 (1995).
15. W. Horwitz, Pure Appl. Chem., 67:331 (1995).
16. International Organization for Standardization (ISO/IEC), in General Requirements

for the Competence of Calibration and Testing Laboratories, International Organiza-
tion for Standardization, ISO Guide 25, Geneva (1990).

17. World Health Organization, in Validation of Analytical Methods for Food Control,
Joint FAO/IAEA Expert Consultation 2–4 December 1997, Vienna, Austria, Food
and Agriculture Organization of the United Nations, FAO Food and Nutrition Paper
No 68, Rome (1998).

18. World Health Organization, in Methods of Analysis and Sampling, FAO/WHO,
ALINORM 97/23A, Report of the 21st Session of the Codex Committee, paras
20–23, FAO, Rome (1997).

19. Official Journal of the European Communities, No. L317, Brussels, p. 1 (1981).
20. Official Journal of the European Communities, No. L317, Brussels, p. 16 (1981).
21. Official Journal of the European Communities, No. L270, Brussels, p. 1 (1970).
22. Food and Drug Administration, in The Use of Hormones for Growth Promotion in

Food-Producing Animals, Food and Drug Administration, Center for Veterinary
Medicine, Rockville, MD, August (1988).

23. H. Ritchie, in Animal Agriculture on the Stand: Are Modern Production Practices
Safe?, Michigan State University, April 20 (1991).

24. B. Hoffman, Proc. of the Health Aspects of Residues of Anabolics in Meat, Vol.
59, p. 16 (1982).

25. G.E. Lamming, Vet. Rec., 121:389 (1987).
26. World Health Organization, in Residues of Some Veterinary Drugs in Animals and

Foods, Thirty-second Report of the Joint FAO/WHO Expert Committee on Food
Additives, Food and Nutrition paper, No 41, World Health Organization, Geneva
(1988).

27. J.A. Smith, in Science-Driven Solutions to Food Safety Dilemmas-A Progress Re-
port, US Department of Agriculture, November 29 (1991).

28. G.R. Foxcroft, in Drug Residues in Animals (A. Rico, Ed.), Academic Press, Orlando,
FL, p. 147 (1986).

Copyright © 2001 Marcel Dekker, Inc.



442 Chapter 12

29. S.F. Sundlof, and J. Cooper, in Veterinary Drug Residues, Food Safety (W.A. Moats
and M.B. Medina, Eds.), American Chemical Society, Washington, DC, p. 5 (1996).

30. G.C. Smith, in The Safety of Beef, Colorado State University, September (1991).
31. H.J. Hapke, in Residues of Veterinary Drugs in Food, Proc. Euroresidue II Conf.,

Veldhoven, May 3–5, 1993 (N. Haagsma, A. Ruiter and P.B. Czedik-Eysenberg,
Eds.), Fac. Vet. Med., Univ. Utrecht, The Netherlands, p. 51 (1993).

32. J.C. Juskevich, and C.G. Guyer, Science, 249:875 (1990).
33. World Health Organization, in Evaluation of Certain Veterinary Drug Residues in

Food, Fortieth Meeting of the Joint FAO/WHO Expert Committee on Food Additives,
WHO Food Additive Series 31, World Health Organization, Rockville, US, p. 149
(1993).

34. V. Brower, Nature Biotechnology, 16:223 (1998).
35. J.M. Chan, M.J. Stampfer, E. Giovannucci, P.H. Gann, J. Na, P. Wilkinson, C.H.

Hennekens, and N. Pollack, Science, 279:563 (1998).
36. J.L. Resnik, D.B. Reichart, K. Huey, N.J. Webster, and B.L. Seely, Cancer Res.,

58:1159 (1998).
37. J.L.C.G. Prosser, Lancet, 2:8621 (1988).
38. R.-J. Xu, Food Rev. Int., 14:1 (1998).
39. P.G. Campbell, and C.R. Baumrucker, J. Endocrinol., 120:21 (1989).
40. P.V. Malven, H.H. Head, R.J. Collier, and F.C. Buonoma, J. Dairy Sci., 70:2254

(1987).
41. World Health Organization, in Evaluation of Certain Veterinary Drug Residues in

Food, Fifth Meeting of the Joint FAO/WHO Expert Committee on Food Additives,
WHO Food Additive Series 41, World Health Organization, Rome, p. 125 (1998).

42. T. Kimura, Y. Murakawa, M. Ohno, S. Ohtani, and K. Higaki, J. Pharmacol. Exp.
Ther., 283:611 (1997).

43. C. Verschueren, in GHOST-Global Harmonization of Standards, FEDESA, Brussels,
Belgium (1993).

44. S.D. Brynes, and M.S. Yong, in Residues of Veterinary Drugs in Food, Proc. Eurore-
sidue II Conf., Veldhoven, May 3–5, 1993 (N. Haagsma, A. Ruiter and P.B. Czedik-
Eysenberg, Eds.), Fac. Vet. Med., Univ. Utrecht, The Netherlands, p. 226 (1993).

45. Food and Drug Administration, in General Principles for Evaluating the Safety of
Compounds Used in Food-Producing Animals, Food and Drug Administration, Cen-
ter for Veterinary Medicine, Rockville, MD (1986).

46. Anonymous, in Preparation of Veterinary New Drug Submissions, Drugs Directorate
Guideline, Bureau of Veterinary Drugs, Health Protection Branch, Health and Wel-
fare, Canada (1991).

47. Canada Gazette, Part I, p. 3539 (1990).
48. S.C. Fitzpatrick, S.D. Brynes, and G.B. Guest, J. Vet. Pharmacol. Ther., 18:325

(1995).
49. G.B. Guest, and S.C. Fitzpatrick, in Predicting the Dietary Intake of Veterinary

Drugs, ILSI Monographs (I. MacDonald, Ed.), Springer-Verlag, p. 205 (1991).
50. World Health Organization, in Guidelines for Predicting Dietary Intake of Pesticide

Residues, World Health Organization, Geneva, p. 8 (1989).
51. S.D. Brynes, S.F. Sundlof, A. Vilim, G. Lambert, M.S. Yong, and S.C. Fitzpatrick,

in Residues of Veterinary Drugs in Food, Proc. Euroresidue III Conf., Veldhoven,

Copyright © 2001 Marcel Dekker, Inc.



443Global Regulatory Harmonization

1996 (N. Haagsma and A. Ruiter, Eds.), Fac. Vet. Med., Univ. Utrecht, The Nether-
lands, p. 296 (1996).

52. Veterinary International Cooperation on Harmonization (VICH), in Guideline on
Validation of Analytical Procedures: Methodology, EMEA/CVMP/591/98-Final,
London, UK (1998).

53. A.R.M. Kidd, Proc. of the 6th EAVPT Inter. Congress (P. Lees, Ed.), European
Association for Veterinary Pharmacology and Therapeutics, Blackwell Scientific
Publications, Edinburgh, UK, p. 67 (1994).

Copyright © 2001 Marcel Dekker, Inc.



13

Incidence of Violative Residues in
Foods

The use of drugs in food-producing animals inevitably results in the appearance
of drug-related residues in milk, meat, and eggs. Antimicrobial residues occur
more frequently than desired; violative residues occur much less frequently, but
in definitely significant numbers.

Calves have the highest potential for violative antibiotic residues. Bob veal
calves under 150 pounds have the greatest potential residue problem since these
animals can be slaughtered before administered drugs can deplete to acceptable
levels. Cows can also represent a significant source of residues because animals
performing poorly or with chronic health problems may be slaughtered before
drug depletion occurs. Generally, all animals that are culled from herds, regardless
of species, pose residue problems.

13.1 RESIDUES IN THE UNITED STATES

Three decades ago, a survey of animals slaughtered in four US states indicated
that 27% of the swine sampled were treated with antimicrobial drugs before
slaughter. Some 10% of those cases resulted from lack of adherence to withdrawal
periods or from exceeding the levels cleared for feeding of the antimicrobial
substances. Among beef cattle, a total of 9% were found positive to antimicrobials
with 2% attributed to penicillin residues. In veal calves, 17% contained antibiotic
residues with 7% ascribed to penicillin. Twenty-one percent of the market lambs
contained antimicrobial residues, 4% with penicillin residues. Chickens exhibited
a 26% contamination by antimicrobials, 6% containing penicillin residues (1).

445
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In 1975, a United States Department of Agriculture (USDA) survey showed
that 5.3% of the 529 carcasses sampled were positive for antibiotic residues (2).
Only 17 of the 5301 samples (0.3%) were positive for penicillin, whereas 12 of
728 samples (1.6%) were positive for sulfonamides. Nonspecific antimicrobial
activity was found in 154 of the 5301 samples (2.9%) analyzed.

In the period 1976–1978, violative residues were found in all animal species
marketed (3). Although the USDA data (Table 13.1) contain listings of several
species and the frequency with which violative residues were found, nonviolative
residues occurred in many more animals. Species with the lowest frequency were
poultry and cattle, whereas swine and veal calves exhibited the highest frequency

TABLE 13.1 Samples Exceeding Tolerances for Antibiotics and
Sulfonamides over the Period 1976–1978 in the United States

Antibiotic Violations Sulfonamide Violations
Species samples (%) samples (%)

1976
Cattle 545 1.3 476 0.9
Calves 1378 8.6 327 3.7
Sheep, goats 70 7.1 100 1.0
Swine 247 1.6 1493 9.4
Chickens 155 0.6 331 0.3
Turkeys 258 0.0 648 2.5
Geese, ducks 160 0.6 265 0.0

1977
Cattle 1739 1.3 175 2.3
Calves 1120 4.1 166 3.0
Sheep goats 176 1.1 12 0.0
Swine 449 1.3 9461 13.1
Chickens 366 0.0 1 0.0
Turkeys 450 0.7 445 0.9
Geese, ducks 161 0.6 206 0.5

1978
Cattle 1769 2.6 243 0.8
Calves 1409 6.7 216 2.8
Sheep, goats 210 2.4 40 15.0
Swine 1399 5.4 6687 9.7
Chickens 470 1.7 119 0.8
Turkeys 447 3.3 443 4.4
Geese, ducks 175 1.1 148 0.0

Source: From Ref. 3.
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TABLE 13.2 Violative Residue Rates (%) for Antibacterials in Several
Animal Species During 1979–1983 in the United States

Species 1979 1980 1981 1982 1983

Mature cattle 2.2 — — — 0.2
Chickens 0.0 — — — 0.0
Turkeys 2.4 — — — 0.01
Bob veal 7.8 3.9 7.3 6.1 7.7
Swine 10.0 6.8 8.7 7.0 9.2

figures. The high frequency of violative residues in veal calves was attributed to
the high levels of antibiotics and sulfonamides incorporated in the diets of those
animals for prophylactic purposes. The high incidence of violative residues in
swine was reflective of the recycling problem with sulfonamides. Although the
medicated feeds were usually withdrawn 7–10 days before animals were mar-
keted, many of the replacement feeds were contaminated with sulfonamides,
causing a cycling of sulfonamides and the appearance of unwanted residues in
the tissues.

The residue profile seen over the years 1976–1978 is similar to that seen
in the following years. Table 13.2 lists the violative residue rates for antibacterials
in several animal species for the years 1979–1983. The residue violation rate in
mature cattle and poultry was very low. Chickens, in particular, had almost a
zero violation rate due possibly to highly integrated US chicken-producing opera-
tions. In addition, the violation rate for turkeys was still very low although turkeys
were mostly raised by independent producers.

The violation rate, however, was not low for all species. Bob veal calves
exhibited a very high violation rate relative to the other species. This was attrib-
uted to the fact that bob veals were given drugs to keep them alive until they
could be marketed and, thus, the likelihood of withdrawal periods being followed
was not high. The violation rate in swine was also relatively high due primarily
to residues of sulfamethazine. The high violation rate for sulfamethazine in swine
was attributed to several factors including the tendency of this substance to adhere
to feed-mixing equipment and to contaminate the nonmedicated feeds, the ten-
dency of pigs to be coprophagic, and the refusal of some producers to follow the
recommended withdrawal period.

In the period 1988–1989, the drug residue profile in edible animal products
does not change. Data complied by the FSIS National Residue Program during
1988 showed that chlortetracycline, erythromycin, gentamicin, neomycin, oxytet-
racycline, penicillins, streptomycin, tetracycline, and tylosin were the antibiotics
most often present in the samples analyzed (Table 13.3). During the same period,
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TABLE 13.3 Samples Exceeding Tolerances for Antibiotics and Sulfonamides during
1988–1989 in the United States

Monitoring sample units Surveillance sample units

Tested/ Violations Types of Tested/ Violations Types of
Species violative (%) antibacterialsa violative (%) antibacterialsa

1988
Antibiotics

Horses 305/3 0.98 g 32/0 0.00 —
Cattle 1228/4 0.33 c,e,g 339/41 12.09 b,c,d,e,f,g,h,i
Calves — — — 3394/88 2.59 a,c,d,e,f,g,h
Chickens 409/0 0.00 — 533/1 0.19 a
Turkeys 541/1 0.18 g 451/1 0.22 g
Ducks 319/0 0.00 — 2/0 0.00 —
Geese 75/0 0.00 — — — —
Swine 1381/10 0.72 a,b,d,f,g 756/11 1.45 a,e,g,h
Sheep 337/2 0.59 h 497/9 1.81 d,f,g,h
Goats 280/1 0.36 g 1/0 0.00 —
Total samples 4875/21 0.43 — 6005/151 2.51

Sulfonamides
Horses 306/2 0.65 r 2/0 0.00 —
Cattle 944/1 0.10 r 107/7 6.54 n,r
Calves — — — 1186/18 1.52 q,r,t
Chickens 944/1 0.10 n 15/0 0.00 —
Turkeys 883/4 0.45 n 59/6 10.16 r
Swine 1936/35 1.81 n,r 3015/171 5.67 n,r
Sheep 344/3 0.87 n,r 2/0 0.00 —
Goats 103/0 0.00 — — — —
Total samples 5460/46 0.82 4386/202 4.60

1989
Antibiotics

Horses 306/3 0.98 a,e,f 2/0 0.00 —
Cattle 627/6 0.96 d,e,f 584/47 8.05 c,d,e,f,g
Calves 3106/33 1.06 c,d,e,f,g 591/13 2.20 c,d,e,f
Chickens 597/0 0.00 — 12/0 0.00 —
Turkeys 488/0 0.00 — 24/0 0.00 —
Ducks 325/0 0.00 — — — —
Geese 69/1 1.45 f — — —
Swine 1913/6 0.31 f,g,h 505/13 2.57 c,d,g
Sheep 320/0 0.00 — 6/0 0.00 —
Goats 287/3 1.04 f,g 9/0 0.00 —
Total samples 8038/52 0.65 1733/74 4.27

(continued)
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TABLE 13.3 Continued

Monitoring sample units Surveillance sample units

Tested/ Violations Types of Tested/ Violations Types of
Species violative (%) antibacterialsa violative (%) antibacterialsa

Sulfonamides
Horses 302/1 0.33 n 2/0 0.00 —
Cattle 632/1 0.16 r,t 186/7 3.76 n,r,t
Calves 1221/5 0.41 n,r,t 198/7 3.53 r,t
Chickens 922/0 0.00 — 9/0 0.00 —
Turkeys 819/5 0.61 n 108/4 3.71 n,s
Ducks 332/0 0.00 — — — —
Geese 68/0 0.00 — — — —
Swine 3883/43 1.11 r 1060/111 10.47 l,n,r,q
Sheep 342/7 2.05 n,r 1/0 0.00 —
Goats 108/0 0.00 — 1/0 0.00 —
Total samples 8629/62 0.72 1569/129 8.22

a Antibiotics: a, chlortetracycline; b, erythromycin; c, gentamicin; d, neomycin; e, oxytetracycline; f, penicillins;
g, streptomycin; h, tetracycline; i, tylosin; j, chloramphenicol. Sulfonamides: k, sulfabromomethazine; l, sulfa-
chlorpyridazine; m, sulfadiazine; n, sulfadimethoxine; o, sulfaethoxypyridazine; p, sulfamethoxypyridazine; q,
sulfapyridine; r, sulfamethazine; s, sulfaquinoxaline; t, sulfathiazole

Source: From Refs. 47 and 48.

the particular sulfonamides found were sulfamethazine, sulfadimethoxine, sulfa-
pyridine, and sulfathiazole. The antibiotics found in the 1989 survey were the
same as in 1988, but the sulfonamides included sulfamethazine, sulfadimethoxine,
sulfathiazole, sulfaquinoxaline, sulfapyridine, and sulfachlorpyridazine.

Overall, the incidence of violative residues of antibiotics was less than 1%
in 1988. Beef cattle, calves, and swine all exhibited a relatively high frequency
of violative residue levels. Because of the drug usage patterns, this was not unex-
pected. Chickens, turkeys, and ducks had a low incidence of violative residues,
probably reflecting subtherapeutic use rather than disease prevention and treat-
ment use. Violative sulfonamide residues were generally at a low incidence in
the monitoring samples. However, surveillance samples taken when there was a
prior history of violative residues or suspicion that residues were present presented
a somewhat different profile. In the surveillance samples, cattle, calves, and swine
showed a greater percentages of violative samples. No chloramphenicol was
found in either the monitoring or surveillance samples for 1988 and 1989.

In the period 1992–1994, the drugs and groups of drugs screened by the
National Residue Program included antibiotics, sulfonamides, ivermectin, halo-
fuginone, levamisole, and morantel tartrate. The microbial assays applied by FSIS
for monitoring antibiotics could detect chlortetracycline, oxytetracycline, tetracy-
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cline, penicillins, erythromycin, gentamicin, neomycin, streptomycins, and tylo-
sin. Penicillins could be detected but not identified: the FSIS laboratory methodol-
ogy could not differentiate among penicillin G, amoxycillin, ampicillin,
cloxacillin and other members of the -lactam group of antibiotics. Likewise,
streptomycin could not be differentiated from dihydrostreptomycin residues. The
sulfonamides that could be detected by FSIS laboratories included sulfachlorpyri-
dazine, sulfamethazine, sulfadimethoxine, and sulfathiazole.

The kidney was the target tissue analyzed for antibiotics. When violative
residues were found in the kidney, the liver of that animal was subsequently
analyzed. When violative residues were also found in the liver, muscle tissue
was then analyzed. For sulfonamides, the target tissue was liver. When the liver
contained violative levels, muscle tissue was also analyzed.

Tables 13.4, 13.5, and 13.6 present the results of the monitoring program
testing for antibiotics and ivermectin, sulfonamides and halofuginone, and levami-
sole and morantel tartrate, respectively, over the period 1992–1994. In these
tables, calves are not presented as a single class but divided into four categories,
because calves, historically, have been identified as a problem population for
antibiotic violations. These categories included bob calves up to 3 weeks of
age or 150 pounds in weight, formula-fed calves 150–250 pounds in weight,
nonformula calves that are 250–400 pounds in weight, and heavy calves over
400 pounds in weight.

Table 13.7 provides information on the antibiotic and sulfonamide viola-
tions detected during 1992–1994. Sample sizes differed in the various animal
slaughter classes in different years. Thus, it would not be appropriate to attribute
undue significance to the number of violations detected of an individual com-
pound. Table 13.7 does provide relevant information about the specific com-
pounds that produced violative residue concentrations in food animals during that
period. Residue violations for more than one compound might occasionally occur
in the same animal.

Analysis of the 1993 tissue residue data revealed that FSIS reported 3809
animals containing violative residues. The Food and Drug Administration (FDA),
in cooperation with participating states, conducted follow-up investigation on
1207 (32%) of the reported violations to determine the responsible individuals,
prevent future occurrence of residues by that person, provide official warning of
the violation, and take necessary enforcement actions. The drugs most frequently
identified as causing antibiotic residues included penicillin (20%), streptomycin
(10%), oxytetracycline (10%), sulfamethazine (9%), tetracycline (4%), gentami-
cin (4%), and neomycin (3%). Sulfamethazine was the most frequently cited
sulfonamide. A total of 35% of the reported violative residues were samples
positive to the calf antibiotic and sulfonamide test (CAST).

The animal slaughter classes most often associated with residues in 1993
were culled dairy cows, veal calves, and market hogs. Residues associated with
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TABLE 13.4 National Residue Monitoring Program Results for Antibiotics and
Ivermectin over the Period 1992–1994 in the United States

1992 1993 1994

Tested/ Violations Tested/ Violations Tested/ Violations
Slaughter class violative (%) violative (%) violative (%)

Antibiotics
Horses 101/0 0.0 309/12 3.9 NT —
Bulls 7/0 0.0 350/0 0.0 406/0 0.0
Beef cows 90/0 0.0 671/1 0.1 527/1 0.2
Dairy cows NT — 260/4 1.5 424/0 0.0
Heifers 129/0 0.0 344/0 0.0 341/0 0.0
Steers 194/0 0.0 333/0 0.0 339/0 0.0
Bob calves 294/4 1.4 489/9 1.8 455/3 0.7
Formula-fed calves 325/1 0.3 537/1 0.2 547/0 0.0
Non-formula-fed calves 287/1 0.3 303/3 1.0 409/1 0.2
Heavy calves 295/1 0.3 308/1 0.3 493/1 0.2
Sheep 24/0 0.0 291/1 0.3 302/0 0.0
Lambs 317/2 0.6 351/2 0.6 364/2 0.5
Goats 88/0 0.0 318/0 0.0 431/0 0.0
Market hogs 327/6 1.8 322/1 0.3 326/4 1.2
Boars/stags 55/0 0.0 444/0 0.0 455/2 0.4
Sows 256/0 0.0 532/1 0.2 540/3 0.6
Young chickens 297/0 0.0 489/0 0.0 499/0 0.0
Mature chickens 330/0 0.0 498/0 0.0 525/0 0.0
Young turkeys 308/2 0.6 520/3 0.6 530/1 0.2
Mature turkeys 186/0 0.0 246/2 0.8 258/0 0.0
Ducks 108/0 0.0 356/1 0.3 139/1 0.7
Geese 26/0 0.0 3/0 0.0 44/0 0.0

Ivermectin
Horses 94/2 2.0 NT — NT —
Bulls 22/0 0.0 NT — NT —
Beef cows 285/3 1.0 405/0 0.0 317/2 0.6
Dairy cows 238/0 0.0 161/0 0.0 256/0 0.0
Heifers 131/0 0.0 339/0 0.0 351/0 0.0
Steers 275/0 0.0 332/1 0.3 332/0 0.0
Formula-fed calves 323/0 0.0 338/1 0.3 319/1 0.3
Non-formula-fed calves 303/0 0.0 289/4 1.4 233/1 0.4
Heavy calves 290/0 0.0 312/3 1.0 291/1 0.3
Sheep 23/0 0.0 NT — 296/0 0.0
Lambs 329/0 0.0 282/1 0.3 357/0 0.0
Goats 285/1 0.4 312/2 0.6 254/2 0.8
Market hogs 328/0 0.0 318/0 0.0 309/0 0.0
Boards/stags 65/0 0.0 267/0 0.0 282/0 0.0
Sows 262/0 0.0 324/0 0.0 329/0 0.0

NT, not tested.
Source: From Ref. 49.
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TABLE 13.5 National Residue Monitoring Program Results for Sulfonamides and
Halofuginone over the Period 1992–1994 in the United States

1992 1993 1994

Tested/ Violations Tested/ Violations Tested/ Violations
Slaughter class violative (%) violative (%) violative (%)

Sulfonamides
Horses 103/0 0.0 306/2 0.6 NT —
Bulls 7/0 0.0 350/0 0.0 366/0 0.0
Beef cows 97/1 1.0 672/1 0.1 513/1 0.2
Dairy cows NT — 261/3 1.1 401/2 0.5
Heifers 131/0 0.0 348/0 0.0 343/0 0.0
Steers 195/0 0.0 338/0 0.0 340/0 0.0
Bob calves 290/2 0.7 489/7 1.4 515/1 0.2
Formula-fed calves 329/2 0.6 537/1 0.2 520/0 0.0
Non-formula-fed calves 306/3 1.0 300/2 0.7 397/0 0.0
Heavy calves 291/0 0.0 309/2 0.6 463/1 0.2
Sheep 24/0 0.0 292/0 0.0 299/0 0.0
Lambs 336/0 0.0 351/0 0.0 363/0 0.0
Goats 100/0 0.0 317/1 0.3 268/0 0.0
Market hogs 3969/37 0.9 322/0 0.0 325/1 0.3
Boars/stags 141/1 0.7 442/7 1.6 455/3 0.7
Sows 529/2 0.4 532/3 0.6 542/7 1.3
Young chickens 312/0 0.0 487/0 0.0 506/1 0.2
Mature chickens 315/0 0.0 491/0 0.0 524/0 0.0
Young turkeys 312/0 0.0 524/1 0.2 521/3 0.6
Mature turkeys 195/2 1.0 243/2 0.8 259/3 1.2
Ducks 100/0 0.0 353/0 0.0 137/0 0.0
Geese 27/0 0.0 3/0 0.0 41/0 0.0

Halofuginone
Young chickens 301/1 0.3 311/1 0.3 309/0 0.0
Young turkeys 311/0 0.0 321/0 0.0 320/0 0.0

NT, not tested.
Source: From Ref. 49.

injectable drugs accounted for approximately 46% of the violations. This was
followed by the oral route and the intramammary route. Most of the drugs that
caused the residues were purchased from a feed/farm supply store or veterinarian.
The primary cause of residue violations was failure to adhere to the approved
withdrawal periods. Other causes included failure to keep proper animal identifi-
cation and treatment records and extralabel use exceeding recommended dosage.
The feeding of colostrum containing drug residues to bob veal was also viewed
as a possible risk factor in causing residue violations. Veterinarians contributed
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TABLE 13.6 National Residue Monitoring Program Results for Levamisole
and Morantel Tartrate over the Period 1993–1994 in the United States

1993 1994

Tested/ Violations Tested/ Violations
Slaughter class violative (%) violative (%)

Levamisole
Bulls 354/0 0.0 375/0 0.0
Beef cows 406/0 0.0 329/1 0.3
Dairy cows 177/0 0.0 229/0 0.0
Heifers 335/0 0.0 345/0 0.0
Steers 340/0 0.0 340/0 0.0
Formula-fed calves 343/0 0.0 325/0 0.0
Heavy calves 305/0 0.0 294/0 0.0
Sheep 304/2 0.7 294/2 0.7
Lambs 361/0 0.0 358/1 0.3
Goats 308/0 0.0 266/0 0.0
Market hogs 328/1 0.3 314/1 0.3
Boars/stags 268/0 0.0 279/1 0.4
Sows 339/0 0.0 329/0 0.0

Morantel tartrate
Bulls 362/0 0.0 360/0 0.0
Beef cows 406/0 0.0 405/1 0.2
Dairy cows 163/0 0.0 251/0 0.0
Heifers 340/0 0.0 351/0 0.0
Steers 331/0 0.0 249/0 0.0
Formula-fed calves 343/0 0.0 326/0 0.0
Non-formula-fed calves 290/0 0.0 242/0 0.0
Heavy calves 312/0 0.0 294/0 0.0

Source: From Ref. 49.

to 3% of the violative residues via extralabel use compared with 9% by the
producer. The failure of producers to adhere to the withdrawal period recom-
mended by the veterinarian accounted for 2% of the primary causes of residue
violations.

Analysis of the 1994 tissue residue data revealed that FSIS reported 2514
animals containing violative residues. FDA, in cooperation with participating
states, conducted follow-up investigation on 1076 (45%) of the reported viola-
tions. The drugs most frequently identified as causing antibiotic residues included
penicillin (21%), oxytetracycline (10%), sulfamethazine (10%), streptomycin
(6%), tetracycline (5.2%), neomycin (4.1%), gentamicin (3.7%), and sulfadimeth-
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TABLE 13.7 Antibiotics and Sulfonamides Responsible for Violative
Residues in Food Animals from 1992 to 1994 in the United States

Slaughter class Antibiotic violations Sulfonamide violations

Horses 10 streptomycin, 2 penicillin 2 sulfamethazine, 1
sulfadimethoxine

Beef cows 1 neomycin, 1 erythromycin 1 sulfamethazine, 1
sulfadimethoxine, 1
sulfadoxine

Dairy cows 3 gentamicin, 1 penicillin, 1 3 sulfadimethoxine, 2
neomycin, 1 tetracycline sulfamethazine

Bob calves 6 neomycin, 6 gentamicin, 1 8 sulfamethazine, 2
erythromycin, 4 penicillin, 1 sulfadimethoxine
tetracycline

Formula-fed 1 tetracycline, 1 oxytetracycline 3 sulfamethazine
calves

Non-formula- 2 penicillin, 2 streptomycin, 1 4 sulfamethazine, 1
fed calves neomycin, 1 oxytetracycline, 1 sulfadimethoxine

erythromycin
Heavy calves 1 penicillin, 1 erythromycin, 1 3 sulfamethazine

tetracycline, 1 oxytetracycline
Sheep 1 penicillin, 1 streptomycin —
Lambs 4 tetracycline, 2 streptomycin, 1 —

penicillin
Goats — 1 sulfamethazine
Market hogs 1 penicillin, 1 neomycin, 1 36 sulfamethazine, 2

oxytetracycline, 6 tetracycline, sulfadimethoxine, 1
2 chlortetracycline sulfathiazole

Boars/stags 1 penicillin, 1 gentamicin 10 sulfamethazine, 1
sulfathiazole

Sows 4 penicillin 8 sulfamethazine, 2
sulfadimethoxine, 1
sulfathiazole, 1
sulfachlorpyridazine

Young — 1 sulfaquinoxaline
chickens

Young turkeys 1 pencillin, 1 streptomycin, 4 2 sulfadimethoxine, 2
tetracycline, 1 sulfaquinoxaline
chlortetracycline

Mature turkeys 2 tetracycline 5 sulfadimethoxine
Ducks 2 chlortetracycline

Source: From Ref. 49.
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oxine (3.4%). Sulfamethazine was again the most frequently cited sulfonamide.
A total of 30% of the reported violative residues were samples that gave positive
results with the CAST test.

In 1994, the animal slaughter class most often associated with residues
were bob veal calves, culled dairy cows, both beef and cull cows, and market
hogs. Residues associated with injectable drugs accounted for approximately 42%
of the violations. This was followed by the oral route and the intramammary
route. Most of the drugs that caused the residues were purchased from a feed/
farm supply store or veterinarian. The primary cause of residue violations was
failure to adhere to the approved withdrawal periods. Other causes included failure
to keep proper animal identification and treatment records and extralabel use
exceeding recommended dosage.

Table 13.8 presents total violative animals and residues for the years
1991–1994 in the United States. It becomes evident that violations were steadily
decreased each year since 1991. No major changes in the drug groups, slaughter
classes, and drug use patterns have contributed to violative residues. Ignoring
labeled withdrawal periods continued to be a major source of drug residue viola-
tions.

Lower levels of violative samples were detected in the US monitoring pro-
gram of 1996 (Table 13.9). FSIS data indicated that the great majority of the
134.3 million head of livestock and 8.1 billion birds were free of violative residues
when they were slaughtered in federally inspected plants (4). Only 50 of 31,748
monitoring samples showed violative concentrations of residues. The percentage
of violations for all samples and all residues shown in Table 13.9 is not necessarily
representative of the percentage that were violative in the livestock population
as a whole. The percentage occurrence of violations or positive findings can be
considered representative only within a slaughter class/compound pair.

In the 1996 monitoring program, 14 antibiotic violations were found in 7375
samples from all slaughter classes monitored for antibiotics. Multiple antibiotic
violations were found in at least one bob veal calf sample.

TABLE 13.8 Total Violative Animals and Residues for the
Years 1991–1994 in the United States

Year Violative animals Violative residues

1991 4339 5072
1992 4325 4960
1993 3809 4283
1994 2514 2937
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TABLE 13.9 Monitoring Program Results of the 1996 National Residue Program in
the United States

Antibiotic violations Sulfonamide violations

Monitoring Enforcement Monitoring Enforcement
testing testing

Types Types
Analyses/ Violative of Analyses/ Analyses/ Violative of Analyses/

Slaughter class violations (%) drugsa violations violations (%) drugsa violations

Bulls 118/0 0.0 — 119/0 0.0 —
Beef cows 521/0 0.0 — 522.0 0.0 —
Dairy cows 540/0 0.0 — 543/0 0.0 —
Heifers 111/0 0.0 — 114/0 0.0 —
Steers 112/0 0.0 — 109/0 0.0 —
Bob calves 531/7 1.3 a,b,c,d 526/4 0.8 k
Formula-fed calves 524/1 0.2 e 525/0 0.0 —
Non-formula calves 351/0 0.0 — 355/1 0.3 k
Heavy calves 460/3 0.7 b,d 465/0 0.0 —
Cattle b,d,e,f,g,h 65/8 k,l,n 18/12
Sheep 309/0 0.0 — 303/0 0.0 —
Lambs 586/0 0.0 — 363/2 0.6 k
Sheep/Lambs — 8/0 e,k 4/1
Goats 300/0 0.0 — 298/1 0.3 k,l 3/1
Market hogs 319/0 0.0 — 320/2 0.6 k,l
Boars/Stags 539/0 0.0 — 540/3 0.6 k
Sows 518/1 0.2 d 528/3 0.6 k
Swine — 22/0 k,l 12/4
Young chickens 299/0 0.0 — 468/0 0.0 —
Mature chickens 119/0 0.0 — 119/0 0.0 —
Chickens — 1/0 — 1/0
Young turkeys 399/0 0.0 — 391/0 0.0 —
Mature turkeys 145/0 0.0 — 223/0 0.0 —
Turkeys — 4/0 — — —
Ducks 545/0 0.0 — 413/0 0.0 —
Geese 29/0 0.0 — 40/1 2.5 k
Rabbits c 17/2 — — —

a Antibiotics: a neomycin; b tetracycline; c streptomycin; d penicillin; e chlortetracycline; f oxytetracycline; g
gentamicin; h erythromycin. Sulfonamides: j sulfachlorpyridazine; k sulfamethazine; l sulfadimethoxine; m sulfathia-
zole; n sulfadiazine

Source: From Ref. 4.

In addition, a total of 14 sulfamethazine and 3 sulfadimethoxine violations
occurred among 7824 samples from all slaughter classes monitored for sulfon-
amides. Bob calves exhibited four sulfonamides violations, sows and boar/stags
three, and lambs and market hogs two. One sulfonamide violation was observed
in each of non-formula-fed veal, goats, and geese. Swine exhibited 24 violative
samples of 15,600 analyses in swine in 1996; violative levels of sulfadimethoxine
were reported in the muscle of one animal. Violative levels of sulfamethazine
were reported in the muscle of 15 animals, in the muscle and liver of 7 animals,
and in the liver of 1 animal.

Residues of arsenical compounds were tested in 1056 monitoring samples
of poultry. Three violations were detected in each of young chicken and turkey
samples. Testing for ivermectin residues showed that 6 of 3327 samples taken
from 10 production classes contained violative residues; two violations occurred
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in dairy cows, two in goats, and one in each of bulls and heavy calves. In contrast,
no violations from halofuginone were found among the 1196 monitoring samples
taken from 472 young chickens, 213 mature chickens, 400 young turkeys, and
111 mature turkeys. Violations from levamisole were also not found in 4101
samples from 14 animal production classes.

Apart from monitoring testing, FSIS conducted numerous in-plant tests
during 1996 to detect the presence of antibiotic and sulfonamide residues in meat
and poultry. A total of 41,995 analyses were carried out on samples from horses,
cattle, sheep/lambs, goats, and ostriches using the swab tests on premises (STOP)
step. A figure of 266 of the 292 violations found concerned cattle. In cattle, the
STOP specific violative residue cases reported were 105 for penicillin, 71 for
oxytetracycline, 34 for tetracycline, 18 for gentamicin, 16 for sulfadimethoxine,
24 for streptomycin, 24 for sulfamethazine, 9 for chlortetracycline, 2 for erythro-
mycin, and 9 for neomycin. The specific violative residue cases reported for
horses were eight for penicillin, two for streptomycin, and one for oxytetracycline.
In sheep/lambs the violative cases were limited to one for tetracyline and one for
penicillin, whereas in swine they were limited to four for penicillin, five for
tetracycline, one for chlortetracycline, three for oxytetracycline, and one for sulfa-
methazine. In goat, only one sample was found violative and concerned tetracy-
cline; in unnamed species the violative sample found concerned oxytetracycline.
These results compare well with the results of the fiscal year 1995: FSIS tested
83,524 samples using the STOP test and found 888 violations.

In addition, a total of 21,045 analyses were carried out on samples of bob
veal calves using the Calf Antibiotic and Sulfa Test. There were 169 violations
including 20 for penicillin, 11 for streptomycin, 29 for tetracycline, 1 for erythro-
mycin, 29 for neomycin, 14 for oxytetracycline, 4 for chlortetracycline, 36 for
gentamicin, 14 for sulfamethazine, 6 for sulfamethoxazole, 3 for sulfadimetho-
xine, and 2 for sulfathiazole. Analogous surveys conducted in 1995 showed 848
violative specimens of the 58,197 samples tested.

Furthermore, 156,078 samples from cattle, sheep/lambs, goats, swine, and
other animals were screened for antibiotics and sulfonamide drug residues using
the fast antimicrobial screen test (FAST) developed in 1991 to replace CAST
and STOP. There were 1022 violations for cattle and 2 for swine samples. In
cattle, violative cases included 335 for penicillin, 142 for streptomycin, 128 for
tetracycline, 28 for erythromycin, 48 for neomycin, 174 for oxytetracycline, 17
for chlortetracycline, 109 for gentamicin, 87 for sulfamethazine, 22 for sulfameth-
oxazole, 141 for sulfadimethoxine, 7 for sulfachlorpyridazine, 2 for tylosin, and
19 for sulfathiazole. In swine, violative samples were limited to one for oxytetra-
cycline and one for penicillin. Analogous surveys conducted in 1995 showed 804
violative specimens of the 68,139 samples tested.

In the fiscal year 1996, FSIS and FDA also began a joint survey of formula-
fed veal at slaughter for the presence of clenbuterol residues. Since clenbuterol
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persists far longer in retinal tissue than in other tissues, eyeballs except liver and
muscle tissue samples were also used in this survey. FDA first analyzed the
eyeballs with an enzyme-linked immunosorbent assay (ELISA) screening assay.
When eyeballs were found to contain clenbuterol, the liver of that animal was
subsequently analyzed. When violative residues were also found in the liver,
muscle tissue was also analyzed.

The FDA/FSIS survey lasted to 1997. Only 1 of the 499 eyeball samples
gave a positive result with the ELISA screen, but the presence of clenbuterol
could not be confirmed in this sample. Confirmatory analysis showed that this
animal contained residues of the -agonist fenoterol.

13.2 RESIDUES IN THE EUROPEAN UNION

Within the European Union, each member state is obliged to monitor food-produc-
ing animals and their products for residues of legally and illegally used veterinary
drugs and to present a National Residue Monitoring Plan that takes into account
the specific situation in its country. Aspects that must be covered in the National
Plan are a description of the authorities and laboratories involved in the implemen-
tation and execution of the National Plan, drugs to be analyzed, methods for
screening and confirmation, action levels, animal species, and number of samples
to be taken in relation to the number of slaughtered animals in the previous years.
The frequency of sampling is dependent on the group of drugs and animal species;
when positive samples are identified, sampling intensity has to be increased.
Differences exist between member states in terms of the species sampled, number
of samples taken, sampling methods, matrices for analysis, methods of analysis,
range of screened drugs, and detection levels used in determining positive results.

During the last decade, antibiotic use in food-producing animals was in-
creasingly directed against specific conditions and less toward general therapy
or disease prevention. Nevertheless, some antibiotics with specific withdrawal
periods continue to be fed at subtherapeutic levels, creating the potential for
residues in the animals at the time of slaughter. As a result, antibiotics currently
account for many of the residue violations within the European Union.

Another issue of high public concern within the European Union is the
illegal use of hormones and hormone-like growth-promoting substances in food-
producing animals. Since the European ban on anabolic steroids in 1986, alterna-
tive chemicals, particularly -agonists, have been introduced and are used in the
black market as growth-promoting agents. Most of the black-market designer
agents have not been given names suggested by their chemical structures. Instead,
their names have been assigned so as to provide a practical taxonomy in maintain-
ing a catalog of this rapidly growing list of relatively simple to synthesize growth
promoters. A typical list of the -agonists used illegally within the European
Union for fattening purposes includes clenbuterol, clenproperol, clenpenterol,
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clencyclohexerol, brombuterol, salbutamol, mabuterol, mapenterol, pirbuterol,
terbutaline, fenoterol, cimaterol, and cimbuterol (5).

Since 1987, the European Commission has received the monitoring plans
of EU member states concerning anabolic steroids and thyreostats, and since 1988
concerning other drugs. The use of stilbenes, stilbene derivatives, their salts and
esters, and thyreostatic drugs in all animal species has been prohibited in the
European Union since 1981, as well as the use of natural or synthetic hormones
for fattening purposes. Administration of drugs with estrogenic, androgenic, or
gestagenic action is only allowed for therapeutic reasons under specified condi-
tions, such as fertility disorders, in those member states where these substances
are authorized. The only -agonist registered for veterinary use in cattle, horses,
and pets in almost all European countries is clenbuterol. None of the member
states has authorized the use of clenbuterol or any other -agonist for reparti-
tioning purposes, and national action levels used in determining positive results
have been adopted by each EU country (Table 13.10).

TABLE 13.10 Action Levels for -Adrenergic Agonists Within EU Member
States

Country Matrix Level of action in matrices (1993)

Belgium Liver 1 g/kg
Denmark Liver 250/100 ppt clenbuterol, 5/1 g/kg salbutamol,

Urine 3/1 g/kg other -agonists
France Urine 1 g/kg
Germany Urine 1 g/kg
Greece Liver 1 g/kg

Urine
Ireland Urine 1 g/kg
Italy Urine 0.2–5 g/kg
Luxembourg Urine 2 g/kg
Netherlands Liver 1 g/kg clenbuterol, salbutamol, mabuterol,

Urine mapenterol
2 g/kg cimaterol, terbutaline, broombuterol

Portugal Urine 1 g/kg
Spain Liver 1–2 g/kg

Urine
Feed

United Kingdom Liver Detection limit: 0.5–1 g/kg
Urine

Source: From Ref. 5.
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At present, approximately 30,000 animals in EU Member States are exam-
ined each year for the presence of residues of -agonists. For residue surveillance
of -agonists, it is essential to identify the proper matrices for detection of residues
with respect to potential accumulation of the drug, ease of sampling, and extract-
ability of residues. Species examined for -agonist residues are cattle, sheep,
goats, swine, horses, poultry, and rabbits. Results of the monitoring vary substan-
tially between member states; positive samples taken at the farm or in the slaugh-
terhouse vary in the range of 0–7%.

An extensive EU survey on growth promoters was carried out in 1994 by
the Belgian Consumers Organization in 12 member states in cooperation with
the National Consumers Organizations (6). A total of 1183 beefsteaks samples
and 936 liver samples purchased in retail stores across Europe were analyzed for
the presence of anabolic hormones and -agonists. The number of samples per
country was determined on the basis of the size of each country, but a minimum
of 60 samples was considered necessary to provide a representative picture of
the use of growth promoters in each country. In beefsteaks, 19 positive samples
were identified (1.6%); 1 sample contained acetoxyprogesterone, 2 boldenone, 1
megestrol acetate, 2 methylboldenone, 8 methyltestosterone, and 5 nortestoster-
one. Synthetic estrogens were not detected in any sample. In liver, 92 samples
(10%) were found positive to -agonists. In each case, clenbuterol was identified
as the only -agonist residue. Examination of the relative incidence of the positive
samples within the tested 12 EU member states revealed that contamination was
higher in Spain and Belgium, and absent in Denmark.

13.2.1 Austria

A survey carried out in Austria between 1991 and 1993 demonstrated that the
incidence of residues of veterinary drugs and hormones in edible tissues of slaugh-
tered animals was almost negligible (7). In particular, urine samples obtained
from calves, cows, and swine were tested for the presence of residues of stilbenes,
zeranol, trenbolone and 19-nortestosterone. Blood samples were examined for
17- -estradiol and 17- -testosterone. Furthermore, urine samples from calves,
beef cattle, and thyroid gland specimens were tested for the presence of -agonists
and thyreostatic substances. None of the samples gave evidence of illegal use of
these substances in Austria.

In addition, kidney fat from calves, beef cattle, dairy cows, and swine was
tested for the presence of gestagens; muscle tissues from calves, beef cattle, and
swine for nitrofuran residues; and swine muscle for tranquilizer residues. None
of these samples was found to contain residues of the investigated analytes. In
contrast, a considerable number of swine samples taken from one slaughterhouse
were found to be contaminated with chloramphenicol at levels exceeding 5 ppb
during 1991 and 1992 but not during 1993.
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13.2.2 Belgium

In Belgium, monitoring of drug residues is carried out at both the slaughterhouses
by the Institute for Veterinary Inspection of the Belgian Ministry of Public Health
and at farms by the Veterinary Inspection Service of the Ministry of Agriculture.
Under both monitoring programs, sampling may be either random or directed.
In the random sampling, carcasses are chosen at random according to EU Direc-
tive 96/23/EC and not confiscated. In the directed sampling suspected carcasses
are analyzed and confiscated awaiting the result of the analysis.

In 1997, the random sampling at farm for hormonal residues revealed 68
positive results of 5142 samples examined (1.3%). The levels from directed sam-
pling were 195 of 3540 samples (5.5%). These figures are much higher than those
obtained at the slaughterhouse level, where only 6 of 692 samples (0.9%) were
found positive for hormonal residues during random sampling, and 35 of 4092
samples (0.9%) during directed sampling. All positive samples were from cattle
and included injection sites, fat, skin, feces, and urine. Most of the positive sam-
ples contained testosterone, progesterone, estradiol, methylboldenone, and stano-
zolol. Some samples were contaminated with trenbolone acetate, ethylestrenol,
norethandrolone, chlortestosterone acetate and its metabolite, nortestosterone,
acetoxyprogesterone, methyltestosterone, medroxyprogesterone, and fluoxymes-
trone. These results are very encouraging if one considers the evolution of hor-
monal residues in edible animal products in Belgium over the period 1988–1997
(Table 13.11).

Apart from hormonal residues, samples randomly sampled at slaughter-
houses in 1997 were also examined for potential presence of corticosteroids and

TABLE 13.11 Results of Directed Sampling at Belgian
Slaughterhouses for Hormonal Residues over the Period 1988–1997

Year Amount Positives Positives (%)

1988 4164 484 12
1989 2874 469 16
1990 3120 934 30
1991 5719 686 12
1992 4497 490 11
1993 3065 230 7.5
1994 3003 309 10.3
1995 5196 161 3.1
1996 5574 208 3.7
1997 4092 35 0.9

Source: From Ref. 50.
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-agonists. The corticosteroid dexamethasone, in particular, has been frequently
encountered in feeds, urine, and feces of cattle. Given the possibility that residues
of this drug might be present in animal products such as liver, 435 liver samples
from 155 pigs and 280 beef cattle, originating from slaughterhouses in the Flemish
region of Belgium over a 9 month period starting January, 1995, were screened
for dexamethasone (8).

Results showed that only one pig liver sample (0.65%) and five beef liver
samples (1.79%) contained dexamethasone residues exceeding the MRL of 2.5
ppb set by the Commission Regulation 1441/95 (9). It is of interest, however, to
note that the concentrations found in 3 of the 5 beef livers examined were more
than 10 times the MRL. The results drawn for beef livers were found to be in
remarkably good agreement with the results of feces analysis carried out in the
same period at the State Laboratory in 2000 cattle feces. Approximately 1.55%
of these samples were also found positive for dexamethasone. Dexamethasone
residues were found in 15 of 515 samples taken from cattle at the slaughterhouse
level, no information is available as to whether the level of these residues ex-
ceeded the official MRL. No positive samples of -agonists were found in a total
of 1886 samples collected from cattle, calf, pigs, and sheep during 1997.

In 1997, the percentage of slaughterhouse samples found positive for antibi-
otics differed based on the method of sampling, being higher in the case of
directed sampling (Table 13.12). An analogous trend has appeared in the evolution
of antibiotic residues over the period 1992–1997 (Table 13.13).

In 1997, no samples were found positive for sulfonamides, chlorampheni-
col, phenylbutazone, nitrofurans, oxfendazole/fenbendazole, or acetylsalicylac-

TABLE 13.12 Results of Random versus Directed Sampling at Belgian
Slaughterhouses for Antibiotic Residues in 1997

Species Samples Sample type Positives Positives (%)

Random sampling
Cattle 400 Kidney 7 2.4
Calf 1227 Kidney 10 1.1
Swine 2604 Kidney 66 2.5
Sheep 30 Kidney 0 0.0

Directed sampling
Cattle 8992 Kidney 788 8.8
Calf 1375 Kidney 169 12.3
Swine 7038 Kidney 196 2.8
Sheep 27 Kidney 0 0.0
Horses 299 Kidney 33 11.0

Source: From Ref. 50.
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TABLE 13.13 Results of Random versus Directed
Sampling at Belgian Slaughterhouses for Antibiotic
Residues (%) over the Period 1992–1997

Year Random sampling Directed sampling

1992 7.3 4.7
1993 15.3 4.2
1994 15.3 4.2
1995 2.0 5.1
1996 2.4 6.2
1997 1.9 6.7

Source: From Ref. 50.

ides from a total of 102, 235, 52, 234, 242, and 111 samples, respectively. In
swine, 1 of 103 samples was found positive for dimetridazole/ronidazole, whereas
6 of 192 samples were positive for carazolol, and 25 of 341 samples were positive
for tranquillizers. The evolution of chloramphenicol, sulfonamides, and tranquil-
lizer residues over the period 1992–1997 is presented for comparison purposes
in Table 13.14.

13.2.3 Denmark

In the period 1984–1994, 1076 samples of various animal products including
broilers, bovine liver, and swine liver and muscle, and 323 samples of fish includ-
ing trout from sea and pond farming and salmon were analyzed for veterinary
drug residues by the National Food Agency of Denmark (10). The animal products
were monitored for residues of carbadox, olaquindox, benzimidazoles, levami-

TABLE 13.14 Evolution of Chloramphenicol, Sulfonamides, and
Tranquilizers Residues Over the Period 1992–1997 in Belgium

Number of positive results as a fraction of total samples

Type of drugs 1992 1993 1994 1995 1996 1997

Chloramphenicol 12/4782 0/2351 1/302 11/279 1/303 0/235
Sulfonamides 4/302 5/301 7/301 9/288 1/299 0/102
Tranquilizers 2/100 6/100 6/300 17/288 9/301 25/341

Source: From Ref. 50.
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TABLE 13.15 Veterinary Drug Residues in Pond-Farmed Trout in Denmark

Number Number Limit of Findings
of of determination ( g/kg)

Veterinary drug Year samples findings ( g/kg) min–max

Furazolidone 1991 49 0 4 —
Malachite green/ 1991 49 2 4 4–5

leucomalachite
green

Malachite green 1998 49 13 2 15–214
1989 20 6 5 5–17

Oxolinic acid 1991 49 0 50 —
Oxytetracycline 1990 25 0 20 —

1991 49 1 13 13
Sulfadiazine 1991 49 0 20 —
Sulfamerazine 1984 52 2 20 40–90

1988 49 6 10 13–76
1991 49 1 20 230

Trimethoprim 1991 49 0 50 —

Source: From Ref. 10.

sole, dimetridazole and ronidazole; the fish products were examined for residues
of furazolidone, malachite/leucomalachite green, oxolinic acid, oxytetracycline,
sulfadiazine, sulfamerazine, and trimethoprim.

Residues were only detected in 1 sample of swine liver that contained 80
ppb carbadox, and in 31 fish samples all coming from pond farming (Table 13.15).
The most frequent residue found in fish was malachite green. During 1988–1989,
residues of malachite green were also detected in 19 fish samples, and in two
fish samples in 1991. During the period 1984–1988, low levels of sulfamerazine
were detected in eight samples; in 1991 an atypical high level of sulfamerazine
(230 ppb) was detected in one sample. During 1992 and 1993, monitoring of 215
liver and urine samples collected at the farm level and 601 samples collected at
the slaughter level gave no evidence for illegal use of -agonists in food-produc-
ing animals (11).

13.2.4 Germany

In 1991 and 1992, muscle, kidney, and liver samples that gave positive results
in a Bacillus subtilis inhibitor test were further analyzed to identify and quantify
the drug residues responsible for the inhibition (12). Antimicrobial substances
were identified in 45% of the samples analyzed. In most cases, the found residues
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TABLE 13.16 Drug Residues and their Concentration Range in Kidney,
Muscle, and Liver Samples from a Total of 529 Animals in Germany

Type of drugs Number of samples Concentration range ( g/kg)

Tetracyclines 151 10–13,500
Sulfonamides 82 14–33,600
N4-acetylsulfonamides 59 6–36,000
Chloramphenicol 60 0.5–100,000
Penicillins 5 5–65
Dapsone 2 20–450
Quinolones 2 12–250
Nitroimidazoles 1 300

Source: From Ref. 12.

originated from tetracyclines, sulfonamides, and chloramphenicol, and occurred
at concentrations far above the MRL values defined by the European Union
(Table 13.16). Higher residue concentrations of several drugs were present in
tissues of animals that had been subjected to emergency slaughter. Presumably,
these drugs had been administered shortly before slaughtering so that the with-
drawal periods could no longer be followed. In addition to the analysis of inhibi-
tor-positive samples, a number of inhibitor-negative muscle samples from animals
exhibiting inhibitor-positive kidneys were also examined in the same study. Most
of these samples (53%) were found to contain residues, partially in concentrations
exceeding the EU MRLs to a percentage of 69%.

The incidence of tetracycline residues in turkeys has been also studied
recently (13). During meat inspection, suspicious flocks were identified by fluo-
rescence detection in bones. A total of 85 flocks showed significant fluorescence
in bones. When bones, liver, kidney, and muscle of these animals were analyzed
for tetracyclines, residues of tetracycline, chlortetracycline, oxytetracycline, or
doxycycline were found in 83 flocks. These results suggest that the detection of
fluorescence in bones might be a useful screening method for tetracycline residues
in poultry carcasses.

In 1993, the incidence of antimicrobials in car tanker milk and the suitability
of different tests for the detection of antimicrobials on the MRL level has been
examined in Northern Germany using an integrated detection system (14). This
system comprised microbial inhibitor tests for screening, immunochemical tests
for preliminary confirmation, and high-performance liquid chromatography
(HPLC) for final confirmation either in a parallel or a subsequent fashion in case
of positive or questionable screening results.
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Results showed a total of 2.8% of the samples (n 2972) to be inhibitor
positive by the Delvotest SP test; further examination identified 1.7% as -lactam
antibiotics, and 1.1% as sulfonamides and dapsone. The percentage of chloram-
phenicol suspicious samples determined by the Charm II test was amazingly
high; however, tests for confirmation were not available and contamination of
the samples by residues of the chloramphenicol-based preservative azidiol could
not be excluded with certainty. Low concentrations of streptomycins were also
detected in 5.7% of the samples (n 1221), but the MRL was not exceeded.
Macrolide and tetracycline residues were not found in significant levels. Model
trials with commercially applied yoghurt cultures confirmed how important the
compliance to MRLs can be to dairy industry; compared to antibiotic-free milk,
a pH of 5.0 was reached with a delay of 15 min in the case of contamination
with cloxacillin; 30 min in the case of penicillin, spiramycin, and tylosin; and
45 min in the case of oxytetracycline contamination.

Antimicrobial residues in natural honey may result from direct contamina-
tion after antibiotic treatment of bacterial honey-bee diseases, and from carryover
if antibiotics are used for plant protection in fruit farming during blossom. Use
of antimicrobials is not approved for treatment of bees colonies in many countries,
but unauthorized drug use cannot be excluded. Nevertheless, MRLs have not
been set so far for honey. Substances of concern are tetracycline, oxytetracycline,
streptomycin, and sulfathiazole (15). Given the possibility that residues may
occur, 10 commercial honey samples in Germany were tested for tetracycline,
chlortetracycline, and oxytetracycline residues. The survey revealed only one
positive sample containing 15.7 ppb of the drugs (16). These results are encourag-
ing since in an earlier study (17) conducted also in Germany, tetracycline was
found at levels as high as 1.5–5.1 ppm in 3 of 54 samples.

In the same survey, honey from producers in Southwest Germany (Obersch-
waben) and commercial honey from the area of Munich were also screened for
potential presence of streptomycin residues. Results showed that more than 50%
of the commercial honey samples contained detectable concentrations of strepto-
mycin residues at a maximum level of 100 ppb. These findings demonstrate the
need for further and more intense control measures for drug residues in honey.

Another major issue of concern for the regulatory authorities in Germany
is the illegal use of -agonists in food-producing animals. Both random monitor-
ing and targeted surveillance are carried out for the potential presence of residues
of -agonists in veal calves, young bovine, cows, poultry, swine, and lambs (11).
At the farm level, only urine and blood samples were collected before 1995, but
thereafter feed, milk, and feces were also taken. At the slaughterhouse level, a
great variety of samples including urine, blood, liver, kidney, bile, muscle, and
retina/choroid were collected. The incidence of positive samples was found to
be highest in veal calves followed by young cattle. Clenbuterol was the only -
agonist detected in all surveys. Samples from cows and swine were negative.
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TABLE 13.17 Random Monitoring of Clenbuterol Concentrations in Veal
Calves in 1994 and 1995 in Germanya

Number of positive samples (total number of samples)

1994 % 1995 %

Farm phase
Urine 7 (449) 15.5 37 (379) 9.8
Blood 39 (270) 14.4 9 (534) 1.7

Slaughter phase
Urine 59 (393) 12.8 17 (324) 5.2
Liver 15 (159) 9.4 2 (211) 0.9
Retina/choroid 0 (23) 0.0 0 (36) 0.0
Eye (other parts) 7 (46) 15.2 13 (53) 24.5

a Method of detection: ELISA/GC-MS (sensitivity 0.5 g/kg).
Source: From Ref. 11.

The number of samples positive to clenbuterol from veal calves at farms and
slaughterhouses during the period 1994–1995 is presented in Table 13.17. A
decrease in the percentage of positive samples of urine and blood taken at both
farms and slaughterhouses from 1994 through 1995 was observed.

13.2.5 Ireland

Several sampling programs were developed during the period 1989–1994 in
Northern Ireland to monitor veterinary drug abuse in the local meat industry (18).
Random survey of residues in swine, sheep and cattle was performed by the
National Monitoring Program, whereas targeted survey of cattle suspected of
being treated with growth promoters were carried out by the Meat Inspection
Scheme. Between 1989 and 1994, increasing numbers of urine, bile, liver, retina,
and hair samples were collected to implement these programs. Specific on farm
surveys were further conducted and samples of suspected animals, medicinal
products, and feedstuffs were also collected.

Results indicated a low incidence of clenbuterol contamination in cattle
liver during 1992–1994, with 3 positive of 151 liver samples in 1992 and 1
positive of 219 samples in 1994. Results of targeted sampling from cattle indicated
high percentages of clenbuterol positive carcasses during 1990 and 1991, with 43
of 121 samples and 139 of 286 samples showing detectable residues, respectively.
Despite the substantial increase in the number of samples analyzed over succeed-
ing years, the number of positive results steadily declined, thus giving strong
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TABLE 13.18 Results of Targeted Testing Programs for -Adrenergic
Agonists Abuse in Cattle in Northern Ireland’s National Surveillance Scheme
(Meat Inspection Scheme [MIS] and On-Farm Follow-up Sampling [OFFUS])

Positive findings
Location and year Matrices No. of carcasses (%)

Slaughterhouse (MIS)
1990 Urine, bile, liver 121 35.5
1991 Bile, liver 286 48.6
1992 Liver, retina 1831 6.2
1993 Retina, liver 1861 5.6
1994 Retina, liver 973 1.5

No. of samples
On farm (OFFUS)

1991 Urine 276 19.2
1992 Urine 853 3.8
1993 Urine 237 8.4
1994 Urine 51 0.0

Hair 61 27.9

Source: From Ref. 11.

evidence that abuse was also on the decline (Table 13.18). Specific onfarm sur-
veys have indicated that in 1994 all tested urine samples were negative for clenbut-
erol, but 17 of 61 hair samples were positive (27.9%), indicating that clenbuterol
abuse still has not been abandoned (11).

Monitoring for ionophore residues in eggs produced in North Ireland was
also carried out in 1994 (19). Narasin, monensin, and salinomycin were detected
in 1, 6, and 2 eggs, respectively, of the 161 eggs totally surveyed. In all cases,
the concentrations detected were less than 2.5 ppb.

In contrast, lasalocid residues were present at concentrations ranging from
0.3 to 129 ppb in 107 eggs (66.6%). This difference in the incidence of ionophore
residues in eggs was explained on the basis of the relative ability of the tested
ionophores to accumulate in eggs. Since the abilities of monensin, salinomycin,
and lasalocid are in the ratio 0.12, 3.3, and 63 ng/g egg per mg/kg feed, respec-
tively, the potential for monensin and salinomycin to cause residues in eggs is
very low as compared with lasalocid. In 1995, a granular formulation of lasalocid
premix was introduced into United Kingdom that decreased the carryover of this
drug from medicated to unmedicated feeds. Six months after the introduction of
this formulation, the incidence of lasalocid residues in eggs decreased to 21%.

A study was also undertaken to investigate the presence of antibiotics in a
total of 397 feedstuffs and 11 premixes, 161 of which were declared free of
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medication and 247 were medicated (20). Among the 247 medicated samples,
83 (35.2%) contained undeclared antimicrobials, of which 59 (23.9%) were at a
level sufficient to allow quantification by HPLC. Among the 161 unmedicated
samples, 71 (44.1%) were found to contain detectable antimicrobials, of which
42 (26.1%) contained concentrations that could be quantified by HPLC. The most
frequently identified contaminants were chlortetracycline (15.2%), sulfonamides
(6.9%), penicillin (3.4%), and ionophores (3.4%). Three samples contained iono-
phores, one sample sulfamethazine, and one sample monensin at therapeutic or
supratherapeutic levels; the remainder were at subtherapeutic levels. However,
all feeds contaminated with sulfamethazine were sufficient to cause violative
tissue residues if fed to animals immediately prior to slaughter.

13.2.6 Italy

In 1991, a survey of the swine sector in Italy noted a relatively high contamination
of feedstuffs with veterinary drugs. The contamination concerned more than two-
thirds of the controlled industrial animal feed producers (21). Not declared drugs,
principally carbadox, olaquindox, and sulfamethazine, were found in 29 of 193
feed samples (15%) collected from 10 different feed producers. For some of these
feeds, the relatively high drug levels could caused appearance of residues in the
urine of the live swine and further in the offal taken from slaughterhouses. Positive
findings in both urine and offal accounted for 10 of the 520 samples analyzed.

In 1992, the situation improved markedly owing to the activity of involve-
ment, information, and pressure made on farmers and feed producers on the
residue problem. In spite of the higher number of analyzed samples both at the
farm and slaughterhouse levels, feed contamination showed a value of only 4.4%.
The contaminated feeds contained carbadox and sulfamethazine and originated
from four different feedstuffs industries out of 9 totally examined. The concentra-
tions recorded on positive samples were in the range 0.5–28 ppm, while in 1991
the levels ranged from 0.05 to 88 ppm.

During the period June, 1994, to June, 1996, a monitoring program for
analyzing nicarbazin residues in several animal matrices was also carried out
(22). The results of this program showed that nicarbazin residues occurred only
in some egg samples.

In the period 1992–1993, extensive surveillance for the potential presence
of -agonists in veal calves, young cattle, and cows was carried out (11). A total
of 7121 and 5883 urine samples collected at the slaughter phase in 1992 and
1993, respectively, were tested. Analysis results revealed 264 positive samples
(3.7%) in 1992 and 397 positive samples (6.7%) in 1993.

Monitoring results of anabolic drug residues in animals from the Campania
and Calabria regions of Italy during the period 1994–1995 have been also reported
(23). Tested substances included 17- -estradiol, 17- -testosterone, progesterone,
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boldenone, trenbolone, nandrolone, diethylstilbestrol, zeranol, dienestrol, hexes-
trol, corticosteroids, and -agonists. The results suggested illegal use of -ago-
nists in bovine breeding. They further indicated that eyeball could be used as a
more appropriate matrix than urine for the detection of such residues.

13.2.7 The Netherlands

Since 1989, control of the illegal use of hormonal growth promoters in the Nether-
lands has intensified. Random sampling as well as targeted sampling on suspect
farms is performed by the National Inspection Service for Livestock and Meat
within the framework of the Annual National Program. The number of samples
collected for examination represents 1% of the slaughtered cattle younger than
1 year, 100 slaughtered cattle older than 1 year, and 100 pigs. Samples are assayed
for a variety of hormone-like substances including clenbuterol, salbutamol, ma-
buterol, mapenterol, cimaterol, terbutalin, and 17- -estradiol. Since 1993, sam-
ples have also been screened for the presence of bromobuterol and since 1995
for clenproperol.

Monitoring results of random sampling during the period 1989–1995
showed the presence of -agonists in veal calves, young cattle, and cows, but
not in samples from pigs, sheep, and horses at a level 1 ppb (11). Most of
the positive samples contained clenbuterol, with other -agonists occurring only
marginally. However, since 1990 the presence of clenbuterol in the urine of young
cattle was clearly decreased, from about 11% to almost 0.4% in 1995. A similar
decrease in the number of positive liver samples was observed since the time
systematic monitoring started in 1992.

Between 1993 and 1995, more than 250 farms were also inspected, and
more than 4000 urine samples and 400 feeds were also examined for potential
presence of -agonists (24). During that period, the percentage of positive urine
samples from suspected animals decreased from 30% to less than 5%, and the
percentage of positive feed samples was in the range 11–15%. Most positive
samples contained clenbuterol and some mabuterol, bromobuterol, and salbuta-
mol in addition to clenbuterol. In a few cases, more than one -agonist was
detected in urine whereas various synthetic anabolic hormones were also found
in feeds.

Next to the Annual National Program, the control on the illegal use of
growth promoters in veal calves and beef cattle is also conducted by the Founda-
tion for Quality Guarantee and the Cattle Quality Inspection, respectively. Every
year, about 40,000 samples, mainly urine samples from groups of calves and
cattle at the farm level, are randomly collected. The inspectors take n samples
from each group at random. For example, if 144 calves are present in a group,
12 calves are sampled. Samples are analyzed for the presence of -agonists,
estrogenic and androgenic steroids, and corticosteroids.
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TABLE 13.19 Number of Groups of Calves with Urine Positive for Growth
Promoters over the Period 1991–1995 in the Netherlands

Compound 1991 1992 1993 1994 1995

Clenbuterol 4 4 6 7 6
Mabuterol 1 0 0 0 0
Mapenterol 10 2 0 0 0
Salbutamol 0 2 3 0 0
Estradiol-17 5 2 0 0 1

Source: From Ref. 51.

The combined result of these activities is shown in Table 13.19. In 1991,
the year of the establishment of the Foundation for Quality Guarantee of the Veal
Calf Sector, mapenterol, clenbuterol, and 17- -estradiol were detected; in 1994
and 1995 samples contained only clenbuterol.

13.2.8 Portugal

The potential use of -agonists in bovine for growth-promoting purposes has
been investigated in Portugal during 1991–1993 (25). A total of 1031 urine sam-
ples were screened for potential presence of clenbuterol, clenpenterol, clenprop-
erol, mabuterol, mapenterol, bromobuterol, tulobuterol, and salbutamol residues.
Results showed that 24 samples were contaminated with clenbuterol and one
sample with salbutamol residues.

Apart from -agonists, bovine products in Portugal have been found con-
taminated with antibiotic residues. Presence of violative penicillin residues in
commercialized milk in Portugal has been recently confirmed (26).

13.2.9 Spain

In fulfillment of the EU and Spanish legislation, the Basque areas started monitor-
ing clenbuterol residues in food-producing animals in 1990 (27). Between 1990
and 1994, a total of 3559 samples of urine and liver were collected at slaughter-
houses, farms, refrigerated storehouses, and retailers, and analyzed to determine
clenbuterol residues. At slaughterhouses, only urine was collected in 1990, only
liver in 1991, and both liver and urine in 1992–1994. At farms, only urine was
collected, whereas at refrigerated storehouses and retailers only liver was col-
lected. The total number of samples according to the type of outlet was 2482 at
slaughterhouses, 336 at farms, and 741 at refrigerated storehouses and retailers.
In 1991 and 1992, control of clenbuterol residues was fully random but only 29
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TABLE 13.20 Number of Samples Positive for Clenbuterol Residues over
the Period 1990–1994 in the Basque Country of Spain

Positive results

Number of Refrigerated
Year samples Slaughterhouses Farms storehouses/retailers

1990 29 — — —
1991 21 1 — —
1992 1068 21 1 14
1993 957 21 1 48
1994 1484 37 0 10

Source: From Ref. 27.

and 21 samples were collected, respectively. Since 1992, the number of samples
increased, reaching 1484 in 1994.

Clenbuterol residues were detected in a total of 154 samples. Yearly results
according to the kind of outlet are summarized in Table 13.20. As shown by
these data, the number of positive samples increases with the number of the
samples analyzed. This fact proves an extended illegal use of this substance in
the Basque areas of Spain that is higher than that of other drugs illegally used
in cattle feeding.

Illegal use of clenbuterol in bovine animals has been detected in other
regions of Spain as well (11). In 1992 and 1993, a total of 5294 and 3988 samples,
respectively, of urine, liver, and feeds collected at the farm level were analyzed.
Analysis results showed 59 positive samples (1.1%) in 1992 and 36 positive
samples (0.9%) in 1993. In the same period, a total of 6515 and 7040 samples
collected at the slaughter level in 1992 and 1993, respectively, were also tested.
Analysis results revealed 268 positive samples (4.4%) in 1992 and 343 positive
samples (3.4%) in 1993. Analysis results from veal liver samples collected from
a slaughterhouse in Catalonia, Spain, showed that in 9 of 16 samples of contami-
nated veal liver the concentrations of clenbuterol were in the range 19–5395 ppb.

In Spain, screening of antibacterial residues in meat and kidney samples
is also performed using the four-plate test. Inhibitor-positive samples are sent to
the Spanish National Reference Laboratory for antimicrobial residues, and a
seven-plate postscreening test is applied to all samples to identify, prior to final
confirmation, antibiotics or antibiotic groups including tetracyclines, -lactams,
aminoglycosides, and macrolides. When 634 inhibitor-positive muscle and kidney
samples originated from the Spanish National Residue Program during 1994 and
1995 were postscreened, 83% of the positive results in the postscreening test
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were tetracycline residues, 7.5% -lactams, 5% neomycin and gentamicin, 1.7%
erythromycin and related macrolides, 1.7% streptomycin, and less than 0.5%
tylosin and quinolones (28). Only 1% of the samples contained unidentified mi-
crobial inhibitors caused by antibiotics or complex antibiotic mixtures that did
not correspond to the standard antibiotic used.

13.2.10 United Kingdom

Between May, 1986, and December, 1990, over 35,000 analyses were conducted
in the United Kingdom for surveillance for veterinary drug residues in food. The
results drawn from these analyses allow the incidence and concentrations of drug
residues in the national food supply to be assessed (29). Although a very large
number of samples were analyzed, a rather small number of samples were found
to contain violative residues that mainly concerned sulfonamides in swine, and
oxolinic acid and oxytetracycline in farmed fish. However, the incidence of sul-
fonamide residues in a range of swine tissues from home-produced and imported
sources showed a significant decline over the period 1986–1990 (Table 13.21).

Both farmed salmon and trout were not found to contain residues of mala-
chite green or dichlorvos. However, a total of 20 of 92 salmon samples contained
residues of oxytetracycline at a maximum level of 0.22 ppm, whereas a total of
15 of 92 salmon samples contained residues of oxolinic acid at a maximum level
of 0.03 ppm. In addition, a total of 5 of 128 trout samples contained residues of
oxytetracycline at a maximum level of 0.18 ppm, whereas a total of 34 out of
128 trout samples contained residues of oxolinic acid at a maximum level of 0.36
ppm. A seasonal pattern of residues was not apparent for salmon, but for trout
a higher incidence of oxolinic acid residues was observed in spring and summer
months.

Over the period 1991–1992, a total of 173 sheep liver samples and 204
cattle liver samples were collected in the United Kingdom to be screened for the

TABLE 13.21 Swine Tissue Samples Analyzed for Sulfonamides Between
1986 and 1990 in the United Kingdom

Samples Positive Violative Violative samples
Year examined samples samples (%)

1986 513 124 58 11.3
1987 422 100 73 17.3
1988 1309 208 111 8.5
1989 1380 139 75 5.4
1990 1318 134 69 5.2

Source: From Ref. 29.
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presence of levamisole residues (30). Results showed that five sheep and four
cattle liver samples contained levamisole at concentrations above 10 ppb.

A total of 140 archived imported liver samples collected in 1991 were also
analyzed. It was found that 16 samples, all imported from New Zealand, contained
levamisole residues at concentrations in the range 15–53 ppb. The archived sam-
ples were from consignments exported from New Zealand before the introduction
of the EU MRL of 10 ppb.

A further 62 samples of imported sheep liver were collected in 1992 and
analyzed. These samples included 56 samples from New Zealand, 9 of which
contained levamisole at concentrations in the range 15–254 ppb. Surveillance of
sheep liver for residues of levamisole continued in 1993. A total of 66 samples
of sheep liver were purchased from retail outlets throughout the United Kingdom
and analyzed; 24 of the samples were home-produced and the remaining 42
samples were imported from New Zealand. Home-produced samples were found
not to contain residues of levamisole. In contrast, four of the samples from New
Zealand contained residues of levamisole at concentrations in the range 16–174
ppb.

More recent surveillance indicates that the incidence of veterinary drug
residues above MRLs is falling. Results from the 1994 UK surveillance programs
showed that a total of approximately 0.2% of all samples analyzed contained
violative residues (31). By way of comparison, the total in excess of MRLs in
1993 was also 0.2%, whereas in 1992 the figure was 0.48%. A total of 5 of 86
samples of imported swine kidney contained residues of tetracyclines in excess
of the MRL. Apart from tetracyclines, 1.7% of the swine kidney samples were
found to contain residues of sulfonamides above the MRL, compared with 1.5%
in 1993. This is likely to have resulted from the increased use of sulfonamides
to treat respiratory disease. Residues of nicarbazin were determined in 8 samples,
residues of sulfonamides in 11 samples, and residues of lasalocid in 46 of the
429 egg samples analyzed. One sample contained residues of sulfadiazine at a
level of 924 ppb.

The reasons for both the nicarbazin and sulfonamide contamination were
not established but might result from feed contamination or on-farm management
practices. The lasalocid contamination has been shown to be due to trace level
carryover during feed production. As a result, the formulation of the lasalocid
was changed from a powder to a granular form to reduce the carryover.

In addition, a total of 36 of 220 samples (16%) of trout contained residues
of malachite green in the range 2–33 ppb; a total of 41 of 409 salmon samples
contained residues of ivermectin in the range 2–30 ppb. Although the MRL of
100 ppb set for bovine liver cannot be directly extrapolated to salmon, it is
considered unlikely that, at the concentrations of ivermectin being determined in
salmon, the ADI for this substance is being exceeded. There is therefore unlikely
to be a consumer hazard arising from these residues.
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TABLE 13.22 Incidence of Nicarbazin in Eggs in the United Kingdom during
1995–1997

Free Free
Date Date of range range Other Other Range Mean

Report published analysis analyzed detected analyzed detected (ppb) (ppb)

MAVIS 18 April 1996 Jan–Dec 1995 214 21 213 16 10–900 —
MAVIS 21 Jan 1997 Feb–Nov 1996 108 14 108 13 8–270 48
MAVIS 23 July 1997 Jan–Jun 1997 26 1 29 2 46–83 61

MAVIS, Medicines Act Veterinary Information Service.
Source: From Ref. 32.

Despite increased sampling, no evidence has been found for the use of
stilbene, -agonists, or thyreostatic substances. A total of 13 cattle had elevated
concentrations of natural hormones, but the subsequent onfarm visits established
that no illegal use had taken place. Random sampling during the period
1994–1995 of liver and urine samples of young cattle, and liver samples of cows,
sheep, and swine did not reveal samples with concentrations of clenbuterol or
salbutamol above action levels (32). Nonstatutory surveillance of -agonists in
cattle and calf liver also showed no samples exceeding the action levels.

In the United Kingdom one of the chemicals monitored regularly is the
coccidiostat nicarbazin, which is not licensed for use in laying hens and, therefore,
any positive samples create cause for concern. The results of surveillance of the
incidence of nicarbazin in eggs during the period 1996–1997 are presented in
Table 13.22.

13.3 RESIDUES IN AUSTRALIA

In Australia, drug residue data on animal products are obtained through a national
monitoring survey based on commodity–drug combinations derived from Austra-
lian agricultural and veterinary practice, and the requirements of export and do-
mestic markets. The data collected facilitate certification of commodities for
export and domestic consumption. The monitoring programs ensure that indus-
tries maintain access to, and a competitive advantage in, important markets. They
also support agricultural and food promotions in new and potential markets. Drug
residue monitoring data are increasingly being used to audit the effectiveness of
industry-operated Quality Assurance programs.

During 1997–1998 beef, sheep, and pork were the main commodities moni-
tored, but horse, deer, emu, ostrich, poultry, and eggs were also covered. Over
20,000 samples were collected on which about 29,000 chemical analyses were
conducted during 1997. Drug residues were not detected in any of the horse,
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TABLE 13.23 National Residue Survey Results during 1997–1998 in Australia

Residues Residues %
Drug(s) Tissue Samples MRL MRL Compliance

CATTLE
Hormones

Stilbenes Feces 114 0 No MRL —
Stilbenes Fecesa 202 0 No MRL —
Stilbenes Urine 125 0 No MRL —
Stilbenes Liver 286 0 0 100.0
Zeranol Feces 114 9 No MRL —
Zeranol Fecesa 202 5 No MRL —
Zeranol Urine 125 0 No MRL —
Zeranol Liver 286 0 0 100.0
Trenbolone Fecesa 202 0 No MRL —
Trenbolone Urine 122 0 No MRL —
Trenbolone Liver 120 0 0 100.0
19-nortestosterone Urine 281 0 No MRL —
Melengestrol acetate Fat 304 0 0 100.0

-Agonists
Screen Urine 284 0 No MRL —

Antimicrobials
Sulfonamides Liver 613 0 0 100.0
Antibiotics Kidney 617 1 2 99.7
Chloramphenicol Muscle 296 0 0 100.0
Nitrofurans Muscle 157 0 0 100.0
Nitrofurans Serum 93 0 No MRL —

Anthelminthics
Macrocyclic lactones Liver 293 0 0 100.0
Benzimidazoles Liver 283 1 1 99.6
Levamizole Liver 287 0 0 100.0
Triclabendazole Liver 291 0 0 100.0

SHEEP
Hormones

Stilbenes Liver 296 0 0 100.0
Zeranol Liver 296 0 0 100.0
Trenbolone Liver 297 0 0 100.0
19-nortestosterone Urine 272 0 No MRL —

-Agonists
Screen Urine 290 0 No MRL —

Antimicrobials
Antibiotics Kidney 297 0 0 100.0
Chloramphenicol Muscle 296 0 0 100.0

(continued)
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TABLE 13.23 Continued

Residues Residues %
Drug(s) Tissue Samples MRL MRL Compliance

Anthelminthics
Macrocyclic lactones Liver 288 6 1 99.6
Benzimidazoles Liver 298 5 0 100.0
Closantel Liver 289 4 0 100.0
Levamizole Liver 284 1 0 100.0

SWINE
Hormones

Stilbenes Liver 97 0 0 100.0
Antimicrobials

Antibiotics Kidney 721 95 34 95.3
Dimetridazole Muscle 154 0 0 100.0
Sulfonamides Liver 594 5 4 99.3

Anthelminthics
Macrocyclic lactones Liver 149 0 0 100.0
Levamizole Liver 149 0 0 100.0

a Collected on farm.
Source: From Ref. 52.

deer, emu, ostrich, poultry, and egg commodities. The National Residue Survey
results for beef, sheep, and pork are summarized in Table 13.23.

During 1997–1998, no evidence of the illegal use of hormones for growth-
promoting purposes was detected in any of the samples tested from cattle, sheep,
and pigs, although trenbolone and zeranol are registered for use as growth pro-
moters in cattle. No residues of trenbolone were detected, but zeranol and zeara-
lenone residues were detected in 2 and 14 samples from cattle, respectively. The
source of this contamination was presumably attributed to Fusarium spp. known
to infest improved rye grass pastures, producing the mycotoxin zearalenone,
which can then be ingested by cattle and detected in urine, feces, and liver.
The zearalenone toxin can be metabolized in the ruminant to zeranol, which is
indistinguishable from zeranol administered as a growth promoter.

Samples from cattle, sheep, horse, poultry, and ratite were tested for the
-agonists clenbuterol, salbutamol, and cimaterol. Clenbuterol has restricted use

and is registered as a tocolytic agent for the facilitation and postponement of
parturition in cattle and sheep and as a bronchodilator and expectorant in horses.
No residues were detected in any of the samples tested.
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Three classes of anthelminthics were also monitored: macrocyclic lactones,
benzimidazoles, and levamisole. Samples were taken from cattle, sheep, pigs,
and ostriches. Only 2 of 2613 samples contained residues above the MRL. These
were for fenbendazole in a cattle sample and avermectin in a sheep sample.

In Australia, the general antimicrobial screen is performed on kidney and
is able to detect -lactam, aminoglycoside, tetracycline, and macrolide antimicro-
bials and to identify the class of antimicrobial compound present. Where the
screen test identifies a class of compounds, confirmation and quantitation are
done by the specific HPLC or gas chromatographic (GC) method appropriate for
the class of antimicrobial.

In the general screen for antimicrobials, 36 of 2112 samples from cattle,
sheep, pigs, horses, deer, poultry, and ratites had residues above the MRL. Two
of these samples were from cattle and the residues found were oxytetracycline
and dihydrostreptomycin. The remaining 34 noncompliant samples were from
721 pig samples tested in the general screen. From these samples 19 were due
to chlortetracycline, 14 due to oxytetracycline, and 1 to neomycin.

An additional factor in the high level of noncompliance is that the Australian
MRLs in offal (0.05 mg/kg for chlortetracycline and 0.25 mg/kg for oxytetracy-
cline) are significantly lower than those now recommended by Codex Ali-
mentarius (0.60 mg/kg for both compounds). Thus, the registration data, with-
drawal periods, and MRLs for these compounds are currently being reviewed by
the responsible bodies in Australia, namely the National Registration Authority
and the Australia New Zealand Food Authority.

In addition, specific testing was performed for chloramphenicol in muscle,
nitrofurans in muscle and serum, dimetridazole in muscle of pigs and poultry,
and sulfonamides in liver. In Australia, chloramphenicol is not registered for use
in food animals and nitrofurans are only available as a topical preparation for
use in companion animals. No residues of either of these compounds were de-
tected. No residues of dimetridazole were detected in pig and poultry samples.
Sulfonamide residues were monitored in cattle and pigs. No residues were de-
tected in 613 cattle samples. In 594 pig liver samples analyzed, 9 residues of
sulfamethazine (sulfamethazine) were detected, 4 of which were above the MRL.

13.4 RESIDUES IN OTHER COUNTRIES

13.4.1 Canada

An overview of the results of the Canadian Veterinary Drug residue control
program during the fiscal years 1990/1991–1994/1995 shows that all meat and
poultry commodities produced or imported during that period in Canada were
totally free of violative residues of many veterinary drugs including chloramphen-
icol, benzimidazoles, nitrofurans, coccidiostats, zeranol, diethylstilbestrol and
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stilbenes, trenbolone acetate, melengestrol acetate and other hormonal anabolics,
clenbuterol and other -agonists, tranquillizers and -blockers, and thyreostats
(33). A few violations that occurred in the fiscal years 1993/1994 and 1994/1995
for home-produced commodities concerned residues of antibiotics, sulfonamides,
carbadox, nitroimidazoles, and ivermectin (Table 13.24).

TABLE 13.24 Five-Year Compliance Summary for Meat and Poultry Commodities in
Canada

1990/91 1991/92 1992/93 1993/94 1994/95

Violation Violation Violation Violation Violation
Drugs n (%) n (%) n (%) n (%) n (%)

Antibiotics
Beef 14,767 0.0 17,018 0.1 17,276 0.1 14,472 0.1 12,798 0.1
Veal 3001 0.0 3782 0.1 4382 0.0 4898 0.5 5068 0.6
Mutton 261 0.0 306 0.0 492 0.0 690 0.3 601 0.4
Pork 19,916 0.0 21,310 0.2 22,536 0.2 21,662 0.5 25 ,001 1.0
Horse 1258 0.0 884 0.0 1176 0.0 718 0.4 681 0.0
Chicken 671 0.0 961 0.4 747 0.0 1288 0.0 1265 0.0
Other 803 0.0 674 0.0 534 0.0 951 0.1 1303 0.0
Subtotal 40,677 44,935 47,143 44,679 46,717

Sulfonamides
Beef 390 0.0 434 0.0 373 0.0 385 0.0 1294 0.0
Veal 527 1.1 346 1.3 411 1.1 936 1.3 1923 0.3
Mutton 78 0.0 82 0.0 64 0.0 50 0.0 122 0.0
Pork 66,519 0.4 71,893 0.3 50,707 0.3 74,195 0.3 81,309 0.2
Chicken 177 0.0 216 0.0 170 0.0 114 0.0 148 0.0
Turkey 59 0.0 79 0.0 83 0.0 72 0.0 92 0.0
Other — — 18 0.0 1 0.0 29 0.0 111 0.0
Subtotal 67,750 73,068 51,809 75,781 84,999

Carbadox
Pork 539 1.1 608 0.7 772 0.3 879 0.1 412 0.5
Other — — — — 83 0.0 114 0.0 42 0.0
Subtotal 539 608 855 993 454

Nitroimidazoles
Pork 304 0.0 293 0.0 299 0.0 486 0.4 385 0.3
Turkey 72 0.0 70 0.0 58 0.0 107 1.9 60 0.0
Other — — — — 56 0.0 18 0.0 — —
Subtotal 376 363 413 611 445

Ivermectin
Beef 209 0.0 192 0.0 202 0.0 427 0.2 397 0.5
Mutton 49 0.0 63 0.0 151 0.0 138 0.0 106 0.0
Pork 151 0.0 147 0.0 196 0.0 46 0.0 220 0.0
Other — — — — 2 0.0 67 0.0 66 0.0
Subtotal 409 402 551 678 789

Hormonal substances: clenbuterol and other agonists
Veal 374 0.0 422 0.0 576 0.3 234 0.8 281 0.7
Pork — — — — — — 23 0.0 24 0.0
Other — — — — — — 48 0.0 25 0.0
Subtotal 374 422 576 305 330

Imported meat & poultry products
Antibiotics 1156 0.5 2150 0.5 2316 0.0 4841 0.0 359 0 0.1
Sulfa drugs 1789 0.5 2007 0.0 2010 0.0 3618 0.1 3091 0.0
Hormones 1197 0.0 1890 0.1 2802 0.1 2518 0.0 154 6 0.0
Imported total 4142 6047 7128 10977 8227

Source: From Ref. 53.
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TABLE 13.25 Antibiotics Residues in Edible Animal Products in Japan

1990

Number
of Penicillin Tetracycline

Sample samples positives positives

Meat Bovine 594 1 —
Swine 910 3 13
Chicken 301 — —

Fish Yellowtail 40 — —
Bream 72 — —
Salmon 1 — —
Carp 53 — —
Trout 38 — —
Sweetfish 12 — —
Eel 67 — —
Mackerel — — —
Tilapia — — —
Flatfish — — —

Eggs — — —
Honey 137 2 13
Total 2224 6 26

Source: From Ref. 54.

13.4.2 India

A survey of veterinary drug use and residues in milk has been carried out in
Hyderabad, India (34). The results of this survey showed that oxytocin and oxytet-
racycline were frequently used in veterinary formulations. As a result, a total of
9% of the marketed milk samples and 73% of the individual animal milk samples
of the 205 milk samples analyzed in this survey contained oxytetracycline resi-
dues. Residual concentrations ranged from 0.2 to 1.4 ppm in marketed milk and
from 0.2 to 6.7 ppm in samples obtained from individual buffaloes. In contrast,
none of the government dairy samples analyzed was found to contain oxytetracy-
cline residues. Maximum oxytetracycline intake by humans through consumption
of such contaminated milk was calculated at the level of 0.045 mg/kg body weight
(bw)/day.

13.4.3 Japan

Results of a national survey conducted by the Ministry of Health and Welfare
on residual antibiotics in domestic meat and fish in Japan for the fiscal years
1990–1992 are presented in Table 13.25. Samples were collected at the urban
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1991 1992

Number Number
of Penicillin Tetracycline Aminoglycoside of Penicillin Tetracycline

samples positives positives positives samples positives positives

1866 5 — — 1939 1 —
4974 7 5 1 3063 1 9
612 — 1 — 3116 — 1

88 — — — 103 — —
83 — — — 134 — —
10 — — — 20 — —
61 — — — 57 — —
73 — — — 86 — —
51 — — — 118 — —
93 — — — 128 — —
1 — — — 4 — —

13 — — — 14 — —
10 — — — 20 — —

341 — 1 — 608 — —
210 — 8 — 354 — 7

8486 12 15 1 9764 2 17

and rural prefectures, and were analyzed by approved biological assays in the
laboratories of Meat Inspection Offices, Market Food Inspection Offices, and
Institutes of Public Health. Results showed that the livestock products available
to consumers contained a relatively low incidence of antibiotic residues.

Since over 60% of all antibiotics used in Japan for veterinary purposes are
tetracyclines (35), targeted surveys of tetracycline residues in animal tissues have
become of particular importance for public health agencies in Japan (36, 37). In
1991, a limited survey in the Aichi prefecture of residual tetracyclines in tissues
collected from 64 cattle and 68 hogs of 1358 slaughtered animals that did not
pass inspection at slaughterhouses due to presence of disease symptoms was
conducted (38). Among 271 kidney, liver, and other organ samples, 49 (18.1%)
were positive to oxytetracycline, 5 (1.8%) to chlortetracycline, and 5 (1.8%) to
doxycycline, respectively. One cattle kidney sample was positive to both oxytetra-
cycline and doxycycline, whereas tetracycline was not detected in any of the
samples.

Among the 128 kidney samples (62 cattle and 66 hogs), 22.6% (19 cattle
and 10 hogs) were positive to tetracyclines (cattle, 30.6%; hogs, 15.1%). Among
the 100 liver samples (45 cattle and 55 hogs), 15% were positive to tetracyclines
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(cattle, 22.2%; hogs, 9.0%). The highest residue level was found in a hog kidney
and amounted to 33.6 ppm oxytetracycline, while the lowest was 0.05 ppm oxytet-
racycline in a cattle kidney. Average concentrations of residual oxytetracycline
in kidney, liver, and other organs were 1.62, 0.67, and 0.29 ppm for cattle; and
12.37, 3.41, and 3.56 ppm for hogs, respectively. Chlortetracycline and doxycy-
cline concentrations were in the range of 0.15–4.80 ppm and 0.53–4.18 ppm,
respectively.

A similar survey was also conducted from January, 1992, to December,
1994 (39). Among a total of 39 animals (9 cattle and 30 hogs), 11 animals (28.5%)
were positive to oxytetracycline, and 7 animals (17.9%) to chlortetracycline.
Percentage frequencies of tetracycline residues were 22.2% (2 of 9) and 30.0%
(9 of 30) in cattle and hogs, respectively. However, tetracycline and doxycycline
residues were not detected in any sample. Kidney showed higher incidence of
tetracycline residues and 1.6–6.9 times higher residual concentrations than liver
or other matrices, indicating that inspection of this tissue is the most effective
means of ensuring food safety.

13.4.4 Kuwait

In Kuwait, a total of 350 samples including 230 sheep urine, 30 beef meat, and
90 chickens were screened for the presence of residues of trenbolone acetate (40).
The results obtained showed that the trenbolone acetate levels in the urine ranged
from 0.1 to 0.9 ppb and in the muscle tissue from 0.02 to 0.05 ppb, none of the
figures exceeding the MRL of 2 ppb set by the Food and Agriculture Organization/
World Health Organization (FAO/WHO).

In addition, a total of 146 sheep urine and 87 chicken muscle samples from
birds sold in local markets and originating from Brazil, Denmark, France, and
Turkey were tested for residues of diethylstilbestrol and ethinylestradiol (41).
Although some of the samples were positive to both analytes by an immunochemi-
cal screening assay, confirmatory analysis by GC–mass spectroscopy (MS)
showed that none of the samples contained residues of the examined steroids.

13.4.5 Malaysia

In Malaysia there are over 10,000 poultry breeders and 2500 pig farms. Since
use of antibiotics is unavoidable for preventing animal diseases, livestock breeders
have been told to conform to Good Farming Practices to minimize or eliminate
drug residues. As a result, in 1996 only 1.1% of 300 samples taken from 7 poultry
processing plants tested positive to antibacterials. Similarly, only 5.7% of 300
samples taken from cattle abattoirs and 17.5% of 300 samples taken from pig
abattoirs were tested positive for antibacterial residues.
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13.4.6 Poland

In Poland, samples of muscle, kidneys, and liver from cattle, swine, horses, and
poultry are taken four times per year by veterinary inspectors at slaughterhouses
to be analyzed for drug residues. Between 1992 and 1996, 5733 samples of
cattle, swine, horse, and chickens muscle were analyzed to determine residues
of sulfonamides, nitrofurans, and nitroimidazoles; 2613 samples of cattle and
swine liver to determine -agonists; and 1661 samples of cattle and swine kidney
to determine violative levels of tranquilizers and -blockers. No residues of the
mentioned groups of drugs above MRL were detected in the examined samples
(42). However, nonviolative residues of sulfamethazine, sulfadimethoxine, sulfa-
thiazole, furazolidone, nitrofurazone, nitrofurantoin, metronidazole, dimetrida-
zole, azaperone, chlorpromazine, propiopromazine, carazolol, clenbuterol, and
salbutamol could be detected in the corresponding target samples.

13.4.7 Slovenia

In 1986, a monitoring program for potential presence of sulfonamide residues in
food of animal origin was introduced in Slovenia (43). A total of 225 samples
including muscle, liver, kidney, canned ham, egg, and milk were collected and
analyzed. Results showed that only one canned ham sample was contaminated
with sulfamethazine at a level of less than 50 ppb.

In 1987, a total of 342 samples including muscle, liver, canned ham, and
eggs were also surveyed. Results showed that four samples of swine muscle were
contaminated with each of sulfamethazine, sulfadimethazine, or sulfadimethoxine
at levels of less than 50 ppb to 170 ppb, whereas six canned ham samples con-
tained sulfamethazine at levels of less than 50 ppb to 50 ppb.

In 1988, a total of 477 samples including muscle, liver, kidney, canned
ham, and milk were collected and analyzed. Results showed only one canned
ham sample contained sulfadimethazine at a level of 100 ppb.

Apart from edible animal products, urine samples from slaughtered animals
were also screened for sulfonamide residues over the period 1986–1988. In 1986
and 1987, only 2 urine samples from swine of the examined 280 urine samples
of slaughtered cattle and swine were found positive for sulfonamides. Thus, the
1988 survey was directed only to slaughtered swine. Results showed that only 8
of 278 urine samples were positive for sulfonamides.

13.4.8 Switzerland

During the period 1981–1990, the Federation of Migros Cooperatives, which is
the central organization of a Swiss retail company, has made a survey on the
potential presence of antibiotic residues in marketed meat using the EU official
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TABLE 13.26 Results of Antibacterial Residue Surveys over the Period 1981–1990
in Switzerland

Veal Beef Swine Total

Meat Positive Meat Positive Meat Positive Meat Positive
Year samples (%) samples (%) samples (%) samples (%)

1981 609 7.06 619 0.16 713 2.10 1941 3.04
1982 540 1.67 105 0.00 628 0.48 1273 0.94
1983 582 3.61 0 0.00 689 1.60 1271 2.52
1984 8 0.00 0 0.00 8 0.00 16 0.00
1985 390 3.59 0 0.00 545 0.18 935 1.60
1986 166 1.20 0 0.00 258 0.00 424 0.47
1987 269 0.74 0 0.00 307 0.33 576 0.52
1988 59 3.39 12 0.00 209 0.96 280 1.43
1989 80 0.00 30 0.00 51 3.92 161 1.24
1990 53 1.89 36 0.00 52 0.00 141 0.71

Source: From Ref. 44.

Four-Plate microbiological test. The results of the survey (Table 13.26) showed
that the percentage of positive results declined over the tested period, falling
down to less than 1% in the final year of the survey (44).

In the following years, the survey for drug residues continued but focused
on veterinary drugs commonly used in animal husbandry such as sulfonamides
and tetracyclines, and on chloramphenicol. Screening was carried out using the
Charm II test, while confirmation of positive results involved HPLC or GC-MS.
The results obtained are summarized in Table 13.27.

During 1992, the number of positive samples for sulfonamide residues was
relatively high and the concentration of the substances, particularly sulfametha-

TABLE 13.27 Results of Sulfonamides, Chloramphenicol, and Tetracyclines
Residues Surveys from 1992 to 1995 in Switzerland

Sulfonamides Chloramphenicol Tetracyclines

Violations Violations
Year Samples Positives % ( 100 ppb) Positives % 1 ppb Positives % ( 100 ppb)

1992 300 43 14.3 11 6 2.0 2 15 5.0 1
1993 678 89 13.1 37 66 9.7 5 9 1.3 4
1994 703 57 8.1 18 40 5.7 0 61 8.7 36
1995 667 40 6.0 15 18 2.7 3 18 2.7 3

Source: From Ref. 44.
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zine, was sometimes in the ppm level. The amount of sulfonamides residues
decreased over the period 1992–1995, dropping to less than 500 ppb in the last
year. Many samples considered positive for chloramphenicol by the Charm II
test during 1993 and 1994 were confirmed as negative by GC-MS analysis. In
1995, two of the three positive samples for chloramphenicol were from injection
sites from swine.

13.4.9 Taiwan

From January to June, 1985, a total of 1080 samples from fresh milk, swine liver
and muscle, chicken liver and muscle, and hen eggs marketed at three cities
located at the middle area of Taiwan were collected and analyzed for antibiotic
residues (45). The positive rates found in the screen tests were 22.2% for milk,
21.1% for swine liver, 12.7% for swine muscle, 49.4% for chicken liver, 19.4%
for chicken muscle, and 1.1% for hen eggs.

Further qualitative and quantitative analysis showed that penicillin, tetracy-
cline, neomycin, streptomycin, erythromycin, and unidentified microbial inhibi-
tors were responsible for 57.5%, 22.5%, 2.5%, 0%, 6.8%, and 17.5%, respec-
tively, of the positive fresh milk samples; 20.7%, 22.5%, 6.8%, 0%, 6.8%, and
37.9%, respectively, of the positive swine liver; 14.3%, 21.4%, 7.1%, 0%, 0%,
and 57.2%, respectively, of the positive swine muscle; 0%, 8.5%, 0%, 0%, 0%,
and 91.5%, respectively, of the positive chicken liver; and 0%, 6.3%, 0%, 0%,
0%, and 93.7%, respectively, of the positive chicken muscle. The quantities of
penicillin, tetracycline, and neomycin residues found in the positive samples were
mostly below 0.03 IU/ml (91.3%), 0.31 ppm (66.6%) and 0.5 ppm (100%), respec-
tively, in fresh milk; although they all were higher than 0.03 IU/ml (100%), 0.32
ppm (100%), and 1 ppm (100%), respectively, in all other samples. Erythromycin
was detectable in only two samples of swine liver: 0.075 and 0.1 ppm.

13.4.10 Yugoslavia

Programs for monitoring drug residues have been established in Yugoslavia with
the task of maintaining the safety of meat and meat products. Within the frame-
work of these programs, samples of fat, muscle, kidney, and liver tissues are
collected regularly by veterinary inspectors at random at the slaughterhouses. At
least 0.01% of the overall number of slaughtered animals that originate from the
same region are examined yearly.

During the period 1972–1989, the potential presence of antibiotics in a
total of 17,200 liver, kidney and muscle tissue samples was examined (46). Rela-
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TABLE 13.28 Residues of Antibiotics in Swine and Cattle Tissues over the
Period 1972–1989 in Yugoslavia

Swine Cattle

Positive Positive
Samples samples Samples samples

Tissue examined (%) examined (%)

Muscle 1324 3.68 375 1.90
Liver 1311 4.04 376 2.17
Kidney 1320 4.26 378 2.71

Source: From Ref. 46.

tively small numbers of samples were found positive for antibiotics (Table 13.28).
The number of positive cattle tissues was 50% lower than the number of positive
swine samples. Differences in antibiotic occurrence among the tissues of the same
animal were also significant.

Since 1975, the potential presence of diethylstilbestrol residues has been
also examined. By 1989, 4 cattle liver samples of a total of 4864 liver samples
were found positive for diethylstilbestrol.

During 1985–1989, a total of 2374 kidney samples were analyzed for chlor-
amphenicol. A total of 11 of 1477 pig kidneys tested positive, whereas all of the
897 cattle kidney samples were negative. In 1989, testing for dimetridazole was
also introduced in the monitoring program. A total of 520 muscle tissue samples
were tested, but none gave a positive result.
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Factors Influencing the Occurrence
of Residues in Foods

In modern agricultural practice, where herd and flock health is controlled and
adequate records are maintained, detection of violative drug residues in the edible
animal products is unlikely (1). Whenever they appear, violative residues are the
result of inadvertent contamination due to management mistakes or to individual
variations in animals’ ability to eliminate drugs. Therefore, factors of management
and/or biological origin should always be considered by farmers, veterinarians,
and regulatory agencies for a safe and wholesome food supply.

14.1 MANAGEMENT

Failure to abide by the approved label instructions is by far the leading cause of
illegal residues detected in edible animal products. Noncompliance with proper
withdrawal periods was responsible for 46% and 54% of the cases of violative
residues monitored in the fiscal years 1990 and 1991, respectively, in the United
States. Failure to comply with approved withdrawal periods was also identified
as the most common cause of the drug violations monitored in the fiscal year
1993 by the Food Safety and Inspection Service of the Food and Drug Administra-
tion (FDA). Livestock species producing most violations were the bob veals, with
approximately 40%, followed by cull cows with 30%.

Inadequate recordkeeping and inadequate cow identification are among the
common causes of failure to observe withdrawal periods. It specifically applies to
milk after lactational or dry-cow intramammary infusions for therapy of mastitis,
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injection of antibiotics for therapy of foot rot, or treatment of teats with udder
creams and ointments.

Occasionally, the withdrawal period is not known to the farmer because of
an incorrectly labeled formulation. In a few cases, it is deliberately not obeyed
or only partly, for instance by milking out of only the treated udder quarters
instead of all quarters. Numerous situations have also occurred in which the
farmer used a few different medications on a cow and followed the withdrawal
period on just one, and thought the milk was safe.

Sometimes farmers may be victims of sabotage by a disgruntled employee
who adds drugs to the milk. In the case of coccidiostats, the relatively short
withdrawal periods may tempt the farmer to leave out the required switch to a
coccidiostat-free final feed. There have been also cases in which farmers have
bought cows that supposedly had not been treated, but were. Dairy farmers should
always test milk from newly purchased animals before adding it to the tank. An
additional problem is that the withdrawal period will probably never be obeyed
in case of emergency-slaughtered animals.

Violative residues can also occur when drugs are used by nonapproved
routes of administration, or given to nonapproved species (2). In the fiscal year
1993, the Food Safety and Inspection Service reported 3809 cases of violative
residues for all species of livestock; based on gathered information on 1,015
violative animals, the FDA reported that approximately 46% of the violations
were caused by drugs administered parenterally while 20% were caused by drugs
administered orally through boluses (10%), feed additives (9%), and drinking
water (1%).

Extralabel use is another source of food contamination. The application of
a drug in a dosage exceeding the labeled dosage can result in an increase in
elimination half-life, or in the dose-dependent pharmacokinetics. This is usually
the result of some rate-limiting process in drug metabolism. These errors may
result not only in very high residues but also in adverse toxicological effects on
the treated animals, as in the case of swine given elevated dosages of carbadox
(3, 4).

Apart from noncompliance with approved label instructions, a high percent-
age of residue violations has also been connected with errors from improperly
trained personnel and family members. Residues are not, however, always the
personnel’s fault. Farmers are also negligent. They rely on memory when it comes
to which cows they have treated, or they forget to notify members or other milkers
who then milk a treated cow into the tank. Perhaps they mark cows in one manner
only: the leg band falls off or the chalk wears off. Some producers paint the hind
quarters but fail to take the mark off once the cow’s milk is clear. An extensive
onfarm review based on investigations of 20 cases of antibiotic adulteration in
milk representing 797,436 pounds of dumped milk by a major US milk coopera-
tive demonstrated that management mistakes were to blame in all cases. All

Copyright © 2001 Marcel Dekker, Inc.



493Factors Influencing Residue Occurrence

antibiotic adulterations were confirmed on the farm and attributed to an act under
the control of the producer, such as the milker milked the hospital pen into tank,
moved 18 of 19 dried cows to dry pen, milker milked treated cow, and cow lost
leg band.

Even when proper management procedures are followed, various feeding
errors such as failure to clean feed mixing and delivery equipment properly,
delivery of the wrong feed by the feed mill, or improper feed storage at the farm
can cause residue violations (5, 6). Large variations in drug content of medicated
feeds may occur as a result of improperly formulated premixes or inefficient
mixing. The actual content may differ considerably from what is declared by the
manufacturers (7). Even disorders in animals, as a result of drug intoxication
associated with erroneous inclusion of drugs in feed, were reported (8, 9). Pharma-
ceutical premixes should be formulated such so homogenous mixing is ensured
and dusting and segregation are prevented.

Low-level inadvertent contamination of animal feeds with drugs both on
the farm and in commercial feed production unit is a well-known phenomenon
(7, 10). This can take place at different levels of the animal feed production chain.
Animal feeds or drinking water may be contaminated by carryover of drugs from
former batches of medicated feed or water. It is generally recognized within the
feed milling industry that even with an adequate manufacturing process in plants
producing medicated feeds, an approximately 5% carryover from one feed batch
to the next batch is technically unavoidable.

Because of that carryover, drug-free final feeds for species for which use
of a certain drug is approved provided a withdrawal period is followed may get
contaminated with the drug, whereas feeds intended for animal species for which
the drug is not approved at all may be contaminated. Although the carryover of
a few percent of a feed medicated at a low level with a drug is not generally
expected to produce a serious problem, the wide extent of use of feed additives
enlarges the risk of a continuous feed contamination. It is therefore necessary
that feeds and therapeutic drugs be processed in a manner that prevents feed
contamination.

A sound example of accidental feed contamination with drugs has been
provided by a report on an incidence of violative residues of sulfamethazine in
swine (11). The electrostatic attraction of powdered sulfamethazine to the metallic
milling or storage equipment was implicated as the source of feed contamination
in that case. The problem was reduced by using granular forms of the drug, which
lessened the production of drug dust during feed preparation (12).

In an investigation on the potential contamination of swine, broiler, and
layers feeds by veterinary drugs, more than 50% of the studied feeds were found
contaminated with medicinal feed additives or therapeutic drugs at levels gener-
ally less than 5 ppm (13). However, the question as to whether these relatively
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low drug concentrations in the feeds would cause violative residues in swine and
poultry meat and in eggs could not be absolutely answered.

Microbiologically active residue levels equivalent to 30–50 ppb narasin or
salinomycin have been detected in eggs from hens given feeds containing 5 ppm
of these drugs (13), but no residues could be detected when the feeds contained
the same level of monensin (14). On the other hand, the unintended presence of
1 ppm sulfamethazine in swine feeds has been reported responsible for residues
concentrations above 0.1 ppm in the liver when the feed was used during the
withdrawal period (10).

Processing of dead 19-nortestosterone-injected animals in rendering plants
and the commercial use of the fat thus produced in some milk replacers can also
provoke positive results (15) when fed to veal calves due to presence of 19-
nortestosterone in the bovine fat (16). It is possible, therefore, for a farmer who
has not used illegal hormone cocktails or indeed any form of hormone treatment
on his animals to be caught out because positive levels of banned hormonal
substances are detected in urine samples from his livestock, due to presence of
these substances in the feed they have been given. Farmers who have not indulged
in illegal practices are consequently unfairly suspected, whereas farmers who
have adopted such practices, producing animals with high levels of additional
hormones, are difficult to trace.

Noncompliance with good animal husbandry can also produce residue vio-
lations. Drugs excreted in the urine and feces may be recycled to tissues, after
ingestion by the animals, causing accidental residue levels (10). Recirculation of
drug residues through litter (17) or processed streams in slaughterhouses can be
other sources of contamination (18). In this context, administration of nicarbazin
to free-range hens has given rise to much longer-lasting residues in their eggs
compared with those laid by hens held in cases (19). Residue contamination of
litter and drinking water has been also considered responsible for the appearance
of residues in swine meat at the low ppb level (20); pigs are coprophagic and as
little as 23 ppm sulfamethazine in their feces can cause recycling of violative
residues to their tissues.

Pig kidneys in several countries including the United Kingdom and the
United States have been found to contain residues of sulfamethazine at levels
above the maximum residue limit (MRL) of 100 ppb (21, 22). The level of
violations in the United Kingdom during 1980–1983 reached around 20% of all
pig kidneys tested, but it declined steadily thereafter to reach the figure of 6%
in 1989 (23). It might have been tempting at one stage to suggest that the with-
drawal periods were of insufficient duration and that pharmacokinetic studies
could be useful to throw some light on the problem. However, the real reasons
are complex and involve carryover of the drug in the feces and urine of treated
pigs, contamination of nonmedicated feed with medicated feed, contamination
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of drinking water at slaughterhouses with feces from treated animals, and failure
to observe withdrawal periods (24–26).

Direct contamination may sometimes also occur in the animal product itself.
Inadequate flushing of antibiotic-contaminated discarded milk from milking
equipment has resulted in violative residues in the entire bulk tank (27–29). It
has been estimated that contaminated milk from a single cow treated with 200
mg penicillin has the potential to contaminate the combined milk of up to 8000
cows if mixed in bulk tanks (30).

In aquaculture, an unpredictable sudden lowering of water temperature dur-
ing fish medication can also result in very high residues in fish tissue unless the
withdrawal period is increased and observed accordingly. As an example, the
predicted withdrawal period for oxolinic acid in muscle tissue of rainbow trout
ranges from 28 days at 16 C to 60 days at 10 C and to 140 days at 5 C (31,
32). Both the salinity and the pH of the surrounding water can also affect drug
pharmacokinetics in fish. It has been reported, for example, that tissue concentra-
tions of drug residues in tissues of sea-water trout decreased to undetectable levels
by 72 h, whereas in the freshwater trout levels peaked at 48 h and were detectable
for at least 224 h (33). In fish, many pharmacokinetic parameters including the
total intake of the medicated feed; the gastric emptying time; the intestinal motil-
ity; and the absorption, biotransformation, and excretion rate of drugs depend on
the temperature, pH, and salinity of the water.

14.2 BIOLOGICAL PROCESSES

These are factors governed by biological processes taking place in the animal
itself. They will influence the levels of drug residues in animal tissues as well
as the time course of drug elimination, which, in turn, depends on the pharmacoki-
netic profile of the drug.

Several drugs in several species are known to exhibit different pharmacoki-
netic profiles when the animals are sick. Many of the disease conditions for which
drugs are utilized exert an effect upon drug elimination, and therefore may have
a bearing on drug residues present in slaughtered animals. Fever, for example,
has been shown almost to double the elimination half-life of gentamicin given
to febrile rabbits, and to induce change in the distribution volumes of gentamicin
in horses and sheep (34–36). Several drugs including trimethoprim in the calf,
sulfamethazine and oxytetracycline in the goat, and oxytetracycline in the pig
have also shown prolonged plasma elimination half-lives in feverish or infected
animals (37).

On the other hand, the volume of distribution is significantly increased for
orally administered trimethoprim in feverish rabbits compared with their healthy
counterparts and absorption is reduced (38). The significance of these changes
can be appreciated if one considers that the total body clearance of a drug is
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directly related to the distribution volume, and inversely related to half-life. In
addition, feverish pigs show reduced elimination half-lives when oxytetracycline
is given orally (39). It appears that disease-induced variations in the oral drug
intake may also influence the drug absorption and elimination profile. It has been
shown that absorption of drugs following oral administration can be altered by
fever in young goats, possibly due to inhibition of reticule–rumen motility (40).

In some cases, the same disease states exert no effect on drug pharmacoki-
netics as with amoxycillin and chloramphenicol in calves, and ampicillin and
sulfamethazole in goats. Although feverish pigs show reduced elimination half-
lives when oxytetracycline is given orally, there is no apparent effect after intrave-
nous administration, which suggests an effect on gastrointestinal absorption (39).

In other cases, the same disease states exert a different effect on drug
pharmacokinetics depending on the drug and the animal species (41). Elimination
of sulfadimethoxine or amoxycillin from pigeons was distinctly accelerated in
case of Coccidia (42) or Salmonella infection (43). However, significant differ-
ences in the residue profile, compared to healthy chickens, were observed neither
in that of sulfamethazine nor in that of its acetyl metabolite after oral administra-
tion to chickens infected with Coccidia (44).

Renal failure will result in a diminished elimination of drugs that are primar-
ily secreted, such as penicillins and aminoglycosides, and therefore in a longer
half-life of the drug (45). Likewise, liver disease may result in a capacity-limited
biotransformation, and consequently in a slower elimination of the drug. Bacterial
pneumonia in calves may also result in increased serum oxytetracycline concen-
trations, a condition that can cause prolonged elimination (46).

The serum-protein binding ability, which varies between animals and is
also influenced by the disease state of the animal, will also determine the free
diffusible concentration. This, in turn, will have an effect on the elimination of
drug residues as well as on their penetration in eggs or milk. This effect will be
more pronounced for drugs with a higher tendency for protein binding such as
sulfonamides, doxycycline, and cloxacillin (47).

Apart from the pathophysiological condition of the animal, the mode of
drug application may also significantly influence the pharmacokinetic profile of
a drug (48, 49). For example, drug residues may persist at the injection site for
prolonged periods of time (2). In a study in which various sulfonamides and
trimethoprim were injected intramuscularly into swine, detectable residues were
found at most sites 6 days after the injection, and with the sulfonamides at 30
days in almost half of the animals (50). Other drugs such as dihydrostreptomycin
persist for up to 60 days, while positive residues of chloramphenicol are found
at 7 days postinjection. Sodium and procaine penicillin, neomycin, tylosin, and
oxytetracycline residues have also been determined at 24 h or more postinjection
(51).

Copyright © 2001 Marcel Dekker, Inc.



497Factors Influencing Residue Occurrence

The persistence of residues at intramuscular injection sites may be due in
part to the irritant response produced in the muscle (52). Chloramphenicol, tylosin,
penicillins, dihydrostreptomycin, and oxytetracycline have been shown to pro-
duce local irritation at the site of injection, leading to residue persistence; this
may be exacerbated by the solvent used. However, residues do not persist with
proper injection of drugs and use of formulations that do not cause severe irritation
(52), as has been demonstrated with one oxytetracycline product that produced
little irritation (53–55).

Next to the health state, other physiological states of the animal, such as
age, gender, or anatomy, can significantly influence the rate of drug elimination.
Most important age-related factors are those related to renal function, drug distri-
bution volume, degree of protein binding, drug metabolism, and biliary excretion
(56).

The rate of renal function development is species dependent. Several studies
have indicated that while the calf may have nearly adult renal function by the
second day of its life (57, 58), it will take up to a week in the lamb to reach adult
function (59). As an example, the elimination half-life of sulfamethazone is 13.5
h in a 1-day-old bovine, and only 6 h in an adult (51). However, except for bob
veal, renal function may not play a significant role in residue violations.

Unlike renal function, hepatic maturation is generally believed to be a two-
stage process with the major development completed at 4 weeks postpartum and
the second stage completed by about 10 weeks of age. In sheep, for example,
the activity of a number of hepatic drug-metabolizing enzymes was found to be
relatively low in animals aged up to 6 months compared with adult individuals
(60). This finding helps to account for the relatively long half-lives of sulfadoxine
and trimethoprim in neonatal calves and lambs, and for the significant half-lives,
which shorten with increasing age.

Drugs that are primarily eliminated by hepatic mechanisms often demon-
strate age-dependent pharmacokinetics. Chloramphenicol, a drug primarily elimi-
nated by hepatic processes, has a half-life of 11.7 and 6.1 h in day-old calves
and pigs, and 4.4 and 0.8 hours at 8 weeks or older, respectively (61, 62). Thus,
the use of drugs in young animals presents a greater potential for residue problems.
Similar pharmacokinetic variation and problems could no doubt be observed as
a process of aging, although most animals raised for food are slaughtered before
this process has any influence on the elimination of antibiotics (63).

Similar considerations can also be made for animals of different gender.
Antipyrine plasma elimination, for example, in rats and cattle show gender differ-
ences that, to some extent, cannot be mediated by sex hormones. In contrast,
clearance of antipyrine and sulfamethazine in female dwarf goats markedly de-
creases following implantation of the anabolic steroid trenbolone (64).

Abnormal drug elimination or metabolism occurs when a combination of
drugs is used. Induction or inhibition of hepatic enzymes, as with an androgen
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hormone, can result in a decreased or increased persistence of drug residues (65).
These observations may have implications for withdrawal periods since residue
depletion studies are often conducted with animals of similar gender.

Differences in the physiology and anatomy of the udder, the level of milk
production, and the stage of lactation may sometimes be the cause of residue
violations in milk. Failure to observe the proper withdrawal period after prophy-
lactic and therapeutic use for mastitis might be simply due to some variation
from the established milk-out rates (66).

These and other factors of biological origin are no doubt involved in the
persistence of violative residues following (especially) emergency slaughter, and
are the reasons for the selective sampling of those animals showing signs of
drug injection, mastitis, or any condition that may have required drug therapy.
Mentioned examples lead one to wonder whether residues studies ought to be
conducted in sick animals rather than in healthy ones or to question whether
pharmacokinetic studies should be conducted in both sick and healthy animals
so that withdrawal periods might be adjusted when disease states are shown to
affect drug clearance.
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Costs of Residues in the Livestock
Industry

Food safety starts with the producer. Livestock producers recognize and support
consumer demand for high quality, safe, and wholesome meat, milk, and eggs.
The rewards for higher quality will be new and larger markets for the product.
Profit is the primary goal of any livestock producer and is a prerequisite to a
successful industry.

Accomplishing these goals depends, in part, upon the production of residue-
free edible animal products. Producers can prevent violative residue levels by
following withdrawal periods, incorporating residue preventive procedures de-
signed to avoid contamination of equipment or storage areas into routine manage-
ment practices, and identifying treated animals with individual markings or group
records. Through a well-planned and executed residue avoidance program at the
farm level, livestock producers can reduce the economic risks of residues in their
individual operations and their collective marketplace.

Buyers, both overseas and domestic, have become more discerning in select-
ing their suppliers. Buyers do not limit their inspections of operations to the
manufacturing plant. Buyers can be seen combing through producer records and
operations as they reach a decision on suppliers. If producers cannot document
through recordkeeping, management practices, and analytical testing that they
produce what the buyer of the manufactured end product wants, the processor
loses the sale and in turn reduces the amount of products he or she can receive.

Recordkeeping and quality management will become as much a part of
producing raw commodities as they now are in processing foods. That reality
motivated leaders in the industry to construct programs such as the California
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Dairy Quality Assurance Program. This program attempts to learn exactly what
the producer needs in terms of technology, management practices, training,
recordkeeping, equipment, veterinary care, and any other parts of the production
business that contribute to the ability to market the product from the perspective
of food quality and safety.

Residues have the potential to cause significant monetary losses to livestock
industry. The livestock producer can have direct financial losses from violative
drug residues through condemnations of carcasses at slaughter, rejection of milk,
increased production costs, test costs, and regulatory action.

For meat two types of tissue sampling are carried out in all federally in-
spected slaughterhouses through the US Department of Agriculture (USDA) meat
and poultry inspection program. In targeted sampling, tissue samples are obtained
before and after slaughter from animals of producers who have had previous
violations or from animals that show evidence of recent medication to be submit-
ted to targeted testing. Evidence of recent medication is provided by swellings
around injection sites, discoloration of muscles or locations under the skin, discol-
oration of bowel or internal organs, and unusual odors. The samples are sent to
USDA laboratories for testing and the carcasses are retained until the test results
are available. The carcasses are condemned if the tissue tests confirm the presence
of violative residues. Even when the tests reveal the carcasses are residue-free,
carcass value is nevertheless reduced because of the time it takes to get the test
results back.

In residue surveys, tissue samples are also collected at random to be submit-
ted to routine testing. If a violative residue is found, the producer is notified and
the animals are held in the farm, and tested until they are proven to be residue-
free. To provide this proof, producers are allowed to submit a small number of
animals for residue evaluation. The marketing status of the producer is reevaluated
based on the tissue test results. The carcasses are retained usually for 14–30 days
until the test results are available and will be condemned if the results indicate
the presence of violative residues. In many cases, producers incur additional
expenses for the packer to debone, freeze, and store the retained carcasses.

Even when no violative residues are found, the carcasses usually depreciate
in value a great deal while awaiting the test results. To reduce testing time, the
producers may apply to an approved laboratory to have the samples analyzed at
their own expense. In the event a violative residue is found, the producer has to
submit another group of animals for residue evaluation. This procedure may be
repeated until analysis data of tissue samples indicate a residue-free status. In
the meantime, the livestock producer is often confronted with increased produc-
tion costs due to overcrowding caused by inability to market the animals on a
timely basis. In addition, weight gains are slowed, feed efficiency becomes poorer,
and the value of the product is lowered because of accumulation of excessive
finish.
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Residues can also lead to regulatory action under the US federal food and
drug laws. Producers whose animals are found to contain illegal drug residues
may be held legally responsible for the shipment of adulterated food in interstate
commerce. In some cases, prosecution of offenders under these rules will result
in monetary fines and possible jail sentences. These potential penalties are in
addition to the economic difficulties encountered because of the market restric-
tions.

On July 24, 1996, a US livestock dealer was sentenced to 6 months in jail
followed by 12 months of supervised release, a $2500 fine, and the Court’s special
assessment fee, because he offered at least 150 animals for slaughter for human
consumption that contained illegal levels of a variety of new animal drugs (1).
New animal drugs are approved by the Food and Drug Administration (FDA)
with strict use requirements, including a specified time period to withdraw an
animal from treatment prior to marketing, to ensure that the drug has depleted
from edible tissue to a level that will not present harm to the consuming public.
Many of the detected illegal residues were thousands of times higher than the
permitted levels or they were residues of drugs not approved for use in those
animals. This was the first prosecution of a livestock dealer in the United States
for illegal residues, and should send a strong message to others in the livestock
dealing industry to take seriously their responsibility to ensure that they do not
pass on adulterated food to the consumer.

Producers can suffer economic losses from residues in a number of indirect
ways. Many of these losses are unobserved but are encountered as a part of
the cost of being in livestock production. Such losses may occur from reduced
performance and effectiveness, reduced new product development, regulatory
costs, condemnations, and loss of consumer confidence and market share.

Frequently, the source of the contamination can be traced to small quantities
of medicated feed remaining in the feed mixing and handling equipment. These
small quantities get mixed into the next batch of feed and may become a potential
source of residues. Thorough cleaning of the equipment and proper ration se-
quencing during feed processing can help avoid such contamination. Properly
identifying feeders or pens can also be very helpful in identifying and monitoring
animals on medicated feeds. Producers who wish to determine the residue status
of their animals before slaughter should test feed, urine, saliva, or serum in several
representative animals for the presence of drug or chemical residues. Such test
procedures can help producers to certify the residue-free status of their animals
prior to shipment for slaughter, but are costly.

Improper drug usage that results in violative residues can cause the FDA
to revoke or restrict a marketing license. Fear of this has resulted in drug compa-
nies that develop fewer new products. New product development is an expensive
and time-consuming process, since it often takes several years of successful mar-
keting for a new product to recover research and development expenses. Costs
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of testing, ingredients, potentially useful drugs, and monitoring programs to help
producers verify residue-free status are additional costs indirectly shared by the
entire industry.

For milk, the US Pasteurized Milk Ordinance requires that all bulk milk
tankers be sampled and analyzed for animal drug residues. Information released
from the National Milk Drug Residue Data Base showed that a total of 4,179,108
tested samples from October 1, 1993 to September 30, 1994 were reported by
states participating in the data base program. Of these samples, 3693 were posi-
tive, resulting in the disposal of slightly more than 68 million pounds of milk.
From October 1, 1994, to September 30, 1995, nearly 4000 tankers tested violative
out of the 4 million samples taken from all 50 states and Puerto Rico. As hundreds
of producers are painfully aware, this milk was rejected for human consumption.
This is good news for the consumer since none of this milk reached the grocery
store.

One could say that good news for the consumer is also good news for a
dairy producer. This is correct for the entire milk industry because the disposition
of these 4000 loads of milk may not mean anything, but for the individual dairy
producer this is a disaster. For example, how could the milk producer explain
this to his banker, tell his insurance company he contaminated a load of milk,
discuss the matter with his wife, inform his veterinarian, share this information
with his employees, or inform his milk buyer? The list could go on.

Detection of a violative drug residue is always a disaster that threatens the
smaller milk producer much more than the large producer. Recently a veterinarian
that consulted with 130 herds with 150,000 cows indicated to the US Dairy
Quality Assurance center that none of the herds had a violative load of milk in
over 6 months. In contrast, an insurance company that insures smaller dairies
reported that 10% of their 9000 clients had a claim in over 12 months.

Compounding the size-of-farm issue is that discarding your own milk is
costly, but the loss is your production costs and large dairies own the majority
of the milk in the tanker. Compare this with the small producer: most of the milk
in the tank belongs to the neighbors and the producer or perhaps his or her
insurance company must pay the market value for the loss. It is questionable how
much longer dairy farmers will be able to buy farm liability insurance that covers
truckloads of milk they might contaminate with drug residues. Dairy farmers may
very well have to pay higher premiums and higher deductibles and face limits
on the number of incidents their policies will cover, or the industry may determine
that residue milk is uninsurable.

Producers are not the only ones who suffer economic losses from residues.
Consumers also share in some of these losses through higher prices and reduced
consumption of livestock products. Some consumers lose confidence in the
wholesomeness of their food supply. Although the residues found in meat, milk,
and eggs are generally at extremely small levels and the number of residue-
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containing samples is quite low, consumers can be frightened by the ghost of
contamination on the grocery counters. The significance of this perception in
reducing animal products’ consumption cannot be measured, but should not be
ignored. Removal of this fear should be the goal of everyone involved with animal
agriculture.
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Residue Avoidance Management

Collaboration between national authorities, producers, and the food industry in
sharing the responsibility and burden of assuring consumers that their food is
safe and wholesome appears most promising to meeting the challenge of residue
avoidance. Residue avoidance is based on the notion that enforcement of legisla-
tion may be more effective when combined with cooperative educational pro-
grams and communication with all involved groups. Within this framework, the
Food and Drug Administration (FDA) has set up an educational and cooperative
residue prevention plan called the Residue Avoidance Program.

The Residue Avoidance Program stresses education rather than regulation.
Within this program, the FDA began in 1978 to educate swine farmers about the
use of sulfonamides in pigs (1). As a result, the sulfa residue violations in pigs
had declined from 10 to 4.4% by 1980 (2). The success of this initial program led
to increased funding for developing educational programs on residue avoidance in
other food animal species as well. For all classes of livestock and poultry, the
average violation rate detected by residue monitoring decreased from 2.58% in
1978 to 0.52% in 1982. However, the effect of the Residue Avoidance Program
was not consistent, because residue violations increased again in 1983 (3, 4).

The Residue Avoidance Program is based on a voluntary residue control
agreement signed between Food Safety and Inspection Services (FSIS) and the
federal slaughtering establishment that has official responsibility for the animal or
poultry production. The first agreement called ‘‘Memorandum of Understanding’’
was signed with a turkey establishment in 1976. Since then, FSIS has received
many requests for participation as the Residue Avoidance Program renewed inter-
est in the poultry industry and stimulated new interest in the red-meat industry.
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The agreement requires producers for the establishment to control all ele-
ments of production to prevent drug residues. In implementing this strategy, FSIS
has worked with constituent groups to encourage adoption of producer-driven
voluntary food safety initiatives and to coordinate efforts to identify animal pro-
duction practices that have the potential to eliminate drug residues in edible
animal products.

The Milk and Dairy Beef Quality Assurance Program can be considered a
result of such initiatives and efforts. It is a voluntary program designed to reduce
the incidence of violative drug residues in milk and dairy beef by educating
producers on proper management and drug usage procedures. The goal is to help
producers evaluate their operations in conjunction with their veterinarian, thus
creating a valid working relationship between the veterinarian and the dairy pro-
ducer. The dairy operator or employee and the veterinarian follow a Producer
Manual that combines information and questions to complete the evaluation pro-
cess. The program is based on the Hazard Analysis Critical Control Point
(HACCP) concept, and suggests that adapting certain principles and taking into
account some hints can significantly reduce drug residue violations in beef or
milk (Tables 16.1, 16.2).

The Milk and Dairy Beef Quality Assurance Program is referenced under
the grade ‘‘A’’ Pasteurized Milk Ordinance (PMO) and under the US Department
of Agriculture (USDA) Manufacturing Grade Milk Standards. It is often used by
the FDA in their follow-up activities after meat residue infractions in veal and
dairy beef. Under the PMO, producers whose grade ‘‘A’’ permit has been sus-
pended due to violative drug residues in the milk, cannot be reinstated until the
producer and a licensed veterinarian have completed the Milk and Dairy Beef
Drug Residue prevention Protocol and have signed a certificate for display in
the milk-house. Many endorsements for the program have been received from
veterinarians, extension dairy agents, extension veterinarians, state agriculture

TABLE 16.1 Principles for Reducing Drug Residue Violations in Beef
According to the US Milk and Dairy Beef Quality Assurance Program

Principle 1 Identify and track all treated animals.
Principle 2 Maintain a system of records that permits a paper trail of drugs

used in each animal.
Principle 3 Properly label, store, and account for all drug products and

medicated feeds used in the operation.
Principle 4 Purchase prescription drugs only through veterinarians who

have a valid client/patient relationship on the farm.
Principle 5 Educate all employees and family members on proper drug use.
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TABLE 16.2 Hints for Preventing Antibacterial Residues in Milk and Dairy
Products According to the US Milk and Dairy Beef Quality Assurance
Program

Identification hints Treatment hints Check hints

Treated cows Recommended dosage Factory check
marked suspect cows

Blackboard/whiteboard Registered brand Recently purchased
to denote treated cows
cows

Communication to all Segregation of treated
milkers cows

Cows treated by Treated cows milked last
veterinarian Correct withholding

period
Inclusion of milk from

partially treated udders
Inclusion of milk following

other treatments, such
as footrot, injections,
etc.

Short rest period of cows
treated with dry cow
therapy

Use dry cow therapy to
reduce lactation
treatment and endure
colostrum is withheld
for eight milkings after
calving

officials, producer organizations, veterinary associations, and regulatory agencies
including the FDA, FSIS, and the Animal and Plant Health Inspection Service.

Within the framework of the Residue Avoidance Program, producers have
also had much success in implementing preventive measures to address the prob-
lem of drug residues at the animal production level. As a result of these efforts,
animals such as bob veal calves, cull dairy cows, and market hogs, which were
singled out by the FDA to be a major problem just a few years ago, are not of
concern regarding drug residues any more.

Someone once said that a bob veal calf is a calf ready to die on the way
to market. Even in these times of low calf prices, it does not make sense to calve
weak animals. It also does not make sense not to care for the calf after birth. The
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problem of antibiotics in bob veal calves is a dairy producer’s problem. It is not
a special-fed veal producer’s problem. If the calf is not raised with pride and no
effort is made to capture a quality premium, the calf is destined to be bob veal
and probably given antibiotics. The quality premium comes if the calf can be a
special-fed veal calf, or a replacement heifer, or an animal that will be fed out
in the feedlot. To capture the quality premium, many family farmers turn the
calves over to the farm wife for care. The principle here is that it takes tender
loving care to produce a quality calf. Other suggested principles include calving
in clean, sanitized, dry, and well-ventilated maternity areas; feeding high-quality
colostrum within 2h of birth; dipping the navel in 7% tincture of iodine soon
after birth; feeding high-quality milk replacer without antibiotics; and not market-
ing calf until 3 days old.

FSIS monitors the agricultural practices, and verifies that the production
controls are being applied as agreed. The producers utilize USDA-accredited
laboratories, at their expense, to analyze feed and other products for contamination
before using them on the farm. The producer also has a representative number
of animals or birds sampled prior to presenting the entire flock or herd for slaugh-
ter. In the case of large food animals, urine or blood may be used in lieu of tissue
samples. The establishments perform 10–30 times the number of tests normally
conducted by FSIS. The program has been very successful: violative residues in
food-producing animals have declined dramatically. Residue violations are now
rarely found in an industry that once had repeated residue problems.

In addition, FSIS has implemented a nationwide interagency computerized
information database known as the Residue Violation Information System
(RVIS), to review, sort, cross-reference, and manage all residue data obtained
by FSIS, FDA, or other agencies from residue violation cases. This includes
names and addresses of sellers and producers, dealers, and the results of investiga-
tions.

In the fiscal year 1996, FSIS laboratories began using RVIS to coordinate
the supplying of FDA districts with portions of known violative samples to sup-
port FDA field investigations of preharvest drug misuse. RVIS is also being used,
with controlled industry access, in a pilot project with the National Milk Producers
Federation to encourage quality assurance programs on dairy farms with residue
violations in dairy beef and newborn veal calves sent to slaughter.

In the fiscal year 1995, when FSIS assumed responsibility for egg product
inspection, FSIS started residue testing of processed eggs and incorporated all
processed egg sample residue data into RVIS. USDA has also implemented a
swine identification program to trace hogs back to their farm of origin. A number
of industry and consumer groups have urged the department to broaden the pro-
gram to include other species, to control not only residues but also animal disease.

Another information database that originated with the Residue Avoidance
Program in 1982 is the Food Animal Residue Avoidance Databank (FARAD).
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This is a multistate collaborative effort funded by the US Department of Agricul-
ture Extension Service as a repository of residue avoidance information and edu-
cational materials. FARAD has evolved into an expert-mediated residue avoid-
ance decision support system, and its focus is the production of safe food of
animal origin (5).

Over the years, the database files of which FARAD is composed have
been refined, expanded, and linked into an integrated program for widespread
distribution to producers, veterinarians, and others who have responsibility for
ensuring the safety of foods derived from animals. The FARAD Professional
Guide to Residue Avoidance Management (FARAD Program) is a Windows-
based program developed in two versions: one for producers and one for veterinar-
ians. The veterinary version differs from the producer version in that it includes
a subroutine to assist the veterinarian in deciding on preslaughter intervals and
milk discard times when drugs are used in an extralabel manner. Extralabel drug
use is not permitted by producers. The program allows producers to choose over-
the-counter products that satisfy their needs, or alerts them to the need for veteri-
nary assistance with prescription drugs. When this information is not sufficient,
direct access to FARAD experts is available through the FARAD Regional Access
Centers at the Universities of California and Illinois and at North Carolina State
University.

A significant improvement in the FARAD is the recent inclusion of detailed
indications for use in the approved drug file. This allows the user of the FARAD
program quickly to search the entire list of approved products for a particular
disease. Thus, approved treatments can be alternatively examined in the light of
economic factors and withdrawal periods (6). Work is currently underway to
extrapolate pharmacokinetic data across species by using the extensive pharmaco-
kinetic data in FARAD to develop allometric algorithms. This will be especially
useful in those cases in which minimal data are available in the species of interest
and yet a decision is still needed. The goal is to establish robust algorithms and
to identify those compounds for which extrapolation is not possible.

The challenge of food safety requires careful preventive measures through-
out the chain of production, processing, transportation, and handling at the retail
level. End-product testing has been for many decades the most widely used tool
to ensure the safety of food. However, there is a growing awareness that end-
product testing cannot by itself ensure food safety. The current tool in wide use
in the food industry is the Hazard Analysis Critical Control Points (HACCP)
program. End-product testing is a very useful supplement to HACCP to ensure
that effective systems are in place.

The HACCP program is a quality assurance system used all around the
world to ensure the quality and safety of food. The system works on the concept
that prevention is better than cure. The original HACCP concept for food safety
was developed at Pillsbury in the 1960s. HACCP was first conceived when Pills-
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bury was asked to design and manufacture the first space foods for Mercury
flights. As they moved onto Gemini with its more complex foods and longer
flights, the problems were magnified. By the time the Apollo program landed on
the moon, HACCP was developed in the United States.

The European Union is being guided with regards to the HACCP approach
by the deliberations taking place at the Food and Agriculture Organization and
the World Health Organization of the United Nations and the pertinent Codex
Alimentarius Committees. Codex has initiated a working group to formalize a
worldwide approach and application of HACCP principles. The concepts incorpo-
rated in the Canadian model, the Food Safety Enhancement Program (FSEP), are
consistent with the Codex approach to HACCP.

For the implementation of the HACCP system, clear guidance is needed.
This is of special importance concerning the role of regulatory agencies, the
responsibilities of the food industries, and the training needs of people, who will
be involved in using the system. Consideration needs to be given to the specific
problems that the developing world will face in its implementation. HACCP is
a tool using seven principles to access hazards and to establish control systems
that focus on prevention rather than relying mainly on end-product testing (Table
16.3). Its application can aid inspection by regulatory authorities and promote
international trade by increasing confidence in food safety.

In the years immediately ahead, maximum use will be made of residue
avoidance and cooperative residue programs directed toward generic prevention
of problems through appropriate controls at all critical stages of production. Such
programs are expected to address the public health problem with the best weapons

TABLE 16.3 HACCP Principles

Principle 1 List potential hazards, assess the likelihood of occurrence,
and identify the preventive measures for their control

Principle 2 Determine the critical control points
Principle 3 Establish the critical limits
Principle 4 Establish monitoring procedures to control the critical control

points
Principle 5 Establish the corrective actions to be taken when monitoring

indicates that a particular critical control point is out of
control

Principle 6 Establish verification procedures to confirm that the HACCP
system is working effectively

Principle 7 Establish documentation concerning all procedures and
records appropriate to HACCP principles and their
application
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available, that is, solid scientific understanding and systematic prevention, giving
thus rise to the challenge for a common goal, which is the production of abundant,
healthy, and safe products.
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Stability of Residues During Food
Processing

Inspection of carcasses with regard to drug residues is not always carried out
immediately after slaughter. Tissue samples collected at slaughterhouses for resi-
due testing are usually packed with freezer bags in insulated containers and
shipped to regulatory laboratories, where they may be stored for various periods
of time in a cooled state pending analysis.

The choice of storage temperature, which has traditionally been 20 C,
necessitates some knowledge of the effect of temperature on the stability of the
analyte in question. Such information is also of value to residue-testing laborato-
ries in establishing the validity of laboratory sample-handling for routine sample
analysis; in setting up appropriate handling, storage, and turnaround times for
interlaboratory residue programs, and in selecting suitable residue–matrix combi-
nations for the preparation of reference materials.

Information about the effect of temperature on the stability of drug residues
in foods is also important from a toxicological point of view. Many edible animal
products do not directly enter the human food chain but are frequently frozen or
submitted to some kind of cure and processing waiting marketing. Almost all
edible animal products and byproducts are not consumed raw but require some
kind of heat processing or cooking, such as frying, boiling, or roasting, before
consumption. These handlings can cause denaturation of proteins, elevation of
temperature, loss of water and fat, and pH variations that can eventually result
in change of concentration, chemical nature, chemical reactions, or altered solubil-
ity of the drug residues originally present in a particular food commodity. Many
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drugs are chemically unstable to some extent, and therefore may undergo degrada-
tion during storage and/or cooking or processing to consumable foods.

The assumption that postprocessing loss of drug activity reflects reduced
levels of the drug in the food commodity is not well founded and indeed may
raise more questions than answers, particularly when information regarding the
types of chemical alterations that drug residues undergo during food processing
is unavailable. It is always important to consider the possibility that new chemical
compounds with greater toxicity than the parent drug may be formed during food
processing.

In this respect, it is not only of interest to know whether the parent drug
is simply degraded or not but, as for the metabolites produced by the living
animal, it is of importance what degradation products are formed in the ready-
to-eat foods. Questions must be also raised in regard to health effects due to
ingestion of cooking degradation products of metabolites of the drug, since as
they may possess potentially harmful biological activity similar to or different
from that exhibited by the initial metabolites.

Although most edible animal products are consumed after cooking or some
type of processing, none of the required studies for veterinary drug licensing
includes the effect of such treatments on the amount and nature of the potentially
present residues. Most information about drug residues in edible animal products
and government regulatory considerations are directed toward raw products. Only
relatively few studies have been reported concerning the effect these treatments
may have on residues, and therefore on the dietary exposure of these chemicals
and any breakdown products to the consumer. However, in most of these studies
only the decrease of antimicrobial activity or of the amount of the parent drug
is measured, the cause of this decrease rarely being described or suggested. A
discussion of the stability characteristics of groups of drugs potentially present
as residues in foods is provided below.

17.1 RESIDUES OF ANTIBACTERIAL DRUGS

17.1.1 Aminoglycosides

Published studies on the effect of storage and cooking on aminoglycoside residues
are limited to streptomycin and neomycin. In most studies, streptomycin was
shown to be fairly resistant to storage. No measurable loss of the antimicrobial
activity of streptomycin residues in meat was observed after storage at either
4 C or 18 C for 14 days (1, 2).

Cooking can cause some loss of the antimicrobial activity of streptomycin
and neomycin, the loss being dependent on both the temperature and the matrix.
When milk and water matrices were heated at 100 C for 30 min, the microbiologi-
cal inactivation of neomycin was determined at 25% and 35%, respectively,
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whereas that of streptomycin was at 33% and 41.7%, respectively (3). When
muscle and kidney tissue matrices containing both drugs were heated at 100 C
for 2 h, no loss of antimicrobial activity was observed in muscle, but a 50% loss
was determined in kidney (1). However, complete loss of activity could be ob-
served when muscle tissue samples were cooked for 20 min at 120 C.

In eggs, little or no activity loss was determined after various cooking
procedures including frying, poaching, scrambling, or hard boiling (4, 5). In milk,
both drugs were also relatively stable; a total of 1320 min heating at 71 C was
found necessary for complete loss of the antimicrobial activity of the streptomycin
added in milk.

Little or no loss of antimicrobial activity was further observed after fermen-
tation of raw sausages containing streptomycin (6). However, smoking/scalding
processes could cause a 32–45% reduction of the streptomycin activity (7). When
semi- or fully preserved sausages were heated at 90–95 C for 1 h, the microbio-
logical activity of the contained streptomycin exhibited a 50% reduction of the
initial dose (8); however, some of the initial activity could be demonstrated in
the juices exuded from the heated sausages even when the temperature was raised
to 120–125 C.

Neomycin residues were also found to be quite stable in chicken muscle
extracts heated at 100 C for 5 h (9, 10). Unlike chicken muscle extracts, milk
favored the loss of the contained neomycin when heated under similar conditions;
no more than 0–25% of the original activity could be determined after heating
at 100 C for 5 h (9, 10).

17.1.2 Amphenicols

Investigation on the stability of chloramphenicol during storage showed that the
drug was rapidly degraded in spiked bovine liver tissue (11). Extensive postmor-
tem degradation of chloramphenicol in liver tissue has been reported by other
workers as well (12, 13) and attributed to cytochrome P-450-mediated metabolism
in vitro that led to oxidation and glucuronic acid conjugation of the compound.

Use of piperonyl butoxide, a potent cytochrome P-450 inhibitor, has been
recommended as an effective means for preventing the degradation of chloram-
phenicol. Since addition of this substance to liver homogenates could result in a
recovery enhancement from about 30% to 60%, it was suggested that incurred
tissue samples taken for analysis should be frozen immediately after excision and
homogenized in water containing 2.5% piperonyl butoxide (11).

Recently, the stability of chloramphenicol in both spiked and incurred calf
tissues has been further investigated (14). The same favorable effect of piperonyl
butoxide on the stability of chloramphenicol has been observed in both liver and
kidney tissues. Moreover, the stability of chloramphenicol in these organs was
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found to be a function of the storage time, temperature, and the presence of
piperonyl butoxide.

Without addition of piperonyl butoxide to the analyzed samples, recovery
from liver was determined at 63% after a 5 min storage and at 9% after a 30 min
storage at room temperature. At 1 C and 4 C, the recovery figures for liver
after 1 h of storage were 44% and 40%, respectively. The same results were
obtained when kidney tissue samples were stored under similar conditions.

Addition of piperonyl butoxide allowed a high enough recovery value to
be maintained for longer times. After 30 min storage at room temperature in
presence of piperonyl butoxide, recovery was found to be as high as 71% for
both liver and kidney tissue samples. Nevertheless, lower concentrations than
those initially determined were found when the same samples were reanalyzed
after long-term storage at 20 C. This difference was not established when
tissues were not ground before freezing but immediately cut into cubes and frozen
at 20 C, even in the absence of piperonyl butoxide. By this treatment, the
stability of chloramphenicol was quite good and no degradation was observed
during an 85-day storage at 20 C. Results of other pertinent stability studies
by high-performance liquid chromatography (HPLC) lent support to this finding
(15). When muscle tissue from chloramphenicol-treated rabbits was immediately
frozen at 20 C, there was no significant loss or degradation of the analyte
during a 30 day storage. Thus, it was eventually concluded that piperonyl butoxide
was not sufficient to prevent a decrease in the chloramphenicol content of samples
stored for a long time (14).

Several investigations on the stability of chloramphenicol during thermal
treatment have been also carried out. Chloramphenicol has been found quite stable
to heating when added to water or milk. Even after 2 hours of boiling, no more
than 8% loss of its amount could be observed by physicochemical methods of
analysis (16). Application of microbiological methods has shown, however, a
33.3–35% reduction in the activity of chloramphenicol after heating the milk or
water samples at 100 C for 30 min (3).

The stability of chloramphenicol is also markedly affected by emulsifying,
curing, and cooking processes (17). Successive losses of about 50% for each of
these processing steps have been recorded. When incurred pork or beef muscle
tissue was minced at 2–3 C to form an emulsion product, chloramphenicol
concentration was reduced from about 48 ppb to 11 ppb (17). Processing the
emulsion product in casings at 68 C without added cure resulted in a 25%
additional reduction of chloramphenicol, while the combined effect of curing
and heating accelerated the loss of chloramphenicol. Chloramphenicol could not
survive the 122 C canning process, in both the cured and uncured products. On
the other hand, when beef steaks with incurred chloramphenicol residues were
grilled or roasted for 120 min, the microbiological inactivation of the contained
residues was not found to be extensive (2).
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17.1.3 -Lactams

The stability of several -lactam antibiotic in aqueous solutions is pH dependent.
Optimum stability for monobasic penicillins in general is exhibited at pH 6–7,
while for the amphoteric penicillins this coincides with the isoelectric point (18).
A fast degradation occurs at both acidic and basic conditions. At pH 2.6, acid-
labile -lactams such as penicillin G, methicillin, and nafcillin disappear almost
completely while acid-resistant compounds like penicillin V and isoxazolyl peni-
cillins survive (19).

Most studies on the effect of storage on -lactam residues have been di-
rected toward penicillin G. Kidney tissue samples containing penicillin G showed
some loss of microbiological activity when stored at 4 C (1), whereas incurred
tissues held in a walk-in cooler at 4 C for about 2 weeks or stored in freezer at

20 C over the same period were also found to contain lower penicillin G levels
than were present initially (20). The lactate ester of penicilloic acid has been
identified as the major decomposition product of penicillin G formed during the
storage of incurred beef and chicken samples at 2 C or room temperature (21).

A study on the storage stability of penicillin G in milk showed that about
60% could be destroyed within 48 h at 2 C, while 75% could be destroyed at
22 C (22). The loss of penicillin G was attributed to the hydrolytic activity
of the enzyme -lactamase produced by both gram-negative and gram-positive
bacteria of the raw milk. This was confirmed by analogous experimentation with
UHT milk, in which penicillin G did not show any decrease under mentioned
storage conditions.

The stability of penicillin G has been further investigated in spiked bovine
plasma samples that were stored at either room temperature or at 20 C and

70 C (23). Results showed that the half-life of penicillin G at 20 C was
75 days. The degradation of the spiked penicillin G was so rapid that even plasma
samples stored at 70 C should be analyzed within a month of storage to
ascertain no more than a small percentage loss of the analyte.

Unlike spiked penicillin G, incurred residues in bovine plasma showed a
slower rate of degradation. The half-life was estimated at 276 days for storage
at 20 C (24). Further experimentation showed that incurred residues in tissues
stored at 20 C decreased more rapidly than in plasma. Losses of up to 20%
were observed in kidney and liver samples stored at 20 C after as little as 10
days of storage. On the other hand, gluteal muscle samples stored at the same
temperature showed within 10 days of storage losses of nearly 50% of the initial
residue present. However, penicillin G residues in tissue samples stored at 76
C remained stable.

Analogous findings were reported by other workers who studied the stabil-
ity of both spiked and incurred residues of penicillin G in ovine liver during
storage at 20 C for 3 months (25). If we assume that the rate of loss followed
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a first-order kinetic decay, the mean half-life of penicillin G was estimated at 62
days for the spiked tissues and 71 days for the tissues with incurred residues.
This is not in direct agreement with the results of a previous pertinent study in
which a longer half-life of 114 days for incurred residues in bovine liver stored
at 20 C was predicted (24). The difference between these studies could be
due to the way the tissues were prepared; in the former study tissues were blended
prior to storage, while in the latter tissues were stored without blending.

The above findings suggest that if testing laboratories do not adjust their
analytical and sample storage protocols according to the extent to which penicillin
G decreases in tissues and biological fluids stored in conventional freezers, quanti-
tative analyses conducted on such samples may not reflect concentrations at time
of sample submission.

Apart from storage stability studies, numerous investigations have been
also carried out on the effect of various heat treatments such as those applied in
pasteurization, evaporation, and drying processes on the stability of penicillin G
residues. Early published work was based on measurement of the reduction of
microbiological activity, whereas more recent work was based on results of physi-
cochemical analytical techniques.

Microbiological tests have indicated that penicillin G is stable to heat. Pas-
teurization temperatures and times commonly applied to milk and milk products
are inadequate for inactivation of the antibiotic if it is present (26–29). At 71
C, a total of 1705 min was required to inactivate completely penicillin G in

milk, whereas at boiling temperatures or above, all data indicated that a portion
of the penicillin activity in milk survived boiling for 60 min or autoclaving at
15 psi steam pressure for 15–30 min (26, 29). Milk from treated cows retained
some of its antimicrobial activity even after conversion to dried skim milk powder
(30).

Cooking procedures exert similar effects. Penicillin G was not consistently
inactivated by 90 min heating at 100 C in water, milk, and beef extracts, except
in extracts of chicken muscle, in which it was less stable (10). In another study,
the microbiological activity of penicillin G in buffer and buffered meat homoge-
nates at pH 5.0 and 7.0 was studied (31). Penicillin G was found less stable at
pH 5.0 than at 7.0. It was not totally inactivated by 60 min at 100 C in any of
the media, but it could be inactivated within 60 min at 117 C or 121 C.

More recent physicochemical assays have also confirmed that the thermal
stability of penicillin G is pH-dependent (32). At 100 C, the half-life of penicillin
G was given a value of 45 min in pure aqueous solutions, a value of 25 min at
pH 5.5, and a value of 8 min at pH 8.2. In cooking oil heated at 180 C and 140
C, the half-life of penicillin G was estimated at 18 min and 45 min, respectively

(32).
In general, penicillin G in meat is not stable to cooking. Following treatment

at 100 C for 10 min or longer, a marked decrease in microbiological activity in
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pork or rabbit meat has been observed although residues in rabbit kidney were
more stable (9, 33). The loss is usually proportional to the harshness of the
cooking regimen; where fluids are released during the cooking process, over half
of the residue sometimes passes from the solid tissue into the cooking medium
(34).

Various degradation products of penicillin G have been demonstrated in
the cooked meat (21). The major product formed after cooking was identified as
the lactate ester of penicilloic acid. Moreover, formation of bound residues was
also suggested.

The stability of penicillin G in various types of sausages has been studied
as well. In smoked/scalded products, the antimicrobial activity was found to be
reduced to about 45% (7). However, complete inactivation was observed in semi-
and fully preserved sausages and during the preparation of raw fermented sau-
sages (6, 8). It was suggested that the latter inactivation might be due to the
action of penicillinase-producing organisms.

Procaine penicillin and ampicillin are other -lactams for which the stability
of residues in meat has been investigated. Significant levels of the original activity
of procaine penicillin remained following rare and medium cooking of spiked
hamburgers, steaks, and pork chops (35); after well-done cooking conditions,
however, only a small percentage of the initial activity could be seen in the cooked
products. Ampicillin concentrations in meat, on the other hand, decrease with
both storage at 20 C and cooking (2). When beef steaks with incurred ampicil-
lin residues were grilled or roasted for 120 min, microbiological inactivation of
the contained residues occurred to some extent (2).

17.1.4 Macrolides

The stability of oleandomycin has been found to be highly dependent on the type
of the food matrix in which it is contained; a milk matrix, for example, consider-
ably increases the loss of the antimicrobial activity of oleandomycin upon heating
(9). Nevertheless, both oleandomycin and spiramycin have generally shown con-
siderable thermostability when heated in water, milk, and meat extracts (9).

17.1.5 Nitrofurans

The instability of nitrofurans in meat or liver has been well documented (36–38).
Hence, a major concern from a regulatory point of view has arisen regarding the
stability of nitrofuran residues during transport of the samples from the collection
place to the testing facility.

With muscle tissue that has been stored frozen and then thawed and kept
at room temperature, furazolidone has been shown to disappear within a few
hours after spiking (37). The drop in concentration was much more rapid in
incurred than in spiked muscle. A rapid decrease of parent furazolidone in swine
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muscle tissue from 61 to 2 ppb was also observed even when samples were stored
at 30 C for 4 weeks.

Additional studies have demonstrated that incurred residues of furaltadone
and furazolidone in tissues of veal calves are rapidly decreased postmortem. Two
h after slaughtering, only traces of the parent drugs could be determined in muscle
and kidney tissues, whereas residues of the parent drugs could no longer be
detected in the liver (39). In chicken liver, furazolidone is also rapidly degraded
postmortem; more than 95% of a furazolidone dose spiked to a liver tissue sample
kept at 32 C could be degraded in 15 min (40).

The cause of the postmortem decrease of furazolidone residues has not yet
been elucidated. There have been indications that it might be due to some tissue
enzymes remaining active for long periods after animal death, but it cannot be
excluded that bound residues are formed as well since in vivo and in vitro studies
have shown formation of such residues (41, 42). Heat denaturation of the enzymes
involved by microwaving treatment improved the stability during storage, but
there was still a decrease of about 50% that could be due to either accelerated
breakdown during heating or occlusion of the drug in the denatured protein matrix.

Due to the rapid and extensive metabolism of nitrofurans in animals, ther-
mostability studies on residues of the parent compounds are not relevant and not
published. Instead, the effect of cooking on the concentrations of both the bound
and extractable 3-amino-2-oxazolidinone, the main furazolidone metabolite, in
incurred swine tissues has been investigated (43). Total 3-amino-2-oxazolidinone
concentrations were not found to be significantly reduced in liver, kidney, or
muscle following frying, grilling, or microwaving.

Unlike in meat and liver, no further metabolism of nitrofurans occurs in
egg during its long development time. As a result, considerable concentrations
of the parent drugs may be encountered in eggs from treated birds (44, 45).
Stability studies on incurred residues of furazolidone, furaltadone, nitrofurazone,
and nitrofurantoin in eggs stored for 65 weeks under different storage tempera-
tures and packaging materials have been reported (45). Storage at 20 C or

80 C for 65 weeks of lyophilized or original egg samples had no effect on
the concentrations of furazolidone initially present in the egg samples.

On the other hand, the type of the packaging material did not exert any
effect on the residue levels at a storage temperature of 20 C. At 4 C, nitrofuran
residues remained stable when the egg samples were stored in glass or polypropyl-
ene tubes, but a loss of 60–70% was observed when a laminated foil was used.
At 20 C, all four nitrofurans exhibited marked residue reduction, the losses
being 30–50% for glass tubes, 40–60% for polypropylene tubes, and 100% for
laminated foil.

17.1.6 Quinolones

The influence of baking on enrofloxacin and ciprofloxacin residues in flatfish
has been investigated (46). Both drugs showed excellent thermal stability.
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Studies on the fate of residues of oxolinic acid and flumequine in salmon
after cooking have shown that residues of the former drug could be detected in
both boiled and baked muscle of treated fish even though no residues were present
before cooking (47). In contrast, muscle samples of fish treated with flumequine
were consistently negative after cooking provided they were also negative before
cooking. It appears that cooking allowed some of the reservoir residues of oxolinic
acid to be released into the muscle.

Further investigation showed that some amounts of both the quinolones
investigated could also leak out into the boiling water or the juice exuded from
the baked fish. Therefore, cooking may reveal residues of quinolones that could
not be detected in the raw fish muscle before preparation. It is of value to note
that none of the quinolones used in this study showed any degradation at the
temperatures reached when the fish were cooked.

These findings lend support to the notion that residues of quinolones can
be withheld in certain tissues of fish for prolonged periods after the end of treat-
ment (48). Residues of oxolinic acid seem to be especially trapped in fish back-
bone and skin, whereas residues of flumequine predominate in fish backbone.
These reservoirs appear to act as depots from which the drugs are slowly released
into other tissues.

17.1.7 Sulfonamides

The stability of sulfonamide residues in animal tissues during frozen storage has
been investigated in several studies, most of which dealt with sulfamethazine (2,
49–54). Early studies suggested a 10% decrease in sulfamethazine levels in frozen
calf liver samples stored for 40 days (49), and a 12.6% or 13.9% decrease in
spiked sulfamethazine residues in swine liver or muscle tissues, respectively,
after 15 days of storage at 20 C (2).

Results of more recent studies have confirmed previous findings also pro-
viding evidence that the drug was transformed during storage to the N4-glucopyra-
nosyl derivative that is the reaction product of sulfamethazine with glucose (53,
54). A decrease of about 50% in the sulfamethazine content of incurred and
spiked pig muscle samples was found after 15 months of frozen storage (55). No
loss of the amount of sulfamethazine in ground swine muscle was observed by
other workers after storage at 20 C for either 3 months (56) or 21 days (52);
in the latter case, extension of the storage time from 21 to 43 days was found,
nevertheless, to cause a loss of about 15%. Although there is some discrepancy
between those results, the trend of decreasing sulfamethazine levels during pro-
longed storage at 20 C is clear in most studies.

Apart from sulfamethazine, the stability of several other sulfonamides in-
cluding sulfathiazole, sulfachlorpyridazine, sulfaquinoxaline, and sulfadimetho-
xine in spiked pig liver frozen at 20 C have been investigated over a period
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of 6 months (57). In this study, storage stability values expressed as decay half-
lives were found to be 567 days for sulfadimethoxine, 457 days for sulfametha-
zine, 312 days for sulfachlorpyridazine, 291 days for sulfathiazole, and 271 days
for sulfaquinoxaline. To gain information on the effect of alternative storage
conditions, the stability of the least stable sulfonamide, sulfaquinoxaline, was
further investigated under accelerated decay conditions (57). When swine liver
tissue spiked with sulfaquinoxaline was stored in a refrigerator at 4 C to acceler-
ate degradation, a decay half-life of 11 days was observed. Although these results
suggested sulfaquinoxaline to be an unstable sulfonamide, another study on frozen
spiked swine liver showed that sulfamerazine degraded with the much lower half-
life of 14 days and that sulfadiazine was even less stable (58).

It is of interest to note that in the above-mentioned studies all examined
compounds exhibited a rapid initial decrease during tissue homogenization, the
decrease being as high as 65% for sulfaquinoxaline but only 10–25% for the rest
of the sulfonamides (57). Such a decrease has been also exhibited in model
systems containing sulfamethazine and riboflavin and was attributed to photodeg-
radation of the sulfonamide (59). A similar behavior was obtained when crude
polar liver extracts spiked with sulfamethazine were exposed to fluorescent light
for 1 h; the same photodegradation product as observed in model systems of
sulfamethazine and riboflavin, was formed (60). Therefore, procedures for deter-
mining sulfonamides in liver, an organ containing relatively large amounts of
riboflavin, must be carried out in subdued light to prevent possible loss due to
photochemical reactions.

Another storage stability study in which metabolites of sulfaquinoxaline
and sulfadimethoxine were also involved was recently reported (61). The results
of this study demonstrated that, unlike the parent drugs, the N4-acetyl derivatives
of sulfaquinoxaline and sulfadimethoxine did not depleted in spiked chicken liver
and tissues during frozen storage for 1 year at 20 and 70 C. The transforma-
tion of the parent compounds, which depleted approximately 35% in liver tissue
at 20 C, to their N4-glucopyranosyl derivatives was negligible, suggesting that
products other than glucosides resulted during the storage period. These results
demonstrate the need for both regulatory agencies and testing laboratories to be
aware of potential errors associated with improper transport, storage, and handling
of tissue samples submitted for residue testing.

The stability of sulfonamide residues during preparation, cooking, and pro-
cessing of foods has also been examined. Sulfonamides are examples of heat-
stable compounds. Sulfamethazine was shown (56) to be stable in boiling water
at 100 C, but in cooking oil at 180 C or 260 C losses were observed, indicating
half-lives of about 2 h or 5 min, respectively. Little or no effect on the antimicro-
bial activity was observed in meat from sulfamethazine-treated bovine animals
under normal household preparation methods, such as roasting or grilling steaks
(2). Tissues containing sulfamethazine that were minced and chilled or canned
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at 122 C showed no apparent loss of the drug (13). Sulfamethazine was found
to be stable in milk after boiling for 15 min as well (62).

When a dose of radiolabeled sulfamethazine was administered singly to a
pig, no loss of sulfamethazine could be detected in the obtained pig loin, liver,
and cured ham after application of various cooking procedures (63). Levels of
the N4-acetyl metabolite of sulfamethazine were not altered by cooking, but the
N4-glucoside metabolite exhibited cooking-related declines of up to 70%. Liver,
which contained high concentrations of the glucoside metabolite, exhibited an
increase in sulfamethazine as a result of cooking, and this could be only explained
by heat-related hydrolysis of the sulfamethazine–glucoside complex. These re-
sults indicate that cooking does not destroy but may increase sulfamethazine in
pork products.

Boiling, roasting, grilling, frying, pressure cooking, and microwaving cook-
ing processes had no significant effect on the concentration of sulfamethazine
residues in incurred animal tissue once allowance was made for weight loss during
cooking (56). Migration from the tissue into the surrounding liquid or meat juices
was observed during the cooking processes. It is of interest to note that the
analytical method used in this investigation included an acid-extraction step that
back-converted the N4-metabolites to the parent compound. The findings of this
investigation show that surveillance data obtained from measurements on raw
tissue are applicable for use in consumer exposure estimates and dietary intake
calculations.

Unlike with sulfamethazine, cooking processes such as baking, frying, and
smoking could cause an average 46.1% reduction of sulfadimethoxine and 54%
reduction of ormetoprim from raw fillets of channel catfish (64). In this study,
however, allowance for weight loss during cooking was not made.

Sulfonamides, although stable compounds, can show chemical reactivity
towards endogenous tissue components or to additives. Thus, during raw fer-
mented sausage preparation, apart from a 25% leaching out of sulfamethazine in
the brine, bound residues at a percentage of about 20% along with several reaction
products with endogenous components were formed (65, 66). In addition, various
compounds, such as the hydroxydesamino sulfamethazine and desamino sulfa-
methazine, which are both products of the reaction of sulfamethazine with nitrite,
the sausage additive, were found to be present.

Addition of cure to spiked pork muscle tissue resulted in loss of sulfametha-
zine at approximately 48%, 20%, and 40% for chilling at 2–3 C, heating at
68 C, and canning at 122 C treatments, respectively (17). The effect of sterilization
and fermentation on the amount of sulfamethazine residues in the final product has
been also established (67). No decrease of sulfamethazine was observed during the
preparation of luncheon meat, while in the raw fermented product, after a ripening
period of 1 month, only 20% of the original amount was still present. These results
are in line with pertinent investigations conducted with sulfachlorpyridazine (68).
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The stability of sulfadimethoxine during raw fermented sausage preparation
was also investigated in a model study (69). Sulfadimethoxine content decreased
by about 30% during brining but remained constant during further ripening in
the climate room. In this study, both N4-glucopyranosyl- and desaminosulfadi-
methoxine, and bound residues, were formed in the sausages as well.

17.1.8 Tetracyclines

Tetracycline antibiotics are generally considered relatively unstable compounds.
Oxytetracycline posseses limited stability in aqueous solutions and shows specific
and base catalysis, with overall hydrolysis observed to follow pseudo-first-order
kinetics. The maximum stability of this drug is exhibited at pH 2, whereas the
optimum stability ranges from pH 1 to 3, which accounts for the recent finding
(70) that oxytetracycline has greater heat stability at pH 3 than at pH 6.9.

During storage, minimal, if any, reducing effects have been observed on
the oxytetracycline microbiological activity in muscle, liver, and kidney tissue
kept at 4 C and at 20 C for 6 months (2).

The thermal stability of oxytetracycline in liquid media, as indexed by the
antimicrobial activity retained following heating at 71 C, has been shown to be
much less than that of other antibiotics such as aminoglycosides and -lactams
(71, 72). Recent investigation on the thermostability of oxytetracycline in water
and vegetable oil showed that the drug is unstable in water at 100 C with a half-
life of 2 min, but more stable in oil at 180 C with a half-life of 8 min.

The results of the oxytetracycline thermostability experiments in liquid
media are not totally representative of the actual cooking and processing condi-
tions, since the length of time at a particular temperature to which antibiotic
residues may be subjected during cooking, is relatively more difficult to determine
(73). Characteristically different thermostability values of oxytetracycline activity
have been shown in various food matrices (9). Thus, oxytetracycline was more
stable in salmon tissue than in simple buffer systems of the same pH (70), and
also more stable in milk than in chicken or beef muscle samples that heated at
100 C (9). Using microbiological methods, a heat treatment at 100 C for 10–15
min has been found in many instances sufficient to inactivate oxytetracycline
and chlortetracycline to nondetectable residues (9). However, prolonged heat
treatment at 100 C for 40 min has been also used to inactivate tetracycline
residues totally in poultry meat and eggs (33, 74).

The effect of a range of cooking processes including microwaving, boiling,
roasting, grilling, braising, and frying, on oxytetracycline residues in incurred
animal tissues has been thoroughly investigated (75). Substantial net reductions
in oxytetracycline residues of 35–94% were observed, with temperature during
cooking having the largest impact on the loss. Other workers also found that the
reduction in antimicrobial activity of oxytetracycline during grilling or roasting
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of beef steaks was temperature dependent but never exceeded a 50% reduction
(2, 4). Migration from the tissue into the surrounding liquid or meat juices was
also observed during the cooking processes. In addition, some workers showed
complete inactivation of oxytetracycline with canning in glass and tin containers
but very little loss of oxytetracycline activity with smoke or scalding processing
(6–8).

These findings on meat cooking agree well with recent pertinent studies
on fish cooking. It was observed that frying, baking, and smoking could not
completely eliminate high levels of oxytetracycline residues from fillets of chan-
nel catfish (76, 77). The oxytetracycline content of incurred salmon tissue was
reduced by about 60% when fish patties were cooked at 100 C for 15 min (70).
The residual amounts of oxytetracycline in the patties corresponded to the levels
of chlortetracycline detected when ground beef patties and frankfurters from in-
curred animals were cooked at 136 C for 10 min (78), but they were far greater
than those reported for oxytetracycline in breaded oysters and crab cakes, in
which 3.6% and 7.5%, respectively, of the antimicrobial activity was retained
(79). The obvious inconsistency of these studies should be due to their different
detection principle since physicochemical assays in general offer greater specific-
ity than the microbiological assays.

Tetracyclines have the tendency to form chelates with bivalent metal ions.
As a consequence of their affinity to calcium, tetracyclines tend to accumulate
in the bones of treated animals. Although their chelates with calcium show consid-
erable stability, tetracyclines can be extracted from bones containing these drugs
and, therefore, may be present in soups and meals when bones from treated
animals are cooked (80, 81). The extractability of chlortetracycline from bone
tissue is strongly pH-dependent, being higher at low pH values. This can be easily
explained by the dependence of the dissociation constant of the chelate from the
pH value.

Early microbiological investigations (80, 81) on the effect of processing
on the tetracycline content in bones showed that the thermal stability of chlortetra-
cycline was higher in ground bones than in meat; at a cooking temperature of
110 C for 1 h, 50% of the drug present in ground bones could be inactivated
(81).

Recent studies, in which raw chicken muscle tissues and wet-milled bones
incurred with oxytetracycline were used to manufacture meat patties, cans, and
hamburgers that were cooked by boiling, frying, microwaving, and autoclaving,
showed that oxytetracycline was completely degraded only when cans with
chicken bones and muscle tissues were autoclaved at 120 C for 60 min; other
cooking processes exerted only a partial effect (82, 83). Thus, boiling and stir-
frying degraded 39–49% of the residues in chicken muscle and 8–34% in the
hamburgers, whereas microwaving and deep-frying degraded 53–75% of the resi-
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dues in muscle and 42–61% in the hamburgers. Residues in chicken muscle
tissues were, generally, more labile to heat degradation than those in the bones.

When the effect of cooking procedures on oxytetracycline incurred tissues
of cultured eel and ayu was also investigated (83), it was observed that residues
in edible tissues of fish were more labile to degradation than those in bones.
Although residual oxytetracycline in fish muscle and liver could be reduced to
about 70–80% with boiling, baking, or frying, the reduction in bones never ex-
ceeded the range of 30–50%.

The stability of oxytetracycline in sausages can also depend on the particular
procedure applied for their preparation. Thus, no loss of antimicrobial activity
was observed during raw fermented sausage preparation (6), but oxytetracycline
was completely inactivated in semi- and fully preserved sausages (7, 8).

These early results are in direct agreement with recent findings on the
stability of oxytetracycline residues in sausages (84). When ground meat from
lambs treated with oxytetracycline was packed in a sausage casing and cooked
in boiling water, the level of oxytetracycline residues was reduced to 95% within
30 min. Microwave cooking for 8 min to a final temperature of 98–102 C reduced
the concentration of oxytetracycline about 60%, whereas frying for 8 min to a
final internal temperature of 81 C reduced oxytetracycline residues about 17%.
In all cases, the extent of the degradation was related to the final temperature
reached, which was higher for microwave and boiling than for frying cooking.

Certain food additives can also influence significantly the rate of oxytetracy-
cline degradation in both aqueous and tissue media. Pertinent studies (85) in
aqueous media showed that orthophosphates increase the rate of oxytetracycline
degradation, but pyrophosphates, tripolyphosphates, hexametaphosphates, and ni-
trites decrease this rate. The degradation of oxytetracycline was found to occur
at a slower rate in porcine tissue than in aqueous media. Addition of orthophos-
phates to tissue had no effect on the rate of oxytetracycline degradation, but
addition of polyphosphates increased this rate. On the other hand, nitrites in tissue
increased the degradation at 60 C but decreased it at 80 C. Inclusion of calcium
chloride significantly decreased the rate of oxytetracycline degradation in both
aqueous and tissue matrices.

17.2 RESIDUES OF ANTHELMINTHIC DRUGS

17.2.1 Albendazole

To determine the stability of albendazole residues in milk upon storage at
18 C from 3 to 8 months, both incurred and spiked milk samples containing

all three albendazole metabolites, namely albendazole sulfoxide, albendazole sul-
fone, and albendazole 2-aminosulphone, were used. Results showed that the 3
month storage did not produce any change in the concentration of the analytes
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in both spiked and incurred samples (86). A similar concentration profile was
also observed after the 8 month storage for the spiked but not for the incurred
milk samples. For the latter samples, the concentration of all analytes was found
to be higher, the increase being higher in the case of the 2-aminosulphone metabo-
lite. This increase suggested some release of albendazole residues that were bound
to milk constituents in the incurred samples during the 8 month storage. The
intense precipitation of milk constituents observed in all samples stored for 8
months lends support to this explanation.

Since not all milk enters the human food chain directly, but most of the
milk produced is normally subjected to some kind of processing for preparation
of various dairy products, the fate of incurred albendazole residues during cheese-
making, ripening, and storage has been also investigated (87). Albendazole resi-
dues in dairy products would be of major concern if the transfer and accumulation
were significant.

Results showed that about 70% from each major albendazole metabolite
initially present in milk could be distributed in the whey. The remaining 30%
appeared in the produced cheese at residue levels higher than those initially pres-
ent in milk (688 ppb versus 445 ppb, or 450 ppb versus 230 ppb for albendazole
sulfoxide; 890 ppb versus 608 ppb, or 1502 ppb versus 783 ppb for albendazole
sulfone; 19 ppb versus 15 ppb, or 161 ppb versus 105 ppb for albendazole-2-
aminosulfone). Ripening and storage of the prepared cheeses resulted in decrease
of the sulfoxide metabolite to 225 ppb or 206 ppb, increase of the sulfone metabo-
lite to 1181 ppb or 1893 ppb, whereas it had no effect on the 2-aminosulfone
metabolite.

17.2.2 Oxfendazole

The thermal stability of oxfendazole has been examined in both water and cooking
oil (88). Some evidence of instability was observed in boiling water after 3 h.
This instability was associated with hydrolysis of the carbamate group of the
oxfendazole molecule and formation of an amine byproduct. In hot cooking oil
at 150 C or 180 C, the half-life of oxfendazole was 15 min or 6 min, respectively.
The instability was also associated with the formation of the amine byproduct,
which increased as the concentration of the parent drug decreased.

The effect of cooking on incurred residues of oxfendazole in cattle liver
has been also investigated (88). However, the results drawn from this study are
inconclusive due to several variable factors. One such factor is the unstable equi-
librium between oxfendazole, oxfendazole sulfone, and fenbendazole in the in-
curred tissue. Other factor is the overall instability of oxfendazole and its metabo-
lites in tissue during frozen storage. Another factor is the variable distribution
of the residues within the tissue used for the study and the effect of protein
binding on the extractability of the residues from the tissue. It was nevertheless
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observed that cooking did not destroy oxfendazole residues, although it affected
the point of equilibrium between oxfendazole, oxfendazole sulfone, fenbendazole,
and some other metabolites in the incurred tissue. It was further suggested that
storage time decreases the residue concentrations in liver.

17.2.3 Levamisole

Storage stability studies (89) in muscle tissue from treated swine showed that
freezing at 20 C for 1 month could result in a 29% decrease of levamisole
residues, while chilling at 5 C for 5 days did not show any decreasing effect.
The high decrease noted in the frozen muscle was reported to be due to the
high dripping losses of levamisole with tissue water owing to the significant
temperature fluctuations that occurred during the frozen storage.

Heat stability studies (90) with standard levamisole have indicated that the
substance is stable in boiling water at 100 C, but unstable in cooking oil at 260
C, with a half-life of about 5 min. Cooking stability studies with animal tissues

showed that boiling, roasting, frying, stir-frying, smoking, stewing, pressure-
cooking, grilling, and microwaving cooking processes did not exert any signifi-
cant decreasing effect on the stability of levamisole residues in a range of fortified
and incurred samples (90). A net loss of levamisole was observed in these cooking
processes, but the lost levamisole was present either in the cooking liquid or in
the exuded juices. Most observed changes in swine and beef muscle containing
incurred residues were well within the precision limits of the analytical method,
once allowance for weight loss during cooking was made to counter the apparent
concentration increase.

Processing procedures such as canning of swine muscle tissue at 121 C
for 60 min resulted in a 62% decrease of levamisole residues, whereas curing in
a 33% decrease of the drug concentration. These results lend support to previous
pertinent findings also reporting a substantial decrease of levamisole residues
during curing and canning (89). The high loss of levamisole during canning was
attributed to the extreme cooking conditions applied, while the loss after curing
was attributable to leakage of the water-soluble drug from muscle into the aqueous
curing solution.

17.2.4 Ivermectin

The effect of heating on aqueous solutions of ivermectin is difficult to study due
to the very low solubility of the compound in water. Thus, the stability of ivermec-
tin has been only investigated on incurred tissue samples. When a series of in-
curred pig and cattle muscle and liver samples and salmon muscle samples were
subjected to various cooking processes, some loss of ivermectin was observed
but the loss was associated with the leakage of the fat from the tissue samples
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during the cooking process and not to degradation of the drug itself. In one case,
this leakage amounted to about 50% of the total residues (91).

If allowance for weight loss during cooking is not made, stability studies
will definitely show that the drug is unstable to typical cooking conditions, al-
though this is certainly an illusion. In such a study, the decrease of the ivermectin
residues was found to reach to 45% or 50% when an ordinary culinary preparation
of minced beef muscle from a bull treated with ivermectin was submitted to
boiling or frying, respectively (92, 93).

17.3 RESIDUES OF ANTICOCCIDIAL DRUGS

17.3.1 Dinitolmide

Following administration to chickens, dinitolmide, also known as zoalene, is
primarily metabolized to the 3-amino-5-nitro-o-toluamide and 5-amino-3-nitro-
o-toluamide metabolites, which exhibit a high tendency to bind to tissues. It has
been shown that these dinitolmide metabolites deplete from frozen liver tissues
stored up to 1 year at 20 C, but not at 70 C (94). A slight loss of the 5-
amino-3-nitro-o-toluamide also occurs in thigh muscle stored at 20 C. It has
been suggested that the depletion of the dinitolmide metabolites should be par-
tially the result of their transformation to glucopyranosyl derivatives as both
the - and -anomers of the 5-amino-3-nitro-o-toluamide conjugate have been
observed in tissue extracts.

17.4 RESIDUES OF ANTIMICROBIAL GROWTH
PROMOTERS

17.4.1 Lasalocid

As has been demonstrated by stability experiments at 100 C in aqueous buffer
solutions, lasalocid is relatively stable to heat in neutral and acidic conditions,
but unstable in alkaline conditions (95). Thus, the drug exhibits stability at pH
5.5 and 7.0, but instability at pH 10.0 with a half-life of 30 min. Lasalocid is
also not stable in sunflower cooking oil heated at 180 C, with a half-life of 15
min.

In incurred chicken muscle, lasalocid residues were found to be stable to
cooking. Residues in raw tissue from the treated chickens were found to be evenly
distributed in edible muscle. Chicken was cooked by microwaving, boiling,
roasting, frying, and grilling. Less than 5% of the residue was found in juices
that came out of the meat when it was cooked by microwave and roasting.

Unlike with muscle, cooking decreased the amount of residues measured
in eggs. Frying decreased residues by 59%, whereas scrambling reduced it by
27%.
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These results are consistent with the mentioned pH-dependence of lasalocid
stability: chicken muscle is known to be at about pH 5.7, egg yolk at about pH
6.0–6.8, whereas egg white pH can be as high as 9.0–10.0. The loss of lasalocid
in egg should therefore be due to the base-catalyzed hydrolysis of lasalocid.

17.4.2 Salinomycin

Although use of salinomycin in laying hens is not approved, residue levels of
salinomycin in eggs, due to cross-contamination of the laying hens’ feeds between
different batches, have been reported (96). The amounts of salinomycin residues
in eggs from hens accidentally given medicated feed for broilers may reach to
the level of about 400 ppb, whereas the presence of residues may persist for 8
days after withdrawal because salinomycin has the tendency to accumulate in the
egg yolk (97, 98).

The stability of salinomycin during egg cooking has been investigated by
exposing incurred eggs to thermal treatment at 80–90 C for 5 min, with no fat
or water added (98). Results of HPLC analyses showed that the exposure of eggs
to temperature had no effect on the level of residues present before treatment.

17.4.3 Carbadox

In the presence of light, carbadox undergoes complete degradation within 6 h.
Because of its known instability to light, carbadox stability in aqueous solutions
has been extensively studied (16). Stored at room temperature in the dark, carba-
dox remains stable in solution for at least 1 week. Even when carbadox solutions
were heated to 100 C in the dark, a loss of only 20% occurred.

In view of these observations, uncooked samples of spiked kidney samples
were stored under laboratory lighting for various periods corresponding to the
cooking periods normally applied, to be examined for possible carbadox loss.
Results showed that samples experienced only marginal loss over the cooking
periods subsequently used. All samples were then subjected to boiling, baking,
and frying and the water and oil from the first and last processes were checked
for residues of carbadox. The drug completely disappeared within 15 min after
boiling at 100 C, within 20 min after baking at 100 C, and within 8 min after
frying at 120 C.

17.4.4 Olaquindox

Since olaquindox is structurally similar to carbadox, stability studies have been
conducted in a manner similar to carbadox (16). The results obtained paralleled
the carbadox findings. In the presence of light, olaquindox completely disappeared
from its aqueous solutions within 80 min. When samples of kidney tissue spiked
with the drug were subjected to various cooking processes including boiling at

Copyright © 2001 Marcel Dekker, Inc.



533Stability During Processing

100 C, baking at 110 C, and frying at 160 C, olaquindox completely disappeared
within 15 min, 40 min, and 8 min, respectively.

17.5 RESIDUES OF ANABOLIC HORMONAL-TYPE
GROWTH PROMOTERS: SOMIDOBONE

This polypeptide hormone constitutes one form of the recombinant bovine soma-
totropins used to increase milk production in dairy cows. Several studies have
been performed in the United States, United Kingdom, and Germany to determine
the concentrations of this drug in milk (99, 100).

Since the highest detectable level of somidobone found in milk from treated
animals is 4.2 ppb, the effect of heat treatment on residues of this drug has been
investigated in fresh, nonpasteurized milk spiked with somidobone in the range
0–20 ppb (101). It was found that pasteurization with the high-temperature–short-
time technique at 72–78 C for 15 s reduced the concentration of the drug by
70–79% of the initial dose. Batch pasteurization at 63–65.5 C for 30 min reduced
drug concentration by 94–95%, whereas no drug could be detected when milk
was subjected to either direct or indirect UHT treatment at 133–142 C for 2–4
s. These results agree well with other findings also demonstrating an 85–90%
reduction upon pasteurization (102).

17.6 RESIDUES OF -ADRENERGIC AGONISTS:
CLENBUTEROL

Literature stability studies on residues of -agonists in food are limited to clenbut-
erol. This is possibly due to the fact that many farmers throughout Europe continue
to use this drug in cattle for increasing carcass weight, despite the European
Community’s ban on growth-promoting agents since 1985 (103). Because clen-
buterol residues concentrate mainly in the liver of treated animals, stability studies
have primarily targeted liver, but urine and muscle tissue have also been exam-
ined.

Clenbuterol has been found stable in lyophilized urine of veal calves kept
at a temperature range of 4–37 C for 1 year (104). In addition, boiling, braising,
grilling, roasting, and microwaving have no net effect on clenbuterol residues in
fortified and incurred tissues (105, 106). There is, however, some observed migra-
tion of residues from the tissue into the surrounding medium or meat juices during
cooking.

In contrast to other cooking processes, frying has been found to exert a
vanishing effect on clenbuterol residues, which is temperature dependent (106).
The deeper the frying, the higher the vanishing effect (105). This is in agreement
with other thermostability studies indicating that clenbuterol is stable in boiling
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water at 100 C, but unstable in cooking oil at 260 C with a half-life of about
5 min (105).

17.7 RESIDUES OF SEDATIVE DRUGS

17.7.1 Azaperone

Stability studies have shown azaperone to be quite stable upon heating. When
samples of kidney, liver, bacon, and injection sites from pigs treated with azaper-
one were heat-pasteurized, no losses of the concentrations of the parent drug and
its main metabolite, azaperol, occurred (107).

17.7.2 Diazepam

The stability of diazepam and its metabolites (oxazepam, temazepam, and demeth-
yldiazepam) when present in liver of treated bulls has been studied (108). Follow-
ing boiling in water for 1 h, the oxazepam metabolite was the most unstable of
the compounds studied, being degraded to an extent of approximately 50%. The
parent drug and the other metabolites were more stable: they were all present,
after treatment, at levels corresponding to 79–89% of the initial concentrations.

17.8 CONCLUSION

Drug stability studies show that regulatory authorities with responsibility for
residue monitoring programs might need to review the adequacy of arrangements
for sampling, dispatch, and transport of field samples to testing laboratories. The
rapid degradation, for example, of sulfaquinoxaline at refrigerator temperatures
suggests that refrigeration of samples may not be sufficient to maintain sample
integrity. It appears, nevertheless, that the minimum requirement is for samples
to be received at the laboratory frozen and then stored in the frozen condition
prior to analysis.

Residue-testing laboratories might also need to review their sample prepara-
tion processes and consider modifying or eliminating tissue homogenization prior
to residue extraction. Suppliers of proficiency-testing services should also ques-
tion whether certain drugs are appropriate to include in such studies. For example,
liver spiked with sulfaquinoxaline, sulfadiazine, or sulfamerazine is not suitable
for preparation of spiked interlaboratory check samples or reference materials.

The information provided by the drug stability studies during food cooking
and processing demonstrate how subtle the prediction of consumer exposure to
drug residues may be. Some drugs, such as chloramphenicol and sulfamethazine,
are stable to cooking and, therefore, data obtained from surveillance of raw sam-
ples for residues of those drugs can be assumed to be directly applicable in
calculating dietary exposure and consumer intake.
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Other drugs are unstable to cooking and, therefore, residues may be trans-
formed to various derivatives or to a mixture of fragments of the initial com-
pounds. When new products are formed, their identity should be established and
their toxicity assessed. When an increase in the residues level is observed, it is
possible that metabolites have been converted back into the parent compound
after exposure to heat, or the cooking may have reversed an effect of drug binding.
This is the case with meat from fish treated with oxolinic acid. Sometimes cooking
may also affect the equilibrium between the parent drug and its metabolites, as
found in the raw tissue, and sometimes new products may be formed, or a combi-
nation of these processes may occur, as is observed with residues of oxfendazole.

Even if drug stability during cooking is established in some tissue types,
this data cannot be extrapolated for all tissue types, as demonstrated in the case
of lasalocid, which was shown to be stable to cooking in chicken muscle, but
not in egg where the pH is higher. Also, if a drug is stable, it may or may not
exude from the tissue with juices into the surrounding medium during the cooking
process.

Unfortunately, all cooking studies to date are not sufficiently comprehen-
sive. To conduct a study for a single analyte and include all the possible food
and tissue types, cooking or processing methods and times, pH values likely to
be encountered such as cooking with vinegar or baking with sodium bicarbonate,
solvent effects, such as cooking in wine, would be a very time-consuming and
expensive task. Only a small selection of foods and recipes may be used for each
analyte to indicate what may happen during cooking and processing.
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Consumer Perceptions and
Concerns

Years ago, food was produced and processed in the proximity of our home,
cooked in our kitchen, and consumed in the same place of preparation. Today,
food can be produced in Australia, processed and packed in the United Kingdom,
and distributed in various countries on the same or different continents. In addi-
tion, the number of foodstuffs offered to the consumer is a hundred to a thousand
times greater than in the beginning of this century.

Production methods, particularly in the field of edible animal products, are
currently at the leading edge of technology and it may be that, temporarily at
least, production technology is surpassing control technology. This causes a series
of problems, and a number of serious incidents of food poisoning in various
countries have focused public attention on the object as never before. The fortun-
ate assumption that the food we eat today is totally safe has been rudely disturbed
by these events, which have led to healthy food of good quality becoming a
political issue. The press, the public, and politicians have doubts concerning the
efficacy of food inspection services, their resources and competence, the adequacy
of food hygiene standards and regulations, the rigor of epidemiological surveys,
and the health of the food systems as a whole.

In Western countries, governments have been put under pressure through
campaigns to create and strengthen food laws to give protection to consumers
and to ensure an adequate and safe food supply. Food has been a main item on
the consumer agenda for as long as consumer organizations have been active.
Pertinent studies and tests have been carried out, and as a result numerous articles
have been published in consumer magazines informing and educating consumers
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about the food they eat. As a result, concerns about an adequate food supply and
the discussion of food security have been replaced by increasing concerns about
food safety and the adequacy of controls. This is demonstrated by the numerous
public debates about food issues and the growing market for products with a
healthy image.

Attitude studies show that food scares have undermined consumer confi-
dence in both products and control systems. A survey conducted in 1994 by the
Food Marketing Institute indicated that 72% of the respondents believed that
residues were something of a hazard, 3% thought that residues were not a hazard,
and 1% were not sure (1). Consumer reliance on food safety almost doubled in
1996–1997; surveys conducted in the United States on the level of confidence
among consumers in the safety of their food showed that residues of antibiotics
and hormones in poultry and livestock were seen as serious hazards by 43%
of the shoppers queried about specific health hazards in their food supply (2).
Consumers believed that their food was safe enough to eat but some underlying
concerns prevented them from expressing complete confidence in the food supply.
Consumers had generally very limited knowledge of the government’s role in
regulating the safety of food supply, and, therefore, not as much trust. It is evident
that food safety is one of the most visible and emotional issues confronting
affluent societies (3).

Concerns with antibiotic use have centered on the potential development
of antibiotic-resistant strains of bacteria, and allergic or physiological responses.
Customer perceptions about food safety differed by gender, age, and education
level. Women were more concerned about quality control and pesticides than
men, whereas consumers with at least some college education were more con-
cerned with spoilage and bacteria/germs contamination than those with only a
high school education.

In contrast to Western countries, concerns of consumer organizations in
developing countries about food supply and consumers’ access to food are still
high. This is due to the fact that for many third world consumers access to food
is a matter of life and death. Food standards and regulations are minimal and in
some cases even nonexistent in these countries, since the technological means to
control food quality is often missing due to lack of funds. Food adulteration is
therefore a common annoyance and danger to consumers’ health.

In view of the present situation where the role of governments as regulators
becomes less important, consumer organizations in both developed and develop-
ing countries face a shift from national regulatory approaches to agreements that
will be settled at the regional and international level. Producers, industry, and
retailers are very well organized at the regional and international level. They have
good access to the new food bureaucracy and are involved in the decisionmaking
process at a very early stage. Consumer organizations also have to become profes-
sional negotiating partners and become recognized as such. The European Com-
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munity and at the international level, the Codex Alimentarius Commission are
more and more becoming the bodies that develop the guidelines for food stan-
dards.

Rules for setting international food standards must respect consumer de-
mands and consumer protection should be their first aim. It is consumers who
eat food, who pay for it, and who face the consequences of the risks inherent in
evaluation procedures. Consumer concern about whether selected food attributes
constitute some health hazard presents a complex picture, frequently giving a
different view from that of the scientist. Where concern exists, it relates to lack
of awareness or trust in regulatory procedures. A recent study (4) shows that part
of this distrust is due to the human tendency to remember and focus on those
areas where recommended practices change. Some consumers see it as a weakness
of the regulatory decisions when dietary or safety recommendations change. It
is said, for example, that if you trace back far enough, people were once advised
to have a breakfast of bacon and eggs; then egg consumption was discouraged
because of cholesterol, and bacon because of high fat. Now, recommendations
appear to change again as some scientists report that eggs are not so bad after
all.

Food means more to consumers than a simple set of formulas. The way
people look upon their food is based on certain norms, values, and traditions.
The preparation of food, food habits, and food consumption are all part of a
culture. These cultures are decisive in laying down rules on which occasions
what kind of food is eaten. Food consumption patterns are imbedded in social and
cultural life. This is reflected by the fact that consumption patterns are different in
different countries.

Consumers want to keep control over what they eat and what is in their
food. Cholesterol and saturated fat content have been perceived by the public as
less serious than microbial pathogens or chemical residues (1) because consumers
can count fat intakes by reading the labels and many have been diligent in this
respect. In doing so, consumers can avoid fat. However, it is impossible to avoid
drug residues. Too many questions are being asked on the use of and need for
drugs in food-producing animals, the findings of antibiotic residues in food, and
the illegal (in several countries) use of hormones. In developing countries, con-
sumers also ask questions about contaminated food, lack of controls, and low
safety standards. Food hygiene, in general, is becoming a major issue in both
developed and developing countries.

Consumers are not willing to accept foreign and unknown substances in
their food except if they are useful, they are savory, and will increase the nutri-
tional value or taste of food. For instance, the presence of antibiotic residues in
milk reduces the desire to drink it, although these agents are harmless in the
levels detected. Public opinion sometimes is not correct. It is not necessary to
explain the reason: it may depend on public information disseminated by some
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reporters in the newspapers or on television. Nevertheless, public opinion is the
base for political decisions, if there is a majority for this opinion.

Consumers want to exercise their right to choose. Consumer choice is a
leading consumer principle. It is viewed by consumer organizations as a prime
condition to establish consumer sovereignty in the marketplace. Sometimes, how-
ever, consumers cannot be provided with a choice; for example, because of the
high costs involved in separating bovine somatotropin-treated milk from untreated
milk, it is unlikely that treated and untreated milk will be sold separately. Con-
sumers are denied a choice between alternatives and thus the introduction of
bovine somatotropin should not be allowed. To exercise consumer choice, it is
necessary to know from what to choose and about what to choose. Consumers
find it increasingly difficult to access food products in terms of quality, health,
price, and nutrients. This puts heavy requirements on the labeling of foodstuffs.

However, consumer choice has its limitations. It does not automatically
follow that more choice is always desirable or necessary. Linked to the satisfaction
of consumer choice is the availability of information.

The introduction of new technologies, for example, genetic modification,
raises questions on the ethical, cultural, and religious level. Our world is in a
stage of rapid change in which people are exposed to an increasing number of
new drugs, technical products, and waste materials. The introduction of new
products and technologies to the market should take place with careful considera-
tion. Public opinion is increasingly concerned about the harmful effects they
might have, not only obvious toxicity, but also long-term effects that are hard to
detect or affect only few people exposed separately, or genetic damage, among
others. Public opinion does not differentiate between the possibility of a harmful
effect and the reality of this effect (i.e., between hazard and risk). This may lead
to a growing conflict between consumer interest and producer interest. Consumers
become more interested in food items that have changed little from their original
state and/or that are made in an animal-friendly and environmentally sound way.
Producers are interested in gaining more consumers and creating new markets.
They try to bring many new products on the market, which does not always
reflect consumer demands.

The developments through which governments want to arrive at internation-
ally accepted food standards should be a careful balancing of criteria and include
consumer interests. Safety assessments as such, without looking at other consumer
interests, is a far too narrow approach. At the moment, safety is used as the only
criterion to assess products. Even in the few cases in which other criteria have
been added, safety has been looked upon as the most relevant. For consumer
organizations, this approach is no longer sufficient. Safety assessments are based
on scientific evidence, which clearly has its limitations. Science is not free of
values and expert statements address values as well as facts. Experts can change
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their minds and scientific evidence therefore is often uncertain. Sometimes scien-
tists reach different conclusions although they assess the same evidence.

In the debates on food, scientific questions have played a prominent role.
However, food problems are about public choices and thus involve more than
scientific assessments. Good science is absolutely essential for sound policy
choices, but it cannot make the value judgments to decide which choice is best
for consumers. It is consumers who take the risk when buying and eating the
new products. They should therefore be involved in the assessment procedures.
Government bodies should work together with consumer groups to adapt assess-
ment techniques and further develop procedures and a consumer checklist of
issues that should be considered when judging food substances or processes.

In the area of risk communication, the regulatory agencies should continue
to be flexible in the way information is presented to the public regarding drug
residues. Continuing efforts are needed to combat false and misleading consumer
perceptions of the hazards of drug residues in the tissues of food animals.

The public is repeatedly presented with information that is conflicting, often
times misleading, and usually critical of food regulatory agencies. For example,
food scientists can tell consumers that today’s milk is the best it’s ever been and
they know it is. Most dairy farmers and most dairy practitioners are currently
diligent in ensuring that illegal drugs are not allowed to contaminate our milk
supply. However, this is not enough when consumers hear that drug residues are
present in milk. They do not know whom to believe. Rarely are they told that
there is great difference between residues and violative residues from a toxicologi-
cal point of view. However, such concerns, whether warranted or not, can do
serious damage to milk’s good image and affect consumer behavior. If the milk
cannot be sold, there is no need for it to be produced. In this case, industry’s
best defense and the approach that promises the greatest public health advantage
for the consumer is information. Perception becomes more important than reality.

The extent to which perception can become reality has been demonstrated
over time; for example, consumer activism in the 1960s led to the enactment of
the Wholesome Meat Act of 1967 and the Wholesome Poultry Products Act of
1968. Food safety became again a sensitive political topic during the early 1990s.
Widely publicized cases of food contamination, foodborne illness and death be-
came front page headlines in newspapers and in Time and Newsweek magazines.
This awakening of the American public was particularly marked by concern over
drugs, pesticides, and other chemical residues in foods. Then in 1993, with the
foodborne outbreak of Escherichia coli O157:N7, consumers were further riveted
as national attention was focused on the vulnerability of our food chain to disease-
causing pathogens and possible drug and chemical residues. This outbreak caused
many Washington DC-based consumer advocacy groups to exert pressure, via
lobbying Congress and demanding that policymakers do something to ensure a
safe food supply.
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It is currently very easy to get time in the press by claiming knowledge of
some danger in the food supply. Several groups have seized this opportunity with
the issue of drug residues and antimicrobial resistance. For example, Escherichia
coli O157:H7 is now recognized as an important human pathogen (5). The mode
of transmission is primarily through the food; however, person-to-person trans-
mission also has been identified in some day care center and nursing home out-
breaks (6). Illness and death due to this pathogen have placed cattle under in-
creased scrutiny. Special interest groups are ready to make accusations and
establish blame wherever they can. Once again, industry’s best defense is informa-
tion. Recordkeeping as to antibiotic use and factors correlated with the presence
of Escherichia coli O157:H7 are essential to create an informed public. Should
a crisis arise in this area, producers, veterinarians, and regulators need data to
quantify drug use and industry practices.

Concern about drug residues may sometimes be fueled by marketing prac-
tices and promotional material, produced by some industry and special interest
groups. Some stores advertise that their products are free of such agents as hor-
mones, steroids, and antibiotics. This advertisement creates an impression of
difference when none exists. This could be considered deceptive advertising, and
it contributes to consumer anxiety about the safety of animal production practices.
A widespread consumer perception is that poultry is loaded with growth hor-
mones, although these are never in fact used in poultry industry. In a consumer
survey conducted in California, 10% of persons surveyed said they were eating
less poultry because of concern about hormone residues (7).

In addition, faulty food testing procedures may create an impression that
residues are more prevalent than is actually the case. It has been suggested,
without supporting evidence, that cases of premature menarche observed in Puerto
Rico were a result of growth hormone residues in chickens (8).

Concern may also arise from information dissemination by special interest
groups that use the potential of health concerns to promote their organization.
The example of bovine somatotropin illustrates this practice. The US Foundation
on Economic Trends initiated a vigorous campaign questioning milk’s safety
from cows receiving supplemental bovine somatotropin. Other, more moderate,
groups have echoed this concern. The health and environmental benefits of use
of bovine somatotropin in cattle were not told. Consumers never heard that bovine
somatotropin allows the animals to use feed more efficiently which is an environ-
mental benefit since fewer resources will be used and less manure produced.
Neither were they told that use of growth hormones in beef cattle has an insignifi-
cant effect on muscle estrogen level but increases the ratio of lean muscle to fat
(2). Research indicated that consumer concerns stopped increasing by the time
leading medical and health groups affirmed the safety of milk produced from
cows receiving bovine somatotropin (9). With the exception of Wisconsin, where
the bovine somatotropin debate became highly politicized, the effectiveness of
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this fear campaign was limited (10), and milk sales across the United States were
again increased.

Inappropriate animal care and management can also contribute to a declin-
ing confidence in the production and regulation systems (7). Consumers in West-
ern countries are becoming more critical of the way cattle is raised in intensive
production. Most countries in the world have become more urbanized and people
have less knowledge of farm practices and challenges. As a result, people are
very sensitive to pictures of animals that are ill or injured. Animal welfare has
become a consumer issue: consumers have expressed an interest in buying free-
range eggs and hormone-free beef. Also consumers are looking at safety in rela-
tion to animal welfare from an ethical point of view. This aspect is even outlined
in the Dutch food legislation. A product advertised in a trade publication as being
capable to turn a cow ‘‘into a factory’’ is not well received by the public and may
tarnish the reputation of integrity and responsibility of the whole food industry.

Because consumers get most of their information from the media (11, 12),
responsible presentation of food safety issues is needed. When US newspaper
editors, who cover food safety issues, were asked about where they receive the
information they write about, government agencies and consumer groups received
the highest scores as communicators with the media on food safety issues with
60% and 54%, respectively; food manufacturers and processors received the low-
est. When the editors were asked about who provides the best source of informa-
tion, government agencies and universities both received scores of 77% in the
credibility of information on food safety, whereas food manufacturers and proces-
sors were described as the least useful sources.

Recent surveys have shown that more than one-fourth (29%) of United
States consumers rely primarily on themselves to ensure the food they eat is
safe (1). Surprisingly, consumers’ reliance was higher on manufacturers than
government, with scores of 23% and 20%, respectively; this is a dramatic change
compared to 1988, when three times as many consumers relied on the government
as on industry. Therefore, continuous information to consumers, particularly by
health authorities, on the purpose of various food animal production practices
and each person’s responsibility in ensuring food safety is essential to create an
informed public and to contribute further to public confidence.

A total of 88% of the US newspaper editors believed that the public would
put the heaviest responsibility for food safety on the government. According to
editors, consumers see food producers as the next most responsible for food
safety, while seeing themselves as the least responsible. Consumers believe food
safety could be improved by the government developing and enforcing strict
regulations, producers and processors following strict standards, and consumers
adopting safe handling practices (13). Consumers know that regulators cannot
be everywhere, but they expect high compliance from a regulatory and checking
system with enforcement that is rigorous and poses significant fines.
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Producers might rethink standards based on voluntary compliance. If stan-
dards are not followed universally, the entire industry may suffer from lost public
confidence and lost sales. Given today’s sensitivities and the huge selection of
options in the supermarket, consumers will readily abandon entire food categories
on the slightest suspicion. Therefore, continued alertness and sensitivity to the
concerns of an urban public are necessary. Consumer concerns should be ad-
dressed by vigorous safety testing, monitoring, enforcement, responsible advertis-
ing, and information dissemination.
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The Analytical Challenge

Since the main objectives of the regulatory control of residues of veterinary drugs
are to ensure a safe and wholesome food supply and to take regulatory action
after identification of adulterated products, analysts are usually challenged to
analyze, often on a routine basis, for a wide range of physicochemically and
structurally highly different compounds, some of which may be used illegally or
entered unexpectedly the food chain via contamination of animal feeds. This
challenge may be better comprehended considering the number of the veterinary
drugs currently available in the market. Several hundred active veterinary drugs
are commercially available, and at least 75 of them are being used more or less
extensively in food-producing animals.

The extremely low concentrations at which drug residues occur often in
meat, milk, or eggs represent by themselves a major analytical challenge. The
concentration of drugs and metabolites in foods of animal origin is in many cases
at the part per billion or even in the part per trillion level, thus necessitating use
of selective separation and sensitive detection procedures. The analytical chal-
lenge in detecting 1 part per billion may be better described by considering the
difficulty in identifying five named individuals in the whole world population.
Even with the great variety of the currently available separation/detection systems,
it is not always possible to achieve the desired detection limit at an acceptable
precision without prior application of some form of special sample preparation
procedure, such as derivatization of the analyte (1–5). Factors responsible for
analyte losses during sample preparation are becoming most critical at low con-
centrations and can adversely affect the reliability of analytical results.

Moreover, most of the drug administered to food-producing animals is
enzymatically oxidized, reduced, or hydrolyzed, in phase I of the metabolic pro-
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cess, to give more polar forms that can be readily excreted from the animal
organism. The number of these metabolites in the edible animal products may
range from 0, as in the case of aminoglycosides (6), to more than 20 as, for
example, with chlorpromazine (7). Many of such metabolites must be identified
and quantitatively determined, particularly in cases in which the metabolites are
more toxic than the parent drug, as has been clearly demonstrated in the case of
the desoxy metabolite of carbadox in swine (8).

The parent drug or metabolites produced in phase I can also be biotransf-
ormed, during phase II of the metabolic process, to water-soluble conjugates,
primarily by glucuronidation, sulfatation, acetylation, or conjugation with glycine.
Direct determination of these conjugates is often very difficult because they are
very polar and often poorly extractable compounds. Furthermore, the possibility
of formation of several different conjugates from the same parent compound or
from a primary metabolite makes analytical results difficult to interpret as perti-
nent synthesized standards are usually not available in the market. In this case,
cleavage of these conjugates by hydrolysis with hydrochloric acid or by enzymatic
incubation with -glucuronidase or arylsulfatase may be a necessary sample
preparation step. In many instances, however, the enzyme itself and decomposi-
tion products formed during the deconjugation step may give rise to chromato-
graphic interferences as it has been noted in the analysis of chloramphenicol
residues in milk (8).

Besides, for those drugs where information is available with regard to rele-
vant metabolites such as for sulfonamides, chloramphenicol, or carbadox, the
analytical methods should be capable of detecting both the parent compound and
metabolites. For drugs such as nitrofurans, for which the metabolic profile has
not been fully elucidated, the analysis has to be necessarily focused solely on
the parent compound. In the latter case, however, the presence of structurally
related but unknown metabolites may interfere with the analysis and further con-
firmation is normally required. Furthermore, serious analytical difficulties may
sometimes come out even when the drug is not significantly metabolized, as in the
case of the aminoglycosides class of drugs for which specific reference standards
corresponding to the individual components of each drug, which are needed for
quantification, are not commercially available.

The analytical challenge becomes greater when one considers the multitude
of endogenous compounds are normally present in such complex biological ma-
trices, often at concentrations much higher than the analytes themselves. Many
of these endogenous compounds have reactive functional groups that can interfere
with the detection of the compounds of interest, if they are not sufficiently sepa-
rated by some type of sample cleanup prior to analysis. Although analyte isolation
from the matrix may be superfluous in the case of a very selective detection
technique, procedures for selective extraction of the analyte, removal of coextrac-
tants, and sensitive and specific detection should be equal to this challenge. Hence,
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in developing a suitable analytical method for drug residues in foods, the chemical
composition of the sample should always be taken into account by the analyst is
faced with this challenge. Although the regulatory control of residues of veterinary
drugs in meat, milk, or eggs is generally performed by analyzing the particular
edible animal product, it is sometimes equally attractive for screening purposes
to perform the analysis on body fluids such as urine, plasma, or saliva. These
matrices are generally easier to collect and analyze and they usually contain
elevated levels of drug residues.

Urine is a biological matrix easily amenable to extraction with organic
solvents since it does not readily produce emulsions or foams due to the absence
of proteins or lipids. The most serious disadvantage of urine analysis is the great
number of endogenous components with molecular weights ranging from about
17 up to 70,000, which may interfere with the analysis of drug residues.

Its composition varies with the animal species and particularly the animal
diet. As a result, its color may vary from dark amber to pale, while its pH can
vary from 4 to 9. Upon standing, urine gradually throws out CO2 and becomes
more alkaline, favoring the precipitation of the dissolved phosphates and organic
salts. It is therefore essential that urine samples be buffered to a certain pH prior
to analysis, and that the analytical method be validated for a variety of urine
samples obtained at different time points from different animals and species.

Many drugs are excreted in the urine as conjugates. Since the free nonconju-
gated drug fraction shows usually a large intra- and interanimal variation, it is
customary to treat urine samples with an enzymatic combination of -
glucuronidase/arylsulfatase in order to release the conjugated fraction. However,
the added enzyme itself and decomposition products formed during the deconju-
gation process may give rise to an increase in chromatographic interference.

Unlike urine, plasma contains about 7% proteins and a substantial amount
of lipids, salts, and enzymes, especially esterases. The pH of plasma is approxi-
mately 7.4. Despite its complex nature, plasma exhibits a composition that hardly
varies within the animal species and the diet, except for the lipid content, which
is diet-dependent.

Because of the high affinity between some drugs and plasma proteins, one
can differentiate between the free or unbound and total concentration of the drug.
Binding proteins in plasma include albumin, -acid glycoprotein, lipoproteins,
and -globulins (9). Although the free fraction of a drug can be considered the
physiologically active portion that governs the residue level in tissues, for screen-
ing purposes the total drug content will be measured in most cases because the
free drug concentration may be extremely low when the drug is highly protein-
bound. After establishment of the percentage protein binding, the result of the
free fraction assay is then supposed to correlate with the tissue residue level. In
practice, however, the free fraction is to some extent concentration-dependent,
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decreasing at lower drug levels (10), whereas it is greatly influenced by the
pathological state of the animal (9).

Analysis of saliva can sometimes replace the analysis of plasma samples
since a constant ratio between plasma and saliva concentrations can exist for a
number of drugs. The amount of the analyte excreted in saliva depends on both
the degree of protonation and the extent of protein binding, implying that neutral
analytes that do not tend to bind to proteins can be found in relatively high
concentrations in this matrix.

A much more frequently analyzed matrix in the field of drug residues in
foods is milk. Cow milk has a pH value of 6.7, and contains 3.3% proteins,
mainly casein (78%); 3.7% lipids, mainly triglycerides; and 4.7% carbohydrates,
mainly lactose. The composition of milk is influenced by genetic factors, the
physiological condition of the animal, climate, and the diet (11). Apart from that,
the composition may change upon storage as a result of oxidation, enzymatic
conversions, and growth of microorganisms. Milk contains a number of naturally
occurring microorganism-inhibiting substances that can be inactivated by heating
(12). These include the enzymes peroxidase and lysozyme, a number of immuno-
globulins that may agglutinate gram-positive bacteria, and lactoferin, which inhib-
its the analytically important bacteria B. stearothermophilus and B. subtilis.

As a matrix, milk can be considered an emulsion of fat particles in an
aqueous milk plasma. However, the membrane of these fat particles is much more
complex than an ordinary emulsion globule membrane, and consists of a mixture
of water, proteins, lipids, enzymes, minerals, phosphatides, and other compounds.
Moreover, milk plasma is not homogenous, being a colloidal solution of globular
proteins and a dispersion of lipoproteins and casein micelles. Globular proteins
and lipoproteins constitute the proteins of serum, whereas the casein micelles
consist of casein proteins, inorganic salts, water, and enzymes. Casein micelles
can be precipitated by acidification to pH 4.6 or by heating above 120 C. Serum
proteins are not precipitated at this pH but become insoluble upon heating above
80 C.

Because of the physicochemically different phases in milk, drugs will some-
times be distributed unevenly and may remain predominantly in one phase after,
for example, acidification or decreaming. Table 19.1 gives some examples of the
distribution of a number of antibacterial drugs over cream, casein, and whole
goat milk, as established by radiolabeled studies (13). The distribution depends
both on the residue concentration range and the route of administration. The latter
can be explained by the trapping of the more lipophilic compounds by the fat
globules during their formation in the milk-secreting cells in the udder cavity.
Since drug residues are transported from the bloodstream to the milk within the
udder by passive diffusion, nondissociated apolar compounds are most easily
transported, and it is therefore unlikely that polar drug conjugates such as glucu-
ronides will be found in milk (13). When a drug is added after the fat globule is
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TABLE 19.1 Distribution of Radiolabeled Antibacterials over Cream, Casein,
and Whole Goat Milk

Distribution Distribution
of the drug in of the drug in
cream/whole casein/whole

Antibacterial Administration route milk milk

Benzylpenicillin Intramammary infusion 0.3–0.5 1.0–1.1
Intramuscular injection 1.0–2.1 0.8–3.2

Chloramphenicol Intramammary infusion 1.1–2.3 2.2–24.8
Intramuscular injection 7.4–8.1 22.4–24.5

DH-Streptomycin Intramammary infusion 0.3–0.6 1.3–400
Intramuscular injection 1.0 260

Spiramycin Intramammary infusion 0.4–0.9 1.5–22.8
Intramuscular injection 0.9 22.6

Tetracycline Intramammary infusion 0.4–0.7 2.0–22.4
Intramuscular injection 1.1–3.2 25.6–726

Source: From Ref. 13.

formed, as in the case of intramammary injection or even when spiking a sample,
the enrichment in the fat globules apparently does not take place to the same
extent. As in plasma, drugs can also be protein-bound in milk. Therefore, the
distribution of a drug residue over the various milk phases should be established
for each individual drug.

In contrast to milk, where samples are primarily derived from cows, meat
analysis has to be performed in samples of a widely different animal origin includ-
ing cattle, lamb, swine, poultry, and fish. Muscle is a complex matrix with a pH
of 5.7, composed of muscle fibers, various types of connective tissue, adipose
tissue, cartilage, and bones. Sarcoplasmic proteins such as myoglobin, and glyco-
lytic enzymes are soluble in water while the myofibrillar proteins such as myosin
and actin are soluble in concentrated salt solutions (14). The connective tissue
proteins, collagen and elastin, are insoluble in both solvents.

Fish muscle tissue, in particular, is a very peculiar matrix because of its
high content of nonprotein nitrogen. Nonprotein nitrogen content in fish is much
higher than that in terrestrial animals, amounting to 9–18% of the total nitrogen
content (15). This implies that the nonprotein nitrogen amounts to 1.5–4% of the
total fish weight but only 1% of the total weight of a terrestrial animal. Nonprotein
nitrogen represents a class of ionogenic matrix components that, in most fish
species, is mainly composed of amino acids, creatine and creatinine, trimethylam-
ine oxide, nucleotides, amides, and ammonia. These fish components have the

Copyright © 2001 Marcel Dekker, Inc.



554 Chapter 19

potential to create extractability problems to drugs or metabolites that occur in
a charged form.

Apart from differences between muscle tissues from various parts of an
animal, there are qualitative and quantitative differences in composition between
animal species. Therefore, analytical methods will always have to be tested on
material from each individual species, since differences in fat composition, in
the presence of species-specific proteins, and in colored components such as in
the case of myoglobin in poultry and beef may influence both the extraction and
the separation of the analytes. As an example, a recovery higher than 70% was
obtained for furazolidone after spiking chicken and veal calf muscle tissue but
only 10% after spiking pork tissue (16). In this study, the recovery from pork
meat could markedly be improved by addition to the aqueous extraction solvent
of about 25% acetonitrile, an observation indicating binding of furazolidone to
pork-specific proteins.

Apart from muscle, other tissues such as liver and kidney are frequently
used as target matrices in residues monitoring due to their relatively higher residue
content. However, liver in particular contains highly active enzyme systems such
as the cytochrome P450 complex, which can lead to postmortem metabolism of
the contained drugs (17, 18). To inhibit the cytochrome P450 activity in liver
samples, piperonyl butoxide may be used as a very effective inactivation agent.
When piperonyl butoxide was added to chloramphenicol-incurred bovine liver
homogenates prior to analysis, the recovery of chloramphenicol increased to 60%
compared with the 30% recovery without addition of piperonyl butoxide (17).

Special handling is also required when eggs are to be analyzed. Eggs consist
of two distinct compartments, egg white and egg yolk, with a very different
composition. Egg white constitutes about 60% of the total egg weight and is
essentially a colloidal aqueous dispersion of 10.5% globular glycoproteins includ-
ing ovalbumin, ovotransferin, ovomucoid, lysozyme, and ovomucin. Egg yolk
constitutes a more complex matrix that contains particulate granules consisting
of a mixture of high-density lipoproteins, phosvitin, and low-density proteins
suspended in a micellar protein solution (19). Egg yolk lipids are mainly com-
posed of triglycerides (64%), phospholipids (28%), and cholesterol (5%). The
fatty acid composition of the yolk lipids depends to some extent on the composi-
tion of the diet of the hens. The content of yolk pigments and, therefore, the color
of the egg likewise depend on the specific feeds given to the hens. Therefore,
the diet of the laying hens can largely determine interferences potentially present
in the analyzed eggs.

The high lipid content of the yolk makes it an apolar medium, while egg
white is relatively polar. One can thus expect differences in the concentrations
of polar and apolar drugs in the two egg compartments. Table 19.2 gives a few
examples of this (8).
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TABLE 19.2 Distribution of Ionophoric Coccidiostats and Flumequine in
Egg Yolk and Egg White after Oral Medication to Laying Hens

Medication Medication Mean level (ppb)
period level Ratio,

Yolk Egg whiteDrug (days) (ppm) yolk/egg white

Flumequine 10a 90 400 2000 0.2
Monensin 7b 110 100 150 0.7
Narasin 7b 70 1000 250 4.0
Salinomycin 7b 60 1500 50 30.0

a Water medication
b Feed medication
Source: From Ref. 20.

When one wishes to determine drug residues separately in yolk and egg
white, it is also advisable to separate these compartments immediately after laying
because of reported diffusion from yolk to egg white (20). As with urine samples,
it is also necessary to buffer egg samples prior to analysis, because the pH of
the egg white may vary between 7.6 and 9.4 depending on the storage time,
although while yolk pH is always in the narrower range of 6.0–6.8 (19).

Due to the wide range of matrices encountered in drug residues analyses
and, also, the wide range of different classes of drugs, it is not possible to consider
a typical analytical methodology. In developing a suitable analytical scheme, a
number of certain physicochemical properties of the analyte(s) should also be
taken into account by the analyst faced with this challenge.

Normally, most physicochemical properties including the solubility index
and absorptivity data of the analytes are readily accessible in literature. Some
particular properties, however, such as the pK values, are often not readily ap-
proachable or partially only known although they can be of great importance when
estimating the liquid–liquid partitioning behavior of drugs and their metabolites.
Primary physicochemical properties of drugs commonly used in animal farming
are listed in Table 19.3.

It is well known, for example, that compounds with functional groups pos-
sessing free electrons behave as acids if they are proton-donators or as bases if
they are proton-acceptors. Thus, the carboxylic acid function is moderately
weakly acidic, with a pK in water of about 4.5–5.0. Its acidic function, however,
is much stronger than that of the corresponding alcohol and phenol due to the
high stabilization energy of the carboxylate ion. On the other hand, the amine
group function is moderately weakly alkaline, with pK values in the range 8–10.
As a consequence, the pK values of the primary amine function of amphetamine
and dopamine are 9.9 and 8.8, respectively; the pK values of the secondary amine
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TABLE 19.3 Primary Physicochemical Properties of Drugs Commonly Used in Animal Farming

Mol.
Drug Source Classification Formula weight UV max (nm) pK values Soluble Slightly soluble Almost insoluble

Albendazole Synthetic Benzimidazole C12H15N3O2S 265 DMSO, DMF, EtOAc H2O, hexane,
HOAc, acids, toluene,
bases petroleum

ether
Amoxicillin Semisynthetic -Lactam C16H19N3O5S 365 230, 248, 2.8, 7.2 H2O, MeOH, Hexane, EtOAc,

291 DMF, EtOH, ACN
DMSO

Amphotericin B S. nodosus Antifungal C47H73NO17 924 345, 363, DMSO, DMF Alkalies, acids H2O (pH 6–7)
382, 406

Ampicillin Semisynthetic -Lactam C16H19N3O4S 349 2.7, 7.3 H2O, MeOH, CHCl3 Hexane,
EtOH, petroleum
acetone, DMF, ether, ether,
DMSO EtOAc.

Apramycin S. tenebra rius Aminoglycoside C21H41N5O11 540 8. 5, 7.8, H2O Lower alcohols
7.2, 6.2,
5.4

Arsanilic acid Synthetic Organic arsenical C6H8AsNO3 217 Amyl alcohol H2O, EtOH, Acetone, ether,
HOAc benzene,

CHCl3
Avermectin B1a Synthetic Macrocyclic lactone C48H72O14 872 237, 245, MeOH, EtOH, H2O, BuOH,

B1b C47H70O14 858 253 CHCl3, cyclohexane
acetone,
isopropanol,
toluene

Avilamycin A S. viridochro- Polyether C61H88Cl2O32 1403 227,286 MeOH
C mogenes C61H90Cl2O32 1405 228,284

Avoparcin A S. ca ndidus Peptide C89H101ClN9O36 1900 280, 300 H2O, DMF, MeOH
B C89H100Cl2N9O36 DMSO

Bacitracin A B. subtilis and B. Peptide C66H103N17O16S 1421 251, 287 8.8 H2O, MeOH, Acetone, Hexane,
licheniformis EtOH, DMF dioxane toluene,

petroleum
ether, ether,
CHCl3

Bambermycin A B1, S. ba mbergiensis Aminoglycoside Complex 258 H2O, MeOH, Ether, EtOAc Benzene, CHCl3
B2 and C DMF
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Bithionol Synthetic Substituted phenol C12H6Cl4O2S 356 4.8, 10.5 Alkali, acetone EtOH H2O
Cambendazole Synthetic Benzimidazole C14H14N4O2S 302 232, 319 EtOH, DMSO, Acetone, H2O, isooctane

DMF benzene
Carbadox Synthetic Quinoxaline dioxide C11H10N4O4 262 303, 366, DMF, MeOH, H2O

373 EtOH, DCM,
CHCl3

Cephalosporin C Cepha losporium -Lactam C16H21N3O8S 415 260 2.6, 3.1, H2O Ether, EtOH
9.8

Cephapirin Cepha losporium -Lactam C17H16N3NaO6S2 445 H2O
Chloramphenicol Synthetic Amphenicol C11H12Cl2N2O5 323 278 5.5 H2O, MeOH, Toluene, Hexane,

EtOH, EtOAc, CHCl3 petroleum
ether, ether,
acetone, DMF isooctane

Chlorothiazide Synthetic Diuretic C7H6ClN3O4S2 296 225, 280 8–10 H2O, EtOH, MeOH Hexane,
petroleum
ether,
isooctane

Chlortetracycline S. a ureofa ciens Tetracycline C22H23ClN2O8 479 230, 263, 3.3, 7.4, H2O, MeOH, EtOH, EtOAc, Hexane,
368 9.3 DMF dioxane, toluene, ether,

acetone petroleum
ether, CHCl3

Clenbuterol Synthetic -Agonist C12H18Cl2N2O 277 H2O, MeOH, CHCl3 Benzene
EtOH

Clindamycin Semisynthetic Lincosamide C18H33ClN2O5S 425 7.6 H2O, EtOH
Clopidol Synthetic Anticoccidial C7H7Cl2NO 192 DMF, MeOH ACN H2O
Clorsulon Synthetic Anthelminthic C8H8Cl3N3O4S2 381 227, 267,

325
Closantel Synthetic Salicylanilide C22H14Cl2I2N2O2 663
Cloxacillin Semisynthetic -Lactam C19H18ClN3O5S 436 230, 261 2.7 H2O, MeOH, EtOAc, CHCl3, Hexane,

EtOH, acetone petroleum
dioxane, DMF, ether, ether,
DMSO isooctane

Colistin B. colistinus Peptide C53H100N16O13 1168 H2O, MeOH, Dioxane EtOH, ether,
DMF, DMSO EtOAc,

CHCl3,
acetone,
hexane

Coumaphos Synthetic Organophosphate C14H16ClO5PS 363 DMSO CHCl3, H2O
acetone

(continued)

Copyright © 2001 Marcel Dekker, Inc.



558
C

h
ap

ter
19

TABLE 19.3 Continued

Mol.
Drug Source Classification Formula weight UV max (nm) pK values Soluble Slightly soluble Almost insoluble

Dexamethasone Synthetic Corticosteroid C22H29FO5 392 239 EtOH, acetone, H2O
CHCl3

Diazepam Synthetic Sedative C16H13ClN2O 285 3.4 EtOH, DMF, H2O
CHCl3,
acetone,
benzene

Dichlorophen Synthetic Substituted phenol C13H10Cl2O2 269 EtOH, MeOH, Toluene H2O
ether,
isopropyl
ether,
petroleum
ether

Dichlorvos Synthetic Organophosphate C4H7Cl2O4P 221 EtOH H2O
Dicloxacillin Semisynthetic -Lactam C19H17Cl2N3O5S 470 2.7 H2O, MeOH, EtOAc, CHCl3 Hexane,

EtOH, petroleum
acetone, DMF, ether,
DMSO isooctane,

benzene
Dienestrol Synthetic Anabolic C18H18O2 266 MeOH, H2O, dil acids

EtOH,
ether,
acetone,
CHCl3

Diethylstilbestrol Synthetic Anabolic C18H20O2 268 MeOH, EtOH, H2O
ether, CHCl3

Dihydrostreptomycin Semisynthetic Aminoglycoside C21H41 N7O12 584 8.8 H2O, MeOH, EtOH Hexane,
DMF petroleum

ether,
isooctane

Dimetridazole Synthetic Nitroimidazole C5H7N3O2 141 EtOH, acids H2O, ether,
CHCl3,
benzene

Doxycycline Tetracycline C22H24N2O8 462 267, 351 H2O, MeOH, Hexane, pet
dioxane, DMF ether,

isooctane
Efrotomycin S. la cta mdura ns Peptide C59H88N2O20 1145 232, 327
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Enrofloxacin Synthetic Quinolone C19H22FN3O3 359 ACN, MeOH H2O Hexane,

petroleum
ether,
isooctane,
toluene

Erythromycin S. erythreus Macrolide C37H67NO13 734 280 8.8 H2O, MeOH, Hexane, Petroleum
EtOH, toluene, ether,
acetone, ACN, isooctane
CHCl3, EtOAc,
ether, DMF

Estradiol-17 Ovaries Sex hormone C18H24O2 272 225, 280 EtOH, acetone, H2O
dioxane

Ethopabate Synthetic Anticoccidial C12H15NO4 237 267, 298 ACN, MeOH, EtOAc, DCM, H2O, isooctane
EtOH, acetone isopropanol

Fenbendazole Synthetic Benzimidazole C15H13N3O2S 299 DMSO EtOAc H2O, hexane,
petroleum
ether,
isooctane

Florfenicol Synthetic Amphenicol C12H14Cl2FNO4S 358 H2O, MeOH, Hexane,
EtOH, DMF petroleum

ether,
isooctane

Flubendazole Synthetic Benzimidazole C16H12FN3O3 313 DMSO H2O, hexane,
isooctane

Flumequine Synthetic Quinolone C14H12FNO3 261 Alkali, EtOH, H2O
DMF

Furaltadone Synthetic Nitrofuran C13H16N4O6 324 EtOH, DMSO, H2O Hexane,
DMF isooctane

Furazolidone Synthetic Nitrofuran C8H7N3O5 225 265, 352 DMSO, DMF DCM Hexane, H2O
Furosemide Synthetic Diuretic C12H11ClN2O5S 331 4–5 Alkali, MeOH, H2O, CHCl3 Hexane,

EtOH, petroleum
acetone, DMF ether,

isooctane
Gentamicin C1 M. purpurea Aminoglycoside C21H43N5O7 477 8.2 H2O, DMF, MeOH, ether, Hexane, EtOH,

C2 C20H41N5O7 463 DMSO CHCl3, petroleum
C1a C19H39N5O7 449 acetone ether, ether,

EtOAc
Gentian violet Synthetic Dye C25H30ClN3 408 H2O, EtOH, Ether

CHCl3

(continued)
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TABLE 19.3 Continued

Mol.
Drug Source Classification Formula weight UV max (nm) pK values Soluble Slightly soluble Almost insoluble

Halofuginone Synthetic Anticoccidial C16H17BrClN3O3 415 MeOH, DMF CHCl3, DCM,
acetone

Hexestrol Synthetic Anabolic C18H22O2 270 MeOH, EtOH, CHCl3, H2O, dil acids
ether, benzene
acetone,

Hydrochlorothiazide Synthetic Diuretic C7H8ClN3O4S2 298 226, 271, 7.9, 9.2 Alkalies, MeOH, H2O, hexane,
317 EtOH, acetone petroleum

ether,
isooctane

Hygromycin B Synthetic Anthelminthic C20H37N3O13 527 7.1, 8.8 H2O, MeOH, Hexane,
EtOH, DMF petroleum

ether,
isooctane,
cyclohexane

Indomethacin Synthetic Anti-inflammatory C19H16ClNO4 358 230, 260, 4.5 EtOH, acetone, H2O
319 ether

Ivermectin B1a Synthetic Macrocyclic lactone C48H74O14 874 238, 245 Methyl ethyl H2O Hexane,
B1b C47H72O14 860 ketone, petroleum

propylene ether,
glycol isooctane,

cyclohexane
Kanamycin A, C S. ka na myceticus Aminoglycoside C18H36N4O11 H2O DMF, ether, MeOH, EtOH,

B C18H37N5O10 dioxane hexane,
EtOAc,
acetone,
CHCl3

Ketoprofen Synthetic Anti-inflammatory C16H14O3 254 255 EtOH, DMF, H2O
CHCl3, EtOAc,
acetone, ether

Lasalocid Streptomyces? Polyether C34H54O8 591 248, 318 MeOH, EtOH, H2O
DMF, CHCl3,
ACN, DCM,
EtOAc

Levamisole Synthetic Imidazothiazole C11H12N2S 204 Hexane,
petroleum
ether,
isooctane
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Lincomycin S. lincolnensis Lincosamide C18H34N2O6S 406 7.6 H2O, MeOH, Acetone, Hexane, ether,

EtOH, DMF CHCl3 petroleum
ether

Malachite green Synthetic Dye C23H25ClN2 365 616.9 H2O, MeOH, Ether
EtOH, amyl
alcohol

Mebendazole Synthetic Benzimidazole C16H13N3O3 295 Formic acid, EtOAc H2O, EtOH,
DMSO CHCl3, ether,

hexane,
isooctane

Methylene blue Synthetic Dye C16H18ClN3S 320 609, 668 H2O, EtOH, Ether
CHCl3

Methylthiouracil Synthetic Thyreostatic C5H6N2OS 142 Alkalies H2O, EtOH, CHCl3, benzene
ether,
acetone

Metronidazole Synthetic Nitroimidazole C6H9N3O3 171 H2O, EtOH DMF, CHCl3,
ether

Monensin S. cinna monensis Polyether C36H62O11 671 6.6 MeO H, EtOH, H2O
DMF, CHCl3,
ACN, DCM,
EtOAc

Nalidixic acid Synthetic Quinolone C12H12N2O3 232 258, 318, 8.6 CHCl3, ACN, MeOH, EtOH H2O, ether
328 DCM, EtOAc,

toluene
Narasin S. a ureofa ciens Polyether C43H72O11 765 285 7.9 M eOH, EtOH, H2O

DMF, CHCl3,
ACN, DCM,
DMSO, EtOAc,
acetone,
benzene

Natamycin S. na ta lensis Antifungal C33H47NO13 666 220, 280, DMSO, DMF Acids Ether, higher
290, 303, alcohols,
318 esters,

dioxane,
ketones

(continued)
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TABLE 19.3 Continued

Mol.
Drug Source Classification Formula weight UV max (nm) pK values Soluble Slightly soluble Almost insoluble

Neomycin A S. fra dia e Aminoglycoside C12H26N4O6 322 8.3 H2O MeOH, ether, Hexane,
B, C C23H46N6O13 454 EtOH, toluene,

acetone petroleum
ether, CHCl3,
EtOAc

Nicarbazin Synthetic Carbanilide C19H18N6O6 426 298 H2O
Niclosamide Synthetic Salicylanilide C13H8Cl2N2O4 327 EtOH, ether, H2O

CHCl3
Nithiazide Synthetic Antiprotozoal C6H8N4O3S 216 7.3 H2O
Nitrofurantoin Synthetic Nitrofuran C8H6N4O5 238 266, 370 7.2 Acetone, DMF, H2O, EtOH Hexane,

DMSO petroleum
ether,
isooctane

Nitrofurazone Synthetic Nitrofuran C6H6N4O4 198 260 , 375 Alkalies, DMF, Ether, H2O,
DMSO EtOH

Nitroxynil Synthetic Substituted phenol C7H3IN2O3 290 EtOH, acetone H2O, MeOH,
CHCl3, DMF,
DMSO,

Nosiheptide S. a ctuosus Macrolide C51H43N13O12S6 1222 242, 322 CHCl3, DMF, MeOH, EtOH, H2O, petroleum
DMSO EtOAc, ether

benzene
Novobiocin S. spheroides Antibacterial C31H36N2O11 613 248, 307, 4.3, 9.1 H2O, MeOH, EtOAc, ether, Hexane,

324, 350 EtOH, CHCl3 toluene,
acetone, DMF isooctane

Nystatin A1 S. noursei, S. Antifungal C47H75NO17 925 290, 307, MeOH, ethylene H2O, EtOH,
a ureus 322 glycol, DMSO, CHCl3,

DMF benzene
Olaquindox Synthetic Quinoxaline dioxide C12H13N3O4 263 H2O MeOH, Hexane,

acetone, isooctane,
EtOH petroleum

ether
Oleandomycin S. a ntibioticus Macrolide C35H61NO12 688 286–289 H2O, MeOH, Ether, toluene Hexane,

EtOH, BuOH, petroleum
acetone, ether,
CHCl3, EtOAc, isooctane
DMF

Oxacillin Semisynthetic -Lactam C19H19N3O5S 40 1 232, 259 2.7 H2O, MeOH, Hexane, Petroleum
EtOH, DMSO, acetone ether, EtOAc,
DMF ether, CHCl3

Copyright © 2001 Marcel Dekker, Inc.



563
A

n
alytical

C
h

allen
g

e
Oxfendazole Synthetic Benzimidazole C15H13N3O3S 315 DMSO, DMF EtOAc Hexane,

petroleum
ether,
isooctane

Oxibendazole Synthetic Benzimidazole C12H15N3O3 249 DMSO, DMF EtOAc Hexane,
petroleum
ether,
isooctane

Oxolinic acid Synthetic Quinolone C13H11NO5 261 MeOH, ACN, H2O Hexane,
DCM, EtOAc, benzene
CHCl3

Oxytetracycline S. rimosus Tetracycline C22H24N2O9 460 249, 276, 3.3, 7.3, H2O, MeOH, Ether, CHCl3 Hexane,
353 9.1 EtOH, EtOAc, toluene,

acetone, DMF petroleum
ether

Penicillin G Penicillium culture -Lactam C16H18N2O4S 333 257, 263, 2.8 H2O, MeOH, Hexane, Toluene,
277 EtOH, EtOAc, petroleum

dioxane, DMF, acetone ether, ether,
DMSO CHCl3

Penicillin V Penicillium culture -Lactam C16H18N2O5S 350 263, 268, 2.7 H2O, MeOH, EtOH, Hexane,
274 DMF, DMSO acetone, toluene,

ether, petroleum
EtOAc, ether
CHCl3

Phenylbutazone Synthetic Anti-inflammatory C19H20N2O2 308 239.5 4.5 H2O
Polymyxin B1 B. polymyxa Peptide C56H98N16O13 8–9 H2O MeOH, EtOH, Hexane,

B2 C55H96N16O13 acetone toluene,
EtOAc, CHCl3

Progesterone Corpus luteum Sex hormone C21H30O2 314 240 EtOH, acetone, H2O
dioxane

Pyrantel tartrate Synthetic Tetrahydropyrimidines C15H20N2O6S 356 312
Rafoxanide Synthetic Salicylanilide C19H11Cl2I2NO3 626 ACN, acetone H2O
Ronidazole Synthetic Nitroimidazole C6H8N4O4 200 1.2 MeOH, EtOH, H2O Hexane,

CHCl3, EtOAc, benzene
acetone

Roxarsone Synthetic Organic arsenical C6H6AsNO6 263 MeOH, EtOH, H2O EtOAc, ether
HOAc,
acetone,
alkalies

(continued)
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TABLE 19.3 Continued

Mol.
Drug Source Classification Formula weight UV max (nm) pK values Soluble Slightly soluble Almost insoluble

Salinomycin S. a lbus Polyether C42H70O11 751 284 6.4 MeOH, EtOH, H2O
DMF, CHCl3,
ACN, DMSO,
acetone

Sedecamycin S. griseofuscus Macrolide C27H35N1O8 501.6 228 M eOH, EtOAc, Hexane,
CHCl3 petroleum

ether
Spectinomycin S. specta bilis Aminoglycoside C14H24N2O7 332 6.9, 8.7 H2O, MeOH, Dioxane EtOH, hexane,

DMF, DMSO ether, EtOAc,
acetone

Spiramycin I S. a mbofa ciens Macrolide C43H74N2O14 231 H2O, MeOH, Hexane,
II C45H76N2O15 EtOH, EtOAc, petroleum
III C46H78N2O15 DMF acetone, ether,

ether, CHCl3 isooctane
Stanozolol Synthetic Anabolic steroid C21H32N2O 328 223
Streptomycin A S. griseus Aminoglycoside C21H39N7O12 582 280, 318 H2O MeOH, EtOH, Hexane,

B C27H49N7O17 743 EtOAc, ether toluene,
petroleum
ether,
acetone,
CHCl3

Sulfadiazine Synthetic Sulfonamide C10H10N4O2S 250 242, 254 6.4 Acids and EtOH, CHCl3, H2O, hexane
alkalies ether,

acetone
Sulfadimethoxine Synthetic Sulfonamide C12H14N4O4S 310 268 6.2 EtOH, CHCl3, H2O, hexane,

ether, isooctane
acetone

Sulfamethazine Synthetic Sulfonamide C12H14N4O2S 278 243, 258, 2.6, 7.4 H2O, acids and EtOH, CHCl3 Hexane,
301 alkalies, ether petroleum

ether,
isooctane

Sulfanilamide Synthetic Sulfonamide C6H8N2O2S 172 250, 262, 10.4, 11.6 Acids and H2O, EtOH Ether,
269 alkalies petroleum

ether, CHCl3,
hexane

Sulfaquinoxaline Synthetic Sulfonamide C14H12N4O2S 300 252, 360 5.5 EtOH, acetone, H2O, ether
alkalies
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Sulfathiazole Synthetic Sulfonamide C9H9N3O2S2 255 257, 283 7.2 Acetone, H2O EtOH Ether,

petroleum
ether, CHCl3,
hexane

Sulfisoxazole Synthetic Sulfonamide C11H13N3O3S 267 253, 264 4.7 H2O EtOH, ether CHCl3, hexane,
petroleum
ether

Testosterone Testes Sex hormone C19H28O2 288 238 EtOH, acetone, H2O
ether, dioxane

Tetracycline S. viridifa ciens Tetracycline C22H24N2O8 444 220, 268, 3.3, 7.7, H2O, MeOH, Toluene, ether, Hexane,
355 7.7 EtOH, CHCl3, EtOAc, petroleum

DMF, dioxane acetone ether,
isooctane

Thiabendazole Synthetic Benzimidazole C10H7N3S 201 298 DMSO, DMF EtOH, MeOH,
EtOAc

Thiamphenicol Synthetic Amphenicol C12H15Cl2NO5S 356 224 H2O, EtOH, Hexane,
MeOH, EtOAc, petroleum
DMSO, DMF ether,

isooctane
Thiopeptin S. ta teya mensis Peptide 230–250, DMSO, DMF, MeOH, EtOAc, H2O, hexane,

295, 305 CHCl3, acetone petroleum
dioxane, ether, ether,
pyridine benzene

Thiouracil Synthetic Thyreostatic C4H4N2OS 128 Alkalies H2O EtOH, ether,
acids

Tiamulin Semisynthetic Antibacterial C28H47NO4S 494 Acetone
Tobramycin S. tenebra rius Aminoglycoside C18H37N5O9 467 H2O
Trenbolone Synthetic Anabolic steroid C18H22O2 270 239, 340.5 MeOH, EtOH
Tribromsalan Synthetic Salicylanilide C13H8Br3NO2 450 DMF, hot H2O

acetone
Trichlormethiazide Synthetic Diuretic C8H8Cl3N3O4S2 381 225, 270 8.6 H2O, MeOH, Hexane,

EtOH, petroleum
ether,
isooctane

(continued)
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TABLE 19.3 Continued

Mol.
Drug Source Classification Formula weight UV max (nm) pK values Soluble Slightly soluble Almost insoluble

Triclabendazole Synthetic Benzimidazole C14H9Cl3N2OS 360 DMSO H2O, hexane,
petroleum
ether,
isooctane

Trimethoprim Synthetic Diamainopyrimidine C14H18N4O3 290 6.6 CHCl3, MeOH H2O Hexane, ether,
benzene

Tylosin S. fra dia e Macrolide C46H77NO17 916 282 7.1 H2O , MeOH, Hexane Petroleum
EtOH, ether,
acetone, isooctane
EtOAc, ether,
CHCl3, DMF,
DMSO

Virginiamycin M1 S. virginia e Peptide C28H35N3O7 525 216 CHCl3, DMF MeOH, EtOH, H2O, petroleum
S1 C43H49N7O10 795 305 EtOAc ether

Xylazine Synthetic Sedative C12H16N2S 220 D il acids, Petroleum H2O, alkalies
CHCl3, ether
benzene,
acetone

Zeranol Synthetic Anabolic C18H26O5 322 218, 265, MeOH, EtOH
304

ACN, acetonitrile; MeOH, methanol; EtOH, ethanol; BuOH, butanol; EtOAc, ethyl acetate; ether, diethyl ether; HOAc, acetic acid; DCM, dichloromethane; DMF, dimethylformamide;
DMSO, dimethylsulfoxide.
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function of ketamine and phenylefrine are 7.5 and 10.1, respectively; whereas
the pK of the tertiary amine function of cocaine is 8.4. However, these pK values
can be shifted dramatically if aromatic functions are introduced adjacent to the
amine function. For example, the pK of the primary amine function in aniline is
shifted to about 4.6, whereas in benzocaine it is about 2.5. Electron-withdrawing
functions neighboring an amine function can change the basic character of the
group into a neutral function, as in primary and secondary amides, or even into
an acidic function, as in sulfonamides and barbiturates (5).

Established physicochemical properties are sometimes strongly influenced
by the intrinsic possibility of the analytes to form hydrogen bonds with other
potential hydrogen-bonding compounds. However, the carboxylic acid hydrogen
bond is much stronger than the corresponding hydrogen bond in the analogous
alcohols and amines, because of the high degree of polarization of the former.
Furthermore, carboxylic acids, and to some extent alcohols and phenols, are able
to form additional hydrogen bonds by the negative oxygen of the carbonyl dipole
resulting in cyclic dimers in the solid as well as in the liquid phases of the
carboxylic acid. Hydrogen-bonding effects are primarily responsible for the high
solubility of carboxylic acids and lower alcohols in polar, proton-donated sol-
vents; except for the carboxylic acids with long saturated or unsaturated chains
or large aromatic systems, the solubility in very aprotic solvents will be limited.

The intrinsic possibility of an analyte to form hydrogen bonds is another
important factor in liquid chromatographic separations, because the majority of
the stationary phases are still based on polar materials such as silica, which have
a strong tendency to form hydrogen bonds. In a number of chromatographic
processes, this hydrogen-bonding tendency is, however, an undesirable retention-
influencing parameter. Except for the possibility of hydrogen-bonding formation
of the analyte during the chromatographic process, the hydrogen-bonding capabil-
ity of matrix polar compounds including amino acids, peptides, or vitamins may
also induce their bonding to the analyte during the sample preparation process,
converting a simple analysis to a difficult task.

Apart from hydrogen-bonding forces, a number of other interactions of
varying importance may also occur between the analyte and matrix components.
Including in this category are covalent, ionic, dipole–dipole, induced dipole–di-
pole, and dispersion interactions that have a force of 100–300 kcal/mol, 50–200
kcal/mol, 3–10 kcal/mol, 2–6 kcal/mol, and 1–5 kcal/mol, respectively (5). Cova-
lent binding, for example, of nitroimidazole, nitrofuran, and benzimidazole resi-
dues to macromolecular matrix components is the cause of the more or less
persistent nonextractable residues appearing in foods (11, 21, 22).

REFERENCES

1. J.F. Lawrence and R.W. Frei, in Chemical Derivatization in Liquid Chromatography
(J.F. Lawrence and R.W. Frei, Eds.), J. Chromatogr. Libr. Vol. 7, Elsevier, Amster-
dam (1976).

Copyright © 2001 Marcel Dekker, Inc.



568 Chapter 19

2. K. Blau and G.S. King, in Handbook of Derivatives for Chromatography (K. Blau
and G.S. King, Eds.), Heyden & Son, London (1978).

3. D.R. Knapp, in Handbook of Analytical Derivatization Reactions (D.R. Knapp, Ed.),
Wiley-Interscience, New York (1979).

4. R.W. Frei and J.F. Lawrence, in Chemical Derivatization in Analytical Chemistry
(R.W. Frei and J.F. Lawrence, Eds.), Vol. 2, Plenum Press, London (1982).

5. H. Lingeman and W.J.M. Underberg, in Detection-Oriented Derivatization Tech-
niques in Liquid Chromatography (H. Lingeman and W.J.M. Underberg, Eds.), Mar-
cel Dekker, Inc., New York, pp. 1–50 (1990).

6. M. Wenk, S. Vozeh, and F. Follath, Clin. Pharmacokin., 9:475 (1984).
7. J. Chamberlain, in Analysis of Drugs in Biological Fluids (J. Chamberlain, Ed.),

CRC Press, Inc., Boca Raton, FL, USA (1985).
8. M.M.L. Aerts, in Residues of Veterinary Drugs in Edible Products, Thesis, Free

University of Amsterdam, The Netherlands (1990).
9. J.J.H.M. Lohman, in Plasma Protein Binding of Drugs, Implications for Therapeutic

Drug Monitoring, Thesis, Leiden, The Nerherlands (1986).
10. G. Ziv, and F.G. Sulman, Antimicrob. Agent Chemother., 2:206 (1977).
11. V. Burgat-Sacaze, A. Rico, and J.-C. Panisset, in Drug Residues in Animals (A.G.

Rico, Ed.), Academic Press, Inc., Orlando, FL, p. 1 (1986).
12. P. Walstra and M.C. van der Haven, in Course on Dairy Technology (P. Walstra

and M.C. van der Haven, Eds), Agricultural University of Wageningen, Wageningen,
The Netherlands (1977).

13. G. Ziv and F. Rasmussen, J. Dairy Sci., 58:938 (1975).
14. R.A. Lawrie, in Meat Science (R.A. Lawrie, Ed.), Pergamon Press, Oxford, U.K.

(1979).
15. N.F. Haard, in Fish and Fishery Products (A. Ruiter, Ed.), CAB International, Wall-

ingford, Oxon, UK, pp. 77–115 (1995).
16. M.M.L. Aerts, W.M.J. Beek, and U.A. Th. Brinkman, J. Chromatogr., 500:453

(1990).
17. R.M. Parker and I. Shaw, Analyst, 113:1875 (1988).
18. J.F.M. Nouws, Arch. Lebensmittelhyg., 32:103 (1981).
19. M. Bennion, in The Science of Food (M. Bennion, Ed.), Harper & Row, San Fran-

cisco, CA, USA, pp. 383–406 (1980).
20. M.F. Geertsma, J.F.M. Nouws, J.L. Grondel, M.M.L. Aerts, T.B. Vree, and C.A.

Kan, Vet. Q., 9:67 (1987).
21. M.M.L. Aerts, A.C. Hogenboom, and U.A.Th. Brinkman, J. Chromatogr. B, 667:1

(1995).
22. A.Y.H. Lu, G.T. Miwa, and P.G. Wislocki, Rev. Biochem. Toxicol., 9:1 (1988).

Copyright © 2001 Marcel Dekker, Inc.



20

Sample Preparation

The success of an analytical method for determining drug residues in edible
animal products is determined by a number of independent factors. However, the
sample preparation procedure can most directly influence the overall analytical
result.

Sample preparation includes all techniques that involve handling the sample
before detection begins. The intent of sample preparation is to extract efficiently
the analytes and isolate them relatively free of interfering matrix components
that could obscure the final detection, identification, and quantification process.

In many cases, the sample preparation procedure makes up the weakest
link in the whole analytical procedure. Owing to the wide range of matrices
encountered in food of animal origin and, also, the wide range of different groups
of drug residues, a typical sample preparation scheme cannot be established.
Instead, the extent of sample preparation depends strongly on the concentration
of the analyte, the composition of the matrix, and the detection system chosen.

If analysis is to be attempted with a detection system of only moderate
selectivity, a substantial cleanup procedure may be required in order to enhance
the concentration of the extracted trace residue while decreasing the concentration
of possible interfering substances in the sample matrix. This is the case with most
of the relatively nonspecific physicochemical detection systems used in residue
analysis. Occasionally a sample may be suitable for direct physicochemical analy-
sis after an extraction and concentration step. However, the majority of edible
animal products need extensive cleanup to separate the compounds of interest
from animal lipids and other natural organic substances prior to detection. For
such detection systems, there has been a general rule dictating that the cleaner
sample, the better the result obtained.

569
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When a more specific detection system is used instead, a rigorous sample
cleanup may not be necessary. This is actually the case with most of the microbio-
logical and immunochemical detection systems applied in residue analysis. Owing
to the selectivity and sensitivity of their detection principle, homogenization with
an aqueous buffer is often the only treatment required prior to analysis. Moreover,
these detection systems are usually independent of the sample size as, in many
cases, a single drop of milk or tissue fluid is sufficient to carry out a successful
analysis.

Sample preparation procedures commonly used in the field of drug residues
analysis are briefly described below. Since some of these overlap and cannot be
strictly separated, the intent of the authors is to attempt to outline the complexity
of the sample preparation issue rather than to give a comprehensive listing of the
relevant literature.

20.1 SELECTION OF BASIC ANALYTICAL EQUIPMENT

In starting a residue analysis in foods, the choice of proper vials for sample
preparation is very important. Available vials are made of either glass or poly-
meric materials such as polyethylene, polypropylene, or polytetrafluoroethylene.
The choice of the proper material depends strongly on the physicochemical prop-
erties of the analyte. For a number of compounds that have the tendency to
irreversible adsorption onto glass surfaces, the polymer-based vials are obviously
the best choice. However, the surface of the polymer-based vials may contain
phthalates or plasticizers that can dissolve in certain solvents and may interfere
with the identification of analytes. When using dichloromethane, for example,
phthalates may be the reason for the appearance of a series of unexpected peaks
in the mass spectra of the samples. Plasticizers, on the other hand, fluoresce and
may interfere with the detection of fluorescence analytes. Thus, for handling of
troublesome analytes, use of vials made of polytetrafluoroethylene is recom-
mended. This material does not contain any plasticizers or organic acids, can
withstand temperatures up to 500 K, and lacks active sites that could adsorb polar
compounds on its surface.

The color of the vial wall may also be of importance when photolabile
compounds are analyzed. In these circumstances, brown vials are generally used,
although in some special cases, green, blue, or red vials may be more appropriate.
However, the dyes in the colored vials may sometimes interfere with the analysis.
In such cases, transparent vials should be used: photodegradation of the samples
can also be avoided by wrapping the vials in aluminum foil.

The type of pipette used for addition or transferring of solvents is another
issue of importance. Automated micro- or macropipettes in the volume range of
5–10,000 l with disposable wetting polypropylene tips are commonly used for
this purpose. These pipettes have some advantages over the classic glass pipettes,
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including ease of operation and elimination of cross-contamination. The mean
accuracy of this type of pipettes is 1% in volume of the sample size. However,
their accuracy may be unfavorably influenced when solvents with relatively high
vapor pressure are processed.

Mixing of solutions and dissolution of standards are usually carried out by
means of vigorous mixing devices (vortex-mixer). Sometimes, dissolution is also
performed by using microwave irradiation for a few seconds up to 1 min, or by
ultrasonic vibration for 5–15 min. On the other hand, homogenization of solid
samples is usually carried out by high-speed blending mixing devices, particularly
the so-called ultraturrax.

Evaporation and heating are two different procedures that can nevertheless
be performed concurrently in an evaporation/heating device. This device consists
of an aluminum thermostatted block with holes to allow insertion of vials. On
top of the block, a plate is fixed containing an evaporator tip above each hole.
These evaporator tips can be used to blow nitrogen or helium over the samples for
evaporating the contents of the vials to dryness at ambient or higher temperatures.
Nitrogen or helium should be used instead of air to prevent degradation of the
analytes by oxidation. When only evaporation of the samples at ambient tempera-
ture is needed, simple homemade evaporation systems can be used instead.

20.2 SAMPLING/STORAGE

Proper sampling requires knowledge of the purpose for which sampling is re-
quired. The precise method of sampling depends heavily on the particular food
commodity and the nature of the tested analyte. For example, fresh meat should
be separated as completely as possible from any bone to be further passed three
times through food chopper, and mixed thoroughly after each grinding (1).

Following sampling, proper storage of biological specimens is absolutely
essential in maintaining sample integrity. If the sample cannot be analyzed imme-
diately, it must be stored under conditions that minimize microbial degradation,
chemical or photochemical decomposition, metabolism of the analyte in enzyme-
containing matrices, or loss of volatile components prior to analysis. Normally,
the specimens are rapidly cooled in liquid nitrogen and kept frozen in the absence
of light for transport and storage. For most drugs, storage at 18 C is adequate
for long-term storage, whereas lower temperatures ranging from 40 to 70 C
are normally recommended for very long storage times.

Freezing of samples should be executed carefully. If the freezing of samples
is not rapid enough, part of the water may freeze out and the analyte concentration
of the remaining solution can rise until crystallization occurs. This can lead to
analyte losses, because the crystallized particles in such samples cannot readily
redissolve during the thawing process, as has been observed with residues of the
drug mitomycin C even with microwave-assisted heating (2).
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Freeze-drying is another technique that may be applied for preparing biolog-
ical samples for long-term storage. Samples are frozen in a dry ice–acetone bath
or in liquid nitrogen to be subsequently placed in a freeze-dryer where water is
removed by vacuum sublimation (3). However, derivatization of the analytes
prior to the freeze-drying process is sometimes necessary to eliminate losses
during the last stages of the sublimation procedure.

Following storage, frozen samples have to be submitted to thawing prior
to analysis. Thawing is usually performed in the unopened containers or plastic
bags at ambient temperature. To hasten thawing, however, samples may be
warmed in a water bath held at a temperature of approximately 40 C. Another
choice is to use microwave irradiation, which is an excellent technique for rapid
thawing of samples frozen at 253 K (4). However, thawing is not always the
recommended procedure for frozen meat samples, since such solidified samples
may be cut into chunks and then submitted to the pulverizing action of a kitchen
blender (5). Other common methods used for reducing sample particle size include
chopping, cutting, blending, grinding, macerating, and mincing.

20.3 PROTEIN DENATURATION

Before applying a sample preparation procedure, the degree of drug–protein bind-
ing should be known since it can never be assumed that the selected procedure
will destroy this binding (6). This step is most critical when there is a hint of
binding of the drug to proteins. Determination of the degree of drug–protein
binding can be carried out using dialysis or ultrafiltration techniques (7, 8).

Sometimes the easiest way to destroy drug–protein binding is to dilute the
sample with a physiological saline solution. For instance, for isoxazolyl penicillins
with a binding percentage of over 95%, dilution with 9 volumes of 0.9% sodium
chloride solution can be sufficient (9). Alternative widely used techniques are
based on either protein denaturation or enzymatic/chemical hydrolysis of the
drug–protein complexes (10–12).

Protein denaturation in a food sample can be effected by a variety of means
including addition of various protein-precipitating reagents, sample boiling, or
use of microwave irradiation. Precipitation of sample proteins can be performed
with a great number of reagents including hydrochloric acid (13), perchloric acid
(14), tungstic acid (15), trichloroacetic acid (16, 17), acetonitrile (18–21), ethanol
(22), acetone (23), methanol (24, 25), ammonium sulfate (26), or ammonium
chloride (27).

With the use of the inorganic sulfates or chlorides, protein precipitation
does occur but the process is reversible. This does not occur when acids or organic
solvents are used for protein precipitation, since the biological activity of the
proteins in this case is irreversibly destroyed. On the other hand, use of mineral
or organic acids, although valuable for deproteinization purposes, has raised prob-
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lems with regard to precision and accuracy of the analysis due to occasional
adsorption and/or occlusion of the analytes in the precipitate. Unlike acids, use
of water-miscible organic solvents has consistently offered, with proper pH ad-
justment, almost quantitative recoveries for a large number of drugs in a simple
and rapid way (18–25, 28).

Methanol and acetonitrile are the most frequently used water-miscible or-
ganic solvents for protein denaturation. The main advantage of using methanol
for protein precipitation is that a clear supernatant is obtained and a flocculent
precipitate is formed. Acetonitrile, on the other hand, gives a hazy supernatant
with a fine precipitate. The compatibility of these solvents with the reversed-
phase liquid chromatographic eluents commonly used for separation purposes is
an added advantage.

As an example, the denaturating procedure using acetonitrile requires mix-
ing of 1 volume of sample homogenate with 1–4 volumes of the solvent, the
ratio depending on the composition of the sample itself. Residues are uniformly
distributed in the melange formed by the addition of the organic solvent and,
therefore, lengthy multiple extractions of the precipitate are not required. How-
ever, this procedure may lead to coextraction of water-insoluble compounds and
considerable dilution of the sample. One way to overcome this problem is to
add dichloromethane that removes acetonitrile and water-insoluble interferences,
leading to an increased concentration of the analyte in the aqueous supernatant.

Microwave irradiation is a particularly attractive technique because it can
denature both quaternary and tertiary structures of proteins within 1 s (10). Disso-
ciation of drug–protein complexes can also be achieved by heating the samples
in hydrochloric acid or by incubation with subtilisin-A or proteinase-K, which are
nonspecific proteolytic enzymes that hydrolyze peptide bonds (29–32). Overnight
incubation at 60 C in enzyme suspensions of pH 9 containing, for example, subti-
lisin-A constitutes a well-established procedure for solubilizing tissue proteins
and releasing drug residues that are covalently bound to the proteins. Compared
with other pertinent methods, digestion with subtilisin-A is less elaborate and
yields higher recoveries of the residues for a number of toxicologically important
compounds. However, extensive grinding and homogenization of the tissues prior
to digestion are necessary, whereas the maximal action of subtilisin-A is achieved
at a pH range 8–10, which excludes its use to compounds that are not stable
under these conditions. It is also not yet clear to what extent the covalently bound
residues are liberated under these enzymic digestion conditions.

Enzyme systems such glucuronidase or sulfatase can further be used for
hydrolyzing the conjugates formed during drug metabolism with glucuronic and
sulfuric acid, respectively. This treatment is very important because direct isola-
tion of these conjugates is laborious and time-consuming due to their highly
hydrophilic nature and their ionization at physiological pH values. Moreover,
their detection by application of microbiological methods is not possible, while
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their detection by physicochemical methods, although feasible, is generally diffi-
cult. Such drug conjugates can only be detected in their intact form by immuno-
chemical methods and, therefore, in that case deconjugation procedures are not
needed.

Protein denaturation is most important for another reason as well. The
presence of proteins in the extracts of the samples favors the formation of persis-
tent emulsions during subsequent liquid–liquid extractions. This makes for further
handling problematic and can cause rapid deterioration or even clog the analytical
liquid chromatographic colum. It also stops unwanted metabolism of the analytes,
thus eliminating artifact formation during analysis. Alternative procedures usually
applied to stop enzyme activity in enzyme-containing matrices include rapid cool-
ing in liquid nitrogen and addition of enzyme inhibitors such as piperonyl butoxide
(10, 11).

20.4 EXTRACTION/CLEANUP

Extraction/cleanup have been recognized as the most critical steps in any analyti-
cal process. Traditional solvent extraction techniques such as solid–liquid and
liquid–liquid extractions are still very popular. These techniques are time tested,
and analysts are familiar with the processes and procedures. However, they are
often time-consuming and labor-intensive, and usually require large volumes of
organic solvents.

During the last two decades, regulatory pressure towards increased produc-
tivity and reduction of the organic solvents used for extraction has created an
increasing demand for alternative faster and more automated sample preparation
procedures. The research in this challenging topic has been stimulated and there
has been more activity in the area of sample preparation in the past 10 years than
at any time in history. New sample preparation technology that holds promise
for increasing accuracy and throughput in sample preparation has been introduced.
We have seen considerable advances in this area, in particular with the introduc-
tion of sorbents with high affinity and/or selectivity for solid-phase extraction of
an ever-expanding list of analytes from various matrices. Nevertheless, the de-
mand for quicker, more generic extraction procedures is still on the rise. This is
mainly because the time available to develop new assay extraction methods, as
well as the time to process a batch of samples once the method has been validated,
has been significantly compressed.

Some of the newer procedures use the same basic principles as the older
extraction methods but provide fast and easy-to-use options and generally con-
sume less organic solvent. For the most part, they have higher initial purchase
price than the traditional methods. Examples include supercritical fluid extraction,
accelerated solvent extraction, and automated solid-phase extraction and microex-
traction. Modular systems are now readily available that automate these proce-
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dures and bridge them to analytical instruments, such as gas chromatography
(GC), mass spectrometry (MS), or high-performance liquid chromatography (LC).
These techniques are environmentally sound since they incorporate low-volume
or solvent-free extractions, and, in most cases, they can also increase the efficiency
of the extraction.

The new procedures, in general, have a small but growing number of advo-
cates, but they are not still widely applied in the analytical laboratory. As a whole,
advanced sample preparation technology has been comparatively slow in gaining
widespread acceptance in drug residues analysis in foods. People are reluctant
to change the way they do things. Therefore, a lot of new technology has been
neglected although government regulatory agencies are becoming more flexible
in accepting new methods. Supercritical fluids, for example, have many advan-
tages and supercritical fluid extraction may become the most fruitful area for
foods and pharmaceuticals in the near future, but the inertia to change has been
great.

20.4.1 Solid–Liquid Extraction

Solid–liquid extraction can take many forms: shake-filter, homogenization, son-
ication, and microwave-assisted solvent extraction. The shake-filter procedure
merely involves adding a solvent to the sample and agitating it to allow the
analytes to dissolve into the surrounding liquid until they are completely isolated.
This technique works well when the analyte is very soluble in the extracting
solvent and the physical state of the sample provides the extracting medium with
a great surface area per unit mass. Samples that are in a finely divided form can
be extracted more rapidly than samples in the formds of lumps or chunks. Using
hot extraction solvents may speed up the extraction process. Following shaking,
the dispersion is filtered, decanted, or centrifuged to separate the solution from
insoluble solids. The shake-filter technique can be performed in batches, which
helps in increasing the overall sample throughput.

To get faster and more complete extractions, analysts can use homogeniza-
tion or sonication procedures. In the homogenization procedure, organic or aque-
ous solvent is added to the sample, and the sample is homogenized in a blender
to a finely divided state. Small, well-dispersed sample specimen promotes the
efficiency of the extraction. Following homogenization, either filtration or centrif-
ugation techniques may be used for separating liquid and solids. The latter is the
preferable technique in the field of drug residue analysis, because filter papers
may turn out to be good adsorbers for analytes usually present in trace concentra-
tions, and/or they may be significant sources of interfering compounds, has been
demonstrated (33) in the analysis of furazolidone residues in eggs.

Sonication in the presence of solvent is also an alternative, very effective
procedure to maximize extraction yield. Ultrasonic agitation allows more intimate
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solid–liquid contact, whereas the gentle heating generated during sonication can
further aid the extraction process. In this technique, sample in a finely divided
state is placed in a vial, solvent is added, and the vial is immersed in an ultrasonic
bath to be submitted to ultrasonic radiation. An ultrasonic probe or cell disrupter
can also be used instead. Ultrasonic agitation is a safe and rapid procedure that
allows for multiple samples to be extracted simultaneously.

Another solid–liquid extraction procedure that has been evolved from a
little known, scarcely used technique to a crucial step in many current sample
preparation methods is microwave-assisted solvent extraction. Although micro-
wave sample digestion techniques have been used widely in analytical laborato-
ries, microwave-assisted extraction is a relatively new technique still being ex-
plored as an alternative to conventional solvent extraction (34–37). In microwave-
assisted extraction, the sample can be placed in either a pressure vessel or a
vessel heated at atmospheric pressure. The latter appoach is commonly known
as Soxwave extraction. The solvent usually contains a component with a high-
dielectric constant, so that it can be heated by microwaves. Chemical substances
absorb microwave energy roughly in proportion to their dielectric constants: the
higher the value of the dielectric constant, the higher the level of microwave-
energy absorption.

Analysts have a choice when using microwave-assisted solvent extraction.
They can use either a microwave-absorbing extraction solvent with a high dielec-
tric constant or a non-microwave-absorbing extraction solvent with a low dielec-
tric constant. In the former approach, both sample and solvent are placed in a
closed vessel, microwave radiation heats the solvent to a temperature higher than
its boiling point, and the hot solvent extracts rapidly the analytes under moderate
pressure. In the latter approach, either an open or a closed vessel may be used
(38–40). In this procedure, the solvent does not become hot because it absorbs
very low levels of microwave radiation. The sample that usually contains water
or other compounds possessing a high dielectric constant absorbs, in contrast,
high microwave radiation and releases the heated analytes into the surrounding
cool liquid, which is selected according to its solubility characteristics. Since it
is performed under atmospheric or low pressure conditions, the second approach
is more gentle and is particularly recommended for use with heat-sensitive or
thermally labile analytes.

Microwave-assisted solvent extraction offers many advantages. It uses less
solvent than conventional liquid–liquid extraction. Users can control the heat
exchange between the sample and the solvent by selecting extraction solvents
based on their microwave-absorbing abilities. Many other experimental param-
eters including the heating time, pulsed versus continous heating, stirring versus
nonstirring, closed versus open containers, and outside cooling versus noncooling
of vessels are also available. Multiple samples can be extracted simultaneously,
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resulting in increased throughput. The technique is safe because laboratory work-
ers are not exposed to the extraction solvents in most cases.

20.4.2 Membrane Extraction

Membrane extraction offers attractive alternatives to conventional solvent extrac-
tion through the use of dialysis or ultrafiltration procedures (41). The choice of
the right membrane depends on a number of parameters such as the degree of
retention of the analyte, flow rate, some environmental characteristics, and the
analyte recovery. Many early methods used flat, supported membranes, but recent
membrane technology has focused on the use of hollow fibers (42–45). Although
most membranes are made of inert polymers, undesired adsorption of analytes
onto the membrane surface may be observed, especially in dilute solutions and
when certain buffer systems are applied.

Dialysis procedures are relatively slow when mass transfer is based only
on diffusion. These procedures do not offer particular selectivity when they are
concurrently used for extraction and cleanup purposes, because many low-molec-
ular-weight sample components along with the analyte can pass through the mem-
brane. Dialysis systems must be renewed frequently, automation is difficult except
for the continous-flow systems, and there is a significant temperature dependence.

To increase selectivity, a diphasic dialysis membrane approach has been
recently introduced in the determination of chloramphenicol in milk (46). In
this procedure, dialysis tubing filled with ethyl acetate is introduced into a flask
containing the sample, and the extraction is performed by shaking for 5 h. This
type of dialysis may overcome some of the classic dialysis problems, since only
low-molecular-weight compounds that are more lipid-soluble will pass into the
organic phase, while other compounds of higher molecular weight will remain
in the aqueous phase. This procedure is promising but does not provide any
advantages over liquid extraction methods in terms of reduction in sample prepa-
ration time or in improvement in analytical capability.

Ultrafiltration is an alternative procedure somewhat similar to dialysis: it
involves use of molecular mass cut-off filters to remove proteinaceous material.
It is based on the selective retainment of analytes by convective solvent flow
through an anisotropic membrane. Compounds with dimensions larger than the
specified membrane cut-off will nearly quantitatively be retained, whereas com-
pounds with smaller dimensions will pass the membrane together with the solvent.
To achieve the desired ultrafiltration, the equipment must be designed to obtain
a high transport flow over the membrane and to diminish the effect of increasing
macromolecular concentration just above the membrane, which is the major prob-
lem in ultrafiltration (47). Nowadays, ultrafiltration membranes with cut-off
values ranging from a molecular weight of 500 to 300,000 are commercially
available.
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As with dialysis, a limitation with ultrafiltration procedures is that any low-
molecular-weight proteinaceous material will pass through the filter. However,
ultrafiltration offers some distinct advantages over classic dialysis because tem-
perature effects are less pronounced, a minimum of exchange solvent is required,
and automation is simple. One of the major advantages of the ultrafiltration proce-
dure is its speed; by applying a hollow fiber ultrafiltration system a flow rate of
100 L/h can be obtained. Furthermore, the combination of several ultrafiltration
membranes can allow isolation of a group of analytes with a very narrow molecu-
lar weight range. In addition, protein removal by ultrafiltration eliminates interfer-
ences and low-recovery problems inherent to most of the conventionally protein-
precipitation methods (48, 49). Ultrafiltration procedures have been widely ap-
plied in the analysis of tetracycline (50, 51) and penicillin (52, 53) residues in
milk.

20.4.3 Liquid–Liquid Extraction

Liquid–liquid partitioning constitutes the most common form of solvent extrac-
tion. It is a relatively simple, rapid, and flexible procedure that is readily applica-
ble to all types of matrices and a wide range of analytes ranging from fairly polar
to nonpolar compounds (54). Despite the fact that they are simple and rapid,
liquid–liquid extractions may result in highly selective isolation (55, 56). How-
ever, they also necessitate use of toxic and inflammable solvents, favor formation
of emulsions, may cause sample losses by occlusions or adsorption onto glass
surfaces, and are often laborious and costly.

Liquid–liquid extractions involve the separation of analytes from interfer-
ences by partitioning the sample between two immiscible solvents. In most cases,
one of the liquids is an aqueous solvent and the other is an organic solvent. The
selectivity and efficiency of the extraction process are governed by the choice
of the solvent pair. In aqueous and organic solvent pairs, the more hydrophilic
compounds prefer the aqueous phase and the more hydrophobic compounds will
be found in the organic phase.

It is often, preferable to isolate the analytes of interest in the organic solvent,
because the analyte can be generally concentrated by evaporation of the solvent.
However, care should be exercised during evaporation, since traces of acids or
alkalis present in the extract may degrade acid- or base-labile drug residues when
solvent volume approaches dryness (33, 57), unless a small quantity of a
‘‘keeper’’ solvent such as ethylene glycol has been introduced. If reversed-phase
chromatography is going to be employed for final analysis, the analytes can be
also isolated in the aqueous phase, because this phase can be injected directly
into the reversed-phase column.

Organic solvents that are miscible with water such as low-molecular-weight
alcohols, ketones, aldehydes, and acetonitrile are unsuitable for liquid–liquid
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extractions. On the other hand, organic solvents immiscible with water are suitable
if they are volatile enough, show compatibility with the detection system, and
possess polarity and hydrogen-bonding properties that enhance partitioning of
the analytes in the organic phase. Among these provisions, polarity is usually the
most important factor in choosing the extraction solvent. The closer the solvent
polarity is to the analyte polarity, the higher the extraction efficiency may be.
The best solvent for a selective extraction procedure is the most apolar solvent
with which the drug can be extracted with sufficient efficiency. An increase in
selectivity can also be attained by the addition of inorganic salts that favor the
trasfer of the analyte from the aqueous to the organic phase through a salting-
out effect.

Apart from polarity, extraction efficiency is also determined by the sample/
solvent volume ratio, and the intensity and duration of mixing. A thorough mixing
may generate an enormous interfacial area that ensures intimate contact between
the two phases, which aids mass transfer. Due to this vigorous mixing, emulsion
formation is always a possibility in liquid–liquid extraction, particularly for sam-
ples containing surfactants or fatty matrices. Emulsification can be avoided by
using larger volumes of the extracting solvent or by less vigorous mixing of the
samples. Methods that may be used for breaking up emulsions include centrifuga-
tion, addition of salts to the aqueous phase, addition of a small amount of a
different organic solvent, and filtration of the emulsion through glass-wool or
phase-separation filter paper.

The pH of the sample/solvent system is also most important in the develop-
ment of an efficient extraction scheme. The undissociated molecule of the analyte
is soluble in a nonpolar organic solvent. Therefore, alkalinization of samples prior
to extraction favors the partition of a basic drug into water-immiscible organic
solvents, due to suppression of its ionization. For an efficient liquid–liquid parti-
tion cleanup, the extracted basic analyte can be back-extracted into an acidic
aqueous solution that can in turn be basified to favor reextraction of the analyte
into the organic solvent. Acidic analytes can likewise be extracted by taking
advantage of their pK value and partitioning characteristics. However, the analyte
may occasionally be chemically unstable in the pH range necessary for an efficient
liquid–liquid extraction. To overcome this problem, the analyte can be derivatized
in the biological sample with an appropriate reagent to form a suitable derivative
that can be subsequently quantitatively extracted. Amphoteric analytes show an
optimum extraction pH that in any case should be accurately determined (58),
but the extraction of neutral analytes is independent of the pH value.

Nevertheless, it may sometimes be proven extremely difficult to extract
highly polar drug residues from edible animal products at any pH value. In that
case, a possible solution is salting out by addition of sodium sulfate until the
aqueous phase of the sample disappears (59) or use of a freeze-drying technique.
After freeze-drying, the resulting solid residue can be dry-extracted with a suitable
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organic solvent and in this way freeze-drying can be of great help. An alternative
solution may be sample deproteinization with acetonitrile followed by addition
of ammonium sulfate until the acetonitrile phase separates. When this procedure
was applied to the analysis of tetracycline residues in milk (60), salting out was
not considered the predominant extraction mechanism since addition of sodium
sulfate was found to be unable to promote extraction.

The efficiency of an extraction process can be greatly improved by applying
ion-pairing techniques. In these techniques, specific ions are directly added to
the sample in order to enable ionic analytes of opposite charge to be transferred
from the aqueous homogenates into the organic solvents as neutral, well-extracta-
ble complexes (60–65). However, many similarly charged endogenous com-
pounds can be coextracted as well. The extent of extraction is predominantly
controlled by the nature and concentration of the ion-pairing reagent. The polarity
of the solvent influences also the ion-pair extraction ability and, in many instances,
hydrogen-accepting or hydrogen-donating properties are of importance (66). An
example of effective ion-pairing extraction is the treatment of some corticosteroid
glucuronic acid conjugates with tetrapentylammonium cations; the resulting ion-
pairs become fairly lipophilic and readily extractable with chloroform (67).

Apart from improving extractions, ion-pairing techniques can also improve
liquid–liquid partition cleanup. Examples of effective ion-pairing cleanup proce-
dures have been described in the analysis of tetracycline (60) and penicillin (68)
residues in milk; using tetrabutylammonium reagent, the resulting ion pairs turned
out to be fairly lipophilic and readily extractable with organic solvents.

For difficult separations, multiple extractions are frequently carried out,
although in many cases the background is also coextracted. Using multiple extrac-
tions, polar interferences may sometimes be transferred from the aqueous into
organic solvents that can dissolve minute amounts of water. This problem cannot
be eliminated by simple presaturation of the extraction solvent but only by wash-
ing the extract with small amounts of water (58). Another relevant issue to be
considered in trace residue analysis concerns the purity of the organic solvents,
since they can introduce solvent impurities into the sample extract. Therefore, the
need for high solvent purification should not be overlooked in some applications.

Classic liquid–liquid extraction generally requires a great deal of handling
and, thus, analysts frequently turn to automation (69–73). A number of autosam-
plers and workstations have been developed for LC and GC that can perform all
or a portion of the extraction and concentration process. Most of these systems
use their liquid dispensing and mixing capabilities to perform liquid–liquid ex-
traction in sample vials. Some systems mix the layers by alternately sipping the
solvents into the autosampler needle and dispelling the contents back into the
sample vial (69). In other cases, the units use vortex mixing to spin the vial at
a high rate of speed (70, 71). After the mixing is complete, the autosampler waits
for a specified period of time until the phases separate. By controlling the depth
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of the needle, either the top layer or the bottom layer can be removed for injection
or further sample preparation.

Most of autosamplers use volumes of sample in the milliliter range. Larger
volumes can be better handled with robotic systems, which, however, are of
limited speed. In contrast to autosamplers, which are cartesian three-dimension
programmable systems, robotic systems are anthropomorphic devices working
with a programmable arm. Sample processors have a high rate of accuracy and
precision, allow a high throughput of samples, posses sufficient flexibility, and
are far less expensive than robotic systems. However, the use of autosamplers
for the analysis of drug residues in foods can be a source of major analytical
problems associated with the stability of the analytes. Decomposition of the ana-
lytes may occur during extended stay of samples at laboratory temperature and
light in the autosampler pending analysis. Therefore, cooling of the autosampler
vial holder and/or exclusion of daylight may be a necessity in some applications
(74).

A specific form of liquid–liquid extraction is the use of the time- and
solvent-saving diatomaceous earth columns (75, 76). Although they contain solid
diatomaceous earth, these columns are not considered to constitute solid-phase
extraction systems, because the transfer of the analytes from the aqueous to the
organic phase obeys all the laws of classic liquid–liquid extraction. The sorbent
in the column is a special grade of flux-calcined, high-purity diatomaceous earth
(77). An aqueous sample is applied to the sorbent and the sample is partitioned
over the porous matrix as a stationary phase. The analytes are eluted with a water-
immiscible organic solvent. The high surface area of the packing aids efficient,
emulsion-free interactions between the aqueous sample, which is absorbed by
the diatomaceous earth, and the organic extraction solvent. This technique is
especially applicable to the isolation of lipophilic compounds from liquid aqueous
samples or homogenates, because the material can hold four times its weight in
water. In principle, every classic liquid–liquid extraction can be transferred to
a diatomaceous earth procedure. In comparison with the classic liquid–liquid
extraction, the application of prefabricated or manually packed diatomaceous
earth columns offers distinct advantages including the substantial reduction of
emulsification during the extraction process and a high recovery increase (78,
79). A major disadvantage is that relatively large volumes of the organic solvent
are needed.

20.4.4 Solid-Phase Extraction

Liquid–liquid extractions, although valuable in sample preparation procedures,
are often time-consuming, laborious, and costly, necessitating multiple partition-
ing in order to achieve adequate isolation of the analytes. Thus, whenever distribu-
tion problems exist or the partition coefficients of the analytes do not favor their
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extraction from the aqueous biological sample into a water-immiscible organic
solvent, solid-phase extraction (SPE) techniques are preferably used to effect
extraction and get reasonably clear extracts.

SPEs offer distinctive advantages over conventional liquid–liquid extrac-
tions. They are relatively fast, require small sample size, eliminate emulsification
problems, provide the possibility of performing both cleanup and preconcentra-
tion of the extract in one analytical step, and offer high precision. Another great
advantage of SPEs over liquid–liquid extractions is solvent savings. Unlike liq-
uid–liquid extractions that often require hundreds of milliliters for single or multi-
ple extractions, SPEs require only a few milliliters of solvents for analyte extrac-
tion and cleanup.

SPEs can afford a high degree of selectivity through use of either a selective
sorbent or an appropriate combination of several different sorbents. Their contri-
bution toward improving extraction selectivity can further be increased by apply-
ing, prior to the SPE, a liquid–liquid extraction in order to remove highly lipo-
philic endogenous components from the matrix (80). These advantages have made
SPE sample preparation techniques very popular over the last decade (54, 81).

Most current SPE sample preparations are performed using SPE cartridges.
Most often, the cartridge is made by polypropylene or polyethylene to eliminate
irreversible adsorption of the analytes onto its inner surface. The cartridges usually
comprise a disposable medical-grade plastic syringe barrel manually packed or
prefabricated with porous particles with an average diameter of 40 m. The
packing is contained with bottom and top frits usually constructed of porous
PTFE or metal. SPE cartridges are available in a wide variety of sizes, with
packing capacities normally in the range of 100–500 mg suitable sorbents. Many
automated SPE devices and robotics adaptations are also available (82).

In general, SPE procedures are relatively simple to perform; the cartridge
is solvated and then conditioned with appropriate solvents. Sorbent solvation is
a very important step, particularly in the case of chemically bonded hydrophobic
sorbents, because it can open the hydrocarbon chains and increase the surface
area of the sorbent (83). The sample homogenate is subsequently applied on the
cartridge and forced to pass through by hydrostatic pressure, or pressure obtained
by means of a syringe, or by suction using a special vacuum device. After a
washing-up step with an eluent that does not elute the analytes but removes
unretained matrix components (cleanup step), the analytes are eluted selectively
from the cartridge with a solvent of sufficient eluotropic strength that enrichment
of the extract can be effected concurrently. Elution of the analytes can be executed
with reduced pressure or pressurized force by means of a syringe, followed by
centrifugation. The elution rate is very important in obtaining accurate and precise
results.

Extensive information about the type of solvents and their volumes needed
for solvation and conditioning of any sorbent, and for washing and elution of

Copyright © 2001 Marcel Dekker, Inc.



583Sample Preparation

any type of analyte by means of SPE, is available in the literature (83, 84). In
many methods, a C18 sorbent cartridge is selected, activation is made with 2–3
ml methanol, conditioning with 2–3 ml water, washing with 2–3 ml water, and
elution with 2–3 ml acidified or basified aqueous methanol. Hence, when review-
ing the literature on SPE applications, one can be forgiven for thinking that there
is a universal SPE technique for extracting any analyte. The universal application
of this approach merely shows that there is a general lack of knowledge of the
sorption chemistry taking place during analyte isolation by SPE.

According to some general principles, for chemically bonded silica sorbent
cartridges, analytes corresponding to about 1–5% of the sorbent weight can be
retained, 20-bed volumes of washing solvent can be applied, and elution should
be executed with less than 5-bed volumes. Since the bed volume of a 100 mg
cartridge is only about 150 l, use of a large volume of washing water will
remove much of the solvating methanol and affect the orientation of the hydrocar-
bon chains and, hence, the precision of the method.

In general, SPE isolates sample components on the basis of the principles
of liquid chromatography. The sample passes over the stationary phase, and the
analytes are separated according to the degree to which each component is parti-
tioned or adsorbed by the stationary phase. The objective of an SPE scheme based
on chromatographic principles is either to retain the analyte on the stationary
phase thus allowing isolation of the analyte and cleanup, or to elute it rapidly in
the smallest possible volume prior to analysis. This differs substantially from
liquid chromatography, which requires good peak shape and relatively short reten-
tion times. As a result, the breakthrough volume, which is determined by the
capacity factor of the analyte on the sorbent, is very important in SPEs in control-
ling the amount of sample and the solvent volume that can be applied to the
column before the analyte is washed off (85). While the capacity factors should
be in the range of 1–10 in liquid chromatography, they should ideally be higher
than 1000 for retention and less than 0.001 for elution when using SPEs for
analyte isolation (86).

Nowadays, a plethora of polar, nonpolar, or ion-exchange sorbents, origi-
nally designed for normal-phase, reversed-phase, and ion-exchange liquid chro-
matography, respectively, is marketed for SPE applications. Similarly to liquid
chromatography, the sorbent is chosen in such a way that the interactions between
the stationary phase and the analyte will be stronger than the interactions between
the analyte and the mobile phase. For selective isolation of the analytes, solvents
must have the weakest solvent strength possible in combination with the chosen
sorbent. For instance, if a choice must be made between a C8 or a C18 stationary
phase, the former must be selected because it can be used in combination with
a lower-strength solvent that contains less organic modifier and more water.
Moreover, the extraction will work provided that the interactions between the
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stationary phase and the analyte are greater than those between the analyte and
the matrix.

Hydrophobic sorbents including octadecyl, octyl, diphenyl, cyclohexyl,
phenyl, butyl, ethyl, methyl, and copolymers of styrene and divinylbenzene can
be applied for retaining nonpolar to medium polar analytes. In this list, the styr-
ene–divinylbenzene copolymer phases such as PRP-1 and XAD-2 are the most
nonpolar phases, while the methyl phase is the least nonpolar one. The analytes
are adsorbed onto the hydrophobic materials by means of van der Waals interac-
tions and, to some extent, by hydrophobic bonding or dipole–dipole interactions.

PRP-1 is a highly cross-linked material with outstanding chemical resis-
tance. The major disadvantage of this material is its limited efficiency. However,
the efficiency can be increased significantly by the addition of 1% dichlorometh-
ane to the eluting solvent (87). Addition of dichloromethane causes some swelling
of the material and, thus, an increase of pressure resistance.

Amberlite XAD-2 hardly swells or shrinks upon hydration of its structure,
and because of its macroreticular structure it can be used for cleanup of urine
and plasma samples. Since analytes are adsorbed onto the column by means of
the same interactions as in chemically bonded stationary phases, XAD-2 can be
used for the simultaneous isolation of acidic, basic, and neutral analytes. An
interesting application of the XAD-2 resin is the isolation of sulfate and glucuronic
acid conjugates from biological samples, which is troublesome with conventional
liquid–liquid extraction methods (88). One of the disadvantages of XAD-2 is
that the pretreatment, cleaning, wetting, and equilibration of the column itself
are rather time-consuming. However, in comparison with the chemically bonded
phases, XAD-2 can be used in the entire pH range 1–14.

For extraction of polar to medium polar analytes, polar sorbents including
silica, alumina, magnesium silicate, diol, aminopropyl, and cyanopropyl materials
are used. The cyanopropyl phase is a sorbent of medium polarity and can be
applied in the normal as well as in the reversed-phase mode. The aminopropyl
phase can be used in both the normal or reversed-phase mode, and as a weak
anion exchanger, but it should not be used in combination with aldehydes and
ketones. Because of its mixed retention mechanism, isolations that are not possible
with the usual hydrophobic or ion exchange materials can be executed on this
material. It is important to realize that with these polar sorbents in adsorption
chromatography, the pure adsorption mechanisms including dipole–dipole and
dipole-induced dipole interactions are replaced by a liquid–liquid partition equi-
librium with increasing solvent strength of the eluent.

Ion-exchange sorbents allow extraction of ionic hydrophilic analytes that
are difficult or impossible to isolate with liquid–liquid extraction. The applied
sorbents are permeable hydrophilic polymers or hydrophilic polymers bound to
silica containing a fixed concentration of acidic and/or basic functions on the
surface. In the anion exchange mode, the sorbent surface is covered with posi-
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tively charged groups, such as aminopropyl, primary/secondary amine, and qua-
ternary ammonium, which bind reversibly to anionic solutes, whereas in the cat-
ion-exchange mode the surface contains negatively charged groups, such as
carboxylic and sulfonic, which bind reversibly to cationic solutes. A severe draw-
back of the use of ion exchange sorbents is that, because of the limited capacity
of the resin-based materials, a precipitation step should be introduced in the
procedure when the matrix under investigation contains a relatively high concen-
tration of ionic components (89).

The choice of the washing and eluting solvents for a particular sorbent is
most critical when SPE procedures are applied. Since SPE procedures aim to
isolate analytes within a narrow polarity range while keeping all other sample
components totally unretained or completely retained, a number of physicochemi-
cal and other parameters should always be taken into consideration (5, 6). The
physicochemical properties of the analyte including its molecular weight, solubil-
ity, polarity and acidity, the composition and sorption behavior of the sorbent
including its polarity and stability, the nature of the matrix, and the forces of the
different interactions between the analyte and the sorbent, the analyte and the
matrix, and the sorbent and the matrix are all parameters that can greatly help
in optimizing an SPE procedure.

The correlation between solvent strength and solvent polarity depends on
the polarity of the applied sorbent. For polar sorbents, solvent strength increases
by increasing the solvent polarity. However, for nonpolar sorbents, the solvent
strength is increased by decreasing the solvent polarity (83, 84). A general outline
for selecting proper solvent strength and polarity in certain SPE applications is
presented in Table 20.1. By proper selection of the type of sorbent and the elution
solvents, a great variety of antibacterials, anthelminthics, anticoccidials and other
antiprotozoals, anabolic hormonal-type growth promoters, and miscellaneous
drugs of a wide range of physicochemical properties can be isolated from complex
biological samples (Table 20.2).

The key to employing SPE procedures successfully is to understand the
nature of the bonded silica surface. On a typical C18 surface, the siloxane structure
of the silica binds a permanent layer of water molecules, which is removed only
by heating. Protruding from the water layer are the bonded silica chains, whereas
dispersed between them are molecules of water and the conditioning solvent.
This configuration is controlled by solvation, because the higher the organic
content the more extended the chains. Thus, swelling or shrinking is expected to
occur during the application and elution stages of the extraction. Residual silanols
are also present on this surface and can play an additional role in the extraction
process because the analytes can bind to the solid phase by hydrogen bonding,
dipole–dipole interactions, hydrophobic dispersion forces, and electrostatic inter-
actions. Any or all of these forces can be involved during an extraction, and the
mastery of these forces will determine the specificity of the extraction.
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TABLE 20.1 General Recommendations for Using Solid-Phase Extraction
(SPE) for Sample Preparation

Type of SPE

Ion exchange
Handling Reversed- Normal-
sequence phase phase Cationic Anionic

Sorbent Low High High High
polarity

Analyte Low High Acidic Basic
polarity

Conditioning High Low Water Water
solvent (methanol) (chloroform)
polarity

Washing High Low Basic Acidic
solvent (water) (hexane)
polarity

Eluting Decreased Increased
solvent (methanol) (methanol)
polarity

Elution Decreasing Increasing Decreasing Decreasing
order polarity polarity ionization ionization

The energies involved in the various bonding forces vary considerably.
Hydrophobic bonding energies from dipole–dipole, dipole-induced dipole, and
dispersive interactions range from 1 to 10 Kcal/mol. Hydrogen bonding between
suitable polar groups has an energy of 5–10 Kcal/mol, whereas electrostatic or
ionic interactions between oppositively charged species involve energies of
50–200 Kcal/mol. Many analytes are amines, which, if positively charged, will
interact with the silanol groups on the surface of the solid phase. These interac-
tions are very strong and will only be broken by a pH shift to ensure that either
the amine or the silanol is unionized.

The pK of a silanol group is not easy to determine because it is influenced
by the surrounding environment; however, at a pH of 2, the silanol is uncharged.
Above this pH value it becomes increasingly dissociated and able to influence
an extraction by virtue of its negative charge. Therefore, if a mixed-retention
mechanism is present, the influence of residual silanols should be either reduced
or enhanced, depending on the extraction mechanism desired.

To reduce the influence of silanol groups during an isolation, the residual
silanols must be masked by using a competing base such as triethylamine or
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TABLE 20.2 Applications of SPE Cleanup in the Analysis of Drug Residues in Edible Animal Products

Drug Matrix Type of SPE Washing solvent Eluting solvent Ref.

ANTIBACTERIALS
Aminoglycosides Animal tissues Sep-Pak Silica H2O, EtOH, H2O EtOH 181
Amphenicols Animal tissues Sep-Pak Silica DCM ACN/H2O 182, 183

Animal tissues Extract-Clean C18 ACN/acetate buffer ACN 184
Animal tissues Sep-Pak C18 H2O, pet. ether Ether 185
Animal tissues Baker Silica Hexane MeOH 186
Animal tissues Baker-10 C18 H2O, MeOH/H2O ACN 187
Animal tissues Sep-Pak C18 — MeOH/HCl 188
Animal tissues Sep-Pak Florisil Hexane, ether Ether/MeOH 189
Animal tissues Extrelut — DCM 190–192
Animal tissues Sep-Pak Silica Pet. ether, EtOAc/ EtOAc/hexane 192

hexane
Animal tissues Sep-Pak C18 ACN ACN 193

Sep-Pak Silica ACN EtOAc
Eggs Sep-Pak Silica DCM ACN/H2O 183
Eggs Sep-Pak Silica Hexane Acetone 194
Fish Sep-Pak Florisil Hexane, ether Ether/MeOH 189
Liver Bond Elut Silica EtOAc/hexane, Phosp. buffer 195

hexane
Meat Sep-Pak Silica EtOAc/hexane, Ether 196

ether/hexane
Meat Chem Elut CE 1020 — EtOAc 197
Milk Extrelut QE, — EtOAc 198

Bakerbond C18 H2O MeOH
Milk, serum Extrelut-3 — EtOAc 199
Urine Bakerbond C18, H2O, H2O/MeOH H2O/MeOH 200

Bakerbond C18 H2O MeOH

(continued)
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TABLE 20.2 Continued

Drug Matrix Type of SPE Washing solvent Eluting solvent Ref.

Cephalosporins Milk Sep-Pak C18 H2O, DCM MeOH/ACN 201
Milk Sep-Pak C18 Phosp. buffer, ACN/H2O ACN/H2O 202
Milk Sep-Pak C18 H2O ACN 203
Milk Bond-Elut C18 Amm. acetate soln MeOH 204
Animal tissues Bond-Elut C18, Phosp buffer, NaOH soln ACN/H2O 205

Bond-Elut LRC SAX, H2O ACN/HOAc
Bond-Elut LRC SCX ACN/NaCl soln

Macrolides Animal tissues Baker Silica DCM MeOH 206
Animal tissues Bond-Elut C18 H2O MeOH/acetate buffer 207
Animal tissues Bond-Elut diol CHCl3, H2O MeOH/amm. acetate 208

soln
Animal tissues Bond-Elut SCX H2O, 0.1M K2HPO4 MeOH 209
Fish Bond-Elut-NH2 DCM, DCM/MeOH DCM/MeOH 210
Fish Sep-Pak C18 H2O/MeOH, H2O H2O/ACN 211
Milk Sep-Pak C18 H2O, NH4OH/H2O, H2O MeOH/HOAc 212

Nitrofurans Animal tissues Extract-Clean C18 ACN/acetate buffer ACN 184
Animal tissues Bond-Elut NH2 DCM/hexane, CHCl3/ CHCl3/MeOH 213

hexane
Animal tissues Extrelut 1 — EtOAc 214
Animal tissues Sep-Pak Silica DCM/pet. ether, pet. MeOH, EtOAc/MeOH 215

ether
Animal tissues Bakerbond C18 H2O ACN contg NH3 216
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Nitrofurans Eggs Sep-Pak Silica DCM/pet. ether, pet. MeOH, EtOAc/MeOH 215

ether
Fish Bond-Elut C18 H2O MeOH 217
Fish Bond-Elut NH2 DCM/hexane, CHCl3/ CHCl3MeOH 218

hexane
Milk Sep-Pak C18 — 0.1M sodium 219

perchlorate/ACN
contg 0.5% HOAc

Shrimp Bond-Elut C18 H2O ACN 220
Penicillins Animal tissues Sep-Pak C18 NaCl soln, MeOH/H2O/ H2O 15

NaCl soln
Animal tissues Bond-Elut C18 NaCl soln, H2O Phosp. buffer/ACN 221
Animal tissues Bond-Elut C18 Phosp. buffer MeOH/H2O 222
Animal tissues Bond-Elut C18 NaCl soln ACN 223
Animal tissues Isolute C18 NaCl soln/H2O Phosp. buffer/ACN 224
Eggs Bond-Elut C18 NaCl soln/H2O Phosp. buffer/ACN 225
Fish Sep-Pak Florisil ACN/H2O 226
Fish Sep-Pak C18 TCA soln/H2O ACN 227
Milk Sep-Pak C18 H2O, MeOH/H2O contg MeOH/H2O 228

NaCI/18-crown-6
ether

Milk Sep-Pak C18 Phosp. buffer, ACN/H2O ACN/H2O 202
Milk tC18 Sep-Pak H2O ACN 229
Milk Bond-Elut C2 H2O/ACN H2O/ACN 230
Milk Baker-10 C18 — MeOH 231
Milk Bond-Elut C18 NaCl soln H2O Phosp. buffer/ACN 232
Milk, meat, tC18 Sep-Pak NaCl soln H2O Phosp. buffer/ACN 233

cheese
Muscle tC18 Sep-Pak Phosp. buffer ACN 234, 235

(continued)
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TABLE 20.2 Continued

Drug Matrix Type of SPE Washing solvent Eluting solvent Ref.

Quinolones Fish Sep-Pak C18 H2O, MeOH/H2O MeOH 236
Fish Baker-10 NH2 Hexane/EtOAc Oxalic acid/ACN/ 237

MeOH
Fish Baker-10 C18 Buffer/MeOH MeOH/ammoniac 238

soln
Fish Bond-Elut C18 MeOH/H2O MeOH 239
Fish Baker-10 NH2 Hexane/EtOAc Oxalic acid/ACN 240
Milk Bond-Elut PRS MeOH, H2O, MeOH MeOH/NH4OH 241

Streptomycin, Animal tissues IEC Bakerbond H2O Phosp. buffer 242
dihydrostreptomycin

Sulfonamides Milk Bakerbond C18 H2O, hexane MeOH 243
Milk Cyclobond-I Phosp. buffer ACN/H2O 244
Milk Bond-Elut C8 H2O MeOH 245
Honey Sep-Pak Florisil ACN/DCM MeOH/DCM 246
Animal tissues Sep-Pak Silica Hexane DCM/acetone 247
Animal tissues Bond-Elut C18 H2O ACN contg TEA 248
Animal tissues Bond-Elut C18 H2O MeOH 249
Animal tissues Bakerbond C18 H2O, hexane MeOH 250
Animal tissues Tandem Sep-Pak DCM Phosp. Buffer 251

Silica and Sep- — MeOH
Pak C18

Animal tissues Sep-Pak C18 H2O MeOH 252
Animal tissues Sep-Pak C18 H2O ACN 253
Animal tissues Baker-10 NH2 Hexane ACN/H3PO4 254
Animal tissues Sep-Pak Silica — ACN 255
Fish Bond-Elut C18 H2O MeOH 217
Fish Baker-10 NH2 Hexane ACN/H3PO4 254
Eggs Bond-Elut C18 H2O ACN contg TEA 248
Eggs Baker-10 NH2 Hexane ACN/H3PO4 254
Eggs Sep-Pak Silica — ACN 255
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Tetracyclines Animal tissues Sep-Pak C18 EDTA/McIlvaine ACN/EDTA/ 256

buffer McIlvaine buffer
Animal tissues Bond-Elut CH H2O MeOH 257
Animal tissues Baker-10 C18 H2O EtOAc, MeOH/ 258

EtOAc
Animal tissues Baker-10 C18 H2O Oxalic acid/MeOH 259
Animal tissues Baker-10 COOH EtOAc Oxalic acid/ACN 260
Animal tissues Bond-Elut C18 H2O MeOH/ACN 261
Animal tissues Bond-Elut C18 H2O EtOAc, MeOH/ 262

EtOAc
Animal tissues Sep-Pak C18, H2O MeOH 263

Bond-Elut SCX H2O MeOH/HCl
Animal tissues SDB-RPS cation- 0.1M HCl MeOH contg NH4 264, 265

exchange
extraction
membrane

Animal tissues Isolute Cyclohexyl H2O MeOH 266
Fish Bond-Elut C18 H2O Oxalic acid/MeOH 267, 268
Fish Baker-10 COOH EtOAc Oxalic acid/ACN 260
Fish Bakerbond C18 — MeOH 269
Milk ENVI-Chrom P H2O MeOH 270
Milk, meat, Sep-Pak C18 H2O Oxalic acid/MeOH 271

cheese
Eggs Bond-Elut C18 H2O Oxalic acid/MeOH 272
Eggs Baker-10 COOH EtOAc Oxalic acid/ACN 260
Honey Baker-10 C18, H2O EtOAc 273

Baker-10 COOH MeOH Oxalic Acid/MeOH/
ACN

Honey Baker-10 C18, H2O, EtOAc EtOAc/MeOH 274
Baker-10 COOH — Oxalic acid/MeOH/

ACN

(continued)
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TABLE 20.2 Continued

Drug Matrix Type of SPE Washing solvent Eluting solvent Ref.

Trimethoprim Meat Sep-Pak C18 0.05M, pH 3, ACN/phosp. buffer 275
phosp. buffer
contg 5 mM
pentanesulfonic
acid

ANTHELMINTHICS
Albendazole Bovine liver Sep-Pak C18 H2O, toluene EtOAc 276, 277
Albendazole-2- Milk Bond-Elut SCX Phosp. buffer, ACN, H2O/NH3 278

aminosulfone EtOAc, MeOH
Avermectin B1 Meat, plasma PT C18 — MeOH 279
Closantel Animal tissues, Bond-Elut C18 — ACN 280

plasma
Clorsulon Bovine kidney Bond-Elut CH H2O ACN 281, 282

Milk Bond-Elut CH H2O ACN 283
Coumaphos Honey Tandem Sep-Pak H2O DCM/hexane 284

C18

Eprinomectin Bovine tissues Bond-Elut NH2 DCM, toluene EtOH/EtOAc 285, 286
Fenbendazole Bovine liver Bond-Elut Silica DCM MeOH/DCM 287
Ivermectin Animal tissues Sep-Pak Silica — CHCl3 288

Animal tissues Bakerbond C18, H2O/ACN Methyl tert. butyl 289
ether

Sep-Pak Silica — CHCl3
Animal tissues Bond-Elut C18, — ACN 290

Bond-Elut Silica — CHCl3
Bovine liver Sep-Pak Alumina-B, DCM/EtOAc, MeOH 291

Supelclean LC-Silica acetone
— CHCl3
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Ivermectin Bovine serum Sep-Pak C18, H2O/ACN ACN/DCM 292

Sep-Pak Silica — ACN
Bovine tissues Sep-Pak C18 — ACN 293
Meat, liver Bond-Elut C18 — ACN 294
Milk Supelclean LC- — CHCl3 295

Silica
Milk Bond-Elut Silica EtOAc/hexane EtOAc/MeOH 296

Bond-Elut Silica — CHCl3
Muscle, serum Bond-Elut C18 H2O/ACN Methyl tert. butyl 297

ether
Levamisole Milk Sep-Pak C18 — EtOAc 298
Luxabendazole Serum, urine Sep-Pak C18 — H2O/DMF 299
Mebendazole Fish Bakerbond Silica EtOAc/hexane MeOH/HOAc 300
Moxidectin Bovine tissues Sep-Pak Florisil — Hexane 301

Plasma Supelclean LC18 H2O, H2O/MeOH MeOH 302
Thiabendazole Meat Extrelut-20 Hexane DCM 303
Thiabendazole, 5- Milk Bond-Elut PRS EtOAc ACN/phosp. buffer 304

hydroxythiabendazole
Fenbendazole and Liver, urine, Chem-Elut — DCM 305

metabolites plasma
Mebendazole and Fish Bakerbond NH2 EtOAc/hexane, MeOH 306

two metabolites isooctane
Four Milk Bond-Elut Silica DCM MeOH/DCM 307

benzimidazoles
Five anthelminthics Milk Bond-Elut C18 ACN/H3PO4 ACN 308
Five Bovine tissues Bond-Elut Silica DCM MeOH/DCM 309

benzimidazoles
Eight Animal tissues Prep-Elute C2 H2O EtOAc 310

benzimidazoles

(continued)
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TABLE 20.2 Continued

Drug Matrix Type of SPE Washing solvent Eluting solvent Ref.

Eight Meat Sep-Pak C18, — ACN 311
benzimidazoles Sep-Pak Florisil — CHCl3/MeOH contg

TEA
ANTICOCCIDIALS AND OTHER ANTIPROTOZOALS
Dimetridazole Bovine muscle Sep-Pak Silica DCM Amm. acetate soln 312

Swine tissues Bond-Elut Silica DCM EtOAc 313
Poultry tissues Bakerbond Silica DCM or toluene, Acetone 314

and eggs hexane
Halofuginone Chicken serum Bond-Elut C8 H2O/HOAc, MeOH- H2O/ACN/HOAc 315

HOAc, H2O/HOAc contg decylamine
Imidocarb Bovine kidney Bond-Elut CBA MeOH MeOH contg TFA 316
Lasalocid Chicken tissues Bond-Elut Silica CHCl3 CHCl3/MeOH 317

and eggs
Monensin Bovine tissues Sep-Pak Silica DCM DCM/MeOH 318

and milk
Chicken tissues Sep-Pak Silica DCM CHCl3/MeOH 319
Chicken tissues Sep-Pak Silica CHCl3, CHCl3/ CHCl3/MeOH 320

hexane
Nicarbazin Chicken tissues Sep-Pak Alumina-B DMF, hexane MeOH 321

Chicken tissues Tandem Sep-Pak DMF MeOH 322, 323
Alumina-B

Eggs Bond-Elut Silica CHCl3/hexane CHCl3/ACN 324
Salinomycin Chicken skin Bond-Elut Silica, DCM DCM/MeOH 325

and fat Bond-Elut C18 H2O, MeOH/H2O MeOH
Chicken tissues Sep-Pak Silica DCM/MeOH DCM/MeOH 326
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Semduramicin Chicken liver Bond-Elut C8, H2O, MeOH/H2O EtOAc 327

Bond-Elut Silica DCM/isooctane, DCM/MeOH
EOAc

Nitroimidazoles Animal muscle Baker-10 C18 — MeOH 328
ANABOLIC HORMONAL-TYPE GROWTH PROMOTERS
Diethylstilbestrol Bovine muscle Sep-Pak C18 H2O, MeOH/H2O MeOH/H2O 329
Nortestosterone, Bovine muscle Baker Florisil EtOH/pet. ether EtOH/pet. ether 330

methyltestosterone
Stanozolol and two Urine Clean Screen DAU HOAc, MeOH EtOAc/NH4OH 331

hydroxy
metabolites

Zearalenone, Urine Bond-Elut C18, H2O/MeOH Acetone 332
-zearalenol Sep-Pak Silica — CHCl3/MeOH

Zearalenone, Milk Bond-Elut NH2 DCM/hexane MeOH 333
-zearalenol,
-zearalenol

Trenbolone, Bovine tissues Bakerbond C18, H2O/MeOH H2O/MeOH 334
epitrenbolone Baker Silica Acetone/benzene Acetone/benzene

Thirteen steroid Meat Bond-Elut C8, H2O, H2O/MeOH MeOH 335
hormones Bond-Elut Silica, EtOAc/hexane EtOAc/hexane

Bond-Elut NH2 — EtOAc/MeOH
Thirty steroid Fatty tissues Bond-Elut C18 H2O, H2O/MeOH, MeOH 336

hormones hexane
OTHER DRUGS
Acriflavine, Fish Bakerbond C18 — — 337

proflavine

(continued)
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TABLE 20.2 Continued

Drug Matrix Type of SPE Washing solvent Eluting solvent Ref.

-Adrenergic Hair, urine Isolute C18 H2O, H2O/MeOH MeOH 338
agonists Liver, muscle Baker-WCX H2O, EtOH EtOH contg NH4OH 339

Liver, urine Bakerbond Alumina, ACN H2O 340
Bond-Elut Certify HOAc, MeOH DCM/PrOH contg

NH3

Urine Baker-10 C18 NaOH soln, MeOH MeOH 341
Urine Bond-Elut Certify, HOAc, MeOH EtOAc contg NH4Cl 342

Bakerbond C18 — MeOH
Urine Clean Screen DAU HOAc, MeOH EtOAc contg NH3 343

Anti-inflammatory Plasma Bakerbond C18 Ascorbic acid soln, Ether/hexane 344
drugs H2O

Corticosteroids Meat Bond-Elut C8, H2O, H2O/MeOH H2O/MeOH 335
Bond-Elut Silica — EtOAc

Milk, liver Bakerbond C18 H2O, H2O/acetone, EtOAc 345
H2O/MeOH,
DCM/hexane,
EtOAc/ hexane

Dexamethasone Bovine tissues Bond-Elut C18 H2O, H2O/MeOH, H2O/MeOH 346
hexane

Flunixin Milk Bakerbond C18 — EtOAc 347
Urine Bond-Elut Certify II H2O, MeOH, HOAc/hexane 348

hexane
Gentian violet, Fish Tandem Bakerbond ACN ACN 5

leukogentian Alumina and H2O, ACN/amm. ACN/amm. acetate
violet Bond-Elut PRS acetate buffer buffer
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Malachite green Fish Tandem Bakerbond ACN ACN 349–351

and metabolites Alumina and
Bond-Elut PRS ACN ACN/acetate buffer,

MeOH contg
hydroxylamine

Fish Bakerbond C18 — ACN/H2PO4 soln 352
contg pentane
sulfonic acid

Fish Bakerbond MeOH/citric acid NH3, MeOH 353
sulphonic acid contg ascorbic

acid, H2O, MeOH
Malachite green, Fish Tandem Bakerbond ACN ACN 354,355

gentian violet and Alumina and
metabolites Bond-Elut PRS H2O, ACN/amm. ACN/amm. acetate

acetate buffer buffer
Phenylbutazone, Plasma Isolute C18 Phosp. buffer, Hexane/EtOAc 356

oxyphenbutazone hexane
Sedatives and - Kidney Baker diol Ether, EtOH, ACN/ ACN/H2O contg 357

blockers H2O amm. acetate
Kidney Sep-Pak C18 H2SO4 soln ACN/H2SO4 soln 358
Liver, kidney Bond-Elut C18 H2SO4 soln ACN/H2SO4 soln 359

Thyreostatics Thyroid gland Sep-Pak Silica Pet. ether, hexane Hexane/EtOAc 360
Thyreostatics Thyroid gland Sep-Pak Silica Pet. ether, hexane Hexane/EtOAc 360

Thyroid gland, Sep-Pak Silica CHCl3 CHCl3/MeOH 361
urine

ACN, acetonitrile; MeOH, methanol; EtOH, ethanol; PrOH, propanol; BuOH, butanol; EtOAc, ethyl acetate; ether, diethyl ether; pet. ether,
petroleum ether; HOAc, acetic acid; DCM, dichloromethane; THF, tetrahydrofuran; TEA, triethylamine; DMF, dimethylformamide; TFA,
trifluoroacetic acid; TCA, trichloroacetic acid; EDTA, ethylenediaminetetraacetic acid; contg, containing; soln, solution; phosph., phos-
phate; amm., ammonium.
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ammonium acetate. As an alternative, ion suppression can be employed by choos-
ing a pH value at which either the silanol (pH 4) or the ionizable groups on
the analyte molecule are uncharged. If silanol activity cannot be reduced using
the above suggestions, increasing the ionic strength of the conditioning solvent,
sample, and washing solvent may be tried as a means to compete with the silanols
and prevent analyte bonding.

To enhance the influence of silanol groups during an isolation, a condition-
ing buffer with a pH value higher than 4 should be used to ensure that the residual
silanol groups are ionized. A buffer is recommended as the second conditioning
solvent because water can have a variable pH value and has little buffering capac-
ity. An application of this approach has been described in the determination of
salbutamol in plasma using a silica sorbent activated by successive aliquots of
methanol and water. Plasma was passed through the cartridge and the positively
charged salbutamol was extracted by ionic interaction with the silanol groups.
The stationary phase was washed with water and then acetonitrile. Because the
retention mechanism was essentially ionic, acetonitrile was used as a washing
solvent to remove material bound by nonpolar bonding because it did not have
the capacity to interfere with the binding. Elution of the analyte was effected by
methanol containing 0.5% ammonium acetate.

The following points outline the stages of an optimized SPE procedure:

Wet the sorbent with methanol to open up the hydrocarbon chains and
thus to increase the surface area available for interaction with the analyte,
and to remove residues from the packing material that might interfere
with the analysis. Failure to carry out this stage effectively will result
in poor recoveries of analytes due to reduced retention on the column
and interference peaks.
Wash the sorbent bed with LC-grade water or a suitable buffer. This
will remove excess methanol and prepare the surface for the sample.
This conditioning step should be as similar as possible in polarity, ionic
strength, and pH value to the sample being extracted. It is not necessary
to use a large volume of solvent since three to four times the bed volume
of the cartridge is usually sufficient.
Apply the sample, allow it to flow through the sorbent bed, and discard
the waste. Biological samples are generally viscous and, whenever possi-
ble, must be diluted to speed passage through the sorbent bed. All sam-
ples must be centrifuged prior to extraction to remove particulate matter
that could block the column. If a large volume of sample is used, the
column may no longer be wetted and a reduction in recovery will be
observed. To overcome this problem, 3–5% methanol should be added
to a large volume sample prior to processing. This will help in maintain-
ing the equilibrium between the stationary and mobile phases. Flow
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rates through the sorbent bed should be controlled and, if an analyte is
strongly protein bound, slower flow rates may be used to achieve good
analyte recovery.
Wash the column with water or a suitable solvent to remove endogenous
compounds selectively from the sample matrix, which might interfere
with the subsequent chromatography.
Elute the sample with a suitable solvent and collect the eluent for imme-
diate analysis or further sample preparation. The volume of the eluting
solvent should be as small as possible to avoid dilution of the extract
and destroy of sensitivity.

SPE procedures can be performed either off-line or on-line with the chro-
matographic separation. The main advantage of the application of on-line SPE
is the ease of automation. In general, off-line procedures can be easily transformed
to online procedures, although some problems may arise in the compatibility of
the solvents used for SPE and the analytical column.

Major advantages of SPE are the possibilities of performing cleanup and
preconcentration of the sample in one step, and using several precolumns in series
to achieve the desired degree of purification for complicated samples. One of the
drawbacks of the system is the fact that frozen and thawed plasma sometimes
contains solid particles (fibrins) that can block the SPE cartridges, but the applica-
tion of specially constructed frits can solve this problem. Major limitations of
packed-bed SPE cartridges can be considered the restricted flow rate and channel-
ing. Restricted flow rates are due to the low ratio of cross-sectional area to bed
mass, which hampers the ability to decrease processing time. Channeling is caused
by the inherent difficulty of packing loose particles, thus requiring the use of
excess bed mass to retain the desired analyte quantitatively. Channeling in packed
beds causes nonuniform flow, reducing reproducibility and sorption capacity.

SPE disc technology through rigid disc and membrane disc formats provides
a way around the above-listed limitations of packed-bed SPE columns. SPE discs
closely resemble membrane filters; they are flat, usually 1 mm or less in thickness,
with diameters varying in size. Some disks are sold loose, and users must install
them in a filter holder. Others are sold preloaded in disposable holders with Luer
fittings (82).

Rigid disc microcolumns contain an extraction disc made of rigid glass
fiber material with a silica-bonded phase. Several sizes of rigid extraction discs
are available, and each addresses different processing requirements. Varying the
diameter, thickness, and porosity of the extraction discs produces various bed
masses that have measured void volumes in the range 10–50 l. Rigid extraction
discs can also contain any of the bonded-phases used in conventional packed-
bed SPEs. In practice, however, discs are available in only a limited number of
phases.
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In some designs, a glass fiber filter is supported above the extraction disc
to prefilter samples containing particulates without clogging the extraction disc.
Because of the rigid disc design, frits to support the extraction disc are not neces-
sary. The polyethylene frits used in conventional SPE columns may be a source
of contamination (90) and have a large surface area and void volume.

Rigid disc microcolumns require special handling procedures that differ
significantly from conventional packed-bed SPEs. The small bed mass requires
reduced volumes during processing. Column conditioning, selective washes, and
elution require only 3–5 void volumes each (91). Another characteristic of the
small bed mass is a reduction in the amount of the weakly retained compounds,
which provides a cleaner extract (92). The rigid disc microcolumns retain the
analytes at the top surface of the disc, the capacity of the extraction efficiency
not being a problem in most cases. Because of the high ratio of flow area to bed
volume, a moderate pressure differential yields high flow rates. With the rigid
disc microcolumn configuration, the channeling observed with packed columns
is eliminated.

In addition, analysts can create a multimodal SPE column by stacking sev-
eral discs with differing bonded phase in the disc holder. With the proper chemical
design, such multimodal systems can provide customized separation protocols.
The stacking order of the discs depends on the particular physicochemical charac-
teristics of the analysis under way. The general rule is to place the disc with the
more selective extraction mechanism on top of the less selective adsorbent.

As far as the membrane disc microcolumns is concerned, they contain an
extraction disc made of packing-impregnated polytetrafluoroethylene or polyvi-
nyl chloride materials. Membrane discs address the channeling that occurs with
packed columns, but they can become clogged like membrane filters when pro-
cessing samples containing particulates. Among the various approaches used to
overcome the flow limitations of the membrane discs, creation of a depth filter
above the membrane is the most effective way of preventing clogging, although
it increases the column void volume (93). Membrane disc microcolumns with
strong cation-exchange properties were recently successfully used to extract a
number of -agonists including clenbuterol, bromobuterol, mabuterol, clenprop-
erol, and mapenterol residues from urine (94).

In general, both configurations of modern SPE disc technology offer distinct
advantages over conventional SPE packed columns due primarily to combination
of reduced bed mass, large flow area, and rigid structure. With proper selection
of extraction conditions and bonded phases, SPE discs require significantly less
sample, solvent, and processing time than packed SPE columns.

Another relatively new SPE approach originally developed for the analysis
of volatile organic compounds in environmental samples is solid-phase microex-
traction (SPME). This technique has gained acceptance for a wide variety of
additional applications for the isolation of organic compounds from aqueous solu-
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tions at sub-ppb levels (95, 96). SPME offers several advantages for sample
preparation, including reduced time per sample, lower cost, less sample manipula-
tion, elimination of organic solvents, and reduced analyte losses.

SPME uses a polymer-coated fused-silica fiber, typically 1 cm 100 m,
that is fastened into the end of a fine stainless steel tube contained in a syringelike
device and protected by an outer stainless steel needle. In use, the plunger of the
device is depressed to expose the fiber to the sample matrix so that the organic
compounds to be sorbed onto the fiber. The plunger is retracted at the end of the
sampling time, and then it is depressed again to expose the fiber to a desorption
interface for analysis typically by GC or LC. In a recent variation of this technique,
the so-called in-tube SPME, the polymer is not coated on a fiber but on the inside
of a fused-silica capillary before analysis by LC.

In SPME, the process is controlled by diffusion of analytes from the sur-
rounding solution through a thin, static, aqueous layer located around fiber. An
equilibrium is established, and because nonpolar organic compounds have a high
distribution ratio in the nonpolar fiber, excellent quantification and recovery of
analytes are possible. Although the most common polymeric material used for
coating is polydimethylsiloxane, a polyacrylate-film fiber provides more efficient
extractions for polar semivolatile analytes such as phenols (97). The SPME pro-
cess has recently been automated using an autosampler in which the standard
autosampler needle has been replaced by a fused-silica fiber (98). With the contin-
ued introduction of new SPME fibers, and the possible application of micro-
LC columns to in-tube SPME, the future is promising for application of these
technologies to drug residue analysis.

20.4.5 Matrix Solid-Phase Dispersion

Application of SPE technology requires samples to be in a liquid, relatively
nonviscous, particulate-free and homogenous state. Many edible animal products,
however, start out in forms that are not directly applicable to SPE. This fact
presents problems for analysts trying to find the best process for obtaining analytes
that are in solution and free from tissue debris and for reducing the semisolid
sample to a liquid extract. Semisolid samples such as animal tissues constitute
some of the most difficult samples to disrupt and homogenize. On the other hand,
readily homogenized liquid samples such as milk present fewer complications in
terms of disruption and homogeneity, but they may be too viscous or they may
contain particulates that hinder rapid SPE analysis. Analysts often encounter
emulsions and may need to perform several centrifugations, reextractions, and
complex sample manipulations to render samples into suitable forms. To remedy
many of these complications a new technique was introduced in 1989 (99). Called
matrix solid-phase dispersion (MSPD), this technique allows analysts to prepare,
extract, and purify any sample in a simultaneous process.
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The MSPD technique involves the mixing of a bonded phase-solid support
and a tissue matrix in a glass mortar, and the blending with a glass pestle to
produce a nearly homogenous dispersion of tissue cell membranes and matrix
components. The blending of tissue with C18-coated silica proceeds rapidly and
smoothly, producing a semidry material. This has been observed to be the case
with fat, liver, or muscle tissues. Tissue dissolution onto a solid support can also
be conducted with C3, C8, as well as polymeric phases. The semidry material
can be packed into a column from which different drug residues can be eluted
based on their solubilities in the polymer/tissue matrix. In this approach, drugs
can be rapidly isolated based on their distribution in the polymer/tissue matrix
and polarity of the solvents used. The extracts so obtain often require no further
processing prior to instrumental analysis.

The sample is disrupted completely and distributed over the surface as a
function of interactions with the support, the bonded phase, and the tissue matrix
components themselves. The solid support acts as an abrasive that promotes
sample disruption, whereas the bonded phase acts as a lipophilic, bound solvent
that assists in sample disruption and lysis of cell membranes. The MSPD process
disrupts cell membranes through solubilization of the component phospholipids
and cholesterol into the C18 polymer matrix, with more polar substituents directed
outward, perhaps forming a hydrophilic outer surface on the bead. Thus, the
process could be viewed as essentially turning the cells inside out and forming
an inverted membrane with the polymer bound to the solid support. This process
would create a pseudo-ion exchange-reversed-phase for the separation of added
components. Therefore, the C18 polymer would be modified by cell membrane
phospholipids, interstitial fluid components, intracellular components and choles-
terol, and would possess elution properties that would be dependent on the tissue
used, the ratio of C18 to tissue employed and the elution profile performed
(99–104).

The interactions observed between the individual components and the target
analytes in MSPD are greater and different, in part, from SPE. They appear
between the analyte and the solid support, the analyte and the bonded phase, the
analyte and the dispersed matrix, the matrix and the solid support, and the matrix
and the bonded phase; all of the above components interact with the elution
solvents, and the dynamic interactions of all of the above occur simultaneously.
As a result, both the bonded phase and the solid support are expected to affect
the results (99–104).

For applications that require a lipophilic bonded phase, C8 and C18 phases
may be used interchangeably. The best ratio of sample to solid support-bonded
phase is 1 4. However, this ratio is dependent on the application. Lower ratios
have been used successfully, and samples have been scaled up to 2 g from the
typical 0.5 g used in most MSPD procedures. The isolation of more polar analytes
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from biological samples is assisted by the use of polar solid supports-phases and
less polar analytes by less polar phases.

Studies on solid supports have shown that the pore size of the silica-based
sorbents is of little importance in MSPD, but it should be considered as could
vary with the sample. Particle size is of greater importance since particles as
small as 3–20 m can lead to extended solvent elution times and plugged MSPD
columns. However, 40 m particles with 60 Angstrom pores have been used
extensively and successfully. Sorbents that have a blended range of particle size
such as 40–100 m work equally well and can be used in most applications (101,
103). These materials also tend to be less expensive. Depending on the application,
analysts can also use non-end-capped materials and materials with a range of
carbon loading. Different applications may benefit, suffer, or be unaffected by
these parameters, but workers should consider them to obtain the best extraction
efficiency and the cleanest sample.

Conditioning the sorbent to be used for MSPD can greatly enhance analyte
recovery and, also, speed up the process of blending and dispersion. It is essential
to condition the column sorbent with a solvent that breaks the surface tension
differences that may exist between the sample and solid support-bonded phase.
The MSPD performance can also be affected by addition of acids, bases, or ion-
pairing reagents to the matrix at the time of blending or to the solvents used for
washing or analyte elution. The ionization or suppression of ionization of analytes
and sample components can greatly affect the nature of interactions of specific
analytes with the blend and the eluting solvents. MSPD is characterized by elution
and retention properties that appear to be a mix of partition, adsorption, and
paired-ion paired-component chromatography that is unique.

The washing and eluting solvents and their usage sequence are of utmost
importance to the success of MSPD. Analysts can vary elution profiles to obtain
ideal analytical results by isolating the analyte or cleaning the column with each
solvent step. The nature of the MSPD column and the range of interactions permit
isolation of a range of different polarity analytes or an entire class of compounds
in a single solvent or in different solvents passed through the column. The analytes
in MSPD tend to be eluted in fractions that are somewhat inconsistent with
expected solubility behavior. This inconsistency may be due to the fact that the
elution of a sample removes analytes but simultaneously fractionates the sample
components. These characteristics make MSPD readily amenable to multiresidue
isolation and analysis. Table 20.3 provides a list of recent MSPD applications
for the extraction and analysis of various matrices and drug residues.

In some cases, the eluate from a MSPD column is adequately clean. How-
ever, additional steps are often required to remove coeluted matrix components
either by using other solid-phase materials packed at the bottom of the MSPD
column or by eluting analytes from the MSPD column directly onto a second SPE

Copyright © 2001 Marcel Dekker, Inc.



604
C

h
ap

ter
20

TABLE 20.3 Examples of Matrix Solid-Phase Dispersion (MSPD) for the Analysis of Drug Residues in Edible Animal
Products

Drug Matrix MSPD material Washing solvent Eluting solvent Ref.

Aminoglycosides Bovine tissues Bondesil Hexane, EtOAc, H2O, 0.05 M H2SO4 362
Cyanopropyl H2O, MeOH/H2O

Bovine kidney Bondesil Hexane, EtOAc, 0.1 M HCl 363
Cyanopropyl MeOH, H2O

Cephapirin Bovine muscle C18 Hexane, benzene, MeOH 100
EtOAc

Chloramphenicol Meat C18 Hexane, DCM EtOAc 364
Milk C18 Hexane, benzene EtOAc 365

Flunixin Milk Silica gel DCM-hexane EtOAc 347
Furazolidone Chicken muscle C18 Hexane DCM 366

Meat C18 Hexane, DCM EtOAc 364
Milk C18 Hexane DCM 367
Swine muscle C18 Hexane EtOAc 368

Ivermectin Bovine liver C18 Hexane DCM/EtOAc 291
Milk C18 H2O EtOAc 296

Moxidectin Bovine tissues C18 Hexane DCM/EtOAc 369
Nicarbazin Chicken tissues C18 Hexane ACN 321

Meat C18 Hexane, DCM EtOAc 364
Oxolinic acid Catfish muscle C18 Hexane ACN, MeOH 370
Penicillins Bovine muscle C18 Hexane, benzene, MeOH 100

EtOAc
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Sulfonamides Bovine and C18 Hexane DCM 371
swine muscle

Catfish muscle C18 Hexane DCM 372
Catfish muscle C18 Hexane DCM 373
Meat C18 Hexane DCM 364
Milk C18 Hexane DCM 374, 375
Salmon muscle C18 Toluene/hexane DCM 376
Swine muscle C18 Hexane DCM 377

Tetracyclines Milk C18 EDTA Hexane ACN/EtOAc 271, 378
oxalic acid

Fish C18 EDTA Hexane ACN/MeOH 379
oxalic acid

Thiabendazole, Meat C18 Hexane, DCM EtOAc 364
mebendazole

Virginiamycin Meat C18 Hexane, DCM EtOAc 364
Five Bovine liver C18 Hexane ACN 380

benzimidazoles
Seven Milk C18 Hexane DCM/EtOAc 381

benzimidazoles
Eight Animal tissues Diatomaceous — EtOAc 382

benzimidazoles earth

Abbreviations as in Table 20.2.
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column for sample cleanup and analyte enrichment. Other alternatives include the
use of classic liquid–liquid extraction for final sample cleanup prior to analysis.

MSPD can greatly reduce sample manipulation, solvent usage and disposal,
and working time. In most cases, MSPD generally requires 95% less solvent and
90% less time than classic sample preparation procedures. It can also eliminate
emulsification problems, but the number and amounts of coextracted components
also greater adversely affect the detection limit of the final analysis.

20.4.6 Restricted-Access Media

Although not a real sample preparation procedure, direct injection of the sample
into the LC can save hours of sample-preparation time. Packing materials for
this technique have been available in many versions for nearly a decade, but the
technique is still relatively unknown to many analysts, even those involved in
food analysis.

The packing material first described for direct injection of biological sam-
ples was prepared by simply saturating the accessible adsorption sites of a C18

reversed-phase silica with human plasma proteins (105). After saturation, the
human plasma proteins were denatured at the external surface, and their native
conformation was destroyed. With this treatment, the proteins formed a hydro-
philic layer with weak ion-exchange properties, which provided protection from
contact with the sample proteins, whereas the alkyl ligands inside the pores re-
mained unchanged and thus served for analyte retention. The retention behavior
of the saturated phase did not alter with this treatment, but the efficiency was
reduced dramatically. Such protein-coated columns have shown a lifetime of
several months (106).

Many variations on this theme that allow repetitive, direct injection and
chromatographic analysis of untreated sample matrices including tissue homoge-
nates, milk, plasma, and saliva (107–112) have appeared since the original publi-
cation. These packings have been described generically as restricted-access media
because they are generally characterized by a limited accessibility of macromolec-
ular compounds to the adsorption sites of the porous supports.

On the basis of the separation mechanism, restricted-access media can be
classified into physical or chemical diffusion barrier types. The limited accessibil-
ity of the former type is due to the pore structure of the support that represents
physical diffusion barriers for macromolecular compounds. The restricted access
of the latter type is due to covalently or adsorptively bonded synthetic or natural
polymers that cover the support surface, preventing macromolecules from being
adsorbed on or denatured by the column packing material.

The usual base materials for LC restricted-access media are porous silica
supports, which limit the pH range of the mobile phases to 2–8. Polymer-based
stationary phases have also been used as restricted-access media and are character-
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ized by a high chemical stability throughout the entire pH range but, depending
on the polymer type and the mobile phase, their mechanical stability is lower and
their hydrophobicity is higher than that of the silica-based supports. In addition,
polymer supports show much lower separation efficiency than the silica supports.
When using 10 m particles, the efficiency rarely exceeds 30,000 theoretical
plates/m, while conventional silica supports of the same particle size can provide
an efficiency of 50,000 theoretical plates/m (113). Some specifications of com-
mercially available restricted-access media are presented in Table 20.4.

Besides the above differentiation, restricted-access media can be further
subdivided on the basis of the topochemistry of the bonded phase. Packings with
a uniform surface topochemistry show a homogenous ligand coverage, whereas
packings with a dual topochemistry show a different chemical modification of
the pore internal surface and the particle external surface (114). Restricted-access
media of the former type are divided into mixed-mode and mixed-function phases,
bonded-micellar phases, biomatrix, binary-layered phases, shielded hydrophobic
phases, and polymer-coated mixed-function phases. Restricted-access media of
the latter type include the Pinkerton’s internal surface reversed-phase, Haginaka’s
internal surface reversed-phase diol, alkyl-diol silica, Kimata’s restricted-access
media, dual-zone phase, tris-modified Styrosorb, Svec’s restricted-access media,
diphil sorbents, Ultrabiosep phases, Bio Trap phases, and semipermeable surface
phases.

Mixed-mode and mixed-function phases combine different chromato-
graphic modes, such as size exclusion and affinity chromatography, or different
functionalities, such as hydrophilic and hydrophobic ligands. Well-known phases
of this type are those based on hydrophilic materials that are nonadsorptive for
proteins, that is, porous glass materials modified by diol ligands or porous poly-
meric supports (115). Subsequent modification of these materials with affinity
ligands provided adsorbents that were highly specific for particular groups of
analytes.

Mixed-function phases synthesized by a reaction of porous base silica gels
with a hydrophilic and a hydrophobic trifunctional silane followed by hydrolysis
of the oxirane ring have been also developed (116, 117). Since both diol and
alkyl or aryl ligands are randomly distributed on the inner and outer support
surface, these mixed-function phases are suitable for analysis of hydrophilic and
hydrophobic substances in samples of biological origin. Column efficiency is not
significantly influenced after 500 injections of 20 l serum (116). However, two
repetitive injections are usually needed to saturate the hydrophobic ligands of the
support surface with proteins prior to the final analysis of a protein-containing
sample (118).

Bonded-micellar phases are porous unmodified silica supports with an ad-
sorptively bonded detergent layer (119). In these phases, the hydrophilic sites of
the detergent molecules are directed to the outside, which prevents the adsorption
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TABLE 20.4 Specifications of Typical Commercially Available Restricted-Access Media

Name Type Surface chemistry Column dimensions Lifetime

Bio Trap 500 Protein-coated Internal: C18 Precolumn: 10 3.0 mm 500 injections of
external External: -1-acid 10 l plasma
phase glycoprotein

Capcell Pak Polymer-coated Mixed function C1, phenyl, Analytical: 50, 100 and 500 injections
MF mixed or C8 and 150 4.6 mm of 20 l serum

function polyoxyethylene
phase

ChromSpher 5 Mixed-function Ligand with phenyl, alkyl Precolumn: 50 4.6 mm 500 injections
Biomatrix phase and hydroxyl groups Analytical: 150 4.6 mm of 20 l

plasma
Hisep Shielded Polyoxyethylene-polymer Precolumn: 20 4.6 mm 1000

hydrophobic with disubstituted Analytical: 150 and 250 injections of
phase aromates 4.6 mm 10 l serum

ISRP GFF II Internal surface Internal: glycyl-L- Analytical: 50, 150 and 500 injections
reversed- phenylalanyl-L- 250 4.6 mm of 10–20 l
phase phenylalanine serum

External: glycine
LiChrospher Alkyl-diol silica Internal: C18, C8 or C4 Precolumn: 25 4.0 mm 200 injections

ADS internal phase External: diol of 500 l
plasma

Semipermeable Polymer-coated Internal: C8 Analytical: 150 4.6 mm 500 injections
surface external External: polyoxyethylene- of 20 l serum

phase polymer
Ultrabiosep Protein-coated Internal: C8 Analytical: 150 and 250 250 injections

external External: protein 4.6 mm of 20 l
phase plasma
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of protein while low-molecular-weight analytes can reach the hydrophobic C10-
alkyl chains of the detergent and are retained. Size exclusion is not due to the
pores in the base silica but to the density of the adsorbed detergent molecules.
Major disadvantage of these phases is the gradual loss of their restricted-access
properties as the detergent molecules, which are not covalently fixed to the sur-
face, may be washed out from the column after their association with samples’
proteins.

Comparable to the bonded-micellar phases are the binary-layered phases.
These phases are also covered by a ligand that possesses both hydrophilic and
hydrophobic functions. Diol groups at the outside prevent adsorption of matrix
proteins, and methoxypropyl chains shielded by the diol functionalities serve as
adsorption sites for very hydrophobic analytes (120).

Also based on porous silica support, the so-called Biomatrix phases contain
a ligand that combines both hydrophilic and hydrophobic properties in the same
molecule. Nonpolar analytes interact with the hydrophobic phenyl and alkyl moie-
ties of the ligand, while the hydrophobic outer part of the ligand is supposed to
be the result of hydroxyl groups that prevent the adsorption of proteins.

Pinkerton’s internal surface reversed-phase supports are designed to enable
large biomolecules to be eluted quickly at or near the void volume of the column
and to retain small molecules such as drugs and drug metabolites beyond the
void volume. Early packings consisted of porous particles that had glycyl-L-
phenylalanyl-L-phenylalanine bonded to silica (121). By exposing the bonded
particles to carboxypeptidase, the phenylalanine was removed from the outer
surface, creating a diol–glycine hydrophilic phase outside the pores. Because
the enzyme could not penetrate inside the pores, the packing retained its inner
hydrophobic surface characteristics. The negative charge of the carboxyl group
of the amino acids both at the external and internal surface provided also weak
cation-exchange properties and delayed elution of positively charged analytes
and matrix compounds (122). When a serum sample was injected, proteins and
other large biomolecules were excluded from the packing by repulsion from
the hydrophilic surface group, whereas small molecules diffused into the pores
interacting with the hydrophobic surfaces by a reversed-phase mechanism. This
packing material can be used for acidic as well as basic compounds. When the
packing material was used in a guard column of 10 3.0 mm (internal diameter)
I.D. packed with 5 m spherical particles, about 1000 serum injections could be
made before the column should be replaced (121).

For synthesis of the commercially available GFF-II version of the Pinker-
ton’s internal surface reversed-phase, monofunctional instead of trifunctional si-
lane has been used in order to prepare more homogenous surfaces (123). Com-
pared with the first version, GFF-II shows significantly improved selectivity,
retention capacity, and separation efficiency as demonstrated in the analysis of
trimethoprim (124).
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Compared with the Pinkerton’s internal surface reversed-phase packing,
alkyl-diol silica phases provide significantly increased retention capacity. These
phases are based on silica supports that react with 3-glycidoxypropyl-methyldi-
methoxysilane. Acidic hydrolysis of the epoxy groups leads to a diol-modified
silica. In the next synthesis step, this silica is esterified with fatty acids of different
chain length and is covered with alkanoyl ligands on both external and internal
surfaces. Similarly to the synthesis of the Pinkerton’s internal surface reversed-
phase packing, enzymes are used to differentiate both surfaces (125). These diol-
modified supports with the hydrophobic pore surface display several distinct
properties. Their size exclusion limit is a molecular weight of about 15,000,
whereas their retention capacity remains the same even when injecting a total
serum volume of 100 ml in 500 l injections (126).

In contrast to the internal surface reversed-phases described above, Kima-
ta’s internal surface reversed-phases are synthesized without use of enzymes.
These C1, C8, C18, and phenylethyl-modified porous silica supports are treated
with HCl at 100 C for 5 h to cleave preferentially the ester bonds at the external
surface (127). Hydrolysis inside the pores is extremely slow because of hydrolysis
products that are enriched in the pores, low wettability, and the presence of
air bubbles. The generated silanol groups are reacted with 3-glycidoxypropyl-
trimethoxysilane, which is then hydrolyzed to hydrophilic diol groups. Several
variations of Kimata’s supports with different hydrophobicity exist, so these
phases can be used for analyzing a broad spectrum of analytes.

A completely different way of surface differentiation, specifically pore-
size-specific functionalization of special supports, has been recently described
with Svec’s restricted-access media that are characterized by easy synthesis, quan-
titative protein recovery, and high column stability (128, 129). The shielded hy-
drophobic phases comprise porous silica with a layer of a polyoxyethylene poly-
mer as a hydrophilic network, which includes hydrophobic regions that have
substituted aromatics serving as hydrophobic adsorption sites for small analytes
(130). The hydrophilic polymer layer is impermeable to macromolecules to pre-
vent the retention of matrix proteins from biological samples. These phases have
been used for the determination of many drugs in serum and plasma including
diuretic and inflammatory agents (131, 132). Users can solve problems with the
retention of hydrophilic analytes by adding ion-pairing reagents to the mobile
phase.

The polymer-coated mixed-function phases are also porous silica modified
by a multistep process (133). In the first step, the silica particles are covered with
a layer of a silicone polymer that diminishes the negative effects of the silica
surface. Following coverage, hydrophobic styrene groups representing the analyte
adsorption sites are introduced. In the next step, hydrophilic properties are given
to the material by coverage with biocompatible non-protein-adsorbing ligands,
such as polyoxyethylene and oligoglyceryl groups. These phases are generally
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characterized by higher retention capacities, better protein exclusion, and faster
mass transfer of small molecules.

The so-called diphil sorbents fit into the class of protein-coated supports.
In these phases, silica-modified particles are saturated with albumin, and the
adsorbed and denatured protein layer is stabilized with glutaric dialdehyde (134).
Due to their structure, these sorbents exhibit both hydrophilic and organophil
(diphil) properties that give them their name.

Comparable to the other protein-coated supports are the Ultrabiosep and
the BioTrap phases. The former are composed of C4, C8, or C18 reversed-phase
silica supports covered with a biological polymer which is not described in the
literature (135). The latter are commercially available as Bio Trap Acid or Bio-
trap Amine precolumns (136). They are C18-modified silica supports covered
with -1-acid glycoprotein as a biocompatible layer. Due to the immobilized
protein, this type of reversed-phase material also possesses weak ion-exchange
properties.

The semipermeable surface phases constitute restricted-access media in
which the hydrophilic properties are provided by a semipermeable layer of poly-
oxyethylene that covers reversed-phase silica supports (137). In the first-genera-
tion semipermeable surface phases, the polymer layer was adsorbed by means
of nonionic detergents of either the Tween (polyoxyethylene sorbitane fatty acid
ester, branched structure) or the Brij (polyoxyethylene fatty acid ether, linear
structure) type. In these phases, the hydrophobic part of the detergent molecules
is adsorbed on the alkyl chains of the support so that the detergent sites can
form a hydrophilic layer on which the polyoxyethylene can anchor. A major
disadvantage of the first-generation phases was the gradual washing out of the
detergent and the polymer over the time. As a result, a second generation of
semipermeable surface phases was developed, where the polyoxyethylene layer
was covalently bonded to the silica matrix so that detergents were no longer
required. Comprised of polyoxyethylene-covered C8, C18, cyano, and phenyl-
modified base silica supports, these second-generation semipermeable surface
phases are characterized by their high stability with organic solvents, quantitative
protein recovery, and high separation efficiency.

The major application of the restricted-access media is in the LC analysis
of drugs and metabolites in body fluids. Samples may be run in single-column,
coupled-column, or column-switching mode. In the single-column mode, the sam-
ple is injected directly into the restricted-access media column under conditions
in which the undesired matrix, mainly proteins, will pass through the column
unretained. The drugs and metabolites are then eluted from the column by gradient
elution. In the coupled-column mode, a short restricted-access media column
serves as the precolumn or initial column, and the drugs and metabolites are
transferred to a secondary column after matrix elution through a column-switching
valve. The drugs are then separated using a reversed-phase column that provides
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a better separation and a cleaner chromatogram than that formed with the single-
column mode.

20.4.7 Supercritical Fluid Extraction

Supercritical fluids have been used for many years by the food industry as solvents
for extracting caffeine from coffee and tea, and for isolating aromas and flavors
from spices and herbs. However, their application in sample preparation proce-
dures was delayed until the late 1980s, when pumping systems for supercritical
fluids became available through the rise of interest in supercritical fluid chroma-
tography. Since then, increasing concerns over environmental pollution, disposal
costs, and exposure of analysts to harmful organic solvents have placed supercriti-
cal fluid extraction (SFE), a sample preparation procedure that is still in an evolu-
tionary state, in an outstanding position (138).

Supercritical fluids are substances that are above their critical temperature
and pressure. Every substance has a point in its gaseous phase where, if the
pressure is raised while the temperature is held constant above its critical tempera-
ture, it will exhibit properties of both a gas and a liquid. This means that it is
dense like a liquid but, like a gas, has no surface tension.

Density is a factor in the solvating power of a supercritical fluid; the more
dense the fluid, the more powerful its solvent strength. Since changing the temper-
ature and pressure within the supercritical phase changes the density, a supercriti-
cal fluid can be made to possess a wide range of solvent power. This property
together with its increased diffusion and lower viscosity makes supercritical fluid
an attractive extraction medium.

Carbon dioxide has been by far the supercritical fluid of choice for analytical
SFE (139). The selection of CO2 was initially based on its widespread use in
supercritical fluid chromatography, its low critical temperature, and the high de-
gree of nonideality that the gas exhibits even at relatively low levels of compres-
sion (140, 141). In general, CO2 mimics the solubilizing behavior of nonpolar
to moderately polar solvents. At low densities (0.2–0.45 g/ml), the solubilizing
power of CO2 is similar to that of hexane, as the density increases the polarity
gradually changes, so that at about 0.6 g/ml CO2 behaves more like the moderately
polar solvent methylene chloride.

However, CO2 does not always work the best for all analytes. It is not very
polar, so in cases where the extracted analyte is polar, small amounts of organic
modifiers such as methanol, ethanol, or isopropyl alcohol must be added to in-
crease the polarity of the solvent (142). Methanol is the most commonly used
modifier because it is the least toxic of the polar solvents that can be used. Other
modifiers are water, acetonitrile, tetrahydrofuran, and methylene chloride. The
addition of a small percentage of modifier to the solvent can increase the effi-
ciency of the extraction by 100%. Changes in polarity with small additions of
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modifiers can be dramatic; a solubilizing power equivalent to that of a 50%
acetonitrile in water has been achieved with less than 5% organic modifier added
to CO2 (143).

Apart from CO2, several alternative supercritical fluids as far as the polarity
index is concerned have been described (144). Nitrous oxide, with a small perma-
nent dipole moment of 0.17 D, was one of the first tested alternatives. It is now
avoided due to the risk of oxidation and explosion particularly when the matrix
organic content is high (145–151). Other alternatives such as freons or water/
methanol are also limited because of environmental hazards or critical tempera-
tures and pressures too high for convenient use, respectively. Chlorodifluorometh-
ane or freon-22 is nonflammable, has a large dipole moment of 1.29 D, and is
believed to be less ozone-depleting than older freon-11 and freon-12. However,
it is very expensive, has a relatively high critical temperature of 96 C, and is still
damaging since it contains chlorine. Trifluoromethane, also known as fluoroform
or freon-23, has a large dipole moment of 1.65 D, critical temperature and pressure
lower than those of CO2, and is believed to be less hazardous to the atmosphere
than freon-22 because it does not contain chlorine. Critical properties and dipole
moments of several supercritical fluids are presented in Table 20.5.

In combination with temperature, the SFE pressure control, through density
variation, the solvating power of CO2. For CO2, low pressures such as 75 bar
(1090 psi, 80 C, d 0.15 g/ml) correlate to a solvent power analogous to pentane.
For higher pressures such as 380 bar (5550 psi, 40 C, d 0.95 g/ml), the solvent
power is more similar to liquid solvents such as methylene chloride, carbon

TABLE 20.5 Critical Properties and Dipole Moments of some Typical
Supercritical Fluids

Critical Critical Dipole
Extraction temperature pressure moment
fluid ( C) (atm) (debye)

CO2 31.3 72.9 0.96
N2O 36.5 72.5 0.94
C2H4 9.9 50.5 —
NH3 132.5 112.5 0.40
n-C5 196.6 33.3 0.51
n-C4 152.0 37.5 0.50
CCl2F2 111.8 40.7 1.12
CHF3 25.9 46.9 1.65
CH3OH 240 78.5 1.70
H2O 374.1 218.3 1.85
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tetrachloride, toluene, and benzene. Thus, a chemical change or benefit can occur
from adjusting physical parameters such as pressure and temperature.

When selecting the pressure for an extraction, a good rule of thumb is that
the lower the analyte molecular weight, the less pressure density is required for
compound solubilization. A second consideration for selecting a pressure level
relates to polarity and polar interactions; the more polar an analyte is or the more
tightly it is bound to the matrix, the greater the pressure-density required for the
dissolution and removal of the analyte from the matrix.

Temperature is an important but complex parameter for controlling the
extraction. At a particular density, an infinite number of combinations of tempera-
ture and pressure yield the same value of density. For example, with temperature-
setting precision of 1 C from 40 C to 120 C, 80 combinations of temperature
and pressure yield a density of 0.050 g/ml. Temperature and density vary inversely
and nonlinearly. Choosing a low-temperature–high-density (relatively low pres-
sure) combination often yields fast, efficient extractions. Although analysts can
obtain fast, efficient results when working with high pressures (high densities)
and temperatures, the extraction may contain other solutes that can interfere with
the analysis.

Supercritical CO2 should not be perceived as capable of extracting only
the desired target analyte since coextractives are frequently dissolved in as well,
just as in liquid extractions. Since the dissolution power of a supercritical fluid
is exponentially proportional to its fluid density, rapid and exhaustive extractions
can be best handled by conducting the extractions at high pressures. Extraction
selectivity for a particular species in SFE can be achieved at low temperatures
(32–60 C) and low densities, but usually at the expense of solute solubility. A
low temperature–density procedure is useful for thermally sensitive compounds.
In some cases, good reasons exist for using higher temperatures, including thermal
contribution in terms of enthalpy and phase transfer kinetics. On the one hand,
the extraction of nonpolar analytes at the extraction temperature of 80 C is better
than at 40 C. On the other hand, this advantage can also reach a point of diminish-
ing returns; 80 C also proves to be a more advantageous temperature than 120 C
at constant pressure. This phenomenon is probably very complicated, so users
should exercise caution in extrapolating these results to general cases as the role
of increasing temperature at constant density has not been yet elucidated.

To ensure overall extraction of a polar solute, the pressure or density must
be increased or a modifier must be added to the extraction fluid after an initial
low-pressure extraction. In this way, the analyte of interest can be collected sepa-
rately from the oily interference. Polar solutes may be removed more easily from
matrices with higher moisture content. It is believed that the analyte is solubilized
in the entrained water and removed from the matrix with physical removal of
water. Since polar analytes benefit from the presence of water in samples, water
has been added as a mobile phase modifier to enhance extraction recoveries (152).
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For extraction of nonpolar analytes, drying agents are mixed with the matrix
to adsorb moisture before extraction. Hydromatrix (Celite 566) has been used
frequently. Sodium sulfate, and calcium sulfate (Drierite) are also used to dehy-
drate the matrix. Ratios of sample to drying agent of 1 1 up to 1 5 have been
reported, but no rules of thumb exist for determining this ratio.

Application of SFE necessitates a CO2 source, a pump to pressurize the
fluid, an oven containing the extraction vessel, a restrictor to maintain a high
pressure in the extraction line, an analyte collection vessel, and an overall system
controller. CO2 is drawn from the bottom of the tank with a dip tube because
the liquid is the more dense of the two phases. The substantial vapor pressure of
the CO2 at ambient temperature helps to displace the liquid into the pump. CO2

remains a liquid throughout the pumping or compression zones and passes through
small-diameter metal tubing as it approaches the extraction vessel. A preheating
zone in front of the extraction vessel allows supercritical temperature, pressure,
and density conditions to be applied immediately to the analyte matrix in the
vessel.

The fluid enters the extraction vessel containing the sample matrix that is
mixed with a drying agent such as sodium sulfate. With this process, analytes
are rapidly dissolved in the supercritical fluid, while water is retained by the
sodium sulfate. Following extraction, the supercritical fluid exits the extraction
vessel and passes through the restrictor. At the restrictor zone, the temperature
is usually raised significantly because, as the fluid passes through the restrictor,
the fluid cools and expands to a gas at atmospheric pressure. Heating the restrictor
zone can help avoid plugging and too rapid precipitation of the analytes in the
collection vessel that contains a small amount of organic solvent (2–30 ml). As
an alternative to trapping in an organic solvent, some commercial systems allow
collection of the analytes on sorbent traps containing 20–40 m LC, GC, or SPE
solid packing materials that may be cryogenically cooled.

Extractions can be carried out in dynamic, static, or combination modes.
In the dynamic mode, the supercritical fluid continuously flows through the sam-
ple in the extraction vessel and out the restrictor to the trapping vessel. In the
static mode, the supercritical fluid circulates in a loop containing the extraction
vessel for some period of time before being released through the restrictor to the
trapping vessel. In the combination mode, a static extraction is performed for
some period of time, followed by a dynamic extraction.

Current practices in analytical SFE are organized into off-line and on-line
procedures, despite their common physicochemical basis. Off-line SFE, the cur-
rent method in fashion, offers more flexibility with respect to extracting different
sample sizes and types, as well as in the choice of the final analytical method.
On-line procedures are usually combinations of SFE with ancillary techniques
such as GC, LC, supercritical fluid, or gel permeation chromatography.
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SFE manifests its best advantages when extracting analytes from solid and
semisolid rather than liquid samples. A primary limitation in extracting analytes
from liquid sample matrices is the mechanical difficulty of retaining the liquid
matrix in the extraction vessel. To extract a liquid sample by SFE successfully,
analysts must first mix it with a solid material, such as diatomaceous earth or
alumina, so that the sample is no longer free-flowing. Control of sample matrix
effects is critical in SFE to limit coextractives, moderate the influence of moisture,
and improve the efficiency of the extraction. Recent studies have shown that the
addition of both inert and active sorbents to the sample matrix can improve the
efficiency of SFE (153).

SFE has been efficiently applied to extract specific drug residues such as
sulfonamides and melengestrol from edible animal products (154–157). Polar
analytes, in general, remain an analytical challenge because of their lower solubil-
ity in supercritical CO2 and their partitioning equilibria, which favor an aqueous
medium. The optimal SFE system for drug residues has yet to be further explored
by investigating the possibility of altering the solubility characteristics of the
supercritical fluid through addition of low levels of organic cosolvents or special
additives. Analysts would have an easy time if they could simply take a reference
book from the bookshelf, look up the appropriate analyte–matrix pair, and use
the appropriately stated instructions for application of SFE. However, because
analytical SFE is relatively immature, this approach is the exception rather than
the rule. The degree of SFE maturity is currently analogous to the technology of
LC in the 1970s.

Supercritical fluids, in general, are inexpensive, contaminant-free, and less
costly to dispose of safely than conventional organic solvents. Extracts are ob-
tained under mild conditions that minimize thermal degradation, they are usually
solvent-free or in a concentrated form, and no evaporation steps are needed prior
to the final assay. However, the disadvantages of SFE should not be also ignored.
As with all extraction methods, there are analytes and matrices for which SFE
is not suitable. Some compounds are insoluble and may need solvent extraction.
Aqueous matrices can cause problems and samples may need to be freeze-dried.
Like all single-step extractions, SFE has only limited selectivity, but some distinc-
tion can be made between analytes by careful selection of temperature and pres-
sure.

Commercial SFE systems have been on the market for only the past 5 years.
Currently available systems are not perceived as being ready to perform routine
extraction work. It is believed, however, that although no single analytical tech-
nique can hope to solve the diversity of sample preparation problems confronting
analysts, analytical SFE will eventually take its rightful place among other sample
preparation methods.
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20.4.8 Immunoaffinity Chromatography

Immunoaffinity chromatography (IAC) is an elegant sample preparation proce-
dure that is at least equivalent to but in most cases superior to other analytical
sample preparation procedures. IAC is based on the selective and reversible inter-
action between the analyte molecule and an antibody raised against it. Generally,
the antibody, immobilized on a support, is transferred to a small column. The
sample solution is drawn through the column by gravity flow or by means of a
peristaltic pump. Use of a pump is a preferred procedure because ensures a con-
stant flow through the column during loading and offers the possibility to process
more columns simultaneously.

As a result of the immunochemical interaction, the analyte molecules are
retained by the immobilized antibodies, while matrix components fail to interact
and pass through the column. Remaining unretained components can be fully
removed from the column by a phosphate buffer saline washing-up step. Follow-
ing washing, adsorbed analytes are desorbed from the column by means of a
buffer of greater ionic strength or lower pH than the adsorption buffer; the parti-
tion equilibrium for the analyte molecules shifts from the ligand to the buffer,
thus eluting the analytes (158–161).

The first requirement for preparing IAC matrices is an antiserum. Synthesis
of immunogens and the processes of immunization and purification of the antibod-
ies are not exclusively related to IAC but are essential parts of all immunochemical
procedures and are discussed in Chapter 28. Following its production, the anti-
body has to be bound to a solid support in such a manner that it does not lose
appreciable activity. In most cases, the antibodies are covalently bound to supports
such as polyacrylamide, trisacryl, agarose, dextran, and cellulose. Prior to coup-
ling, the supports must be activated using reagents such as cyanogen bromide,
periodate, triazine, carbonyldiimidazole, or N-hydroxysuccinimide. Activated
supports such as cyanogen bromide-activated Sepharose, and carbonyldiimida-
zole-activated Trisacryl are available. The cyanogen bromide coupling procedure
has some disadvantages; the isourea link introduced is quite unstable, and charged
isourea groups are formed that are responsible for undesirable nonspecific binding
due to ion-exchange effects (162).

In coupling procedures, the covalent binding of the immunoglobulin to the
carrier proceeds usually through interaction of its amino groups. Such immunoaf-
finity sorbents generally exhibit lower analyte capacity than that theoretically
calculated, due mainly to partial inactivation of the antibodies during immobiliza-
tion and to shielding of the analyte-binding sites resulting from random immobili-
zation of the immunoglobulin molecules on the support (163).

It is also possible to immobilize antibodies by physicochemical interactions.
Group-specific adsorbents including immobilized protein-A, which is a cell wall
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component produced by several strains of Staphylococcus aureus; immobilized
protein-G, which is a recombinant form of a bacterial cell wall protein isolated
from group G Streptococcus; and immobilized (strept)avidin immunosorbent can
be used for this purpose. Protein-A and protein-G are able to bind specifically
to the crystallizable fragment (Fc) of immunoglobulin G (164), whereas (strep-
t)avidin has an extraordinary high affinity to biotin. The binding of antibodies
via the Fc portions to protein-A leaves the analyte-combining site in the corrected
orientation for the binding of the analyte (159–161). Antibodies coupled to the
matrix by their analyte-binding area are immunochemically inactive and are there-
fore responsible for a limited column capacity.

For high-performance IAC, the preferred solid support is a glass bead solid
support coated with either protein-A or protein-A covalently linked with the
antibody through a carbodiimide bond (165, 166). In either case, protein-A binds
to the Fc portion of the antibody so that the combining sites are oriented to the
mobile phase. Once the protein is attached, the IAC matrix is packed into the
column either as a slurry or dry. Pump-slurry techniques use buffers with a low
salt content, such as Tris or 0.01 M phosphate buffer to minimize friction and
denaturation of the immobilized antibody (16). If the solid support consists of
glass beads, the packing can be freeze-dried after antibody attachment and packed
dry.

The maximum amount of analyte that can be bound to an immunoaffinity
column depends on both the number and the orientation of the antibody molecules
on the sorbent. However, the binding efficiency of an immunoaffinity column
may vary with the flow rate, the concentration of the analyte, and the nature of
the sample solution. The amount of analyte practically retained is usually always
smaller than that theoretically calculated. It may approximate the theoretically
calculated amount only when low flow rates combined with low analyte concen-
trations pass through the column, and the medium of the sample solution is close
to the physiological conditions. The former condition favors a strong binding
reaction, because the number of analyte molecules passing through the column
per time unit greatly influences this retention. As a result, retention in IAC can be
improved with sample dilution, but the time of analysis inevitably also increases.
Optimal flow rates are functions of the solvent systems used during isolation of
the analytes and the gradient system used for the elution. Flow rates between 0.4
and 4.0 ml/min are common.

A continuing source of concern is the operating pressure of an immunoaffin-
ity column. Excessively pressures will generate shear-type forces that could cause
destruction of the antibody-support bond and lower the efficiency of the column.
In general, pressures should not exceed the value of 0.34. 106 Pa to prevent loss
of immobilized antibody (167). This condition meets the major restriction of all
immunoaffinity cleanup procedures, which is the need to use aqueous extracts.
Analytes extracted from the original sample with organic solvents cannot be
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submitted to antibody-mediated cleanup unless they are transferred into an aque-
ous solution. If water-miscible organic solvents are used for extraction, dilution
of the extract with water or an aqueous buffer is often an attractive alternative.

To elute the analytes from an IAC matrix, specific conditions within the
column have to be applied. The elution procedure depends on the nature of the
antibody–analyte bond, which is generally of weak physical nature. Since the
types of physical bonds involved in immunochemical interactions vary consider-
ably among the different anibody–analyte systems, each antibody-mediated
cleanup procedure has its own optimal conditions for elution (168).

In general, elution can be made by either specific or nonspecific desorption.
Specific desorption can be achieved, for example, by ligand competition and
cosubstrate elution. Nonspecific desorption can be accomplished by a variety of
different procedures, all aiming at dissociation of the antibody–analyte complex.
It has been estimated that, without prior breaking of the antibody–analyte bond,
an elution volume of approximately 25 L would be needed to elute 10 ng from
a 1 ml column with a capacity of 20 ng. In order to decrease this elution volume
to 5 ml, the conditions within the column must be altered to such a degree that
the affinity constant is reduced from 5.1011 L/mol to about 108 L/mol. However,
the elution conditions must be chosen in such a way that the reduction of the
affinity constant is a reversible process. Otherwise the antibody will be damaged
and the repeated use of the immunoaffinity column will be strongly restricted.
This is of major importance from an economic point of view, because several
milligrams of antibodies are required for the preparation of only one immunoaffin-
ity column.

Reduction of the affinity constant can be achieved by means of a variety
of different procedures including a linear pH gradient or a linear chaotropic-
ion gradient elution using ions such as chlorides, perchlorates, thiocyanides, or
trichloroacetates, changing the polarity by using solvents such as methanol or
ethanol, changing the temperature, altering the ionic strength, or adding in the
eluent denaturing agents such as urea, guanidine, and detergents (162). Best re-
sults are obtained using pH gradients but chaotropic gradients may be also neces-
sary when the affinity of the antibody–analyte complex is high.

The conditions that can improve the elution of the analyte are not always
compatible with the IAC matrix. It has long been established that changing the
polarity of the aqueous eluent by adding methanol or ethanol, or using denaturing
agents, antibodies may be inactivated to some extent. Also, chaotropic ions have
the tendency to reduce hydrophobic interactions and can cause some antibody
denaturation. In addition, as the column temperature rises, antibodies have a
tendency to denature slowly; the lower the temperature, the longer the life of the
column and the better the peak resolution (167). Therefore, the less vigorous
elution solvent has to be chosen in practice. It is common experience that IAC
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matrices are generally very stable as long as the elution conditions are not too
extreme.

The extent to which the immunoaffinity column can be reused depends
mainly on the nature of the analyzed samples as well as the stability of the
antibody and the support. The most important step is to remove any of the material
physically adsorbed to the antibody so that the column may be reused with repro-
ducibility. All that it is required for a column to be reequilibrated is the passage
of several volumes of the starting buffer. Table 20.6 presents an outline of com-
mercial column protocols used during analysis of steroid and -agonist residues
in urine. Most columns have been shown to last at least 100 runs, provided that
the sample is properly defatted and does not contain solid particles (169).

Selectivity in IAC depends on the specificity of the immobilized antibody
and, thus, monoclonal antibodies are preferentially used. In that case, a large
amount of sample can be subjected to immunoaffinity cleanup without any reten-
tion of matrix components. This opens the possibility to determine very low
concentrations of drug residues in edible animal products. For example, 20 ng
chloramphenicol in 1 L milk can be determined with a recovery of 99% when 1
L of defatted milk is submitted to immunoaffinity cleanup. The chromatograms
obtained after LC analysis were as clean as those obtained when 10 ml milk
containing the same amount of chloramphenicol was also submitted to immunoaf-
finity cleanup (170).

Polyclonal antibodies that will recognize the basic molecular structure for
all the members of a drug group may also be used whenever the analytical problem
requires analysis of several members within the same group. In that case, the
multispecific antibody should have sufficient affinity for all analytes while allow-
ing retained drugs to be eluted from the column as discrete peaks.

Immunoaffinity cleanup was first applied in drug residue analysis for the
determination of chloramphenicol in swine muscle tissue by LC (113). The IAC
column was prepared using monoclonal antibodies originally developed for an
enzyme-linked immunosorbent assay (ELISA) method (171) specific for chloram-
phenicol. Meat samples were extracted with water, and a concentrated phosphate
buffer was added to the filtered extracts before immunoaffinity cleanup. A phos-
phate buffer was used in the washing process, whereas chloramphenicol was
eluted from the column with a glycine/sodium chloride solution of pH 2.8. For
subsequent LC analysis, this eluate was extracted with ethyl acetate, evaporated,
and reconstituted in the mobile phase. The same analytical scheme was later
successfully applied for the determination of chloramphenicol in eggs and milk
as well (170, 172).

Use of polyclonal antibodies in immunoaffinity cleanup of drug residues
was first made in the determination of trenbolone in bovine urine by thin layer
chromatography–liquid chromatography (TLC-LC) (173). The polyclonal anti-
body used was capable to bind both the active form 17- -trenbolone and its
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TABLE 20.6 Immunoaffinity-Column Protocols Recommended for Steroid and -Adrenergic Agonist Residue Analysis
in Urine by Column Manufacturers

Steroids immunoaffinity columns -Agonists immunoaffinity columns

Protocol I Protocol II Protocol I Protocol II Protocol III

Nortestosterone, Nortestosterone, -Agonists -Agonists -Agonists
diethylstilbestrol, diethylstilbestrol,
zeranol trenbolone, zeranol

Urine deconjugation Urine deconjugation Urine deconjugation
Column equilibration Column equilibration Column equilibration Column equilibration Column equilibration
Urine loading (0.25 Urine loading (3 ml) Urine loading (0.25 Urine loading (3 ml) Urine loading (4 ml)

ml). Leave 5 min ml). Leave 5 min
Washing with 4 ml Washing with 5 ml Washing with 8 ml Washing with 5 ml Washing with 2 4

extraction buffer EtOH/H2O (10 90) extraction buffer H2O ml wash buffer
1 10 1 10

Washing with 5 ml Washing with 2 ml Washing with 5 ml
H2O extraction buffer H2O

1 100
Repetition of both

washes
Gentle aspiration Gentle aspiration
Addition of acetone/ Elution with 3 ml Addition of EtOH/ Elution with 3 ml EtOH Elution with 4 ml

H2O (95 5). Leave 5 EtOH/H2O (70 30) HOAc (96 4), pH (0.5M NaCl: 0.58%) EtOH/H2O (70 30),
min. Elution 3.5–4.0. Leave 5 HOAc (50 50), pH pH 5.0

min. Elution 3.5
Washing with Washing with 3 ml Washing with 10 ml Washing with 3 ml Addition of 15 ml

acetone/H2O (95 5) EtOH/H2O (80 20) EtOH/HOAc (96 4), EtOH/H2O (80 20) elution buffer
pH 3.5–4.0.

Washing with 10 ml Washing with 10 ml Washing with 10 ml Washing with 10 ml Equilibration with 20
H2O PBS H2O PBS ml wash buffer

Abbreviations as in Table 20.2.
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major metabolite 17- -trenbolone. A similar procedure has been described for
the determination of 17- -nortestosterone and one of its major metabolites, 17-

-nortestosterone in bovine urine and bile by LC and/or GC-MS (174). In both
procedures, the compounds eluted from the IAC column with aqueous ethanol
without any adverse effect on the binding capacity of the sorbent. Immunoaffinity
cleanup using polyclonal antibodies has further been used in the determination
of diethylstilbestrol, dienestrol, and hexestrol in urine and plasma by GC-MS
(175), and zeranol in milk using IAC with subsequent measurement by ELISA
(176).

Multi-immunoaffinity cleanup (MIAC), in which different polyclonal anti-
bodies were combined in one column, has also been described (169, 177). A
mixture of two different polyclonal antibodies was coupled to one support for
the determination of nortestosterone and methyltestosterone in bovine muscle
tissue by GC-MS (174), whereas seven individual IAC matrices were combined
in a single column for the analysis of seven anabolics including nortestosterone,
methyltestosterone, trenbolone, zeranol, diethylstilbestrol, testosterone, and estra-
diol, in muscle tissue by LC (169). The latter procedure has been also applied
in an online automated sample preparation method for the determination of the
same analytes in urine at the low ppb level (169). In this method, enzymatically
hydrolyzed urine samples were directly injected by means of an automated injec-
tor onto the immunoaffinity column. Following elution, the analytes were trapped
in a preconcentration column to be directed by column-switching to the analytical
column. Methods based on the same analytical strategy have also been developed
for the determination of clenbuterol in urine by LC (177), and for the analysis
of both 17- -nortestosterone and 17- -nortestosterone in urine (178) and muscle
tissue (179) of calves. Recently, immunoaffinity cleanup has been described in
the multiresidue determination of several anabolic steroids and -agonists in
urine, including zeranol, diethylstilbestrol, nortestosterone, trenbolone, clenbut-
erol, and cimaterol (180).

However, to become a truly popular technique, more is required for IAC.
The availability of IAC materials is the major factor that will determine its suc-
cess. With rare exceptions, most analytical laboratories are not equipped to pro-
duce antibodies. On the other hand, custom preparation of antibodies is subject
to uncertainty about the quality of the final product and to a waiting period
typically of 6–24 months before the serum becomes available.

IAC, in its various forms, is therefore dependent upon the commercial
availability of such reagents. All too often, antibodies are proprietary products
used for some other analytical purpose and are unavailable to the analytical scien-
tist. By now, commercially available immunoaffinity columns and sorbents are
limited to applications regarding hormones, -agonists, and corticosteroids. When
commercialization of antibody production for analytical purposes becomes com-
monplace, IAC will then realize its potential.
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Derivatization

Drug residues that do not sufficiently absorb or fluoresce are usually submitted,
prior to their analysis by physicochemical techniques, to some type of derivatiza-
tion aimed primarily at enhancing analyte detectability. Furthermore, formation
of relatively nonpolar derivatives offers advantages for a successful extraction
and cleanup.

In choosing a derivatization procedure for a certain analyte, a number of
provisions must be taken into account. The derivatizing reagent should be selec-
tive for a single functional group, nontoxic, able to introduce a high degree of
sensitivity, stable over prolonged period of time, and capable to react rapidly and
quantitatively with the analyte under mild conditions yielding a single derivative
with a minimum of manipulation. The derivative should exhibit stability over
time and possess favorable chromatographic properties. Fluorescence, ultraviolet-
visible, enzymatic, and photochemical derivatization procedures have all been
used with varying success within the field of drug residues analysis. Examples
of derivatizing reagents commonly used in food analysis for drug residues are
presented in Table 21.1.

21.1 FLUORESCENCE DERIVATIZATION

Although various fluorescence-labeling derivatization reagents have been used
in drug residues analysis, those replacing active hydrogens of hydroxyl, sulfydryl,
or amino groups account for most applications.

21.1.1 Amino Group

One of the most widely used reagents for introduction of a fluorophor into primary
and secondary amines is 5-dimethylaminonaphthalene-1-sulfonyl chloride, com-

637

Copyright © 2001 Marcel Dekker, Inc.



638
C

h
ap

ter
21

TABLE 21.1 Commonly Used Derivatizing Agents in the Analysis of Drug Residues in Edible Animal Products

Drug Matrix Derivatizing agent Detection mode Ref.

-Adrenergic agonists Animal tissues Phosgene GC-EI-MS 1
Bovine hair and urine Trimethylboroxine GC-EI-MS 2
Bovine liver N,O-Bis(trimethylsilyl)- GC-CI-MS 3

trifluoroacetamide (BSTFA)
Bovine liver and urine N-Methyl-N-(trimethylsilyl)- GC-PICI-MS-MS 4

trifluoroacetamide (MSTFA)
Bovine liver and urine N,O-Bis(trimethylsilyl)- GC-FT-IR 5, 6

trifluoroacetamide (BSTFA)
Bovine urine Methyl- and butylboronic acid GC-EI-MS 7
Bovine urine N,O-Bis(trimethylsilyl)- GC-CI-MS 8

trifluoroacetamide (BSTFA),
N-Methyl-N-(tetr-
butyldimethylsilyl)-
trifluoroacetamide
(MTBSTFA)

Bovine tissues and plasma Pentafluoropropionic anhydride GC-NICI-MS 9
Albendazole Bovine liver N-Methyl-N-(tetr- GC-EI-MS and 10

butyldimethylsilyl)- GC-MID-MS
trifluoroaceta mide
(MTBSTFA)

Anticoccidials Bovine liver 9-Anthryldiazomethane LC-Fluorometric 11, 12
Bovine tissues and milk Vanillin LC-UV 13
Chicken tissues 9-Anthryldiazomethane LC-Fluorometric 14
Chicken tissues Vanillin LC-UV 15, 16
Chicken tissues Potassium ferricyanide LC-Fluorometric 17

Anti-inflammatory Plasma, urine N,O-Bis(trimethylsilyl)- GC-EI-MS 18
drugs trifluoroacetamide (BSTFA)

Plasma, urine Methyl iodide GC-EI-MS 19
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3-Amino-2- Swine tissues 2-Nitrobenzaldehyde MS-TSP 20
oxazolidinone
(furazolidone
metabolite)

Carbadox and Animal tissues NaOH LC-Vis 21, 22
metabolites

Chloramphenicol Egg powder Trimethylsilyl-N,N- GC-ECD 23
dimethylcarbamate

Animal tissues, milk, eggs, Chlorotrimethylsilane, pyridine, GC-ECD 24–30
shrimp hexamethyldisilazane

Meat, milk Chlorotrimethylsilane, pyridine, GC-NICI-MS 31, 32
hexamethyldisilazene

Milk Heptafluorobutyric anhydride GC-NICI-MS 33
Meat, eggs N,O-Bis(trifluoromethylsilyl)- GC-NICI-MS 34

acetamide
Meat, milk, eggs Diazomethane, GC-NSTD 35

heptafluorobutyric anhydride
Urine Chlorotrimethylsilane, pyridine, GC-ECD 36

hexamethyldisilazane
Chloramphenicol, Milk N,O-Bis(trimethylsilyl)- G C-ECD 37

florfenicol, trifluoroacetamide (BSTFA)
thiamphenicol

Clorsulon Kidney Methyl iodide GC-EI-MS and 38
GC-MID-MS

Diethylstilbestrol Meat Heptafluorobutyric acid GC-EI-MS 39
anhydride

Diethylstilbestrol, Plasma, urine Pentafluorobenzyl bromide GC-NICI-MS 40
dienestrol, hexestrol

Corticosteroids Milk, liver Pyridinium chlorochromate GC-NICI-MS 41
Eprinomectin Bovine tissues Trifluoroacetic anhydride LC-Fluorometric 42
Erythromycin Animal tissues Acetic anhydride, pyridine GC-SIM-MS 43

(continued)
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TABLE 21.1 Continued

Drug Matrix Derivatizing agent Detection mode Ref.

Flumequine Fish H2SO4 LC-Fluorometric 44
Gentamicin Bovine tissues o-Phthalaldehyde LC-Fluorometric 45
Indomethacin Plasma, urine N-Methyl-N-(tert.- GC-ECD 46

butyldimethylsilyl)-
trifluoroaceta mide
(MTBSTFA)

Ivermectin Animal tissues Methylimidazole, acetic LC-Fluorometric 47–49
anhydride

Meat, liver Methylimidazole, trifluoroacetic LC-Fluorometric 50
anhydride

Milk Methylimidazole, acetic LC-Fluorometric 51, 52
anhydride

Malachite green, Fish PbO2 LC-UV 53–57
gentian violet and
metabolites

17 -methyltestosterone Fish 3 -Hydroxysteroid LC-Fluorometric 58
and two metabolites dehydrogenase,

Moxidectin Bovine tissues Methylimidazole, acetic LC-Fluorometric 59
anhydride

Bovine tissues Methylimidazole, trifluoroacetic LC-Fluorometric 60
anhydride

Plasma Methylimidazole, trifluoroacetic LC-Fluorometric 61
anhydride

Neomycin Animal tissues, milk o-Phthalaldehyde LC-Fluorometric 62–65
Nortestosterone, Bovine muscle Heptafluorobutyric acid GC-NICI-MS 66

methyltestosterone anhydride
19-Nortestosterone, Urine Carboxymethoxylamine, GC-NICI-MS 67

testosterone, pentafluorobenzyl bromide,
trenbolone N,O-Bis(trimethylsilyl)-

trifluoroacetamide (BSTFA)
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Oleandomycin Animal tissues Acetic anhydride, pyridine GC-SIM-MS 43
Penicillins Fish Formaldehyde LC-Fluorometric 68

Meat, milk Diazomethane GC-NSTD 69–71
Meat, milk, eggs 1,2,4-Triazole-mercuric LC-UV 72–74

chloride
Meat, milk, cheese 1,2,4-Triazole-mercuric LC-UV 75

chloride
Milk 4-Bromomethyl-7- LC-Fluorometric 76

methoxycoumarin
Milk Dansylhydrazine LC-Fluorometric 77
Milk Salicylaldehyde LC-Fluorometric 78
Milk Formaldehyde LC-Fluorometric 79
Milk 1,2,4-Triazole-mercuric LC-UV 80, 81

chloride
Muscle Formaldehyde LC-Fluorometric 82
Tissues Imidazole-mercuric chloride LC-UV 83
Tissues 1,2,4-Triazole-mercuric LC-UV 84–86

chloride
Tissues Iodoacetamide LC-UV 87

Pirlimycin Milk 9-Fluorenylmethyl LC-UV 88
chloroformate

Quinolones Fish Sodium tetrahydroborate GC-SIM-MS 89
Quinoxaline-2- Swine tissues Methanolic sulfuric acid GC-SIM-MS 90–92

carboxylic acid Swine tissues Methanolic sulfuric acid GC-ECD 93
(carbadox metabolite)

Roxarsone Swine tissues NaOH LC-Vis 94
Spiramycin Animal tissues Acetic anhydride, pyridine GC-SIM-MS 43
Stanozolol and two Urine Heptafluorobutyric acid GC-EI-MS 95

hydroxy metabolites anhydride

(continued)
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TABLE 21.1 Continued

Drug Matrix Derivatizing agent Detection mode Ref.

Steroid hormones Meat N,O-Bis(trimethylsilyl)acetamide GC-EI-MS 96
Steroid hormones Meat Heptafluorobutyric acid GC-EI-MS 97

anhydride, N-Methyl-N-
(trimethylsilyl)-
trifluoroacetamide (MSTFA)

Steroid hormones and Meat N-Methyl-N-(trimethylsilyl)- GC-EI-MS 98
corticosteroids trifluoroacetamide (MSTFA)

Streptomycin, Animal tissues, milk 1,2-Naphthoquinone-4- LC-Fluorometric 99, 100
dihydrostreptomycin sulfonic acid

Sulfonamides Animal liver Diazomethane GC-ECD 101
tandem PICI-MS

Animal tissues p-Dimethylaminobenzaldehyde LC-Vis 102
(DMBA)

Animal tissues Diazomethane, GC-SIM-MS 103
pentafluoropropionic
anhydride, diethylamine

Animal tissues Diazomethane GC-ECD 104
Animal tissues, eggs Diazomethane GC-SIM-MS 105
Chicken muscle Fluorescamine LC-Fluorometric 106
Fish Fluorescamine LC-Fluorometric 107
Meat Fluorescamine LC-Fluorometric 108
Milk Fluorescamine LC-Fluorometric 109, 110
Milk, eggs, fish o-Phthalaldehyde LC-Fluorometric 111
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Milk, eggs, meat p-Dimethylaminobenzaldehyde LC-Vis 112
(DMBA)

Swine tissues Diazomethane GC-PICI-MS 113, 114
Swine tissues N-Methyl- GC-PPINICI- 115

bis(trifluoroacetamide), MS
diazomethane

Swine tissues Diazomethane GC-SIM-MS 116
Tetracyclines Animal tissues, eggs Zirconyl chloride LC-Fluorometric 117, 118

Animal and fish tissues Mg(OAc)2 LC-Fluorometric 119
Thiabendazole, 5- Bovine tissues Trimethylanilinium GC-SIM-MS 120

hydroxythiabendazole
Thyreostatics Bovine muscle Methyl iodide GC-SIM-MS 121

Thyroid gland 7-Chloro-4-nitrobenzo-2- TLC-MS 122
oxa-1,3-diazole

Thyroid gland Pentafluorobenzyl bromide, GC-NICI-MS or 123
N-methyl-N-(trimethylsilyl)- GC-PICI-MS
trifluoroacetamide (MSTFA)

Urine Methyl iodide GC-NPD 124
Tiamulin Swine liver Pentafluoropropionic anhydride GC-ECD 125
Trenbolone, Bovine tissues N,O-Bis(trimethylsilyl)- GC-EI-MS 126

epitrenbolone trifluoroacetamide (BSTFA)
Zearalenone, Urine Tri-Sil BT GC-MS-MS

-zearalenol

MS, Mass spectrometry; EI, electron impact; CI, chemical ionization; MID, multiple ion detection; PICI, positive-ion chemical ionization;
NICI, negative-ion chemical ionization; SIM, selected ion nmonitoring; TSP, thermospray; PPINICI, pulsed positive ion–negative ion
chemical ionization; ECD, electron-capture detector; NPD, nitrogen/phosphorous detector; NSTD, nitrogen-selective thermionic detector;
FT-IR, Fourier transform infrared spectrometry.
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monly called dansyl chloride (128–134). This reagent is capable of reacting with
alcohol, phenol, and thiol groups as well (135, 136). Alternative dansylation
reagents include 5-dibutylaminonaphthalene-1-sulfonyl chloride and 5-methyl-
phenylaminonaphthalene-1-sulfonyl chloride (137, 138).

Derivatization is performed in either aqueous or nonaqueous solvents under
alkaline conditions. Most widely used compound for rendering the reaction mix-
ture alkaline is triethylamine since this base does not lead to undesirable byprod-
ucts and can be completed in a short time. The dansylated products are relatively
stable, exhibit high sensitivity, and offer a detection limit is often at the picogram
level.

Whenever only primary amines need to be derivatized, fluorescamine often
constitutes the reagent of choice. Fluorescamine, although nonfluorescent itself,
can react with primary amines forming highly fluorescent pyrrolinones
(139–144). Aliphatic primary amines favor derivatization reaction at pH 8–9,
whereas primary aromatic amines exhibit optimal reactivity at pH 3–4. Secondary
amines are also fully reactive with fluorescamine but their products do not flu-
oresce. However, secondary amines can be detected with fluorescamine if they
are converted to primary amines by oxidation with N-chlorosuccinimide prior to
their fluorescamine derivatization (145, 146). Alcohols can also interact with
fluorescamine but this reaction is reversible; as a result, alcohols just slow down
the reaction rate of fluorescamine with primary amines. On the other hand, tertiary
amines and guanidines are not reactive at all with fluorescamine.

The derivatization reaction is performed at ambient temperature by simply
mixing the aqueous sample extract with a phosphate buffer of appropriate pH
and then adding the fluorescamine solution in acetonitrile under vigorous stirring.
Acetonitrile is the solvent of choice for preparing fluorescamine solutions, be-
cause the net fluorescence decreases with a decrease in polarity of the organic
solvent in the order acetonitrile, acetone, dioxane, and tetrahydrofuran.

Besides fluorescamine, several other reagents can react with primary amines
yielding fluorescent products. A reagent whose structure is closely related to
that of fluorescamine is 2-methoxy-2,4-diphenyl-(2H)-furanone (147). Another
widely used reagent that reacts with primary amines yielding fluorescent isoindole
derivatives in presence of thiols such as ethanethiol, 3-mercapto-1-propanol or
2-mercaptoethanol is o-phthalaldehyde (OPA) (148–159). The fluorescence of
the OPA derivatives is somewhat higher than those of fluorescamine, but their
stability is lower because the formed fluorescent iso-indole derivatives undergo
spontaneous rearrangement with time. Secondary amines cannot be detected with
OPA unless they are previously oxidized with chloramine T, N-chlorosuccini-
mide, or sodium hypochlorite (160–162).

Other reagents used for fluorescence derivatization are the so-called Edman-
type isothiocyanate compounds, namely fluoresceinisothiocyanate (163), 9-isothi-
ocyanatoacridine (164), 4-dimethylamino-1-naphthylisothiocyanate (165), or
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BOC-aminophenyl- and BOC-aminoethylphenyl-isothiocyanate (166). These re-
agents can also react with primary amines to give fluorescent thioureido deriva-
tives.

A number of other reagents are also available for derivatizing both primary
and secondary amines. The chloroformate-type reagents such as 9-fluorenylmeth-
ylchloroformate (167) and 2-naphthylchloroformate (168) allow the prechromato-
graphic derivatization of primary and secondary amines, whereas 1,2-naththoyle-
nebenzimidazole-6-sulfonyl chloride has been specifically designed for
prechromatographic derivatization of aliphatic primary and secondary amines.
Pre- and postchromatographic derivatization of primary and secondary amines
can also be carried out with nonfluorescent reagents including 4-fluoro-
7-nitrobenzo-2-oxa-1,3-diazole, and 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole
(169–173). Although these reagent are also capable of reacting with phenolic
hydroxyl and sulfydryl groups, their higher reactivity toward amino groups makes
them attractive for selective derivatization. Guanidino compounds can also be
readily derivatized using 9,10-phenanthrenequinone, a reagent that yields fluores-
cent 2-aminophenanthrimidazoles (174, 175).

21.1.2 Hydroxyl and Sulfydryl Group

For derivatization of hydroxyl groups, several fluorescent reagents containing
carbonyl nitrile as the reacting group have been developed. Pyrene-1-carbonylni-
trile (176), 1-anthroylnitrile (177–179), and 4-dimethylamino-1-naphthoylnitrile
(180) are all derivatizing agents capable of reacting with both primary and second-
ary hydroxyl groups under mild conditions yielding highly fluorescent esters. In
contrast, 9-anthroylnitrile reacts only with primary hydroxyl groups (177).

Carbonylazides can also be used for fluorescent labeling of both primary
and secondary hydroxyl groups. Including in this class of reagents are 7-me-
thoxycoumarin-3-carbonylazide and 7-methoxycoumarin-4-carbonylazide (181).

For prechromatographic fluorescence labeling of sulfydryl groups, a num-
ber of dansyl derivatives have been also proposed. Dansylaziridine reacts selec-
tively with sulfydryl groups (182), whereas N-chlorodansylamide, a nonfluores-
cent derivatizing agent, yields the highly fluorescent dansylamide (183, 184).
Prechromatographic labeling of sulfydryl groups can also be performed with
several maleimide derivatives containing potential fluorophores, such 1-anilinon-
aphthyl- (185), 9-acridinyl- (186, 187), p-(2-benzimidazoyl)phenyl- (188), p-(2-
benzoxazoyl)-phenyl- (189), 7-dimethylamino-4-methylcoumarin (190, 191), or
1-pyrenyl- groups (192, 193). These reagents, most of which do not show any
significant fluorescence, can react selectively with sulfydryl groups under mild
conditions yielding highly fluorescent derivatives. Apart from the above, certain
diazole derivatives including 4-fluorobenzo-2-oxa-1,3-diazole-7-sulfonate, and
4-fluoro-7-sulfamoylbenzo-2-oxa-1,3-diazole can also serve for prechromato-
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graphic labeling of sulfydryl groups (194, 195). Fluorescent derivatives can fur-
ther be produced when OPA reacts from sulfydryl groups in presence of a primary
amine.

21.1.3 Carboxylic and Carbonyl Groups

Several alkylating agents have been developed for the fluorescent labeling of the
carboxylic group. The first developed 4-bromomethyl-7-methoxycoumarin and
4-hydroxy-7-methoxycoumarin derivatization reagents provided esters with lower
quantum yields than those produced from the later-developed 4-bromomethyl-
6,7-dimethoxycoumarin (196–202). The esters formed from 4-bromomethyl-7-
acetoxycoumarin underwent facile hydrolysis with alkalis to yield highly fluores-
cent 7-hydroxycoumarin. Accordingly, the procedure involving chromatographic
separation of the methoxycoumarin esters followed by alkaline hydrolysis of the
eluate was recommended (203). Similar alkylating reagents including 1-bro-
moacetylpyrene (204), 9-(chloromethyl)-anthracene (205), naphthacyl bromide
(206), and panacyl bromide (207) are also available.

Other well-known labeling reagents for the carboxylic group are certain
diazoalkane derivatives, such as 4-diazomethyl-7-methoxycoumarin and 9-an-
thryldiazomethane, which are highly reactive but generally lack stability
(208–210). Some O-alkyl isourea derivatives including N,N′-dicyclohexyl-meth-
ylisourea and N,N′-diisopropyl-O-(7-methoxycoumarin-4-yl)-methylisourea
have been also used for derivatization of the carboxylic group; these reagents
can be readily prepared from equimolar amounts of carbodiimide and alcohol
(211, 212).

Fluorescent amines can also be employed for labeling the carboxylic group,
provided it will be activated prior to its coupling with the amines. For this purpose,
carbodiimide derivatives such as the N,N′-dicyclohexylcarbodiimide or N-ethyl-
N′-(3-dimethylaminopropyl)carbodiimide have been widely used (213, 214). Ad-
dition of 1-hydroxybenzotriazole is often effective for suppressing the formation
of N-acylisourea derivatives. Activation of carboxylic acids can be also attained
through use of 2-bromo-1-methylpyridinium and N,N′-carbonyldiimidazole, al-
though oxalyl or thionyl chloride can be used for preparing acid chlorides (215).
9,10-Diaminophenanthrene condenses with carboxylic acids, resulting in fluores-
cent phenanthroimidazole derivatives (216). In this condensation reaction, methyl
polyphosphate is used as solvent. Derivatization of -keto acids with o-phenylen-
ediamine produces 2-quinoxalinol (217–219).

Several reagents for derivatization of carbonyl groups are also available.
Dansylhydrazine reacts with carbonyl groups in the presence of trichloroacetic
acid, yielding highly fluorescent dansylhydrazones that exhibit, however, limited
stability. In addition, fluorescent hydrazones can be produced from carbonyl-
containing compounds after their reaction with 4-hydrazino-2-oxa-1,3-diazole or

Copyright © 2001 Marcel Dekker, Inc.



647Derivatization

4′-hydrazino-2-stilbazole. Whenever selective fluorescent labeling of the oxo-
methylene group is required, as in the case, for example, of acetophenone, N′-
methylnicotinamide chloride may be considered the best choice.

21.2 ULTRAVIOLET-VISIBLE DERIVATIZATION

Ultraviolet-visible (UV-Vis) detection in liquid chromatography is often ham-
pered by the poor spectral properties of the analytes at the applied analytical
wavelengths. In this respect, a variety of pre- and postchromatographic derivatiza-
tion reactions have been proposed for improving UV-Vis detectability.

21.2.1 Amino Group

Primary and secondary amino groups are most commonly labeled by nucleophilic
substitution reactions. Widely used labels, introducing nitrophenyl chromophores,
include 1-fluoro-2,4-dinitrobenzene, 2,4,6-trinitrobenzenesulfonic acid, and 4-
fluoro-3-nitrotrifluoromethylbenzene. The former reagent reacts with amino
groups to form substituted aromatic amines. It is commonly used prechromato-
graphically as a label for aminoglycosides including neomycin (220, 221), tobra-
mycin (222–225), amikacin (226, 227), gentamicin, and sisomicin (223–225).
The kinetics of these labeling reactions are complicated (222). To label all amino
groups present in the aminoglycosides while preventing both hydrolytic degrada-
tion of the derivatives and hydroxyl derivatization, accurately standardized reac-
tion conditions must be followed since this derivatization process requires a fairly
long reaction time (20–30 min) at high temperature (333–373 K) in alkaline
solution (pH 9). However, some workers (227) succeeded in derivatizing amikacin
in serum within 5 min using 0.05 M sodium hydroxide–methanol as a reaction
medium.

2,4,6-Trinitrobenzenesulfonic acid has been also used for the prechromato-
graphic derivatization of aminoglycosides in alkaline media (228, 229). A major
advantage of this label is the fact that hydroxyl groups cannot be concurrently
derivatized, thus increasing, the selectivity. Unlike prementioned labels, 4-fluoro-
3-nitrotrifluoromethylbenzene does not react with compounds such as amino acids
that contain additional polar groups (230). This reagent does not react with sec-
ondary amines either.

Amino groups can also be derivatized using acyl chlorides that form amides.
A number of suitable acyl chlorides including p-chloro-, p-methoxy-, p-nitroben-
zoyl-, p-tolyl-, and p-nitro-benzenesulfonyl chloride have been successfully used
for sensitive UV-Vis derivatization of nonabsorbing amine compounds (231).
Among all those amide derivatives, p-methoxybenzamides appear more attractive
because they exhibit high molar absorptivity at the convenient analytical wave-
length of 254 nm. After derivatization in tetrahydrofuran–sodium hydroxide solu-

Copyright © 2001 Marcel Dekker, Inc.



648 Chapter 21

tion, the derivatives are extracted with chloroform and analyzed by LC. Polyfunc-
tional amines, in general, can be derivatized as well within 5 min at room
temperature using p-tolylbenzenesulfonyl chloride (232).

In addition, primary amino groups are sometimes derivatized using isothio-
cyanates as labels (233). These labels have replaced earlier used isocyanate re-
agents that also reacted with hydroxyl groups, carboxylic groups, and water, and
hence lacked sensitivity and selectivity (234). Although isothiocyanates react
with secondary amines, alcohols, and phenols (235), they exhibit an amino-group
affinity higher than that for the other functional groups. Moreover, the isothiocya-
nate derivatization reaction is pH-independent. Phenylisothiocyanate is the re-
agent most widely employed for prechromatographic derivatization of aliphatic
and aromatic amines (234). The selectivity of this reaction, however, is limited
by the presence of alcohols and water, although it appears that the amino function
is most reactive. p-Phenylbenzoylisothiocyanate, another often used label, has
the added advantage of a high wavelength of absorption that limits interferences
from nonspecific absorbance originating from the matrix (236).

Tertiary amines can also be selectively derivatized with citric acid on acetic
acid anhydride, a mixture that is mixed with the eluent after chromatography and
then heated to 393 K to develop a violet–red color (237). Absorbance is measure
at 550 nm but some compounds can show strongly tailing peaks.

21.2.2 Carboxylic Group

Most popular for derivatization of the carboxylic group are certain phenacyl and
naphthacyl bromide reagents that react to form the corresponding phenacyl- and
naphthacyl-carboxylates (238, 239). These halides readily alkylate carboxylic
acids but the reaction yield is far from complete. The reaction is nonselective
because many other compounds can undergo alkylation with these reagents, but
selectivity can be increased through use of crown ethers that activate the carbox-
ylic function. Crown ethers complex the cation of the neutralized acid, thus acti-
vating the anion to react in a nucleophilic substitution reaction with the halide.
In general, neutralization of the solutions prior to derivatization is carried out
with potassium hydroxide or carbonates (240–242). Activation of carboxylic
acids can be also achieved with some tertiary amines that act as hydrobromide
scavengers. Triethylamine (243, 244) and N,N′-diisopropylethylamine (245–249)
are tertiary amines frequently used for this purpose.

These alkylating derivatization reactions can be accomplished within 15
min at a temperature of 353 K using acetonitrile (250, 251) or dimethylformamide
(245–248) as derivatization solvents. The average yield under such conditions
is often higher than 97%. Although the presence of small amounts of water does
not influence the reaction yield significantly (238), removal of excess water can
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be achieved by extraction of the acids from the biological samples using water-
immiscible organic solvents or by applying a solvent-demixing technique (241).

This technique can be also applied when the water-miscible acetonitrile is
added to the serum sample for extracting the analytes. Following the addition of
acetonitrile, the solution is saturated with potassium chloride so that the water
and acetonitrile phases separate and derivatization is performed in the acetonitrile
layer. Such alkylating procedures have been applied for prechromatographic de-
rivatization of various drug residues with carboxylic groups, including penicillins
(252) and barbiturates (253).

In contrast to prechromatographic derivatization, postchromatographic de-
rivatization of carboxylic acids is generally very limited. A literature survey
shows a few applications only in the case of penicillins. In the most prominent
of these methods (254, 255), penicillins are extracted from serum or urine to be
separated by reversed-phase liquid chromatography and subsequently derivatized
with a reagent containing imidazole and mercuric chloride. In this reaction, open-
ing of the beta-lactam ring initially occurs and the resulting intermediate rear-
rangement reacts with mercuric chloride to form a mercuric mercaptide that can
be detected at 310 nm (254, 255).

Several other reagents for derivatization of carboxylic acids and related
compounds have been described in the literature. Most reports concern derivatiza-
tion with 2-nirophenylhydrazine after activation of the carboxylic group with
N,N′-dicyclohexylcarbodiimide (256) or 1-ethyl-3-(dimethylaminopropyl)car-
bodiimide (257), but the performance of this derivatization has not been yet
thoroughly tested. Prostaglandins can be derivatized by alkylating the carboxyl
group with diazomethane (258). Subsequently, the keto function of the methylated
compounds is derivatized with p-nitrobenzylhydroxylamine in pyridine to form
the corresponding p-nitrobenzyloxime derivative. The advantage of this reaction
is that high background absorbance raised after labeling of the carboxylic group
can be avoided.

21.2.3 Hydroxyl and Sulfydryl Groups

Hydroxyl-containing compounds are very suitable for transformation into esters,
enabling detection improvement when proper labels are introduced. Most com-
monly, benzoyl chlorides with various spectroscopic properties are used, but
phenyldimethylsilylchloride or phenylisocyanates are also applied.

Benzoyl chlorides, like other acyl chlorides, react readily with alcohols to
form the corresponding esters (259). The reaction requires 19 h to be completed,
and it has been studied in the analysis of carbohydrates, aminosugars, and glyco-
sides (260). Because the preparation of acyl derivatives of monosaccharides is
difficult, phenyldimethylsilyl chloride has been also investigated as an alternative
label (261). After dissolving the analytes in dimethylformamide and addition of

Copyright © 2001 Marcel Dekker, Inc.



650 Chapter 21

imidazole, the solution was heated at 373 K for 1 h, the label was added, and
the reaction was allowed to proceed for more than 6 h. However, the molar
absorptivities of the derivatives obtained were generally very low. Phenylisocya-
nate reagents have been also applied for derivatization of aliphatic alcohols prior
to liquid chromatographic (LC) analysis (262). Most suitable solvents for this
reaction were found to be dimethylformamide, acetonitrile, and dioxane.

As far as derivatization of the sulfydryl group is concerned, this is compli-
cated and lacks sensitivity. It is usually performed, after separation of the analytes
on a C18 column, using 6,6′-dithiodinicotinic acid or 5,5′-dithio-2-nitrobenzoic
acid at pH values over 6 or 7.5, respectively, whereas the formed derivatives are
detected at 344 or 412 nm, respectively (263). The selectivity of the latter reaction
is higher due to the higher analytical wavelength but the alkaline medium is
disadvantageous in view of the risk of oxidation of the thiol compounds. Using
the above reagents for derivatization of disulfides, a reduction step to form the
corresponding thiols is necessary prior to derivatization.

21.3 ENZYMATIC DERIVATIZATION

Enzymatic derivatization offers major advantages over alternative procedures.
The selectivity of an enzyme for its substrate along with the sensitivity offered
by modern analytical instrumentation makes enzymatic derivatization a powerful
tool in the field of drug residue analysis.

Enzymes can be used in several ways in chromatographic applications to
improve selectivity or to enhance the detector response. Applications may involve
enzymes with either a broad specificity toward a group of related compounds or
a high specificity toward a particular compound. In the field of drug residue
analysis, most current applications concern enzymatic reactions taking place in
separate reactors incorporated in LC systems before or after the analytical column.
Reactors with immobilized enzymes have proven to be suitable in such continuous
flow systems.

The enzyme catalyzes the conversion of the analyte to a corresponding
product. Determination of the amount of this product or of a specific coformed
byproduct or, alternatively, measurement of the concentration decrease of a core-
actant agent by means of a suitable LC detector can allow estimation of the
analyte level in the injected sample.

The specific effect of the inclusion of an enzyme in a chromatographic
system is difficult to predict. Although there is no general description of the
effects of organic mobile phases on the enzyme activity, changes in the structure
of the enzyme, in its specific binding, solvation, competition at the active site,
and shifting equilibria are obvious. Increased bleeding of the enzyme from the
matrix may occur due to reaction of the organic solvent with the enzyme–matrix
bonds, whereas enzymes can be denatured whenever large concentrations of or-
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ganic solvents are used. Nevertheless, the presence of small amounts of organic
solvents may sometimes increase the activity, as has been observed in the case of
immobilized -glucuronidase and a mobile phase containing up to 10% methanol
(264–266). Other constituents of the mobile phase, such as buffers and metal
ions, may also act as inhibitors or activators of the enzyme activity.

Changes in the activity of enzymes may also occur by a variety of other
parameters including temperature, pH, and ionic strength. Temperature can affect
both the activity and the stability of the enzymes. For most enzymes, the reaction
velocity doubles with a temperature increase of 10 C but potential enzyme dena-
turation may also occur (265).

Another important parameter is the acidity of the system. Since the relation
between enzyme activity and pH often shows an optimum, buffers are regularly
used in enzymatic derivatization to control the pH. Use of buffers, however, can
cause increase of the ionic strength of the system, thus changing the tertiary
structure of the enzyme and either making it more accessible for the substrate or
blocking its active sites. Therefore, optimization of the chromatographic system
is recommended for each specific system.

Enzymes can be immobilized on several support materials using several
procedures. Most common is the direct linking of the enzyme to the matrix. The
popularity of this procedure can be explained by the simplicity and the efficiency
of the coupling procedure and the increased stability of the enzyme. After activa-
tion of the matrix, the enzyme solution is brought into contact with the matrix
and the unbound enzyme is washed out. The yield of immobilization and the
activity of the bonded enzyme are governed by the activation step, as the binding
of the enzyme should take place at amino acid residues that are not essential for
its activity.

The number of relevant applications, especially those dealing with immobi-
lized enzyme reactors, increases steadily (267, 268). Immobilization of enzymes
on suitable matrices permits their reuse, thus creating the possibility to perform
more experiments with the same batch of enzymes, which cuts down the cost of
the analysis.

An enzyme reactor with immobilized 3 -hydroxysteroid dehydrogenase
has been successfully used for the analysis of residues of 17 -methyltestosterone
in trout by high-performance liquid chromatography (HPLC) (269). Following
their separation by reversed-phase chromatography, the major tissue metabolites
of 17 -methyltestosterone, namely 5 -androstane-17 -methyl-3 ,17 -diol, and
5 -androstane-17 -methyl-3 ,17 -diol, were enzymatically modified in the
presence of a coreactant, nicotinamide-adenine dinucleotide (NAD), to the corre-
sponding ketone. The position at 3 was enzymatically oxidized, and NADH, the
reduced form of NAD, was produced as a coproduct and subjected to fluorescence
detection. Reoxidation of NADH to NAD provides the possibility for electro-
chemical detection.

Copyright © 2001 Marcel Dekker, Inc.



652 Chapter 21

Enzyme reactors with immobilized -glucuronidase have been also applied
for the determination of glucuronide conjugates in urine. The glucuronides either
prior (270–273) or after (274, 275) their separation by LC were enzymatically
hydrolyzed to glucuronic acid and the aglycon. After the enzymatic hydrolysis,
either a specific detection of the parent aglycon was applied or the produced
glucuronic acid was determined. The latter approach, based on reduction of the
glucuronic acid in presence of lucigenin, resulted in a more generic method for
the detection of glucuronides leading to a chemiluminescent product. Most fre-
quently the enzyme was immobilized by the glutaraldehyde crosslinking proce-
dure on aminopropyl beads.

Using immobilized -glucuronidase reactors, estriol and estradiol glucuron-
ides have been determined in urine by a column-switching technique (270, 271).
Both glucuronides were hydrolyzed by the immobilized enzyme at pH 7. The
steroid mixture was subsequently separated by gradient elution on a reversed-
phase column, to be finally detected by UV absorbance at 280 nm. In this proce-
dure, the activity of enzyme did not alter even after 150 h continuous run and
exposure to a mobile phase containing 10% methanol. When a separate reversed-
phase precolumn was inserted in the LC system, additional sample purification
and shorter analysis time could be attained (272).

A postchromatographic -glucuronidase procedure has been also used for
the analysis of phenolic glucuronides, such as those produced from trimethoprim
(274). The enzymatic analysis of these glucuronides provided the production of
the corresponding phenolic compounds, which were measured by both UV and
electrochemical detection.

The wide variety of enzymes available gives for promise enzymatic derivati-
zation to become a potent analytical tool in the future. Better understanding
and theoretical formulations will lead to commercial availability of immobilized
enzymes and consequently to more ready use of them. Since in such systems a low
content of organic cosolvent in the mobile phase can only be tolerated (whereas a
compromise has to be made as far as the optimum mobile phase pH is concerned),
artificial enzymes, which are synthetic polymer chains having functional groups
that mimic the biocatalytic activity of natural enzymes, are currently being synthe-
sized and investigated as a means to overcome such limitations (276).

21.4 PHOTOCHEMICAL DERIVATIZATION

An elegant approach to increase the selectivity and specificity of the analyte after
its elution from a chromatographic column is to apply an online photochemical
reaction for which suitable reactors are now commercially available. Photochemi-
cal reactions can be applied for various purposes, as, for example, to increase
the detectability by converting weakly or nonfluorescing analytes into highly
fluorescent products or to create electroactive products that can be detected with
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photoconductivity, photoionization, or photoelectrochemical detectors. Photocon-
ductivity reactions use UV irradiation to generate new products that have different
conductivity properties, whereas photoionization reactions form ions and elec-
trons that are collected and detected. In photoelectrochemical reactions, light
encroaches upon the working electrode of the detector in order to convert a
nonelectroactive product to an electrophore.

Photochemical reactions are dependent on the composition of the mobile
phase, the reaction time, and the wavelength and intensity of the irradiation. All
these parameters should be considered for optimization of the sensitivity and
specificity of a photochemical reaction. The advantage of using a postchromato-
graphic photoreaction over more conventional reactions is the absence of addi-
tional pumps and mixing devices for reagent addition, since photons are the only
reagent actually needed. This is very promising because analytical procedures do
not have to be changed except to add the reactor between column exit and the
detector, and to use it in an on/off mode.

When using photochemical reactions, a gain in fluorescence output or elec-
troactivity not only lowers detection limits but also contributes to confirm an
analytical result. Examples are the conversion of diethylstilbestrol to a fluorescent
hexahydrophenanthrene (277), and the conversion of fenbendazole to fluorescent
species (278). The fluorescence of photoconverted diethylstilbestrol can further
be enhanced by a subsequent online postchromatographic derivatization with
bisulfite to the highly fluorescent phenanthrenediol (279). Another example of
photolytic derivatization is the postchromatographic conversion of penicillins and
cephalosporins into electroactive species that can be detected by an amperometric
detector (280).

This type of derivatization seems promising for the detection of drugs and
metabolites with phenolic groups. A recent application on the determination of
chlorophenols in surface water showed that the dansyl derivatives of phenols are
readily convertible to the highly fluorescent dansyl-OH and dansyl-OCH3 prod-
ucts after postchromatographic irradiation (281). Fluorescence gain factors of
up to 8000-fold were obtained for chlorophenol derivatives with a low native
fluorescence.
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Separation

Following extraction and cleanup, the analytes of interest must be separated from
the myriad individual compounds usually present in the biological extracts. Dur-
ing the 1970s, most chemical separations were carried out using a variety of
chromatographic and other techniques including open-column chromatography,
paper chromatography, thin-layer chromatography, and classic electrophoresis.
However, these techniques were often inadequate to provide resolution between
structurally similar compounds. In the last two decades, high-performance liquid
chromatography, capillary gas chromatography, high-performance thin-layer
chromatography, supercritical fluid chromatography, and capillary electrophore-
sis have matured into popular separation techniques.

In general, chromatography is used to separate mixtures of chemicals into
individual components. Chromatographic processes can be defined as separation
techniques involving mass transfer between a stationary and a mobile phase.
In all chromatographic modes, separation occurs when the sample mixture is
introduced into a mobile phase that may be a gas, a liquid, or a supercritical fluid.
The mobile phase is then forced through an immobile, immiscible stationary
phase. The phases are chosen such that components of the sample have differing
solubilities in each phase. A component that is quite soluble in a stationary phase
will take longer to travel through it than a component that is not very soluble in
this stationary phase but very soluble in the mobile phase. As a result of these
differences in mobility, sample components will become separated from each
other as they travel through the stationary phase. Those that travel the fastest will
elute from the column first. Those that travel slowest will exit the column last. By
changing characteristics of the mobile and stationary phases, different mixtures of
chemicals can be separated. Further refinement to this separation process can
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be made by changing a variety of other physicochemical parameters including
temperature, flow rate, counter ions, among others.

Electrophoresis is another separation process that, however, is based on the
mobility of ions in an electric field. The different modes of modern capillary
electrophoresis with its different separation mechanisms have paid more and more
attention during the last decade.

22.1 LIQUID CHROMATOGRAPHY

Initially, pressure was selected as the principal criterion of this type of chromatog-
raphy and thus the name was high-pressure liquid chromatography (HPLC). This
was, however, an unfortunate term because it seems to indicate that the improved
performance is primarily due to the high pressure, which is not true. Naturally,
pressure is needed to permit a given flow rate of the mobile phase; otherwise,
pressure is a negative factor not contributing to the improvement in separation.
In fact high performance is the result of many factors including the narrow and
uniform pore size and distribution of the very small particles comprising the
stationary phases, the efficient high-pressure column slurry packing techniques,
and the good injection and pumping systems. Recognizing this, most experienced
chromatographers today refer to the technique as high-performance liquid chro-
matography or simply liquid chromatography (LC), still permitting use of the
abbreviation HPLC.

During the past two decades, innovative LC techniques have been perfected
that improved separation, purification, identification, and quantification far above
early techniques (1–7). The last decade, in particular, has seen a vast development
of micro- and other specialized columns as well as a variety of detectors, com-
puters, and automation to interface with the LC to arrive at optimal analysis of
the analytes (8–13).

In general, LC instrumentation includes a pump, injector, column, detector,
and recorder or data system. Most commercially available instruments are con-
structed of stainless steel, a material that represents the best compromise of corro-
sion resistance, workability, strength, and cost, since it is inert to all bases and
organic liquids and to most nonhalogenated acids at pH values higher than 2.0.
Stainless steel is, however, extremely vulnerable to contact with halogenated
acids, such as HCl, even at 0.01 N concentrations. Thus, when attempting to
convert a conventional thin-layer or glass-column chromatographic method to
modern LC, substitution for halogens with another acid such as nitric, boric, or
acetic is strongly recommended.

The heart of any LC system is the column where separation occurs. A high-
pressure pump is also required to move the mobile phase through the column
since the stationary phase, which is composed of porous particles of a few microm-
eters, resists the mobile phase motility. Smaller bed particles require higher pres-
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sures. There are many advantages to using smaller particles, but they may not be
essential for all separations. The most important advantages are higher resolution,
faster analysis, and increased sample load capacity. However, only the most
demanding separations require these advances in significant amounts. Many sepa-
ration problems can be resolved with larger particle packings that require less
pressure.

The chromatographic process begins by injecting the solute onto the top
of the column. The solvent need not be the mobile phase, but frequently it is
appropriately chosen to avoid detector interference, column/analyte interference,
loss in efficiency, or all of these. Sample introduction can be accomplished in
various ways. The simplest method is to use an injection valve. In more sophisti-
cated LC systems, automatic sampling devices are incorporated where sample
introduction is done with the help of autosamplers and microprocessors. It is
always best to remove particles from the sample by filtering, or centrifuging since
continuous injections of particulate material will eventually cause blockage of
injection devices or columns.

Separation of components occurs as the analytes and mobile phase are
pumped through the column. Eventually, each component elutes from the column
as a narrow band or peak on the recorder. Detection of the eluting components
is important, and this can be either selective or universal, depending upon the
detector used. The response of the detector to each component is displayed on a
chart recorder or computer screen and is known as a chromatogram. To collect,
store, and analyze chromatograms, computers, integrators, and other data process-
ing equipment are frequently used.

Typical LC columns are 15 or 25 cm in length and contain particles of 3,
5, or 10 m diameter. The internal diameter of the columns is usually 4 or 4.6
mm; this is considered the best compromise among sample capacity, mobile
phase consumption, speed, and resolution. Packing of the column tubing with
the smaller-diameter particles requires higher skill and specialized equipment.
Hence, it is generally recommended that all but the most experienced chromatog-
raphers purchase prepacked columns, since it is difficult to match the high perfor-
mance of professionally packed LC columns without a large investment in time
and equipment.

LC columns are fairly durable unless they are used in some manner that
is intrinsically destructive, as, for example, with highly acidic or basic eluents,
or with continual injections of inadequately purified biological samples. It is wise
to inject some test mixture into a column when new, and to retain the chromato-
gram. If questionable results are obtained later, the test mixture can be injected
again under the specified conditions. The two chromatograms may be compared
to establish whether the column is still useful.

The nature of the stationary phase within an LC column is of critical impor-
tance for determining the separation process. Normal-phase adsorption, normal-
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phase partition, reversed-phase, ion-pair, ion-exchange, and size-exclusion are
all liquid chromatographic modes covering most LC applications.

In normal-phase adsorption chromatography, the stationary phase is com-
posed of strongly polar silica particles whereas the mobile phase is composed of
nonpolar solvents such as n-hexane. Analytes are separated due to their varying
degree of adsorption onto the solid surface. Polar samples are thus retained on
the polar surface of the column packing longer than less polar materials.

Normal-phase partition chromatography also uses a polar stationary phase
and an nonpolar mobile phase such as n-hexane, methylene chloride, or chloro-
form. In this LC mode, however, the stationary phase is a bonded siloxane with
a polar functional group, which in order of increasing polarity may be the cyano
(-C2H4CN), diol(-C3H6OCH2CHOHCH2OH), amino (-C3H6NH2), or dimethyla-
mino (-C3H6N(CH3)2) group.

In reversed-phase chromatography, the stationary phase is hydrophobic in
nature, while the mobile phase is a polar solvent mixture of water and methanol
or acetonitrile. In this mode of chromatography, the more nonpolar the analyte
the longer will be retained. Some analytes, however, might behave unexpectedly
due to interactions with residual silanols or with active groups of attached ligands
(14–17). Trimethylchlorosilane is the most commonly used reagent to cover ac-
cessible residual silanols. Because the molecule of this endcapping reagent is
relatively small, it can penetrate to the silica surface and cover some unreacted
silanols. After this treatment, silica-based stationary phases contain almost 50% of
their original silanols, which, however, are not generally accessible for analytes.

Ion-pair chromatography is a popular form of chromatography in which
analyte ions can be paired and separated as ion-pairs on a column (14–17). Ion-
pairing agents are usually ionic compounds that contain a hydrocarbon chain that
enhances the hydrophobicity of the analyte, so that the ion pair can be retained
on a reversed-phase column.

Ion-exchange chromatography (IEC) is a mode of chromatography in which
ionic substances are separated on cationic or anionic sites of the packing. The
sample ion and usually a counterion will exchange with ions already on the
ionogenic group of the packing. The operating mechanism of IEC is reversible
binding of charged molecules. The stronger the charge on the sample, the stronger
the attraction to the ionic surface and, thus, the longer it will take to elute. Binding
strength is governed by the degree of charge on the substrate, and the pKa of the
ion exchange matrix. Key features of IEC methodology are its high capacity,
resolving power, and straightforward scale-up.

Column packings for IEC are ion-exchange resins bonded to inert polymeric
particles (typically 10 m diameter). Two exchanger types are differentiated:
basic (positively charged) and acidic (negatively charged). They in turn can be
classified into those with weakly basic or acidic character or strongly basic or
acidic character. With strongly basic or acidic materials all functional groups are
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always present in ionized form vastly independent from the pH value in the
specified operating range. For example, the quaternary amino groups (R3N+) are
positively charged, while the sulfonic acid groups (SO2 ) are negatively loaded.
The pK values of the quaternary amino groups are around 14, while those of the
sulfonate residues below 1. In addition, weakly basic types with pK values be-
tween 8 and 11, and weakly acidic types with pK values between 4 and 6 exist.
The weakly basic types consist of secondary and tertiary amino functional groups,
while the weakly acidic types consist of carboxyl functional group. Thus, a weakly
basic exchanger should only be used at pH values below 8.5, whereas weakly
acidic exchangers should be used at pH values above 6. Outside these ranges,
strongly basic or strongly acidic exchangers should be used.

In IEC, mobile phases are aqueous buffers in which both pH and ionic
strength are used to control elution time. With cation exchangers, increasing the
pH value shortens the retention times, whereas with anion exchangers lowering
the pH value shortens the retention time. Increasing the ionic strength of the
counter ion shortens the retention time with both anion and cation exchangers.
As a rule, short columns with a large diameter should be used in IEC. Most ion-
chromatography instruments use two mobile phase reservoirs containing buffers
of different pH, and a programmable pump that can change the pH of the mobile
phase during the separation.

In size-exclusion chromatography (SEC) the column is filled with material
having precisely controlled pore sizes. Separation is achieved by the differential
exclusion or inclusion within the packing particles of the sample molecules pass-
ing through the porous stationary phase. Molecules larger than the pore size
cannot enter the pores and elute first. This condition is called total exclusion. On
the other hand, molecules that can enter the pores will have an average residence
time in the particles that depends on the molecules size and shape. Different
molecules, therefore, have different total transit times through the column. This
portion of a chromatogram is called the selective permeation region. Molecules
that are smaller than the pore size can enter all pores, and have the longest
residence time on the column and elute together as the last peak in the chromato-
gram. This last peak in the chromatogram determines the total permeation limit.
Mainly for historical reasons, this technique is also called gel-filtration or gel-
permeation chromatography although, presently, the stationary phase is not re-
stricted to a gel.

In any of its different modes, LC behaves as a dynamic adsorption process.
Analyte molecules, while moving through the porous packing bead, tend to inter-
act with the surface adsorption sites. Depending on the LC mode, different types
of adsorption forces may be included in the retention process. Hydrophobic (non-
specific) interactions are the main ones in reversed-phase separations. Polar inter-
actions including dipole-dipole, and dipole-induced dipole forces dominate in the
normal-phase mode, whereas ionic interactions are responsible for the retention

Copyright © 2001 Marcel Dekker, Inc.



668 Chapter 22

in ion-exchange chromatography. All these interactions are competitive as analyte
molecules are competing with the eluent molecules for the adsorption sites. The
stronger analyte molecules interact with the surface and the weaker the eluent
interaction, the longer analytes are retained on the surface. However, SEC consti-
tutes a special case since the molecular size of the components governs the separa-
tion of a mixture. In this mode, eluent molecules should have much stronger
interaction with the surface than analyte molecules.

Most popular bonded phases in LC are the octyl (C8) and octadecyl (C18)
modified adsorbents. Other popular bonded phases are the cyano-modified adsor-
bents that are very slightly polar; columns with this phase are useful for fast
normal- or reversed-phase separations of mixtures consisting of very different
components. Amino-modified phases are weak anion-exchangers; columns with
this phase are mainly used in the normal-phase mode, especially for selective
retention of aromatic compounds. Propylphenylsilane ligands attached to silica
particles show weak dipole-induced dipole interactions with polar analytes; this
type of bonded phase is used for group separations of complex mixtures, particu-
larly of amino compounds that show some specific interactions with phenyl-
modified adsorbent. Diols are slightly polar adsorbent for normal-phase separa-
tions; these are useful for separation of complex mixtures of compounds with
different polarity that usually show a strong retention on unmodified silica. In
addition, synthetic crosslinked organic polymers have been found beneficial
mainly for size-exclusion chromatography and ion-exchange chromatography; in
normal- or reversed-phase LC, however, polymers have limited application.

Eluent polarity is most critical in all LC modes. There are two elution types,
isocratic and gradient. In the former, constant eluent composition is pumped
through the column during the whole analysis. In the latter, eluent composition
and, thus, strength is steadily changed during the run. The main purpose of gra-
dient elution is to move strongly retained components of the mixture faster, but
having the least retained component well resolved. Starting with the low content
of the organic component in the eluent, the least retained components can be
separated, while strongly retained components will sit on the adsorbent surface
on the top of the column or will move very slowly. By increasing the amount of
organic component in the eluent, the strongly retained components will move
faster, because of the steady increase of the competition for the adsorption sites.

Gradient elution further increases the efficiency of the column. In isocratic
elution, the longer a component is retained the wider its peak. In gradient elution,
the tail of the peak is always under the influence of the stronger mobile phase
when compared to the peak front. Thus, molecules on the tail of the chromato-
graphic zone will move faster. This will tend to compress zone and narrow the
resultant peak. Gradient elution may be considered as an analogy to the tempera-
ture programming in gas chromatography.
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Liquid chromatography in its various modes is the most frequently used
separation technique for the analysis of drug residues in edible animal products.
Its popularity is largely due to the variety of mobile phases, the extensive library
of column packings, and the variation in modes of operation. It can be most
readily applied to a wide range of drugs, combining rapid sample throughput,
high sensitivity, and selectivity. A major advantage of the technique is that there
is a better control over separation conditions compared with thin-layer chromatog-
raphy. Thus, LC can deal with various classes of antibacterials, even with high-
molecular-weight compounds, providing the means to increase the selectivity for
specific analytes to the desired degree. This results in a precision much better
than that of microbiological assays and comparable to immunochemical and GC
assays. Furthermore, the mild conditions employed in LC separations offer also
the possibility to proceed to further confirmation of the separated analytes; frac-
tions of column effluents can be readily collected and submitted to supplementary
identification procedures. All these advantages have advanced the acceptance of
LC both as a research tool and for routine analysis in the field of drug residues.

Over the years, numerous LC methods have been described, and in many
instances quite different procedures have been suggested for the same drug in
the same matrix due possibly to the large number of analytical possibilities that
LC affords. Today, commercially available equipment allows fully automated
and selective isolation of drug residues of a wide range of physicochemical prop-
erties from tissues, milk, eggs, and honey. Automated off-line and column-switch-
ing on-line SPE procedures are increasingly used for sample preparation, offering
both convenience and versatility. A good example of automated off-line SPE is
the LC assay of penicillin G in animal tissues (18). Using a commercially available
sample preparation unit, unattended conditioning of SPE cartridges, loading of
sample extracts, and elution with defined solvents, addition of derivatizing agents
and automatic injections into an LC system could be readily realized. Online SPE
and column-switching procedures have been successfully utilized in analyzing
sulfonamides (19), carbadox and its metabolites (20), oxolinic acid and
flumequine (21–23), and enrofloxacin (24) in various matrices. As an alternative
to SPE, size-exclusion chromatography has been also applied to remove coex-
tracted proteins in the LC analysis of swine tissues for residues of sulfonamides,
and trimethoprim and its metabolites (25, 26).

Despite their distinct advantages, on-line SPE and column-switching proce-
dures do not always represent ideal separation techniques. In many cases, only
a small number of samples can be analyzed before contamination of the precolumn
by proteins occurs. Alternative techniques that prevent the adsorption of macro-
molecules onto column packings and allow direct injection of sample extracts
are those based on use of specific LC columns. Shielded hydrophobic phase
(27), small pore reversed-phase (28), and internal surface reversed-phase (29, 30)
columns can be used to elute proteins in the excluded volumes, allowing small
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molecules, such as antibacterials and metabolites, to interact with the stationary
phase for separation. Wide pore reversed-phase (31) columns can be used to elute
small molecules while selectively allowing proteins to permeate through the large
pores without being hindered. By direct injection of sample extracts, sample
handling is greatly simplified, the speed of analysis is enhanced, and the cost
may be reduced. On the other hand, shortening of column life, the requirement
for special columns, and the complexity of the LC column-switching system are
some of the drawbacks of the direct injection procedures. The small sample
volumes that should be injected ( 20 l), and the relatively high cost and low
efficiency of these columns compared to the conventional columns, are major
disadvantages that have, until now, hampered the application of direct-injection
procedures to the analysis of drug residues in edible animal products.

Direct injection of biological samples onto a conventional LC column can
be also made possible using a micellar mobile phase (32, 33). Micellar mobile
phases are able to solubilize proteins present in the sample matrix and thus prevent
their precipitation. Aqueous anionic and nonionic surfactants such as sodium
dodecyl sulfate at concentrations above the critical micelle concentration are
normally used to prepare micellar mobile phases. When the surfactant concentra-
tion is varied, reversals in the retention order may occur. Micellar mobile phases
exhibit hydrophobic and electrostatic interactions with the analytes and stationary
phases, which can provide additional selectivity. Major advantage is of the use
of micellar mobile phases are the elimination of all sample preparation steps
and the complete release of protein-bound antibacterials. There are, however,
sensitivity limitations since injection volumes larger than 20 l can cause column
plugging. Low detection limits and larger injection volumes may be realized
using column switching techniques. However, column switching with micellar
mobile phases is a relatively new and untested technique and further investigations
are needed before the full range of its applicability and limitations will be known
(34).

Automatic sequential trace enrichment of dialyzates (ASTED) is another
promising alternative for fully automated LC analysis of analytes that do not
significantly bind to proteins. This on-line dialysis procedure utilizes both dialysis
and trace enrichment to isolate analytes selectively in a form suitable for subse-
quent LC. In this versatile approach, an aqueous extract of the sample is intro-
duced into the dialysis block and the injected volume is air-segmented to prevent
contamination of subsequent samples and also to improve the mass transfer of
the analyte to the cellulose dialysis membrane. Proteins and other macromolecules
remain in the donor stream whereas the analytes pass the membrane and enter
the acceptor stream. The analytes in the dialyzate are trapped on a preconcentra-
tion column while more polar coextractives are washed out. Following loading,
the analytes are backflushed through column-switching technique into the analyti-
cal column and are analyzed by LC. Acceptor flow rate, temperature, hydropho-

Copyright © 2001 Marcel Dekker, Inc.



671Separation

bicity of the analytes, pH, ionic strength, and viscosity of the sample are all
critical parameters on the performance of the analysis. Major advantages are the
very limited contamination of the LC column and the high sample throughput.
Compared to other methods making use of chromatographic techniques such as
HPTLC, LC, or GC, ASTED is simple, efficient, and economical because it
requires only minimal sample handling. Nevertheless, ASTED has not been still
widely applied in residue analysis. Applications include the determination of
flumequine and oxolinic acid in fish muscle (35, 36), and sulfonamides (37) and
nitrofurans (38) in eggs, meat, and milk.

22.2 GAS CHROMATOGRAPHY

Gas chromatography is another powerful separation technique for resolving
closely related drug residues that are sufficiently stable to be brought to a tempera-
ture at which they are appreciably volatile. However, many drugs are not suffi-
ciently volatile and thus have to be converted to volatile derivatives before GC
analysis.

The first GC methods for the residue analysis of antibacterials date back
to the 1970s. Residues of chloramphenicol in animal tissues (39) and of isoxazolyl
penicillins in milk (40) could be detected with reasonable accuracy by analyzing
the corresponding methylated derivatives on GC columns. However, since the
added steps necessary for derivatization were time-intensive and introduced ana-
lytical problems, these methods did not gain wide acceptance in the field of
residues analysis in spite of being very specific and sensitive. Since that time,
GC technology has undergone considerable development and a plethora of spe-
cific and sensitive methods for the analysis of drug residues, particularly chloram-
phenicol and sulfonamides, in edible animal products have been developed. How-
ever, GC is a technique that still deserves more utilization in veterinary drug
analysis.

Gas chromatographic systems consist, in general, of a flowing mobile phase,
an injection port, a separation column containing the stationary phase, and a
detector. Sample components are separated due to differences in their boiling
points and relative affinity for the stationary phase. For optimum column effi-
ciency, the sample should not be too large, and should be introduced onto the
column as a plug of vapor; slow injection of large samples causes band broadening
and loss of resolution. The injection port is maintained at a higher temperature
than the boiling point of the least volatile component in the sample mixture. The
temperature of the sample port is usually about 50 C higher than the boiling
point of the least volatile component of the sample. Nowadays, autosamplers
with up to several hundred sample tube holders are readily available on the market.

The injector can be used in split or splitless mode. The injector contains a
heated chamber containing a glass liner into which the sample is injected through
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the septum. The carrier gas enters the chamber and the sample vaporizes to form
a mixture of carrier gas, and vaporized solvent and solutes. A proportion of this
mixture passes onto the column, but most exits through the split outlet. The
septum purge outlet prevents septum bleed components from entering the column.

Since the partitioning behavior is dependent on temperature, column tem-
perature must be electronically controlled to within tenths of a degree. The opti-
mum column temperature is dependent upon the boiling point of the analyte. As
a rule of thumb, a temperature slightly above the average boiling point of the
sample results in an elution time of 2–30 mins. Minimal temperatures give good
resolution, but result in increased elution times. Separating components with a
wide range of boiling points is accomplished by starting at a low oven temperature
and increasing the temperature over time to elute the high-boiling point compo-
nents. The column temperature may be increased either continuously or in steps
as separation proceeds. After the components of a mixture are separated, they
must be detected as they exit the column.

Mobile phases are generally inert gases such as helium, argon, or nitrogen.
The choice of carrier gas is often dependent upon the type of detector used. Gas
is obtained from a tank, or sometimes from an electrolysis cell, and is passed
through a series of reductors, equalizing valves, and traps to ensure constancy
of pressure or flow and elimination of impurities as well.

Gas chromatography was originally a technique for nonpolar analytes, and
for such analytes nonpolar packed columns prevailed. Packed columns are typi-
cally a glass or stainless steel coil, 1–5 m total length and 2–5 mm internal
diameter, which is filled with the stationary phase, or a packing coated with the
stationary phase. Early packed columns had low plate numbers and in the majority
of instances separation could not be obtained on the basis of the differences in
volatility alone. The solution was selective stationary phases, and in the 1960s
there were more than 200 different stationary phases available (41).

A major improvement in column technology has been the introduction of
capillary columns. Capillary columns have an internal diameter of a few tenths
of millimeter, and they can be of the wall-coated open tubular (WCOT) or the
support-coated open tubular (SCOT) type. Wall-coated columns consist of a capil-
lary tube whose walls are coated with liquid stationary phase. In support-coated
columns, the inner wall of the capillary is lined with a thin layer of support
material such as diatomaceous earth, onto which the stationary phase has been
adsorbed. SCOT columns are generally less efficient than WCOT columns. Both
types of capillary column are more efficient than packed columns. In 1979, a
new type of WCOT column was devised, the so-called the fused silica open
tubular (FSOT) column. These have much thinner walls than the glass capillary
columns, and are given strength by the polyimide coating. These columns are
flexible, typically 10–100 m in length and 250 m internal diameter, and can
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be wound into coils. They have the advantages of physical strength, flexibility,
and low reactivity.

With capillary columns, quite high plate numbers can be achieved. Their
separation power is unrivaled by any other chromatographic technique and their
most prominent advantages are the inertness of surface, chemical and thermal
stability, very low bleeding, and ease of instrument interchangeability (42). Im-
proved surface deactivation permits elution of moderately polar to polar analytes.
The most common stationary phases are polysiloxanes, which contain various
substituent groups to change the polarity of the phase. The nonpolar end of the
spectrum is polydimethyl siloxane, which can be made more polar by increasing
the percentage of phenyl groups on the polymer. For very polar analytes, polyeth-
ylene glycol is commonly used as the stationary phase. After the polymer coats
the column wall or packing material, it is often cross-linked to increase the thermal
stability of the stationary phase and prevent it from gradually bleeding out of the
column (43).

Modern GC instruments represent high resolution systems that are fully
automated from sample injection to final data reduction. Utilization of new injec-
tion devices has provided the means to enhance the performance level signifi-
cantly. Studies have shown, for example, that injection of the tranquilizer propio-
nylpromazine and its sulfoxide into a hot injection port gave much poorer results
than on-column injection at low temperature (44). In the latter case, however,
nonvolatile sample components could enter the column. This disadvantage of
classic sample injection can be eliminated through use of a programmed tempera-
ture vaporization (PTV) injector.

When a PTV instead of a classic injector was utilized in the analysis of
penicillin residues, the sensitivity and the precision of the analysis were markedly
improved (45). With the cooled PTV injector, some microliters could be injected,
and the split–splitless mode allowed solvent venting at low injector temperatures
with open slit in a first step, and quantitative transfer of volatile or derivatized
drugs by a freely selected linear heat-up rate between 2–12 C/s in the splitless
mode in the second step. Sensitivity could be enhanced by multiple injections
before heat-up. Nonvolatile components of a sample did not contaminate the
chromatographic system, since they accumulated in the glass vaporization tube,
which could be changed easily.

Technological development has not been equally intensive over the entire
GC field. An area in which surprisingly little has happened during recent years
is the further development of the separation columns where there are still some
problems. A major problem concerns the properties of modern columns. Because
of the presence of silanol groups, the surface of the fused-silica tubing is acidic.
Such surface silanols have to be more or less entirely removed to be able to
elute basic compounds from the column. In a recent comparison of commercially
available columns, it was shown that these are not entirely satisfactory concerning
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elution of primary amines (46). This type of adsorptivity is evident only for users
who have to separate basic compounds. Adsorption problems can also arise from
the stationary phase itself in instances when the synthesis has not been appropri-
ately performed.

Besides adsorption of analytes, active sites on the supporting surface and
in the stationary phase can trigger catalytic decomposition of unstable analytes
such as trimethylsilyl derivatives (47). A further source of adsorptive and catalytic
activities are the residues of additives often used to deactivate the surface and to
catalyze the immobilization of the stationary phase.

With the advent of improved column deactivation, elution of more polar
analytes has become possible. For this type of analytes, columns coated with
selectively separating stationary phases may provide the most rapid analysis.
This is the background to the increasing demand for moderately polar and polar
stationary phases. Users want universal columns, that is, columns that can solve
a number of analytical tasks. For that purpose, the new generation of stationary
phases should include phases in which different types of functional groups such
as phenyl and cyanopropyl are present simultaneously (48).

22.3 THIN-LAYER CHROMATOGRAPHY

Thin-layer chromatography (TLC), sometimes also called planar chromatogra-
phy, employ a stationary phase immobilized on a glass or plastic plate and an
organic mobile phase. It is a rather old technique whose application in residue
analysis has been limited in the past by poor chromatographic resolution, inade-
quate selectivity, and insufficient sensitivity (49). This was due to inherent prob-
lems in the quality of the available stationary phase materials and in the uniformity
of the layers prepared. Today, the availability of affordable, precoated plates with
acceptable performance and consistency has led to the general acceptance of
TLC as an efficient procedure for residue analysis (50). The method is used
preferentially when analysts must process large numbers of samples in a short
period of time (51).

In its conventional mode, capillary action TLC is a simple but versatile
procedure that does not require expensive equipment. Therefore, TLC has a partic-
ular potential as a reliable technique for laboratories with very limited resources
for instrumental equipment. The sample, either liquid or dissolved in a volatile
solvent, is deposited as a spot on the stationary phase. Standards are also applied
on the layer to be simultaneously run with the unknown sample for identification
purposes. Volume precision and exact positioning are ensured by the use of a
suitable instrument. The bottom edge of the plate is placed in a solvent reservoir,
and the mobile phase moves up the plate by capillary action for a predetermined
distance. In this process, the different components of the sample migrate up the
plate at different rates due to differences in their partitioning behavior between
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the mobile and the stationary phase and, thus, the sample is separated into frac-
tions. Then the plate is removed from the solvent reservoir and, after evaporation
of the mobile phase, the separated compounds are detected on the layer by their
natural color, natural fluorescence, quenching of fluorescence, or as colored,
UV-absorbing, or fluorescent spots after reaction with an appropriate reagent.
Examples of derivatizing agents include fluorescamine and the Bratton-Marshall
diazotization reagent, which have been extensively used for the detection of sul-
fonamide residues in meat (52). Depending on the instruments used and the
sample properties, analytical results with relative standard deviation of 1–2% can
be achieved.

Two-dimensional TLC uses the same liquid chromatographic procedure
twice to separate spots that are unresolved by only one process. After a sample
is run in one solvent, the TLC plate is removed, dried, rotated 90 degrees, and
run in another solvent. Any of the spots from the first run that contain mixtures
can now be separated. The finished chromatogram is a two-dimensional array of
spots.

Normal-phase adsorption on silica gel with a relatively less polar mobile
phase is the most widely used mode in conventional TLC. To improve separations,
silica gel may be impregnated with various solvents, buffers, and selective re-
agents. Other commercial precoated layers include alumina, florisil, polyamide,
cellulose, and ion exchangers.

Conventional TLC should be considered for applications in which many
samples are to be analyzed because it is cost-effective and environmentally
friendly. On a per sample basis, it uses typically 5% of the solvent consumption
of LC. Sample cleanup is usually simple or not required at all. Because stationary
phases are used only once, it is often possible to apply relatively crude samples
including those containing irreversibly sorbed impurities. However, impurities
that comigrate with the analyte can adversely affect its detection and thus should
be removed prior to TLC (53).

In its modern high-performance version, thin-layer chromatography
(HPTLC) is a fully instrumental technique differentiated from conventional TLC
in several important respects. It is highly flexible and selective because of the
great variety of the available layers. Silica gel remains the dominant stationary
phase but a wide variety of chemically bonded hydrocarbon-, amino-, cyano-,
diol-, and phenylphases may be also used. HPTLC is carried out on layers slightly
thinner than the conventional layers and thus need less sample loading. Moreover,
HPTLC layers have a smaller mean particle size and in particular a closer particle
size distribution than conventional layers. This results in less diffusion and hence
improved resolution, with a migration distance about 50% shorter (50 mm com-
pared with 100–120 mm). In addition, HPTLC layers exhibit improved optical
properties over conventional layers, a characteristic that gives better accuracy
during densitometric evaluation. Documentation of HPTLC chromatograms can
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be performed by instant or conventional film cameras and associated lighting
accessories for photography of colored, fluorescent, and quenched spots in UV
and visible light.

HPTLC involves, in general, precise control over all operations including
sample application, chromatographic development, and chromatogram recording.
It offers high sample throughput with a low cost to performance ratio. HPTLC
is capable of producing fast, high-resolution separations and provides accurate
and precise quantifications that may compete with LC and GC (54–57). Its coup-
ling with a different chromatographic technique can significantly enhance the
selectivity because of the dual chromatographic mode, as has been demonstrated
in the determination of 4-chlorotestosterone acetate in bovine urine by TLC-LC
(58).

HPTLC plates are usually developed by capillary flow of the mobile phase
in ascending or horizontal modes, but forced flow methods in which the mobile
phase is driven through the layer by pumping under pressure or by centrifugal
force are also used. In general, HPTLC applications on chemically bonded hydro-
carbons are far less numerous than in LC; reversed-phase layers with a high
degree of silanization cannot be developed with highly aqueous mobile phases
since the hydrophobic repulsive forces are stronger than the capillary forces mov-
ing the solvent thorough the layer unless forced-flow development occurs (59). In
its most common form, forced-flow development is performed in an overpressure
development chamber. The layer is sealed by applying hydraulic pressure to a
polymeric membrane in intimate contact with the sorbent surface, and the mobile
phase is forced through the layer by using an external pump (60).

An approach complementary to forced-flow development is the automated
multiple development (AMD) that can increase the separation performance
through mobile phase gradients (61). The chromatogram is developed repeatedly
in the same direction. Each developing run is longer than the previous one. Unlike
in LC, the gradient elution starts with the most polar solvent. Between partial
runs (up to 25), the solvent is completely removed from the developing chamber
and the layer dried under vacuum. Mixtures containing up to 40 analytes can be
separated by AMD on one chromatogram, the analytes migrating different dis-
tances according to their polarities as sharply focused zones. Detection limits are
improved because of the highly concentrated zones that are produced, as has been
clearly exemplified in the analysis of furazolidone in animal tissues (62). Other
approaches to forced-flow development include high-pressure planar chromatog-
raphy (63), rotation planar chromatography (64), vacuum planar chromatography
(65), and electromigration TLC (66). These approaches can significantly enhance
the separation potential but the equipment needed has not been yet sufficiently
developed for routine use.

The method is unequaled for analyzing samples in quantity. The ability to
separate many samples simultaneously in parallel lanes is very useful for screen-
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ing purposes and applications requiring large sample throughput, as has been
exemplified in the analysis of tranquilizers (67), macrolides (68), and sulfon-
amides (69). Densitometric scanning of individual or all fractions can be repeated
with the same or different parameters, since all fractions remain stored on the
plate.

22.4 SUPERCRITICAL FLUID CHROMATOGRAPHY

Supercritical fluid chromatography (SFC) is a relatively recently developed chro-
matographic technique. Because of its ability to deal with compounds that are
either polar or of high molecular weight, much attention has recently focused on
applications of SFC to the analysis of different analytes using a variety of fluids
or fluid mixtures to provide differing solvent capabilities and selectivities. As a
result there is a large amount of research currently underway both in SFC method
development and in hardware development.

Supercritical fluid chromatography has several main advantages over other
chromatographic methods. Compared with LC, SFC provides rapid separations
without the use of organic solvents. Because SFC generally uses carbon dioxide,
it contributes no new chemicals to the environment. In addition, SFC separations
can be done faster than LC separations because diffusion of solutes in supercritical
fluids is about 10 times higher than that in liquids. This results in a decrease in
resistance to mass transfer in the column and allows for fast high-resolution
separations. In addition, the ability to manage supercritical mobile phase density
with temperature and pressure adjustments provides a wider range of possible
conditions in which to perform separations than the LC. Compared with GC,
SFC offers high resolution without the need to apply high, often very destructive
temperatures, and thus allows fast analysis of thermally labile compounds.

Supercritical fluid chromatography can most easily be described as an adap-
tation of either LC or GC, in which the major modification is the replacement
of either the liquid or gas mobile phase with a supercritical fluid mobile phase.
In general, there are two hardware setups: the LC-setup and the GC-setup. The
former consists of two reciprocating pumps designed to provide a packed analyti-
cal column placed in an LC oven, with a mixed mobile phase followed by an
optical detector in which the pressure and flow rates can be independently con-
trolled. The latter is composed of a syringe pump followed by a capillary column
placed in a GC oven with a restrictor followed by a flame ionization detector,
where the pressure is controlled by the flow rate of the pump. Reciprocating
pumps allow easier mixing of the mobile phase or introduction of modifier fluids,
whereas syringe pumps provide consistent pressure for a neat mobile phase.

Packed columns are conventional stainless steel columns that contain small
deactivated particles to which the stationary phases adheres. Capillary columns
are open tubular columns of narrow internal diameter made of fused silica, with
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the stationary phase bonded to the wall of the column. Conventional packed
columns for SFC offer more rapid analysis and higher efficiency with time unit
than open tubular capillary SFC, which suffers from a limited choice of stationary
phases and selectivity parameters (70). For packed columns a typical LC injection
valve is commonly used, whereas for capillary columns small sample volumes
must be quickly injected into the column and, therefore, pneumatically driven
valves are used.

In SFC, the mobile phase is initially pumped as a liquid and is brought
into the supercritical region by heating it above its supercritical temperature before
it enters the analytical column. It passes through an injection valve where the
sample is introduced into the supercritical stream and then into the analytical
column. It is maintained supercritical as it passes through the column and into
the detector by a pressure restrictor placed either after the detector or at the end
of the column. The restrictor is a vital component: it keeps the mobile phase
supercritical throughout the separation and often must be heated to prevent clog-
ging; both variable- and fixed-restrictors are available.

Part of the theory of separation in SFC is based on the density of the
supercritical fluid, which corresponds to its solvating power. As the pressure in
the system increases, the supercritical fluid density also increases and correspond-
ingly its solvating power becomes higher. Therefore, the chromatographic effi-
ciency and rate of separation will depend on the pressure drop across the column.
This is similar to the temperature programming in GC or to the solvent gradient
in LC. For this reason, the high-packing-density and high-surface-area columns
developed for LC will produce a large density change resulting in poor chromato-
graphic efficiency. Recent developments in packed SFC tend towards loosely
packed low-surface-area stationary phases that show reasonable resolution and
rapid elution. A detailed discussion of theoretical aspects of SFC is beyond the
scope of this book, but several comprehensive reviews are available in literature
(71–73).

Capillary SFC is particularly useful for compounds that are difficult to
detect using LC and too unstable for GC. Nevertheless, at present there have not
been enough applications to justify an investment (74, 75). In contrast, packed-
column SFC has undergone a renaissance thanks to evaporative light-scattering
detection (ELSD). Packed-column SFC-ELSD is a suitable method for analyzing
various compounds, with or without chromophores, and with diverse polarities,
as found in drug, steroid, and ionophore complex mixtures (76–79).

In addition, SFC permits the use of a flame ionization detector instead of
the classic UV detector. Because the response factor of the former detector is
much less dependent on the compounds to be analyzed, this is a very important
advantage when analyzing compounds, which, for calibration purposes, are not
available as pure substances (80).
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A preliminary investigation of SFC coupled to MS/MS for the analysis of
trimethoprim, diethylstilbestrol, hexestrol, and dienestrol has demonstrated the
considerable potential of this separation technique (81). Packed-column SFC has
been also evaluated for the analysis of nine sulfonamides in swine kidney extracts
(82). Separations were performed on either silica- or amino-bonded stationary
phase columns, using carbon dioxide with various modifiers as mobile phases.
Each column exhibited distinctly different selectivities to the examined sulfon-
amides, the amino-bonded column being much more sensitive to modifier varia-
tions. In a continuation of the sulfonamide study, packed-column SFC was further
evaluated for possible application to the analysis of furazolidone, chlorampheni-
col, and lincomycin residues (82). Separation was effected on an amino-bonded
stationary phase using carbon dioxide with methanol modifier as the mobile phase,
whereas detection was accomplished by MS.

22.5 CAPILLARY ELECTROPHORESIS

Electrophoresis is a technique based on the mobility of ions in an electric field.
An electrode apparatus consists of a high-voltage supply, electrodes, buffer, and
a support for the buffer such as filter paper, cellulose acetate strips, or a capillary
tube. Positively charged ions migrate towards the negative electrode and nega-
tively charged ions migrate toward the positive electrode. For safety reasons, one
electrode is usually at ground and the other is biased positively or negatively.
Ions present different migration rates depending on their total charge, size, and
shape, and can therefore be separated.

In traditional electrophoresis, separation efficiency is limited by thermal
diffusion and convection. Owing to long analysis times and low efficiencies,
these procedures never enjoyed wide usage. Problems have arisen when trying
to differentiate between structurally related drug residues such as streptomycin
and dihydrostreptomycin, tetracyclines, lincomycin and clindamycin, and erythro-
mycin and oleandomycin (83, 84). To overcome these problems, anticonvective
media, such as polyacrylamide or agarose gels, have also been used.

In modern designs, electrophoretic separation is performed in narrow capil-
laries that are themselves anticonvective and, therefore, gel media are not essential
to perform that function. Performing electrophoresis in small-diameter capillaries
allows the use of very high electric fields because the small capillaries efficiently
dissipate the heat produced. Increasing the electric fields produces very efficient
separations and reduces separation times. Capillaries are typically of 25–75 m
inner diameter and 0.5–1 m in length, which are usually filled only with buffer.
The applied potential is 20–30 kV.

The surface of the silicate glass capillary contains negatively charged func-
tional groups that attract positively charged counterions. The positively charged
ions migrate towards the negative electrode and carry solvent molecules in the
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same direction. This overall solvent movement is called electroosmotic flow. Due
to the electroosmotic flow, all sample components migrate towards the negative
electrode when a 10 nl volume of sample is injected at the positive end of the
capillary.

Acidic (-COOH, -SH) or basic (NR2) functional groups are indicators of
the appropriate pH range for separating multiple analytes. Also, hydrophobic
functionality is an indication that organic solvents should be added to the separa-
tion buffer. This addition can enhance the solubility of the analytes in the separa-
tion buffer, decreasing analyte–wall interactions and enhancing resolution of such
components (85).

During a separation, uncharged molecules move at the same velocity as
the electroosmotic flow, with very little separation. Positively charged ions move
more quickly and negatively charged ions move more slowly. Peak efficiency,
often in excess of 105 theoretical plates, is due in part to the plug profile of the
electroosmotic flow that enables the simultaneous analysis of all solutes, regard-
less of charge. Ideally, these characteristics make CE particularly well suited for
the separation and analysis of drug residues in food matrices.

CE detection is similar to detectors in, and include absorbance, fluores-
cence, electrochemical, and mass spectrometric detectors. The capillary can also
be filled with a gel, which eliminates the electroosmotic flow. Separation is ac-
complished as in conventional gel electrophoresis but the capillary allows higher
resolution, greater sensitivity, and on-line detection. In CE, low picogram
amounts of analytes can be detected using glass fiber optics. However, this does
not mean low limits of detection since only a few nanoliters can be injected.

CE is a rapidly growing separation technique and significant advances have
already been made. These include improvements in migration time and peak
area reproducibility, methods for on-capillary sample preconcentration to improve
sensitivity, and development of capillary coatings to control electroosmotic flow
and to limit solute–wall interactions. Nevertheless, the technique is still in a
development and growth stage. The versatility of CE in the analysis of drug
residues is partially derived from its numerous modes of operation including
capillary zone electrophoresis (CZE), micellar electrokinetic chromatography
(MEKC), and capillary isotachophoresis (CITP).

CZE is the most widely used mode due to its simplicity of operation and
its versatility. Selectivity can be most readily altered through changes in running
buffer pH or by use of buffer additives such as surfactants or chiral selectors.
The major drawback with CZE is that it deals with aqueous electrolytic systems,
whereas components can only be separated if they are charged and soluble in
water. CZE separation of various antibacterials including penicillins, tetracy-
clines, and macrolides has been reported (86). Determination of cefixime, an
oral cephalosporin antibiotic, and its metabolites in human urine has been also
successfully carried out with CZE (87).
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MEKC is a hybrid of electrophoresis and chromatography (88). In MEKC,
both charged and uncharged compounds and compounds that are almost insoluble
in water can be separated. The separation of neutral species is accomplished by
the use of surfactants in the running buffer. Individual surfactant molecules form
micelles with the hydrophobic tails of the surfactant molecules oriented towards
the center, avoiding thus interaction with the hydrophobic buffer. The charged
heads are oriented towards the buffer. The interaction between the micelle and
the neutral solutes causes the separation. During migration, the micelles can inter-
act with solutes in a chromatographic manner, through both hydrophobic and
electrostatic interactions. The technique has been successfully applied to separate
penicillin and cephalosporin antibiotics using sodium dodecyl sulfate as surfactant
(88, 89).

CITP is a moving-boundary electrophoretic technique. A combination of
two buffer systems is used to create a state in which the separated zones all
move at the same velocity. The zones remain sandwiched between leading and
terminating electrolytes. In a single CITP application, either cations or anions
can be analyzed. For anion analysis, the buffer must be selected so that the leading
electrolyte contains an anion with an effective mobility higher than that of the
solutes. Similarly, the terminating anion must have a lower mobility than that of
the solutes. When the electric field is applied, the anions start to migrate towards
the anode. Since the leading anion has the highest mobility, it moves more quickly,
followed by the anion with the next highest mobility, and so on. A difficulty
often arises with finding buffer systems that contain both leading and trailing
ions and also form the desired pH. An additional limitation is that only cations
or anions can be sharpened, but not both simultaneously. The technique has been
successfully used to separate penicillin and cephalosporin antibiotics and their
precursors (90).

Until now, CE technology has not been widely used in biological applica-
tions, but its high resolving power presents obvious advantages in research for
separating drug residues of a wide range of polarities and solubilities in aqueous
and nonaqueous solvents. CE is still in its infancy and, thus, an active area of
research.

22.6 MULTIDIMENSIONAL SEPARATION

Multidimensional separation involves techniques in which fractions from a pri-
mary separation system are transferred on-line to a secondary separation system.
These techniques can utilize combinations of different chromatographic columns
and has been practiced using LC, GC, SFC, CZE, and combinations of these
methods (91).

Multidimensional GC, for example, involves coupling of GC columns of
different selectivities so that the primary column isolates the fraction of interest
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whereas the secondary column accomplishes the final separation of the analytes
within the isolates fraction. By combining two GC capillary columns with com-
pletely different selectivities, peak capacity can be increased tremendously. Since
a normal GC capillary column offers about 100,000 theoretical plates, the total
number of peaks than can be separated on such a column is approximately
700–800. By combining two such columns, the maximum number of compounds
to be separated becomes 700 700, which is almost half a million compounds.
It is, therefore, hardly surprising that multidimensional GC is a technique that
will become increasingly important.

Another exciting development in multidimensional separation involves
coupling of LC to GC or even to CE. In these coupling systems, LC can play a
role as a high-resolution procedure for preliminary separation and/or trace enrich-
ment. LC-GC can thereby be carried out in the column-switching and in the
precolumn-analytical column mode. Although on-line LC-GC has not yet ad-
vanced widely into routine analysis, this powerful technique holds promise for
the future.
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Detection

Numerous detection systems for screening, identifying, and quantifying drug resi-
dues in edible animal products have been developed over the years. They represent
almost all kinds of known analytical approaches including microbiological, im-
munochemical, and physicochemical techniques. Each of the existing techniques
has its own advantages and drawbacks that must be carefully considered in the
selection of the most convenient detection/confirmation system for a particular
analyte in a particular matrix. Veterinary drugs show large variation in molecular
structure and, consequently, in physicochemical properties and biological activity.

Application of microbiological or immunochemical techniques offers the
advantage of screening drug residues in foods with little or no previous sample
preparation. Application, on the other hand, of physicochemical techniques, al-
lows quantification and more tentative identification of residues in those samples
found positive. The problem of analyzing for drug residues is complicated by
the fact that it is not known whether residues exist, and if they exist, the type
and quantity are not known.

23.1 MICROBIOLOGICAL TECHNIQUES

Because the aim of the control of residues is to prevent residues in food exerting
an undesirable effect on humans, it would be elegant to use this biological effect
as the detection principle. Hence, the detection of drug residues in edible animal
products has traditionally been performed by microbiological techniques.

The earliest methods for detecting antibacterial residues in food appeared
in 1945–1948, soon after microbiological assays for the evaluation of antibiotics
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in pharmaceutical products were first developed. The ability of a strain of Strepto-
coccus agalactiae (1) or of a commercial starter culture (2) to produce acid during
growth, and also the ability of Staphylococcus aureus (3–5), Bacillus subtilis (6),
and group A Streptococcus (7) to produce haziness in agar media during growth,
served as the bases for the first microbiological assays of penicillin residues in
milk.

Concurrent but independent work by many investigators led to development
of a plethora of methods based on inhibition of the bacterial growth by the antibac-
terials present in livestock products. Microorganisms such as Bacillus cereus
(8–11), Bacillus mesentericus (12), Bacillus stearothermophilus (13, 14), Bacillus
subtilis (6, 11, 14–24), Brucella anthracis (25), Brucella bronchiseptica (11,
26), Brucella suis (25), Candida tropicalis (11), Escherichia coli (11, 23, 24),
Lactobacillus bulgaricus (27–29), Micrococcus flavus (11, 26), Pseudomonas
syringae (11), Micrococcus luteus (11, 21, 26, 30, 31), Staphylococcus aureus
(13–5, 9, 28, 29, 32–34), Staphylococcus epidermidis (11), Streptococcus crem-
oris (35), Streptococcus faecalis (23, 24), Streptococcus lactis (33, 36), and Strep-
tococcus thermophilus (37–41) have all been employed with varying success for
determining the presence of various antibacterials in milk. The Bacillus subtilis
disc assay procedure (22) with modifications (17, 26, 42–47) has been used more
extensively than the cylinder assay procedures (11, 48, 49), but disc and tube
diffusion assays that use Bacillus stearothermophilus (45, 50) or Streptococcus
thermophilus (37–41) as the test organism have gained in popularity.

Investigations into performance characteristics have shown that various
factors affect the accuracy and sensitivity of the microbiological assays; their
relative influence depends upon the kind of antibacterials assayed and, especially,
the test organism (51). The vegetative test organism must be resistant to sponta-
neous change and easily cultured, maintained, and standardized; spore suspen-
sions have similar criteria except that the spores must be capable of germinating
with reasonably synchrony. Some assays are slow and labor-intensive, requiring
overnight incubations and multiple platings and measurements to achieve a ques-
tionable 35% precision at the ppb level (52). The sensitivity of microbial inhibi-
tion assays is also most influenced by the concentration of inoculum (53, 54),
the quantity and pH of the assay medium on the plate (51), and sample size. The
majority of original research in this area was done during the period from about
1945 to 1961. Later studies were devoted primarily to perfecting existing methods
by testing their accuracy and precision and to incorporating factors into the assay
to improve the rapidity and ease of performance.

Owing to the variability in results of the early developed microbiological
procedures, standardized materials were introduced and are currently used for
routine quality control. Depending on the format of the test, the presence of an
inhibitory substance is indicated by zones of growth inhibition or a change in
the color of the medium with pH and redox indicators. Examples of commercial
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microbial inhibition assays commonly used for milk or tissue include the Del-
votest P, disk assay for milk, swab test on premises (STOP test), brilliant black
reduction test (BR test), calf antibiotic sulfa test (CAST test), live animal swab
test (LAST test), and the CHARM farm test (CFT) (55–63).

23.2 IMMUNOCHEMICAL TECHNIQUES

Although microbiological tests are used worldwide, most modern tests that are
commercially produced for screening drug residues in foods are immunochemical
procedures. They are based on the highly specific binding between the analyte
(antigen) and antibodies raised against it.

A wide variety of elegant procedures have been developed for visualizing
the primary antibody–antigen reaction. Precipitation and agglutination techniques
represent types of reactions in which the primary antibody–antigen interaction
is observed directly without use of any tagged reagent for amplification. These
techniques are based on the fact that all antibodies and many antigens are multiva-
lent and can thus form large crosslinked complexes. When soluble antigens are
mixed directly with the corresponding antibodies (antiserum), large macromole-
cule complexes are formed and precipitates visible to the naked eye are created.
If the antigen or the antibody is presented in particulate rather than soluble form,
a visible agglutination can be observed (64). Latex particles can be coated with
antibody or antigen to enable an agglutination reaction to be performed, as in
the case of the Spot test that can detect benzylpenicillin, cephapirin, and cloxacil-
lin residues in raw milk within 6 min (65). Gentamicin residues in milk can be
also detected with an agglutination technique (66). This assay is based upon the
least amount of soluble antigen necessary to inhibit agglutination or the clumping
of cells that occurs after the binding of antigen to antibody. In practice, this is
the amount of antigen in the last tube of a dilution series that will give a wide-
ring agglutination pattern. Tubes containing less antigen than this tube allow
agglutination to occur. The procedure is relatively rapid and specific but not
particularly sensitive and its accuracy is dependent on the dilution sequence used.

Higher-sensitivity immunochemical assays can be obtained through ampli-
fication of the binding reaction by means of radio tags. The principles and applica-
tions of radioimmunoassays to the detection of drug residues in foods of animal
origin have been recently reviewed (67). A fixed amount of radiolabeled antigen
is added to the sample, and, following competitive binding to an antibody, free
and antibody-bound antigen fractions are separated and the amount of labeled
antigen in one of the fractions is determined. The separation of bound and un-
bound labeled antigens is the most critical parameter. Quantitation is based on the
nonlinear inhibition of the binding reaction when increasing amounts of unlabeled
antigen are successively added. Examples of separation methodology include
precipitation using ethanol, ammonium sulfate, or polyethylene glycol, the use
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of an antiglobulin reagent or attachment of antibodies to a solid phase, and subse-
quent removal of the unbound labeled antigen by a washing step (68).

Radiolabeled immunoassays have been used extensively for the quantifica-
tion of drug residues, particularly chloramphenicol. These assays do not generally
require extensive sample cleanup. The possibility, however, that matrix compo-
nents such as lipids and proteolytic enzymes may interfere with the interaction
of the antigen to antibodies cannot be excluded (69, 70). Thus, whenever ex-
tremely low drug residue levels have to be detected, extensive purification of the
sample may be indispensable to eliminate nonspecific interference. Radioimmu-
noassays are generally sensitive and specific procedures and lend themselves
readily to automation. However, they necessitate the use of hazardous radioactive
reagents with short shelf lives and require counting equipment, and the cost of
analysis is frequently high. Nevertheless, radioimmunoassays still make up a
significant portion of current immunochemical methods for the detection of drug
residues, particularly chloramphenicol (71–78) and gentamicin (79), in edible
animal products.

Over the years, radioimmunoassays have increasingly been replaced by
nonisotopic procedures that differ in terms of the label used, endpoint detection,
and the separation step. Although the use of enzyme labels as a means of amplify-
ing and visualizing the primary antibody–antigen binding reaction is the most
rapidly growing and most widely used immunoassay technology, immunoassays
based on fluorescent and chemiluminescent labels are also of interest in residue
analysis. Included in the former category are competitive binding fluoroimmu-
noassays and immunoassays based on fluorescence polarization (80, 81).

Fluorescence polarization immunoassays depend on detection of the in-
crease in effective molecular size when a small fluorescent-labeled antigen is
bound by specific antibody. The principle of this type of immunoassay (82) is
based on the fact that when plane-polarized light falls on a fluorophor-labeled
antigen, molecules having their long axes parallel to the plane of light are preferen-
tially excited, and if they can rotate between excitation and emission the resultant
fluorescence is nonpolarized. The degree of polarization depends on the rate of
rotation and this, in turn, is inversely proportional to molecular size. The binding
of a low-molecular-weight labeled antigen to antibody results in a large chemical
moiety that, unlike the native antigen, is rotating at a slower rate so that much
of the emitted fluorescence is still polarized. In this technique, the unlabeled
antigen present in the sample competes with the added fluorescent-labeled antigen
for the available antibody-binding sites, so that the extent of depolarization of
the emitted fluorescence is proportional to the concentration of the analyte. No
separation step is required in polarization fluorescence immunoassays, which
results in to technical simplicity and ease of automation. However, the detection
limits achievable by this technique cannot compare with those of radio- and
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enzyme immunoassays, which incorporate separation steps and have end-points
with greater sensitivity.

Labels used in fluorescence immunoassays are mostly based on fluorescein
(83), but fluorescein–peptide conjugates (84) and aluminum phthalocyanine-la-
beled streptavidin may also be used (85). Merits of fluorescence immunoassays
can be considered the stability and freedom from hazards of fluorescent labels,
the moderate cost of analysis, the wide availability of the equipment needed, and
the high potential sensitivity (86).

Because of the dependence on molecular size, fluorescence polarization
immunoassay is particularly suited to the assay of small antigens such as drugs,
and it has found wide application in clinical diagnostics for therapeutic drug
monitoring and screening of drugs of abuse (87). However, its applicability in
drug residue analysis in foods is still very limited. Known applications concern
the determination of gentamicin in tissue extracts using commercially available
fluorescence polarization kits (88, 89), and development and characterization of
fluorescence polarization reagents for the antibiotics sulfamethazine, chloram-
phenicol, and benzylpenicillin (90).

Methods based on chemiluminescent and bioluminescent labels are another
area of nonisotopic immunoassays that continue to undergo active research. Most
common approaches in this category are the competitive binding chemilumines-
cence immunoassays and the immunochemiluminometric assays. Chemilumines-
cence and heterogenous chemiluminescence immunoassays have been the subject
of excellent reviews (91, 92). Detection in chemiluminescence immunoassays is
based on either the direct monitoring of conjugated labels, such as luminol or
acridinium ester, or the enzyme-mediated formation of luminescent products.
Preparation of various derivatives of acridinium esters has been reported (93,
94), whereas a variety of enzyme labels including firefly or bacterial luciferase
(70), horseradish peroxidase (86, 98), and alkaline phosphatase are commercially
available.

Immunochemical methods based on enzyme labels make up the most popu-
lar type of immunoassay technology used in the field of veterinary drug residues
(98–100). Enzyme labels are generally easier to handle, they can be readily ob-
tained in a highly purified form, and are relatively inexpensive and stable. More-
over, they can be readily coupled to proteins and act on substrates that produce
easily measured colored products. Choices for enzyme labels include horseradish
peroxidase, alkaline phosphatase, glucose oxidase, pyruvate dehydrogenase, and
recombinant -galactosidase (101–103). These enzymes catalyze reactions that
cause colorless substrates to degrade and form, depending on the substrate and
the method used to terminate the reaction, different colors with an intensity that
can be visually estimated or measured with a spectrophotometer. Most of the
commonly used enzyme labels can convert at least 106 molecules of substrate
into product, per molecule of enzyme per minute, at ambient temperature.
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Substrate products can be classified as either soluble or precipitating. Solu-
ble peroxidase substrates include o-phenylenediamine, which is converted into a
yellow product; 2,2′-azino-(3-ethyl)-benzothiazoline-sulfonic acid, which is con-
verted into a green product; and tetramethylbenzidine, which is converted into a
blue product. Precipitating substrates for peroxidase include 4-chloronaphthol,
which yields a blue precipitate; and aminoethylcarbizole, which forms a red pre-
cipitate. Alkaline phosphatase is most frequently used with p-nitrophenyl phos-
phate to give a yellow–orange soluble product, or with 5-bromo-4-chloro-3-indo-
lyl-phosphate p-toluidine salt to yield an insoluble blue product.

Many types of mono-, bi-, and multifunctional coupling reagents are avail-
able for labeling antibodies or antigens with an enzyme. Glutaraldehyde, carbodii-
mide, N-succinimidyl-3-(2-pyridyldithio)propionate, and periodate oxidation of
carbohydrate moieties to form active dialdehydes are several commonly used
approaches in the preparation of enzyme conjugates (104–106).

Enzyme immunoassays fall into two general categories: homogenous and
the heterogenous assays. The former require no separation of bound and free
material because they are actually based on monitoring a change in enzyme activ-
ity. Homogenous assays are convenient for residue analysis, but their sensitivity
is relatively low and their accuracy, although acceptable, can be affected by the
sample matrix. Heterogenous assays, on the other hand, are more sensitive and
specific because they involve separation steps that require washing between steps
to remove unreacted components.

The most popular heterogenous assay in drug residue analysis is the compet-
itive enzyme-linked immunosorbent assay (ELISA) in which one of the binding
elements is attached to a solid support. The use of the solid support allows for
easy separation of the unbound from the bound fraction. Immobilization of anti-
bodies or antigens to the solid support is accomplished either in a passive manner
through hydrophobic interaction or in an active manner through covalent bonding
of proteins to suitable sites on the solid surface. Nonspecific interactions can be
reduced by inclusion of high concentration of an unrelated protein, a detergent,
and/or salt (107, 108).

Materials commonly use as solid supports include polystyrene, polyvinyl,
nylon, glass, nitrocellulose, silica, polyacrylamide, or polystyrene beads. Separa-
tion of the bound from the free reagents can be achieved through either filtration
for particulate solid supports such as agarose, polyacrylamide, and polystyrene
beads, or centrifugation. For disposable forms of solid supports such as multiwell
plates, plastic tubes, cuvettes, balls, and dipsticks, separation can be performed
through simple rinsing steps.

Within ELISAs, both direct and indirect modes of performance are possible.
The former are based on competition between the analyte and an enzyme-labeled
analyte for a place on an immobilized antibody. The latter is based on competition
between the analyte and an immobilized analyte for a place on an enzyme-labeled

Copyright © 2001 Marcel Dekker, Inc.



693Detection

antibody. After washing, the amount of the enzyme-label bound (which is in-
versely proportional to the concentration of the analyte) is visualized by means
of a substrate incubation.

A disadvantage of both competitive assays is that the enzyme conjugate
solution has to be mixed with the sample solution. A sample solution, however,
may contain inhibitory substances such as proteases that can alter the activity of
the antibody and/or the enzyme-label used. Where enzyme-labeled antibodies are
employed, such problems may be circumvented by using an unlabeled antibody
in the competition phase, followed by incubation with an enzyme-labeled second
antibody that is directed against the primary antibodies (109).

Competitive ELISAs are used for both qualitative and quantitative purposes.
The minimum of sample preparation required, the availability of the equipment
needed, and the possibility for automation make ELISAs particularly suitable for
screening a large number of samples. Problems may arise, however, with respect
to sensitivity when extremely low concentrations have to be detected.

Apart from concentrating the analyte prior to immunoassay, several other
possibilities exist for enhancing the sensitivity of the procedure. These constitute
introduction of various amplification systems, such as the peroxidase–antiperoxi-
dase system (110), the streptavidine–biotine system (111, 112), and the substrate
amplification system (113, 114), which favor the enhancement of the signal per
ligand.

Problems may also arise with respect to specificity when ELISAs are ap-
plied for trace residue analysis, because any compound whose molecule is in part
identical with or closely similar to the antigenic determinant of the analyte can
compete for antibody-binding sites. Therefore, immunochemical methods are val-
uable for screening and testing purposes but cannot be considered as definitive
from a regulatory perspective. For legal enforcement use, these methods should
be used as part of an analytical system that consists of additional methods capable
of definitively identifying the compounds of interest.

Currently, a number of immunochemical tests are commercially available
in a kit format for many drugs. The 96-well plastic plate is one of the more
commonly used formats of polystyrene and polyvinyl sold supports. It is well
suited to automation and high throughput uses due to the wide variety of equip-
ment that has been developed to simplify reagent transfer, rinsing steps, and
interpretation of results.

A variety of on-site assay formats have been also developed that consider-
ably simplify the training needed to perform the assay. Card formats have been
developed that require no instrumentation, thus making the tests ideal for quick
field screening of veterinary residues. The card has small windows through which
reagents and sample extracts or standard solutions are added. Following reaction
of the sample with the antibody, which is absorbed onto a fiber glass matrix
support, the solution of antigen–enzyme conjugate is added. If analyte is present
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in the sample, some of the binding sites will have been blocked while free sites
will react with the antigen–enzyme conjugate. Addition of substrate produces a
color whose intensity is inversely proportional to the analyte concentration. These
tests are quick and easy to perform as a check on the presence or absence of
residues.

In addition, membrane-based test devices in either a dipstick or a flow-
through immunofiltration format have been described (115–117). In the dipstick
format, the antibody or antigen is immobilized to the end of a plastic stick or to
a membrane adhered to the end of a stick. Performing the assay simply requires
transferring the stick through the sample, the enzyme conjugate, and into the
substrate. Rinsing can be done under tap water or with rinse solutions provided
with the kit. Precipitation substrates can be used to form an insoluble color reac-
tion over the active area of the dipstick. The test gives qualitative or semiquantita-
tive results in less than 1 h. Compared to the corresponding microtiter plate tests,
visual checks such as in the dipstick assay show a loss of sensitivity of up to
orders of magnitude. However, many dipstick assays are also considerably less
subject to matrix interferences and less affected by the solvent composition of
the extract (118).

Several factors contribute to the higher detection limits of many on-site
assay formats, probably the most important and self-explanatory being the fact
that visual evaluation is less precise and sensitive than measuring absorbance
with a photometer. This is particularly important in competitive immunochemical
assays, in which the negative control has the most intense color and a relatively
great reduction in color intensity is required between the negative control and
positive samples to avoid misinterpretation by an untrained user. Therefore, the
amount of antibody for coating the membrane as well as the concentration of the
enzyme-labeled antigen have to be relatively high. However, this also reduces
the sensitivity of a competitive immunochemical assay.

Considerable reduction of the assay time has been recently achieved by
employing a membrane-based flow-through immunochemical device in which
unbound reagents and sample matrices are removed by adsorption through use
of a cellulose pad (119). This competitive enzyme-linked immunofiltration assay
(ELIFA) is performed in an 8-well plastic test device into which antibody-coated
nylon membranes have been pressed tightly to an adsorbent cellulose layer. Sam-
ple extract solution, enzyme–conjugate, and enzyme substrate–chromogen solu-
tion are sequentially added onto the membrane. The test can be evaluated visually
by comparing the intensity of the resulting blue color to that of a negative control.
Qualitative results can be obtained within 10 min. This type of assay finds its
ideal application as an on-site test to detect the presence of the target molecule
at a defined threshold level.

Today, immunochemical techniques have gone well beyond those originally
employed. The area is growing quickly and new kits are increasingly appearing
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on the market. The range of applications seems almost endless, from those in-
volved in ultrasensitive detection to zeptomole (10 21 moles) and even to yocto-
mole (10 24 moles) concentrations (120) to on-line immunoaffinity chromatogra-
phy with coupled-column LC/MS detection starting with a crude extract (121).

Examples exist of different types of immunobased technology being inter-
faced to produce an effective analytical system. In a variety of recent methods,
immunoaffinity chromatography has been employed for purification, chemilumi-
nescence enzyme immunoassay has been used for quantification of salbutamol
and clenbuterol in tissue and plasma from calves and pigs (122), clenbuterol
in cattle hair (123), and monensin in chicken tissues (124). In these methods,
quantification at sub-ppb levels has been demonstrated.

23.3 PHYSICOCHEMICAL TECHNIQUES

A literature survey shows that a great variety of physicochemical techniques are
applied for analyzing drug residues in food. Unfortunately, no presently available
physicochemical technique is as versatile or as universal as might be desired, nor
is it likely that any such technique will be developed. Which type of detection
principle should be used for a particular application depends on the physicochemi-
cal properties of the analyte, the sensitivity and selectivity required, and the
convenience and versatility requested.

When evaluating detectors, several features should be considered to obtain
optimum use of these devices. Detector noise is such a major feature that can be
defined as the maximum amplitude of the combined high-frequency and short-
term noise arising from instrument electronics, temperature fluctuations, line volt-
age surges, and other effects not directly attributable to the analyte. Detector
noise is often given as the random baseline variation in units of detector response
at a specified sensitivity, and it becomes most critical for sensing small peaks.
The high-frequency noise appears as a fuzz and widens the baseline, while the
short-term noise causes random baseline fluctuations appearing as random peaks
and/or valleys on the baseline. Detector noise cannot be accurately determined
unless the detector drift is small in relation to the magnitude of the noise. Detector
drift is defined as a continuous up-scale or down-scale excursion of the baseline,
which tends to hide both noise and small peaks.

Another feature of major interest is the detector sensitivity. This is the total
change in a physical parameter required for a full-scale deflection at maximum
detector sensitivity and at specified noise level. Detector sensitivity can be consid-
ered as a measure of the ability of the detector to differentiate between small
differences in analyte concentration. Modern detectors have usually high sensitiv-
ities, often allowing detection of nanograms of analytes.

Selectivity is another highly desirable property of a detector. As a rule of
thumb, the more selective the detection, the lower signal noise and the higher
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the sensitivity. A selective detector allows detection of only the analyte of interest
in a chromatographic solute despite the potential copresence of many other com-
pounds that coelute from the column. Eluted compounds are usually identified
by comparing their retention time with those of reference compounds processed
in an identical manner. However, retention behavior alone is not sufficient for
positive identification since several compounds can frequently elute with the
same retention time, constituting a chromatographic peak made up of several
components. By rechromatographing the sample on a different packing material
and/or using a different detection system, more convincing evidence can be ob-
tained.

For a detector to be of use in quantitative analysis, the signal output should
be linear with concentration for a concentration-sensitive detector and with mass
for a mass-sensitive detector. Some detectors have an additional time constant
purposely introduced to remove the high-frequency noise. This should always
taken into consideration, since a slow detector response can significantly broaden
and attenuate chromatographic peaks relative to those actually sensed. Moreover,
a versatile detector should have a wide linear dynamic range so that major and
trace components can be determined in a single analysis, over a wide concentra-
tion range.

Therefore, specific information is required on the characteristics of detec-
tors to allow one to be selected for a particular application. In many cases, how-
ever, major performance characteristics of detectors such as noise, sensitivity,
response, and linearity, are not presented in a standard format by suppliers. To
complicate matters further, there are no published reference values for many
of the properties utilized by different detectors for most analytes. Therefore, to
determine whether a particular detector is adequate for a particular application,
a similar analysis in the pertinent literature has to be found. Ultimately, the analyst
will often have to test the detector under consideration on the analyte of interest
itself.

23.3.1 Ultraviolet/Visible Photometric Detectors

The single most useful and versatile physicochemical detectors in drug residue
analysis are probably those based on ultraviolet-visible (UV-Vis) spectrophotom-
etry. These detectors allow a wide selection of detection wavelengths, thus offer-
ing high sensitivity for analytes that exhibit absorbance in either the ultraviolet
or the visible region of the electromagnetic radiation.

Depending on its frequency, the electromagnetic radiation can interact with
electrons, causing their excitation and transfer onto a higher energetical level; or
can excite molecular bonds, causing their vibration or rotation of the functional
groups. The UV region of the electromagnetic radiation corresponds to the excita-
tion of the relatively low energy electrons such as -electrons, or nonpaired
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electrons of some functional groups. For example, n-alkanes absorb in the UV
region below 180 nm because -electrons require high-energy radiation to get
excited and to show absorption of the radiation. On the other hand, any compounds
having a benzene ring will show absorbance at 205–225 and 245–265 nm; the
last absorbance corresponds to the excitation of conjugated -electrons of the
benzene ring.

The intensity of the radiation whose energy corresponds to the possible
transitions decreases while it is passing through the detection cell. According to
the Lambert-Bear law, absorbance of the radiation is proportional to the com-
pound concentration and the length of the detection cell.

Most drugs used in animal production exhibit relatively high molar absorp-
tivity within the UV absorption range, so that UV detection permits trace analysis
to be made with high sensitivity. UV detectors are also ideal for use with LC
gradient elution, and many common UV-transmitting solvents of varying solvent
strength are available as LC mobile phases. A potential problem in using UV
detectors operated at high sensitivity is distinguishing between sample peaks and
pseudopeaks due to refraction effects that affect the detector signal. If the refrac-
tive index within the cell changes during an LC gradient elution, the amount of
energy reaching the detector can change, because of refractive effects at the cell
wall. Special designs, such as tapered cells or collimating and masking the light
entering the cell, can reduce or eliminate such refractive effects.

Even though detection at the absorption maximum provides maximum sen-
sitivity, it is sometimes more important to use the wavelength providing the
highest selectivity, that is, maximum freedom from interferences. Despite revolu-
tionary advances in LC technology, its complexity is too great for guaranteed
chromatographic resolution of analytes from interfering components. Variable-
wavelength UV spectrophotometric and diode-array detectors have been designed
to allow for the best wavelength(s) to be selected for actual analysis. This is
particularly important when no information is available on molar absorptivities
at different wavelengths.

23.3.2 Fluorescence Spectroscopic Detectors

Drug residues in foods that strongly fluoresce can be more efficiently detected
by fluorescence detectors. Typically, fluorescence sensitivity is 10–1000 times
higher than that offered by a UV detector for strong UV-absorbing materials
(125). Using a fluorescence detector, it has been possible to detect the presence
of even a single analyte molecule in an LC flow cell. This type of detection is
very versatile because of its ability to measure the intensity of the fluorescent
radiation emitted from analytes excited by UV.

Compounds that are symmetrically conjugated and not strongly ionic often
fluoresce. Most unsubstituted aromatic hydrocarbons fluoresce with quantum
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yield increasing with the number of rings, the degree of condensation, and the
structural rigidity. The presence of conjugated -electrons, especially in the aro-
matic components, gives the most intense fluorescent activity. Aliphatic and alicy-
clic compounds with carbonyl groups, and compounds with highly conjugated
double bonds, also fluoresce but usually to a lesser degree.

Fluorescence detection has been proven to be a particularly valuable tool
for analyzing drug residues in food. This is due to the fact that very few naturally
occurring compounds exist that exhibit inherent fluorescence; only about 15% of
all compounds exhibit natural fluorescence. Furthermore, selective fluorescence
detection of the analytes can be made possible by suppressing the emission of
interfering sample components, since the fluorescence intensity depends on both
the excitation and emission wavelengths.

The general lack of inherent fluorescence in existing compounds, although
it helps in eliminating interferences, frequently causes, application problems be-
cause there are not too many fluorescent drug residues. A possible solution to
this problem is the preparation of fluorescent derivatives of the nonfluorescing
analytes by specific fluorescence-labeling reactions.

Because of their high sensitivity, fluorescence detectors are particularly
useful in trace analysis when either the sample size is small or the analyte concen-
tration is extremely low. Although fluorescence detectors can become markedly
nonlinear at concentrations where absorption detectors are still linear in response,
their linear dynamic range is more than adequate for most trace analysis applica-
tions. Unfortunately, fluorometric detectors are often susceptible to background
fluorescence and quenching effects that can plague all fluorescence measure-
ments.

Currently available spectrofluorometers allow maximum flexibility in fluo-
rometric detection. For example, fast switching of the excitation and emission
wavelengths during an LC run offers the possibility to detect more than one
analyte with different physicochemical properties in the same sample without
need to repeat the analysis. Fluorescence line-narrowing spectroscopy (126) of
analytes extracted from scraped TLC spots can help in determining their purity.
Recent advantages in fluorometer technology, such the laser-induced fluorescence
approach, hold great promise for extremely sensitive analytical applications in
the future.

23.3.3 Electrochemical Detectors

Electrochemical detection is based on measurement of the current resulting from
oxidation/reduction reactions of analytes at a suitable electrode as a function of
the applied voltage. Since the level of the current is directly proportional to the
analyte concentration, these detectors are used for both qualitative and quantita-
tive purposes (127).
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Electrochemical detection has become a popular LC choice that should be
considered by the residue analyst because of the additional selectivity and sensi-
tivity offered for some compounds. The areas of application of electrochemical
detection are not large, but the compounds for which it does apply represent some
of the most important drug classes.

An interesting feature of the electrochemical detection is its relatively small
variation in sensitivity for various substances for which it responds. This relatively
constant molar response is due to the small number of electrons, usually two or
three, involved in electrochemical reactions. This feature is very convenient in
trace analysis, because the analyst can predict the sample size, dilutions, and
other manipulations that must be used to produce the desired analytical sensitivity.

The applicability of electrochemical detection in LC is frequently limited
by the fact that the mobile phase must always be electrically conductive. In many
cases, it is feasible to add a salt such as a buffer at suitable concentration in the
mobile phase without affecting the separation. As an alternative, this problem
can be circumvented by postcolumn addition of a suitable high-dielectric-constant
solvent plus supporting electrolyte. An additional limitation that stems out from
the electroactivity or not of the analyte can be overcome by pre- or postcolumn
derivatization.

Detection is usually performed by connecting an electrochemical potentios-
tat to an electrochemical cell. Unlike potentiometry measurements, which employ
only two electrodes, electrochemical measurements utilize a three-electrode elec-
trochemical cell. The three-electrode system, comprising a working electrode, a
reference electrode, and an auxiliary electrode, allows accurate application of
potential functions and the measurement of the resultant current. Special elec-
tronic circuitry within the potentiostat permits the working electrode potential to
be controlled with respect to the reference electrode without any appreciable
current flowing at the reference electrode; rather, the current is forced to flow
between the working electrode and the auxiliary electrode. By this unusual ar-
rangement, the reference electrode is protected from internal electrochemical
changes caused by current flow, whereas measurement errors related to the resis-
tance of the test solution are kept to a minimum.

Several types of electrodes have been successfully used with electrochemi-
cal detectors including carbon-paste, glassy carbon, platinum, mercury, and gold.
Most widely used is the carbon-paste electrode, which is inexpensive and has
low residual current. All analytes that oxidize or reduce at the selected electrode
potential can be detected. However, this electrode must be frequently standardized
to maintain precise calibration because of changes that occur in its surface (128).

Although the carbon-paste electrode is quite effective for readily oxidizable
analytes, a full range of electrochemical response is only available with the mer-
cury electrode, particularly the versatile version called dropping mercury elec-
trode. With this electrode, analyses are conducted at a frequently renewed mercury
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drop every second so that the electrochemical reactions always occur at a fresh
surface. The flow pattern around the drop apparently eliminates many of the
inherent problems that appeared with the conventional mercury electrodes.

There are a number of limitations in approaching maximum sensitivity with
the dropping mercury electrode in the reductive mode. These include background
currents from oxygen reduction and the reduction of trace metals originating
mainly from LC mobile phases. Therefore, both oxygen and trace metals should
be efficiently eliminated from the mobile phase prior to electrochemical detection;
oxygen can be removed by rigorous degassing, whereas metals can be removed
by adding ethylenediaminetetracetic acid complexing agent to the mobile phase.
There is also a substantial contribution from capacitive current because the current
is continuously measured during the growth of the mercury drop. As such, the
typical signal to noise ratio allows detection limits of only approximately 10 5

or 10 6 M. Better discrimination against the capacitive current can be obtained
using pulse polarographic techniques (129).

Pulse polarographic techniques are electrochemical measurements that try
to minimize the background capacitive contribution to the current by eliminating
the continuously varying potential ramp and replacing it with a series of potential
steps of short duration. In normal-pulse polarography, each potential step begins
at the same value, and the amplitude of each subsequent step increases in small
increments. When the mercury drop is dislodged from the capillary, the potential
is returned to the initial value in preparation for a new step. The normal-pulse
polarography method increases the analytical sensitivity by 1–3 orders of magni-
tude reaching limits of detection of 10 7 to 10 8 M.

Many of the experimental parameters for normal-pulse polarography are
the same as with differential-pulse polarography. Differential-pulse polarography
is a technique that uses a series of discrete potential steps rather than a linear
potential ramp to optimize specific applications (130). Unlike normal-pulse polar-
ography, each potential step has the same amplitude, whereas the return potential
after each pulse is slightly negative of the potential prior to the step. In this
manner, the total waveform applied to the dropping mercury electrode is very
much like a combination of a linear ramp with a superimposed square wave.

The differential-pulse polarogram is obtained by measuring the current im-
mediately before the potential step, and then again just before the end of the drop
lifetime. The analytical current in this case is the difference between the current
at the end of the step and the current before the step that is the differential current.
This differential current is then plotted against the average of the potential to
obtain the differential-pulse polarogram. Because this is a differential current,
the polarogram in many respects is like the differential of the sigmoidal normal-
pulse polarogram. As a result, the differential-pulse polarogram is peak-shaped.
Differential pulse polarography has even better ability to discriminate against
capacitive current because it helps to subtract any residual capacitive current that
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remains prior to each step. Limits of detection with differential-pulse polarogra-
phy are 10 8–10 9 M.

Recent developments have led to a number of other electrochemical tech-
niques. Each differs in the precise manner that the working electrode potential
is changed during the measurement. Cyclic voltammetry is an electrolytic tech-
nique used to study electroactive species. It simultaneously generates and scans
redox species over a wide potential range. In cyclic voltammetry, the working
electrode potential is swept back and forth across the formal potential of the
analyte. Repeated reduction and oxidation of the analyte causes alternating cath-
odic and anodic currents flow at the electrode. The solution is not stirred. The
potential of the working electrode is controlled with respect to the reference
electrode. The controlling potential applied across the two electrodes is called
the excitation signal. This signal is a linear potential scan with a triangular wave-
form. The two values that this triangular potential excitation signal sweeps are
called the switching potential. The current measured at the working electrode
during the potential scan is the response signal (131). The voltammogram exhibits
two asymmetrical peaks: one cathodic and the other anodic.

Anodic stripping voltammetry is another electrolytic method in which the
mercury electrode is held at a negative potential to reduce metal ions in solution
and form an amalgam with the electrode. The solution is stirred to carry as much
of the analyte to the electrode as possible for concentration into the amalgam.
After reducing and accumulating the analyte for some period of time, the potential
on the electrode is increased to reoxidize the analyte and generate a current
signal. The ramped potential usually uses a step function, such as in normal-
pulse polarography (NPP) or differential-pulse polarography (DPP). The main
advantage of stripping analysis is the preconcentration of the analyte into the
electrode before making the actual current measurement. Limits of detection are
as low as 10 10 M.

For the time being, applications of voltammetric techniques in the analysis
of drug residues in edible animal products are very limited. Adsorptive-stripping
voltammetry, which generally is a sensitive quantitative technique for the analysis
of electroactive species, has been recently applied for rapid determination of
sulfamethazine residues in milk (132). In this method, sulfamethazine is extracted
from milk and diazotized at its primary amine group. The diazotized sulfametha-
zine is electrochemically adsorbed at pH 12 on a hanging mercury electrode to be
further desorbed and monitored by applying a differential-pulse cathodic stripping
potential. As the adsorption step on the electrified electrode preconcentrates the
analyte that is to be subsequently desorbed, a detection limit as low as 3.8 ppb
can be readily realized. Differential-pulse polarography has been also used for
the determination of furaltadone in milk (133). After a simple deproteinization
and extraction procedure, quantification of furaltadone in the acidified extract
was made possible on the basis of the appearance of the first well-defined reduc-
tion-wave appeared.
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23.3.4 Polarimetric Detectors

Substances that can rotate the orientation of plane-polarized light are said to have
optical activity. Measurement of this change in polarization orientation is called
polarimetry, and the measuring instrument is called a polarimeter.

The simplest polarimeter consists of a monochromatic light source, a polar-
izer, a sample cell, a second polarizer (which is called the analyzer), and a light
detector. The analyzer is oriented 90 degrees to the polarizer so that no light
reaches the detector. When an optically active substance is present in the beam,
it rotates the polarization of the light reaching the analyzer so that there is a
component that reaches the detector. The angle that the analyzer must be rotated
to return to the minimum detector signal is the optical rotation.

Optical rotation occurs because optically active samples have different re-
fractive indices for left- and right-circularly polarized light. Another way to make
this statement is that left- and right-circularly polarized light travel through an
optically active sample at different velocities. This condition occurs because a
chiral center has a specific geometric arrangement of four different substituents,
each of which has a different electronic polarizability. Light travels through matter
by interacting with the electron clouds present. Left-circularly polarized light
therefore interacts with an anisotropic medium differently than does right-circu-
larly polarized light.

Linearly or plane-polarized light is the superposition of equal intensities
of left- and right-circularly polarized light. As plane-polarized light travels
through an optically active sample, the left- and right-circularly polarized compo-
nents travel at different velocities. This difference in velocities creates a phase-
shift between the two circularly polarized components when they exit the sample.
Summing the two components still produces linearly polarized light, but at a
different orientation from the light entering the sample.

The amount of optical rotation depends on the number of optically active
species through which the light passes, and thus depends on both the sample path
length and the analyte concentration. The optical rotatory dispersion is the optical
rotation as a function of wavelength. It is recorded using a spectropolarimeter,
which has a tungsten lamp and a scanning monochromator as the light source.
A motorized mount rotates the analyzer to maintain a minimum signal at the
detector. Usually a modulation is introduced into the polarization angle of the
light beam, so that a DC signal to the analyzer motor then keeps the detector
signal centered at the minimum value.

Polarimetric detectors have demonstrated significant advantages for identi-
fication of optically active drug residues because optical activity is an extremely
rare characteristic usually associated with biological activity. Specific rotation
measurements on drug residues as they elute from the LC column have the poten-
tial to identify closely related structural analogues even when present in a compli-

Copyright © 2001 Marcel Dekker, Inc.



703Detection

cated food matrix. Laser-based polarimetric detection has been successfully ap-
plied to analyze milk samples containing erythromycin (134) or the four
gentamicin analogues without prior derivatization (135). However, these systems
have not been widely applied to the analysis of food materials since they are
narrow in their application and cannot provide the unique structural information
given by MS detectors.

23.3.5 Specific GC Detectors

The suite of gas chromatography detectors used in drug residues analysis includes,
roughly in order from most common to the least, the flame ionization detector,
electron capture detector, flame photometric detector, and nitrogen/phosphorus
detector. All of these produce an electrical signal that varies with the amount of
analyte exiting the chromatographic column. Different detectors will give differ-
ent types of selectivity. The requirements of a GC detector depends on the separa-
tion application one analysis might require, for example, a detector that is selective
for nitrogen-containing molecules; while another analysis might require a detector
that is nondestructive so that the analyte can be recovered for further spectroscopic
analysis.

GC detectors can be grouped into concentration-sensitive detectors and
mass-sensitive detectors. The signal from a concentration-sensitive detector is
related to the concentration of solute in the detector, which does not usually
destroy the sample. Mass-sensitive detectors usually destroy the sample, and the
signal is related to the rate at which solute molecules enter the detector. The
response of a mass-sensitive detector is unaffected by make-up gas, while that
of a concentration-sensitive detector will lower with make-up gas. A summary
of some important characteristics of the GC detectors specifically used in drug
residue analysis is presented in Table 23.1.

The most common detector on commercial GC instruments is the flame-
ionization detector (FID). This is a useful general detector for the analysis of
organic compounds since it responds to any molecule with a carbon-hydrogen
bond. FID consists of a hydrogen/air flame and a collector plate. The effluent
from the GC column passes through the flame that breaks down organic molecules
and produces ions and electrons that can conduct electricity through the flame.
A collector electrode that located above the flame attracts the negative ions to
the electrometer–amplifier, producing an analogue signal that is connected to the
data system.

FID is mass-sensitive rather than concentration-sensitive detector; this gives
the advantage that changes in mobile phase flow rate do not affect detector re-
sponse. It offers high sensitivity, a large linear response range, and low noise.
Its precision is high and is not susceptible to contamination from dirty samples
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TABLE 23.1 Some Important Characteristics of the Gas Chromatography Detectors Specifically Used in Drug Residue
Analysis

Dynamic
Type of detector Category Support gases Selectivity Detectability range

Flame ionization Mass-sensitive Hydrogen and air Most organic compounds 100 pg 107

Electron capture Concentration- Make-up gas Halides, nitrates, nitriles, 50 fg 105

sensitive peroxides, anhydrides,
organometallics

Nitrogen/phosphorus Mass-sensitive Hydrogen and air Nitrogen or phosphorus-bearing 10 pg 106

compounds
Flame photometric Mass-sensitive Hydrogen and air Sulphur or phosphorus-bearing 100 pg 103

compounds
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or column bleed. FID is also robust and easy to use but, unfortunately, it destroys
the sample.

The electron-capture detector (ECD) is as sensitive as the FID but has a
limited dynamic range and finds its greatest application in analysis of organic
molecules that contain electronegative functional groups, such as halogens, phos-
phorous, and nitro groups. It consists of a sealed stainless steel cylinder containing
radioactive 63Ni. This radioactive material emits electrons that collide with the
carrier molecules, ionizing them in the process. This forms a stable cloud of free
electrons in the ECD cell. When organic molecules that contain electronegative
functional groups, such as halogens, phosphorous, and nitro groups, pass by the
detector, they immediately capture some of the electrons, temporarily reducing
the number remaining in the electron cloud. The detector electronics, which main-
tain a constant current of about 1 nanoampere through the electron cloud, are
forced to pulse at a faster rate to compensate for the decreased number of the
cloud electrons. The pulse rate is converted to an analogue output connected to
the data system.

The flame-photometric detector (FPD) is similar to the FID except that the
detector body is completely light-tight and a second flow of hydrogen purges the
optical path between the photomultiplier tube and a hydrogen-rich flame. FPD
can achieve selective and highly sensitive detection of sulfur or phosphorus-
bearing compounds since it uses chemiluminescent reactions of these compounds
in a hydrogen/air flame as a source of analytical information that is relatively
specific for substances containing these two kinds of atoms. The phosphorous
response is linear, but the sulfur response is exponential: twice the sulfur yields
four times the peak area.

The emitting species for sulfur compounds is excited S2. The lambda maxi-
mum for emission of excited S2 is approximately 394 nm. The emitter for phos-
phorus compounds in the flame is excited HPO with a lambda maximum equal
to doublet 510–526 nm. In order to detect one or the other family of compounds
selectively as it elutes from the GC column, the suitable band-pass filter should
be placed between the flame and the photomultiplier tube to isolate the appropriate
emission band. In addition, a thermal infrared filter is mounted between the flame
and the photomultiplier tube to isolate only the visible and UV radiation emitted
by the flame. Without this filter, the large amounts of infrared radiation emitted
by the combustion reaction of the flame would heat up the photomultiplier tube,
thus increasing its background signal.

The nitrogen/phosphorus detector (NPD) features a new generation in
source technology. This detector is similar in design to the FID, except that the
hydrogen flow rate is reduced to about 3 ml/min. An electrically heated ceramic
thermionic source embedded with an alkali metal catalyst is positioned near the
jet orifice; nitrogen or phosphorus-containing molecules exiting the column col-
lide with the hot source and undergo a catalytic surface chemistry reaction. The
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ions created in this reaction are attracted to a collector electrode, which are then
amplified and output to the data system.

NPD gives a linear response, has a wide dynamic range, and provides
sensitivity at picogram levels that is stable over time, producing more reliable
results. The detector offers greater stability and ease of operation with a self-
aligning source.

23.3.6 Mass Spectrometric Detectors

Among the available detectors, mass spectrometric (MS) ones are probably the
most powerful for providing structural information about molecules. MS detectors
use the difference in mass-to-charge ratio (m/z) of ionized atoms or molecules
to separate them from each other. Molecules have distinctive fragmentation pat-
terns that provide structural information to allow one to identify structural compo-
nents.

In general, all mass spectrometers share at least three distinct structures:
the source, the analyzer, and the detector. Differences in these three structures
identify the multitude of MS systems. The source is perhaps the most crucial
element of the mass spectrometer. Therefore, the selection of the source primarily
differentiates the various MS systems. Although specific analyzers or detectors
may be preferable for a particular MS application, mass spectrometrists will often
refer to different systems solely by the source. Only occasionally, when a time-
of-flight mass analyzer is used, for example, analysts refer to the method by the
type of the mass analyzer.

MS operation is based on magnetic and electric fields that exert forces on
charged ions in a vacuum. Therefore, a compound must be charged or ionized
in the source to be introduced in the gas phase into the vacuum system of the
MS. This is easily attainable for gaseous or heat-volatile samples. However, many
thermally labile analytes may decompose upon heating. Such samples require
either desorption or desolvation methods if they are to be analyzed by MS. Al-
though ionization and desorption/desolvation are usually separate processes, the
term ‘‘ionization method’’ is commonly used to refer to both ionization and
desorption or desolvation methods.

The choice of the ionization method depends on both the nature of the
sample and the type of information required from the analysis (Table 23.2). A
great variety of ionization methods exists that can be classified into six major
categories: gas-phase ionization, field desorption and ionization, particle bom-
bardment, atmospheric pressure ionization, and the laser desorption.

Ionization methods such as electron impact, chemical ionization, desorption
chemical ionization, and negative-ion chemical ionization are all based on ioniza-
tion of gas-phase samples and, thus, fall within the first category of gas-phase
ionization.
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TABLE 23.2 Ionization Methods Commonly Used in Mass Spectrometry

Mass range
Method Sample introduction Advantages Limitations (daltons)

Electron impact Heated batch inlet Application to all volatile Samples thermally Low ( 1000)
Heated direct insertion compounds volatile and stable

probe Reproducible mass Molecular ion weak or
GC spectra absent for many
LC (particle-beam Fragmentation provides compounds

interface) structural information
Mass spectra libraries

can be searched for EI
‘‘fingerprint’’

Chemical Heated batch inlet Gives molecular weight Samples thermally Low ( 1000)
ionization Heated direct insertion information even when volatile and stable

probe EI would not produce a Less fragmentation that
GC molecular ion EI, fragment pattern
LC (particle-beam Simple mass spectra, not informative or

interface) fragmentation reduced reproducible enough
compared to EI for library search

Results depend on
reagent gas type and
pressure, or reaction
time and nature of
sample

Desorption Sample deposition onto a Reduced thermal Not particularly Low ( 1500)
chemical filament wire decomposition reproducible
ionization Filament rapidly heated Rapid analysis Rapid heating requires

inside the CI source Relatively simple fast scan speeds
equipment Fails for large or labile

compounds

(continued)
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TABLE 23.2 Continued

Mass range
Method Sample introduction Advantages Limitations (daltons)

Negative-ion Heated batch inlet Efficient ionization, high Not all volatile Low ( 1000)
chemical Heated direct insertion sensitivity compounds produce
ionization probe Less fragmentation than negative ions

GC positive-ion EI or CI Poor reproducibility
LC (particle-beam Greater selectivity for

interface) certain biologically
important compounds

Field desorption Direct insertion probe Simple mass spectra Sensitive to alkali metal Low-moderate
Deposition of the sample Little or no chemical contamination and (2000–3000)

by dipping the emitter background sample overloading Some
into an analyte solution Works well for small Emitter is relatively examples

Deposition of the sample organic molecules, and fragile with masses
onto the emitter with a low-molecular-weight Relatively slow analysis 1000
microsyringe polymers as the emitter current

is increased
Samples thermally

volatile to some extent
to be desorbed

Field ionization Heated direct insertion Simple mass spectra Samples thermally Low ( 1000)
probe Little or no chemical volatile

Gas inlet background
Gas chromatograph Works well for small

organic molecules and
some petrochemical
fractions
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Fast atom Direct insertion probe Rapid and simple High chemical background Moderate
bombardment LC-MS (frit FAB or Relatively tolerant of Difficult to distinguish low- (300–6000)

continuous-flow variations in sampling molecular-weight
FAB) Suitable for a large compounds from chemical

variety of compounds background
Strong ion currents– Analyte soluble in the liquid

suitable for high- matrix
resolution Not suitable for multicharged
measurements compounds with more

than 2 charges
Liquid secondary Direct insertion probe Rapid High chemical background Moderate

ion mass LC-MS (frit FAB or Simple Difficult to distinguish low- (300–13,000)
spectrometry continuous-flow More sensitivity than FAB molecular-weight

FAB) for higher masses compounds from chemical
(3000–13000 Da) background

Relatively tolerant of Analyte soluble in the liquid
variations in sampling matrix

Works well for a large Not suitable for multicharged
variety of compounds compounds with more

Strong ion currents– than 2 charges
good for high- Target can get hotter than in
resolution FAB, due to more
measurements energetic primary beam

High-voltage arcs more
common than FAB

Ion source requires more
maintenance than FAB

(continued)
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TABLE 23.2 Continued

Mass range
Method Sample introduction Advantages Limitations (daltons)

Electrospray Flow injection Suitable for charged, Multiply charged species Low-high
ionization LC-MS polar or basic require interpretation ( 200,000)

Typical flow rates range compounds and mathematical
from , 1 l/min to 1ml/ Detection of high-mass transformation
min compounds at mass- Complementary to APCI.

to-charge ratios No good for
2000–3000 uncharged, nonbasic,

Best method for low-polarity
analyzing multicharged compounds
compounds Very sensitive to

Very low chemical contaminants (alkali
background metals or basic

Can control presence or compounds)
absence of Relatively low ion
fragmentation by currents
controlling the Relatively complex
interface lens hardware compared to
potentials other ion sources

Compatible with MS-MS
methods
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Atmospheric Flow injection Works well for less-polar Multicharged species Low-moderate
pressure LC-MS compounds require interpretation ( 2000)
chemical Typical flow rates range Excellent LC-MS and mathematical
ionization from 1 l/min to interface transformation

1ml/min Compatible with MS-MS Complementary to APCI.
methods No good for uncharged,

non-basic, low-polarity
compounds

Very sensitive to
contaminants (alkali
metals or basic
compounds)

Relatively low ion currents
Relatively complex

hardware compared to
other ion sources

Matrix-assisted Direct insertion probe Rapid and convenient MS-MS difficult Very high
laser desorption Continuous-flow molecular weight Requires a mass analyzer ( 500,000)
ionization introduction determination compatible with pulsed

ionization techniques
Not easily compatible

with LC-MS
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Electron impact (EI), also referred to as electron ionization, is the oldest
and best characterized of all the ionization techniques. A beam of electrons,
usually generated from a tungsten filament, passes through the gas-phase sample.
An electron that collides with a neutral analyte molecule can knock off another
electron, resulting in a positively charged ion. The ionization process can either
produce a molecular ion that will have the same molecular weight and elemental
composition of the starting analyte, or it can produce a fragment ion that corre-
sponds to a smaller piece of the analyte molecule.

Chemical ionization (CI) uses a reagent ion to react with the analyte mole-
cules to form ions by either a proton or hydride transfer. Reagent ions are produced
by introducing a large excess of gas, such as methane, into an EI ion source.
Electron collisions produce CH4

+ and CH3
+, which further react with methane

to form CH5
+ and C2H5

+.
Desorption chemical ionization (DCI) is a variation on chemical ionization

in which the analyte is placed on a filament that is rapidly heated in the CI plasma.
The direct exposure to the CI reagent ions, combined with the rapid heating, acts
to reduce fragmentation. Some samples that cannot be thermally desorbed without
decomposition can be characterized by the fragments produced by pyrolysis de-
sorption chemical ionization.

In negative-ion chemical ionization (NCI), a buffer gas such as methane
is used to slow down the electrons in the electron beam until some of the electrons
have just the right energy to be captured by the analyte molecules. The buffer
gas can also help in stabilizing the energetic anions and reduce fragmentation.
This is really a physical process and not a true CI process.

In NCI, negative ions can be produced by a number of processes. Resonance
electron capture refers to the capture of an electron by a neutral molecule to
produce a molecular anion. The electron energy is very low, and the specific
energy required for electron capture depends on the molecular structure of the
analyte. Electron attachment is an endothermic process, so the resulting molecular
anion will have excess energy. Some molecular anions can accommodate the
excess energy. Others may lose the electron or fall apart to produce fragment
anions. Not all compounds will produce negative ions. However, many important
compounds of biological interest can produce negative ions under the right condi-
tions. For such compounds, NCI is more efficient, sensitive, and selective than
positive-ion mass spectrometry.

Ionization methods such as field desorption and field ionization tend to
produce mass spectra with little or no fragment-ion and, thus, fall within the
second category of field desorption and ionization.

In field desorption (FD), the sample is deposited onto the emitter, a high
voltage is applied, and a current is passed through the emitter to heat up the
filament. Mass spectra are acquired as the emitter current is gradually increased
and the sample is evaporated from the emitter into the gas phase. The analyte
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molecules are ionized by electron tunneling at the tip of the emitter ‘‘whiskers’’
and characteristic positive ions are produced.

In field ionization (FI), a very high electric field is created by applying a
high voltage between a cathode and an anode called a field emitter. The sample
is evaporated from a direct insertion probe, gas chromatograph, or gas inlet, and
as the gas molecules pass near the emitter, they are ionized by losing an electron.

Fast-atom bombardment (FAB) and liquid secondary-ion mass spectrome-
try (LSIMS) methods make up the category of the particle bombardment ioniza-
tion. In both methods the analyte is dissolved in a liquid such as glycerol, thioglyc-
erol, m-nitrobenzyl alcohol, or diethanolamine and about 1 l is placed on a
target that is bombarded with atoms, neutrals, or ions.

In FAB a high-energy beam of neutral atoms such as Xe or Ar strikes a
solid sample, causing desorption and ionization. It is used for large biological
molecules that are difficult to get into the gas phase. FAB causes little fragmenta-
tion and usually gives a large molecular ion peak, making it useful for molecular
weight determination.

LSIMS is nearly identical to FAB except that the primary particle beam is
an ion beam, usually cesium ions, rather than a neutral beam. The ions can be
focused and accelerated to higher kinetic energies than are possible for neutral
beams, and sensitivity is improved for higher masses.

Ionization methods such as electrospray, ionspray, and atmospheric pres-
sure chemical ionization, in which the analyte is sprayed at atmospheric pressure
into an interface to the vacuum of the MS ion source, constitute the category of
the atmospheric pressure ionization.

In electrospray ionization (ESI) a solution containing the analyte is sprayed
at atmospheric pressure from a narrow-bore capillary into an orifice in the inter-
face to the vacuum of the mass spectrometer ion source. Nebulization is due to
the action of a high electric field resulting from a potential difference between
the capillary and a surrounding counter electrode. The solvent emerging from
the capillary breaks into fine threads that subsequently disintegrate in small drop-
lets. The formed droplets carry charge and, as the solvent evaporates, the droplets
disappear leaving highly charged analyte molecules. A combination of thermal
and pneumatic means is used to desolvate the ions as they enter the ion source. In
some designs, the electrospray nebulization is assisted by pneumatic nebulization.
Such an approach is the so-called ionspray ionization (ISP).

In atmospheric pressure chemical ionization (APCI) a similar interface to
that used for ESI is used. A corona discharge is used to ionize the analyte in the
atmospheric pressure region. The gas-phase ionization in APCI is more effective
than ESI for analyzing less polar species. Both ESI and APCI are complementary
methods that are well-suited for LC/MS techniques.

The fifth category of ionization includes the laser ionization mass spectrom-
etry (LIMS) methods. Matrix-assisted laser desorption ionization (MALDI) uses
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a pulsed laser to desorb species from a target surface. The analyte is dissolved
in a solution containing an excess of a matrix such as sinapinic acid or dihydrox-
ybenzoic acid that has a chromophore that absorbs at the laser wavelength. A
small amount of this solution is placed on the laser target. The matrix absorbs
the energy from the laser pulse and produces a plasma that results in vaporization
and ionization of the analyte. The mechanism of ion formation within MALDI
generally is considered to be analogous to that of FAB and LSIMS processes,
except that a high-energy photon impinges on the sample-containing matrix rather
than a high-energy atom or ion. The exact mechanism of ion formation is not
fully understood. MALDI has become extremely popular as a method for the
rapid determination of high-molecular-weight compounds.

After the analytes are ionized in the source of the MS, ions of discrete m/
z ratios are separated and focused in the mass analyzer. Many types of mass
analyzers are available, including the quadrupole, ion-trap, magnetic sector, time-
of-flight (TOF), and Fourier-transform ion cyclotron resonance (FTICR) devices.
The major differences between these mass analyzers are the degree of resolution
and the upper mass range, which follow, generally, the order Fourier-transform
(about 106 Da full width at half maximum form (FWHM) magnetic sector
(about 104 Da FWHM) quadrupole and Ion-trap (about 1 Da FWHM) TOF
(about 0.1% FWHM of m/z) and TOF (no upper limit) magnetic sector (about
104 Da) Fourier-transform (about 8000 Da) quadrupole (1000–4000Da)
ion-trap (850 Da), respectively.

The most commonly used mass analyzers are the Ion-trap, quadrupole, and
TOF. The ion-trap uses a three-electrode system consisting of a ring electrode
separating two hemispherical electrodes to trap the ionized fragments for a short
period after their formation. Then the ions are ejected from the ion-trap one mass
at a time. Sweeping the electrode voltages to select a range of sequential masses
produces a mass spectrum in the electron-multiplier detector. The advantages of
the ion-trap include compact size and the ability to trap and accumulate ions to
increase the signal to noise ratio of a measurement.

In the quadrupole mass analyzer, focusing electrodes direct and accelerate
the ionized fragments into a mass filter consisting of four cylindrical electrodes
in a vacuum. The cylindrical electrodes establish a combination radio-frequency
and direct-current electrical field that permits only those ions with a specific,
selected mass-to-charge ratio to pass all the way through the filter. The rest of
the ions impact the electrodes and do not travel to the exit. Varying the electrical
field allows ions with other masses to pass through the filter.

The TOF mass analyzer uses the differences in transmit time through a
drift region to separate ions of different masses. It operates in a pulsed mode, so
ions must be produced or extracted in pulses. An electric field accelerates all
ions into a field-free drift region, and lighter ions have a higher velocity than
heavier ions and reach the detector at the end of the drift region sooner.
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As with mass analyzers, many types of mass detectors equipped with an
electron multiplier are available. Most common mass detectors are the chan-
neltron, Daly detector, electron multiplier tubes, and the Faraday cup. All generate
a current when charged analytes generated in the source and separated in the
analyzer impinge on them. This current is recorded as a function of the masses
selected by the electrical-field settings.

In the selective ion monitoring (SIM) mode, the mass spectrometer detector
monitors only one mass value. This selectivity is sufficient to detect one com-
pound or group of compounds that shares a common molecular fragment. By
rapidly jumping the selected mass from one value to another repeatedly during
analyte elution, the mass spectrometric detector provides abundance information
for more than one mass across the peak width. This multiple-ion monitoring mode
produces a number of selected-ion chromatograms simultaneously that may be
very useful when two peaks in a chromatogram overlap. Monitoring masses
unique to each peak deconvolutes the peaks and makes the independent determina-
tion of their areas possible. If the chromatogram includes unknown peaks or if
peaks must be identified unambiguously, repeated scanning of the mass analyzer
over a range of masses will acquire a series of complete mass spectra during
analyte elution.

In the case of full-range mass spectral acquisition, the recorder records a
mass spectrum at regular intervals throughout the chromatogram. The sum of the
mass intensities across one mass spectrum represents the total-ion current during
the interval in which the mass spectrum was recorded. A series of total-ion cur-
rents displayed as a function of the elution time produces a total-ion chromato-
gram that is analogous to the signal of a common general detector.

MS sensitivity depends on both the type of instrumentation and the nature
of the analytes, but, typically, a minimum sample size of 5–10 ng is in most
cases sufficient. Limited sensitivity in a certain application is often not due to
the inherent sensitivity of the MS but rather the level of background impurities
that are in the isolate. It is not always appreciated that very slowly eluting LC
solutes from previous separations can create substantial MS background peaks
that obscure analyte identification. Thus, it is important to use a blank sample to
ensure that the background of the trapped fraction is adequately free of possible
interferences to the desired identification.
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Confirmation

Microbiological or immunochemical techniques offer the advantage to screen
rapidly and at low cost a large number of food samples for potential drug residues
but cannot provide definitive information on the identity of the specific drug
residues found. Unlike microbiological and immunochemical techniques, physi-
cochemical techniques actually aim at the identification, quantification, and/or
confirmation of the presence of violative residues in suspected samples.

For samples found positive by screening assays, residues can be tentatively
identified and quantified by means of the combined force of an efficient chromato-
graphic separation and a selective detection system such as ultraviolet (UV),
fluorescence, or electrochemical. The potential of pre- or postcolumn derivatiza-
tion can further enhance the selectivity and sensitivity of the analysis.

Nevertheless, unequivocal identification is not possible by such classic
methods because identification is based on comparison of the retention time of
the analyte with that of a reference standard that has been analyzed using the same
protocol. Retention time alone fails to identify a substance positively because
interfering compounds and many other substances in the sample having similar
properties may be eluted from the chromatographic column at the same time.
Appearance of a peak only signifies that something has been eluted from the
column and that the detector responds to it; this peak could represent more than
one substance. Most physicochemical detectors merely screen out analytes that
do not fit the criteria for detector response and, therefore, narrow the field of
candidates but still cannot identify target analytes unequivocally. Hence, more
information is usually required before an analyst can proceed with the identifica-
tion of an unknown drug residue in a sample containing unknown components.

721
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A certain amount of qualitative information can be obtained by means of
so-called multidimensional chromatography (1). This is a combination of different
chromatographic techniques in which fractions from a primary separation step
are transferred online to a secondary separation step. Multidimensional gas chro-
matography (GC), for example, involves coupling of GC columns of different
selectivities so that the primary column isolates the fraction of interest, and the
secondary column takes care of the final separation of that fraction. Using multidi-
mensional liquid chromatography (LC), determination of androgen hormone resi-
dues in cattle liver has been possible (2).

A very exciting development in multidimensional separation involves the
coupling of LC to GC or other techniques, such as capillary electrophoresis (CE).
Online coupling of LC with multidimensional GC has allowed efficient determi-
nation of the stilbene hormones in corned beef (3), whereas LC–GC coupling
permitted determination of levamisole residues in milk (4). With these hyphenated
techniques, the potential of selective separation is becoming increasingly ap-
parent.

Although multidimensional separation generally offers enhanced selectivity
and discrimination of solutes, application of more than one hyphenated techniques
is usually required for complete and unequivocal identification of the analytes.
A recent report states that ‘‘two widespread misconceptions about mass spectros-
copy (MS) are that GC–MS is a specific method and that GC–MS is 100%
accurate’’ (5). The 1989 Forensic Urine Drug Confirmation Study by the Ameri-
can Association for Clinical Chemistry/College of American Pathologists con-
firmed this concern about overreliance on GC–MS as a confirmation method (5).

Over the last few years, interest in such hyphenated methods has grown
enormously. The successful hyphenation of various separation procedures such
as capillary GC, high-performance thin-layer chromatography (HPTLC), and LC,
with one or more sophisticated detection devices including diode-array, mass
spectrometric, and Fourier transform infrared spectroscopic detectors, has led to
development of highly flexible, computer-aided analytical methods that offer the
required possibility for unambiguous identification of drug residues in food. These
fully integrated hyphenated techniques constitute a distinct step forward if large
numbers of samples have to be analyzed in a routine fashion. This is especially
true because in many samples a variety of analytes must be identified and/or
quantified at, typically, the ppb level. A brief overview of the most important
hyphenated techniques in drug residue analysis is given below.

24.1 LIQUID CHROMATOGRAPHY/CAPILLARY
ELECTROPHORESIS–DIODE ARRAY TECHNIQUES

For detecting the presence of coeluting impurities in LC or CE, peak purity testing
should be performed (6). With this test, a reasonable degree of confidence on
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the analytical results can be reached. Peak purity testing is particularly important
when violative residues are found since in that case the quality of the results are
most critical.

A proper peak purity testing requires access to a large portion of the ultravi-
olet-visible (UV-vis) spectrum of the eluting analyte without interrupting the
separation. The traditional variable-wavelength UV-vis detectors are not suitable
for this purpose because they examine only a single wavelength of the analyte
spectrum, providing insufficient information for peak purity testing. Several at-
tempts have been made to generate a broader range of spectral information using
variable-wavelength detectors in a scanning mode, but they all proved to be
laborious and destroyed the chromatographic or electrophoretic separation be-
cause they necessitated stop-flow conditions prior to the wavelength scanning.
Depending on the equipment, the peak trapped in the cell was mechanically
scanned over the desired wavelength spectrum and absorption was measured at
several selected wavelengths. The ratio of a selected absorption reading to each
of the others is highly specific for a single compound and serves to monitor the
purity of the solute eluting from the column in the case of the analysis of furazoli-
done in eggs (7).

In contrast, modern diode array detectors (PDA) are particularly suitable
for peak purity testing because they provide almost instantaneous acquisition of
spectral data that can be processed to identify peaks and assess purity, without
interrupting the separation. These detectors illuminate the sample with the entire
spectrum of wavelengths emitted by the light source. Light transmitted by the
sample is then broken into its component wavelengths by a diffraction grating
and directed to a bank of photodiodes, each of which is dedicated to measuring
a narrow band of the spectrum. Because no mechanical scanning is required,
spectral acquisition can be accomplished in as short time as 12 ms (8). The high
spectral acquisition rate of PDA during elution provides a matrix of absorbance
wavelength/time data that can be computer-processed to provide more informa-
tion regarding the identity of the solute.

For coeluting compounds, PDA makes it possible to differentiate both com-
pounds even when their spectral absorption overlap in the entire range of captured
spectral data. Since the introduction of diode-array detectors for monitoring LC
or CE effluents, various techniques have been developed to identify and access
the purity of chromatographic peaks. These include three-dimensional wave-
length–time–absorbance plots (9), spectral overlays (10), derivative transforma-
tion of spectra (11, 12), isoabsorbance plots (13), peak purity parameters (14),
absorbance ratioing (15, 16), and modeling for accessing interference (17). A
characteristic application example is the identification of nitrofurantoin and fural-
tadone LC peaks in milk by first and second order derivative transformation (18).

Diode-array is currently a routinely applied technique for confirming the
purity of the eluting LC peaks in residue analysis. It is a simple to perform and
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highly selective technique but requires approximately 25–50 ng of the analytes
for proper scanning and evaluation (19).

24.2 GAS CHROMATOGRAPHY–MASS SPECTROMETRY
TECHNIQUES

Mass spectrometry detection can provide more structural information about a
molecule than any other analytical technique. A major advantage of GC-based
procedures for analyzing drug residues in foods is that coupling with MS is in a
mature state.

MS detectors are unique among GC detectors because they deliver better
quantitation of partially resolved peaks as well as improved confidence in peak
identification. By their use, even chlorinated compounds like the coccidiostat
clopidol can be determined with improved sensitivity and selectivity compared
with traditional electron capture detection (20). The amount of the time needed
to conduct GC–MS varies, depending upon confirmation or identification tasks.
Sample preparation may take between 10 min and 24 h; actual testing time may
range from 30 min to 8 h, and evaluation between 1 and 40 h.

Most MS detectors combined with GC are compact bench-top units that
operate in a mass range corresponding to the working range of most GC systems.
The interface between GC and MS is critical in obtaining acceptable system
performance. A fundamental problems in GC–MS interfacing is that more carrier
gas may exit the column than the MS detector vacuum-pumping system can
remove. In addition, establishing a vacuum at the end of the column may change
the chromatographic separation. As much of the mass of the chromatographic
peak as possible should enter the detector for highest sensitivity.

Two principal GC–MS interfaces are available for open-tubular GC col-
umns. The so-called direct interface provides the highest possible detector sensi-
tivity, whereas the open-split interface offers the least possible interference with
chromatographic separation. With the direct interface, the column exit is routed
from the GC oven through a heated transfer line directly into the ionization
chamber. As long as the vacuum-pumping system can remove the carrier gas and
maintain a sufficiently low pressure, the MS detector will function. Also, little
chance exists for adsorptive loses of solute because the analytes contact only the
GC column.

However, a direct interface subjects the exit of the column to vacuum
conditions. The vacuum may lower the inlet pressure required to obtain the desired
mass-flow rate of the carrier gas and also changes its linear-velocity profile across
the column. These conditions can cause poor retention-time and peak-area preci-
sion and can even make the inlet system stop delivering carrier gas to the column.
Thus, analysts should use direct interfaces only with long, narrow-bore columns
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for analyzing trace residue levels or samples that are sensitive to non-column-
surface exposure.

The open-split interface dilutes eluted analytes with additional makeup gas
and then splits the mixture into two fractions. An inert, fused-silica restrictor
routes a portion of the sample-carrier gas mixture from the interface into the MS
ionization chamber, whereas the remainder is vented to atmosphere. An open-
split interface can affect the shapes and areas of peaks because solutes make
contact with several items including the interface liner, the outer surfaces of the
fused-silica column, and the restrictor, which can adsorb trace-level analytes if
they are not properly deactivated (21).

For ionization of the analytes, electron-impact is the most common type
of ion formation, but chemical ionization is also often used. For electron impact
ionization, a collimated beam of electrons makes an impact on the sample mole-
cules, causing loss of an electron from the molecule. When the resulting peak
from this molecular ion is seen in a mass spectrum, it gives the molecular weight
of the compound.

Chemical ionization begins with ionization of methane or other gas, creating
a radical that in turn will have an impact on the sample molecule to produce
MH+ molecular ions, some of which will fragment into smaller daughter ions and
neutral fragments; both positive and negative ions are formed but only positively
charged species will be detected. In general, less fragmentation occurs with chemi-
cal ionization than with electron-impact ionization. Hence the former yields less
information about the detailed structure of a molecule but does yield the molecular
ion; sometimes the molecular ion cannot be detected by electron-impact ioniza-
tion. The two techniques usually complement each other.

The specificity is highest when full spectral scans are used for comparison
of sample and standard peaks at, however, the expense of sensitivity. Compromise
between sensitivity and specificity can be achieved by scanning a limited number
of characteristic fragment ions (22), in the selective ion monitoring mode (SIM).
The number and relative abundance of characteristic ions are both influenced by
the ionization mode applied. However, fragmentation often results in formation
of various low-molecular-weight nonspecific fragments, each having a low abun-
dance (23), while the most characteristic molecular ion may be only marginally
present in the spectrum.

For ionization of the analytes, soft ionization procedures such as fast atom
bombardment (FAB) and field desorption (FD) can also be used, yielding a limited
number of high-molecular-weight specific fragments (24, 25) but the sensitivity
of the detection is decreased. Exceptions are the negative-ion chemical ionization
(NCI) and the pulsed positive ion–negative ion–chemical ionization (PPINICI)
procedures, which allow selective and sensitive detection of analytes containing
functional groups with electron-capturing properties. Thus, accurate quantitation
of chloramphenicol (26, 27) even at ppt levels, nicarbazin (28, 29), and detomidine
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(30) has been made possible by GC–NCI–MS. Moreover, analytical results ob-
tained independently by applying four different methods on milk samples contain-
ing chloramphenicol residues have shown fascinating agreement; all
GC–NCI–MS, GC–ECD, GC–EI–MS, and radioimmunoassay procedures gave
results ranging from 11.1 to 11.7 ppb (31). Reliable quantification of sulfonamides
at the sub-ppb level has been also made possible using GC–PPINICI–MS (32).

Commercially available GC–MS systems present major differences in their
detection and recording system. Many quadrupole instruments use SIM for the
determination of analytes at trace levels. With this type of instrumentation, more
than 1–10 ng of the analyte is required to record a full-scan mass spectrum. In
contrast, instruments based on ion-trap technology can record a full-scan mass
spectrum on an analyte at pg level. With SIM, a limited number of ions are
monitored during a selected time interval of the chromatogram. The presence of
the analyte is determined by the presence of these diagnostic ions at the correct
retention time and in the correct abundance ratio (33).

When quadrupole instruments are used for analyzing drug residues in ex-
tracts of urine, meat, or feces, limited interferences are observed as a result of
the high selectivity of the detector. Using, however, an ion-trap instrument, high
concentrations of coeluting molecules may influence the ionization time of the
analytes and thus the detection limit. This may cause false-positive and -negative
results and incorrect quantification, as has been demonstrated in the case of nortes-
tosterone analysis by GC–MS (34). Thus, when GC–MS is used for the determi-
nation of drug residues, particularly illegal growth promoters at the ppb level,
the possibility of interference should always be kept into mind.

Caution and investing time and money in the analysis may prevent wrong
results. False-negative results arising from loss of the analyte during extraction/
cleanup, derivatization, or injection must be addressed by using internal standards
(35–37). Synthesized stable isotopes are ideal internal standards since they behave
as closely similar to the analytes as possible, while still allowing a separate
detection (38–40). Unfortunately, in most cases such isotopes are not commer-
cially available and isomers or close analogues of the analytes are used instead
(41). In cases where derivatization of the analytes is not required, reliable quantita-
tive information can be obtained even without internal standards as in the analysis
of nitroimidazoles (42), levamisole (43), clenbuterol (44), and penicillin (45)
residues.

False-negative results arising from disturbance of normal peak ratios of the
analyte ions may be overcome by a variety of means including reinjection of the
same derivative on another column, application of an alternative derivatization
technique, and/or performing a second analysis with a different method. Thus,
the identity, for example, of an illegal hormone residue in a suspect sample has
been given by a series of different events including two values for the ratio to
the front in two-dimensional HPTLC, a characteristic fluorescence after sulfuric
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acid induction, a retention window in LC, a retention time in capillary GC, and
MS data. Although each technique on its own does not exactly fulfill the quality
criteria, the combination may result in sufficient analytical accuracy. This has
been realized in the LC–GC–tandem MS determination of levamisole in milk
(46), and in LC–GC–MS analysis of swine tissues for sulfamethazine (47) and
carbadox-related residues (48). It was also achieved in the TLC–GC–MS analysis
of eggs and meat for chloramphenicol residues (49) in which the collected LC
peaks and the scraped-off TLC spots were injected after appropriate processing
into the GC–MS. Advantages of these approaches over direct GC–MS include
extra cleanup through the additional chromatographic separation, possibility for
tentative confirmation by means for example of a diode array detector, and the
feasibility of limiting the use of expensive MS to only those samples in which
maximum residue limits (MRLs) are exceeded. It may seem attractive to use the
selective and sensitive GC–MS methods for screening, but in practice this method
is still too vulnerable to be used on a routine basis.

A more powerful alternative in cases where the analytical results offered
by conventional low-resolution GC-MS are not clear enough, is to resort to
GC–MS–MS. This can be best exemplified in the analysis of -agonists. Since
the commonly used trimethylsilyl (TMS) derivatives of some -agonists show
only low abundance for the most specific ions, in many cases identification has
to be based on the results of two independent GC–MS methods with different
derivatives and/or ionization techniques, each producing two or three diagnostic
ions. Thus, in the electron impact (EI) ionization mode, the spectrum of the
mono–TMS–derivative of clenbuterol shows five diagnostic ions at 86, 243,
262, 264, and 277 with relative intensity values of 100.0, 3.0, 7.0, 4.7, and 1.3,
respectively. At residue levels, however, the relatively low intensities of the ions,
except for 86, are intefered with by matrix components. In order to obtain the
necessary evidence, one is often obliged to perform a second supplementary run
using a chemical ionization (CI) mode or another derivative such as boronic acid.
In the CI mode, the diagnostic ions with higher masses are much more abundant
than in EI, but the stability of the spectra is much decreased, again causing
identification problems in one single run. With boronic acid derivatization, on
the other hand, abundant ions in the high-mass range are produced, but again
problems are encountered in obtaining four diagnostic ions at residue levels.
In contrast, application of GC–MS–MS results in significant reduction of the
background noise, leading directly to completely comparable full-scan spectra of
standard and the analyte at residue levels (50).

24.3 THIN LAYER CHROMATOGRAPHY–MASS
SPECTROMETRY TECHNIQUES

Acceptable agreement between the migration distance of standards and sample
components, and application of specific derivatizing reagents are commonly used
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identification procedures in thin-layer chromatography (TLC). None of these
procedures is, however, sufficiently specific for structural elucidation. Use of
derivatizing reagents can provide functional group identity but that is far from
structural identity.

Of more immediate interest are approaches that permit offline TLC–MS
in which the spots are scraped out from the layer and the analytes are either
extracted from the sorbent to be transferred to the mass spectrometer as discrete
samples or are introduced without sorbent removal into the spectrometer on a
direct insertion probe (51). TLC–MS quantification and confirmation efficiency
can be further enhanced by submitting the TLC extract to an additional chromato-
graphic separation using a different technique prior to the final MS analysis.
Advantages of this approach over direct TLC–MS include extra cleanup through
the additional chromatographic separation (52). This has been realized in the
TLC–GC–MS analysis of eggs and meat for chloramphenicol residues (49).

The manual sampling approach used in offline TLC–MS procedures is very
simple and can be carried out without using any complex interfacing system.
However, manual sampling can be tedious, if a very large number of analytes
must be identified, and can lead to loss of sample during subsequent handling.
Another potential limitation concerns the selection of the ionization technique.
Electron impact ionization is only really suitable for use in TLC-MS if the analytes
are volatile and stable enough to be volatilized off the sorbent by heating the
insertion mass probe. For analytes that do not meet these requirements, soft ioniza-
tion techniques such as FAB, liquid secondary-ion mass spectrometry (LSIMS),
or matrix-assisted laser desorption ionization (MALDI) have to be employed (53).
However, these soft ionization techniques only provide molecular ion information
on the analyte and little fragmentation. In this instance, MS–MS, which provides
a fragmentation pattern, can be used to identify compounds unambiguously while
differentiating among those having similar Rf values and the same molecular
mass.

A simpler means for unequivocal identification of substances by TLC or
HPTLC combined with MS, can be provided by online procedures (54, 55). The
ability to perform MS on analytes directly on the chromatographic plate removes
the need to recover them prior to identification. This greatly reduces the amount
of work needed to confirm identity. The determination of midazolam in serum
(56) and the identification of tetracycline residues in honey (57) are examples of
TLC coupled in situ with FAB–MS.

Coupling of TLC with MS–MS provides further advantages by giving more
detailed information on particular ions and eliminating interferences from ions
derived from either interferences with similar retention time or the general back-
ground. Compared with TLC–MS, TLC–MS–MS is superior because the frag-
mentation provides diagnostic ions that allow unambiguous identification and
structure determination to be readily performed.
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Several types of MS–MS instrumentation are available, most common
being the triple quadrupole and the magnetic sector/quadrupole hybrid. Both these
tandem spectrometers can be operated to perform production scanning, precursor
ion scanning, and neutral loss scanning. Product ion scanning is probably the
most common mode for structural identification. In product ion scanning, the ion
representing the molecular species is selected and transmitted into the collision
cell for fragmentation. The resulting fragment ions are focused and detected by
scanning in the second mass spectrometer to give the mass spectrum. These
fragments are derived solely from the original ion, thereby enabling specific
structural identification to be achieved for this ion.

In its own right, tandem mass spectrometry a very powerful analytical tool,
and this has led to the suggestion that chromatographic separations are redundant.
MS–MS techniques without prior chromatography have already shown the poten-
tial to quantitate samples with little or no cleanup. Such techniques have been
successfully applied for the residue analysis of oxytetracycline (58), sulfonamides
(59), danofloacin (60), -lactams (61), clenbuterol (62), metoprolol (63), and
betamethasone and clenbuterol (64). Tandem MS approaches generally provide
sub-ppb detection limits, more or less independent of the biological matrix ana-
lyzed. In an MS–MS method for the determination sulfonamides in pig kidney
(65), 400 extracts could be analyzed before MS source cleaning became neces-
sary.

However, tandem mass spectrometry, as a separation technique, does have
limitations. It cannot easily differentiate between isomeric and isobaric species,
and, in complex matrices, the presence of components with a high surface activity
can suppress the ionization of components with a lower surface activity, leading
to the nondetection of analytes (66). Therefore, the combination of MS–MS
with a readily available chromatographic separation method such as TLC affords
analysts real benefits.

TLC–MS–MS has been developed using either manual or instrumental
approaches for sample introduction into the MS–MS section. For manual
TLC–MS–MS, the spot or zone containing the analyte is removed from the plate
after suitable concentration and, if FAB or LSIMS is going to be the ionization
technique, it is suspended in a liquid matrix such as glycerol. The resulting mixture
is then applied to the probe tip to be introduced into the spectrometer in the usual
way. Although this approach involves manipulation of the sample and thus the
potential for loss of some of the spatial resolution obtained by the TLC separation,
it is readily implemented and requires no additional equipment or interface.

The instrumental approach uses a dedicated probe onto which a segment
of the TLC plate can be fixed. With this probe, the plate is gradually moved
through the ion source, allowing mass chromatograms to be generated and mass
spectra to be obtained for each of the analytes present on the selected track.
Aluminum-backed plates have to be used to ensure good electrical contact with
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the probe. As with the manual approach, the surface of the plate has to be impreg-
nated with the matrix prior to spectrometry if FAB or LSIMS is to be used.

Despite the resolving power of TLC–MS–MS, few applications in drug
residue analysis have been reported. One application concerns the
HPTLC–MS–MS analysis of a number of nonsteroidal anti-inflammatory drugs,
including salicylic acid and its glycine conjugate salicylhippuric acid, diclofenac,
indomethacin, naproxen, phenacetin, and ibuprofen (67). Another application de-
scribes the detection and identification of some of these compounds or their
metabolites in urine by TLC–MS–MS (67).

24.4 LIQUID CHROMATOGRAPHY–MASS
SPECTROMETRY TECHNIQUES

The online coupling of LC with MS for the determination of drug residues in food
of animal origin has been under investigation for almost two decades. LC–MS is
now in a mature state, but it still cannot be considered routine in the field of drug
residue analysis. Possible reasons are the high initial cost, which is two to four
times higher than that of GC–MS; and the poor detection limits, which are approx-
imately 100 times higher than in GC–MS. Coupling of LC with tandem MS may
be a solution for improving detection limits by reducing the background noise, but
this combination is two or three times more expensive than its LC–MS analogue.

Three major difficulties have been generally met in directly combining LC
with MS. The first concerns the ionization of nonvolatile and/or thermolabile
analytes. The second is related to the mobile-phase incompatibility as result of
the frequent use of nonvolatile mobile-phase buffers and additives in LC. The
third is due to the apparent flow rate incompatibility as expressed in the need to
introduce a mobile phase eluting from the column at a flow rate of 1 ml/min into
the high vacuum of the MS.

The ionization of the analytes is no longer considered a problem in LC–MS
applications. Considerable progress has been made in the development of power-
ful ionization techniques, particularly the soft ionization atmospheric pressure
procedures, electrospray (ESP) and ionspray ionization (ISP). For the second
difficulty, however, no technical and general solution is available; a routine, long-
term use of nonvolatile mobile phase constituents, such as phosphate buffers and
ion-pairing agents, is prohibited by all current LC–MS methods. However, some
interfaces, such as the atmospheric pressure chemical ionization (APCI) with
countercurrent drying gas, exhibit a higher tolerance than others. As for the third
difficulty, a wide range of different LC–MS interfaces has been developed. Owing
to the flow rates of the highly polar solvents, the presence of buffer salts, and
the volatilization characteristics of the analytes, several different interfacing
mechanisms are required to provide broad analytical coverage. Hence, the choice
of a suitable interface for a particular application has always to be related to the
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analytes considered, especially their polarity and molecular mass, and the specific
analytical problem as well.

One of the main problems of the currently available interfaces is the lack
of fragmentation data provided for structure determination. All modern interfaces
operate in a basically CI mode, providing mild ionization and making identifica-
tion of unknowns difficult or impossible. However, techniques producing abun-
dant molecular or pseudomolecular ions are ideally suited to MS–MS, which can
produce characteristic full-scan spectra rich in fragmentation detail. In a method
reported on the separation and identification of 21 sulfonamides by LC–MS–ISP,
positive-ion mass spectra yielded only abundant protonated molecular ions. How-
ever, using tandem MS, more structural information through daughter ion spectra
could be obtained (68). It is in the direction of LC–MS–MS that further progress
towards the elusive universal combination of LC and MS will be made (69).

At present, the most powerful and promising interfaces for drug residue
analysis are the particle-beam (PB) interface that provides online EI mass spectra,
the thermospray (TSP) interface that works well with substances of medium
polarity, and more recently the atmospheric pressure ionization (API) interfaces
that have opened up important application areas of LC to LC–MS for ionizable
compounds. Among the API interfaces, ESP and ISP appear to be the most versa-
tile since they are suitable for substances ranging from polar to ionic and from
low to high molecular mass. ISP, in particular, is compatible with the flow rates
used with conventional LC columns (70). In addition, both ESP and ISP appear
to be valuable in terms of analyte detectability. These interfaces can further be
supplemented by preanalyzer collision-induced dissociation (CID) or tandem MS
as realized with the use of triple quadrupole systems. Complementary to ESP
and ISP interfaces with respect to the analyte polarity is APCI with a heated
nebulizer interface. This is a powerful interface for both structural confirmation
and quantitative analysis.

24.4.1 Particle–Beam Interface

The particle–beam interface is an analyte-enrichment interface in which the col-
umn effluent is pneumatically nebulized into a near atmospheric-pressure desolva-
tion chamber connected to a momentum separator, where the high-mass analytes
are preferentially directed to the MS ion source while the low-mass solvent mole-
cules are efficiently pumped away (71, 72). With this interface, mobile phase
flow rates within the range 0.1–1.0 ml/min can be applied (73). Since the mobile
phase solvent is removed prior to introduction of the analyte molecules into the
ion source, both EI and CI techniques can be used with this interface.

PB–MS appears to have high potential as an identification method for
residues of some antibiotics in foods, since it generates library-searchable EI
spectra and CI solvent-independent spectra. Limitations of the PB–MS interface,
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as compared with other LC–MS interfaces, include lower sensitivity, difficulty
in quantification, and lower response with highly aqueous mobile phases. In
addition, this method suffers a limited application range in terms of analyte volatil-
ity, polarity, and molecular mass.

The low sensitivity can be attributed in part to chromatographic band broad-
ening during the transmission of the sample through the interface and in part to
nonlinearity effects that appear at low analyte concentrations (74). Nevertheless,
PB–MS signal enhancement can be made possible through addition of a carrier
to the mobile phase, a phenomenon known as a carrier effect (75). Carriers such
as ammonium acetate (76), malic acid (77), phenoxyacetic acid (78), phenylurea
(79), or the isotopically labeled analogue of the analyte (80) have been shown
to improve the transfer efficiency through the PB interface, resulting in increase
of sensitivity and restoration of the linearity. This effect, dependent as it is on
the analyte, carrier, and interface hardware, is not predictable.

LC–PB–MS has been investigated as a potential confirmatory method for
the determination of malachite green in incurred catfish tissue (81); and of cepha-
pirin, furosemide, and methylene blue in milk, kidney, and muscle tissue, respec-
tively (82). Results showed that the mobile-phase composition, nebulization–de-
solvation, and source temperature all play an important role in the sensitivity of
the method. The sensitivity increases with decreasing heat capacity of the mobile
phase in the order methanol acetonitrile isopropanol water and with
decreasing flow rate. A comparison of the PB with the thermospray interface
showed that less structural information was provided by the latter, whereas the
sensitivity was generally lower with the thermospray interface.

LC–PB–MS has been also investigated for the analysis of ivermectin resi-
dues in bovine liver and milk (83). The specificity required for regulatory confir-
mation was obtained by monitoring the molecular ion and characteristic fragment
ions of the drug under NCI–selective ion monitoring (SIM) conditions. Coeluting
matrix components were found to alter the abundance pattern of the analyte, thus
enhancing the total response. As a result, concentrations as low as 2 ppb and 15
ppb of the drug could be readily quantified in milk and liver, respectively. The
enhancement was attributed to improved transmission through the PB interface in
a kind of carrier effect. To compensate for the variation in the relative abundance
produced by coeluting compounds, control milk was spiked with ivermectin stan-
dard for the abundance matching requirement of regulatory confirmation.

Quantification and confirmation of tetracycline, oxytetracycline, and chlor-
tetracycline residues in milk (84) as well as chloramphenicol residues in calf
muscle (85) have been also carried out using LC–PB–NCI–MS. Use of an SIM
mode allowed a detection limit of about 100 ppb for the tetracyclines and 2 ppb
for chloramphenicol residues.
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24.4.2 Thermospray Interface

The TSP interface is widely used for the determination of drug residues in foods
(86). TSP is typically used with reversed-phase columns and volatile buffers.

In the thermospray interface, aqueous mobile phases containing an electro-
lyte such as ammonium acetate are passed at flow rates of 1–2 ml/min through
a heated capillary prior entering a heated ion source. The end of the capillary
lies opposite a vacuum line. Nebulization takes place as a result of the disruption
of the liquid by the expanding vapor formed at the capillary wall upon evaporation
of part of the liquid in the capillary. This results in formation of a supersonic jet
of vapor containing a mist of fine, electrically charged droplets.

As the droplets move through the hot source area, they continue to vaporize.
The electric field at the liquid surface increases until ions present in the eluent
are ejected from the droplet. Ions are sampled through a conical exit aperture in
the mass analyzer. The ionization of the analytes takes place by means of direct
ion evaporization of the sample ion or by solvent-mediated CI reactions: an ion
of the electrolyte ejected from a droplet reacts with a sample molecule in the gas
phase and generates a sample ion that is mass analyzed. In addition, fragment
ions can be observed due to the high temperatures associated with TSP; negative
ions are also produced by TSP, and negative ion detection is recommended for
acidic compounds.

With TSP, ammonium acetate has emerged as the best general-purpose
electrolyte for ionizing neutral samples. Improved ionization can be obtained by
the use of a filament or discharge electrode to generate reactive ions for CI (87,
88). The processes involved in filament or discharge-assisted ionization must be
used when operating in the absence of a buffer with nonaqueous eluents. With
ionic analytes, the mechanism of ion evaporation is supposed to be primarily
operative since ions are produced spontaneously from the mobile phase (89). Ion
evaporation often yields mass spectra with little structural information; in order
to overcome this problem, other ionization modes or tandem MS have been ap-
plied (90).

The TSP interface is typically combined with quadrupole MS, but coupling
with ion-trap (91) or magnetic sector MS (92) has been also reported. Drawbacks
of LC–TSP–MS are the requirements for volatile modifiers and the control of
temperature, particularly for thermolabile compounds. Lack of structural informa-
tion from LC–TSP–MS applications can be overcome by the use of
LC–TSP–MS–MS. Use of this tandem MS approach provides enhanced selectiv-
ity, generally at the cost of a loss of sensitivity as a consequence of a decreased
ion transmission.

LC–TSP–MS has been successfully applied for confirmation of nicarbazin
residues in chicken tissues using negative-ion detection and SIM at three charac-
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teristic ions in the TSP mass spectrum of the drug (93). LC–TSP–MS in the SIM
mode has been also used for quantification of several sulfonamides in meat (94),
residues of moxidectin in cattle tissues and fat (95), and nitroxynil, rafoxanide,
and levamisole in muscle (96).

Confirmatory methods based on LC–TSP–MS have further been developed
for the determination of various penicillin derivatives, penicillin G, and cephapirin
and its metabolite in milk. In the assay for penicillin derivatives (97), ammonium
acetate buffer replaced the ion-pair reagents used in the mobile phase, whereas
the positive-ion TSP mass spectra of penicillins displayed both MH+ and MNa+

ions, which provided unequivocal proof of the suspected drug residue. The detec-
tion limits in this assay were estimated to be in the range of 100–200 ppb. A
detection limit of 100 ppb was also observed in one of the assays of penicillin
G in milk (98), although another assay (99) offered a detection limit of only 3
ppb. This was probably due to the fact that only ultrafiltration was employed for
milk cleanup in the former assay, while both protein precipitation and solid-phase
cleanup were used in the latter. In the case of the cephapirin analysis (100), the
principal metabolite in milk was identified as deacetylcephapirin by both
LC–PDA detection and LC–TSP–MS. In the LC–MS method, the detection
limits for cephapirin and deacetylcephapirin were 100 and 50 ppb, respectively.

Apart from LC–MS, TSP has been also used in LC–MS–MS systems.
With such a tandem system, residues of chloramphenicol have been detected in
milk and fish by CID on the basis of the mass spectrum of the chloramphenicol
protonated molecule (101). In both food commodities, chloramphenicol residues
could be identified unequivocally at the 500 ppb level.

Comparative evaluation of the confirmatory efficiency of LC–TSP–MS
and LC–TSP–MS–MS in the assay of maduramicin in chicken fat showed the
former approach to be marginally appropriate (102). In contrast,
LC–TSP–MS–MS was found to be highly efficient since it could adequately
resolve the analyte from tissue coextractives, providing reproducible MS data
that are useful for identification purposes.

24.4.3 Electrospray Interface

An alternative sample-introduction approach is the electrospray (ESP) interface
that also constitutes a widely applicable soft ionization technique (103). ESP
operates at the low l/min flow rate, necessitating use of either capillary columns
or postcolumn splitting of the mobile phase (104–106).

For ESP ionization, the analytes must be ionic, or have an ionizable func-
tional group, or be able to form an ionic adduct in solution; the analytes are
commonly detected as deprotonated species or as cation adducts of a proton or
an alkali metal ion. When using positive ion ESP ionization, use of ammonium
acetate as a mobile-phase modifier is generally unsuitable. Instead, organic modi-
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fiers, such as heptafluorobutyric or trifluoroacetic acid, usually at a concentration
of 0.1% are strongly recommended. For negative ion applications, the choice of
the modifier is even more limited; triethylamine is currently the only suitable
compound.

LC–ESP–MS has been successfully used simultaneously to determine and
confirm -lactam antibiotics in food of animal origin. Multiresidue assay of peni-
cillin G, ampicillin, amoxicillin, cloxacillin, and cephapirin in milk ultrafiltrate
was carried out at the 100 ppb level with LC–ESP–MS after postcolumn splitting
of the eluent and recording under SIM conditions in the positive-ion mode (107,
108). By varying the voltage between the capillary and the skimmer in the ESP
interface, structurally relevant CID fragments ions could be formed for all five
analytes. The ESP response was found to be dependent on both the solvents and
the additives used for preparation of the mobile phase; the greater the participation
of the organic solvent in the mobile phase, the higher the ESP response. The
response could be considerably increased by the addition of formic or acetic acid
in the mobile phase.

Significantly lower detection limits were reported by other workers who
described an LC–ESP–MS confirmatory procedure for the simultaneous determi-
nation of five penicillins in milk and meat (108). Using highly sophisticated
instrumentation, all the LC effluent could be provided for the ESP–MS; in this
way, limitations, such as the low flow rate and the use of a postcolumn splitter,
that restricted the practicability of the previous method could be overcome. Acqui-
sition of penicillin signals was carried out under SIM conditions in the negative-
ion mode.

In addition, determination of a variety of sulfonamides has been carried
out by coupling capillary LC with quadrupole MS through an ESP interface;
induced dissociation of the analytes by increasing the skimmer voltage could
allow confirmation at the low-picomole range (110). LC–ESP–MS has been also
found suitable for the determination of four coccidiostats in poultry products
(111).

ESP has been further shown to be useful as a generic screening method
for some classes of veterinary drugs, such as sulfonamides and tetracyclines,
which exhibit spectra with four common ions; however, this was not possible for
the group of -agonists because of their more diverse chemical structure (112).
Negative-ion ESP–MS has been found useful for the detection and identification
of a number of nonsteroidal anti-inflammatory drugs, including phenylbutazone,
flunixin, oxyphenbutazone, and diclofenac, after their reversed-phase LC separa-
tion. In general, fragmentation increased at higher cone voltages, whereas the
molecular ion peaks were more intensive at lower cone voltages (113).

24.4.4 Ionspray Interface

The ionspray (ISP) interface is closely related to the ESP. Unlike the ESP inter-
face, ISP allows higher flow rates by virtue of pneumatically assisted vaporization
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(114–116). Like ESP, ISP is suitable for analytes that are ionic or have an ioniz-
able functional group or are able to form an ionic adduct in solution.

Since both ESP and ISP produce quasimolecular ions, more sophisticated
techniques, such as LC–MS–MS are required to obtain diagnostic fragment ions
and, thus, analyte structure elucidation (117, 118). Identification can often be
achieved by using daughter ion MS–MS scans and collisionally induced dissocia-
tion (CID), most commonly on a triple quadrupole MS; in this way, dissociation
of the quasimolecular ion occurs and diagnostic structural information can be
obtained (119).

LC–ISP–MS proved to be an attractive approach for the determination of
semduramicin in chicken liver (120). Tandem MS using CID of the molecular
ions could further enhance the specificity, providing structure elucidation and
selective detection down to 30 ppb under SRM conditions.

LC–ISP–MS has been also successfully applied for the assay of 21 sulfon-
amides in salmon flesh (121). Separation was achieved in a reversed-phase LC
system with gradient elution. Simple positive-ion spectra with an intense proton-
ated molecule and no fragment ions of relevant abundance were displayed by
all analytes by operating in the full-scan acquisition and SIM modes. Further
application of tandem MS using SRM for increased sensitivity could overcome
the lack of structural information presented by the ISP mass spectra.

Coupling of LC with either ISP–MS or ISP–MS–MS has been also investi-
gated as an attractive alternative for the determination of erythromycin A and its
metabolites in salmon tissue (122). The combination of these methods permitted
identification of a number of degradation products and metabolites of erythromy-
cin, including anhydroerythromycin and N-demethyerythromycin at the level of
10–50 ppb.

Tandem MS with CID has been also applied for the specific monitoring of
danofloxacin and its metabolites in chicken and cattle tissues at levels down to
50 ppb (123). LC separation was carried out on a microbore column with a mobile
phase of acetonitrile–0.1% trifluoroacetic acid.

Both ISP–MS in the SIM mode and pulsed amperometric detection were
found to be suitable for the determination of aminoglycoside antibiotics in bovine
tissues (124). Various stationary and mobile phases, and several ion-pairing re-
agents, were examined for efficient LC separation and optimum LC–MS sensi-
tivity.

24.4.5 Atmospheric Pressure Chemical Ionization Interface

In order to combine reversed-phase LC with atmospheric pressure chemical ioni-
zation (APCI)–MS (125), a commercially available heated nebulizer interface
that can handle pure aqueous eluents at flow rates up to 2 ml/min in addition to
nonvolatile buffers has been used (126). The heated nebulizer inlet probe consists
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of a concentric pneumatic nebulizer and a large-diameter heated quartz tube. The
nebulized liquid effluent is swept through the heated tube by an additional gas
flow that circumvents the nebulizer. The heated mixture of solvent and vapor is
then introduced in the ionization source, where a corona discharge electrode
initiates APCI (127). The spectra and chromatograms from APCI are somewhat
similar to those from TSP, but the technique is more robust, especially with
gradient LC, and is often more sensitive. APCI is particularly useful for heat-
labile compounds and for low-mass as well as high-mass compounds.

In contrast to TSP interface, no extensive temperature optimization is
needed with APCI. For systems providing a countercurrent drying gas, it is
claimed that volatile as well as nonvolatile buffers can be used. Uncharged volatile
material is swept away from the nozzle by the countercurrent drying gas, whereas
nonvolatile contamination deposited in the source chamber can readily be wiped
away without the need to switch off the vacuum system.

The applicability of the APCI interface is restricted to the analysis of com-
pounds with lower polarity and lower molecular mass compared with ESP and
ISP. An early demonstration of the potential of the APCI interface is the
LC–APCI–MS–MS analysis of phenylbutazone and two of its metabolites in
plasma and urine (128). Other applications include the LC–APCI–MS analysis
of steroids in equine and human urine and plasma (129–131), the determination
of six sulfonamides in milk samples after a simple solid-phase extraction and
LC separation (132), of tetracyclines in muscle at the 100 ppb level (133), of
fenbendazole, oxfendazole, and the sulfone metabolite in muscle at the 10 ppb
level, and of five thyreostats in thyroid tissue at the 1 ppm level (134).

24.5 GAS CHROMATOGRAPHY–INFRARED
SPECTROSCOPY TECHNIQUES

Infrared spectroscopy can fill some of the current gaps in testing methodology
and allow analysts to cope with a wider range of analytical problems (135).
Combining MS with infrared (IR) data creates a highly complementary identifica-
tion system.

Most organic compounds have a large number of relatively narrow absorp-
tion bands in the midinfrared spectral region. These absorptions are highly specific
and can give detailed structural information about a particular compound because
the frequencies at which they appear are directly correlated to the bonds of the
analyzed compound. The greater the masses of attached atoms, the lower the IR
frequency at which the bond will absorb. Because each interatomic bond may
vibrate in several different motions, such as stretching or bending, individual
bonds may absorb at more than one IR frequency. Stretching absorptions usually
produce stronger peaks than bending. However, the weaker bending absorptions
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can be useful in differentiating similar types of bonds. IR spectroscopy involves
collecting absorption information and analyzing it in the form of a spectrum.

By itself, the entire IR spectrum of an organic compound provides a unique
fingerprint, which can be readily differentiated from the absorption patterns of
other compounds. This means that when reference spectra are available, most
compounds can be unambiguously identified on the basis of their IR spectra.

Upon first inspection, a typical infrared spectrum can be divided visually
into two regions. The left half, which is above 2000 cm 1, usually contains
relatively few peaks, but some very diagnostic information can be found here.
First, alkane C–H stretching absorptions just below 3000 cm 1 demonstrate the
presence of saturated carbons, and signals just above 3000 cm 1 demonstrate
unsaturation. A very broad peak in the region between 3100 and 3600 cm 1

indicates the presence of exchangeable protons, typically from alcohol, amine,
amide, or carboxylic acid groups. The frequencies from 2800 to 2000 cm 1 are
normally void of other absorptions, so the presence of alkene or nitrile groups
can be easily seen here. In contrast, the right half of the spectrum, which is below
2000 cm 1, normally contains many peaks of varying intensities, many of which
are not readily identifiable. Two signals that can be seen clearly in this area is
the carbonyl group, which is a very strong peak around 1700 cm 1, and the C-
O bond with can be one or two strong peaks around 1200 cm 1.

These features make IR spectrometry a potentially strong technique for
the characterization of chromatographic peaks. However, compared with UV-vis
absorbance, extinction coefficients in IR are rather low, and the amount of analyte
needed for IR detection therefore is often larger that the amounts usually injected
into a GC or LC. Nevertheless, enhanced sensitivity can be achieved by the
Fourier transform (FT) version of the infrared spectroscopy (FTIR) (136).

In FTIR, a continuum light source is used to produce light over a broad
range of infrared wavelengths. Light coming from this continuum source is split
into two paths using a half-silvered mirror; this light is then reflected from two
mirrors back onto the beamsplitter, where it is recombined. One of these mirrors
is fixed, and the second is movable. If the light intensity is measured and plotted
as a function of the position of the movable mirror, the resultant graph is the
Fourier transform of the intensity of light as a function of the wavelength. Advan-
tages of FTIR include small sample size, detailed chemical bonding information,
analysis of liquids and solids, nondestructive analysis, molecular-specific identifi-
cation, and recording of a complete spectrum within 1 s. The later feature enables
IR detection to be performed in an online mode, allowing thus GC–FTIR to
become a well established technique.

In the various GC–FTIR systems that are commercially available, three
essentially different types of GC–FTIR interfaces can be identified (137). With
the most commonly used interface, the GC column effluent flows through a heated
light-pipe, and vapor-phase spectra are collected in real time at 1 s intervals. This
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light-pipe-based system is relatively simple but presents an inherent sensitivity
limitation that has been addressed by the use of alternative interfaces in which
the analytes are stored on a low-temperature substrate prior to IR detection. In
the most promising type of these storage interfaces, the so-called cryotrapping
interface, the GC eluates are condensed at 77 K on a moving IR transparent
window and the trapped compounds are subsequently scanning by FTIR micros-
copy (138). A unique feature of the system is the possibility of performing ex-
tended postrun scanning of the previously condensed solutes. Thus, considerable
improvement of the signal-to-noise ratio of the IR spectra is obtained, facilitating
identification and increasing the limit of detection to the picogram range. The
technique has been successfully applied to detect and identify the trimethylsilyl
derivatives of clenbuterol, mabuterol, and salbutamol in samples extracted from
urine and liver of veal calves and cattle with a detection limit of 1–2.5 ppb in
the original sample (139).

24.6 LIQUID CHROMATOGRAPHY–INFRARED
SPECTROSCOPY TECHNIQUES

Progress in the field of hyphenation during the past decade has brought LC–FTIR
to a stage of real analytical utility (140). In the earliest systems, flow cells were
used in a fashion analogous to LC with online UV absorption detection. Flow-
through IR detectors would be desirable except for a fundamental limitation: the
mobile phases used in LC applications are invariably strong absorbers in the IR
spectral region and mask the spectra of solutes. This has greatly delayed the
widespread use of the technique.

Since the major part of LC involves reversed-phase separations, more recent
work in the field of LC–FTIR has concentrated on the development of interfaces
suitable for the elimination of aqueous eluents. Solvent-elimination interfaces
with which the eluent is eliminated prior to IR detection have shown to be much
more versatile and to yield interference-free spectral information for considerably
smaller amounts of analytes, which is the primary objective of LC–FTIR.

Solvent-elimination approaches include evaporative spray deposition onto
infrared-transparent surfaces (141) or reflective surfaces and powders (142, 143).
Other approaches include partial evaporation of the mobile phase before spray
deposition (144, 145), and continuous liquid–liquid extraction systems that trans-
fer solutes from LC mobile phases to solvents possessing an infrared window
(146). Spray systems include both pneumatic and ultrasonic nozzles (147).

Attributes of commercially available reversed-phase LC–FTIR systems in
which the column effluent is either sent directly to the solvent elimination inter-
face or is mixed online with a reagent, prior to solvent evaporation, to facilitate
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the elimination of the aqueous solvent, are summarized in Table 24.1. Systems
based on thermospray, particle beam, and ultrasonic nebulization can handle rela-
tively high flows of aqueous eluents (0.3–1 ml/min) and allow the use of conven-
tional-size LC, which evidently is an advantage. However, due to diffuse spray
characteristics and/or a low efficiency of the analyte transfer to the substrate,
these systems often exhibit identification limits that are at best moderate (100
ng) and often unfavorable (1–10 g). Best results (0.05–5 ng injected) are ob-
tained with pneumatic and electrospray nebulizers, but considerable more atten-
tion has been devoted to the former approaches. Pneumatic interfaces combine
rapid solvent elimination with a relatively narrow spray. The latter aspect allows
analytes to be deposited on ZnSe in a narrow trace, so that transmission detection
by FTIR microscope can be applied to achieve mass sensitivities in the low- or
even subnanogram range (148).

However, systems based on pneumatic nebulization are limited with regard
to the LC flow rate, the water content, and the type of buffer salts in the eluent.
The flow rates that can be handled directly by these systems are 2–50 l/min,
which means that micro- or narrow-bore LC has to be applied. On the other hand,
the water content of the eluent that can be tolerated depends on the flow rate. If
flow rates of 2–5 l/min are used as in micro-LC, even pure water can be elimi-
nated efficiently by a pneumatic nebulizer. However, if the flow rate is in the
20–50 l/min range, as in narrow-bore LC, rapid evaporation of highly aqueous
eluents will cause problems. In these instances, further enhancement of the solvent
evaporation efficiency is required by either mixing the effluent with nitrogen gas
before it enters the nebulizer (149) or by placing both the nebulizer and the
deposition substrate inside a vacuum chamber (150). As far as buffer salts are
concerned, even volatile salts are not completely eliminated by a pneumatic nebu-
lizer and can therefore cause interfering absorbances in the analyte spectra. Buffer
salts can, however, be removed by using a phase-switching technique such as
online liquid–liquid extraction.

Despite the distinct advantages of pneumatic nebulizers, ultrasonic nebuliz-
ers may alternatively be used, in some instances, with success. In a recent applica-
tion, a variation of ultrasonic nebulizer called spray nozzle-rotating disk FTIR
interface was successfully applied to confirm the presence of methyltestosterone,
testosterone, fluoxymesterone, epitestosterone, and estradiol and testosterone cyp-
ionate in urine, after solid-phase extraction and reversed-phase LC separation
(151). Using a commercial infrared microscopy spectrometer, usable spectra from
5 ng steroid deposits could be readily obtained. To achieve success with this
interface, phosphate buffers in the mobile phase were not used because these
nonvolatile salts accumulate on the collection disk and their spectra tend to swamp
out small mass deposits. Another limitation of the method was that only nonvola-
tile analytes could be analyzed because volatile compounds simply evaporated
off the collection-disk surface prior to scanning.
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TABLE 24.1 Attributes of Reversed-Phase Liquid Chromatography–Fourier Transform Infrared Systems Using Direct
or Indirect Eluent Elimination

Identification limit
LC

flow-rate Mass Concentration
Interface type ( l/min) Substrate Infrared mode (ng) (mg/L) Ref.

Direct
Thermospray 50 Diamond powder Diffuse reflectance 10 — 152

1000 Stainless steel tape Reflection-absorption 1000 25 153
Particle beam 300 KBr window Transmission 1000 200 154, 155
Ultrasonic nebulizer 500 Ge disk Reflection-absorption 100 20 156
Electrospray 4 ZnSe window Transmission with FTIR 1 10 157

microscope
Pneumatic nebulizer 30 Aluminum mirror Reflection-absorption 30 30 158

2 ZnSe window Transmission with FTIR 0.5 8 159
microscope

50 ZnSe window Transmission with FTIR 1 17 160
microscope

20 ZnSe window Transmission with FTIR 5 3 161, 162
microscope

Indirect
Online liquid–liquid 800 KCl powder Diffuse reflectance 100 10 163

extraction/
concentrator

Online liquid–liquid 200 ZnSe window Transmission with FTIR 30 0.2 164
extraction/ microscope
pneumatic 200 ZnSe window Transmission with FTIR 50 0.001 165
nebulizer microscope

Makeup/pneumatic 2 ZnSe window Transmission with FTIR 20 0.02 166
nebulizer microscope
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Validation

Method validation is the process of confirming that the analytical procedure em-
ployed for a specific analysis is suitable for its intended use. Analytical methods
need to be validated or revalidated before their introduction into routine use, or
whenever the conditions for which the methods have been validated change.

The process of method development and validation has a direct impact on
the quality of the final method. Performing a thorough method validation can be
a tedious process, but the quality of the data generated with the method is directly
linked to the quality of this process. Time constraints often do not allow for
sufficient method validation. However, many researchers have experienced the
consequences of invalid methods and realized that the amount of time and re-
sources required to solve problems discovered later exceeded what would have
been expended initially if the validation studies had been performed properly (1).

Although a thorough validation cannot rule out all potential problems, the
process of method development and validation would address the most common
ones. Examples of typical problems that can be minimized or avoided include
interferences that coelute with the analyte in liquid chromatography (LC), a partic-
ular type of column that no longer produces the separation needed because the
supplier of the column has changed the manufacturing process, an assay method
that is unable to achieve the same detection limit after a few weeks, or a quality
assurance audit of a validation report that finds no documentation on how the
validation was performed.

Problems increase as additional analysts and laboratories apply the method
or different equipment is used to perform the method. When the method is used
in the laboratory where it was first developed, a small adjustment is usually
enough to make the method work, but this flexibility is lost once the method is
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transferred to other laboratories and used for official product testing. This is
especially true in the field of drug residue analysis, in which methods are submit-
ted to regulatory agencies and changes may require formal approval before they
can be implemented for official testing.

Method validation becomes of more crucial importance as requests for drug
residue determinations are constantly being pushed to lower limits of detection.
Under such conditions, analytical reproducibility becomes more difficult to attain
and precision becomes poorer; performing replicate analyses improves the relia-
bility, but for regulatory monitoring programs, this reduces the actual number of
samples that can be analyzed and increases the analytical cost for each reported
analytical result. In addition, confidence of scientific credibility and disposition
of product is lessened, and may be seriously challenged by producers, meat pro-
cessing establishments, consumers, consumer action groups, or other regulatory
control agencies, as analytical determinations are pushed to lower limits.

Validation procedures and key analytical parameters usually examined in
common validation practice for both inhouse-developed and standard methods
in the field of drug residue analysis are briefly discussed below.

25.1 PARAMETERS FOR METHOD VALIDATION

Detailed guidelines on what parameters should be validated have been described
by working groups of many national and international committees (2–11). Unfor-
tunately, definitions given for some parameters vary between different authorities.
Recently, an attempt at harmonization was made through an international confer-
ence at which representatives from the industry and regulatory agencies from the
United States, Europe, and Japan defined parameters, requirements and, to some
extent, methodology for the validation of analytical methods (3).

Typical parameters that are generally considered most important for valida-
tion of analytical methods are specificity, selectivity, precision, accuracy, extrac-
tion recovery, calibration curve, linearity, working range, detection limit, quantifi-
cation limit, sensitivity, and robustness.

25.1.1 Specificity and Selectivity

Specificity and selectivity are often used interchangeably. A detailed discussion of
these terms, as defined by some standard-setting organizations, has been recently
reported (12).

Specificity, in general, is the ability of a method to respond only to the
substance being measured. This characteristic is often a function of the measuring
principle and the function of the analyte under study. A key consideration of
specificity is that it must be able to differentiate a compound quantitatively from
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homologues, analogues, or metabolic products of the residue of interest under
the experimental conditions employed.

Selectivity refers to a method that provides responses for a number of
chemical entities that may or may not be differentiated from each other. If the
response is differentiated from all other responses, the method is said to be selec-
tive. Since very few methods respond to only one analyte, the term selectivity is
usually more appropriate than specificity.

A selective method must provide for the identification of the compound
being measured. Suitable identification tests should be able to discriminate be-
tween compounds of closely related structures that are likely to be present. In
addition, the identification test may be applied to materials structurally similar
or closely related to the analyte to confirm that a positive response is not obtained.
The choice of such potentially interfering materials should be based on sound
scientific judgment with a consideration of the interferences that could occur.
Since it is not always possible to demonstrate that an analytical procedure can
completely discriminate for a particular analyte, additional supporting analytical
procedures should be available to demonstrate overall selectivity.

The techniques used to demonstrate selectivity will depend on the intended
objective of the analytical procedure. The selectivity of a procedure may be
confirmed by obtaining positive results from samples containing the analyte,
while obtaining negative results from blank samples. For chromatographic proce-
dures, representative chromatograms should be used to demonstrate selectivity
and individual components should be appropriately labeled. Similar considera-
tions should be given to other separation techniques.

Critical separations in chromatography should be investigated at an appro-
priate level. For critical separations, selectivity can be demonstrated by the resolu-
tion of the two components that elute closest to each other. Peak purity tests
using diode array or mass spectrometric detectors may be useful to show that the
analyte chromatographic peak is not attributable to more than one component.

25.1.2 Precision

Precision together with accuracy is one of the most important criteria for judging
the performance of an analytical method. It expresses the closeness of agreement
or the degree of scatter between a series of measurements obtained from multiple
sampling of the same homogeneous sample under the prescribed conditions
(13–19). Precision determines random errors that are revealed when replicate
measurements of a single quantity are made and cause the individual readings to
fall on either side of the mean value.

Precision is usually expressed as a standard deviation, variance, or percent-
age relative standard deviation of a series of measurements. The most useful term
is the percentage relative standard deviation (RSD%) or coefficient of variation
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(CV%), because it is relatively constant over a considerable concentration range
that ideally covers the level of interest.

Acceptance criteria for precision depend very much on the type of analysis.
For pharmaceutical quality control, precision of better than 1% RSD is easily
attained, while for biological samples the precision is more like 16% at the detec-
tion limit and 10% at higher concentration levels. For environmental and food
samples, the precision is very much dependent on the sample matrix, the level
of the analyte, and on the analytical method, being in the range of 2% to more
than 20% RSD. Acceptable precision values as a function of the analyte concentra-
tion have been suggested (11) by the Association of Official Analytical Chemists
(AOAC) peer-verified methods program (Table 25.1).

Precision may be considered at three levels: repeatability, intermediate pre-
cision, and reproducibility (2, 3). Repeatability expresses the precision obtained
by repeatedly analyzing, in one laboratory on the same day by one operator using
one piece of equipment, aliquots of a homogeneous sample, each of which has
been independently prepared according to the method procedure. Repeatability
is also termed intra-assay or within-day precision. It is assessed using a minimum
of nine determinations. Repeatability can help in determining the sample prepara-
tion procedure, the number of replicate samples to be prepared, and the number
of injections required for each sample in the final method setting.

Intermediate precision is defined as the long-term variability of the measure-
ment process and is determined by comparing the results obtained when a method
is run within a single laboratory over a number of days. Intermediate precision
may reflect discrepancies in the results obtained by different operators, from
different instruments, with different sources of reagents, with multiple lots of

TABLE 25.1 Analyte Precision and Recovery at Different Concentrations

Analyte concentration Precision (RSD %) Mean recovery (%)

100% 1.3 98–102
10% 2.8 98–102
1% 2.7 97–103
0.1% 3.7 95–105
100 ppm 5.3 90–107
10 ppm 7.3 80–110
1 ppm 11 80–110
100 ppb 15 80–110
10 ppb 21 60–115
1 ppb 30 40–120

Source: From Ref. 11.
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columns, or a combination of these factors. Hence, intermediate precision is also
termed intra-assay or between-day precision.

The extent to which intermediate precision should be established depends
on the circumstances under which the procedure is intended to be used. The
developing analyst should establish the effects of random events on the precision
of the analytical procedure and identify which of the above factors contributes
significant variability to the final result. The objective of intermediate precision
validation is to verify that in the same laboratory the method will provide the
same results once the developmental phase is over.

Reproducibility is defined as the precision obtained between laboratories.
The objective is to verify that the method will provide the same results when it
is applied in different laboratories. It is determined by analyzing aliquots from
homogeneous lots in different laboratories with different analysts and by using
operational and environmental conditions that may differ from, but are still within,
the specified parameters of the method, often as part of interlaboratory crossover
studies.

The evaluation of reproducibility results often focuses more on measuring
bias in results than on determining differences in precision alone. Statistical equiv-
alence is often used as a measure of acceptable interlaboratory results. An example
of reproducibility criteria for an assay method could be that the assay results
obtained in multiple laboratories will be statistically equivalent or the mean results
will be within 2% of the value obtained by the primary testing laboratory.

Intermediate precision and reproducibility studies form much of what his-
torically has been called ruggedness. The variability obtained in the developing
laboratory, after considerable experience with the method, is usually less than
that achieved by less-experienced laboratories who may later use the method.
For this reason, if a method cannot achieve a suitable level of repeatability in the
developing laboratory, it cannot be expected to do any better in other laboratories.

25.1.3 Accuracy and Extraction Recovery

The accuracy of an analytical method is estimated as the percentage difference
(bias) between the mean values generated by the method and the true or known
concentrations. Accuracy is usually synonymous with systematic errors. System-
atic errors cause all the results in a series of replicates to deviate from the true
value of the measured quantity in a particular sense (i.e., all the results are too
high or all are too low) (20). Accuracy has also been used in recent years to refer
to any error causing a single measurement to deviate from the true value (i.e.,
to encompass elements of random and systematic errors) (21).

Accuracy can be assessed in several ways. Since for real samples the true
value is not known, one approach is to compare test results from the method with
results from an existing, alternative, well-characterized method, the accuracy of
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which is defined. Another approach is to analyze a sample of known concentration
(for example, a certified reference material) and compare the measured value
with the true value as supplied with the material. Table 25.2 presents a list of
reference materials available or under preparation by the Standards, Measurement
and Testing program of the European Union for drug residue analysis in food
(22).

If a certified material is not available, as is usually the case in drug residue
analysis, an approximation can be obtained by spiking the blank sample matrix
to a nominal concentration. The accuracy of the method is then determined by
assessing the agreement between the measured and nominal concentrations of
the analytes in the spiked drug-free matrix sample. The spiking levels should
cover the range of concern and should include one concentration close to the
quantitation limit.

Since the spiking-based approach also measures the effectiveness of the
sample preparation procedure, care should be taken to mimic the actual sample
preparation as closely as possible. It should be always considered that in many
cases the analyte added to a sample may not behave in the same manner as the
same analyte biologically incurred; at relatively high concentrations, and particu-
larly with methods involving a large number of sample preparation steps, percent-
age recoveries may be lower.

Accuracy, in general, is assessed using a minimum of nine determinations
over a minimum of three concentration levels covering a range of 50–150% of
the target concentration (e.g., three concentration levels with three replicates
each). The criteria for acceptable accuracy of the assay results cannot be general-
ized because accuracy depends on the concentrations of the analytes being evalu-
ated and the acceptable criteria depend on the purpose of the analysis (23).

A literature survey shows that the concentration of the analyte found when
analyzing a spiked blank sample matrix is often expressed as the percentage of
the known or true drug concentration and is called recovery. By this definition,
recovery is the same as accuracy, which is why accuracy is reported as recovery
in many scientific reports. The difference is that the recovery, as defined, should
be close to 100%, while the accuracy close to 0%.

Recovery experiments are usually performed during the developmental
phase of the assay method. The extraction recovery can be determined by process-
ing a spiked blank matrix and calculating its response as a percentage of the
response of a pure standard that has not been subjected to sample preparation
(24). It is best established by comparing the responses of extracted samples at
low, medium, and high spiked matrix concentrations in replicates of at least six
with those of nonextracted standards that represent 100% recovery. The effect
of coextracted endogenous sample components may be studied by comparing
the response of extracted samples spiked before extraction with the response of
extracted blank matrix samples to which analyte has been added at the same
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TABLE 25.2 Reference Materials Available or Under Preparation

Reference material Current situation Status Availability

Diethylstilbestrol in urine Ready Certified Available (BCR)a

Hexestrol in urine Ready Certified Available (BCR)
Dienestrol in urine Ready Indicative value Available (BCR)
Chloramphenicol in muscle Ready Certified Available (BCR)
Chloramphenicol in milk and eggs Ready Not certified Available (BCR)
Diethylstilbestrol in muscle Ready Not certified Available (BCR)

-Agonists in urine Ready Certified Available (BCR)
Oxytetracycline in milk Ready Certification under discussion Available (BCR)
Ampicillin in milk Under evaluation Not certified To be determined
Neomycin in milk Ready Certification under discussion Available (BCR)
Zeranol in urine, liver and muscle Ready Certification under discussion Available (BCR)
Sulphadimidine in muscle, liver and kidney Ready Not certified Available (BCR)
Nortestosterone Ready Certified Available (BCR)
Trenbolone in urine Ready Certified Available (BCR)
Clenbuterol, salbutamol and terbutaline in liver Ready Certified Available (BCR)
Trenbolone in liver Ready Certified Available (BCR)
Chlortetracycline in pig liver, kidney and muscle In preparation Certification planed 1997–98 Available 1998–99
Ronidazole in poultry muscle In preparation Certification planed 1997–98 Available 1998–99
Dimetridazole in poultry muscle In preparation Certification planed 1997–98 Available 1998–99
Clenbuterol in eye In preparation Certification planed 1998 Available 1998–99

a European Communities Bureau of Reference.
Source: From Ref. 22.
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nominal concentration just before the final measurement (25). The extraction
recovery, defined as above, is sometimes also called absolute recovery.

Although it is desirable to attain recoveries as close to 100% as possible
in order to maximize the efficiency of the method, it may be equally desirable
intentionally to sacrifice high recovery in order to achieve better selectivity with
some sample preparation procedures. It is unlikely that recoveries at around 50%
will compromise the integrity of a method that has adequate selectivity and,
hence, good precision. Acceptable recovery data as a function of analyte concen-
tration have been suggested (11) by the AOAC peer-verified methods program
(Table 25.1).

25.1.4 Calibration, Linearity, and Working Range

A calibration curve is a graph on which concentration is plotted along the x-axis
and analytical response is plotted along the y-axis. The line connecting the points
represents the calibration curve. The calibration curve study is generally per-
formed by preparing standard solutions at five concentration levels, from 50 to
150% of the target analyte concentration. A minimum of five levels is required
to allow detection of curvature in the plotted data.

In addition, or as an alternative, to the visual evaluation of the linearity
of the calibration curve, frequently the linearity is evaluated mathematically by
calculation of a regression line with the method of least squares (26). Data from
the regression line, such as the correlation coefficient, y-intercept, slope of the
regression line, and residual sum of squares, help greatly in providing mathemati-
cal estimates of the degree of linearity. Acceptability of linearity data is often
judged by examining the correlation coefficient and y-intercept of the linear
regression line for the response versus concentration plot. A correlation coeffi-
cient higher than 0.999 is generally considered evidence of an acceptable fit of
data to the regression line, while the y-intercept should be less than a few percent
of the response obtained for the analyte at the target level.

In some instances, calibration test data may need to be subjected to some
kind of mathematical transformation, prior to the regression analysis, in order to
obtain linear calibration plots. In some cases, however, such as in immunochemi-
cal assays, linearity cannot be demonstrated even after any transformation. The
use of nonlinear calibration curves for analysis has been discussed (27).

Nevertheless, in most cases calibration plots exhibit linearity within a cer-
tain concentration range. This range of concentrations is referred to as the linear
dynamic range of the analysis. If we analyze a sample in the linear dynamic
range, we can calculate the regression line equation and use it to solve for concen-
tration rather than using pencil and ruler. If the sample concentration is outside

Copyright © 2001 Marcel Dekker, Inc.



757Validation

of that range, we can either dilute it or concentrate it further by evaporating some
of the solvent.

When an assay method is performed repeatedly to analyze a high volume
of samples, the instability of the calibration curves or an apparent change in
response factor often indicates that some conditions of the assay are drifting, are
no longer stable, and need to be evaluated. Reasons for the instability of the
calibration curves can include variation of the extraction procedures, deterioration
of the efficiency of a chromatographic column, or decline of the efficiency of
the detection system (28).

The linearity of an analytical method is its ability to elicit test results that
are directly, or by means of well-defined mathematical transformations, propor-
tional to the concentration of the analyte in the sample within a given range. It
is determined by analyzing a series of three to six replicates of five or more blank
samples, each spiked with the analyte at a different concentration within the
examined concentration range. Analytical response should be proportional to the
concentrations of the analytes in spiked samples. A linear regression equation
applied to the results should have an intercept not significantly different from
zero. If a significant nonzero intercept is obtained, it should be demonstrated that
there is no effect on the accuracy of the method. Linearity verifies that the sample
extracts are in a concentration range where analyte response is linearly propor-
tional to concentration.

The working range of an analytical method is the interval between the upper
and lower concentrations of the analyte in the sample for which it has been
demonstrated that the method has acceptable precision, accuracy and linearity.
This interval is normally derived from linearity studies and depends on the in-
tended application of the method. However, validating over a range wider than
actually needed provides confidence that the routine standard levels are well
removed from nonlinear response concentrations, and allows quantitation of crude
samples in support of process development. The range is normally expressed in
the same units as the test results obtained by the analytical method.

In practice, the working range of an analytical method is determined using
data from the linearity and accuracy studies. Assuming that acceptable linearity
and accuracy results were obtained, the only remaining factor to be evaluated is
precision. Precision may change as a function of the analyte level. In general,
the percentage RSD values increase significantly as the concentration decrease.
Higher variability is expected as the analyte levels approach the detection limit
for the method. The developer must judge at what concentration the imprecision
becomes too great for the intended use of the method. An example of range
criteria for an assay method is that the acceptable range will be defined as the
concentration interval over which linearity and accuracy are obtained per previ-
ously discussed criteria and that, in addition, yields a precision of better than
10% RSD.
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25.1.5 Limit of Detection, Limit of Quantification, and
Sensitivity

These terms have been defined in different ways, thus giving rise to a great deal
of confusion (29–42). The limit of detection has been described as the lowest
concentration or quantity of an analyte that an analytical method can detect with
reasonable certainty (31) or can reliably detect (29). Such descriptions based
on definition of the terms ‘‘reasonable certainty’’ and ‘‘reliable detect’’ allow
considerable freedom to define the limit of detection.

In the field of analytical chemistry, the limit of detection is commonly
defined as the concentration of an analyte that gives a measured signal equal to
the mean blank signal plus three times the standard deviation of the blank signal
(43). Thus, in chromatography, the detection limit is the injected amount that
results in a peak with a height typically three times as high as the baseline noise
level. On the other hand, the concentration of an analyte that gives a measured
signal equal to the mean blank signal plus 10 times the standard deviation of the
blank is defined as the limit of quantification (41, 44, 45).

Estimate of the standard deviation of the blank can be carried out in a
variety of ways. One way is to measure the magnitude of the analytical back-
ground response by analyzing an appropriate number of blank samples and calcu-
lating the standard deviation of these responses. Another way is to construct a
specific calibration curve using samples containing the analyte in the range of
the detection limit and calculating the residual standard deviation of the regression
line or the standard deviation of the y-intercepts of multiple regression lines. The
latter approach has been considered as a more accurate measure of the blank
signal to define the limit of detection and the limit of quantification (44).

Both the limit of detection and the limit of quantification have been also
defined as ratios of the analyte signal to the background signal (S/N). Thus, an
S/N ratio of 3 has been used to define the detection limit, whereas a S/N ratio
of 10 has been used to define the limit of quantification. Determination of the
signal-to-noise ratios is performed by comparing measured signals from samples
with known low concentrations of analyte with those of blank samples.

The limit of quantification is more relevant than the limit of detection in
the analysis of drug residues in foods. In these applications, the limit of quantifica-
tion can be more practically defined as the lowest drug concentration in food
samples that can be measured with a desired level of accuracy and precision. It
is usually determined by reducing the analyte concentration until a level is reached
where the precision of the assay becomes unacceptable. If the required precision
of the method at the limit of quantification has been specified, a number of
samples with decreasing amounts of the analyte are analyzed 6 times at minimum,
and the calculated RSD% of the precision is plotted against the analyte amount;
the amount that corresponds to the previously defined required precision is equal
to the limit of quantification.
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Both the detection limit and the limit of quantification, as defined, are often
not very stable characteristics of an analytical method, because the blank signal
and the signal generated by the very low concentrations of the analyte are fre-
quently dependent on certain analytical parameters, including the purity of re-
agents, sample matrices, environmental conditions, instrumentation, and the ana-
lysts themselves. Sensitivity is a measure of the ability of an analytical method
to discriminate between small differences in analyte concentration. It is defined
as the analyte signal per unit concentration of the analyte. Despite the apparent
simplicity of the sensitivity concept, a degree of confusion surrounds its use. This
confusion stems from the perception that the sensitivity of a method is the same
as the limit of detection.

However, one principle on which all authorities agree is that the sensitivity
is simply the slope of the calibration plot. It is common practice to define sensitiv-
ity as the slope of the calibration curve; an ideal situation would be afforded by
a linear curve. In practice, the concept of the limit of detection is of limited value
in comparing methods, since it depends so much on experimental conditions; for
example, the limit of detection of a spectrophotometric determination can be
simply increased by increasing the optical path length.

25.1.6 Robustness

Robustness is the ability of a method to remain unaffected by small changes in
operational parameters and provides an indication of its reliability during normal
usage.

For determining the robustness of a method a number of parameters, such as
extraction time, mobile-phase pH, mobile-phase composition, injection volume,
source of column lots and/or suppliers, temperature, detection wavelength, and
the flow rate, are varied within a realistic range and the quantitative influence of
the variables is determined. If the influence of a parameter is within a previously
specified tolerance, this parameter is said to be within the robustness range of
the method. These method parameters may be evaluated one factor at a time or
simultaneously as part of a factorial experiment.

Obtaining data on the effects of these parameters may allow one to judge
whether a method needs to be revalidated when one or more parameters are
changed. For example, if column performance changes over time, adjusting the
mobile-phase strength to compensate for changes in the column may be allowed
if such data are included in the validation.

The evaluation of robustness should be considered during the develop-
mental phase of a method and depends on the type of procedure under study. If
measurements are susceptible to variations in analytical conditions, the analytical
conditions should be suitably controlled or a precautionary statement should be
included in the procedure. Once the robustness of a method has been established,
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data on system suitability criteria, which are required prior to routine use of the
method to ensure that it is performing appropriately, can be collected. Typically,
the process involves making five injections of a standard solution and evaluating
several chromatographic parameters such as resolution, number of theoretical
plates, and tailing factor.

25.2 PROCEDURES FOR METHOD VALIDATION

Frameworks for performing method validation are provided by international orga-
nizations and conferences on harmonization (2–11). However, validation require-
ments vary widely, depending on the intended use of the method, the regulatory
agency, and the type of the drug being tested. Moreover, in practice, there is
great diversity in how the validation studies are performed, although there has
been general agreement about what types of validation studies should be used.
As a result, virtually every laboratory and organization has problems when it
comes to establishing methods developed elsewhere. In fact, establishing a
method developed elsewhere could be viewed as more difficult than developing
a method from first principles (1).

The validity of a specific method should be demonstrated in laboratory
experiments using test samples or standards that are similar to the unknown
samples analyzed in the routine. For example, control tissue samples from non-
treated animals, control tissue samples spiked with the analyte at several known
concentrations, and dosed or incurred tissue samples from animals that have been
treated with the drug, should all be available to the analyst before starting a
validation process. All these samples will enable the analyst to define the back-
ground noise, to identify the amounts of the analyte added to the control tissue, and
demonstrate that the method can satisfactorily recover the biologically incurred
residue.

The preparation and execution should follow a validation protocol, in which
the scope of the method and its validation criteria should first be defined (46).
The scope of the analytical method should be clearly understood since this will
govern the validation characteristics that need to be evaluated. For example, if
the method is to be used for qualitative trace residue analysis, there is no need
to examine and validate its linearity over the full dynamic range of the equipment.
The scope of the method should also include the different types of equipment
and the locations where the method will be run. In this way, experiments can be
limited to what is really necessary. For example, if the method is intended for
use in one specific laboratory, there is no need to include other laboratories and
different equipment in the validation experiments.

On the other hand, a complete list of validation criteria should be agreed
on by the developer and the end users before the method is developed, so that
expectations are becoming clear. During the actual studies and in the final valida-
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tion report, these criteria will allow clear judgment about the acceptability of the
analytical method.

Satisfactory results for a method can only be obtained with well-performing
equipment. Therefore, before an instrument is used to validate a method, its
performance should be verified using universal standards (47). Special attention
should be paid to the equipment specifications that are critical for the performance
of the method. For example, if detection limit is critical for a specific method,
the detector specifications for baseline noise and the response to the specified
compounds should be checked. Furthermore, any reagent or reference standard
used to determine critical validation parameters should be double-checked for
accurate composition and purity.

The suitability of a method for its intended use should be proven in initial
experiments. These introductory studies should include the approximate preci-
sion, accuracy, detection limit, and working range. If these preliminary validation
data appear to be inappropriate, either the method itself or the acceptance limits
should be changed. The developer does not know whether the method conditions
are acceptable until validation studies are performed. Results of validation studies
may indicate that a change in the procedure is necessary, which may then require
revalidation. In this way, method development and validation seems to be an
iterative process; during each developmental phase, key method parameters are
determined and then used for all subsequent validation steps.

Apart from establishing analytical validation parameters, other activities
should include experimental optimization of each procedural step or method ma-
nipulation to determine the critical control steps that have a substantial impact
on method performance. The ruggedness or process variability that may be em-
ployed in any particular method step, without reducing method performance,
should be determined. It should be identified, for example, whether an analytical
method may be stopped without adversely affecting the result.

In a well-designed validation procedure, the periodicity of quality-control
checks should also be defined. For example, it is often essential, for routine
testing, that solutions be stable enough to allow for delays such as instrument
breakdowns or overnight analyses using autosamplers. At this point, the limits
of stability should be tested. Samples and standards should be tested over at
least a 48 h period, and quantification of components should be determined by
comparison with freshly prepared standards. If the solutions are not stable over 48
h, storage conditions or additives should be identified that can improve stability.
Criteria should be defined to indicate when the method and system are out of
statistical control. The target is to optimize these experiments so that, with a
minimum number of controls, the method will provide long-term results that will
meet the objectives defined in the scope of the method.

Besides the development and the optimization of the analytical method
itself, the most important factor in defining performance characteristics is the
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multilaboratory validation study. The principles of conducting either a validation
or collaborative study of a method are the same. Methods with high reliability
for residue testing should be able to undergo successfully a collaborative study
involving at least eight different laboratories. Considerations include informing
participants of the study and involving them in the study design. Laboratories
should be chosen with as wide a distribution as possible, and should include
regulatory control agency, international authority, industry, and academic labora-
tories. Sample shipment techniques should be prearranged and should include
practice samples. This is particularly important when studies are conducted inter-
nationally. Prudent and thorough planning are essential for these studies because
of their expense.

Subjecting methods to different residue-testing environments may place
some additional requirements on methods. Warmer environments require reagents
to be more thermally stable, solvents to be less volatile, and tissue sample consid-
erations to be more tolerant. Cooler environments may require reagents and sol-
vents with physical properties such as lower freezing points and higher solvating
properties to ensure effective extraction of an analyte. Environmental tempera-
tures may also influence the time required to perform an analysis, as well as such
phenomena as reaction rates for derivatization and color development. These
considerations may strain efforts to standardize methods in broadly differing
environments, because of the need to adapt methods to different environmental
factors.

Methods intended for regulatory residue control should be designed with
as much simplicity as possible to limit the variety, size, and type of glassware
and equipment needed; to minimize the potential for analytical error; and to
reduce costs. Reagents and standards must be readily available while specific
instrumentation should be based on performance characteristics rather than a
particular manufacturer.

Residue methods should further be portable and capable of running many
samples in a reasonable period of time. The capability for simultaneous analyses
aids in method efficiency by allowing sets or batches of samples to be analyzed
at the same time. This attribute is particularly important when large numbers of
samples must be analyzed within 1 working day.

Finally, the method must be written in thorough, concise, unambiguous
language. A list of the reagents and supplies, as well as their commercial sources,
must be included. Instrument parameters, and procedures to test instrument perfor-
mance, need to be described as part of the method. Detailed conditions on how the
experiments were performed, including sample preparation, must be presented.
Method performance parameters and conditions have to be documented. Critical
parameters indicated from robustness testing must be addressed. Procedures for
quality control in the routine and statistical calculations must be summarized.
These factors will facilitate method transfer into a regulatory monitoring program.

Copyright © 2001 Marcel Dekker, Inc.



763Validation

REFERENCES

1. R.D. McDowall, LC-GC Int., 11:648 (1998).
2. EURACHEM Guidance Document No. WGD 2, Accreditation for chemical laborato-

ries: Guidance on the interpretation of the EN 45000 series of standards and ISO/
IEC Guide 25, EURACHEM, Middlesex, UK (1993).

3. VICH, Guideline on Validation of Analytical Procedures: Methodology, Veterinary
International Cooperation on Harmonization, EMEA/CVMP/590/98-Final, London,
UK (1998).

4. US EPA, Guidance for Methods Development and Methods Validation for the Re-
source Conservation and Recovery Act Program, Washington, USA (1995).

5. US FDA Technical Review Guide, Validation of Chromatographic Methods, Center
for Drug Evaluation and Research, Rockville, MD, USA (1993).

6. US FDA, General Principles of Validation, Center for Drug Evaluation and Research,
Rockville, MD, USA (1987).

7. US FDA, Guidelines for Submitting Samples and Analytical Data for Method Valida-
tion, Center for Drugs and Biologics, Department of Health and Human Services,
Rockville, MD, USA (1987).

8. G. Szepesi, M. Gazdag, and K. Mihalyfi, J. Chromatogr., 464:265 (1989).
9. J.M. Green, Anal. Chem., 68:305A/309A (1996).

10. W. Wegscheider, in Validation of Analytical Methods (H. Guenzler, Ed.), Springer
Verlag, Berlin, Germany (1996).

11. AOAC Peer Verified Methods Program, Manual on Polices and Procedures, Arling-
ton, VA, USA (1993).

12. J. Vessman, J. Pharm. Biomed. Anal., 14:867 (1996).
13. D.M. Holland, and F.F. McElroy, Environ. Sci. Technol., 20:1157 (1986).
14. D.H. Besterfield, in Quality Control (D.H. Besterfield, Ed.), 2nd Edition, Prentice-

Hall, Englewood Cliffs, NJ (1986).
15. B. Kratochvil and N. Motkosky, Anal. Chem., 59:1064 (1987).
16. L.C. Alwan and M.G. Bissell, Clin. Chem., 34:1396 (1988).
17. J.F. Wilson, J. Williams, L.M. Tsanaclis, J.E. Tedstone, and A. Richens, Ther. Drug

Monit., 10:438 (1988).
18. J.F. Wilson, L.M. Tsanaclis, J. Williams, J.E. Tedstone, and A. Richens, Ther. Drug

Monit., 11:185 (1989).
19. J.F. Wilson, L.M. Tsanaclis, J. Williams, J.E. Tedstone, and A. Richens, Ther. Drug

Monit., 11:196 (1989).
20. J.C. Miller and J.N. Miller, Analyst, 113:1351 (1988).
21. G.T. Wernimont, and W. Spedley, in Use of Statistics to Develop and Evaluate

Analytical Methods (G.T. Wernimont, and W. Spedley, Eds.), Association of Official
Analytical Chemists, Arlington, VA, USA (1985).

22. L.A. van Ginkel and C. Dirscherl, in Residues of Veterinary Drugs in Food, Proc.
Euroresidue III Conf., Veldhoven, May 6–8, 1996 (N. Haagsma, and A. Ruiter,
Eds.), Fac. Vet. Med., Univ. Utrecht, The Netherlands, p. 143 (1996).

23. M. Thompson, Analyst, 113:1579 (1998).
24. R. Causon, J. Chromatogr., 689:175 (1997).

Copyright © 2001 Marcel Dekker, Inc.



764 Chapter 25

25. S. Braggio, R.J. Barnaby, P. Grossi, and M. Cugola, J. Pharm. Biomed. Anal., 14:
375 (1996).

26. M. Mulholland, and D.B. Hibbert, J. Chromatogr., 762:73 (1997).
27. F. Cverna and C.R. Hamlin, Clin. Chem., 32:1307 (1986).
28. J. Masse, P. Leclerc, and M. Pouliot, Clin. Chem., 34:599 (1988).
29. G.H. Morrison, Anal. Chem., 52:2241 (1980).
30. J.B. Philips, Anal. Chem., 58:2091 (1986).
31. IUPAC, Spectrochim. Acta B, 33B:242 (1987).
32. C.A. Clayton, J.W. Hines, and P.D. Elkins, Anal. Chem., 59:2508 (1987).
33. Analytical Methods Committee, Analyst, 112:199 (1987).
34. J. Vogelgesang, Fresenius. Z. Anal. Chem., 328:213 (1987).
35. G. Bergmann, B. Von Oepen, and P. Zinn, Anal. Chem., 59:2522 (1987).
36. L.A. Currie, in Detection in Analytical Chemistry (L.A. Currie, Ed.), American

Chemical Society, Washington, DC, USA (1988).
37. T.W. Williams and E.D. Salin, Anal. Chem., 60:725 (1988).
38. S.G. Weber and J.T. Long, Anal. Chem., 60:903a (1988).
39. G.W. Peng and W.L. Chiou, J. Chromatogr., 531:3 (1990).
40. J.N. Miller, Analyst, 116:3 (1991).
41. G.C.C. Su, J. AOAC Int., 81:105 (1998).
42. M. Thompson, Analyst, 123:405 (1998).
43. D.L. Massart, B.G.M. Vandeginste, S.N. Deming, Y. Michotte, and L. Kaufman, in

Chemometrics: A Textbook (D.L. Massart, B.G.M. Vandeginste, S.N. Deming, Y.
Michotte, and L. Kaufman, Eds.), Elsevier, Amsterdam (1988).

44. D.G. Mitchell and J.S. Garden, Talanta, 29:921 (1982).
45. A.C. Mehta, Talanta, 34:355 (1987).
46. L. Huber, LC-GC Int., 11:96 (1998).
47. L. Huber, LC-GC Int., 9:794 (1996).

Copyright © 2001 Marcel Dekker, Inc.



26

Analytical Strategy

The demand for reliable, sensitive, automated, fast, low-cost methods for residue
analysis that are also applicable to a wide range of drugs and matrices is growing
fast, especially in the field of food inspection. A universal analytical scheme that
could simultaneously quantify all compounds of interest in the edible animal
products, correctly identify the molecular structure of the analytes, and, at the
same time, produce very few false-negative and -positive results to protect the
consumer, producer and international trade, would provide the most desirable
approach. A unified procedure would eliminate the need for using separate multi-
residue methods to screen food commodities for potential drug residues, and
combinations of suitable single- or multianalyte methods to identify and quantify
residues of individual analytes.

However, such ideal methods are not encountered in the real world. There-
fore, it is necessary to combine a number of different methods, each making use
of appropriate separation and detection principles, into an integrated system that
will be applied according to the analytical objectives (1). For regulatory purposes,
this integrated system should include a screening phase, an intermediate phase,
and a confirmation phase (2).

Methods used in the screening phase should prevent false-negative results
and provide an acceptable percentage of false-positive results with a high sample
throughput at low cost. Methods used in the confirmation phase should prevent
false-positive results; such methods usually have low sample throughput and a
high cost, but enable the surveillance to be spread more comprehensively than
would be the case if all samples had to be initially analyzed by time-, labor- and
cost-intensive laboratory methods. Finally methods used in the intermediate phase
should tentatively identify and, sometimes, quantify the type of residues.
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26.1 CLASSIFICATION OF METHODS FOR REGULATORY
PURPOSES

Regulatory, control, and standard-setting bodies have used different terminology
to describe regulatory methods in the field of drug residues analysis. Most often,
methods used for surveillance testing are classified according to their intended
purpose. Terms such qualitative, quantitative, semiquantitative, multiresidue, sin-
gle-residue, screening, pre- or postslaughter screening, confirmatory, routine, and
reference methods have all been used to characterize regulatory analytical meth-
ods. An alternative to the potential difficulty of categorizing methods and the
stigma associated with these descriptive terms is to define regulatory methods
according to their attributes of method performance.

26.1.1 Classification According to the Intended Use

Methods for residue analysis are classified as qualitative, quantitative, or semi-
quantitative. Qualitative methods employ a predetermined cutoff value to classify
samples as positive or negative relative to an established drug concentration.
Quantitative methods require that positive samples covering a wide range of drug
concentrations be tested with each sample test, thus permitting residue quantifica-
tion by extrapolation from a standard curve; such methods are usually based on
specific instrumentation to measure the test response and determine the standard
curve (3, 4). Semiquantitative methods are similar to quantitative methods except
that test results are interpreted relative to a range of positive controls run with
test samples (e.g., low-positive, high-positive, or negative samples).

Most residue methods used in field applications are qualitative or semiquan-
titative and are classified as screening methods. Quantitative methods require
much more technical expertise, and, therefore, their primary use is in laboratory
applications primarily for confirmation purposes. Both screening and confirma-
tion methods can be subclassified into multiresidue methods aiming at the detec-
tion of groups of compounds having similar analytical characteristics, and single-
residue methods applicable to only one specific analyte.

Screening methods are the first procedures applied in a regulatory residue
program, the purpose being to establish the presence or absence of residues above
their established maximum residue limits (MRL). A screening method may be
defined as an assay that gives a reliable and accurate indication that the analyte
of interest is not present in the sample at unsafe or violative levels (1, 5). This
requires that screening assays provide a detection limit optimized below the toler-
ance or MRLs levels so that a violative sample will have a high probability of
causing a positive test result (1).

Methods used in the screening phase should be able to detect the presence
of as many drug residues as possible at the established for each drug level of
interest, with a high sample throughput at low cost. Most microbiological methods
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are excellent screening procedures because they generally lack specificity, and
therefore are able to detect many different antibacterials simultaneously. These
methods can detect all substances that are inhibitory to growth of added microor-
ganisms, but noninhibitory metabolites of antibacterials or conjugated residues
that have not been previously hydrolyzed cannot be detected. They offer versatil-
ity, simplicity, high sample capacity, low cost, and often better sensitivity than
many physicochemical instrumental methods. However, offered sensitivity varies
strongly with each specific antibacterial, and in some cases may be inadequate for
residue control. Special expertise and/or sophisticated equipment is not generally
required, but imprecision and inaccuracy can be a serious problem when there
is a deviation from the assay protocol. In addition, certain compounds that occur
naturally in food of animal origin are frequently inhibitory to the growth of the
assay microorganism interfering with the analysis.

On the other hand, it has to be realized that a microbiological inhibition-
free food commodity does not necessarily describe a residue-free sample. Since
not all veterinary drugs and/or their metabolites exhibit antimicrobial activity,
immunochemical and chromatographic methods have to be also applied for
screening purposes. These methods also help in identifying individual compounds
within a group of antimicrobial residues in samples found positive by microbio-
logical screening tests. As a rule, these methods are very sensitive and selective
but they are expensive and cannot be considered as definitive from a regulatory
perspective because they may yield false-positive results. Screening tests based
on immunochemical reactions, in particular, provide several exciting capabilities
to drug residue detection.

Since they do not require complicated instrumentation, screening tests are
usually very rapid in performance, with analytical results being achieved in min-
utes. Not only can more tests be performed in a given time period, but many
screening tests can be used outside the laboratory. This capability is an advantage
in residue control and public health protection, because an initial analysis is a
real possibility at the level of drug use. The importance of these screening tests
in residue detection can be exemplified by the number of different tests commer-
cially available for milk testing.

Since the problem of drug residues in food supplies and manufactured
products originates at the farm level, quick and reliable preslaughter screening
tests that can be used at the farm gate level have been also developed to ensure
that any live animal that has been treated with veterinary drugs and is to be
shipped to slaughter is residue-free. Examples of such tests include agar diffusion
tests for preslaughter field screening of antibacterial residues in urine (6, 7);
immunochemical tests for rapid field screening for residues of the -agonist
clenbuterol in cattle hair (8, 9); residues of clenbuterol, mabuterol, and cimaterol
in bovine urine (10); residues of estrogenic anabolics in urine from veal calves
(11) and residues of nandrolone in swine urine (12); and physicochemical methods
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for screening of tranquilizers in porcine urine (13) and dexamethasone in cattle
urine (14). Quick postslaughter screening tests such as the agar diffusion tests
for examination of slaughtered animals for the presence of antibacterial residues
in renal pelvis fluid (15, 16) have been also developed. Hence, screening methods
may be subclassified into preslaughter and postslaughter tests.

Postslaughter screening tests for antibiotic residues, in general, have to cope
with thousands of samples. Simplicity, low cost, and nonspecificity are advisable
to detect a wide range of antibacterials. Samples that give a presumptive positive
reading have then to be examined further by confirmatory and/or determinative
methods that, generally, have a low sample throughput at high cost, to establish
unequivocally the concentration and identity of the residue, thus enabling the
surveillance to be spread more comprehensively than if all samples had to be
initially analyzed by time-, labor- and cost-intensive laboratory methods.

For reliable identification of a residue, detailed information about the mo-
lecular structure of the analyte is essential. The total information about the molec-
ular structure of the analyte is the sum of the information derived from each
individual analytical step of the method. Frequently used selective analytical
steps based on chromatography or immunoaffinity, provide more or less general
indirect information. For example, solid-phase extraction (SPE) cleanup followed
by liquid chromatography/ultraviolet detection (LC/UV) has been suggested for
screening and quantification of ivermectin residues in liver, but presumptive posi-
tive samples can be confirmed by derivatizing an aliquot of the SPE eluate and
reanalyzing the fluorescent derivative of ivermectin in an LC-fluorescence system
(17).

For complete identification, relevant direct information on the molecular
structure of the analyte is always more specific and hence more reliable than
indirect information. Analytical steps based on molecular spectroscopy all provide
direct more or less detailed information on the structure of the analyte. This is
particularly true for fourier-transform infrared (FTIR) and mass spectroscopy
(MS), where the spectra have a very high information content.

The European Union also follows a classification system according to the
intended use. In this system, methods for drug residue analysis are grouped as
routine and reference. Because the European Union does not recommend official
methods of analysis, this distinction, originally aimed at differentiating the meth-
ods into two categories, should be applied in the National Programs of the individ-
ual European Union members for monitoring the illegal use of hormonal growth
promoters in slaughtered animals. Routine methods are used for screening while
reference methods are used for confirming positive residue findings. However,
no sharp definition for each category has been given, although it was generally
accepted that reference methods should supply more reliable results for the in-
tended purpose than the routine methods.
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26.1.2 Classification According to Performance Attributes

During the last decade, minimum quality criteria for routine (18) and reference
(19) methods have been set within the European Union. With the introduction
of these criteria, a scientific base was founded in European Union that could help
in better specifying the suitability of the regulatory methods. Since setting the
minimum quality criteria for a method does not tell anything about its actual
validation and practicability status, in 1988 an EU expert group started to draft
a performance status list for analytical methods, ranking the validation status of
each method in one of the seven categories presented in Table 26.1. A summary
of status for residue reference methods for growth promoting and antimicrobial
agents was prepared at that time (Table 26.2). This most promising classification
system, providing sharp definition for each category of regulatory methods on
the basis of their performance attributes, has not been completed yet.

An alternative interesting classification approach has been proposed within
the Codex Committee for Residues of Veterinary Drugs in Foods (20). In this
approach, methods are classified according to their performance attributes. This
alternative approach defines methods by the level of analytical detail or informa-
tion provided concerning the amount and nature of the analyte of interest, and
identifies three levels.

Level I methods incorporate the ability to quantify the amount of a specific
analyte or class of analytes and positively identify the presence of an analyte in
a single analytical procedure. These are assays with the highest level of credibility,

TABLE 26.1 Classification of Analytical Methods in the European Union
According to their Validation Status

Category Status

a Method under research and development.
b Method suitable for screening purposes.
c Published method from a single laboratory.
d Published method EC Peer Reviewed as potential reference

method.
e Method satisfactory for reference method but not EC ring tested.

Method already has been tested in more than one laboratory
or/and may already be officially used in an EC member state.

f Method successfully used and/or demonstrated at an EC analyt-
ical workshop.

g Method ring tested and EC approved as reference method.

Source: From Ref. 81.
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TABLE 26.2 Summary of Status in 1989 for Potential EC Residue Reference Methods for Growth-Promoting and
Antimicrobial Agents

Trenbolone Anabolic AntimicrobialChloramphenicol
Thyreostatics HPLC/EIA agents IAC or agents

Analyte method AC/TLC RIA HPLC-UV Img HPLC/GC-MS GC-MS

Ca tegory
a. Research/develop.
b. Screen/routine
c. Published (1 lab)

ISO-SOP ?
d. EC Peer reviewed
e. Potent. ref. method

National ring tested
f. Check/demo EC Workshop
g. EC ring tested a

Approved ref. method
Ring test material Urine Frozen Urine Urine

lyophilized muscle lyophilized lyophilized
and milk

Reference material (in preparation) Urine Muscle — Urine
Certified ref. material no no no no

a Partially ring tested in 1977.
IAC, immunoaffinity chromatography; RIA, radioimmunoassay; EIA Img, enzyme immunoassay immunogram.
Source: From Ref. 81.
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and are unequivocal at the level of interest. They may be single procedures that
determines both the concentration and identity of the analyte, or combinations
of methods for determining and confirming a residue for definitive identification.
They frequently employ a chromatographic technique combined with mass spec-
trometry.

Level II methods are those that are not unequivocal but are used to determine
the concentration of an analyte at the level of interest, and to provide some
structural information. For example, these methods may employ molecular, func-
tional-group, or immunochemical properties as the basis of the analytical scheme.
Hence, these methods are often reliable enough to be used as reference methods.
Level II methods commonly separate the determinative from the identification
procedures, and may also be used to corroborate the presence of a compound or
class of compounds. Thus, a combination of two level II methods may provide
attributes suitable for a level I method. The majority of analytical methods pres-
ently available and used by regulatory control agencies are level II methods.

Level III methods are those that generate imperfect, although useful, infor-
mation. These testing procedures detect the presence or absence of a compound
or class of compounds at some designated level of interest, and often are based
on noninstrumental techniques for analytical determination. Results on a given
sample are not as reliable as level I or II methods without corroborating informa-
tion. Level III methods may provide reasonably good quantitative information
but poor compound or class specificity or identity, or may provide strong identifi-
cation with very little quantitative information.

Many of the microbiological and immunochemical procedures fall into the
level III category. They are commonly used because of their greater sample
capacity, portability, convenience, and potential suitability to nonlaboratory envi-
ronments. The hallmark of level III methods is action based on individual positive
results that require verification using level I or II methods, as required by the
uncertainty of an individual result. To a regulatory control program, these methods
may offer substantial advantages, including analytical speed, sample efficiency
through batch analysis, portability to nonlaboratory environments, sensitivity, and
the ability to detect classes of compounds. Even though level III methods may
not detect specific compounds at regulatory limits on all samples, they are able
to test larger numbers of samples with a limited level of resources.

Two key characteristics of the level III methods that require further defini-
tion are the percentage false-positive and false-negative results when measured
against a validated quantitative assay in a statistically designed protocol. The
percentage false-negative results must be quite low at the levels of interest, while
slightly more flexibility may be acceptable for false-positive findings. A minimum
residue detection limit can be described based on these two parameters. Reliability
for level I methods must be restrictive. False-positive and false-negative results
should be at or near zero. For level II methods, false-positive and false-negative
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results should approach level I methods, particularly for those methods that are
used in regulatory control programs having evidence of residue violations. Level
III methods can produce a low percentage of false-positive findings, because a
level I or II method will commonly be used to verify and quantify results.

26.2 QUALITY CRITERIA FOR SELECTING AN
ANALYTICAL METHOD

The quality of analytical data is a key factor in the success of a residue monitoring
program. Analytical results from methods with performance standards provide
the necessary information for developing and managing programs that are respon-
sive to public health protection needs. Regulatory authorities want effective and
practical analytical methods that can routinely detect, reliably quantify, and unam-
biguously identify residues of any drug that may be present in meat, milk, or
eggs at the appropriate level of interest. Unfortunately, methods with these attri-
butes are not available for all drugs, in part because of the extensive number of
potential residues that may find their way into the food chain.

The amount of information in scientific papers is generally less than is
needed to establish effectively the methods described within them. There are
some exceptions to this statement, but these depend initially on how the author
wishes to describe the method and how the paper is reviewed before being ac-
cepted by the journal. Some methods may only have a relatively small number
of samples analyzed on 1 or 2 days before publication of the manuscript. In
contrast, other methods may have examined several thousand samples before the
manuscript is written and submitted. The methods in the former case have virtually
no robustness data and knowledge of operation compared with the latter. Some
analysts develop more complex methods that are necessary to demonstrate their
scientific expertise at the expense of their colleagues.

The performance of an analytical method and its inherent reliability are
characterized by a set of quality parameters that determine its applicability and
its usefulness. For a quantitative method, the most notable parameters are its
precision, accuracy, and limit of detection. For a qualitative method, the most
important characteristic is its reliability in the identification of the analyte. Since
there may be found in the literature an enormous set of different methods for
analyzing a particular analyte in a particular matrix, it must be decided which
method is the most appropriate for the analysis.

Quality criteria for quantitative analytical methods, in general, have been
proposed or are to be proposed by several international organizations including
the Association of Official Analytical Chemists, the Food and Drug Administra-
tion, the Codex Committee for Residues of Veterinary Drugs in Food, the Interna-
tional Dairy Federation, and the European Union. The European Union, in particu-
lar, has laid down minimum quality criteria for quantitative drug residue methods,

Copyright © 2001 Marcel Dekker, Inc.



773Analytical Strategy

TABLE 26.3 Numerical Requirements for Accuracy and Repeatability of
Analytical Methods in the European Union

True content (T) Accuracy as Repeatability as
of reference sample % deviation coefficient of
( g/kg) of mean from T variation of mean

T 1 50 to 20 0.30 a

1 T 1 30 to 10 0.20 a

T 10 20 to 10a 0.15a

a Values also suitable for reference methods.
Source: From Ref. 18.

which, for accuracy and precision, use the numerical values presented in Table
26.3.

Information on quality criteria for qualitative methods is rare, especially
in the field of the unambiguous identification of drug residues in foods. Most
interesting appear to be the general requirements laid down by the European
Union (21) in the field of qualitative residue analysis of some anabolic steroids at
moderately low concentrations by immunochemical, gas chromatographic (GC),
liquid chromatographic (LC), thin-layer chromatographic (TLC), fourier-trans-
form infrared (FTIR), and low-resolution mass spectroscopic (MS) techniques
(Table 26.4). Research, however, has shown that strict application of these criteria
can readily lead to false-negative results when GC–MS is used (22). This risk
becomes particularly high when residues of anabolics occur at concentrations
lower or equal to the action level of 2 ppb and/or their MS spectra contain only
a limited number of high abundant ions, as is actually the case for many important

-agonists. In both cases, the relative intensities of the ions are easily influenced
by the GC background noise and coeluting substances (23).

Unlike with GC–MS, quality criteria for identification of drug residues by
LC–MS have not been yet defined within the European Union, but this is currently
under review. Criteria for GC–MS stipulate the measurement of preferably at
least four diagnostic ions. However, this is not always possible with LC–MS
because most compounds will only produce an M+ ion in positive mode or a M
ion in negative mode, with little fragmentation when using thermospray (TSP),
electrospray (ESP), or atmospheric pressure chemical ionization (APCI). Even
where the ions and ratios are in agreement, there will be still possibility of misi-
dentification. For this reason, mass spectra data are often interpreted with addi-
tional supporting data such as the LC retention times, as, for example, in the
LC–MS analysis of sulfadimethoxine and sulfadoxine that present identical mass
spectra (24).
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TABLE 26.4 Requirements for the Various Analytical Techniques Used for
Routine Residue Analysis in the European Union

Immunoa ssa y
Quality control samples at zero, low, mid, and high T range
CV control samples at limit of detection 0.15 (15%)
Quality control data in line with preceding assays

Ga s a nd Liquid Chroma togra phy
Cochromatography is mandatory (for confirmatory purposes)
Nearest peak maximum should be separated from analyte peak by at least
one full width at half maximum peak height

Thin-La yer Chroma togra phy
Cochromatography is mandatory (for confirmatory purposes)
Two-dimensional TLC is mandatory (for confirmatory purposes)

Low-Resolution-Ma ss Spectrometry
At least two, preferably four, diagnostic ions should be scanned
Relative intensities as % of base peak should be within 20% in CI mode
and 10% in EI mode with respect to standard analyte

Fourier Tra nsform Infra red Spectrometry
Adequate peaks in between 1800 and 500 cm 1

Minimum of six adequate peaks for standard analyte
% score of adequate peaks 50% in sample

Source: From Refs. 18, 21.

Apart from the European Union quality criteria, uncertainty factors may
be used for defining the reliability of a qualitative method. The European Union
criteria lay down standards that have to be fulfilled only in the detection step of
the method (18). However, every method is a combination of many analytical
steps, including sample extraction, sample cleanup, and detection. Uncertainty
factors simply represent qualitative values for the remaining uncertainty after use
of a well-defined analytical method (25).

Even using uncertainty factors, the problem of determining the reliability
of qualitative methods has not be solved because the usual statistical approaches
are often not applicable. In residue analysis, this problem is often amplified be-
cause concentrations frequently are in the low or even sub-ppb range. Most prom-
ising appears to be a model that helps in estimating, in arbitrary units, the overall
selectivity of an analytical method on the basis of partial selectivity indices.
Selectivity indices are nothing more than a combination of the above-mentioned
tools with the experience obtained within the European Union from recognized
laboratory experts (26).
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The model was tested on a set of 12 different combinations of qualitative
selective analytical steps using experimental chemometrics based on the personal
judgment of 25 analytical experts, together representing the European Union
Member States National Reference Laboratories, during a desk-top peer review
(27). For each of the individual steps used in the methods tested, a partial selectiv-
ity index was estimated as based on, among others, the uncertainty factors. For
each of the methods the selectivity index was calculated, subsequently, by summa-
tion of the partial indices. This calculated selectivity index was divided by the
highest value obtained from the set of the 12 methods to obtain a theoretical
relative selectivity index (Table 26.5). This model suggests that highly selective
cleanup procedures can increase the selectivity of the complete method, allowing
use of less selective detection systems. On the basis of the data in Table 26.5, it
appears that an optimal approach for residue Analysis is the combination of
the highly selective immunoaffinity chromatography with a relative simple low-
resolution MS detection.

TABLE 26.5 Theoretical Selectivity Indices for Selected Analytical Steps

Analytical steps Index

Extraction from the sample matrix
Simple extraction (e.g., liquid–liquid or liquid–solid partition) 0
Specific extraction (e.g., pH adjustment and/or ion-pair extraction) 1
Solid-phase extraction 2
Immunoaffinity chromatography 3

Purification of primary extract
Solid-phase extraction 1
High-performance liquid chromatography 2
Immunoaffinity chromatography 3

Detection/identification
UV absorbance (e.g., single wavelength, HPLC) 1
UV spectrum matching (e.g., full-spectrum PDA, HPLC) 3
Detection of a spot at the right Rf value 1
Detection of a spot at the intersection of Rf values 2
Low-resolution mass spectrometry

Detection of (pseudo-) molecular ion 4
Detection of molecular ion minus (e.g. CH3 or HF) 3
Detection of other diagnostic ion 2
Detection of additional but non-diagnostic ion 1

High-resolution mass spectrometry: Peak match of molecular ion 8

Source: From Ref. 27.
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Apart from confirmatory analytical methods, quality criteria have been also
defined for screening tests. Screening tests must be demonstrated as having been
performed with acceptable figures of merit for accuracy, specificity, and reproduc-
ibility. Although no esoteric performance requirements are peculiar to screening
tests, some particular points are especially useful in the evaluation of screening
tests.

In order to be accepted by the US Food and Drug Administration (FDA),
an immunochemical screening test has to meet two standards: one related to its
sensitivity rate and the other to its selectivity rate. The sensitivity rate is defined
as the proportion of reference positive samples that are test-positive while the
selectivity rate is the proportion of reference negative samples that are test-nega-
tive. In both cases, it is critical that the definitions of reference positive and
negative be clarified (28). The sensitivity standard requires the tests to detect
samples containing residues of claimed drugs at their established tolerance/safe
levels 90% of the time with 95% confidence. The selectivity standard requires
tests to identify correctly, with 95% confidence, samples containing no drug
residues in 90% of the samples.

A test can meet these standards by correctly identifying 30 of 30 zero control
samples and 30 of 30 samples containing each claimed drug at its tolerance/safe
level. With this selectivity standard for acceptance, the probability is low that an
accepted screening test would produce a positive result on a sample that does
not contain any of the drug it is designed to detect.

Nevertheless, screening tests can give positive results at drug concentrations
below the tolerance/safe level. A number of comments have inferred that tests
should not have been accepted by the FDA since they were to have been evaluated
exactly at the safe level or tolerance. However, had FDA not accepted tests that
give a positive result at drug concentrations below the tolerance/safe level, none
of the tests would have been accepted. The FDA recognizes that screening tests
for detecting antimicrobial drugs in food are neither drug-specific nor quantitative
in their performance.

An ideal test would differentiate between positive and negative samples
100% of the time, but it could be difficult to achieve both excellent sensitivity
and selectivity in the same test. Unfortunately, a gain in one is often made at the
expense of the other (29). As shown in a schematic example of a frequency
distribution curve that might be obtained during field evaluations of a qualitative
competitive enzyme-linked immunosorbent assay (ELISA) (Fig. 26.1), there is
an area of uncertainty or overlap between high-negative and low-positive samples
(B C). Knowledge of the magnitude of this overlap area and at what concentra-
tions it occurs is essential when evaluating method performance and determining
critical cutoff points. For example, if one were to move the cutoff point to the
left from 1 to 3, the area represented by C would decrease while B would increase
in size. In other words, there would be a decrease in the number of false-negative
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FIG. 26.1 Relative frequency distribution curves obtained during field evalua-
tion of a competitive ELISA for drug residues; the area represented by (A) con-
tains the true-positive results; (D) true-negative results; (B) false-positive re-
sults; (C) false-negative results.

test results and an increase in the number of false-positive test results. A test
with low sensitivity will lead to more false-negative results while a test with low
selectivity will lead to more false-positive results. Conversely, if the cutoff point
was shifted from 1 to 2, the opposite would occur; a corresponding decrease in
sensitivity or more false-negative results, and an increase in selectivity or fewer
false-positive results.

Apart from sensitivity and selectivity, another important performance pa-
rameter is the predictive value of the screening test, which reflects the fraction
of positive or negative results that are true positives or negatives, respectively
(30, 31). To give an example, assume that we get 10% false-positive and 10%
false-negative results and that the true percentage of positives in the population
is 1%. If 1000 samples are measured, the pool should contain 10 positives (1%),
but only 9 are detected because 1 is a false-negative result. In addition, we have
990 true negatives, but of these 99 (10%) are false-positive findings. We report
100 positives when actually we have only 10. So, the predictive value of a positive
test is only 10%. But we have 990 true negatives and report 891, that is, 990
minus 99, so the predictive value for negatives is about 90%. These estimates
depend highly on the true frequencies in the population. Using the same false-
positive and false-negative rates of 10%, but increasing the number of true posi-
tives to 10% makes the test more useful. In the population of 1000 we now have
100 true positives and therefore we report 90. Thus, the predictive value of a
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positive test is 90%, which is a far better performance than when the true fre-
quency was lower. Our certainty has been increased by a factor of 9 as a result
of the situation in the population, which is a circumstance outside of the character-
istics of the test itself. This is a dramatic demonstration of the influence of the
intended use on evaluating test suitability (32).

Once the test selectivity, sensitivity, and predictive values are known, deci-
sions can be made as to the suitability of the test. The cost of false-negative
results from drug residue screening tests is difficult to estimate. The direct cost
of false-positive results to producers can be substantial, however, since positive
results may trigger the disposal of the commodity and the imposition of penalties.
False-positive results may also have some indirect costs such as the early culling
of diseased cattle to avoid risks associated with treatment, concerns about the
accuracy of drug withdrawal periods, and increased anxiety in regard to food
safety among consumers (33, 34). In such cases, due to the uncertain public health
implications of drug residues in foods, it may be more appropriate to use a test
with a higher selectivity and a lower sensitivity or to use two assays in combina-
tion. Initial screening with a high-sensitivity assay followed by confirmatory
testing with a high-selectivity assay that can quantify the drug residue present,
especially when large volumes of a commodity are involved. If the quantitative
assay detects a concentration greater than the tolerance/MRL, only then should
the commodity be disposed of and penalties imposed.

The US Center for Veterinary Medicine is presently working with a new
test kit evaluation program recently established by the Association of Official
Analytical Chemists. The purpose of this program is to provide an independent
evaluation of proprietary test kits and a verification of the sponsor’s performance
claims. It is expected that all mentioned concepts and ideas about acceptable and
feasible error probabilities for regulatory or forensic results of residue analyses
(35, 36), experimental chemometrics based on professional experience rather than
statistics (27), minimum quality performance criteria for residue analyses (18,
27, 37–39), uncertainty factors for analytical techniques (25), and the balance of
false-negative and false-positive analytical results in inspection procedures based
on a multistep system (40) will contribute to a new kind of approach for matching
the current and future increasing demands for chemical residue analyses and the
available human resources, laboratory facilities, and budgets, which in general
have shown no parallel increase.

26.3 INTERPRETATION OF ANALYTICAL RESULTS

Correct interpretation of the analytical results in the field of residue analysis is
a matter of major importance. Truly positive, false-violative, false-positive, false-
negative, and truly negative are all types of test results that may be produced
during food monitoring for drug residues. Truly positive is a positive test result
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on a sample in which the actual drug concentration is at or above the established
safe level, tolerance or MRL; false-violative is a positive test result on a sample
in which the actual drug concentration is at or above the detection limit of the
test, but below the established safe level, tolerance or MRL; false-positive is a
positive test result on a sample that actually contains no drug residues at a detecta-
ble concentration; false-negative is a negative test result on a sample that contains
drug residues at a detectable concentration; truly negative is a negative test result
on a sample that actually contains no drug residues at a detectable concentration.

A different method of interpretation is frequently observed between inspec-
tion services and analytical laboratories. This is because inspection services are
interested mainly in a yes/no answer to questions, such as ‘‘Has the animal been
treated with anabolics?’’ or ‘‘Does the food commodity contain residues above
their MRL?’’, in order to proceed to such action as rejection of the food commod-
ity or removal of the test-positive animals from the farm. On the other hand,
laboratories mainly use quality criteria to convert analytical results into yes/no
answers. This conversion, however, is often obscured by inherent analytical diffi-
culties including estimation of the impact of systematic and random errors and
the way of sampling.

Many screening tests, for example, are dichotomous yes/no tests. If this is
the case and the test is designed to indicate the presence or absence of an analyte,
the limit of detection must be known so that the lower concentration level of
what will be detected is known. A negative result, however, does not prove that
the analyte is absent from the sample, because its concentration might be below
the limit of detection.

False-negative results may be obtained because of a partial loss of the
analyte during sample preparation including extraction, cleanup and concentration
steps; in that case, only an unknown fraction of the true content of the analyte
will be available for final detection and/or quantification. To prevent such false-
negative results, either the recovery of the method must be known or a standard
addition technique should be applied. The usual approach in standard addition
(41, 42) is to add a known amount of the analyte to an aliquot of the sample and
to analyze this spiked test portion in parallel with the original sample. From this
experiment, the true concentration of the analyte can be calculated without explicit
knowledge of the recovery of the method, assuming that the recovery of the
analyte originally present in the sample is equal to the recovery for the standard
analyte added to the sample.

If the purpose of the test is to establish whether the analyte exceeds or
meets some established level, the limit of detection becomes of minor importance,
whereas the performance of the test at the level of interest determines actually
the reliability of the results. Ideally, screening tests should give no positive results
when there are drug residues below the tolerance/MRL level. Equally desired is
for the tests to give a positive result 100% of the time when the drug concentration
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is exactly at or above the tolerance/MRL level. Unfortunately, most screening
tests do not perform in this manner. Due to limitations of screening test technol-
ogy, tests cannot turn on or off at precisely the established level for each drug.
This can be best illustrated with the immunochemical in which where the antibody
titration curve is sigmoidal rather than linear.

Useful information about the characteristics of screening tests can be ob-
tained by development of the characteristic operating curve (32). In this technique,
a panel of test samples is produced by fortifying control matrix at several levels
with the analyte of interest. The test is run on each sample with 15–20 replicates
at each concentration level. For rapid screening tests this should not represent an
undue analytical burden. The results are plotted as the percentage of samples that
are positive at each concentration level.

The data from this curve will indicate the concentrations of drug residues
that can be detected, the confidence associated with each level, and the false-
positive samples that will be expected. As drug concentration increases, there is
also a corresponding increase in percentage positive until a concentration plateau
is reached after which all samples will be positive. Samples that are in the false-
violative area of the curve will read positive, despite the fact that the drug concen-
tration is below the safe/tolerance level. This is a concern to veterinarians and
their producer clients. Samples, on the other hand, that are in the false-negative
area of the curve will read negative, even though the drug is present at violative
levels; this is the area of potential concern to consumers.

In cases where quantitative analyses give concentration values much lower
than the specified MRL for a certain analyte, positive quantitative errors do not
play a role in the ‘‘no’’ answer. However, negative quantitative errors may be
important; if a screening test such as the four-plate test for antibiotics or an
enzyme-immunosorbent assay for -agonists is used, some specific analytes for
which the test has no or very low response may slip through the holes (43).

When the results obtained lie above the MRL, both qualification and quanti-
fication are becoming very important. Immunochemical tests that are often used
for surveillance of registered drugs are prone to cross-reactions that may influence
the result. It is therefore important to confirm and quantify the results of immuno-
chemical methods with an independent physicochemical method.

For values obtained in the neighborhood of the MRL, quantitative accuracy
and precision are of extreme importance. Thus, a laboratory should take a safety
measurement zone depending upon the validation performance of the used
method. Questions may also sometimes arise as to which way some numerical
concentration values (such as 1.56 ppb) would be rounded to be converted into
a ‘‘yes’’ or ‘‘no’’ answer when the action level is, for example, 2 ppb. In that
case, caution should be exercised with regard to the number of significant values
to reflect the precision of the applied analytical method.
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Attention should also be paid in the interpretation of the sensitivity figures
quoted for the various microbiological screening tests because they are generally
susceptible to influences by factors outside the test system itself, such as those
arising from the nature of the matrix being tested. Milk samples, for example,
exhibit considerable compositional variation. The variation in bacteriological
quality, somatic cell content, and content of natural antimicrobial substances,
such as lysozyme and lactoferrin, will occasionally affect the result. Because the
influence of these factors is proportionally greater when the antibiotic concentra-
tion is close to the limit of detection of the test, decisive interpretation should
be avoided close to those limits (44).

Another issue of relevant importance to the interpretation of analytical re-
sults is the analytical specificity of the test, particularly when in an immunobased
assay. Specificity is exquisite in immunochemical assays but, at the same time,
it can be exquisitely troublesome. For example, when an immunochemical assay
for the penicilloyl group is used to monitor the pharmacokinetics of penicillin
elimination from the serum of treated animals, the measured levels remain high
for at least several weeks, although the antibacterial activity was all eliminated
from bovine serum within 24 h after injection. This is because the immunochemi-
cal assay measured not only the free drug but also the penicilloyl groups cova-
lently bound to proteins in serum. The half-life of these bound residues is roughly
equal to the half-life of the proteins in the circulation.

The interpretation of test results is sometimes further complicated by the
problem of antibiotic stability in the organs and tissues. Caution should be exer-
cised in interpreting the results of inhibition tests applied to animal tissues remote
from the place and time of slaughter. For example, the concentrations of penicillin
G, ampicillin, amoxycillin, and the cephalosporins in the kidney decrease rapidly
upon storage at 4 C, due probably to release of autolytic enzymes (45), whereas
the aminoglycosides and oxytetracycline remain essentially unchanged. These
findings may be linked in part to the strong affinity of the latter antibiotics to
tissue components (46), since it has been established that extensively bound drugs
are less likely to be metabolized or degraded enzymatically (47). Antibiotic stabil-
ity in the meat is considerably greater than in the kidney upon cold storage for
4 days, whereas heating considerably influences the stability of certain antibiotics.
Heating, for example, pork in cans at 65 C for 60 min, reduces chlortetracycline
and oxytetracycline concentrations to 20% of their original value, while heating
at 110–120 C destroys these antibiotics within 1 min (48). Therefore, application
of ancillary tests would seem advisable before rejecting meat on the basis of
‘‘presumed’’ antibiotic residues (49).

Whether a small but nonzero probability of false-negative results in regula-
tory, legislative, or forensic residue control is acceptable or not, was in the Nether-
lands, been decided in 1981 in the Court of Justice. Jurisprudence was established
that a zero probability is not feasible in practice (35), but no indication was given
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on what probability could be considered as acceptable, although 5% was judged
as unacceptably high. After years of discussions in the Netherlands between those
involved in regulatory residue control including state inspectors, prosecutors,
lawyers, administrators, and residue chemists, a compromise was found between
acceptable reliability and required analytical effort. In economic offenses for
forensic, purposes from 1988, a probability of false-positive results smaller than
1 10000 (0.01%) or even 1 1000 (0.1%) appears to be acceptable and defensible
in the Court.

26.4 STRATEGIES FOR MONITORING FOOD SUPPLY FOR
DRUG RESIDUES

Strategies for the analysis of food supply for drug residues differ in detail between
laboratories and are to some extent governed by factors such as sample number,
submission rate, type of analyte, and variety of matrices. Sampling, quality, cost,
and accreditation are just a few of other important issues normally considered.

Different demands may be placed on analytical strategies for different pur-
poses. In case of international dispute, for example, different methods are needed
from those normally used in national surveillance and monitoring programs. A
high degree of certainty is required in establishing the identity and quantity of a
drug residue in meat, milk, or eggs if the intent is to assess penalties against
individuals or organizations for violation of law or regulations. In public health
monitoring, definitive identification of specific drug entities is desirable but not
strictly necessary in order to take effective action. It is necessary that the analytical
result indicate that there is a high probability that a food safety problem may
exist in the sample and that further action is warranted to determine the disposition
of the food commodity. Food control related directly to public health or interna-
tional trade must be performed rapidly and with high reliability, and should be
based on professional consensus within a limited budget. For the most part, how-
ever, there will be a progression from high-capacity screening methods to much
lower-volume confirmatory methods.

Screening methods generate imperfect but useful data, designed to filter
out samples containing no residues. Microbiological inhibition tests are still the
most convenient screening test for large-scale antibiotic residue monitoring. They
are easy to perform, inexpensive, and have the added advantage of detecting
multiple residues with very different chemical structures. This vastly reduces the
number of samples requiring more detail analysis, but care must be taken to
ensure that the number of false-negative results is kept to a minimum. For these
reasons, microbial inhibition tests will always keep their importance.

In monitoring food supply for drug residues, any efficient microbiological
procedure can be used as an initial screen to detect the presence of a wide range
of substances that are inhibitory to the growth of microorganisms. Some informa-
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tion on the nature of antimicrobials found positive in the screening test can be
obtained by reanalyzing the samples with different microbial-inhibitor assays,
such as the three- or six-plate test (50), the German Bacillus subtilis BGA test
(51), or the EC four-plate test (52), which have the potential to differentiate
between specific groups of antimicrobials. These screening tests can provide
presumptive information on the existence of a drug residue in a test sample, but
they do not provide definitive information on the identity of specific drug residues.
An example of a receptor assay test is the Charm II test designed to test for
multiple -lactam residues in milk. This test can give an initial alert that -lactam
residues may be present in milk, but identification of the specific -lactam residue
requires verification by more specific analytical methods.

Additional analyses will normally be required in order to identify and quan-
tify individual residues within a group of antimicrobials to determine whether a
positive result exceeds the MRL level. For suspect penicillin residues, identifica-
tion can be made by repeating the microbiological assay in the presence of -
lactamase. If the inhibition zone disappears by this addition, penicillin residues
are present in the sample. If not, no conclusion can be drawn because several
new-generation -lactams are less sensitive to inactivation by -lactamase.

Since not all veterinary drugs and/or their metabolites exhibit antibacterial
activity, immunochemical assays are also widely used for screening and testing
purposes. Class-specific multiresidue immunochemical tests are preferentially
employed since they can recognize several compounds within a group of drugs;
for example, a corticosteroid screening test that simultaneously detects dexameth-
asone, betamethasone, flumethasone, triamcinolone, and prednisolone; or a -
agonists test that can simultaneously detect clenbuterol, salbutamol, mabuterol,
mapenterol, and terbutaline residues (53).

Like the microbiological tests, immunochemical tests, although very sensi-
tive, cannot be considered as definitive from a regulatory perspective because
they may yield false-positive results. Therefore, for legal enforcement use, they
should be used as part of an analytical system that consists of additional methods
capable of definitively identifying the analytes of interest. Immunochemical tests
can also greatly help in identifying individual residues within a group of antibacte-
rials in samples found positive by a microbiological screening test. They thereby
facilitate selection of the most appropriate physicochemical method for subse-
quent quantification. A number of factors need to be considered, including knowl-
edge of the common antibacterial drugs, ability to subclassify the potential resi-
dues into analytical target groups, and identification of the individual compounds
within those groups.

Methods combining principles of both microbiological and physicochemi-
cal procedures have been traditionally used to obtain an indication of the identity
of growth-inhibiting residues found in samples by classic microbiological tests.
High-voltage electrophoresis in agar gel (54–57) followed by bioautography de-
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tection with different microorganisms has been employed with considerable suc-
cess for identification purposes. This offers the advantage that all antibacterials
detectable by bioautography can be classified on the basis of their electrophoretic
mobility.

Further testing may be required for the separation and quantification of
compounds with similar electrophoretic behavior, unless more than one buffer
is used (54). High-voltage electrophoresis allows analysis of concentrated sample
extracts, thus, favoring low detection limits. Natural microbial inhibitors found
in some animal tissues such as lysozymes either do not interfere or can be elimi-
nated by applying a semipermeable dialysis membrane between sample and agar
(58, 59). It has been reported, however, that antibacterial residues confirmed
by high-voltage electrophoresis and bioautography in kidney and muscle could
account for only 50% and 37%, respectively, of those detected by the EU four-
plate test (57). Apart from this, the procedure is very laborious, time-consuming,
and provides results that are neither quantitative nor informative about molecular
structure.

Procedures relying on thin-layer chromatography in combination with bio-
autography can also be elaborated for identification purposes (60–63). Following
chromatographic separation of the analytes, the developed plate can be placed
upon an agar layer inoculated with suitable microorganisms, thus enabling, diffu-
sion of the antibacterials onto the agar. The location of zones of inhibition can
be used to identify individual residues within a class of antibacterials; using
a series of appropriate liquid–liquid partitions of the sample extracts prior to
chromatography and a series of different thin-layer chromatographic (TLC)
plates, 14 commonly used antimicrobial drugs have been positively detected by
this procedure (64).

TLC–bioautography has been used in Canada since 1984 for the confirma-
tion of tetracycline-positive in plant tests (65). However, TLC–bioautography is
not quantitative and only gives direction to the analyst as to what confirmatory
method of analysis should be used. Therefore, presumptive positives must be
confirmed by physicochemical techniques that have been validated in terms of
detection limit, precision, and accuracy.

The diversity of the methods that can be used for identification/confirmation
is great. When an interlaboratory study was organized in 1995 within Europe for
the determination of chloramphenicol in bovine urine and plasma, GC/electron
capture detection (ECD), LC/MS, GC/MS/negative-ion chemical ionization
(NCI), GC/MS/MS/NCI, LC/UV, LC/diode array detection (PDA), GC/MS/elec-
tron impact (EI), LC/radioimmunoassay (RIA)/immunogram (IMG), LC/MS/MS,
and GC/high resolution MS/NCI were all used, at varying levels of success, for
identification/confirmation (66). Normal-phase, reversed-phase, size-exclusion,
and ion-exchange are all examples of chromatographic conditions that operate
on different physicochemical principles and, when use with appropriate standards,
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can give a good insight into the identity of a test analyte. Different detectors such
as diode array, ultraviolet, fluorescence, and electrochemical detectors can be also
used to exploit the different chemical features characteristic of a given analyte.

Coupling chromatographic procedures with immunochemical techniques
can also provide a very sensitive and specific analytical system for either determi-
native or confirmatory analysis. If the antibody used is very specific for the
analyte of interest and the antibody reactivity is known to be sensitive to small
variations in the structure of the analyte tested, positive reactions with the method
are strongly indicative that an analyte of defined structural characteristics is pres-
ent in the sample. Full rigorous confirmation, however, would depend on further
analysis by mass spectrometry, which is the method of choice in confirmatory
analysis. Mass spectrometry gives specific information on the identity and struc-
ture of the compound of interest. Coupled with chromatographic techniques it
becomes a very powerful confirmatory tool for both quantitative and qualitative
assessment of drug residues in foods.

Analytical methods for residue monitoring programs must be evaluated
within a context of use. At each stage of the analytical strategy, not always the
theoretically or proven very best method must be selected but also the method
most suitable for a particular purpose. To ask if a method is good is to ask only
half a question; one must ask if it is good for a particular purpose. A method
ideal for one purpose may be totally inadequate for another. Thus, for nearly
every analytical problem, in general, a whole series of analytical solutions must
be available that can be ranked, among others, in order of reliability, suitability,
and feasibility. This results in a hierarchy of methods.

Before a decision is made on the methods to be adopted, a number of
questions in key areas need to be asked (Table 26.6). In seeking answers to these
questions, an analytical strategy that fits the requirements of the customer is more
likely to be achieved. Careful planning at the start will ensure that the analytical
strategy is truly fit for its intended purpose.

This approach has been successfully applied to a number of areas within
the field of drug residue analysis in many laboratories all over the world. For
example, the analytical strategy followed by the Food Production and Inspection
Branch of Agriculture Canada for detecting antibacterial residues in shell and
processed eggs is an integrated approach that involves application of rapid screen-
ing tests allowing detection of multiple drug residues at relatively low cost. Only
presumptive positives are then examined, enabling expensive resources to be
targeted most usefully. In order to cover as wide a range of drugs as possible,
samples are screened for general inhibition using the Brilliant black reduction
test (67), which detects antibiotics and sulfonamides with limited sensitivity.
Attempts are also made to narrow the search to possible groups of compounds
by using other available rapid tests kits such as the CITE Probe tetracycline or

-lactam test kits (68), and the IDS gentamicin and neomycin Microtiter well
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TABLE 26.6 Questions to be Asked in Developing an Analytical Strategy for
Drug Residues in Food

Genera l informa tion
Will the analyte be qualified or quantified or both?
How accurate and precise the analytical result need to be?
How soon are the results required?
What will be the cost?
What is the budget?

Informa tion on sa mples
How many samples are to be analyzed?
What is the expected concentration range of the analyte(s) in the samples?
What size of sample is available?
Will they arrive in one shipment or spread over a period of time?
What matrix will the analyte be likely to be found in?
What storage conditions do samples require?

Informa tion on the a na lyte(s)
What are the physicochemical properties of the analyte?
Is the analyte a member of a larger chemical group?
How stable is the analyte?
What storage conditions does the analyte require?
What are the biological properties of the analyte?
Can the analyte be metabolized further?
Are there any MRL or action limits?

Informa tion on the a na lytica l method
What analytical equipment is available?
How sensitive does the detection need to be?
How many samples should be analyzed simultaneously?
What analytical methods are available?
What sample treatment will be required?
What interferences are possible?
What separation procedure will be required?
How much skill will be required by the operator?
What is the preamble cost?

Informa tion on qua lity a ssura nce
Can a proven method be validated inhouse?
What does the customer/task require (Good Laboratory Practice)?
What does the laboratory require (Quality Control)?
Are there any performance assessment schemes?
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test kits (69). In addition, EZ-Screen tests are applied for sulfamethazine, sulfadi-
methoxine, and chloramphenicol at the lower detection limit required for residue
control (70). Charm II tests are used for the qualitative detection of macrolides
and streptomycin residues (71). These rapid tests would cover the majority of
expected positives based on the experience of Agriculture Canada for drug resi-
dues in foods.

If the identity of the detected drug residue is still unknown after these tests
have been performed, a TLC–bioautography procedure is then applied to isolate
and tentatively identify the residues (64, 72). This method is not quantitative and
only gives direction to the analyst as to what determinative/confirmatory method
of analysis should be used. Following this tentative identification, presumptive
positives are then quantified and confirmed by validated physicochemical meth-
ods. A TLC method (73) is applied for analyzing presumptive sulfonamide resi-
dues, a GC–ECD method (74) followed by a GC–MS NCI method (75) for
analyzing chloramphenicol, and LC/UV methods (76, 77) for analyzing -lactams
and tetracyclines.

In the United Kingdom, nearly 34,000 kidney samples were submitted to
the State laboratories in 1995 for analysis of a range of antimicrobials including
penicillins, tetracyclines, streptomycin, chloramphenicol, and sulfonamides. The
turnaround time was 28 days from receipt of samples. The selected analytical
strategy started with an initial screening phase using the microbiological four-
plate test, followed by application of selective enzyme-linked immunosorbent
assay (ELISA), and ended up with determinative/confirmatory LC methods (78).
The four-plate test was selected because it is not expensive, can handle a large
sample throughput, and does not require a high degree of analytical skill. The
impact of this initial screening was to reduce the number of samples requiring
further analysis from 34,000 samples to only 170. While this test screens out
large numbers of negatives, it gives little information concerning which of the
many possible inhibitory substances are present. Thus, the 170 samples were then
submitted to selective ELISA assays (79) in order to identify the particular drugs
tentatively, thus enabling a focused confirmatory analysis by specific physico-
chemical methods.

Another characteristic example of analytical strategy is that followed in the
United Kingdom for the analysis of tranquilizers and -blockers (78). A total of
180 samples distributed over a whole year (15 samples per month) should be
analyzed within a turnaround time of 28 days from receipt of sample. In that
case, the expense of developing a two-tier analytical strategy was not justified
by the sample throughput. Thus, the selection was direct application of a multiresi-
due LC/PDA confirmatory method (80).

In the Netherlands, about 40,000 urine samples from groups of calves and
cattle in the farmhouse are screened every year for the presence of -agonists,
corticosteroids, and estrogenic and androgenic compounds. For screening pur-
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poses, immunochemical assays and receptor-binding techniques are used. Sus-
pected samples are further analyzed by GC–MS methods using either low or
high-resolution EI and CI techniques.

In Belgium, 0.1% of the slaughtered cattle and swine are screened for
antibiotic residues each year. In the analytical strategy applied, meat samples are
screened with a modified four-plate test followed by screening with a group-
specific ELISA for the identification of the antibiotics and confirmation by spe-
cific LC methods.
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Microbiological Methods

Under the pressure of an increasing number of drugs with fixed tolerance or
maximum residue limits (MRLs), demands on methods to detect antimicrobial
residues in edible animal products have changed markedly during recent decades
(1). To satisfy these demands and prevent contaminated products from entering
the food chain, many microbiological tests with sufficient detection sensitivity
of as many analytes as possible in animal tissues, milk, eggs, honey, and fish
have been developed or modified.

27.1 ASSAY FORMATS

Assays for detection of antimicrobial residues in foods are based on the microbial
growth inhibition, microbial receptor, and enzymatic colorimetric formats.

27.1.1 Microbial Growth Inhibition Assays

The earliest methods used for the detection of antimicrobial residues in foods
were based on the detection of growth inhibition of various sensitive bacterial
stains. These methods, originally developed for use in clinical medicine, were
based on microbial agar diffusion tests, or the inhibition of acid production or
coagulation by starter organisms. Other growth inhibition methods such as con-
ductance and ATP bioluminescence measurements have not been well received
in current regulatory programs (2, 3).

The basic microbial inhibition assay format involves a standard culture of
a test organism, usually Bacillus stearothermophilus, Bacillus subtilis, Bacillus
cereus, Micrococcus luteus, Escherichia coli, Bacillus megatherium, or Strepto-
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coccus thermophilus seeded in an agar or liquid growth medium. This is then
inoculated with milk, urine, tissue, egg, or honey sample and incubated for periods
up to several hours. Sample can be applied directly to the medium, in stainless
steel cylinders or on a paper disc impregnated with the liquified sample. During
incubation, the liquid diffuses into the medium and, if the sample contains suffi-
cient amounts of inhibitory compounds, the growth of the test organism will be
reduced or inhibited. Depending on the particular test, the presence of an inhibi-
tory compound in the test sample is indicated by zones of growth inhibition or
a change in the color of the medium.

Owing to the variability in results of the early developed microbiological
procedures, standardized tests were introduced and are currently used for routine
quality control. Examples of commercially available microbial tests for food
analysis include the Delvotest-P, Brilliant black reduction (BR) test, CHARM
farm test, swab test on premises (STOP) live animal swab test (LAST), and the
calf antibiotic and sulfa test (CAST). The primary advantages of these tests are
that they are inexpensive, easy to perform, and adaptable to screening of large
numbers of samples. Their major disadvantage is that they are not intended to
provide definitive information on the identity of specific drug residues. Instead,
these tests can be very effectively used to give an indication that a residue problem
may exist in the sample tested.

Microbial inhibition tests are extremely sensitive for -lactam antibiotics,
primarily penicillin, but mostly are more than 100-fold less sensitive for other
commonly used antibacterials such as macrolides, sulfonamides, tetracyclines, or
chloramphenicol (4, 5). Therefore, inhibition tests usually classify residues as
belonging to the -lactam group. Antibiotics other than -lactams and sulfon-
amides can be detected by use of the enzyme penicillinase and aminobenzoic
acid, respectively (1, 6).

Investigations into performance characteristics have shown that various
factors affect the efficiency of the microbiological assays; their relative influence
depends upon the kind of antibacterials assayed and, especially, the test organism
(7). Agar composition and pH, type of test strain, incubation temperature, depth
of the agar, and the manner of incubation are all parameters of critical importance
(7–9).

The efficiency of a test system depends also on the matrix used for examina-
tion. Many reports have stated that growth-inhibition tests are subject to the
effect of several natural inhibitory food components such as lysozyme, lactoferrin,
lactoperoxidase, somatic cells, long-chain fatty acids, bile, and lactic acid. These
compounds may give rise to false-positive results, particularly when mastitic milk
from individual cows, kidneys from pigs, and urine samples are tested (10–17).
Some of these effects can be overcome by use of paper discs, heat treatment of
samples prior to testing, or use of dialysis membranes to separate high-molecular-
weight proteins from the low-molecular-weight antibiotics (15, 16, 18).
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27.1.2 Microbial Receptor Assays

More versatile than the growth-inhibition assays and potentially applicable to
determining the presence of different antibiotic residues in different matrices are
the microbial receptor CHARM I and II test assays (19, 20). The Charm I test,
developed exclusively for -lactams in milk, constitutes the first rapid test recog-
nized by The Association of Official Analytical Chemists (AOAC) with a test
time of 15 min (19). The speed and sensitivity of this test permitted testing of
milk tankers before they unloaded at the processing plant (21). In 1984–1985,
the CHARM I test was further developed to test for antibiotics beyond -lactams
to include tetracyclines, sulfonamides, aminoglycosides, chloramphenicol, no-
vobiocin, and macrolides. The extended version has been referred to as CHARM
II test.

The CHARM II test is a general screening and identification test for mem-
bers of different groups of antibacterial residues in milk in a rapid 15 min proce-
dure (22–24). The test has been also applied to the analysis of other animal
products, but a simple 30 min extraction with an aqueous buffer is usually required
for tissue and eggs.

The CHARM II test is based on the irreversible binding reaction between
functional groups of antibacterials and receptor sites on or within the cell of added
microorganisms. For example, -lactams bind to D-alanine carboxypeptidase on
the cell wall, whereas other binding sites are found on ribosomes. Cells from two
different organisms provide the binding sites for seven groups of antibacterials,
which include aminoglycosides, -lactams, chloramphenicol, macrolides, novob-
iocin, sulfonamides, and tetracyclines. The test employs 14C-labeled or 3H-labeled
antibacterials to compete for the binding sites. This competition for receptor sites
prevents the radiolabeled antibacterial from binding. Thus the more radiolabeled
compound bound, the less analyte in the sample. A control point, established by
spiking the most common family member into the matrix at a predetermined
level, identifies contaminated samples.

Although analogous in test principle to the radioimmunoassays, the
CHARM II test cannot be classified by strict definition as immunochemical assay.
In addition, it may be considered that inhibition tests also bind antibiotics to
microbial receptors. In this case, the results of antibiotic binding is measured by
growth inhibition and lack of acid production. In cases where the initial binding
and final mode of action take place on the same site as with sulfonamides and

-lactams, there is excellent correlation between receptor and inhibition assays.
On the other hand, macrolides/lincomycin and aminoglycosides that have addi-
tional subsites (25) give less correlation. In some cases, weak binding of the
antibiotic to the receptor limits the sensitivity. When this happens an antibody
binder may be better, especially in a drug family with few members.

The procedure for detecting residues in milk is relatively simple and rapid.
For the detection of -lactams, for example, a 5 ml milk sample is incubated
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with a mixture of the 14C-labeled -lactam and the microbial receptor sites for
4 min at 85 C, and centrifuged. The supernatant is discarded; the precipitate is
resuspended in water to be mixed further with scintillation fluid. For screening
purposes the sample is counted for 1 min, while for quantitation purposes it is
counted for 5 min. The reported limits of detection in milk range from less than
5 ng/ml for -lactams and sulfonamides to 500 ng/ml for tetracyclines (20, 24,
26). The test can be regarded as a sensitive, rather complex screening method
complementary to conventional microbiological methods.

When the CHARM II test was applied on kidney, liver, and muscle tissue
samples, the detection limits obtained for penicillin G, sulfamethazine, streptomy-
cin, and erythromycin were 5, 15, 100, and 150 ppb, respectively (27). The degree
of response obtained with the -lactam assay varied among equimolar amounts of
eight -lactams. The sulfa assay was positive, with varying response, to equimolar
amounts of four different sulfonamides and negative for trimethoprim. The strep-
tomycin assay also detected dihydrostreptomycin, but was negative for gentami-
cin and neomycin. The erythromycin assay was negative for oleandomycin but
positive for tilmicosin and tylosin. No evidence of cross-reactivity was detected
among the compounds targeted by the four assays.

The CHARM II test for tissues is relatively fast, easy to perform, and
requires limited laboratory equipment. However, for antibacterials with estab-
lished tolerance levels, it can serve only as a screening test because the results
are not quantitative and therefore should be supported by additional quantitative
chemical methods. The microbial receptor assay, with its broad-spectrum capabil-
ity, can enhance any existing monitoring system as a first-line monitoring test or
as a confirmation for any program using microbial inhibition tests.

27.1.3 Enzymatic Colorimetric Assays

The enzymatic colorimetric format is followed by the Penzyme test. This test is
a qualitative enzymatic assay for rapid detection of -lactam residues in milk
(28–30). The detection principle of the Penzyme test is based on measurement
of the degree of inactivation of the enzyme DD-carboxypeptidase is involved in
the synthesis of the bacterial cell wall by -lactam antibiotics. These residues
bind specifically with the enzyme and inactivate it, thus interfering with bacterial
cell wall formation.

In the Penzyme test, freeze-dried Streptomyces DD-carboxypeptidase is
placed in sealed vials to which the milk sample is added. A preliminary incubation
is carried out for 5 min at 47 C to cause some inactivation of the enzyme mole-
cules. The degree of inactivation is dependent on the amount of -lactams pre-
sumed to be present in the milk sample. Subsequent addition of a reagent tablet
containing synthetic D-alanine oligopeptide and D-amino acid oxidase followed
by reincubation at 47 C for 15 min results in the release of D-alanine, its amount
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depending on the remaining active enzyme. D-Alanine is oxidized in turn to
pyruvic acid with simultaneous formation of hydrogen peroxide, and the latter
is measured by use of a redox color indicator that is oxidized to a white–yellow
color if the test result is positive, reduced to a pink color if the test result is
negative. A coloration midway between the pink and the white–yellow allows
semiquantitative estimation of -lactams present in milk in the range 0–0.017
IU/ml.

27.2 APPLICATIONS

Applications of microbiological methods in the field of drug residues analysis
include all types of food matrices: milk, meat, eggs, and honey.

27.2.1 Milk Analysis

The focus of testing for antibiotic residues in milk is changing from that of
preventing manufacturing problems to more of an emphasis on food safety. The
significance of using methods that detect inhibitors solely because they suppress
starter cultures in dairy products is taking a secondary role to methodology that
detects antibiotic residues at established levels of concern.

In the context of residue control, antibiotic residues in milk are the easiest
and most practical to accommodate. In the past, inhibitor tests sensitive primarily
to -lactam antibiotics were used to control drug residues in milk. More recently,
other drugs have become the focus of concern, and new concepts for the detection
of antibiotics in milk are repeatedly being reported (31).

In 1989, an experimental study designed by the International Dairy Federa-
tion in 53 laboratories of 22 different countries to achieve deeper insight into
state of proficiency of routinely applied tests showed that the most frequently
used microbial inhibitor screening tests were the disc assays with Bacillus stearo-
thermophilus, Delvotest-P, Brilliant black reduction test, acidification test,
CHARM II test, and the Penzyme test (32). Currently available microbial inhibitor
tests for screening of residual antibacterials in milk and milk products are pre-
sented in Table 27.1.

In the disc assay plate tests, a paper disk impregnated with the milk sample
is placed on the surface of an agar medium inoculated with either Bacillus stearo-
thermophilus var. calidolactis ATCC 10149 (Disc assay for penicillin and disc
assay with indicator) or Bacillus subtilis ATCC 6633 (Bacillus subtilis field test).
During incubation, growth of the test organisms causes the agar to become cloudy
if inhibitory substances are not present. Presence of inhibitory substances causes
a clear zone around the disc, the zone size depending on both the type and
concentration of the inhibitory substances. Therefore, any clear zone surrounding
a disc prepared from a heat-treated milk is considered to show a positive result.
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TABLE 27.1 Microbiological Methods for Screening Residual Antibacterials in Milk

Sample Test Incubation Confirmation
treatment organism conditions agent Ref.Type of test Indicator

SCREENING ASSAYS
Accusphere test Heating at 95 C S. thermophilus in 4 h at 45 C into Bromocresol Penicillinase 34

(Intervet Lab. sphere form tube purple (visual
Ltd.) check of colour

change)
Acidification test Heating at 100 C S. thermophilus T.J. 2.5 h at 45 C into Bromocresol Penicillinase or 34

for 5 min tube purple (visual p-amino
check of color benzoic acid
change and

trimethoprim
Arla microtest Heating at 80 C B. subtilis ATCC 6633 6 h at 40 C in Triphenyltetrazolium Trimethoprim 127,

(Arla, Sweden) for 2 min in tablet form micro-titre chloride (visual 128
plate check of color

change)
Bioluminescence Heating at 100 C S. thermophilus T.J. 20, 40 and/or 60 Luciferin–luciferase Penicillinase or 42

test (Biosys SA) for 2 min min at 45 C into (use of p-amino
tube luminometer) benzoic acid

and
trimethoprim

B. subtilis field Direct assay B. subtilis ATCC 6633 14–24 h at 32 C None (visual check None 129
test or 5–7 h at of inhibition

35 C or 3–4 h zone)
at 37 C on agar
plate
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BR-test/AS/Blue Direct assay B. stea rothermophilus 2.5–3.5 h at Brilliant Black B Penicillinase or 36,

Star/6/7 var. ca lidola ctis 60–70 C on (visual or by p-amino 39
(Enterotox Lab., ATCC 10149 microtitre microplate benzoic acid
Germany) tablets reader-check of and

color change) trimethoprim
Charm farm test Heating at 100 C B. stea rothermophilus 3.8 h at 67 C into Bromocresol Penicillinase or 34

(Penicillin for 6 min in tablet form tube purple (visual p-amino
Assays, USA) check of color benzoic acid

change)
Charm inhibition Direct assay B. stea rothermophilus 2.3 h at 64 C on Bromocresol Penicillinase or 34

assay (Penicillin var. ca lidola ctis agar plate purple (visual p-amino
Assays, USA) ATCC 10149 check of color benzoic acid

change)
Disc assay for Direct assay B. stea rothermophilus 2.5–5 h at 55 C None (visual check Penicillinase 21

penicillin var. ca lidola ctis on agar plate of inhibition
ATCC 10149 zone)

Disc assay with Direct assay B. stea rothermophilus 3–4 h at 55 C or Bromocresol Penicillinase or 34
indicator var. ca lidola ctis 2–3 h at 64 C purple (visual p-amino

ATCC 10149 on agar plate check of color benzoic acid
change) and

trimethoprim
Delvotest P/SP/ Direct assay B. stea rothermophilus 2.5 h at 64 C into Bromocresol Penicillinase 130

multi (Gist- var ca lidola ctis ampules or purple (visual
Brocades NV, ATCC 10149 cups of a check of color
Netherlands) polystyrene change)

plate
Inhibitor test with Direct assay Sa rcina lutea (M. 16–18 h at 30 C None (visual check Penicillinase 41,

Sarcina lutea luteus) ATCC 9341 in cylinder plate of inhibition 129
zone)

(continued)
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TABLE 27.1 Continued

Sample Test Incubation Confirmation
treatment organism conditions agent Ref.Type of test Indicator

Lumac test Direct assay S. thermophilus OL 35 min at 41 C 3-(4,4- — 34
(Lumac B.V., 1010.59 into dimethylthiazolyl-
NL) Lumacuvettes 2-)2,5-diphenyl-

tetrazolium
bromide

Tube diffusion Direct assay B. stea rothermophilus 2.5–2.75 h at Bromocresol Penicillinase or 34
test var. ca lidola ctis 64 C into tube purple (visual p-amino

ATCC 10149 check of color benzoic acid
change) and

trimethoprim
Valio T101 test Heating at 95 C S. thermophilus T101 4.5 h at 42 C into Bromocresol — 131

(Valio Dairies for 5 min vials or purple (visual
Association, microwells check of color
Finland) change)
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TENTATIVE CONFIRMATION ASSAYS
Three-plate test: Heating at 80 C B. stea rothermophilus 2.5 h at 55 C on None (visual check Penicillinase and 34

for 10 min var ca lidola ctis agar plate of inhibition trimethoprim
ATCC 10149 zone)

B. subtilis ATCC 6633 16–18 h at 30 C None (visual check —
on agar plate of inhibition

zone)
B. mega terium ATCC 5 h at 37 C on None (visual check Trimethoprim

9885 agar plate of inhibition and p-amino
zone) benzoic acid

Six-plate test Direct assay B. cereus var 18–24 h at 30 C None (visual check Penicillinase or 34
mycoides ATCC on agar plate of inhibition p-amino
9634 4 h at 63 C after 4 zone) benzoic acid

B. stea rothermophilus h diffussion at None (visual check and
var ca lidola ctis 20 C on agar of inhibition trimethoprim
ATCC 10149 plate zone) (provisional)

B. subtilis BGA 18–24 h at 30 C None (visual check
on agar plate of inhibition

zone)
B. subtilis BGA 18–24 h at 30 C None (visual check

on agar plate of inhibition
zone)

Escherichia coli 28 PR 18–24 h at 37 C None (visual check
271 on agar plate of inhibition

zone)
M. luteus ATCC 9341 18–24 h at 37 C None (visual check

on agar plate of inhibition
zone)
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In assays in which bromocresol purple indicator is incorporated into the
medium (disc assay for penicillin, disc assay with indicator), a clear bluish zone
around the disk appears if samples contain inhibitory substances. When addition
of penicillinase to positive milk samples eliminates the zone, the inhibitors can
be roughly identified as -lactams. Among these tests, the 3 h Bacillus stearother-
mophilus disc assay was selected in 1981 as the regulatory test for detecting
antibiotic residues in milk. Although particularly sensitive to -lactams, this test
is relatively insensitive to a number of commonly used antibiotics (20).

In the Accusphere test a freeze-dried sphere containing the test organism
Streptococcus thermophilus and bromocresol purple as indicator disperses into
the test milk sample. The acidification test is very similar: the milk sample is
heated to be further inoculated with a Streptococcus thermophilus culture contain-
ing yeast extract, bromocresol purple indicator, and trimethoprim. It is then incu-
bated for 2.5 h at 45 C (33). In the presence of inhibitory substances, the organism
growth is suppressed, acid production is reduced or eliminated, and the color of
the indicator remains unchanged. Addition of penicillinase to a positive milk
sample results in change of the color of the indicator from purple to yellow when
only -lactams are present.

The Arla test is a routine assay in which a heat-treated milk sample is added
to a well of a microtiter plate containing a freeze-dried tablet containing Bacillus
subtilis ATCC 6633, nutrients, and triphenyltetrazoliumchloride as redox indica-
tor (33). Following incubation, the normal growth of the organism is inhibited
if antibacterials are present, and the uncolored indicator is not reduced into its
red form. Detection of sulfonamides requires prior addition of trimethoprim in
the milk samples analyzed.

The CHARM inhibition assay (CIA), Charm farm test (CFT), and Valio
T101 test are all simple multiresidue screening tests based on microbial inhibition
(34, 35). The CIA test is actually a disc assay using Bacillus stearothermophilus
and specially formulated agar media to increase the sensitivity to sulfonamides.
The CFT is a tube assay using the same test organism in a specific formulation,
which, along with the nutrients, is in a tablet form. To roughly identify penicillins
and sulfonamides with the CIA and CFT tests, positive samples should be reana-
lyzed after the addition of penicillinase and p-aminobenzoic acid.

In contrast to the previous multiresidue tests, the Valio T101 test uses a
freeze-dried Streptococcus thermophilus T101-strain dispersed into the milk. Dur-
ing incubation, the test organisms grow and produce acid, which causes the pH
indicator to change color from blue to yellow. In the presence of any inhibitory
substances, the indicator remains blue or turns to a greenish color depending on
the concentration of inhibitors.

The BR-test constitutes a nonspecific screening assay for the systematic
control of raw milk, which combines principles of both agar diffusion and color
reduction procedures (36). In this test, the sample is introduced into a microtiter
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tablet filled with agar containing Bacillus stearothermophilus and is incubated.
During the incubation period, the microorganisms multiply and cause reduction
of the incorporated redox indicator to the yellow form. If the sample contains
inhibitory substances, the growth of the microorganism is restrained and the
medium retains the blue color of the oxidized form of the brilliant black indicator.
Addition of penicillinase in positive samples causes reduction of the indicator to
its yellow color form if only -lactams are present in the sample.

The BR-test has been modified several times (37, 38). One of its versions,
known as the BR-test AS, contains antifolates that make it possible to detect
sulfones and sulfonamides in addition to the usual inhibitory substances. Another
version, which is called BR-test ‘‘Blue Star,’’ has been officially accepted and
used in Canada. By decreasing the spore concentration in the detection medium,
a sensitivity of less than 40 ng sulfamethazine/ml milk is possible with this test
(38).

In an effort to improve further the detection limits for tetracyclines, sulfon-
amides, and aminoglycosides, additional versions of the BR-test have been devel-
oped. Using the BR-tests 6 and 7 in which the pH value of the medium was
reduced from 8.0 to 6.0 or 7.0, respectively, the detection limits of tetracyclines,
sulfonamides, and aminoglycosides were significantly improved (39). Although
lactoferrin and lysozyme in combination presented an enhanced inhibitory effect
in both of these tests, their physiological concentrations in milk were not sufficient
to induce positive test results. Nevertheless, storing the milk samples pending
analysis at refrigerated temperatures has been strongly recommended for minimiz-
ing false-positive results (40). Rough classification of detected inhibitors into
penicillins, sulfonamides, and other inhibitory substances is possible by these
tests through use of penicillinase and p-aminobenzoic acid.

The Sarcina lutea test is the official US Food and Drug Administration
(FDA) test for detecting penicillin residues in milk and dairy products (41). In
this test, milk samples are placed in stainless steel cylinders on an agar plate
seeded with Sarcina lutea ATCC 9341. As milk diffuses into the agar, inhibitors
prevent the growth of the organism, causing a zone the width of which is a
measure of the antibiotic concentration. The test is sensitive to about 0.006 g/
ml penicillin G, and confirmation of positive results can be performed by the
addition of penicillinase.

The ATP test is a bioluminescence procedure based on the reaction between
adenosine-5-triphosphate (ATP) and a luciferin–luciferase enzymatic system (42,
43). The principle of the test relies on the fact that after a certain incubation
period the intracellular ATP level, which gives a reliable indication of the state
of development of a suitable bacterial culture (44), will remain low relative to a
control, when antimicrobial residues are present. In its first version the ATP test
employed Bacillus subtilis ATCC 6633 as the test organism, but a current version
is based on the use of Streptococcus thermophilus T.J. culture.
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In the current version, the milk sample is slightly heated to be mixed further
into a tube with yeast extract, trimethoprim, apyrase, and Streptococcus ther-
mophilus T.J. culture in the exponential phase of the growth. Following incubation
for 20 min, 40 min, and/or 60 min, a bacterial extractor, a stabilizer, and a lucif-
erin–luciferase reagent are all added. The bioluminescence emitted after addition
of the luciferin–luciferase reagent is measured with an appropriate photometer.
The ratio of the values obtained at 40 and 20 min, and/or at 60 and 20 min,
indicates the presence of inhibitors when it is lower than those obtained with
inhibitor-free milk samples. Presence of penicillin or sulfonamides can be roughly
confirmed in positive samples through the addition of penicillinase or p-amino-
benzoic acid, respectively.

The Lumac test is a rapid detection procedure for a wide range of antibiotic
residues in milk. It is based on measurement of the inhibition of the metabolic
activity of a specially developed strain of Streptococcus thermophilus after a 30
min incubation time (33). In absence of inhibitory substances, the organism grows
and enzymes are produced. In presence of the chromogen 3-(4,4-dimethylthiazo-
lyl-2-)2,5-diphenyltetrazolium bromide, a color change from greenish to purple
occurs because of oxidation of the chromogen by the produced enzymes. When
antibiotic residues are present in samples, production of enzymes is suppressed
and therefore less color change is observed. With this test, a slight color difference
between test samples and control milk is enough to denote the presence of antibi-
otic residues in the tested milk samples. However, application of this test in
milk from cows with mastitis may lead to false-negative results because high
concentrations of somatic cells can counteract with the activity of the antibiotics.

Since yogurt cultures are about 10 times more sensitive to penicillin than
other starters, a yogurt inhibitor test has been also developed to detect this drug
in milk (45, 46). In this test, the milk is heated and inoculated with a yogurt
culture. Following incubation, inhibitory substances are considered to be present
when the increase of the Soxhlet-Henkel acidity of the test sample is lower than
half the increase of acidity of an inhibitory-free control milk sample.

Another widespread and simple-to-handle tube diffusion assay is the Del-
votest-P test (47). In this test, the milk sample and a tablet containing nutrients
and a pH-indicator are added to an ampoule containing agar seeded with spores
of Bacillus stearothermophilus. Following incubation, the organism produces
enough acid to change the color of the incorporated pH-indicator from purple to
yellow when inhibitory substances are absent. When antibacterials are present,
the normal growth of the organism is inhibited, acid production is delayed, and
the incorporated pH-indicator does not change its color. In this test, all inhibitory
substances have to diffuse down into the agar to affect the growth of the test
organism. Although antibacterials readily penetrate the whole agar layer, natural
inhibitory substances, such as lactoferrin and lysozyme, diffuse only a small
distance and therefore do not affect the growth of the organism. This is due to the
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fact that the diffusion of those positively charged proteins into the agar medium is
inhibited by their interaction with the sulfate groups of the agar (48).

However, when both lactoferrin and lysozyme are present in considerably
higher concentrations than in normal milk, as in mastitis milk, a complex may
be formed in which the basic functions of the compounds are masked and therefore
diffusion of the complex into the agar occurs. This diffusion can be further en-
hanced when lactoferrin is in excess, due to neutralization of the electrical charge
of the agar (11). Fortunately, the raw farm milk does not show such inhibition
because any affected milk is too diluted by unaffected milk. Appearance, there-
fore, of a narrow, purple, upper layer above yellow-colored agar indicates a
negative test result. Rough identification of penicillin or sulfonamides in positive
samples is possible through the addition of penicillinase or p-aminobenzoic acid,
respectively, in the tested milk samples (49).

The Delvotest-P-Multitest is a modification of the original Delvotest-P test
(50). This is not an ampoule test but a polystyrene plate-based test with cups
similar in principle to the original version. Its main advantage is that it permits
up to 96 test cups to be used at one time. Following a collaborative study (51),
both tests have been adopted by the Association of Official Analytical Chemists
(AOAC) as official tests for the detection of -lactams in milk and milk products.

A more recent ampoule-based version with quite different test principle has
been also available in the market as Delvo-X-Press test (52). This is a qualitative
enzyme-linked receptor-binding assay in which residues of -lactam antibiotics
are captured by a penicillin-binding protein conjugated to the enzyme horseradish
peroxidase. Although analogous in principle to immunochemical assays, the
Delvo-X-Press test does not use antibodies specifically to bind the -lactams,
and therefore cannot be classified as immunochemical test. In the first step of
this test, calibrated amounts of milk and conjugate are mixed and incubated. The
enzyme conjugate will bind with -lactams that may be present in the milk
sample. This mixture is then transferred to a tube coated with -lactam antibiotic.
If a plastic unit containing sample and control spots on a filter paper is used
instead of tubes, the test although similar in principle is called Snap test (53).

Only free enzyme conjugate will bind to the coating. Addition of an enzyme
substrate results in formation of a blue color, the intensity of which is inversely
proportional to the amount of -lactam in the sample. Absence of -lactams in
a sample results in all of the enzyme conjugate remaining unbound and available
for binding to the immobilized -lactam. Presence of -lactams results in a portion
of the enzyme conjugate being bound and unavailable to bind with the immobi-
lized -lactam. The Delvo-X-Press test uses an optical density reader to compare
the optical density of a standard set at a cutoff level of 5 ppb penicillin G, with
that of each sample tube in total assay time of about 10 min.

Apart from detection, some microbial inhibitor tests including the three-
plate and the six-plate tests are further suitable for tentative confirmation of
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antibacterial residues in milk samples found positive by other microbial inhibitor
screening tests (Table 27.1). In the three-plate test, a paper disc impregnated with
the milk sample is placed on each of the three test plates (33). One plate has
been inoculated with Bacillus stearothermophilus, the other with Bacillus subtilis,
and the third with Bacillus megatherium, respectively. In this way, detection and
presumptive identification of antibiotic substances that may be present in milk
can be made possible, since Bacillus stearothermophilus is particularly suitable,
apart from penicillins, for the detection of penicillins and tetracyclines, whereas
Bacillus subtilis is suitable for aminoglycosides and macrolides, and Bacillus
megatherium for chloramphenicol and sulfonamides.

In the six-plate test, the sample is brought in a punch hole or a paper disc
on each of the six test plates that have been inoculated with Bacillus cereus,
Bacillus subtilis (pH 6), Bacillus subtilis (pH 8), Sarcina lutea, Escherichia coli,
and Bacillus stearothermophilus, respectively (33). Once the samples have been
introduced, the plates are incubated for the required time at the required tempera-
ture. If, on one of the plates, a zone of inhibition of 1.0 mm is observed around
the disks or holes, the result of the test is considered positive, provided that
interferences have been excluded.

Detectable concentrations of various antibacterials in milk attained by dif-
ferent microbiological tests are presented in Table 27.2. Milk constitutes a matrix
that, apart from heating to destroy natural inhibitory substances, does not gener-
ally necessitate further sample treatment. Some antibiotics, however, exhibit some
instability to heat treatment (54–56) and, therefore, if further confirmation is
required reference frozen samples should always be available. When raw milk
is directly analyzed, critical evaluation is generally required because natural inhib-
itors such as somatic cells, immunoglobulins, and metabolites may cause zones
of inhibition (56, 57). Furthermore, several factors including marked pH-devia-
tions, use of paper disks that contain inhibitory substances, and work with forceps
that are too hot or have not been cleaned properly can readily lead to false-
positive readings (56, 58).

Application of some kind of sample treatment may have the potential to
improve substantially the detection of certain antibacterials in milk by microbial
routine methods (59). Treatment, for example, of milk samples with ammonium
oxalate solution prior to analysis can lead to lower limits of detection of tetracy-
clines by both microbial inhibition and microbial receptor assays. This is due to
the fact that tetracycline residues tend to form chelates with divalent cations and
bind to proteins, which reduce their antibacterial efficacy. However, the oxalate
treatment causes splitting of complex and/or protein bonds without increasing
the detection limits of other antibacterials commonly used in dairy cows.

27.2.2 Meat, Egg, and Honey Analysis

Muscle, liver, and kidney constitute the target tissues used for inspection of the
whole carcass for the presence of antibacterial residues. A major advantage in
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TABLE 27.2 Detectable Concentrations (ppm) of Various Antibacterials in Milk by Different Microbiological Tests

Aminoglycosides -Lactams Macrolides Tetracyclines Sulfonamides ChloramphenicolType of test

Accusphere test 5.0–10.0 0.006–0.2 0.1–5.0 0.5 200.0 0.5
Acidification test 5.0 0.003–0.2 0.06 0.4 0.1–1.0 1.2
Arla microtest 2.5–5.0 0.004 0.6 0.1 0.1–1.0 0.6
ATP test 3.0 0.002–0.1 0.02 0.04 3.0–30.0 0.5
BR-test 13–28 0.005–0.035 2.25 0.4–0.5 0.1–1.0 15.0
BR-test AS/Blue star 0.3–12.5 0.002–0.03 0.02–2.5 0.1–0.2 0.005–1.5 2.75
BR-test 6 0.175–7.0 0.0009–0.013 0.025–2.25 0.05–0.09 — 1.5
BR-test 7 0.125–4.25 0.0015–0.015 0.02–1.0 0.075–0.15 — 1.5
CHARM farm test 0.04–0.125 0.003–0.05 2.25 0.06–0.1 0.01–0.015 —
CHARM inhibition assay 0.5 0.004–0.1 0.25 0.2–0.25 0.005–0.01 —
CHARM test II 0.01 0.003–0.03 0.01–0.02 0.08–0.1 0.0005–0.003 0.08
Disc assay 13–28 0.004–0.035 2.25 0.4–0.5 0.1–1.0 15.0

(B. stea rothermophilus)
Delvotest P multi 0.5–15 0.0025–0.015 0.4–5 0.25–0.7 — 8.0
Lumac test 0.5–10.0 0.001–0.05 1.25 0.25–0.3 — 1.0
Penzyme test n.d. 0.003–0.04 n.d. n.d. n.d. n.d.
Tube diffusion test 13.0–28.0 0.004–0.035 2.25 0.4–0.5 0.1–1.0 15.0
Valio T101 test 0.5–1.0 0.003–0.2 0.05 0.2 1.0 1.0
Three-plate test 0.3–20 0.003–0.03 0.1 0.4 0.1–1.0 2.0
Six-plate test 13–28 0.004–0.035 2.25 0.4–0.5 1–1.2 15.0

Source: From Refs. 34, 39, 130.
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analyzing muscle is that this tissue constitutes primarily the edible part of the
animal for which maximum residue limits have been established. A disadvantage
is that a variety of different microbiological methods have to be used in order to
meet the low tolerance/maximum residue limits (MRLs) established for this ma-
trix. Test systems using liver or kidney as target tissue do not necessitate use of
different test microorganisms from those for muscle because they usually contain
the drug residues at much higher levels, thus offering greater sensitivity. Draw-
backs for liver and kidney analyses are, on one hand, the false-positive results
frequently obtained because of the presence in these samples of many endogenous
inhibiting compounds and, on the other hand, the varying ratios of residue levels
between liver or kidney and muscle tissues when animals are not healthy.

Unlike milk, tissues have to be generally submitted to some kind of extrac-
tion procedure prior to undergoing microbiological assay. Extraction is generally
carried out by blending a weighed portion of tissue with a predetermined ratio
of a solvent, preferably an aqueous buffer solution. The homogenized mixture is
then analyzed either directly or after centrifugation or other cleanup manipulation.
Concentration of sample extracts as a means of increasing the sensitivity of the
assay is not usually carried out, since interferences are increased as well. In cases,
however, where volatile organic solvents are used for extraction, concentration
of the extract and subsequent partitioning into a suitable aqueous buffer is indis-
pensable. Thus, for bacitracin analysis, the tissue is blended with aqueous pyridine
and centrifuged. An aliquot of the supernatant is diluted with methanol, centri-
fuged, and the supernatant is evaporated to dryness to be further reconstituted
with a pH 6.5 buffer. Whenever binding of the analytes to tissue components
may occur, specific extraction procedures are usually employed. Extraction, for
example, with a pH 4.5 phosphate buffer or ethyl acetate can minimize the binding
of tetracyclines or novobiocin, respectively, to tissue components (60).

When working with concentrated chicken and pork muscle extracts, nonspe-
cific inhibition zones are occasionally produced. The pH value of the concentrated
extract and its lactic acid content are considered major causes for this effect (61).
Buffering of the extract with a pH 7 phosphate buffer can greatly reduce, but
does not always eliminate, these nonspecific inhibition zones (62). Substances
produced in the muscle postmortem, contaminants of the solvents employed in
the extraction, and insufficient heat inactivation of contaminated glassware have
all been also considered as partly responsible for appearance of these nonspecific
zones (61, 62). Development of inhibitory substances at refrigeration temperatures
can also cause failures in simple tests designed to detect antibiotic residues,
even when the meat is organoleptically acceptable. Therefore caution should be
exercised in interpreting the results of inhibition methods applied to animal tissues
remote from the place and time of slaughter (16).

Over the years, numerous methods have been developed for detecting anti-
bacterial residues in animal tissues. Most of these methods are agar diffusion
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procedures using paper disks or steel cylinders to apply samples to the agar plates.
The sensitivity of the disk assay methods is generally relatively lower because
drug residues in samples bind to filter papers (63), whereas the sensitivity of the
cylinder plate assay methods is compromised by sample debris plugging the
cylinder bottom (64). Unlike with meat, very few microbiological methods have
been developed for eggs and honey. The high frequency of false-positive results
caused by the lysozyme present in eggs may be a major reason for this general lack
of methods (65–68). Table 27.3 summarizes microbiological methods specifically
developed for screening residual antibacterials in animal tissues, eggs and honey.

Apart from those methods, a variety of test assays primarily derived from
modifications of the existing fast milk testing procedures have been also devel-
oped and widely used for testing animal tissues, eggs, and honey for antibacterial
residues. Sound examples are the CHARM II test and the CHARM farm test
(CFT), which have been successfully used since 1987 in many animal-derived
products and matrices such as swine and cattle tissues, eggs, and honey.

The CHARM II microbial receptor assay, with its broad-spectrum capabil-
ity, can enhance any existing monitoring system as a first-line screening or confir-
mation test for any program using microbial inhibition tests. A simple 30 min
extraction procedure using an aqueous buffer is performed for tissue and eggs.
Extracts may be assayed for several common antibiotic families simultaneously,
including -lactams, sulfonamides, tetracyclines, aminoglycosides, macrolides,
novobiocin, chloramphenicol and spectinomycin. With CFT, a low incidence of
false-positive kidney results and a high incidence of false-positive muscle results
have been observed for cattle and swine diagnostic samples, with false-negative
kidney results being more frequent than false-negative muscle results (69). When
extracts from incurred swine muscle and kidney samples were assayed by CFT
for sulfamethazine, chlortetracycline, and penicillin G residues, not too many
false-positive results were obtained (70).

An adaptation of the CFT for use with 96-well microtiter plates is the so-
called antimicrobial inhibition monitor (AIM-96). This test has been recently
evaluated for potential application in muscle analysis (71). Unfortunately, its
sensitivity for most antimicrobials, with the exception of penicillin G, was not
found sufficient to monitor at MRLs and, thus, the manufacturer of the test is
continuing developmental work.

Since 1974, Bacillus subtilis BGA has been officially employed as the test
organism in the German Hemmstoff test to detect residues of tetracyclines, -
lactams and aminoglycosides in kidney and muscle tissues with high sensitivity
(72). Macrolides can be also detected, but to a lesser extent, whereas chloramphen-
icol and sulfonamides are difficult to detect. For better detection of sulfonamides,
a modification of this test, the German three-plate inhibition test, was developed.
This test is based on the same test organism but uses three pH values (6, 8, and
7.2), with the addition of trimethoprim. The pH relationship between the three
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TABLE 27.3 Microbiological Methods for Screening Residual Antibacterials in Animal Tissues, Eggs, and Honey

Antibacterial Matrix Sample preparation Test organism Ref.

Bacitracin Animal tissues Blending with aqueous pyridine, M. fla vus ATCC 10240 132
MeOH addn, centrgn, evapn, and
reconstitution in pH 6.5 buffer

Cephalexin Chicken TCA extn, macroreticular resin B. stea rothermophilus 133
tissues (Diaion HP-20) column cleanup, C953 NIZO

aqueous MeOH elution, evapn,
and reconstitution in H2O/MeOH
(2 1)

Chloramphenicol Animal tissues Blending with buffered saline and M. luteus ATCC 9341 134
centrgn and B. cereus ATCC

11778
Animal tissues EtOAc extn, centrgn, evapn, and M. luteus ATCC 9341 135

reconstitution in pH 6 buffer
Chlortetracycline, Animal tissues Blending with MeOH/pH 6.5 buffer, B. cereus ATCC 11778 136

oxytetracycline centrgn, evapn, and reconstitution
in pH 6.5 buffer

Colistin Animal tissues Blending with pH 6 buffer Bordetella 132
bronchiseptica
ATCC 4617

Animal tissues Extraction by acid hydrolysis at pH Bordetella 137
3.5 bronchiseptica

ATCC 4617
Erythromycin, Animal tissues Blending with pH 6 buffer M. luteus ATCC 9341 132

oleandomycin,
penicillin, tylosin
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Flumequine Eggs Direct assay Escherichia coli 14 138

Bayer
Animal tissues Punching of cylindrical tissue pieces Escherichia coli 14 139

Bayer
Animal tissues Punching of cylindrical tissue pieces Escherichia coli 14 140

Bayer
Hygromycin Animal tissues Blending with H2O Pseudomona s 132

syringa e ATCC
12885

Neomycin Eggs Blending with a surfactant pH 8 B. stea rothermophilus 141
buffer, heating at 85 C for 15 min, ATCC 12980
and centrgn

Nosiheptide Animal tissues DMF/acetone extn, centrgn S. a ureus ATCC 6538P 142
and eggs

Novobiocin Animal tissues Blending with EtOAc, pH 10 buffer S. epidermidis ATCC 132
extn 12228

Oxytetracycline Honey Diln with pH 7 buffer B. cereus ATCC 11778 143
Animal tissues Blending with H2O B. stea rothermophilus 84

ATCC 10149
(Delvotest P)

Penicillin Animal tissues Blending with pH 7 buffer M. luteus ATCC 9341 144
Animal tissues Blending with ACN/pH 6 buffer, M. luteus ATCC 9341 61

centrgn, and evapn of the
supernatant

Animal tissues Blending with pH 6 buffer, and M. luteus ATCC 9341 145
centrgn

(continued)
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TABLE 27.3 Continued

Antibacterial Matrix Sample preparation Test organism Ref.

Penicillin, Animal tissues Extraction with oxalate/EDTA/ M. luteus ATCC 9341 62,
tetracyclines acetone soln, evapn, and 146

reconstitution in pH 7 buffer
Spectinomycin Animal tissues Blending with acidic ammonium Escherichia coli 132

sulfate, purification over Charcoal/
Celite column, evapn to dryness,
and reconstitution with pH 8
buffer

Streptomycin Animal tissues Blending with pH 1.5 buffer, pH 8.5 B. subtilis ATCC 6633 132
adjustment, centrgn

Eggs Blending with a surfactant pH 8 B. subtilis ATCC 6633 147
buffer, heating at 85 C for 15 min,
and centrgn

Tetracyclines Animal tissues Blending with pH 4.5 buffer B. cereus ATCC 11778 132
Various Animal tissues Punching of cylindrical tissue pieces B. subtilis BGA 148

antibacterials
Various Animal tissues Blending with an appropriate buffer, B. stea rothermophilus 149

antibacterials centrgn BBL 12018
Various Animal tissues Centrgn or ACN extn of tissue paste M. luteus ATCC 9341 150

antibacterials and B. cereus ATCC
11778

Addn, addition; centrgn, centrifugation; evap, evaporation; diln, dilution.
Other abbreviations as in Table 20.2.
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results for each sample can give an incidence to groups of antibiotics contained
in the sample. A comparative evaluation study has shown that this test, which is
the official test in Germany, apart from a low sensitivity for bacitracin, is identical
in performance with the EU four-plate test (73).

The four-plate test was initially based on the German Hemmstoff-test with
an additional plate of Sarcina lutea at pH 8.0, designed for the detection of lower
levels of macrolides, and a fourth plate of Escherichia coli at pH 7.2 for the
detection of sulfonamides (74,75). The modified version adopted by the European
Community for screening carcasses is based on three plates with Bacillus subtilis
BGA at pH values of 6.0, 8.0, and 7.2 with added trimethoprim, respectively,
and a fourth plate with Micrococcus luteus NCTC 8340 at pH 8.0 (74). This test as
described elsewhere (76) is intended to detect residues of -lactams, tetracyclines,
aminoglycosides, sulfonamides, and macrolides in muscle tissue of slaughtered
animals, without any prior extraction or cleanup.

In the four-plate test, the sample is applied in the form of a sliced deep-
frozen tissue disk directly on each of the four plates, and incubation is carried
out at 30 C for 18–24 h. The test is sensitive and reasonably easy to standardize
but it is time-consuming and thus rather expensive. Its performance has been
found to be affected, at least in part, by the composition and the properties of
the test medium, and the nature of antibiotics being tested (77–80).

However, recent investigations on the effect of the tissue matrix on the
detection limits attained by this test have indicated that ceftiofur, sulfonamides,
streptomycin, and some macrolide antibiotics cannot be detected in intact meat
with the plates and the bacterial strains prescribed in the European four-plate
test (81, 82). Two plates of this system were not found suitable for screening
sulfamethazine or streptomycin at levels far above the MRL; the third plate de-
tected tetracyclines and -lactams up to the MRL levels; whereas the fourth was
sensitive to -lactams and some but not all macrolides. Detection, on the other
hand, of the fluoroquinolones enrofloxacin and ciprofloxacin could only be made
possible by an additional Escherichia coli plate not included in the four-plate
test.

Another test that has been adapted by the Center for Veterinary Drug Resi-
dues, Saskatoon, Canada, to screen muscle samples from imported carcasses is
the cube inhibition test (CIT) (83). Tissue preparation is similar to that in the
German three-plate test in that tissue cubes are placed on seeded media. The
organism is Bacillus subtilis, two different agar plates are used, and incubation
is carried out at 37 C for 18–24 h.

The Delvotest-P test (84), which was originally designed for rapid detection
of penicillins in milk, has also been successfully employed for the detection of
oxytetracycline residues in chicken tissues. In this method samples of liver, kid-
ney, and muscle tissue are homogenized with distilled water, and the homogenates
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are analyzed with the Delvotest as earlier described. The method provides results
in 3 h, it is easy to perform, and has a detection limit of 0.62 ppb.

A similar fast color-change test, adapted to screen antibacterials in meat,
is the BR-test (85) which has not been widely used by the meat industry until
now. A version of this test, the BR AS test, which detects with limited sensitivity
residues of antibiotics and sulfonamides, has been also employed to screen eggs
for general inhibition. In this test, egg samples are homogenized, combined with
Bacto-FA buffer, mixed thoroughly and inactivated at 71–72 C for 20 min. An
aliquot of the sample is then analyzed using the BR AS test. If a sample is
found to be positive, it is reanalyzed with the addition of the antifolate para-
aminobenzoic acid for canceling the bactericide effect of sulfonamides. If the
sample still remains positive, the inhibitor is not a sulfonamide. The test works
well with normal eggs but it is not applicable to dried albumen or to powdered
egg mix containing salt or sugar.

For very rapid on-farm screening of antibiotic residues in animal tissues,
the swab test on premises (STOP) has been widely employed (86). This test
involves inserting a cotton swab directly into meat tissues, allowing it to absorb
tissue fluids. The swab is the removed and placed on a test plate to be incubated
with Bacillus subtilis ATCC 6633 spores at 29 C overnight for evidence of inhibi-
tion around the swab.

Detectable concentrations of various antibacterials in animal tissues by dif-
ferent microbiological tests are presented in Table 27.4. Although the microbio-
logical tests mentioned are generally well suited for screening edible animal
products, they cannot cover all needs of a regulatory residues program. For exam-
ple, some antibiotics, such as chloramphenicol, cannot be readily traced in meat
because 6 h after administration of the antibiotic, kidney and liver, the usual target
organs, no longer contain detectable amounts of the drug. Since chloramphenicol
spreads all over the body as an inactive glucuronide and is constantly eliminated
in the urine, a delay in sampling may result in consumption of a carcass for which
the residue status may not actually be known.

To overcome this problem, an agar diffusion test has been developed to
detect chloramphenicol residues in the urine of slaughtered animals (87). The
principle of the test is based upon incorporation of -glucuronidase in an agar
medium shown with Bacillus subtilis. With this test, the glucuronide of chloram-
phenicol, which is the major metabolite in urine, is hydrolyzed and the antibacte-
rial activity is demonstrated according to the usual microbiological detection
assays.

In addition, a number of other assays have been developed for screening
antibiotic residues in body fluids of animals at slaughter. They include an agar
plate assay for detecting tilmicosin in bovine serum (88), modified CFT and BR-
test assays for screening penicillin G residues in plasma of healthy steers (89),
a modified CFT for screening plasma and urine samples from healthy market
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TABLE 27.4 Detectable Concentrations (ppm) of Various Antibacterials in Tissues by Different Microbiological Tests

New
German EEC CHARM Dutch CHARM

three-plate four-plate II kidney farm ATP
Antibacterial test test test test STOP CAST FAST test test

Ampicillin 0.01 0.01 0.04 0.025 0.01 0.1 — 0.008 0.08
Bacitracin 250.0 2.5 — — 100.0 0.5 — — —
Chloramphenicol 1.0 1.0 — 5.0 0.5 0.5 — — 4.0
Chlortetracycline 0.005 — 0.1 0.25 0.01 0.05 0.3 0.3 —
Colistin 10.0 50.0 — 500.0 50.0 10.0 — — —
Erythromycin 0.025 0.05 0.4 0.5 0.1 0.1 0.05 0.3 1.0
Gentamicin 0.1 0.5 0.4 10.0 0.01 0.1 0.05 0.25 5.0
Kanamycin 0.1 50.0 — 25.0 0.025 0.05 — — 12.5
Neomycin 0.1 0.5 0.8 50.0 0.1 0.1 0.1 0.3 10.0
Oleandomycin 0.1 — — 10.0 0.25 0.5 — — —
Oxytetracycline 0.05 — 0.5 1.0 0.1 0.1 0.7 0.3 0.3
Penicillin 0.025 — 0.02 0.025 0.01 0.1 0.1 0.005 0.06
Spiramycin 0.25 0.1 — 100.0 0.5 1.0 — — 12.5
Streptomycin 0.1 — 0.15 50.0 0.025 0.5 1.0 1.5 25.0
Sulfadimethoxine 0.1 — 0.01 0.05 10.0 0.1 4.0 0.06 0.15
Sulfaguanidine 2.5 — — 10.0 — 2.5 — — —
Sulfamethazine 0.05 — 0.025 0.5 50.0 0.25 3.0 0.1 —
Tetracycline 0.05 — 0.05 1.0 0.05 0.1 0.7 0.2 —

Source: From Refs. 43, 73, 151.
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pigs (70), and a disc assay for detecting antibiotics in urine from livestock (90).
The live animal swab test (LAST) has been also described (91, 92) for screening
urine from live animals, but its performance is easily affected by the pH of the
substrate (93); a high percentage of false-positive results was observed when
LAST was used to screen urine from cull dairy cows (91).

Since the highest residue concentration in animal carcasses is generally
found in kidney, a variety of rapid prescreening tests have been also developed
to facilitate selection of slaughtered animals suspected of antimicrobial residues
as soon as possible. Most of these test use the urine present in the renal pelvis
as a matrix, because only aminoglycosides preferentially occur in the renal cortex
(94–96). A disadvantage is that the high level of residues in the urine is not
always related to the residue status of the carcass meat; it may be higher in urine
by a factor varying between 10 and 1000. Particularly in diseased animals, no
correlation can be established between muscle and kidney or urine concentrations.
Therefore, any final judgment of the residue status of the carcass meat should
be based on additional muscle tests performed with suitable methods.

The calf antibiotic and sulfa test (CAST), the fast antimicrobial screen test
(FAST), and the swab test on premises (STOP) are all bacterial inhibition tests
developed at the US Department of Agriculture Food Safety and Inspection Ser-
vices to screen kidneys for antimicrobial drug residues at slaughter (97–101).
For CAST and FAST, an incision is made with a knife, whereas for STOP the
tissue is macerated with the shaft of the swab. For all three tests, cotton swabs
are inserted into kidney tissue to soak up fluids. Swabs are then incubated on
inoculated medium with a disc containing an antibiotic standard used to monitor
the viability of the organism and its growth inhibition.

The CAST uses Bacillus megatherium and a 16–24 h incubation at
44–45 C, whereas STOP employs Bacillus subtilis and a 16–24 h incubation at
27–29 C. A zone of inhibition around the swab suggests the presence of a micro-
bial inhibitor in the sample. In the US, bob veal calf carcasses are condemned
on the basis of a positive CAST without further confirmation. For FAST, the
organism and temperature are the same as those for the CAST, but the CAST
medium is supplemented with dextrose and bromocresol purple. The faster growth
rate of bacteria with FAST, allows reduction of minimum incubation from 16 to
6 h.

All three tests lack the sensitivity to detect chloramphenicol and sulfa drugs.
The CAST is more sensitive to sulfa drugs than STOP but lacks the sensitivity
to enforce an MRL of 100 ppb. CAST and FAST are less rugged than STOP,
requiring a higher temperature and more precise temperature control. The advan-
tages of FAST compared with CAST are minimal, unless the slaughter plant is
running two shifts per day (71).

Another kidney prescreening procedure or emergency slaughtered animals
is the Sarcina lutea kidney test (102), which has been in use in Netherlands since
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1973. In this test, an incision is made in sample kidneys into which paper discs
are inserted and left for 30–60 min. The moistened discs are placed on agar plates
seeded with Sarcina lutea ATCC 9341. The test is highly sensitive for penicillin
but shows moderate sensitivity to sulfonamides, tetracyclines, macrolides, and
aminoglycosides (103). It is insensitive to chloramphenicol (104).

In April 1988, the new kidney Dutch test (NKDT) replaced the Micrococcus
(formerly Sarcina) luteus kidney test. The NKDT is an one-plate test based on
examination of the urine present in the renal pelvis by means of paper discs
inserted in the renal pelvis (104). The test organism is Bacillus subtilis BGA and
incubation is performed for 13–18 h at 37 C. The kidney is incised, and four
paper discs are inserted and left there for 30 min. Two paper disks are placed
diagonally on the surface of the test plate, and three control disks containing 0.5

g oxytetracycline, 0.05 g sulfamethazine, and 0.5 g tylosin are also placed
in the middle of the plate. If both sample inhibition diameters are equal to or
higher than 20 mm, the whole carcass is condemned.

The NKDT test is sensitive to residues of -lactams, tetracyclines, and
macrolides. It is more sensitive to sulfonamides than the German three-plate test
or the EU four-plate test, but it is relatively insensitive to aminoglycosides. With
respect to MRLs set for liver or kidney, the NKDT is too insensitive for aminogly-
cosides, sulfonamides, and macrolides. One analyst can complete 150–200 tests
per day. Due to the high ratio of residue levels in preurine and muscle, a negative
result of this test implies that residue levels in muscle are below the limit of
detection.

A one-plate screening assay is also the official test used in Belgium for
monitoring antimicrobial residues in kidney and muscle tissues of slaughtered
animals. This test is based on the growth inhibition of Bacillus subtilis at pH 7
in an agar medium containing trimethoprim for better detection of sulfonamides
(105). In addition, -glucuronidase is added to the samples to enable the detection
of chloramphenicol residues.

A rapid test based on ATP/bioluminescence (106) is also available for
kidney prescreening. In this test, a paper filter disc is inserted for 30 min into
the renal pelvis of the kidney sample. It is then transferred to a cuvette and
incubated with a commercially available test culture Bacillus subtilis BGA at
40 C for 3 h in presence of trimethoprim. The amount of ATP is estimated on
the basis of the light released after addition of luciferin/luciferinase reagent. In
a variation of this test (107), small cubes of kidney tissue are excised and frozen
to be placed directly upon four agar plates, each seeded with a different microor-
ganism. The plates are refrigerated for approximately 4 h, and then are incubated
overnight at 37 C.

To determine the group of compounds or specific compounds present in
tissues of animals found positive by screening tests, a seven-plate test is often
employed (108). This test is based on the susceptibility or resistance of four
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microorganisms against various drugs, including three strains of Micrococcus
luteus. The test organism Micrococcus luteus ATCC 9341a is susceptible to peni-
cillin and erythromycin but resistant to streptomycin. The test organisms Mi-
crococcus luteus ATCC 9341 and 15957 are resistant to neomycin and streptomy-
cin, respectively. Staphylococcus epidermidis is susceptible to neomycin but
resistant to tetracycline. Bacillus subtilis is susceptible to streptomycin, and Bacil-
lus cereus var. mycoides is susceptible to tetracycline. These drugs show charac-
teristic patterns of results with these assays.

The presence of -lactam antibiotics can be confirmed by digestion with
Penase, a type I penicillinase, or with a -lactamase (109). In the seven-plate
assay, Penase is incorporated in all but one plate to differentiate -lactam antibiot-
ics from other types. However, -lactams such as cloxacillin and the cephalospo-
rins are resistant to degradation by Penase (110–112). Thus, they may not be
identified as -lactams by this procedure and are classified as unidentified micro-
bial inhibitors. However, these Penase-resistant compounds can be degraded by
other -lactamases.

It has been recently reported (109) that use of both Penase and lactamase II
hydrolysis and screening assays prior to chromatographic analysis can tentatively
classify -lactams into three subgroups: the first group includes a ceftiofur metab-
olite represented by desfuroyl-ceftiofur-cysteine; the second, cephapirin; and the
third, penicillin G, ampicillin, amoxicillin, and cloxacillin. In this approach, por-
tions of aqueous extracts of tissues are treated separately with Penase and lacta-
mase II, and results are compared with those of untreated samples and positive
controls. Bioactive ceftiofur metabolites are present, provided that the extracts
retain inhibitory activity after Penase treatment but lose activity after lactamase
II treatment and are positive in response to the immunochemical Lac-Tek-Cef
test but negative to the Lac-Tek-B1 test (113). This approach can eliminate a
large number of negative samples and, therefore, increases the efficiency of the
assay.

27.2.3 Fish Analysis

Several microbiological methods have been reported for analyzing residues within
the groups of sulfonamides, tetracyclines, macrolides, and -lactams in fish tis-
sues; however, references for these groups of compounds are limited to sulfadia-
zine and trimethoprim, oxytetracycline and chlortetracycline, erythromycin, and
ampicillin, respectively.

Initial studies on sulfonamides (114) were limited to qualitative assessment
of the occurrence of sulfamerazine residues in muscle and interior organs of
rainbow trout using Sarcina lutea (ATCC 9341) and Staphylococcus aureus
(ATCC 6538P) as test organisms. The method involved application of fish fluids
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to discs placed on the agar, or direct application of core samples of tissue to the
agar plate.

Later studies concerned the detection of both sulfonamides and sulfonamide
potentiators in fish tissues. Mixtures containing ethyl acetate, sodium sulfate, and
sodium hydroxide (80), or ethyl acetate and sodium hydroxide (115), have been
all used for extracting residues of sulfadiazine and trimethoprim from trout and
salmon tissues. In the former approach, para-aminobenzoic acid was employed
to neutralize sulfadiazine prior to the microbiological assay of trimethoprim,
whereas in the latter approach Bacillus subtilis (ATCC) was directly used for
sulfadiazine detection. The limit of detection for sulfadiazine using Bacillus subti-
lis was found to be 0.04 ppm. The test indicator organism used in both approaches
to detect trimethoprim down to 0.1 ppm was Bacillus pumilus (CN60 Welcome
Research Laboratories, London) (115,116).

For detection of oxytetracycline residues in serum and tissue samples of
various trout species, plate diffusion methods with Bacillus cereus var. mycoides
(ATSS 11778) (115,117) or Bacillus subtilis (ACTC 6633) (118) as the test
organisms have been employed. Using Bacillus cereus, the limit of detection for
muscle tissue was found to be 0.25 ppm. Bacillus cereus has been also success-
fully employed in a disc assay for the quantification of residues of oxytetracycline
in serum of adult sockeye salmon (119). With this method, linear standard curves
over a concentration range of 0.07–2.24 ppm oxytetracycline could be estab-
lished. In addition, a cylinder diffusion assay has been used for determining
oxytetracycline residues in young rainbow trout (120). Extraction of oxytetracy-
cline from muscle tissues was performed using a mixture of methanol and hydro-
chloric acid at a ratio of 98/2. Tissue extracts were reconstituted in a phosphate
buffer of pH 4.5 and diffused through a pH-6 agar seeded with Bacillus cereus
for 3 h at room temperature; incubation was carried out overnight at 30 C.

Most sensitive and specific determination of tetracyclines in fish has been
offered, however, by a hybrid analytical procedure that couples bacterial growth
inhibition with the separating power of a chromatographic technique (121). Paper
chromatography followed by bioautography with Bacillus cereus var. mycoides as
the test organism, could efficiently separate oxytetracycline and chlortetracycline,
thus offering the possibility to identify specifically the type of tetracycline that
contributed to the bacterial growth inhibition in muscle samples derived from
cod, haddock, and flounder. Other antibiotics potentially present did not interfere
with the assay because neomycin, streptomycin, kanamycin, and penicillin G
either were not recovered in the tissue extract or were inactivated by the butanol
that participated in the mobile phase solvent. The migration, on the other hand,
of other antibiotics such as erythromycin and chloramphenicol during the chro-
matographic development differed from that of the tetracyclines.

Microbiological methods reported for detection of erythromycin in fish are
based either on a cylinder plate assay using Sarcina lutea (ATCC 9341) (122),
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or on the swab test on premises (STOP) that uses Bacillus subtilis (ACTC 6633)
as the test organism (123). However, both of these methods lack specificity and
sensitivity; they cannot differentiate between different antimicrobials. An alterna-
tive approach that can provide higher sensitivity and is relatively less prone to
interference is TLC followed by bioautography (124). Using this approach, eryth-
romycin was detected in nonsalmonid tissue down to 0.08 ppm completely sepa-
rated from other antibiotics.

Ampicillin residues in cultured fish muscle have been detected by a disk
diffusion assay using Bacillus stearothermophilus (ATCC 10149) as the test or-
ganism (125). In this method, fish sample was homogenized with phosphate
buffer, pH 6.0, and centrifuged. The supernate was heated at 82 C for 2 min, and
analyzed according to the AOAC assay including the confirmatory -lactamase
step. Recoveries of ampicillin ranged from 99 to 104%, whereas the limit of
determination was 0.025–1.00 g/g. This method has also been successfully
applied for the determination of amoxicillin residues in catfish muscle (126).
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Immunochemical Methods

Immunochemical methods provide a powerful tool in the field of drug residue
analysis. The exquisite specificity that can be obtained with immunochemical
reagents provides new analytical opportunities that were previously not possible
with classic analytical methods and can greatly reduce the amount of sample
cleanup required prior to analysis.

Immunoassays were first developed around 1960 primarily for use in the
field of clinical chemistry (1). Their application in food analysis has lagged due
to a general lack of familiarity with the principles of immunology. These assays
are based on the primary antibody–antigen binding reaction to identify specific
analytes. Antigens are substances that cause a defensive immune response when
introduced into the host animal body. The ability of an antigen to stimulate an
immune response is called immunogenicity, while its ability to combine with an
antibody is called antigenicity.

Probably the most important parameter of any immunochemical assay is
the specificity of the antibody to the analyte, which is largely determined by the
immunogen introduced into the host animal to elicit antibody formation. Antibod-
ies have a specificity to the antigen comparable to that exhibited by enzymes to
their substrate. Antibodies are proteins, specifically immunoglobulins, formed by
the host animal in response to invasion by antigens. Immunoglobulins (Ig), can
be classified into five groups: IgA, IgD, IgE, IgG, and IgM. The most common
immunoglobulin capable of binding with antigens to inactivate them is IgG. Bind-
ing forces involved in the antibody–antigen reaction are weak molecular interac-
tions like Coulomb and Van der Waals forces as well as hydrogen bonding and
hydrophobic binding (2).

827
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Essential elements of any immunochemical method are the antigens, anti-
bodies, other chemicals used in visualizing the primary antibody–antigen reac-
tion, and the format into which the reagents are placed to perform the assay. The
antibody as a substance may have different stability and handling characteristics
than a standard chemical reagent, but, if the singular attributes and liabilities of
the antibody are understood, it should pose no greater problem of handling than
any other delicate reagent. Understanding exactly what the antibody detects is a
key issue in selecting the most appropriate immunochemical method for the in-
tended application.

A wide variety of reagent and format configurations have been devised to
simplify handling and visualization of the end point, with the different formats
reflecting solutions to different end-user requirements.

28.1 ANTIGEN DEVELOPMENT

Characteristics of the target analyte such as molecular weight, three-dimensional
structural complexity, and solubility properties all play an important role in the
development or selection of useful antigens. Identifying exactly what the assay
should and should not detect is another critical piece of information that needs
to be taken into account in antigen development or selection.

Although molecules with molecular mass greater than 5000 da, such as
proteins, glycoproteins, and carbohydrates, can readily elicit a potent antibody
formation, molecules such as drugs that have low molecular masses cannot stimu-
late an immunogenic response. These molecules, widely known as haptens, will
bind with preformed antibodies but will not cause antibodies to be produced.

To become immunogenic, a hapten has to be linked with a large molecule,
such as a protein, prior to its introduction into the host animal. Several proteins
can act as such carrier molecules including bovine serum albumin, human serum
albumin, ovalbumin, thyroglobulin, poly-L-lysine, and hemocyanin. Among these
proteins, bovine serum albumin is most commonly used because it is inexpensive,
readily available, very soluble, highly immunogenic, and, in addition, resists
denaturation (3).

Several types of reactions can be used to link a hapten to a carrier protein
molecule. Functional groups on protein carriers that are used to form a suitable
bond include the amino group of lysine, the free carboxyl of aspartate or gluta-
mate, the imidazo group of histidine, the indole group of tryptophan, the sulfhy-
dryl group of cysteine, and the guanidine group of arginine. Albumin provides
approximately 60 free amino groups for linkage while thyroglobulin has about
400 sites available for binding (4).

Functional groups on haptens that are mostly used for linkage are the amino
and carboxyl groups. As a result, the most common linkages are peptide bonds
between a carboxyl and an amino group. Other groups that can be also used for
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coupling are the hydroxyl and carbonyl groups of ketone and aldehydes. If reactive
groups are not present, haptens must be properly derivatized in order to create a
site for attachment to the carrier protein. Use of structural analogues is another
approach to the production of the hapten–carrier link. Commonly used coupling
procedures include N-hydroxysuccinimide (5), carbodiimide (6), periodate (7),
glutaraldehyde (8, 9), diazotization (10), and the mixed anhydride (11) reactions.

The chemistry and orientation used in attaching the hapten to the carrier
molecule have a great impact on the specificity of the antibodies subsequently
elicited. Specificity is lost to the region of the hapten molecule involved in the
protein linkage because this is sterically shielded from interaction with the im-
mune system. Therefore, the structure of an analyte should be carefully considered
in order to design an appropriate antigen based upon the reactivity spectrum
desired in the final assay.

The ratio of the hapten to the carrier molecules is also very important for
the success of an immunochemical assay. Too few or too many hapten molecules
linked to a carrier molecule will inevitably lead to poor immunogenicity. Desir-
able ratios of hapten to carrier molecules are in the range 10–100 1 (3).

Since many soluble antigens are rapidly metabolized and/or excreted and,
therefore, can be cleared from the circulation by routes that usually bypass the
lymph nodes and spleen, production of antibodies is rarely stimulated by these
antigens unless adjuvants are used. Adjuvants are substances that provide a long-
lasting antigen reservoir that releases antigen slowly into the body. In this way,
macrophages become activated by the antigen and in turn stimulate lymphocytes
(12, 13).

Most popular adjuvants are the incomplete and the complete forms of
Freund. The incomplete adjuvant is a water-in-oil emulsion by which the antigen
is slowly released, providing a long period of contact between antigen and immune
system. The complete adjuvant contains heat-killed Mycobacteria that causes a
local injury and granuloma formation, thus providing a nonspecific stimulus.

28.2 ANTIBODY DEVELOPMENT

A variety of approaches and choices should be considered in the process of
antibody development. The target is to immunize host animals with a specific
antigen carrying a number of antigenic determinants and to obtain antibodies
that have the specificity and sensitivity required for the intended application. To
accomplish this target, one must first decide whether to develop polyclonal or
monoclonal antibodies.

Serum from immunized animals contains a large number of antibodies of
varying isotype, affinity, and specificity, called polyclonal because they are prod-
ucts of different cell types. Different clones respond to different antigenic sites
on the hapten to create a mixture of antibodies. Some of these antibodies will
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have a strong affinity for and bind readily to the selected antigen. Monoclonal
antibodies, on the other hand, are derived from a single clone and produce a
homogenous population of antibodies.

Although both polyclonal and monoclonal antibodies have been effectively
used in immunochemical assays, only the latter can provide the high specificity
required in some applications. Antibody specificity, on the other hand, is both a
major advantage and disadvantage for immunochemical methods. It allows for
highly selective detection of analytes but at the same time may complicate the
development of multiresidue methods. Moreover, production of monoclonal anti-
bodies requires special expertise and it is much more expensive than polyclonal
antibodies. Thus, in cases where a range of analytes similar in molecular structure
are required to be determined, a polyclonal may be more suitable than a mono-
clonal antibody.

The choice of the host animal into which the antigen is introduced is based
on the amount of antisera and the type of antibodies required, species response
to the introduced antigen, and genetic makeup of the animal. Polyclonal antibodies
can be raised in many different animals; however rabbits, guinea pigs, sheep and
goats are most frequently used. Use of sheep and goats enables larger quantities
of sera to be rapidly collected with a minimum amount of pooling. These animals
are often chosen for producing commercial quantities of polyclonal antibodies.
If monoclonal antibodies are required, the host animals most commonly employed
are mice.

The route of antigen administration depends on the nature of the antigen
itself, the animal species, the use of an adjuvant, and the immunological response.
When producing antisera from rabbits, subcutaneous and intradermal administra-
tion are the most popular routes. Intramuscular injections can be used in the
presence of Freund adjuvants because this route provides rapid access to the
lymphatic system. The intravenous route is used with particulate antigens because
injection can produce a response, which, although rapid, is not sustained.

To elicit an antibody response, host animals are administered the antigen
periodically according to an immunization schedule. The first dose primes the
animal as the developing immunological response is short-lived, with the resulting
antibodies produced for only a few weeks. During this period, memory cells
are produced, which, when stimulated by another injection of antigen, produce
antibody more rapidly for a longer period of time and at higher titers. The antisera
should be collected 1–2 weeks after a booster injection (14). During the course
of the immunization schedule, test bleeds from the animal must be screened
against a panel of target and nontarget analytes to identify the presence and
quantity of antibodies specific to the target analyte.

To produce monoclonal antibodies, the first antigen injection in mice is
followed a few weeks later by a booster of the same antigen. When polyclonal
antibodies are detected in the serum of mice a few days after the booster injection,
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the spleen is removed and the mouse lymphocytes are fused in the presence of
polyethylene glycol with cultured mouse myeloma cells deficient in the enzyme
hypoxanthineguanine ribosyltransferase (HAT). The fused cells, called heterokar-
yons, are cultured in a medium containing HAT that prevents the growth of the
myeloma cells.

The mouse lymphocytes normally die after a week, leaving only heterokar-
yon colonies that possess the combined traits of the lymphocytes and the myeloma
cells. These cells are called hybridomas. Hybridomas are screened for production
of the specific antibody by using microtiter plates or a similar immunoassay.
Cells that produce the desired antibody are cloned to produce a cell line that is
stable. The antibody that is expressed by the cell line can be produced through
growth of ascites tumors in mice or by cell culture systems (15, 16). The latter
technique involves growth of the cell lines in flasks using an artificial growth
medium. Since yields of monoclonal antibodies range from 10 to 100 g/ml,
many flasks are necessary to produce large quantities of monoclonal antibodies,
but the antibody contains only a small amount of nonspecific IgG.

A normal outgrowth of the batch procedure is the use of stirred reactors
that have been used for propagation of suspended animal cells. A variation of
this approach is the perfusion system of propagating hybridoma cells to produce
large amounts of antibody. In perfusion systems, the fresh culture medium is
added on a continuous or incremental basis, while equivalent amounts of cell-
free culture fluid are removed. Perfusion systems can be used for extended periods
of time, producing large quantities of uniform antibody harvested from the ef-
fluent (17). Therefore, monoclonal antibodies possess the advantage of a continu-
ous supply of constant quality, besides their high specificity against a single
antigen or a specific segment of the antigenic molecule.

Although immunochemical assays can employ crude antisera, purification
helps in improving assay sensitivity and specificity, reduces analysis time, and
aids in standardization of the assay. Various degrees of antibody purification can
be performed prior to incorporation of an antibody into the assay format.

A classic preliminary step in antibody purification is precipitation with
ammonium sulfate. With the use of this reagent, most immunoglobulins are pre-
cipitated at 35–40% saturation. Concentrations greater than this level seldom
increase the yield of immunoglobulins but, instead, result in further increase of
antibody contamination by other proteins. Following immunoglobulin precipita-
tion, ammonium sulfate is eliminated commonly with dialysis.

One of the simplest methods for further antibody purification is application
of ion-exchange chromatography based on diethylaminoethylcellulose resin.
Since antibodies are basic serum proteins with isoelectric points between 6 and
8, they carry a negative charge at pH 8 while the resin has a strong positive
charge. Thus, binding can occur under such conditions at low ionic strengths.
Elution of the antibodies can be effected, with increasing strength of the compet-
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ing anions usually provided by a gradient elution system. Since antibodies are
very basic proteins, they will elute from the column first (18). Antibodies can
likewise be eluted in the order of their isoelectric point by lowering the pH of
the eluent.

If higher purification of the antibody is required, gel-permeation chromatog-
raphy is usually employed. This procedure is used more as an adjunct to other
methods than as a primary purification method. Affinity chromatography can be
also used for purifying the antibody by immobilizing the antigen on a solid support
such as agarose and binding the antibody from solution. Elution of the antibody
from the solid support can be accomplished with a relatively small volume of
eluent.

28.3 REAGENT FORMATTING

Once antibodies and antigens have been developed, they must be incorporated
into an assay system for visualization of the primary antibody–antigen reaction.
To accomplish this task effectively, an assay format and procedures to visualize
the antibody–antigen reaction must be first selected, the necessary reagents must
then be prepared, and the final immunochemical method including sample prepa-
ration must be optimized for the intended application.

The wide variety of format and reagent configurations currently being avail-
able for visualization of the end point have been already discussed in Chapter
23. In selecting the most suitable format, one must thoroughly understand the end-
user requirements. The matrix into which the assay will be applied, throughput and
time requirements, and the level of quantification needed are some of the most
common variables to consider in selecting format selection. In addition, sensitiv-
ity, precision, accuracy, and the ruggedness of the assay must equal or exceed
the limits for the particular application. Equipment, personnel, and expertise
needed to perform the assay, as well as the length of time it takes to apply the
assay, must fit the application. In general, the value of the information offered
must be greater than the cost of performing the assay.

Common immunochemical assay formats to select from include the 96-
well microtiter plates, dipsticks, coated test tubes, and membrane-based flow
through devices. If the end-user is a trained technician working in a well-equipped
laboratory and needs to detect and tentatively identify, for example, antimicrobial
residues in hundreds of meat samples per day, a multiwell or other high-through-
put format should be chosen. If, on the other hand, the end user is a quality
control inspector at a milk factory who has limited time to find out whether the
penicillin residues in the milk waiting to be unloaded exceed a certain level, the
same reagents used in the first instance may require a more user-friendly format
such as dipstick or membrane-based flow through device.
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28.4 APPLICATIONS

In recent years, many immunochemical assays within the groups of aminoglyco-
sides, -lactams, chloramphenicol, sulfonamides, tetracyclines, anthelminthics,
anticoccidials, anabolic hormonal-type growth promoters, -agonists, and other
drugs have been developed. Immunochemical assays make up some of the most
powerful techniques that can be used advantageously in many drug residue appli-
cations to achieve rapid, economical, and sensitive results.

Generic immunochemical assays with broad specificity toward several
members within a group of drugs allow the targeting of more specific analyses
for the final identification of the contaminating residue. Compound-specific im-
munochemical assays also have a part to play in this process, as well as plugging
some of the gaps not filled by the generic assays.

Apart from home-made methods, a number of quick, sensitive, and easy-
to-perform immunochemical tests are currently available in a kit format. Table
28.1 gives an example of the detection limits attainable by some commercially

TABLE 28.1 Detection Limits (ppb) of Various Immunochemical Kits
Commonly Used by the Dairy Industry

Antibacterial CTII test CITE test LacTek EZ-Screen Spot test

Amoxicillin 5 10 5
Ampicillin 5 10 10
Ceftiofur 5 10 100
Cephapirin 5 5 10 15
Chlortetracycline 5 30
Cloxacillin 20 100 10 62.5
Erythromycin 50
Gentamicin 30 30 30 30
Neomycin 500 500 500 10
Novobiocin 100
Oxytetracycline 30 30
Penicillin G 2.5 5 5 3.7
Spectinomycin 30 1000 1000
Streptomycin 10 1000 1000
Sulfadiazine 5 1000 1000
Sulfadimethoxine 5 10 100 5
Sulfamerazine 5 100 1000
Sulfamethazine 5 5 10 10
Sulfathiazole 5 10 1000 1000
Tetracycline 5 30
Tylosin 150

Source: From Refs. 170, 171.
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available immunochemical kits. The area is growing quickly and new kits appear
increasingly frequently.

28.4.1 Aminoglycosides

Since aminoglycosides are a diverse group of chemicals, a generic immunobased
analytical scheme for this group of compounds has not been yet developed. In-
stead, a number of drug-specific immunoassays are available for several amino-
glycosides including streptomycin, dihydrostreptomycin, gentamicin, and specti-
nomycin.

Streptomycin and dihydrostreptomycin are closely related aminoglycosides
that have been widely used in veterinary practice. They differ structurally at
only a single substituent, with the carbonyl group in the streptose moiety of
streptomycin being reduced to an alcohol to give dihydrostreptomycin. Therefore,
construction of an antigen employing conjugation to a carrier protein through the
point of difference between the two compounds would allow the resultant sera
to be utilized in an immunoassay with complete cross reactivity (19). For this
conjugation, direct Schiff’s base formation with primary amino groups cannot
readily be performed, so the stronger reaction of carbonyl groups with hydrazides
is employed. Since modification of the hapten is contraindicated, an alternative
procedure involving the derivatization of the carrier protein, ovalbumin has been
applied. This was realized by introducing adipic dihydrazide into the protein
through carbodiimide activation. In this way, a stable reagent was formed that
is promising for facile crosslinking of a number of different carbonyl-containing
haptens including streptomycin. Using a streptomycin–horseradish peroxidase
conjugate prepared in the same way and tetramethylbenzidine as substrate, a
direct enzyme-linked immunosorbent assay (ELISA) has been developed that
allows rapid testing of milk samples for streptomycin and dihydrostreptomycin
residues down to 1.5 ppb (20).

Instead of derivatizing the protein prior to its conjugation with the hapten,
other workers preferred to derivatize the hapten itself using carboxymethoxylam-
ine to convert streptomycin to its oxime derivative. This was subsequently conju-
gated to bovine serum albumin in the presence of water-soluble carbodiimide
(21). The specificity and sensitivity of the produced antibodies were tested in a
competitive assay using a streptomycin–horseradish peroxidase conjugate in a
double-antibody solid-phase technique (22). In this enzyme immunoassay, the
wells of the microtiter plates are coated with anti-rabbit IgG (23), and the milk
sample, the streptomycin–enzyme conjugate, and the antibody are subsequently
added and incubated for 2 h at room temperature. Using a suitable substrate, both
streptomycin and dihydrostreptomycin could be quantified in milk samples at
levels as low as 6 and 0.8 ppb, respectively (21). Prior to the assay, milk samples
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were defatted by centrifugation at 4 C and used either undiluted or after dilution
with Tween/phosphate buffer at a ratio of 1:10.

An indirect competitive ELISA has been also developed for the determina-
tion of streptomycin and dihydrostreptomycin in milk (24). Prior to the analysis,
the milk sample was skimmed and treated with oxalic acid. The antiserum was
raised in rabbits using streptomycin linked to a bacterial protein as the antigen.
To perform the test, microtiter plates were coated with streptomycin, and anti-
serum and milk samples were mixed to be added in the wells where they were
incubated for 1 h. Depending on the amount of residues in the sample, more or
less antibody remained available for binding to the streptomycin coat. A pig
antirabbit antibody–enzyme conjugate was subsequently added and incubated for
90 min. Using a suitable substrate, streptomycin and dihydrostreptomycin could
be detected down to 1.6 ppb, whereas quantification could be made possible up
to 100 ppb when samples were used undiluted.

Drug-specific immunoassays have been described for gentamicin residues
as well. However, 2 weeks soaking of tissue homogenates in glycine-buffered
saline followed by repeated soakings and rinsing of the tissue precipitates has
been found indispensable for extraction and quantification of gentamicin residues
from bovine tissue using a commercially available radioimmunoassay test kit
(25).

The usefulness of an automated fluorescence polarization immunoassay test
kit originally developed to quantify gentamicin in serum has been also demon-
strated in the analysis of gentamicin in kidney and muscle extracts, and milk (26,
27). Sodium hydroxide digestion of the nonhomogenized samples at 70 C for 20
min was found to be a superior procedure for extracting gentamicin from tissues
compared with direct homogenization, or trichloroacetic acid precipitation, or
sodium hydroxide digestion of homogenized samples. For all types of samples,
detection limits in the range of 10–39 ppb gentamicin could be readily attained.

Spectinomycin, a major member of the aminocyclitol antibiotics, has been
analyzed in chicken plasma by a competitive indirect enzyme-linked immunosor-
bent assay (28). In this assay, spectinomycin 4-carboxymethyloxime was synthe-
sized to be used as a hapten. Coupling of the hapten to bovine serum albumin
that was used as a carrier protein was carried out at the C-4 position by means
of a reaction with tri-n-butylamine and isobutyl chloroformate. Spectinomycin
4-carboxymethyloxime was also coupled to ovalbumin by a mixed anhydride
procedure for preparing the spectinomycin 4-carboxymethyloxime-ovalbumin
conjugate employed to coat the wells of the microtiter plate used in the assay.
Since the antiserum raised against the spectinomycin 4-carboxymethyloxime–bo-
vine serum albumin conjugate could recognize functional groups of spectino-
mycin remote from C-4 that was linked to the carrier protein, dihydrospectino-
mycin and tetrahydrospectinomycin exhibited significant cross-reactivity,
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although acetylated compounds and other aminoglycosides did not. The detection
limit of the assay in undiluted chicken plasma was estimated at 40 ppb.

Apart from those homemade methods, a large number of commercial kits
have been developed and are currently available in the market. The area is fast
growing and a complete list cannot be presented. Examples of such kits include
the LacTek gentamicin test (IDETEK, Inc., Sunnyvale, CA), the gentamicin test
(TRANCIA, Lyon, France), the IDS gentamicin and neomycin one-step ELISAs
(International Diagnostics Systems Corp., St. Joseph, MI), the CHARM II strepto-
mycin and dihydrostreptomycin test (Charm II Test, Charm Sciences, Inc., Mal-
den, MA), the EZ-screen neomycin and gentamicin card tests (Environmental
Diagnostics, Inc., Burlington, NC), the CITE gentamicin, neomycin, and strepto-
mycin tests (IDEXX Laboratories, Inc., Westbrook, ME), the neomycin and kana-
mycin tests (Cortecs Diagnostics, Ltd., Deeside, UK), the neomycin and strepto-
mycin tests (Euro-Diagnostica, Apeldoorn, The Netherlands), and the Signal
gentamicin and neomycin tests (SmithKline Beecham Animal Health, Exton, PA).

28.4.2 -Lactam Antibiotics

Penicillin G is by far the most common -lactam antibiotic used in veterinary
medicine; however, cloxacillin, ampicillin, amoxicillin, cephalexin, and cefuro-
xime also share a high proportion of the market. As a result of this rather wide
use, a generic -lactam immunochemical assay that can detect several different

-lactam residues by a single test assay would be highly desirable. However,
such a generic assay is not available at present. Attempts to produce penicillin
antisera through use of the primary amino group of cephalexin, ampicillin, and
aminopenicillanic acid did not result in the required specificity for the intact
antibiotic (29). Produced antisera exhibited, moreover, a cross-reactivity for peni-
cilloic acid of many hundred percent. To fill this gap in analytical capability,
drug-specific antisera and immunochemical methods have been developed. The
requirement in this area is for very specific ELISAs that would not cross-react with
others members within this group nor with penicilloic acid, the major hydrolytic
breakdown product, which is much more immunogenic than the intact -lactam
ring (30).

Because the -lactam ring is highly susceptible to hydrolysis in aqueous
solutions, traditional methods for the production of antigens often result in exten-
sive hydrolysis of the hapten. Ring-opening accompanied by degradation of the

-lactam molecule to small fragments makes preparation of antigens difficult.
Hence, preferred reactions for producing penicillin and cephalosporin antisera
are those proceeding under mild conditions.

Mild conjugation reactions have been used in an enzyme-linked immunoas-
say for detecting cephalexin residues in milk, hen tissues, and eggs. The assay
was a double-antibody separation procedure based on use of a rabbit antiserum
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to cephalexin, and -D-galactosidase-labeled cephalexin (31). The antigen was
prepared by coupling the amino group of cephalexin to thiol groups introduced
into bovine serum albumin by the use of N-(m-maleimidobenzoyloxy)succinimide
as a cross-linker. Highly titered antiserum to cephalexin was produced in rabbits
immunized with the antigen. Enzyme labeling of cephalexin with -D-galactosi-
dase was performed using N-( -maleimidobutyryloxy)succinimide as a cross-
linker.

In this assay, milk samples could be analyzed without dilution, but tissue
and egg white samples should be homogenized in 5% trichloroacetic acid, centri-
fuged, and brought to pH 7 prior to analysis. Egg yolks required a separate
treatment involving mixing with a pH 7.4 phosphate–EDTA buffer, incubation
for 3 h at 25 C with cephalexin antiserum and enzyme-label cephalexin, and
centrifugation. The assay could detect cephalexin down to 30 ppb in milk, 60
ppb in egg yolk, and 400 ppb in hen tissue.

Instead of using mild conjugation reactions, some workers have concen-
trated on procedures that minimize the contact of the water-labile haptens with
aqueous solvents prior to injection to the host animal (19). For preparing penicillin
G antigens, a mixed anhydride procedure was used to provide a leaving group
on the carboxylic acid of the thiazolidine ring and was carried out in dioxane at
4 C (32). Several moles excess of the isobutyl chloroformate activation reagent
allowed rapid coagulation and precipitation of the antigen when the solution of
activated penicillin was mixed with carrier protein. The insoluble antigen was
washed rapidly to remove excess reagents and used within 30 min to inoculate
sheep. In this way, specific antisera with crossreactivity less than 4% for penicil-
loic acid were obtained and successfully used in a method for analyzing penicillin
G in milk (33).

Antisera to cloxacillin/oxacillin/dicloxacillin and cefuroxime were also pro-
duced by similar procedures and successfully utilized in methods for the detection
of these antibiotics in milk (34). Unfortunately, a number of other -lactams
including aminopenicillins and some cephalosporins were not amenable to this
mixed anhydride procedure. Thus, a carrier protein derivatization procedure was
used to allow cross-linking of cephalosporins, such as cephataxime that has an
acetoxy side chain, to ovalbumin. Because acetoxy groups react readily with the
heterocyclic nitrogen atoms, the latter were introduced into ovalbumin through
the carbodiimide-mediated derivatization of protein carboxyl groups with amino-
methylpyridine (34).

Beyond polyclonal antibodies, monoclonal antibodies to isoxazolyl penicil-
lins were recently produced by immunization of mice with a cloxacillin–human
serum albumin conjugate prepared by a mixed anhydride procedure (35). Sensitiv-
ity and specificity of these antibodies were tested in an indirect ELISA in which
a cloxacillin–glucose oxidase conjugate prepared by an activated ester procedure
served as a coating agent. It was found that the prepared antibodies could be
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classified, on the basis of their cross-reactivity with the other isoxazolyl penicil-
lins, into two groups representing different clones. Antibodies within the first
clone showed major cross-reactivity only to dicloxacillin, whereas antibodies
within the second clone had a marked crossreactivity with both dicloxacillin and
oxacillin. Application of the latter monoclonal antibodies in milk analysis by an
indirect ELISA showed that cloxacillin, dicloxacillin, and oxacillin could be read-
ily detected in milk at concentrations of 0.9, 0.4, and 8.2 ppb, respectively.

Apart from those homemade methods, numerous commercial kits including
the EZ-screen -lactam card tests (Environmental Diagnostics, Inc., Burlington,
NC), the CITE probe -lactam test (IDEXX Laboratories, Inc., Westbrook, ME),
the LacTek -lactam test (IDETEK, Inc., Sunnyvale, CA), and the spot test for
benzylpenicillin, cephapirin, and cloxacillin (Angenics, Inc., Cambridge, MA)
are also available.

28.4.3 Chloramphenicol

Despite the fact that the preparation of chloramphenicol-specific antibodies was
reported as early as in 1966 (36), it was 1984 before the first immunoassay was
published for the determination of chloramphenicol residues in swine muscle,
eggs, and milk (37). This first-published method was a radioimmunoassay that
required an extraction procedure and special laboratory facilities to attain a quanti-
fication limit of 1 ppb. Employed polyclonal antibodies showed insignificant
crossreactivity with structurally related compounds, except that thiamphenicol
that did not interfere with the analysis. However, cross-reactivity was significant
for metabolites deviating from the parent compound in the acyl side chain.

All radioimmunoassays published thereafter, except those described by
Hock and Liemann (38), Freebairn and Crosby (39), and Pohlschmidt et al. (40),
were based on a similar procedure (Table 28.2). However, Hock and Liemann
(38) applied a more simplified extraction/cleanup procedure for the analysis of
chloramphenicol residues in animal tissues, milk, urine, and plasma. In this assay,
competitive inhibition between chloramphenicol labeled with 14C and antibody
has been demonstrated.

Freebairn and Crosby (39) used polyclonal antibodies produced following
conjugation of chloramphenicol to keyhole limpet hemocyanin. Tissue samples
were freeze-dried, defatted, and homogenized. Following centrifugation, C18

solid-phase extraction columns were used to purify the extracts further. Dextran-
coated charcoal was used for separation of the bound from the unbound labeled
chloramphenicol. Due to the efficient sample cleanup, the sensitivity of the assay
was as low as 0.2 ppb. However, the recovery of the method ranged from 15%
to 90%, the variation being attributed to inhomogeneity of the fat content of the
sample. Instead of using charcoal for the separation of bound and free chloram-
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TABLE 28.2 Immunochemical Methods for Chloramphenicol Residues

Ref.Matrix Sample preparation Type of immunoassay Antibody Sensitivity

Swine muscle, eggs ACN extn, liq–liq Radioimmunoassay Polyclonal 0.2 ppb 37
partns

Milk CHCl3/isooctane extn 37
Bovine muscle Buffered saline (pH Indirect competitive Polyclonal 1 ng/ml of 11

7.2) extn enzyme-linked extract
immunoassay

Meat, eggs, milk Analogous to Ref. 37 Radioimmunoassay Polyclonal 0.2 ppb 172
Urine, plasma Dilution Radioimmunoassay Polyclonal 10 12 mol/ 38
Milk ACN, DCM, and EtOAc L of final 38

extns extract
Rabbit tissues Buffered saline 38

homogenization,
ether/EtOAc extn

Swine tissues Analogous to Ref. 37 Radioimmunoassay Polyclonal 1–5 ppb 173
Eggs Analogous to Ref. 37 Radioimmunoassay Polyclonal 1 ppb 174
Swine, bovine, and Analogous to Ref. 37 Radioimmunoassay Polyclonal 1 ppb 175

veal muscle
Animal tissues, Analogous to Ref. 37 Radioimmunoassay Polyclonal 1 ppb 176

eggs followed by LC
purification of
extract

(continued)
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TABLE 28.2 Continued

Ref.Matrix Sample preparation Type of immunoassay Antibody Sensitivity

Milk Buffered saline diln Enzyme-linked Polyclonal 0.5 ppb 43
immunosorbent
assay

Eggs Analogous to Ref. 37 Radioimmunoassay Polyclonal 0.5 ppb 44
Enzyme-linked

immunosorbent
assay

Swine muscle EtOAc extn, SPE Indirect competitive Monoclonal 5 ppb 45
cleanup, liq–liq enzyme-linked
partn immunosorbent

assay
Swine muscle H2O extn, cleanup of Indirect streptavidin– Monoclonal 10 ppb 46

blanks on biotin enzyme-
immunoaffinity gel linked

immunosorbent
assay

Milk Centrgn, filtn, cleanup Indirect Monoclonal 1 ppb 47
of blanks on streptavidin–biotin
immunoaffinity gel enzyme-linked

immunosorbent
assay
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Milk, eggs, meat Analogous to Ref. 37 Radioimmunoassay 1–10 ppb 40

using antibody-
coated microtiter-
plates

Urine Buffered saline diln or Indirect enzyme- Polyclonal 1.3–2.2 ppb 48
enzymatic digestion linked
and EtOAc extn immunosorbent

assay
Milk Centrgn at 4 C or 0.6 or 0.03 ppb 48

centrgn and EtOAc
extn

Tissues, eggs EtOAc extn, liq–liq 0.045 ppb 48
partn

Milk Direct assay Membrane-based 53
direct enzyme-
linked
immunoassay
techniques:
Immunofiltration 0.7 ppb
Dipstick assay 1 ppb

liq–liq, liquid–liquid; partn, partition; filtn, filtration; extn, extraction.
Other abbreviations as in Tables 20.2 and 27.3.
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phenicol, Pohlschmidt et al. (40) utilized antibody-coated microtiter plates as a
means to reduce the number of analytical steps by nearly one-half.

A critical study of reference standards for residue analysis of chlorampheni-
col in meat and milk was also carried out using a radioimmunoassay and gas
chromatography (GC) equipped with electron capture and mass detectors (41).
Although the concentration of chloramphenicol was only 1 ppb in milk and 10
ppb in meat, approximately 70% of the antibiotic could be recovered by the assay.
A stability study of chloramphenicol in milk samples stored at 30 to 80 C
showed that stability decreases with increasing drug concentration when the sam-
ple is stored at 30 C.

Apart from radioimmunoassays, various enzyme-linked immunosorbent as-
says have been described as well. Campbell et al. (42) first reported a sensitive
and specific ELISA using polystyrene tubes and a polyclonal antibody. However,
the performance of this method was not evaluated with real samples but only
with standards and aqueous muscle tissue extracts. Sensitive ELISAs were also
developed for the determination of chloramphenicol in milk (43) and eggs (44);
the results drawn by the latter assay correlated well with those obtained by applica-
tion of a radioimmunoassay.

Monoclonal antibodies were first produced in 1987 and used in an ELISA
format for the determination of chloramphenicol in swine muscle tissue (45). The
results drawn by this method correlated well with those obtained using liquid
chromatography (LC). Later, the sensitivity of the ELISA assay was significantly
improved by the introduction of a streptavidin–biotin system and by using a
coating agent with lower chloramphenicol incorporation (46, 47). Analysis time
was also largely shortened by omitting the cleanup step, which made the procedure
rather time-consuming; to correct, however, for variable matrix interferences,
part of the crude aqueous extract was purified though use of an immobilized
monoclonal antibody preparation prior to analysis.

An indirect enzyme immunoassay suitable for the determination of chloram-
phenicol and its glucuronide was developed for the analysis of urine, milk, tissue,
and eggs as well (48). In this assay, chloramphenicol succinate was coupled to
both bovine serum albumin and horseradish peroxidase by a mixed anhydride
procedure. Unlike tissue and egg samples, urine and defatted milk could be di-
rectly analyzed, but when an ethyl acetate extraction was employed in milk analy-
sis, the limit of detection was lowered at least 10 times.

In general, most of published immunochemical methods on chlorampheni-
col assay are based on antibodies particularly specific for the aromatic ring and
the propanediol moiety of chloramphenicol. This is due to the fact that the main
chloramphenicol analogues such as thiamphenicol differ from chloramphenicol
in one of these parts of the chloramphenicol molecule. To obtain such antibodies,
chloramphenicol was linked to the carrier bovine serum albumin at the acyl chain
of the molecule by mixed anhydride or carbodiimide reactions (49, 50). In both
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procedures, terminal carboxyl groups of the hapten were linked to the terminal
-amino groups of the protein. The acyl side chain of chloramphenicol, however,

does not possess a carboxyl group or active group to which a carboxyl group can
be easily attached. For this reason, an alternative conjugation procedure in which
sulfydryl groups were introduced in the protein carrier by means of a reaction
with S-acetyl-mercaptosuccinic anhydride has been employed (51, 52).

Rapid and simple visual read-out alternatives for the detection of chloram-
phenicol in raw milk have also been described recently (53). These tests employ
membrane-based immunochemical procedures based on either enzyme-linked im-
munofiltration or dipstick enzyme immunoassay format. In both test systems, a
nylon membrane coated with polyclonal antibodies was either mounted on a
plastic dipstick or fixed in a plastic test device with close contact to an integrated
filter layer. Dipsticks or plastic test devices were incubated in a test tube contain-
ing the sample and chloramphenicol-enzyme conjugate solution for 30 min,
washed, and finally incubated in an enzyme substrate–chromogen solution. In
the enzyme-linked immunofiltration assay, enzyme conjugate and developing
solution were subsequently added waiting for about 30 s between additions to
allow absorption of the liquid by the filter layer.

Several commercial kits including the EZ-quant chloramphenicol test (EDI-
TEK, Inc., Burlington, NC), the chloramphenicol test (Euro-Diagnostica, Apel-
doorn, The Netherlands), the Ridascreen chloramphenicol test (Riedel-de Haen,
AG, Seelze, Germany), the EZ-screen chloramphenicol test (Environmental Diag-
nostics, Inc., Burlington, NC), and the chloramphenicol test (TRANCIA, Lyon,
France) are available commercially.

28.4.4 Sulfonamides

Most immunochemical methods published for the determination of sulfonamides
in edible animal products, serum, and urine concern sulfamethazine analysis
(Table 28.3). Early methods for screening sulfamethazine in swine blood (54)
necessitated extraction of the antibiotic from the sample and application of long
assay protocols that rendered them impractical for routine analysis in hog slaugh-
terhouses. Later methods developed for the detection of sulfamethazine residues
in swine serum (55), urine and muscle (8), and in milk (9) addressed the extraction
and assay problems of previous methods.

In each of these methods, undiluted serum, urine, acid-deproteinized milk,
or a buffered saline extract of muscle was mixed with sulfamethazine–horseradish
peroxidase and added to antibody-coated wells of a microtiter plate. A sulfametha-
zine–bovine serum albumin conjugate prepared by the glutaraldehyde procedure
(56) was used for antibody production. Results showed that screening of serum
was of value since sulfamethazine concentrations in serum directly correlated with
those in swine tissues. Thus, for example, a level of 100 ppb of sulfamethazine in
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TABLE 28.3 Immunochemical Methods for Sulfonamide Residues Using Polyclonal Antibodies

Sensitivity
(ppb) Ref.Antibacterial Matrix Sample preparation Type of immunoassay

Sulfadiazine Swine bile and Direct assay Direct competitive enzyme-linked 32–36 67
urine immunosorbent assay

Sulfamethazine Swine urine Direct assay Direct competitive enzyme-linked 10 177
Swine muscle Buffered saline (pH 7.2) extn immunosorbent assay 20 177
Milk Acidification, centrgn, pH Direct competitive enzyme-linked 1 178

adjustment, centrgn, immunosorbent assay
Swine liver and Matrix solid-phase Direct competitive enzyme-linked 5 59

muscle dispersion (MSPD) immunosorbent assay
cleanup

Swine plasma Direct assay Direct competitive enzyme-linked 10 65
and serum immunosorbent assay

Swine plasma Direct assay Direct competitive enzyme-linked 10 60
immunosorbent assay

Swine serum Direct assay Direct competitive enzyme-linked 13 55
immunosorbent assay

Milk Direct assay Indirect competitive enzyme- 0.05 66
linked immunoassay

Sulfathiazole Honey H2O diln Indirect competitive enzyme- 300 179
linked immunoassay

Sulfonamides Milk Direct assay Eight-well strip competitive 0.02 68
enzyme-linked immunoassay

Abbreviations as in Table 28.2.
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the serum corresponds in 100 ppb in the liver and 25 ppb in the muscle (57, 58).
The possibility to test for residue levels in the liver and tissue without having to
sample tissue is a real advantage.

In another method for the determination of sulfamethazine in muscle and
liver tissues (59), the extraction problem was successfully addressed by applying
a matrix solid-phase dispersion procedure for rapid and efficient purification of
the tissue extracts. Determination was made by ELISA on the basis of antibodies
raised against sulfamethazine-diazo–bovine serum albumin conjugates.

Excellent performance characteristics have been reported in an ELISA
method developed for screening sulfamethazine in swine plasma (60). In this
method, a sulfamethazine-diazo–bovine thyroglobulin conjugate was used for
antibody production whereas immobilization of the antibodies on the surface of
the wells was carried out through use of protein-A molecules. Since protein-A
binds through the Fc portion of immunoglobulin, it may not as easily disassociate
as the case may be with the direct antibody adsorption to the surface (61). This
special immobilization procedure helped in highly improving the precision of the
assay because it eliminated batch differences in the physical structure of the
microtiter plates (62). It also reduced lateral surface interaction of the adsorbed
antibody that could distort the molecule (63). Besides, it eliminated interaction
of the lipophilic moieties of the antibody with the solid matrix, which might
either concern the antigen binding site or contribute to steric binding hindrance
for optimal antigen access and/or binding (64).

This assay was later modified to a high-volume test system suitable for
screening sulfamethazine-treated hogs in a slaughterhouse environment where
the speed of the assay should be able to keep up with the kill speed (65). By
incorporating a robotics liquid handling system, approximately 2400 plasma sam-
ples could be analyzed in a normal working day. Thus, a slaughterhouse with a
turnover rate of 10,000 pigs per day would be able to test 5–10% of the pigs
and reach a decision the same day about the wholesomeness of the carcass using
the full capacity of the high-volume system.

Sulfamethazine has been further detected in milk without prior sample treat-
ment (66). Using antibodies raised against sulfamethazine-ovalbumin C, an indi-
rect ELISA was developed that allowed a detection limit of 0.05 ppb to be readily
attained.

A semiautomated enzyme immunoassay was recently developed as a means
to investigate the use of urine and bile as potential matrices for screening residues
of sulfamethazine and sulfadiazine in swine (67). Urine was chosen as the screen-
ing matrix because sulfonamides are mainly excreted through this body fluid;
compared with urine, the levels of sulfonamides in plasma, serum, and bile drop
relatively sharply after withdrawal. An extensive investigation was followed to
compare the efficiency of sulfonamide-positive bile and urine at predicting sulfon-
amide-positive kidneys. Bile was found to be an extremely efficient predictor of
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sulfonamide-positive kidneys. Using an 700 ppb cutoff level, bile was found to
be 17 times more efficient than urine at predicting sulfamethazine-positive kidney
and 11 times more efficient at predicting sulfadiazine-positive kidney.

Molecular modeling studies of the sulfonamides and their derivatives has
indicated a much greater diversity of shape than would be expected from a superfi-
cial examination of the structure. As a result, attempts to raise antibodies capable
of recognizing the sulfonamido structure common to sulfonamides have so far
proved unsuccessful. In the absence of immunoreagents capable of recognizing
the sulfonamido group, a series of drug-specific antisera and immunoassays have
been developed for screening sulfamethazine, sulfadiazine, sulfadoxine, sulfamer-
azine, sulfapyridine, sulfanilamide, sulfamethoxypyridazine, sulfachlorpyridaz-
ine, sulfadimethoxine, sulfaguanidine, sulfaquinoxaline, and sulfathiazole (68).
On the basis of these antisera, a multiresidue method was developed for kidney
analysis using a microtiter plate format. In this method (68), each column of
wells was coated with a different specific antiserum, enabling six kidney homoge-
nates, one negative control, and one mixed positive control to be assayed on each
plate. Using the corresponding specific sulfonamide-peroxidase enzyme conju-
gate for each column, identification of each sulfonamide could be readily
achieved.

A compromise between absolute specificity and generic detection of sulfon-
amides has been the basis for a reduction in the immunoreagents and complexity
of the immunoassays required to produce a sulfonamide screen for a limited range
of such compounds. Antisera raised to particular sulfa drugs comprise minor
antibody populations capable of exhibiting recognition of different or heterolo-
gous sulfonamide–enzyme conjugates. These properties have been used to de-
velop an immunoassay utilizing a single mixed-hapten enzyme conjugate of sulfa-
thiazole, sulfadoxine, and sulfadimethoxine to detect sulfadiazine, sulfamerazine,
sulfachlorpyridazine, and sulfaquinoxaline but not straight-chain compounds such
as sulfaguanidine and sulfanilamide. An ELISA for the detection of sulfametha-
zine, sulfamerazine, sulfadiazine, and sulfadimethoxine has also been developed
by introducing a carboxylic group into sulfaguanidine after reaction with dioxo-
heptanoic acid (34). Antigens prepared by cross-linking this product to ovalbumin
through the carbodiimide or the mixed anhydride procedures resulted in antisera
capable of recognizing mentioned sulfonamides.

Antisera to sulfamethazine have been raised using hapten conjugates pre-
pared by diazotization of the aromatic amino group. Although successful, titers
have often been low, and, more importantly, the preparation of standardized and
reproducible enzyme conjugates by this method is difficult to attain, probably
due to the highly colored side products obtained during the diazotization proce-
dure (34). An alternative method is to prepare succinyl sulfamethazine and utilize
the introduced carboxyl residue for cross-linking to protein with soluble carbodii-
mide. Traditionally, succinylation with succinic anhydride is carried out in pyri-
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dine, but recoveries are as low as 4–12%. A sixfold improvement was obtained
with anhydrous ethanol as the solvent, which also allowed rapid crystallization
of the product.

Apart from homemade methods, a large number of commercial test kits
based on ELISAs and other ‘‘state of the art’’ immunoassays have been devel-
oped. Examples include the Signal sulfamethazine detection test (SmithKline
Beecham Animal Health, Exton, PA), the IDS sulfadimethoxine one-step ELISA
(International Diagnostics Systems Corp., St. Joseph, MI), the CITE sulfa trio
test for sulfadimethoxine, sulfamethazine, and sulfathiazole (IDEXX Laborato-
ries, Inc., Westbrook, ME), the EZ-screen sulfadimethoxine (Environmental Di-
agnostics, Inc., Burlington, NC), the sulfamethazine test (RANDOX Laboratories,
Ltd., Ardmore, UK), the sulfamethazine and sulfadimethoxine tests (TRANCIA,
Lyon, France), the Sulfamethazine test (Novo Food Diagnostics, Ltd., Copen-
hagen, Denmark), the LacTek sulfamethazine (IDETEK, Inc., Sunnyvale, CA),
the Agri-screen sulfamethazine (Neogen, St. Louis, MO), the sulfamethazine and
sulfadiazine tests (Euro-Diagnostica, Apeldoorn, The Netherlands), and the sulfa-
methazine, sulfadiazine, sulfamerazine, sulfamethoxazole, sulfaquinoxaline, sul-
fadimethoxine, sulfamonomethoxine tests (Cortecs Diagnostics, Ltd., Deeside,
UK).

28.4.5 Tetracyclines

An indirect enzyme immunoassay for the detection of tetracycline in milk has
been described (69). A tetracycline–bovine serum albumin conjugate was used
for antibody production, a homologous tetracycline- –casein conjugate served
as coating agent, whereas goat antirabbit IgG–horseradish peroxidase was used
as second antibody. When milk samples were defatted by centrifugation, diluted
at least 1 30 in phosphate-buffered saline, and directly assayed by the method,
a detection limit of 5 ppb could be readily achieved. Although not generic, the
assay could also detect as low as 5 ppb of chlortetracycline due to the strong
cross-reactivity of the used antibody to this drug as well.

Strong crossreactivity to chlortetracycline has been also observed when a
commercialized kit (70) was applied to analyze tetracycline, chlortetracycline,
and oxytetracycline residues in honey (71). The detection limit for both tetracy-
cline and chlortetracycline was at 15 ppb, but for oxytetracycline at 250 ppb due
to the low crossreactivity of the used antibodies to this analyte. Experiments
using honey free of tetracyclines showed that dilution of honey with buffer at a
ratio of a 1 50 was sufficient to eliminate matrix interferences.

The same test kit has been also applied to detect all members of the tetracy-
cline group of antibiotics in kidney and meat tissue (72), although its crossreactiv-
ity varied from 4–5% for oxytetracycline and doxycycline to 100% for tetracy-
cline and chlortetracycline. However, the applied sample preparation procedure
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was rather complex, necessitating homogenization of the samples with McIlvaine
extraction buffer, centrifugation, filtration, and solid-phase extraction cleanup
prior to the final immunoassay.

Key to the successful production of generic antisera for the tetracycline
antibiotics has been the synthesis of the hapten 4-hydrazino-4-dedimethylamino-
tetracycline and its subsequent conjugation to protein (73). The immunochemical
method developed from this sera could detect tetracycline, chlortetracycline, and
oxytetracycline residues in meat and milk, with adequate sensitivity (19).

A number of commercial kits including the CITE probe tetracycline test
(IDEXX Laboratories, Inc., Westbrook, ME), the Ridascreen tetracycline test
(Riedel-de Haen, AG, Seelze, Germany), the LacTek oxytetracycline test (IDE-
TEK, Inc., Sunnyvale, CA), and the CHARM II test for tetracyclines are available
on the market. A more widely used test is the CHARM II test (74), which uses
antibody binders and works well with samples containing more than 30 ppb of
tetracycline but misclassifies a substantial number of samples with less than 30
ppb. While some disagreement in results near the cutoff point is inevitable, the
results with low level samples suggest that the CHARM II test may be responding
to substances other than tetracyclines as well (74). It has been reported, for exam-
ple, that fatty acids interfere with the CHARM II test for tetracyclines (75).

28.4.6 Anthelminthics

Since all members of the benzimidazole anthelminthics except thiabendazole
contain a benzimidazole carbamate moiety, attempts have been made to produce
antibodies recognizing this structure (19). Most successful was an approach in
which a carboxylated analogue of albendazole was used as hapten and coupling
to the carrier protein was performed using N-hydroxysuccinimide and morpholi-
noethyl isocyanide in the presence of dimethylamino pyridine.

Antisera to this antigen showed a high degree of cross-reactivity to many
compounds within the benzimidazole group of drugs including oxfendazole, ox-
fendazole sulfone, cambendazole, fenbendazole, flubendazole, mebendazole, and
oxibendazole, with only triclabendazole and thiabendazole being unrecognized.
On the basis of this antiserum, a generic ELISA for benzimidazole anthelminthics
has been developed that is used as part of the immunoassay screening program
for residues in meat within the United Kingdom (19). The limits of detection,
expressed as the concentration of the analyte producing a depression of the end-
point signal greater that three standard deviations from the mean of replicate
negative tissue determinations, ranged with the particular benzimidazole from 5
to 55 ppb.

Using 2-methylbenzimidazolecarbamate as a hapten, monoclonal antibod-
ies that specifically bind fenbendazole, fenbendazole sulfone, oxfendazole, alben-
dazole sulfone, and albendazole sulfoxide have been also produced (76). On the
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basis of these antibodies, a rapid enzyme immunoassay was developed for screen-
ing benzimidazole residues in bovine liver. When samples were homogenized in
water and clarified by centrifugation, the assay exhibited detection limits that
ranged from 50 to 400 ppb for the individual analytes (77).

Unlike other benzimidazole anthelminthics, thiabendazole cannot be as-
sayed by the previously mentioned procedures because it is structurally very
different to the other members of this group of drugs. For this compound, mono-
clonal antibody-based ELISAs suitable for bovine liver analysis have been re-
ported (78). The haptens selected to ensure specificity of the prepared antisera
were 2-succinamidothiabendazole and 5-succinamidothiabendazole (79, 80).
These substances were synthesized by condensation of thiourea and bromopyruvic
acid to yield aminocarboxythiazole followed by reaction with phenylenediamine
(81). Succinic anhydride was used to introduce a terminal carboxyl group on
the amino substituent of the aminothiazolyl benzimidazoles. Both haptens were
coupled to amino groups of bovine serum albumin and horseradish peroxidase
using soluble carbodiimide as carboxyl group activating reagent. Prepared anti-
gens were used for antibody and hybridoma production using spleen cells from
responding mice (82). The monoclonal antibodies elicited with the conjugate of
the former hapten had high affinity for thiabendazole, while those elicited with
the latter hapten bound strongly to thiabendazole, 5-hydroxythiabendazole, and
cambendazole. The two competitive ELISA methods developed on the basis of
these two antibodies permitted quantification of thiabendazole down to 20 ppb,
following a 10 min aqueous sample extraction.

Apart from benzimidazoles, avermectins and other anthelminthics can be
also analyzed by immunochemical methods. Ivermectin, a member of the aver-
mectin group, is the compound for which most methods have been developed.
Schmitt et al. (83) first reported the production of the ivermectin hemisuccinate
derivative formed through the oxygen on C-5 and its potential use in ivermectin
antiserum production. The monoclonal antibodies produced by these workers and
used to develop an immunoassay for serum were raised against 4-O-succinoyliver-
mectin. Cross-reactivity of the monoclonals was not determined, although the
unique structure of the avermectins would limit cross-reactivity to only the parent
drugs and their metabolites. Mitsui et al. (84) also reported production of ivermec-
tin antisera raised to a conjugate at C-5, but using an oxime rather than a hemisuc-
cinate derivative. The produced antibodies, although polyclonal, were highly spe-
cific to the ivermectin oxime derivative with no cross-reactivity to moxidectin.
Unfortunately, neither of these antibodies was used in immunoassay procedures
for analyzing edible animal tissues.

A competitive enzyme immunoassay for the quantification of ivermectin
residues in bovine liver has also been reported recently (85). This method uses
a polyclonal antiserum raised in rabbits against 5-O-succinoylivermectin-trans-
ferrin conjugate. Cross-reactivity was demonstrated with doramectin, a member
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of the avermectins group, but not with moxidectin. As low as 1.6 ppb can be
readily detected in liver by this method, but samples have to be extracted with
acetonitrile, defatted by liquid–liquid partitioning with hexane, evaporated to
dryness, reconstituted in water, extracted with ethyl acetate, submitted to solid-
phase cleanup, evaporated to dryness, reconstituted in ethanol twice, and mixed
with sodium acetate solution prior to the endpoint assay.

The anthelminthic hygromycin B is another compound for which immuno-
chemical studies have been carried out, probably due to the zero tolerance level
set by the Food and Drug Administration (FDA) in swine and poultry products.
For preparing monoclonal antibodies against the drug, three conjugation methods
were examined, each of which used a reactive amine group on hygromycin B to
conjugate the hapten to the carrier protein (86). In the first method (87), hygro-
mycin B was conjugated directly to the carrier protein using carbodiimide. In the
second method (88), the carrier protein was modified with glutaraldehyde to
introduce reactive aldehyde groups into the protein. In the third method (89),
the carrier protein was modified with 2-iminothiolane to introduce reactive free
sulfydryl groups into the protein. After removal of the excess modifier, hygro-
mycin B and the heterobifunctional cross-linker sulfosuccinimidyl 4-(p-maleido-
phenyl)butyrate were added to the modified protein. Results showed that only
the third method could result in a positive immune response to free hygromycin B.
Following conjugation, splenocytes from mice immunized with the hygromycin
B–ovalbumin conjugate were fused with myeloma cells, and hybridomas secret-
ing antibodies against hygromycin B were selected and cloned. The selected
antibody was highly specific to hygromycin B, with no cross-reactivity with
structurally similar aminoglycoside antibiotics. Using this antibody, a competitive
indirect ELISA was developed to screen swine kidney samples rapidly for the
presence of hygromycin B residues (86). In this assay, kidney samples were
minced, digested with NaOH solution for 45 min, neutralized to pH 6.5–7.0, and
centrifuged prior to the ELISA assay.

28.4.7 Anticoccidials

Among anticoccidials, polyether antibiotics have been most widely used in veteri-
nary practice. This was possibly the reason why the first immunoassay reported
for anticoccidials concerned monensin, a widely used drug within the group of
polyether antibiotics. In this assay, treatment of monensin with bromoacetyl bro-
mide produced a monobromoacetate ester, presumably of the hydroxyl group at
C-26 position. This compound reacted with bovine serum albumin to produce
the antigen that allowed production of monensin-specific rabbit antisera, and also
with keyhole limpet hemocyanin protein to produce the coating antigen. Follow-
ing hapten coupling to the proteins, 73% and 22% of the total amino groups
available for reaction in bovine serum albumin and keyhole limpet hemocyanin,
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respectively, remained unreacted. This is equivalent to 17 molecules of hapten
per molecule of bovine serum albumin, a value in the optimum range for an
immune response (50). The lack of cross-reactivity of this indirect ELISA with
lasalocid or narasin demonstrated the specificity of the produced polyclonal anti-
bodies to monensin. The limit of detection attained by this method in equine
serum and urine was as low as 2 ppb (90).

In 1993, another immunoassay for the detection of monensin was developed
but, unfortunately, was never applied to biological material (91). Quite recently
a competitive ELISA and a compatible extraction procedure suitable for screening
monensin in poultry liver samples was described (92). In this assay, a polyclonal
antiserum raised against a monensin–transferrin conjugate and prepared via an
acid anhydride intermediate (93) was used. Significant cross-reactivity with other
polyethers commonly used by the broiler industry, such as maduramicin, lasa-
locid, salinomycin, and narasin, was not found. A detection limit of 3 ppb could
be readily attained when liver samples were submitted to extraction with aqueous
acetonitrile, partitioning between aqueous sodium hydroxide solution and a hex-
ane–diethyl either mixture, evaporation of the organic phase, and reconstitution
in ethanol/sodium acetate solution.

A more sophisticated sample preparation procedure has been described
in another method developed for the determination of monensin residues in
chicken tissues by means of a competitive chemiluminescence ELISA (94).
Using an active ester synthetic route (95), monensin was conjugated with both
the carrier protein, keyhole limpet hemocyanin, to produce the antigen used
to elicit the immune response, and thyroglobulin to produce the coating agent.
The produced antisera were used for both immunoaffinity chromatography
(IAC) and ELISA system development. In this method, fat, kidney, liver,
muscle, and skin tissue samples were homogenized in alcohol to be incubated
first at 37 C for 16 h in presence of papain and dithioerythritol pH 9.1
solutions and finally for 1 h at 60 C. Digests were centrifuged and applied
on IAC solid-phase cleanup columns containing aminoactivated porous silica
coated with monensin antiserum. This IAC/ELISA process resulted in a detec-
tion limit of 0.22 ppb and an overall analytical limit of quantification for all
chicken tissues less than 2 ppb.

Other anticoccidials for which immunoassays have been developed include
the polyethers salinomycin and lasalocid, and the quinazoline drug halofuginone.
Concern over the potential toxicity of salinomycin has led to development of two
competitive ELISAs for detecting and measuring salinomycin residues in poultry
tissues. In the first ELISA (96), 16 monoclonal antibodies were prepared and
evaluated for their ability to produce a rapid and low-cost screening procedure
for residues of salinomycin in poultry liver. In the second (97), the antibodies
produced showed cross-reactivity with narasin but not with lasalocid, madura-
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mycin, or monensin. The sensitivity of the latter assay allowed detection of salino-
mycin at levels as low as 0.2 ppb.

For lasalocid assay, polyclonal antibodies were raised in sheep (98). These
antisera were applied in an ELISA validated for chicken serum, liver, and muscle.
Bridge homology in the ELISA was overcome by absorbing unspecific antisera
onto a conjugate between salinomycin and chicken serum albumin, which was
immobilized onto Biosilon beads. The assay was highly specific for lasalocid
and was capable of detecting it at concentrations less than 0.15 ppb.

Halofuginone can be also analyzed in chicken serum by a competitive
ELISA developed on the basis of monoclonal antibodies (99). In this study, a
serum matrix effect that afforded a higher sensitivity for the detection of halofugi-
none in chicken serum than in assay buffer or in highly diluted serum was ob-
served. The sensitivity of the ELISA improved when used in more concentrated
serum.

28.4.8 Anabolic Hormonal-Type Growth Promoters

Use of hormonal-type substances for growth promotion and fattening purposes
in food-producing animals is prohibited or restricted in many countries. Adminis-
tration of diethylstilbestrol, in particular, has been totally banned worldwide.
This implies that adequate analytical methods should be available for regulatory
control. Due to its sensitivity, radioimmunoassay has have become most important
in diethylstilbestrol analysis and represents the final detection step in the EU
reference method for stilbene residues analysis (100).

Diethylstilbestrol is particularly difficult to quantitate below 1.0 ppb in
bovine tissues, especially in liver, which is among the last tissues to contain
diethystilbestrol after cattle are withdrawn from receiving the drug (101, 102).
Interferences from tissue matrix constitute a major problem that might be due to
nonspecific interference of lipids and fatty compounds (103, 104). In addition,
problems with false-positive results often appear in urine analysis unless a chro-
matographic step such as a solid-phase extraction cleanup (105, 106) is intro-
duced. Simple sample preparation procedures such as those based on solvent
extraction and liquid–liquid partitioning do not usually give satisfactory results
(107, 108).

The inherent tendency of diethylstilbestrol to form isomers can also influ-
ence the analytical results unless the applied extraction and purification proce-
dures can recover both isomers or selectively recover the trans-diethystilbestrol
isomer, which is the biologically active form of diethystilbestrol (109). Measure-
ment of both free diethystilbestrol and its glucuronides is important since most
diethystilbestrol in biological samples normally occurs in form of glucuronides
(110, 111).
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Since many interferences with diethylstilbestrol analysis are caused by un-
defined sources, use of a highly specific antibody would probably not correct the
problem. Nevertheless, several attempts to prepare a drug-specific antibody have
been made without success. Thus, more emphasis was finally placed on develop-
ing more efficient extraction and cleanup procedures to ensure selectivity. Current
methods combine several cleanup steps based on different isolation principles to
provide adequately purified sample extracts for the determination of diethystilbes-
trol by radioimmunoassays (Table 28.4).

Apart from diethylstilbestrol, several other anabolics including nortestoster-
one, methyltestosterone, hexestrol, trenbolone, zeranol, and medroxyprogesterone
have also gained importance from a regulatory point of view. Examples of immu-
nochemical methods applied in the analysis of edible animal products for residues
of these anabolics are presented in Table 28.4.

Results of residue monitoring programs are increasingly indicating that 19-
nortestosterone and its esters are still the most frequently used anabolizing agents
in cattle production, probably as a direct consequence of the ban on diethylstilbes-
trol administration (112). As a result of this use, urine and bile samples are
routinely screened by immunoassays for nortestosterone residues.

Immunochemical methods employing either radioactive (113) or chemilu-
minescent (114) labels have long been available for urine analysis but they were
limited to the determination of 17 -19-nortestosterone. Injection, however, of
19-nortestosterone or its esters into veal calves results in formation of 17 -19-
nortestosterone as the predominant metabolite in urine (115). Therefore, efficient
regulatory control is not possible unless the latter metabolite can be also deter-
mined (116).

A competitive enzyme immunoassay capable of screening 17 -19-nortes-
tosterone in urine has been described (117). In order to elicit an immune response
to 17 -19-nortestosterone with low affinity to the 17 -stereoisomer, the 3-posi-
tion of the steroid moiety was chosen as the site of attachment. To obtain a
homologous immunoassay, both the antigen and the enzyme conjugate were cou-
pled at the 3-position. Using antibodies raised in rabbits against 17 -19-nortes-
tosterone-3-carboxymethyloxime-bovine serum albumin conjugate, an immuno-
assay based on the competitive incubation of 17 -19-nortestosterone and 17 -
19-nortestosterone-3-carboxymethyloxime–horseradish peroxidase conjugate
was developed that allowed a limit of detection as low as 0.1 ppb. Prior to the
assay, urine samples were hydrolyzed by incubation for 1 h at 37 C in presence of
Helix pomatia juice pH 7, and purified by solid-phase extraction on C18 columns.

A test strip enzyme immunoassay that could not discriminate between the
17 - and 17 -stereoisomers but allowed on-site screening of urine samples within
45–60 min was also reported (118). In this assay, 17 ,19-nortestosterone was
coupled to bovine serum albumin through a hemisuccinate bridge at the 17-
position (119). This conjugate was used to raise polyclonal antibodies that would
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TABLE 28.4 Immunochemical Methods Commonly Used for Screening Residues of Anabolics in Edible Animal
Products

Ref.Analyte Matrix Sample preparation Type of immunoassay Tracer

Diethylstilbestrol (DES) Animal tissues Ether extn, liq–liq partns Radioimmunoassay 3H-DES 180
Bovine tissues Ether extn, liq–liq partns, Radioimmunoassay 3H-DES 181

Silica gel column cleanup
Muscle Enzymatic digestion, ether Radioimmunoassay 3H-DES 182

extn, Sephadex LH-20
column cleanup, LC
fractionation

Muscle Ether extn, liq–liq partns, Radioimmunoassay 3H-DES 183
Sephadex LH-20 or RP-
C18 column cleanup

Diethylstilbestrol and Bovine liver MeOH extn, enzymatic Radioimmunoassay 3H-DES 184
metabolite deconjugation, liq–liq

partn, Sephadex LH-20
column cleanup,

Hexestrol Bovine and Ether extn, deconjugation, Radioimmunoassay 3H-Hexestrol 185
ovine tissues liq–liq partns, Silica gel

column cleanup
Medroxyprogesterone Adipose tissue Pet. ether extn, SPE Radioimmunoassay 3H-MPA 186

acetate (MPA) cleanup, LC fractionation
Methyltestosterone Muscle Enzymatic digestion, ether CLIA MT-ABEI 187

(MT) extn, Lipidex-5000 or
RP-C18 column cleanup
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Nortestosterone (NT) Animal tissues Enzymatic digestion, ether CLIA NT-ABEI 125

extn, Lipidex-5000
column cleanup

19-Nortestosterone Kidney fat MeOH extn, liq–liq partn, Enzyme NT-Alkaline 188
SPE cleanup, LC immunoassay phosphatase
fractionation

Trenbolone (TB) Animal tissues EtOH extn, liq–liq partns Radioimmunoassay 3H-TB 189
Bovine muscle Ether extn, enzymatic Radioimmunoassay 3H-TB 190

deconjugation, liq–liq
partn, magnesia column
cleanup

Bovine tissues Enzymatic deconjugation, Radioimmunoassay 3H-TB 191
ether extn, liq–liq partns,
Sephadex LH-20 column
cleanup

Zeranol Bovine tissues Ether extn, liq–liq partns Radioimmunoassay 3H-Zeranol 192
19-Nortestosterone Meat Enzymatic digestion, SPE Radioimmunoassay 3H-NT 124

and cleanup, LC fractionation 3H-MT
methyltestosterone

Acetylgestagens Kidney fat MSPD cleanup, SPE Enzyme — 193
cleanup immunoassay

Steroids Meat t-Butyl-methyl ether extn, Radioimmunoassay Various 194
liq–liq partn, SPE cleanup and enzyme

immunoassay

ABEI, N-(4-aminobutyl)-N-ethyl isoluminol; CLIA, chemiluminescence immunoassay; SPE, solid-phase extraction; MSPD, matrix solid-
phase dispersion; RP, reversed phase.
Other abbreviations as in Table 28.2.
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also react with steroids having a comparable structure, especially those with
similar A and B rings. The conjugate was chosen to give antibodies that would
react strongly with 17 ,19-nortestosterone and 19-norandrostene-3,17-dione,
which can be formed by oxidation of 17 - and 17 -19-nortestosterone in urine
samples. Further, such antibodies might be used to determine directly the glucu-
ronic and sulfuric acid conjugates at the 17-position of the steroid, since most of
nortestosterone is excreted under these forms in the urine (120–122). In this
assay, urine samples were incubated together with enzyme-labeled analyte and
a nitrocellulose test strip with immobilized antibodies. Following incubation, the
strip was placed in a chromogen-containing substrate solution for color reaction.

Bile analysis for 19-nortestosterone residues has been carried out by com-
bining an immunoaffinity cleanup with a chemiluminescence immunoassay (123).
In order to maximize possible crossreactivity of the antisera to both 17 - and
17 -isomers and to the glucuronide conjugates as well, the antigen employed to
produce antisera was 19-nortestosterone coupled to bovine serum albumin at the
17-position via a hemisuccinate linkage. For preparing the immunoaffinity col-
umn, the produced antibodies were covalently immobilized to activated controlled
pore glass. The competitive ELISA plates were coated with 19-nortestoster-
one–thyroglobulin conjugate.

Screening of meat samples for 19-nortestosterone can be performed by a
variety of immunochemical methods including radio-, chemiluminescence-, and
enzyme-labeled procedures. The main characteristic of these methods is that the
tissue sample is purified and fractionated so that only the fraction containing
17 -19-nortestosterone is subjected to the endpoint immunoassay (Table 28.4).
Thus, one method combines liquid chromatographic purification and radioimmu-
noassay (124), whereas other methods combine liquid chromatography and
chemiluminescence (125) or enzyme-linked (126) immunoassay. When certified
blank meat samples were submitted to the chemiluminescence immunoassay
(125), luminescence signals suggested that all samples contained a certain amount
of nortestosterone background indistinguishable from 62.5 pg 19-nortestosterone.
This background actually determines the quantification limit of the assay, which
was estimated at about 0.6 ppb.

For screening of 19-nortestosterone, a number of commercial kits are also
available on the market. Examples of such kits are the zeranol, stilbenes, 19-
nortestosterone, trenbolone tests (Genego SPA, Gorizia, Italy), the hormones tests
(Laboratoire d’Hormonologie, Marloie, France), the trenbolone and 19-nortestost-
erone tests (RANDOX Laboratories, Ltd., Ardmore, UK), and the nortestosterone
and progesterone tests (Euro-Diagnostica, Apeldoorn, The Netherlands).

28.4.9 -Adrenergic Agonists

Different sample materials including urine, feces, cattle feed, tissues, hair, eyes,
and bile are offered for monitoring the illegal use of -agonists. In determining

Copyright © 2001 Marcel Dekker, Inc.



857Immunochemical Methods

illegal use, there are obvious advantages in selecting tissues that accumulate
residues. Of the edible tissues, liver appears to contain the highest concentrations
throughout the withdrawal period (127). Among blood, urine, and feces samples
that can be taken from the live animal, urine, which can be taken in both farm
and slaughterhouses, may contain the highest -agonists concentrations postwith-
drawal and therefore is still the most frequently analyzed material. Bile also suits
the requirements of a screening assay since there is a high correlation between
liver and bile levels (128) and, therefore, it will reflect for a much longer time
than other edible tissues or urine that illegal compounds have been given to
animals as withdrawal proceeds (129). Furthermore, this matrix is easy to collect
on a routine basis just after slaughter of the animal and before carcass evisceration,
without disruption of the throughput of the cattle being killed at the abattoir. It
has also recently been indicated (127) that the eye may achieve concentrations
an order of magnitude higher than in liver, providing evidence for the value of
this organ in screening for abuse in the slaughter population.

For screening, two types of immunochemical methods are generally used:
radioimmunoassays and enzyme immunoassays. A number of sophisticated ana-
lytical schemes have been devised that allow low concentrations of -agonists
to be detected even after long withdrawal periods have been observed before
slaughter. Table 28.5 presents the immunochemical methods commonly used for
screening residues of -agonists in biological materials.

The first radioimmunoassay of -agonists appears in 1976 (130). It was
used for studying the pharmacokinetics of clenbuterol after its administration to
dogs and cats. Later radioimmunoassays have been targeted to the determination
of clenbuterol in urine (131), liver (132), and biological specimen (133) of treated
cattle. They were all based on antisera raised in rabbits by immunization against
a clenbuterol-diazo derivative coupled to human serum albumin. Their assay
principle was based on competition between the clenbuterol residues present in
samples and tritium-labeled clenbuterol; bound and free radioactivity was sepa-
rated using dextran-coated charcoal. Sample cleanup was not required prior to
the assay of urine (131), although it was necessary for liver samples (132) in
order to achieve determinations at the sub-ppb level.

In 1982, the first enzyme immunoassay of clenbuterol was described (134).
It was used to determine clenbuterol levels in plasma of human patients treated
by oral route with this drug. It was a highly sensitive double-antibody and heterol-
ogous immunoassay based on a competition for binding to a clenbuterol-specific
antibody between a diazotized clenbuterol analogue labeled with -galactosidase
and unlabeled standard or sample clenbuterol. The antibody-bound enzyme hap-
ten was separated from free hapten by anti-rabbit IgG immobilized to a polysty-
rene ball. The assay could detect levels as low as 0.5 pg clenbuterol per tube.

The first applications of enzyme immunoassay for animal screening ap-
peared in the early 1990s and concerned mainly urine analysis. Later, an enzyme
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TABLE 28.5 Immunochemical Methods Commonly Used for Screening Residues of -Adrenergic Agonists in
Biological Materials with Polyclonal Antibodies

Ref.Analyte Matrix Sample preparation Type of immunoassay Sensitivity (ppb)

Clenbuterol Animal tissues Enzymatic Enzyme-linked 0.5 142
digestion, IAC immunosorbent
cleanup assay

Bovine bile Direct IAC cleanup Double antibody 0.1 143
chemiluminescence
immunoassay

Bovine hair Enzymatic Competitive 0.04 144
digestion, IAC chemiluminescence
cleanup immunosorbent

assay
Bovine liver HCl homogenization, Enzyme-linked 0.3 89

liq–liq partn immunosorbent
assay

Urine 0.1 N NaOH diln, 0.15 89
liq–liq partn

Bovine liver MSPD cleanup Radioimmunoassay 0.5 132
Bovine liver H2O Enzyme-linked 0.25 140

homogenization, immunosorbent
immobilized assay
antibody
preincubation

Bovine urine Direct assay Radioimmunoassay 0.24 131
Enzyme-linked 0.15 131

immunosorbent
assay

Bovine liver Buffer Enzyme-linked 0.5 135
homogenization immunosorbent

assay
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Bovine eye Enzymatic 0.2 135

digestion
Bovine urine SPE cleanup 0.2 135
Poultry tissues HCl homogenization, Enzyme-linked 0.5 141

IAC cleanup immunosorbent
assay

Ractopamine Bovine Urine Centrgn, enzymatic Enzyme-linked 1.9–2.1 147
digestion, H2O immunosorbent
diln assay

Salbutamol Animal liver Enzymatic digestion, Enzyme-linked 1 146
concn HCl immunosorbent
clarification, SPE assay
cleanup

Clenbuterol, Bovine Urine SPE cleanup Enzyme-linked 1 136
salbutamol, immunosorbent
cimaterol assay

-Agonists Urine 5-fold diln in Enzyme-linked 0.05 195
buffer, centrgn, immunosorbent
pH adjustment, assay

or
pH adjustment,

liq–liq partn
-Agonists Urine 5-fold diln in Enzyme-linked 0.05 137

buffer, pH immunosorbent
adjustment assay

Enzymatic digestion, 137
pH adjustment,
liq–liq partn

-Agonists Urine Direct assay Test tube enzyme- 1 138
linked
immunosorbent
assay

Abbreviations as in Table 28.2.
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immunoassay for the determination of clenbuterol in bovine urine and tissues
was developed using an antiserum raised in rabbits by immunization against a
clenbuterol-diazo derivative coupled to human serum albumin (89). Horseradish
peroxidase coupled to the clenbuterol-diazo derivative was selected as a label.
Simple butyl methyl ether extraction of the samples under alkaline conditions
proved adequate to eliminate background interference effectively.

Instead of using human serum albumin as a carrier protein, other workers
(135) utilized ovalbumin for preparing the diazotized clenbuterol antigen in an
enzyme immunoassay developed for screening of clenbuterol residues in bovine
urine, liver, and eye. Alkaline phosphatase rather than -galactosidase was also
used as an enzyme label in the preparation of the enzyme–clenbuterol conjugate.

In a screening assay for clenbuterol, salbutamol, and cimaterol residues in
urine, solid-phase extraction cleanup has been recommended as a means to pre-
vent false-positive results (136). The antigen used in this assay was clenbuterol-
diazo–bovine serum albumin, whereas salbutamol–carboxymethyl ether–bio-
cytin was employed as a label; the labeled conjugate was prepared by heating
salbutamol and monochloroacetic acid under alkaline conditions to produce salbu-
tamol-4-carboxymethyl ether, which was linked to biocytin via a peptide bond.
Without this cleanup, procedural blanks of negative samples inconsistently con-
tained 0.2–1.9 ppb clenbuterol equivalents, whereas, after cleanup, procedural
blanks always contained less than 0.02 clenbuterol equivalents if stored properly
at 24 C. Storage of urine samples for 1–4 weeks at a higher temperature could
cause elevated background levels up to 0.22 ppb.

A generic immunoassay based on a mixture of two polyclonal antibodies
raised against salbutamol and clenbuterol, respectively, has been also described
(137). In the Netherlands, this competitive microtiter plate method has been used
by the national Inspection Services for screening samples at the laboratory level.
In this assay, the cross-reactivity of antibodies raised against different -agonist
conjugates to the carrier protein has been independently exploited. Salbutamol
hemisuccinate–horseradish peroxidase was used as the enzyme conjugate. Due to
the antibody mixture, this immunoassay could simultaneously detect salbutamol,
clenbuterol, bromobuterol, cimbuterol, mapenterol, mabuterol, tulobuterol, clen-
penterol, terbutaline, carbuterol, and cimaterol in urine samples. Urine samples
could be analyzed without cleanup but blank urine samples showed background
values that differed with the age of the sampled animals; blank calf urine samples
showed background values of less than 0.5 ppb whereas blank values of bovine
urine samples were as high as 3 ppb. However, these background values could
be reduced by applying cleanup procedures. In addition, an enzymatic hydrolysis
prior to the assay ensured measurements of the glucuronidated and/or sulfated
forms of basic -agonists such as salbutamol, terbutaline, and carbuterol.

The principle of this generic immunoassay was further exploited to develop
a tube enzyme immunoassay test for on-site screening of urine samples (138).
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Apart from the format, changes were made in sample preparation, sample volume,
and interpretation of the results. In the Netherlands, this tube test is used by the
General Inspection Service as prescreening for urine samples at farmhouses to
detect animals treated with -agonists. Due to the low sensitivity of the tube test,
all samples are reanalyzed by laboratory methods. The tube test results are used
to locate treated animals directly at the farm and, if suspected samples are found,
to increase sampling.

Methods originally developed for determination of clenbuterol in urine
might be suited tissue analysis if suitable modifications are made. Such a possibil-
ity was investigated by some workers (140) who subjected an ELISA for urine
analysis (139) to several modifications and optimizations to suit liver analysis.
In an attempt to decrease assay time, a horseradish peroxidase enzyme label was
substituted for the alkaline phosphatase label. Utilizing the 4% cross-reactivity
of the clenbuterol antibody with salbutamol, salbutamol–horseradish peroxidase
was prepared by the conjugation of salbutamol hemisuccinate to ammoniated
horseradish peroxidase and substituted for the clenbuterol–horseradish peroxi-
dase conjugate. In this way, assay sensitivity was further improved owing to the
lower affinity of antibodies for salbutamol than for the clenbuterol in the test
sample. By increasing, on the other hand, sample volume and sample concentra-
tion, sensitivity was doubled without significantly increasing background color.
This optimized procedure permitted determination of clenbuterol residues in bo-
vine liver at the MRL of 0.5 ppb with a confidence higher than 99%, although
prior sample enrichment was not carried out.

Since immunoassays for the determination of clenbuterol in kidney and
liver samples often give unreliable results due to matrix effects, an enzyme immu-
noassay has been developed in which clenbuterol is extracted from poultry tissue
samples by 0.01 N HCl and the extracts are purified with immunoaffinity chroma-
tography prior to the end-point immunoassay (141). In this method, diazotized
clenbuterol bound to bovine serum albumin was used as antigen, whereas salbuta-
mol–hemisuccinate coupled with horseradish peroxidase, according to the proce-
dure of Kyrein (119), was used as enzyme conjugate. Immunoaffinity chromatog-
raphy combined with ELISA has also been suggested for screening of clenbuterol
residues in liver, kidney, and muscle samples (142).

Novel rapid screening tests have recently appeared for the detection of
clenbuterol in bovine bile (143) and hair (144). Extraction and purification of
clenbuterol from bile were performed using immunoaffinity chromatography,
whereas end-point determination was carried out by a double-antibody chemilu-
minescence immunoassay capable of giving results of 37 samples in 120 min,
with sequential assays being run every 30 min (143). Hence, it was possible to
run up to 777 samples in a 14 h time period. A significant contributing factor to
the effectiveness of this assay was the choice of the bile as a target matrix. Bile
required minimal sample preparation before assay, while it mirrored the levels
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of residues present in edible tissue. For screening of cattle hair for residues of
clenbuterol (144), on the other hand, samples were enzymatically digested, the
digest was purified by immunoaffinity chromatography, and the purified extracts
were quantified by competitive chemiluminescence ELISA.

Unlike clenbuterol, salbutamol is a difficult compound to analyze due to
its particular chemical attributes. It is a basic compound subjected to protein
binding; poor recoveries are obtained especially when protein precipitation tech-
niques are used to prepare the extracts (145). In addition, salbutamol is charged
at all pH values and does not readily lend itself to simple, specific back-extracting
procedures. This severely restricts the options of sample cleanup. However, a
Subtilisin protease digestion step followed by acid clarification and solid-phase
extraction has been suggested (146) as an adequate extraction and cleanup proce-
dure prior to the end-point determination of salbutamol by an enzyme immunoas-
say (139) based on the cross-reactivity of anticlenbuterol antibodies.

Ractopamine, a phenethanolamine member of the class of -agonists, can
be also analyzed in bovine urine samples by an ELISA procedure employing a
polyclonal antibody raised in goat to detect ractopamine residues (147). For pre-
paring the antigen, ractopamine was coupled to human serum albumin and to
horsradish peroxidase using the coupling agent, butane-1,4-diol diglycidyl ether
(148, 149).

Apart from the above-mentioned methods, a number of commercial kits
are also available in the market. ELISAs and other ‘‘state of the art’’ immunoas-
says are utilized in these kits that allow for rapid, efficient, cost-effective food
monitoring. Examples include the RIDASCREEN Clenbuterol test (Riedel-de
Haen, AG, Seelze, Germany), the -agonists tests (Laboratoire d’Hormonologie,
Marloie, France), the clenbuterol and -agonists tests (Euro-Diagnostica, Apel-
doorn, The Netherlands), and the -agonists tests (Genego SPA, Gorizia, Italy).

28.4.10 Miscellaneous

28.4.10.1 Bovine Somatotropin

Application of recombinant DNA technology to clone and express the gene for
bovine somatotropin has made it possible to obtain an unlimited amount of the
hormone and provides further an opportunity to investigate benefits that may be
derived from controlling milk production through supplemental administration
of bovine somatotropin on a commercial scale. Central to studies conducted to
investigate the safety and efficacy of recombinant-derived bovine somatotropin
is the need for a sensitive analytical method that could be used to estimate bovine
somatotropin levels in various biological fluids.

A rapid avidin/biotin ELISA has been developed for the determination of
bovine somatotropin in blood and milk (150). The method uses affinity-purified
polyclonal antisera raised in rabbits to immobilize bovine somatotropin from
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blood or milk samples on the wells of microtiter plates. Bound bovine somato-
tropin was quantified by adding biotinylated antibovine somatotropin antibody
during the sample incubation step, followed by incubations with horseradish per-
oxidase-labeled avidin D. Since a high-affinity antibovine somatotropin antibody
was used, and the biotinylated antibody was added directly to the sample, the
assay could be performed in less that 4 h while sensitivities of 0.2 and 2 ppb in
milk and blood, respectively, were maintained. This method offers advantages
of speed and sensitivity compared to a previous ELISA method (151).

28.4.10.2 Corticosteroids

Since dexamethasone, a synthetic glucocorticosteroid, is sometimes used illegally
in animal production, screening methods to detect its presence in animal products
are of value. Several immunoassays based on either radio or enzyme labels have
been developed, all based on the same commercially available antigen, dexameth-
asone-21-hemisuccinate-bovine serum albumin, to produce the antidexametha-
sone antibodies. In the radioimmunoassays (152, 153), the tracer commonly used
was tritium-labeled dexamethasone and the detection limit was as low as 0.4 ppb
in urine, whereas in the ELISAs (154) the drug was conjugated to horseradish
peroxidase for detection in urine at a limit of 10 ppb. The assays do not require
cleanup steps for urine and milk samples, but their inherent cross-reactivity with
endogenous corticosteroids may affect the validity of the analytical results.

To overcome this problem, a radioimmunoassay method was developed
(155) in which urine is enzymatically hydrolyzed to be subsequently purified by
C18 solid-phase extraction. Elution was carried out using ethyl acetate, and the
extract was analyzed by reversed-phase LC. The fraction containing the analyte
was collected, evaporated, and submitted to radioimmunoassay. In this way, dexa-
methasone separated from natural corticosteroids and other synthetic corticoste-
roids that could cross-react in the assay.

A generic enzyme immunoassay for the determination of several synthetic
corticosteroids including dexamethasone, betamethasone, flumethasone, triam-
cinolone, prednisolone, and methylprednisolone in milk, liver, kidney, and muscle
samples was recently developed (156). Antibodies raised against dexamethasone-
21-hemisuccinate-bovine serum albumin were used in this assay, whereas dexa-
methasone–horseradish peroxidase was the label conjugate. Skimmed milk could
be directly screened for the presence of corticosteroids at limits of detection
of 0.1 ppb for dexamethasone, betamethasone, and flumethasone, 0.3 ppb for
triamcinolone and 0.5 ppb for prednisolone. Tissue samples were submitted, prior
to the immunoassay, to an extraction/cleanup procedure involving liquid–liquid
partitions with acetonitrile–water followed by hexane–chloroform. Background
values for bovine liver, swine kidney, and calf muscle were determined to be
0.26, 0.26, and 0.07 ppb, respectively, of dexamethasone equivalents.
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28.4.10.3 Macrolides

An enzyme immunoassay for the determination of spiramycin in raw milk has
been developed (157). Hens were immunized using a spiramycin–bovine serum
albumin conjugate and specific antibodies were extracted from egg yolk by precip-
itation with polyethylene glycol (158). The ELISA was carried out as an indirect
competitive assay with antigen coating and antichicken immunoglobulin linked
to alkaline phosphatase. It allowed a clear positive-negative classification of raw
milk samples containing spiramycin at the quantification limit of 5.6 ppb. Sample
preparation was limited to defatting and dilution in buffer. Since 1995, this method
has been routinely applied in an integrated system for the detection of antimicrobi-
als at the MRL level in Germany.

28.4.10.4 Nitrofurans

A common structural moiety is exhibited by all the compounds within this group
and from which the group name is derived. Furazolidone, nitrofurazone, furalta-
done, nitrovin, nitrofurantoin, and nitrofuroxazide all contain a five-membered
furan ring with a nitro substituent at position C-2. A synthetic hapten, 5-nitro-2-
furaldehyde, was used to derivative the carrier protein ovalbumin by direct
Schiff’s base condensation with primary amino groups. Antisera raised to this
antigen enabled an generic immunochemical method to be developed that detects
all mentioned nitrofurans in liver tissue except nitrovin (19).

28.4.10.5 Peptide Antibiotics

Colistin, a peptide antibiotic, has been determined in rainbow trout tissue by a
double-antibody enzyme immunoassay (159). Polyclonal antibodies against colis-
tin were produced in rabbits immunized with a colistin conjugate. The conjugate
was produced by a procedure devised to couple an amino group of colistin to
thiol groups of bovine serum albumin introduced by thiol exchange reduction of
its disulfide bonds with dithiothreitol, using N-(m-maleimidobenzoyloxy)succini-
mide as a cross-linker (160, 161). Enzyme labeling of colistin with -D-galactosi-
dase was performed by utilizing another cross-linker, N-( -maleimidobutyryloxy)-
succinimide, by means of a convenient labeling method (162, 163). With this
assay, as little as 30 ppb of colistin could be determined using labeled colistin
and colistin antiserum. Sample preparation procedure was limited to homogeniza-
tion of the fish tissue with trichloroacetic acid, centrifugation, and pH-adjustment
of the supernate at 7.2.

28.4.10.6 Quinolones

A substituted quinolone structure is common to the group of quinolone antimicro-
bials, many of which are also fluorinated. There is sufficient similarity of structure
as well as molecular shape to suggest that, with the appropriate antigen, a generic
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antibody for the whole class of these compounds could be produced. Using as
hapten norfloxacin linked to a carrier protein through the secondary amine of the
piperazine side group, a group-specific immunochemical assay was developed
that could screen for 10 quinolones including norfloxacin, naladixic acid, en-
rofloxacin, flumequine, ciprofloxacin, ofloxacin, oxolinic acid, pipedimic acid,
and enoxacin, at or below 25 ppb levels in meat, poultry, and fish (19). Specific
immunochemical methods for naladixic acid, enrofloxacin, and flumequine have
been also developed and applied to the analysis of kidney tissue.

28.4.10.7 Sedatives and -Blockers

Benzodiazepines are an important group of drugs with tranquilizing properties.
Available immunochemical methods include radioimmunoassays (164, 165), a
radioreceptor assay (166), and nonseparation immunoassays such as the widely
used enzyme-monitored immunotest (EMIT) and fluorescent polarization immu-
noassays (167, 168). Such assays generally require sophisticated apparatus and
dedicated laboratories. However, a relatively simple enzyme-linked immunosor-
bent assay was recently described for screening benzodiazepines in urine (169).

The assay employs a mouse antioxazepam antibody highly specific for
benzodiazepines. The antigen oxazepam hemisuccinate–keyhole limpet hemocy-
anin and the oxazepam–porcine thyroglobulin coating conjugate were prepared
via the corresponding N-hydroxysuccinamidyl esters. N-Desmethyldiazepam
showed equal cross-reactivity to oxazepam, 11 benzodiazepines cross-reacted
weakly, whereas flurazepam and chlordiazepoxide did not cross-react at levels
reported to be found in urine. No cross-reactivity was also observed for a range
of therapeutic drugs commonly found in urine. The limit of detection was 0.3
ppm. The total assay time for a full 96 well plate was typically 120 min for assay
of 22 samples per plate.
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Physicochemical Methods

Microbiological and immunochemical procedures are designed for screening pur-
poses, whereas physicochemical methods are used primarily for the isolation,
separation, quantification, and confirmation of the presence of violative residues
in samples. This requires that the sensitivity of the screening method and the
determinative or confirmatory method be compatible. To reach this target, numer-
ous physicochemical procedures based on almost any aspect of analytical princi-
ple have been developed. Although the chemical structure of a drug largely dic-
tates the most suitable method for its determination, different procedures have
been suggested for the same analyte because of the large number of possibilities
that physicochemical procedures afford. Available methods within the groups of
aminoglycosides and aminocyclitols, amphenicols, -lactam antibiotics, macro-
lides and lincosamides, nitrofuran antibacterials, quinolones, sulfonamides and
diaminopyrimidine potentiators, tetracyclines, miscellaneous antibacterials, an-
thelminthic drugs, anticoccidial and other antiprotozoal drugs, antimicrobial
growth promoters, anabolic hormonal-type growth promoters, -adrenergic ago-
nists, dye drugs, sedatives and -blockers, corticosteroids, diuretic and nonsteroi-
dal anti-inflammatory drugs, and thyreostatic drugs, are discussed below.

29.1 AMINOGLYCOSIDES AND AMINOCYCLITOLS

Aminoglycosides are water-soluble, not volatile, heat-resistant, and highly polar
compounds. Structurally, aminoglycosides are polybasic cations consisting of
two or more sugars, usually aminosugars, attached to an aminocyclitol ring with
glycoside linkages. They are stable at both high and low pH values, but should
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be handled in plastic lab ware since they have the tendency to bind onto glass
surfaces.

Most aminoglycosides consist of several almost identical components dif-
fering either in the degree of methylation of one amino sugar unit, as in the case
of gentamicin, or in the stereochemistry of the disaccharide unit, as in the case
of neomycin. Owing to this structure, any aminoglycoside contains more than
one closely related component in its formulations. Another complicating factor
in the analysis of aminoglycosides is that the molecules of these compounds lack
useful chromophore or fluorophor functions. Detection by modern instrumental
techniques requires often suitable derivatization. These inherent characteristics
have made aminoglycosides a particularly difficult group of antibiotics to analyze
by physicochemical methods.

For liquid matrices such as milk, a pretreatment step for fat removal that
is accomplished by centrifugation (1–3) or hexane extraction (4) may be required.
Solid samples such as muscle, kidney, and liver necessitate usually more intensive
sample pretreatment through use of a mincing and/or a homogenizing apparatus.
In some cases, as in the analysis of apramycin in swine kidney tissue, protein
digestion with concentrated ammonium hydroxide may be needed to achieve
better recovery of the analyte from the matrix (5).

In general, an efficient extraction procedure of aminoglycoside residues
from food matrices must be able to remove most if not all of the proteins from
the sample extract, rendering, concurrently, residues that are bound to proteins
soluble, and providing high yields for all analytes. High or low pH conditions have
all been successfully employed to free aminoglycoside residues from proteins and
keep them in solution. Extraction/deproteinization has been performed by either
vortexing liquid samples or homogenizing solid samples with trichloroacetic acid
(1–3, 6–8), trifluoroacetic acid (9), perchloric acid (10, 11), trichloroacetic acid/
citrate buffer (12, 13), or methanol/hydrochloric acid (14). Extraction under alka-
line conditions has also been employed for the determination of apramycin in
swine kidney using methanol/ammonium hydroxide as an extraction solvent (5).
Extraction of food samples with alkaline buffers followed by heat deproteinization
has been suggested as another effective means to extract and purify extracts for
aminoglycoside analysis (15–17).

In most published methods, the primary sample extracts are subjected to
various types of cleanup procedures including conventional liquid–liquid parti-
tioning, solid-phase extraction, matrix solid-phase dispersion, and online trace
enrichment. In many cases, some of these procedures are used in combination
in order to help obtaining highly purified extracts.

Liquid–liquid partitioning cleanup is generally directed to the transfer of
the matrix components from the aqueous into the organic immiscible phase (3,
5–7). Owing to their high polarity, aminoglycosides cannot be recovered into the
organic phase at any pH value, remaining in the aqueous phase. There has been,
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however, a case in which a 90% recovery of apramycin into the ethyl acetate
phase was noted when octanesulfonic acid, an ion-pairing reagent, was added in
the extraction medium (5).

Removal of proteins and other matrix constituents from sample extracts
can also be accomplished using solid-phase extraction columns. The highly polar
nature of the aminoglycosides dictates that use of cation-exchange sorbents should
be the best choice for such a procedure. Hence, solid-phase extraction columns
packed with cation-exchange materials such as CM-Sephadex C-25 (8, 17), Am-
berlite CG-50 (18), aromatic sulfonic acid (10), and carboxylic acid (12, 13) have
all been widely used for isolation and/or cleanup of these antibiotics. Cleanup
and concentration of aminoglycosides from coextracted materials have also been
accomplished using normal- (17) or reversed-phase (2, 6, 7) sorbents, the later
being especially applied under ion-pairing conditions using heptanesulfonic acid
as the ion-pairing reagent to enhance the retention of the analytes onto the hydro-
phobic C18 materials (6, 7).

Matrix solid-phase dispersion techniques have also been suggested for the
determination of aminoglycoside residues in bovine tissues (19, 20). The solid-
phase material employed in these methods was a cyanopropylsilyl (CN) sorbent.

More convenient online trace enrichment techniques have further been de-
scribed for purification of aminoglycoside residues from matrix constituents (10,
11). These techniques involve trapping of the streptomycin and dihydrostrepto-
mycin residues onto a liquid chromatographic (LC) precolumn (Inertsil C8) under
ion-pair conditions, rinsing of the coextracted materials to waste, and, finally,
flushing of the concentrated analytes onto the analytical column. In a somewhat
different approach, an initial acidic mobile phase has been suggested to trap the
coextracted materials on a cation-exchange precolumn; the nonretained spectino-
mycin residues were directed to the analytical column using a second mobile
phase (13).

Following extraction and cleanup, aminoglycoside residues must be submit-
ted to some kind of chromatographic separation followed by fluorometric, electro-
chemical, polarimetric, or mass spectrometric detection. By combining a thin-
layer chromatographic (TLC) separation with a bioassay (B. subtilis) detection, a
TLC/bioautographic technique was developed that was capable to identify several
antibiotic residues, including aminoglycosides, in animal tissues (14). However,
this technique lacked the sensitivity required to detect aminoglycosides at the
low ppb residues levels likely to occur in tissues and milk.

LC separations of aminoglycosides have been generally carried out using
both cation-exchange and nonpolar reversed-phase columns (Table 29.1). Owing
to their high polarity, aminoglycosides can be easily separated on cation-exchange
columns, but are poorly retained on reversed-phase columns. However, addition
of ion-pairing reagents such as alkyl sulfonates (1–3, 6–8, 10, 11, 15, 16) or
pentafluoropropionic acid (19, 20) in the mobile phase, can increase the retention
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TABLE 29.1 Physicochemical Methods for Aminoglycoside and Aminocyclitol Antibacterials in Edible Animal Products

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

THIN-LAYER CHROMATOGRAPHIC METHODS
Four amino- Animal MeOH cleanup, 15 Silica gel or BuOH/MeOH/ B. subtilis 30–200 ppm/ 14

glycosides tissues MeOH/HCl extn cellulose HOAc/H2O or bioauto- NR
Acetone/ graphy
CHCl3/PrOH/
0.01N
phthalate
buffer/
glycerine

LIQUID CHROMATOGRAPHIC METHODS
Apramycin Swine NH4OH digestion, 13 Nova-Pak C18, H2O/ACN/HOAc Fluorometric, 500 ppb/ 5

kidney MeOH extn, ion- 5 m (60 40 2) ex: 230 76–86%
pair extn, liq–liq contg 5mM nm, em:
partns, on-line octanesulfonic 389 nm/
precolumn acid MS-ISP
derivatization after
with OPA mobile

phase
modification

Dihydro- Kidney TCA extn, liq–liq 27 Supelcosil LC- 0.04M Fluorometric, 40 ppb/ 7
streptomycin and partn, SPE ABZ, 5 m, octanesulfonic postcolumn 73–83%

meat cleanup, liq–liq analytical and acid in 0.4mM derivatization
partn, 1- guard column NQS, pH 3.24/ with NQS,
heptanesulfonic ACN (68 32), ex: 375
acid addn at 31 C nm, em:

420 nm
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Milk TCA extn, liq–liq 17 Supelcosil LC- Solvent A: 0.04M Fluorometric, 25 ppb/ 6
partn, SPE ABZ, 5 m, octanesulfonic postcolumn 83 1.2%
cleanup, liq–liq analytical and acid, 0.02M derivatization
partn, 1- guard column ethaned- with
heptanesulfonic sulfonic acid, ninhydrin,
acid addn 0.005M ex: 305

ninhydrin, pH nm, em:
3.2 500 nm

Solvent B: 0.3%
TEA in ACN

Solvent C:
MeOH
(63 19 18)

Gentamicin Bovine Phosp. buffer, pH 32 Ultremex C18, Solvent A: Fluorometric, 200 ppb/ 17
tissues 8.8, extn, heat 5 m MeOH/H2O/ ex: 340 69–107%

deprtn, CM- HOAc nm, em: ?
Sephadex C-25 (70 29 1)
column cleanup, contg 0.5%
SPE cleanup, heptanesulfonic
precolumn acid
derivatization Solvent B:
with OPA MeOH

Concave
gradient from
(80 20) to
(40 60)

(continued)
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TABLE 29.1 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Bovine TCA/EDTA extn, 11 LiChrospher 100 0.05M sodium Fluorometric, 50–100 ppb/ 8
tissues CM-Sephadex RP-18, 5 m dl-camphor- postcolumn 68–98%

C-25 column analytical and 10-sulfonate in derivatization
cleanup, guard column 0.1mM EDTA, with OPA,
camphorsulphonate pH 2.2/MeOH ex: 340
addn (45 55), at nm, em:

45 C 440 nm
Milk Centrgn, TCA extn, 11 Spherisorb H2O/MeOH Fluorometric, 15 ppb/ 2

SPE cleanup, ODS-2, 5 m, (82 18), contg postcolumn 72–88%
pentanesulfonic analytical and 5.6mM derivatization
acid addn guard column Na2SO4, 0.1% with OPA,

HOAc, and 11 ex: 340
mM nm, em:
pentanesulfonic 430 nm
acid

Milk TFA extn 3 RP C18, 10 m 0.4M TFA, pH Laser- NR/ 90% 9
5.5/MeOH based
(80 20) polarimetric
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Milk Phosp. buffer, pH 10 Novapak C18, Solvent A: 15mM Fluorometric, 20 ppb/ 4
6.5, diln, liq–liq 4 m sodium ex: 365 64%
partn, SPE heptane- nm, em:
cleanup, on-line sulfonate/ 415 nm
precolumn MeOH, pH 3.7
derivatization (35 65)
with OPA Solvent B: 15mM

sodium
heptane-
sulfonate/
MeOH, pH 3.7
(25 75)

Gradient from
(100 0) to
(0 100)

Neomycin Animal Buffer, pH 8.0, 10 Supelcosil LC- H2O/MeOH Fluorometric, 1 ppm/ 15
tissues extn, heat 8-DB or LC- (98.5 1.5 or postcolumn 60–110%

deprtn, acidfn, 18-DB, or 97 3), contg derivatization
centrgn Spherisorb 0.056M with OPA,

ODS-2, 5 m, Na2SO4, ex: 340
with 0.007M HOAc, nm, em:
Supelguard and 10 mM 1- 455 nm/
LC-8-DB, 5 pentane- Peak

m, or sulfonate height
LiChrosorb ratios
RP-18, 10

m, guard
column

(continued)
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TABLE 29.1 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Milk Centrgn, TCA extn, 4 Supelcosil LC- H2O/MeOH Fluorometric, 150 ppb/ 1
1- 8-DB, 5 m, (98.5 1.5), postcolumn 76–110%
pentanesulfonic with contg 0.056M derivatization
acid addn supelguard Na2SO4, with OPA,

LC-8-DB, 5 0.007M HOAc, ex: 340
m guard and 10 mM 1- nm, em:

column pentane- 455 nm
sulfonate, at
32.5 C

Milk CG-50 Amberlite 6 Hisep, 5 m Solvent A: Fluorometric, 50 ppb/ 18
column cleanup, MeOH/0.2% ex: 340 87–109%
precolumn EDTA (70 30) nm, em: ?
derivatization Solvent B: MeOH
with OPA Concave

gradient from
(100 0) to
(40 60)
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Bovine Buffer, pH 8.0, 11 Spherisorb 5 H2O/MeOH/HOAc Fluorometric, 500 ppb/ 16
kidney extn, heat ODS-2, (88.4 11.5 0.1) postcolumn 80–115%

deprtn, acidfn, analytical and contg 0.01M derivatization
centrgn, 1- guard column Na2SO4 and 10 with OPA,
pentanesulfonic mM 1- ex: 340
acid addn pentane- nm, em:

sulfonate, at 440 nm
35 C

Spectinomycin Animal Citrate/TCA/DCM 14 Spherisorb SCX, 0.15M, pH 3.5, Fluorometric, 50 ppb/ 13
tissues, extn, SPE 5 m phosp. buffer/ postcolumn 74–97%
eggs cleanup, on-line ACN (80 20) derivatization

cleanup on with OPA,
Spherisorb SCX, ex: 340
5 m, (eggs) or nm, em:
Ionospher C, 5 460 nm

m, (tissues)
column and
switching to
analytical column

Bovine Citrate/TCA/DCM 12 Chrompack Na2SO4/ACN Fluorometric, 100 ppb/ 12
tissues extn, SPE Ionosphere C (80 20) Ionic postcolumn 81–94%

cleanup gradient from derivatization
80% 0.05M with OPA,
Na2SO4 to 55% ex: 340
0.05M/25% nm, em:
0.5M Na2SO4 455 nm

Zorbax SB C18 1% HOAc/MeOH MS-MS-
(92 8) APCI

(continued)
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TABLE 29.1 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Milk Centrgn, TCA extn, 15 Ultracarb ODS- 0.02M citric acid Electro- 50 ppb/ 3
liq–liq partns, 1- 2, 5 m, contg 2mM 1- chemical 76–80%
decanesulfonic analytical and decanesulfonic
acid addn guard column acid, pH 6.1/

ACN (84 16), at
30 C

Streptomycin, Animal HClO4 extn, SPE 7 Supelcosil LC- H2O/ACN (83 17) Fluorometric, 10–20 ppb/ 10
dihydro- tissues cleanup, 1- 8-DB, 5 m contg 10 mM 1- postcolumn 46–72%
streptomycin hexanesulfonic hexanesulfonic derivatization

acid addn, on- acid and 0.4 with NQS,
line trace mM NQS, pH ex: 347
enrichment on 3.3 nm, em:
Inertsil C8, 5 m, 418 nm
preconcn column
and switching to
analytical column

Milk HClO4 extn, 1- 3 Supelcosil LC- H2O/ACN (83 17) Fluorometric, 10–20 ppb/ 11
hexanesulfonic 8-DB, 5 m contg 10 mM 1- postcolumn 33–65%
acid addn, on- hexanesulfonic derivatization
line trace acid and 0.4 with NQS,
enrichment on mM NQS, pH ex: 365
Inertsil C8, 5 m, 3.3 nm, em:
preconcn column 418 nm
and switching to
analytical column
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Streptomycin, Bovine MSPD extn/ 10 Spherisorb H2O/ACN (92 8) Electro- 2.5 ppm/ 19

dihydro- tissues cleanup ODS-2, 3 or 5 contg 20 mM chemical, NR
streptomycin, m with 3 m pentafluoro- or MS-ISP
spectinomycin, guard column propionic acid,
hygromycin pH 1.9
B

Six amino- Bovine MSPD extn/ 12 Spherisorb Solvent A: H2O/ MS-MS-ISP 30–520 ppb/ 20
glycosides kidney cleanup, ODS-2, 5 m ACN (40 60) 46–75%

pentafluoro- with 3 m contg 20 mM
propionic acid guard column pentafluoro-
addn propionic acid

Solvent B: H2O/
ACN (95 5)
contg 20 mM
pentafluoro-
propionic acid

Step gradient
from (0 100) to
(100 0)

OPA, o-phthalaldehyde; NQS, -naphthoquinone-4-sulfonate; ex, excitation; em, emission; ISP, Ionspray; APCI, atmospheric pressure
chemical ionization; MSPD, matrix soid-phase dispersion; SPE, solid-phase extraction; deprtn, deproteinization; acidfn, acidification;
RP, reversed phase; NR, not reported.
Other abbreviations as in Table 20.2.
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FIG. 29.1 HPLC-PDA of (a) MSPD extract of control bovine kidney, (b) MSPD
extract of bovine kidney fortified at the 20 ppm level, and (c) synthetic mixture
of standards at levels of 15 ng per component injected. Peaks: 1, spectino-
mycin; 2, hygromycin B; 3, streptomycin; 4, dihydrostreptomycin. (Reprinted
from Ref. 19 with permission from Elsevier Science.)

of aminoglycosides, thus allowing use of reversed-phase columns (Fig. 29.1).
Precolumn derivatization of aminoglycosides, on the other hand, can produce
lower-polarity compounds that are easily separated on reversed-phase columns,
without the addition of ion-pairing reagents. Nevertheless, ion-pairing reagents
have often been employed in order to alter the retention and improve the peak
shape of the derivatized compounds (4, 5, 17).

A protein exclusion column (Hisep) that separates proteins from the analyte
has also been proposed to analyze neomycin residues in milk (18). Using this
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column, neomycin penetrated into the polymeric surface during elution, while
proteins passed through the column unretained.

The separation mechanism in the LC analysis of aminoglycosides is usually
highly dependent on the applied derivatization technique, either precolumn or
postcolumn. This is due to the fact that a prerequisite of aminoglycosides analysis
is most often suitable derivatization to produce fluorescent derivatives; the pres-
ence of primary amine groups in most of the aminoglycoside antibiotics enables
a number of derivatives to be readily formed.

The most common derivatizing reagent in aminoglycosides analysis is o-
phthaladehyde (OPA). This reagent can be used either in the precolumn or postcol-
umn mode, with the derivative monitored by fluorescence detection. For precol-
umn derivatization, the reaction can be conducted in solution (4, 5), or oncolumn
if the analytes have previously been trapped to ion-exchange (18) or silica (17)
solid-phase materials during sample cleanup. Postcolumn derivatization requires
a postcolumn reaction unit or a separate reagent pump, a mixing tee, and a reaction
coil (1, 2, 8, 12, 13, 15, 16). For the streptidine-based aminoglycosides including
streptomycin and dihydrostreptomycin, derivatization takes place at the guanidino
functions, so standard primary amine-derivatizing reagents are not suitable in that
case. Thus, -naphthoquinone-4-sulfonate (NQS) (7, 10, 11) or ninhydrin (6)
reagents have been used in the postcolumn mode to produce fluorescent deriva-
tives of those residues in milk and tissue samples.

A promising fluorescence method in terms of simplicity, selectivity, and
sensitivity has been described by Kijak et al. (2) for screening and even confirma-
tion of the four major components of gentamicin in milk. According to this
method, milk sample (10 ml) is centrifuged at 4 C, the top fat layer is removed,
and the defatted sample is deproteinized by mixing with 1 ml 30% trichloroacetic
acid. After centrifugation, the supernatant is passed through a C18 solid-phase
extraction column. Following successive column washing with water, water/
methanol (1 1) and methanol, gentamicin is eluted with 16% ammonium hydrox-
ide in methanol. The eluate is evaporated to near dryness and taken up with water.
An aliquot of the sample is then mixed with the ion-pairing pentanesulfonic acid
to be further analyzed by liquid chromatography. Separation is performed on a
15-cm Spherisorb ODS2 (5 m) analytical column protected by a guard column
with the same packing material. Using a water-methanol (82 18) mobile phase
that contained 0.1% acetic acid, 5.6 mM sodium sulfate, and 11 mM pentanesul-
fonic acid, total concentrations of the four components down to 15 ppb could be
determined after postcolumn derivatization with o-phthalaldehyde and fluoromet-
ric detection.

Electrochemical detection has also been suggested for determination of
underivatized aminoglycosides in edible animal products (3, 19), while laser-
based polarimetric detection has also been used in the analysis of underivatized
gentamicin in milk (9). Liquid chromatography combined with mass spectrometry
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has been reported to be particularly suited for analyzing aminoglycoside residues
in foods. Typical applications of mass spectrometric detection in confirming the
presence of aminoglycoside residues in edible animal products include interfacing
liquid chromatography with mass spectrometry via ionspray (5, 19, 20) or atmo-
spheric-pressure chemical ionization (12).

A different approach was followed by McLaughlin et al. (20) in a liquid
chromatographic multiresidue method for the determination of streptomycin, di-
hydrostreptomycin, neomycin B, the four major components of the gentamicin
complex, hygromycin B, and spectinomycin in bovine kidney, using ionspray
mass spectrometric detection. According to this confirmatory method, the tissue
homogenate (0.5 g) is mixed with 2 g cyanopropyl packing material (Bondesil
cyanopropyl, 40 m) and the resulting mixture is transferred onto a solid-phase
extraction column. The column is successively washed with hexane, ethyl acetate,
methanol, and methanol/water (1 1), and the analytes are eluted with water fol-
lowed by 0.1 M formic acid or 0.1 N sulfuric acid. The eluate is filtered, con-
centrated, and a solution containing 100 mM pentafluoropropionic acid is then
added. The resulting mixture is filtered, and an aliquot is analyzed by liquid
chromatography. Separation is performed under the conditions shown in Table
29.1, on a 10 cm Spherisorb ODS2 (5 m) analytical column protected by a
guard column with the same packing material. Concentrations as low as 60 ppb
for neomycin B, 30 ppb for the gentamicin complex, 100 ppb for dihydrostrepto-
mycin, 130 ppb for streptomycin, 340 ppb for hygromycin B, and 520 ppb for
spectinomycin could be readily detected using ionspray tandem mass spectromet-
ric detection.

29.2 AMPHENICOLS

Major drugs within the group of amphenicols are chloramphenicol, thiampheni-
col, and florfenicol. They are all synthetic, highly polar compounds with compara-
ble chemical structures. In thiamphenicol, the p-nitro group on the benzene ring
of chloramphenicol is replaced with a methyl sulfonyl group. In florfenicol, the
hydroxyl group on the side chain of thiamphenicol is replaced with a fluorine.
Amphenicols are light-stable compounds that also exhibit remarkable stability
upon storage.

For analyzing amphenicol residues in liquid samples such as milk, a pre-
treatment centrifugation step for fat removal is usually required (21, 22). Dilution
of milk samples with water prior to solid-phase extraction cleanup is also often
needed (23, 24). Semisolid samples such as muscle, kidney and liver, require,
however, more intensive sample pretreatment. The most popular approach for
tissue break-up is through use of a mincing and/or a homogenizing apparatus.

Following pretreatment, samples can be further treated with -glucuroni-
dase (25–27) to achieve hydrolysis of conjugated chloramphenicol residues. It
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has been reported (28) that more than one-half of the total chloramphenicol resi-
dues present in liver and kidney from treated swine occur in conjugated form.
However, conjugated residues are not detected in muscles of swine, chicken, and
calf (26).

Sample extraction/deproteinization is usually accomplished by vortexing
liquid samples or homogenizing semisolid samples with ethyl acetate (23, 25–27,
29–46). Extraction of amphenicols with acetonitrile (47–57) or water (22, 26,
58–61) has been also reported, but the recoveries observed in those instances
were not as high as with ethyl acetate, making the latter solvent most suitable
for extracting all three amphenicols. Additionally, organic and inorganic solvents
including acetone (62), methanol (14), diethyl ether (63), isopentyl acetate (64),
trichloroacetic acid (22), pH-7.8 phosphate buffer (65), and urea solution (46)
have all been successfully used for extraction of amphenicols from edible animal
products.

Following initial sample extraction, the primary extract must frequently be
subjected to some kind of further cleanup including liquid–liquid partitioning,
diphasic dialysis, solid-phase extraction, matrix solid-phase dispersion, immu-
noaffinity chromatography cleanup, liquid chromatography cleanup, or online
trace enrichment. In some instances, some of these procedures are used in combi-
nation in order to attain higher purification levels.

Liquid–liquid partitioning targets either to extract the drugs from their aque-
ous solutions with an organic solvent or to wash out interfering substances from
organic or aqueous drug solutions. Ethyl acetate has been found more effective
than any other organic solvent tested in extracting all three drugs from their
aqueous solutions (21, 31–33, 35, 36, 40, 45, 48, 50, 53, 59). Occasionally,
addition of sodium chloride in the aqueous drug solution at a final concentration
of 3–4% is sufficient to increase the extraction efficiency of the ethyl acetate,
especially for the more polar thiamphenicol and florfenicol (33, 35, 45, 50).

To remove lipids, sample extracts are frequently also partitioned with n-
hexane (25, 33–35, 37, 40, 43, 45, 47, 49, 50, 53–57, 62), petroleum ether (31,
38, 63), isooctane (36, 41, 48), or toluene (26, 58, 59, 61). Use of n-toluene is
not recommended, however, in chloramphenicol and florfenicol analysis, because
these drugs have the tendency to transfer into toluene to some extent during the
partitioning process. As an alternative to the classic liquid–liquid partitioning
cleanup, some workers in the field (24, 26, 34, 58, 59) have suggested use of
diatomaceous earth columns as another option of a liquid–liquid partitioning
process that offers substantial reduction in emulsification problems and, thus,
allows a high recovery increase.

Direct elimination of proteins and other matrix constituents from food sam-
ples can also be accomplished with matrix solid-phase dispersion or diphasic
dialysis membrane techniques. A matrix solid-phase dispersion technique was
used for the determination of chloramphenicol in meat (66) and milk (67) using
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C18 derivatized silica as the sorbent, while a diphasic dialysis membrane proce-
dure was employed for the isolation of chloramphenicol residues from milk con-
stituents using ethyl acetate as the extraction solvent (68).

Solid-phase extraction techniques that are based mostly on reversed-phase
(C18) sorbents, have been also widely used for cleanup and concentration purposes
(23, 25, 27, 31, 34, 37, 46, 51, 52, 55, 65). However, many applications have
indicated that cleanup using these nonpolar materials may not be very effective
in removing interfering substances from sample extracts. Hence, polar sorbents
such as silica (23, 26, 29, 30, 32, 40, 42, 44, 52, 53) or Florisil (45) have been
also suggested as more powerful alternatives for the isolation and/or cleanup of
amphenicols.

Higher-specificity techniques such as immunoaffinity chromatography
have been also found widespread acceptance for the determination of chloram-
phenicol residues in edible animal products. The first pertinent reports concerned
the determination of chloramphenicol residues in swine muscle (60) and milk
and eggs (21). Alternative immunoaffinity chromatography procedures were sug-
gested later for extraction/preconcentration of chloramphenicol residues from
swine tissues (50), or for online immunoaffinity extraction for the determination
of chloramphenicol in milk and swine muscle by an automated column-switching
system (22).

Liquid chromatography cleanup on a LiChrosorb Diol column has been
further proposed for the offline purification of chloramphenicol residues from
bovine muscle and eggs (32). An online approach based on reversed-phase princi-
ples has also been described for isolation of chloramphenicol residues from swine
kidney by an automated column switching system (63). Use of a protein exclusion
column (Hisep) has been also suggested in an online trace-enrichment method
for the determination of chloramphenicol in animal tissues (52). By employing
a column-switching system, all chloramphenicol that eluted from the protein
exclusion column was trapped at the entry of a 5 m Supelcosil LC-18 preconcen-
tration column, to be subsequently back-flashed into the analytical column.

Following extraction/cleanup, amphenicols can be separated by thin-layer,
liquid, or gas chromatography and measured by spectrophotometric, electron cap-
ture, or mass spectrometric detectors (Table 29.2).

In thin-layer chromatographic methods, chloramphenicol is separated using
various mobile phases to be subsequently detected visually on the basis of either
its yellow–green native color, or the fluorescent derivative formed after spraying
with fluorescamine and examining the plate under 366 nm UV light (29, 30).
Detection of the chloramphenicol spots can also be carried out by bioautography
using Bacillus subtilis as the test organism (14). These methods, in general, do
not offer the accuracy, reproducibility, and sensitivity characteristics required to
detect the low ppb levels likely to occur in food of animal origin.
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TABLE 29.2 Physicochemical Methods for Amphenicol Residues in Edible Animal Products

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

THIN-LAYER CHROMATOGRAPHIC METHODS
Chloram- Animal MeOH extn, liq–liq 14 Silica gel CHCl3/MeOH/ B. subtilis 1–2 ppm/ 14

phenicol tissues partns acetone/ bioauto- NR
glycerine graphy

Meat EtOAc extn, SPE 10 HPTLC silica gel EtOAc/hexane UV-Vis 366 10 ppb/NR 29
cleanup nm after

fluorescamine
reduction

Swine EtOAc extn, SPE 9 Silica gel PrOH/hexane UV-Vis 366 10 ppb/NR 30
muscle cleanup nm after

fluorescamine
reduction

GAS CHROMATOGRAPHIC METHODS
Chloram- Animal EtOAc extn, liq–liq 16 Gas-Chrom Q Nitrogen ECD/CI-MS 5 ppb/ 31

phenicol tissues partns, SPE with 3% OV-1 52–68%
cleanup, TMS
derivative

Bovine -Glucuronidase 24 25 m capillary Helium ECD/NICI- 0.6 ppb/ 25
muscle hydrolysis, coated with MS NR

EtOAc extn, OV-1
liq–liq partn,
SPE cleanup,
TMS derivative

(continued)
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TABLE 29.2 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Bovine EtOAc extn, SPE 16 CP-Sil-19CB, Helium NICI-MS 0.1 ppb/ 32
muscle, cleanup, liq–liq 25 m, capillary NR
eggs partns, LC

purification on
LiChrosorb Diol,
5 m, column,
TMS derivative

Eggs EtOAc extn, liq–liq 27 DB-1701, 30 m, Argon/methane ECD 0.5 ppb/ 33
partns, TMS capillary 73–92%
derivative

Eggs ACN extn, liq–liq 16 HP, 25 m, Hydrogen ECD 0.1 ppb/ 47
partns, capillary, 80%
Carbopack BHT coated with
column cleanup, methyl
di-TMS silicone
derivative

Milk EtOAc extn, 14 DB-1, 30 m, Helium NICI-MS 0.5 ppb/ 34
Kieselguhr capillary, NR
column cleanup, coated with
liq–liq partn, methyl
SPE cleanup, silicone
TMS derivative

Milk ACN extn, liq–liq 16 Supelcoport AW Nitrogen ECD 50 ppb/ 48
partns, HFBA DMCS with 81%
derivative 3% Dexsil 300

Milk, ACN extn, liq–liq 17 DB17, 50 m, Nitrogen ECD 1 ppb/NR 49
meat, partns, capillary
eggs Kieselgel-SC coated with

column cleanup, Se-30 or Se-
TMS derivative 30:Se-52
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Shrimp EtOAc extn, liq–liq 24 Supelcoport Argon/methane ECD 1–5 ppb/ 35
partns, TMS with 3% OV-7 or helium 92–116%
derivative or HP-5, 25

m, capillary
coated with
5% phenyl
methyl
silicone

Swine ACN-4% NaCl 19 DB-5, 25 m, Argon/methane ECD 0.2–2 ppb/ 50
tissues extn, liq–liq capillary 54–96%

partns, IAC
cleanup, liq–liq
partns, TMS
derivative

Swine Isopentyl acetate 5 Chromosorb W Nitrogen ECD 10 ppb/NR 64
tissues extn, TMS AW DMCS

derivative with 3% OV-1
Chloram- Milk ACN extn, SPE 13 HP-5, 25 m, Helium ECD 5 ppb/ 51

phenicol, cleanup, TMS capillary 92–104%
florfenicol, derivatives coated with
thiamphenicol 5% phenyl

methyl
silicone

LIQUID CHROMATOGRAPHIC METHODS
Chloram- Animal EtOAt extn, liq–liq 12 Spherisorb C18 H2O/MeOH UV 280 nm/ 10 ppb/ 36

phenicol tissues partns ODS, 5 m (65 35) GC-EI-MS 68–81%
Animal -Glucuronidase 14 Merck RP-18, H2O/MeOH UV 278 nm 10 ppb/ 27

tissues hydrolysis, 5 m (60 40) or 45–68%
EtOAc extn, (65 35), contg
liq–liq partn, 0.01% K2HPO4,
SPE cleanup at 35 C

(continued)
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TABLE 29.2 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Animal Screening: H2O 8 Cp Spher C18, 0.01M, pH 4.3, UV 278 nm/ 5 ppb/ 26
tissues extn, Kieselguhr 8 m, with acetate buffer/ PDA 58 6%

column cleanup, Bondapak C18 ACN (71 29) (225–400
liq–liq partn guard column nm)

Confirma tion: - 12 10 ppb/
Glucuronidase 85 5%
hydrolysis,
EtOAc extn, SPE
cleanup, liq–liq
partns

Animal 60 C drying, ACN 21 Supelcosil LC- H2O/ACN/THF UV 278 nm 2 ppb/ 52
tissues extn, two SPE 18, 5 m, (18 80 2) 74–113%

cleanups, online
cleanup on LC-
HISEP, 5 m,
column, trace
enrichment on
Supelcosil LC-
18, 5 m,
preconcn column
and switching to
analytical column

Animal EtOAc extn, liq–liq 12 Supelcosil LC- 0.2M acetate UV 280 nm/ 5 ppb/ 37
tissues partn, SPE 18-DB, 5 m, buffer/ACN PDA 90–100%

cleanup with (75 25), pH 3.0,
Supelguard at 40 C
LC-18-DB
column
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Animal Tissues: Piperonyl 10 LiChrosorb RP- H2O/ACN (65 35), NICI-MS- 1 ppb/ 23
tissues, butoxide addn, 18, 5 m contg 0.1M TSP 80–102%
milk EtOAc extn, SPE ammonium

cleanup acetate
Milk: H2O diln, SPE 3 2 ppb/

cleanup 81–90%
Animal EtOAc extn, liq–liq 9 Two 0.01M, pH 4.3, UV 280 nm/ 2 ppb/ 38

and fish partns ChromSpher acetate buffer/ PDA 71–78%
muscle C8 analytical ACN (80 20) (200–400

columns in nm)
tandem, with
Perisorb RP-
8, 30–40 m,
guard column

Calf EtOAc extn, liq–liq 7 LiChrospher 0.2% formic NICI-MS- 2 ppb/ 39
muscle partn RP18, 5 m, acid/MeOH PB 100%

with RP18e (57 43)
guard column

Chicken Phosp. buffer, pH 6 LiChrosorb RP- H2O/ACN (78 22), UV 280 nm 10 ppb/ 65
tissues 7.8, extn, SPE 18, 7 m, with at 35 C 90–92%

cleanup C18, 40 m,
guard column

Chicken ACN extn, liq–liq 19 Nova-Pak C18, 4 0.01M, pH 4.8, UV 278 nm/ 10 ppb/ 53
muscle partns, SPE m acetate buffer/ PDA 75–81%

cleanup, liq–liq ACN (70 30) (220–340
partns nm)

Eggs ACN extn, liq–liq 13 LiChrosorb RP- H2O/MeOH UV 280 nm 10 ppb/ 54
partns 18, 5 m (70 30) 75–84%

(continued)
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TABLE 29.2 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Foie gras ACN extn, liq–liq 8 Spherisorb 0.01M, pH 4.3, UV 280 nm 2.5 ppb/ 55
partn, SPE ODS-2, 5 m acetate buffer/ 56
cleanup ACN (78 22) 8.7%

Goose H2O addn, hexane 18 Nova-Pak C18, 4 0.005M, pH 7.9, UV 278 nm/ 0.8 ppb/ 40
and defattening, m, with ammonium PDA 69–73%
duck EtOAc extn, SPE reversed- phosp. buffer/ (220–320
liver cleanup, liq–liq phase guard ACN (81 19) nm)

partns column
Meat H2O extn, 10 ChromSpher C8 0.01M, pH 4.3, UV 285 nm/ 1.5 ppb/ 58,

Kieselguhr or C18, 5 m, acetate buffer/ PDA 55 59
column cleanup, with Perisorb ACN (75 25) (220–400 18%
liq–liq partns C8, 30 m, nm) &

guard column GC-EI-
MS

Meat MSPD extn/ 6 Spherisorb C18 Solvent A: 0.01M, UV 290 nm/ 5 ppb/ 66
cleanup ODS2, 5 m pH 5.2, acetate PDA 72–75%

buffer (200–450
Solvent B: ACN/ nm)

MeOH (70 30)
Gradient from

(56 44) to
(36 64), at 35 C
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Meat, ACN extn, liq–liq 6 MOS-Hypersil, 3 0.01M, pH 4.6, UV 275 nm 20 ppb/ 56,
milk, partns m, analytical acetate buffer/ 88–104% 57
eggs and guard ACN (75 25)

column
Milk EtOAc extn, liq–liq 12 Spherisorb C18 H2O/MeOH UV 280 nm 10 ppb/ 41

partns ODS, 5 m (70 30) 68–104%
Milk MSPD extn/ 8 Varian MCH-10, 0.017M H3PO4/ UV 278 nm/ 62.5 ppb/ 67

cleanup 10 m ACN (65 35), at PDA 61–79%
35 C (200–350

nm)
Milk Diphasic dialysis 5 Nova-Pak C18, 4 H2O/ACN (80 20) UV 270 nm 5 ppb/ 68

using EtOAc m 61–82%
Milk, eggs Centrgn, filtn, IAC 7 ChromSpher C8, 0.01M, pH 5.4, UV 280 nm 1 ppb/ 21

cleanup 5 m, with acetate buffer/ 80–100%
reversed- ACN (75 25)
phase guard
column

Milk, Centrgn, TCA (milk) 5 ChromSpher C8, 0.01M, pH 5.4, UV 280 nm 1–10 ppb/ 22
swine or H2O (muscle) 5 m, with acetate buffer/ 64–70%
muscle extn, online IAC reversed- ACN (75 25)

cleanup on phase guard
SelectiSpher-10 column
column and
switching to
analytical column

Swine EtOAc extn, liq–liq 14 ChromSpher C8, 0.01M, pH 4.3, UV 280 nm 10 ppb/ 42
muscle partn, SPE 5 m, with acetate buffer/ 77–85%

cleanup reversed- ACN (75 25)
phase guard
column

(continued)
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TABLE 29.2 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Swine H2O extn, IAC 7 ChromSpher C8, 0.01M, pH 5.4, UV 280 nm 10 ppb/ 60
muscle cleanup 5 m, with acetate buffer/ 66–75%

reversed- ACN (75 25)
phase guard
column

Swine Ether extn, liq–liq 4 Chromsep C18, H2O/ACN (10 90) UV 280 nm/ 10 ppb/ 63
kidney partn, LC on 5 m PDA 41 2.8%

PRP-1, 5 m, (230–330
column and nm)
switching to
analytical column

Thiamphenicol Bovine EtOAc extn, liq–liq 12 Nucleosil 120, H2O/MeOH UV 224 nm 10 ppb/ 43
muscle partns C18, 5 m (75 25), at 40 C 65–76%

Milk EtOAc extn, SPE 13 Nucleosil 120, H2O/MeOH UV 224 nm 30 ppb/ l44
cleanup C18, 5 m (70 30), at 35 C 71–90%

Milk H2O diln, 4 Wakosil-II 5C18 H2O/ACN (60 40) UV 224 nm/ 100 ppb/ 24
Kieselguhr HG, 5 m MS-APCI 92 4.4%
column cleanup

Florfenicol Fish Acetone extn, 9 Supelcosil LC- 0.025, pH 3.85, UV 220 nm 20–50 62
and tissues liq–liq partns 18-DB, 5 m, phosp. buffer, ppb/
metabolite analytical and contg 20 mM 94–107%

guard column heptane-
sulfonate/
MeOH contg
0.1% TEA
(68 32)
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Chloram- Gamebird H2O extn, SPE 11 Hypersil RP-18, 0.05M, pH 3, UV 278 & 2 ppb/ 61

phenicol, meat cleanup, liq–liq 5 m TEA-phosp. 224 nm/ 67–72%
thiamphenicol partns buffer/ACN PDA

(79 21) for (210–350
chloram- nm) & first
phenicol or order
(86 14) for derivatization
thiamphenicol

Chloram- Animal EtOAc extn, liq–liq 14 Chromatorex H2O/MeOH UV 225 and 10 ppb/ 45
phenicol, and fish partns, SPE ODS, 5 m (85 15), at 55 C 270 nm 68–83%
thiamphenicol, muscle cleanup
florfenicol

Chloram- Chicken Urea extn, SPE 9 LiChrosorb RP- 0.005M UV 278 nm 15–80 ppb/ 46
phenicol tissues cleanup 18, 5 m, (NH4)2HPO4/ 61–94%
and analytical and MeOH (73 27),
metabolites precolumn pH 7.98

EtOAc extn, liq–liq 8 0.2% H2SO4, 10–25 ppb/
partn contg 0.002 M 68–99%

sodium
octylsulfate/
ACN/MeOH
(71 14.5 14.5)

TMS, trimethylsilane; HFBA, heptafluorobutyric anhydride; IAC, immunoaffinity chromatography; TSP, thermospray; PB, particle beam;
EI, electron impact; CI, chemical ionization; NICI, negative ion chemical ionization; ECD, electron-capture detector; PDA, photodiode
array.
Other abbreviations as in Tables 20.2 and 29.1.
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In liquid chromatographic methods, reversed-phase columns are usually
employed due to hydrophobic interaction of the amphenicols molecules with the
C8 or C18 stationary phases. Ion-pairing liquid chromatography has been also
described for the separation of florfenicol and florfenicol amine (62) or chloram-
phenicol and deacetylchloramphenicol residues (46) using heptanesulfonate or
octylsulfate-pairing ions, respectively.

Since amphenicols exhibit strong ultraviolet absorption, they are ideal for
direct determination by liquid chromatography, without any need for derivatiza-
tion (Fig. 29.2.1). Their detection wavelengths have been set at 224 nm for thiam-
phenicol, 220 or 225 nm for florfenicol, and 270–290 nm for chloramphenicol
(Table 29.2). Use of photodiode array detectors has been suggested for tentative
confirmation of the identity of chloramphenicol residues analyzed by liquid chro-
matography (26, 37, 38, 40, 53, 58, 59, 61, 63, 66, 67).

Although confirmation with a photodiode array detector is a relatively sim-
ple procedure, the specificity and sensitivity features of this detector are not
usually sufficient to determine or identify trace levels of residual chloramphenicol
in edible animal products. Only the coupling of liquid chromatography with mass
spectrometry can provide unequivocal on-line spectrometric identification of indi-
vidual amphenicols at the very low residue levels required by regulatory agencies.
On-line mass spectrometry offers the added advantage of allowing identification
of polar nonvolatile compounds without the need for derivatization. Typical appli-
cations describe coupling of liquid chromatography with mass spectrometry via
thermospray (23) or particle-beam (39) interfaces and use of negative-ion detec-
tion. An atmospheric-pressure chemical–ionization interface has been also sug-
gested for identification of thiamphenicol residues in bovine milk (24).

Gas chromatography on capillary or conventional columns has been also
widely employed for separation of amphenicol residues. Chloramphenicol mole-
cule contains two chlorine atoms, thiamphenicol two chlorine atoms and an aro-
matic methylsulfonyl group, while florfenicol contains an aromatic methylsulfo-
nyl group and a fluorine atom, all of which exhibit a high electron affinity.
Therefore, detectors based on electron capturing are particularly useful for the
determination of chloramphenicol (25, 31, 33, 35, 47–50, 64) or all three ampheni-
cols simultaneously (51), with good sensitivity and specificity. To confirm the
presence of chloramphenicol residues in edible animal products, mass spectromet-
ric detectors are also frequently employed. Typical examples of such applications
are those coupling gas chromatography with mass spectrometry via a chemical
ionization interface (25, 31, 32, 34).

Gas chromatographic separation of amphenicols is further complicated by
the need for derivatization of their polar functional groups. Silyl derivatives
formed by treating sample extracts with N,O-bis(trimethylsilyl)acetamide (49),
trimethylsilyl N,N-dimethyl carbamate (47), N,O-bis(trimethylsilyl)tri-
fluoroacetamide/trimethylchlorosilane (99 1) mixture (32, 51), or mixture of
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FIG. 29.2.1 Chromatograms of a blank meat sample containing 10 ppb nitrofu-
rantoin (A); and a spiked meat sample (B) containing 5 ppb chloramphenicol,
furaltadone, furazolidone, and nitrofurazone; internal standard: nitrofurantoin.
Detection at 280 (—.—.—.—) and 360 nm (-----). (From Ref. 38.)
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hexamethyldisilazone and trimethylchlorosilane in pyridine, have been most com-
monly employed (25, 31, 33–35, 50, 64). Heptafluorobutyric anhydride (48) was
also used for derivatization of chloramphenicol residues isolated from milk
samples.

Pfenning et al. (51) have proposed a promising gas chromatographic method
for the simultaneous determination of amphenicols residues in milk, using meta-
nitrochloramphenicol as the internal standard. In this method, milk is extracted
with acetonitrile. After centrifugation, the supernatant is evaporated to dryness,
and the residue is dissolved with water to be further purified using C18 solid-
phase extraction cartridge. Elution of the drugs is effected with 60% methanol,
and the eluate is evaporated to dryness and derivatized with Sylon BFT [N,O-
bis(trimethylsilyl)trifluoroacetamide/trimethylchlorosilane 99/1]. Following de-
rivatization, toluene is added directly to the sample, followed by water to quench
the derivatization process. The mixture is centrifuged, and the organic layer is
used for gas chromatographic analysis on a OV-1 fused-silica capillary column
(30 m 0.25 mm internal diameter [i.d.]) with helium as the carrier gas (Fig.
29.2.2). Using electron capture detection, chloramphenicol, thiamphenicol and
florfenicol residues could be readily determined in milk samples at concentrations
as low as 5 ppb.

A different approach was suggested van Ginkel et al. (32) for the
identification and quantification of chloramphenicol residues in eggs and bovine
muscle. According to this method, homogenized sample is extracted with ethyl
acetate in presence of sodium sulfate. After centrifugation, the supernatant is
evaporated to dryness, and the residue is dissolved with dichloromethane to
be further applied to a Sep-Pak silica cartridge. Following cartridge washing
with dichloromethane, chloramphenicol is eluted with water/acetonitrile (8 2),
and the eluate is extracted with ethyl acetate. Following a water washing, the
extract is evaporated to dryness and reconstituted in isooctane/ethanol (97 3)
to be further purified by liquid chromatography using a LiChrosorb Diol (5

m) analytical column. The fraction of the eluate corresponding to chloram-
phenicol is collected and evaporated to dryness. The residue is derivatized with
N,O-bis(trimethylsilyl)trifluoroacetamide/trimethylchlorosilane (99/1) mixture,
and analyzed on a CP-Sil-19CB fused-silica capillary column (25 m 0.25
mm i.d.) with helium as the carrier gas. Using a mass spectrometric detector
operating in the negative-ion chemical ionization mode and [37Cl2] chloram-
phenicol as the internal standard, concentrations as low as 0.1 ppb in eggs
and bovine muscle could be determined.

A specific cleanup procedure based on immunoaffinity chromatography
with polyclonal antibodies has been described by Gude et al. (50) for the gas
chromatographic determination of chloramphenicol in swine tissues. In this
method, tissue sample is extracted with acetonitrile/4% sodium chloride (1 1)
Following centrifugation, the supernatant is purified with n-hexane, and chloram-
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FIG. 29.2.2 Representative chromatograms of a blank milk sample (a), a 10
ppb amphenicol standard solution (b), and a milk sample (c) spiked at 10 ppb.
(Reprinted from Ref. 51. Copyright, (1998), by AOAC INTERNATIONAL.)
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phenicol is extracted with ethyl acetate. After evaporation of the solvent, the
residue is dissolved with 10% ethanol and applied to an immunoaffinity column.
Following column washing with phosphate-buffered saline and water, chloram-
phenicol is eluted with ethanol, and the eluate is evaporated to dryness and deriva-
tized with a mixture of hexamethyldisilazone and trimethylchlorosilane in pyri-
dine. After evaporation of the solvent, the residue is dissolved immediately in n-
hexane and analyzed on a DB-5 capillary column (25 m 0.25 mm i.d.) with
argon/methane (95 5) as the carrier gas. Using monochloro-chloramphenicol as
internal standard, concentrations as low as 0.2 ppb in muscle and 2 ppb in liver
and kidney could be determined by electron capture detection.

Nagata and Saeki (45) described a multiresidue liquid chromatographic
method for the determination of amphenicols in animals and cultured fish muscle.
According to this method, minced muscle is extracted with ethyl acetate. After
centrifugation, the supernatant is evaporated to dryness and the residue is dis-
solved with 3% sodium chloride. Following fat removal with n-hexane, the ana-
lytes are extracted with ethyl acetate, the solvent is evaporated, and the residue
is dissolved with n-hexane to be further applied to a Sep-Pak Florisil cartridge.
Following cartridge washing with n-hexane and ethyl acetate, amphenicols are
eluted with ethyl ether/methanol (7 3), and the eluate is evaporated to dryness.
The residue is reconstituted in 1 ml methanol to be further analyzed by liquid
chromatography. Separation is performed on a 15 cm Chromatorex ODS (5 m)
analytical column, with water/methanol (85 15) as the mobile phase, at a flow-
rate of 1.2 ml/min and a column temperature of 55 C. Under these conditions,
concentrations as low as 2 ppb could be determined using an ultraviolet spectro-
photometer at 225 nm for thiamphenicol and florfenicol and at 270 nm for chlor-
amphenicol.

A different approach was followed by Blanchflower et al. (23) in a liquid
chromatographic–mass spectrometric method for the determination of chloram-
phenicol residues in milk and animal tissues, using deuterated chloramphenicol
as internal standard. For milk analysis, the sample is diluted with 1 volume of
water and purified by loading the diluted milk onto a C18 Sep-Pak extraction
column. Following column washing with water, chloramphenicol is eluted with
methanol. The eluate is evaporated to dryness, and the residue is dissolved in
water/acetonitrile (7 3).

For tissue analysis, the sample is extracted with ethyl acetate in the presence
of sodium chloride and piperonyl butoxide. After centrifugation, the supernatant
is evaporated to dryness, and the residue is dissolved with dichloromethane/
hexane (1 1) to be applied onto a Bond-Elut silica cartridge. Following successive
cartridge washing with petroleum ether and ethyl acetate/hexane (4 6), chloram-
phenicol is eluted with ethyl acetate/hexane (7 3) and the eluate is evaporated
to dryness. The residue is dissolved in 0.05 M Tris/hydrochloric acid buffer pH
10.4, extracted with diethyl ether, and the extract is evaporated to dryness. The

Copyright © 2001 Marcel Dekker, Inc.



905Physicochemical Methods

residue is reconstituted in water/acetonitrile (7 3) to be further analyzed by liquid
chromatography. Separation is performed on a 12.5-cm LiChrosorb RP18 (5 m)
analytical column, with a mobile phase of water/acetonitrile (65 35) containing
0.1 M ammonium acetate. Under these conditions, concentrations as low as 1
ppb in tissue and 2 ppb in milk could be determined using thermospray mass
spectrometric detection in the negative-ion chemical ionization mode.

29.3 -LACTAM ANTIBIOTICS

-Lactam antibiotics are natural or semisynthetic compounds whose basic nuclear
structure consists of a -lactam ring coupled to a thiazolidine (five-membered)
or a dihydrothiazine (six-membered) ring to form the penicillin or cephalosporin
nucleus, respectively. To those nuclei, various side chains that determine most
of the properties of the different -lactams are attached. All members of this
group of antibiotics are readily attacked at the -lactam nitrogen by nucleophilic
reagents such as hydroxyl ions, alcohols, and primary amines, as well as by
secondary amines. They are also susceptible to electrophilic attack at both the

-lactam nitrogen and the sulfur atom of the thiazolidine ring.
-Lactams are fairly polar, nonvolatile, but somewhat heat-sensitive com-

pounds. Owing to the presence of a free carboxyl group in their molecule, -
lactam antibiotics are fairly strong organic acids with a pKa value of about
2.6–2.7. On the other hand, -lactams, such as ampicillin (pKCOO 2.7 and
pKNH3

7.2) carrying an amino group in the side chain are amphoteric com-

pounds. Their sensitivity in acids or bases varies with the nature of the side chain.
Thus, maximum stability for the monobasic compounds is exhibited in the pH
range 6–7, whereas for the amphoteric compounds the maximum stability coin-
cides with the isoelectric point.

Prior to analysis of -lactam residues in liquid foods such as milk, a pretreat-
ment step for fat removal, accomplished by centrifugation (69–71), is usually
required. In instances where milk is to be submitted to ultrafiltration, dilution
with water/acetonitrile (72–76) or water/acetonitrile/methanol (77–79) is often
needed. Milk filtration (80) or dilution with acetate (81, 82) or phosphate buffers
(83) is sometimes essential prior to solid-phase extraction. Unlike milk, semisolid
food samples such as muscle, kidney, and liver require normally more intensive
sample pretreatment. Tissue break-up is mostly carried out by the combined use
of a mincing apparatus and a tissue homogenizer.

Extraction of -lactam antibiotics from edible animal products should ren-
der residues that are bound to proteins soluble, remove most if not all of the
sample proteins, and provide high yields for all analytes. Sample extraction/
deproteinization may be carried out with organic solvents and/or organic and
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inorganic acids, or even with ultrafiltration. Organic solvents including acetoni-
trile (70, 84–94), acidified acetonitrile (95–100), methanol (14, 101, 102), acetone
(103, 104), and dichloromethane at acidic conditions (105), have all been used
with varying success to free the noncovalently bound residues. Use of acetonitrile
in the presence of an ion-pairing reagent has also been reported to work extremely
well in the extraction of -lactam residues from milk (106–110) and tissues (110,
111).

Organic and inorganic acids such as sulfuric acid/sodium tungstate mixture
(69, 83, 112–116) and trichloroacetic acid (117–119) have also been extensively
used, although some penicillins can be readily degraded at such acidic conditions.
As an alternative, ultrafiltration has been occasionally applied for removing pro-
teinaceous material from milk samples (72–79, 120). With this technique, milk
ultrafiltrate can be analyzed either directly or following further purification. Ultra-
filtration involves the use of cut-off filters of 10000 da molecular mass to remove
proteinaceous material. With use of this technique, however, not all low-molecu-
lar-mass proteins are removed, whereas many other endogenous compounds that
interfere with the analysis may remain in the sample extract.

Using mentioned extraction/deproteinization procedures, the obtained aque-
ous or organic extracts often represent very dilute solutions of the analyte(s).
These extracts may also contain coextractives that, if not efficiently separated
prior to analysis of the final extract, will increase the background noise of the
detector making it impossible to determine the analyte(s) at the trace residue
levels likely to occur in the analyzed samples. Hence, to reduce potential interfer-
ences and concentrate the analyte(s), the primary sample extracts are often
subjected to some kind of additional sample cleanup such as liquid–liquid
partitioning, solid-phase extraction, or online trace enrichment and liquid chroma-
tography. In many instances, more than one of these cleanup procedures may be
applied in combination to allow higher purification of the analyte(s).

Liquid–liquid partitioning constitutes the most popular cleanup approach
used for purification of residues of monobasic -lactam antibiotics. Such residues
are generally extracted from the primary aqueous sample extracts by dichloro-
methane or chloroform under acidic conditions in which the ionization of their
carboxylate moiety is suppressed, and then back-extracted into pH 7 phosphate
buffers (84, 85, 89, 92, 95, 97, 99). In these instances, however, all analytical
steps involving contact of the analytes with acids should be performed in a highly
reproducible fashion and for a minimum length of time due to the instability of
these compounds, especially penicillin G, in the acidic media employed.

Liquid–liquid partitioning at neutral conditions can be only performed
using the ion-pair extraction techniques suggested by Fletouris et al. (105) and
Berger and Petz (96). By adjusting the pH of the aqueous extracts at 7.0 (pH of
maximum stability) and using tetrabutylammonium (105) or 18-crown-6 ether
(96) as pairing ions, these workers succeeded in readily extracting the formed
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penicillin ion-pairs into chloroform or dichloromethane, respectively, in develop-
ing methods for the determination of monobasic penicillins in milk. Although
suitable for monobasic -lactams, the above-described liquid–liquid partitioning
cleanup procedures are not, however, effective for amphoteric compounds such
as ampicillin and amoxicillin.

Solid-phase extraction seems to be more suitable for multiresidue cleanup.
This procedure has become the method of choice for isolation and/or cleanup of

-lactam antibiotics from biological matrices, because it requires low solvent
consumption, it is generally less time-consuming and labor-intensive, and offers
a variety of alternative approaches that allow better extraction of the more hydro-
philic -lactam antibiotics such as ampicillin. It is usually performed using re-
versed-phase C18 (69–71, 80–83, 90, 92–94, 99, 107, 112–116, 121–125) or C8

(103), anion-exchange (95, 124), and polar diol (95) or alumina (101, 113) sor-
bents. In recent applications, some workers demonstrated the potential of online
solid-phase extraction in the determination of monobasic penicillins in bovine
muscle tissues using a reversed-phase C18 5 m cartridge and an automated
column-switching system (92, 99).

Online trace enrichment has also been described for the isolation/purifica-
tion of penicillin G residues from bovine tissues (113). This technique involved
trapping of the analyte onto an LC preconcentration column (LiChrosorb RP-18,
5 m), rinsing of coretained material to waste, and flushing of the concentrated
analytes onto the analytical column. In a somewhat similar but seemingly different
approach, liquid chromatographic cleanup was successfully employed in the de-
termination of -lactam antibiotics in milk and animal tissues (69, 86–88,
106–111). This approach involved loading of the sample extract onto a reversed-
phase column, elution with a suitable mobile phase, collection of predetermined
fractions of the chromatographic effluents containing the analytes, and their re-
analysis by liquid chromatography.

Following their extraction and cleanup, residues of -lactam antibiotics in
sample extracts can be detected by either direct nonchromatographic methods,
or thin-layer, gas, or liquid chromatographic methods (Table 29.3).

Direct nonchromatographic methods target screening of either ampicillin
residues in milk extracts by fluorometric detection (126) or -lactam residues in
kidney extracts by photometric detection (120). These methods are rapid but
cannot differentiate among particular -lactams and are less sensitive than other
screening tests usually employed for regulatory purposes.

In thin-layer chromatographic methods, penicillin residues were first sepa-
rated using various solvent mixtures as mobile phase, and subsequently detected
by bioautography using Bacillus subtilis (14) or Sarcina lutea (102, 104) as the
test organisms. For a laboratory not having access to sophisticated instrumenta-
tion, these technique will generally allow detection of penicillin residues at levels
higher than 50–100 ppb and provide some measure of analytical support for a
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TABLE 29.3 Physicochemical Methods for -Lactam Antibacterials in Edible Animal Products

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

SPECTROMETRIC METHODS
Ampicillin Milk Acetate buffer 3 — — Fluorometric 40 ppb/ 126

extn, filtn, ex: 342 95–103%
derivatization nm, em:
with 1,2,4- 410 nm
triazole-
mercuric chloride

-Lactams Kidney Phosp. buffer, pH 5 — — Vis 510 nm 50 ppb/ 120
7, extn, ultrafiltn, NR
CPase inhibition

THIN-LAYER CHROMATOGRAPHIC METHODS
Penicillin G Animal MeOH extn, liq–liq 14 Silica gel or CHCl3/MeOH/ B. subtilis 50–100 ppb/ 14

tissues partns cellulose acetone/ bioauto- NR
glycerine or graphy
Acetone/
CHCl3/PrOH/
0.01N
phthalate
buffer/glycerine

Ampicillin, Animal MeOH extn 2 Silica gel EtAOc/MeOH/ S. lutea NR 102
penicillin G tissues H2O bioauto-

graphy
Ampicillin, Milk Acetone/ACN extn, 7 Silica gel MeOH/CHCl3 S. lutea 0.1–1 ppm/ 104

cloxacillin, liq–liq partns bioauto- NR
oxacillin graphy
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GAS CHROMATOGRAPHIC METHODS
Seven Bovine ACN extn, liq–liq 48 DB-1, 30 m, Nitrogen NSTD 0.1–2.5 ppb/ 95

penicillins tissues, partns, SPE capillary 46–83%
milk cleanup, liq–liq coated with

partn, CH2N2 methyl
methylation, SPE silicone
cleanup for liver
and kidney
extracts

Seven Milk Phosp. buffer, pH 40 Ultra-1, 25 m, Nitrogen NSTD 0.1–0.4 ppb/ 97
penicillins 2.2, addn, ACN capillary 41–92%

extn, liq–liq coated with
partns, CH2N2 methyl
methylation silicone

LIQUID CHROMATOGRAPHIC METHODS
Amoxicillin Catfish Phosp. buffer, pH 26 Spherisorb S5 0.05M, pH 5.6, Fluorometric, 1.2–2 ppb/ 117

and 4.5, extn, TCA ODS2 KH2PO4/ACN ex: 358 67–82%
salmon addn, SPE (80 20) nm, em:
tissues cleanup, liq–liq 440 nm

partn, precolumn
derivatization with
formaldehyde,
liq–liq partn

Ampicillin Animal Phosp. buffer, pH 10 Prodigy ODS-3, 0.02M, pH 3.5, Fluorometric, 1.5 ppb/ 118
muscle 4.5/TCA extn, 5 m KH2PO4/ACN ex: 346 85–98%

precolumn (75 25) nm, em:
derivatization with 422 nm
formaldehyde

Bovine Ammonium acetate 12 Merck RP 18e 0.2% formic PICI-MS-ESP 25 ppb/ 125
muscle buffer, pH 8.5, with guard acid/MeOH NR

extn, SPE column (55 45)
cleanup

(continued)
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TABLE 29.3 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Fish MeOH extn, SPE 11 Nucleosil C18 Buffer, pH 6.0/ UV 222 nm 30 ppb/ 101
tissues cleanup MeOH (85 15), 56–78%

at 30 C
Milk ACN/TCA extn, 9 Prodigy ODS-3, 0.01M, pH 5.6, Fluorometric, ex: 1.2 ppb/ 100

precolumn 5 m KH2PO4/ACN 346 nm, em: 85–96%
derivatization (76 24) 422 nm
with
formaldehyde

Milk ACN extn, liq–liq 8 PLRP-S, 5 m 0.01M H3PO4/ UV 210 nm/ 5 ppb/ 87
partns, LC ACN (76 24) Penicillinase 60–70%
purification on contg 10 mM
PLRP-S, 5 m, sodium
column, decane-
decanesulfonate sulfonate
and H3PO4 addn

Ceftiofur Milk ACN/H2O diln, 2 Ultremex phenyl, H2O/ACN (80 20) UV 289.6 nm/ 50 ppb/ 73
ultrafiltn 3 m contg 0.25% PDA (200–350 87–100%

H3PO4, 0.25% nm) & MS-
TEA, 2.5 mM TSP after LC
octane- conditions
sulfonate and modification
2.5 mM
dodecane-
sulfonate, at
40 C
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Milk 0.1M Ammonium 10 Supelcosil LC- 0.1M, pH 3.3, UV 293 nm 7 ppb/ 82
acetate diln, SPE C18 DB, 5 m, acetate buffer/ 80–100%
cleanup analytical and ACN (80 20), at

guard column 35 C
Milk ACN/H2O diln, 2 Nova-Pak C18 H2O/ACN contg MS-ESP 25 ppb/ 74

ultrafiltn 1% HOAc and 95 6.8%
25 mM hepta-
fluorobutyric
acid

Gradient from
(95 05) to
(05 95)

Cephapirin Milk Acetate buffer diln, 8 Ultrasphere- 0.01M NaOAc/ UV 254 nm 10 ppb/ 81
SPE cleanup ODS, 5 m, ACN/MeOH 61–81%

with RP-18 (85 11.25 3.75)
Spheri-10
guard column

Milk Ion pair/ACN extn, 7 PLRP-S, 5 m 0.02M, pH 2.26, UV 290 nm/ 2 ppb/ 106
LC purificationn phosp. buffer/ Penicillinase 91–98%
on Supelcosil ACN (80 20),
LC-18, 5 m, contg 10mM
column decane-

sulfonate
Cloxacillin Milk HCl addn, ACN 8 Nova-Pak C18, 4 0.02M KH2PO4/ UV 225 nm 10–50 ppb/ 98

extn, liq–liq m ACN (79 21), 75–93%
partns pH 5

(continued)
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TABLE 29.3 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Penicillin G Animal H2SO4/sodium 14 Nova-Pak C18, 4 0.1M phosp. UV 325 nm 5 ppb/ 112
tissues tungstate extn, m buffer, contg 85–94%

SPE cleanup, 0.0157M
precolumn sodium
derivatization thiosulfate/
with 1,2,4- ACN (75 25)
triazole-
mercuric chloride

Bovine H2SO4/sodium 8 LiChrosorb RP- H2O/MeOH/0.2M, UV 210 nm 50 ppb/ 113
tissues tungstate extn, 18, 5 m, with pH 5.0, phosp. 75–93%

alumina column Permaphase buffer
cleanup, SPE ETH guard (60 35 5), at
cleanup, on-line column 40 C
trace enrichment
on LiChrosorb
RP-18, 5 m,
preconcn column
and switching to
analytical column

Bovine Ion pair/ACN extn, 9 Inertsil ODS-2, 0.0067M KH2PO4, UV 215 nm/ - 5 ppb/ 111
and LC purification 5 m 0.0033M Lactamase 66–95%
swine on Supelcosil H3PO4/ACN
tissues LC-18, 5 m, (68 32)

column
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Eggs H2SO4/sodium 12 Inertsil C8 0.05, pH 6.5, UV 325 nm NR/ 115
tungstate extn, phosp. buffer/ 56–85%
SPE cleanup, ACN (72 28)
precolumn
derivatization
with 1,2,4-
triazole-
mercuric chloride

Milk Acetone extn, 19 Supelcosil LC- 0.01M, pH 2.15, UV 200 nm 4 ppb/ 103
liq–liq partns, C18 DB, 5 m, phosp. buffer, 82 0.8%
SPE cleanup analytical and contg 20mM

guard column heptane-
sulfonate/ACN
(64 34), at 35 C

Milk H2SO4/sodium 10 Nova-Pak C18, 4 0.1M phosp. UV 325 nm/MS- 3 ppb/ 115
tungstate extn, m buffer, contg TSP after LC 70–89%
SPE cleanup, 0.0157M conditions
precolumn sodium modification
derivatization thiosulfate/
with 1,2,4- ACN (75 25)
triazole-
mercuric chloride

Milk ACN/MeOH/H2O 2 Brownlee H2O/ACN (75 25), UV 210 nm/PDA 10 ppb/ 78
diln, ultrafiltn Microbore contg 2.5 mM (200–360 76–90%

Phenyl octane- nm) &
Spheri-5, sulfonate, 2.5 PPINICI–MS–TSP
5 m mM dodecane- after LC

sulfonate, 0.5% conditions
H3PO4, and modification
0.5% TEA, at
40 C

(continued)
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TABLE 29.3 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Milk Centrgn, H2SO4/ 13 Kromasil 5C8, Solvent A: 0.01M UV 320 nm, 2 ppb/ 69
sodium tungstate 5 m H3PO4 postcolumn 70 7.6%
extn, SPE Solvent B: 0.01M derivatization
cleanup, LC H3PO4/ACN with
purification on (20 80) imidazole–
Kromasil 5C8, 5 Isocratic mercury

m, column (100 0) for 5 chloride
min and
gradient to
(0 100)

Milk ACN extn, liq–liq 8 PLRP-S, 5 m 0.01M, pH 1.96, UV 210 nm/ 2 ppb/ 86
partn, LC phosp. buffer/ Penicillinase 92 9%
purification on ACN (66 34)
PLRP-S, 5 m,
column

Ampicillin, Milk Ion pair/ACN extn, 7 Supelcosil LC- 0.01M phosp. UV 210 nm/ 2–5 ppb/ 107
amoxicillin LC purification 18, 5 m buffer/ACN Penicillinase 62–102%

on Supelcosil (67 33), contg
LC-18, 5 m, 5 mM sodium
column, sodium dodecylsulfate,
decanesulfonate for ampicillin.
addn 0.015M H3PO4/

ACN (70 30),
contg 7.5
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mM sodium
dodecylsulfate,
for amoxicillin

Milk Phosp. buffer, pH 12 Prodigy ODS-3, 0.02M, pH 5.5, Fluorometric, ex: 1.7–2.4 ppb/ 83
4.5, diln, H2SO4/ 5 m phosp. buffer/ 354 nm, em: 82–87%
sodium tungstate ACN (68 32) 445 nm
extn, SPE for 12 min and
cleanup, (50 50) for 10
precolumn min
derivatization
with
salicylaldehyde

Ampicillin, Milk Centrgn, ACN extn, 15 Luna C8, 5 m, H2O/0.5M, pH Integrated 5–10 ppb/ 70
cephapirin SPE cleanup with 3.75, acetate pulsed 67–80%

Symmetry C8 buffer/ACN electro-
guard column (76 20 4), at chemical

30 C
Cephapirin, Milk ACN extn, SPE 16 Supelcosil LC- Solvent A: UV 290 nm 2–4 ppb/ 94

ceftiofur cleanup 18, 5 m, 0.033M H3PO4, 76–87%
analytical and contg 9 mM
guard column SDS/ACN

(90 10)
Solvent B: ACN
Solvent C: MeOH
Step gradient

from (75 25 0)
to (35 45 20),
at 40 C

(continued)
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TABLE 29.3 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Cephapirin, Milk ACN/MeOH/H2O 2 Brownlee H2O/ACN/MeOH/ UV 291 nm/PDA 10–50 ppb/ 77
desacetyl- diln, ultrafiltn Microbore H3PO4 (200–360 nm) 79–90%
cephapirin Phenyl (74.9 20 5 0.1), & PPINICI–

Spheri-5, contg 5 mM MS–TSP after
5 m dodecane- LC conditions

sulfonate, at modification
40 C

Cloxacillin, Milk ACN extn, liq–liq 8 PLRP-S, 5 0.01M H3PO4/ UV 210 nm/ 1 ppb/ 88
penicillin V partn, LC ACN (62 38) Penicillinase 75–111%

purification on for penicillin V,
PLRP-S, 5 m, (58 42) for
column cloxacillin

Penicillin G, Animal ACN extn, SPE 16 Nova-Pak C18 0.1M phosp. UV 325 nm 5 ppb/ 90
cloxacillin tissues cleanup, buffer, contg 75–100%

precolumn 0.0157M
derivatization sodium
with 1,2,4- thiosulfate/
triazole- ACN
mercuric chloride (77.5 22.5)

Bovine ACN extn, liq–liq 18 Varian MCH-10 0.01M or 0.02M UV 220 nm 50–500 ppb/ 85
and partns C18, 10 m H3PO4/ACN 90–98%
swine Gradient from
tissues (80 20) to

(40 60)

Copyright © 2001 Marcel Dekker, Inc.



917
P

h
ysico

ch
em

ical
M

eth
o

d
s

Ampicillin, Milk ACN/MeOH/H2O 2 Brownlee Different for each UV 220 nm/PDA 50–100 ppb/ 79
amoxicillin, diln, ultrafiltn Microbore -lactam (200–340 nm) 66–96%
cloxacillin Phenyl antibiotic & PPINICI–

Spheri-5, MS–TSP after
5 m LC conditions

modification
Oxacillin, Bovine ACN extn, liq–liq 12 LiChrospher 100 0.2M, pH 3, UV 225 nm 75 ppb/ 92

cloxacillin, muscle partns, on-line RP-18, 5 m, phosp. buffer/ 71–104%
dicloxacillin SPE cleanup with LiChroCART ACN (60 40), at

guard column 35 C
Milk Phosp. buffer, pH 12 Symmetry C8, 0.1M, pH 6.5, UV 340 nm 2–5 ppb/ 123

4–4.5, extn, SPE 5 m phosp. buffer 65–84%
cleanup, contg 15 mM
precolumn thiosulfate and
derivatization 30 mM
with 1,2,4- tetrabutylammonium
triazole- hydrogen
mercuric chloride sulfate/ACN/

MeOH
(58 37 5)

Milk, H2SO4/sodium 11–16 Nova-Pak C18, 0.1M, pH 6.5, UV 345 nm 5–7 ppb/ 116
meat, tungstate (milk, 4 m phosp. buffer 75–93%
cheese meat), phosp. contg 50 mM

buffer, pH 6.5, thiosulfate/
(cheese) extn, ACN
SPE cleanup, Gradient from
precolumn (75 25) to
derivatization (55 45), at 40 C
with 1,2,4-
triazole-
mercuric chloride

(continued)
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TABLE 29.3 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Penicillin G, Milk Filtn, SPE cleanup 5 LiChrosorb RP- H2O/MeOH/0.2M, UV 210 nm/ 30 ppb/ 80
penicillin V, 18, 5 m pH 4.0, phosp. Penicillinase 87–101%
ampicillin buffer

(65 25 10),
contg 11 mM
sodium
heptanesulfonate,
at 45 C

Penicillin G, Bovine H2O addn, ACN 13 PLRP-S, 5 m 0.01M, pH 7.0, UV 210 nm/ 5–100 ppb/ 89
penicillin V, and extn, liq–liq phosp. buffer/ Penicillinase 67–107%
cloxacillin swine partns ACN (85 15)

tissues for penicillin G,
(82 18) for
penicillin V,
(78 22) for
cloxacillin

Milk ACN extn, liq–liq 17 Varian MCH-10 0.01M H3PO4/ UV 220 nm 2–5 ppb/ 84
partns C18, 10 m ACN 88–105%

Gradient from
(80 20) to
(40 60)

Copyright © 2001 Marcel Dekker, Inc.



919
P

h
ysico

ch
em

ical
M

eth
o

d
s

Ceftiofur and Swine Dithioerythritol/ 23 BDS Hypersil H2O/ACN, contg UV 266 nm 100 ppb/ 124
metabolites tisues borate buffer, pH C18, 5 m, 0.1% TFA 70–95%

9, extn, analytical and Gradient from
precolumn guard column (100 0) to
derivatization (65 35) for
with muscle and
iodoacetamide, kidney
three SPE Isocratic
cleanups, (85 15) for 5

min and
gradient to
(75 25) for liver
and fat

Four Bovine Phosp. buffer, pH 20 Spherisorb 0.1M, pH 6.5, UV 325 nm 10 ppb/ 121
penicillins muscle 8.5, extn, SPE ODS2, 5 m, phosp. buffer, 72–85%

cleanup, with contg 15.7 mM
precolumn Spherisorb sodium
derivatization C18 guard thiosulfate/
with acetic column ACN
anhydride and Step gradient
1,2,4-triazole- from (82 18) to
mercuric chloride (0 100)

(continued)

Copyright © 2001 Marcel Dekker, Inc.



920
C

h
ap

ter
29

TABLE 29.3 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Four Bovine Phosp. buffer, pH 21 Symmetry C8, 5 0.1M, pH 6.5, UV 325 nm 2–5 ppb/ 122
penicillins muscle 8.5, extn, SPE m phosp. buffer NR

cleanup, precolumn contg 15.7 mM
derivatization sodium
with benzoic thiosulfate/
anhydride and ACN (74 26)
1,2,4-triazole-
mercuric chloride

Four Milk H2SO4 addn, DCM 12 Nucleosil C18, 5 0.02M phosp. UV 210 nm/ 3–4 ppb/ 105
penicillins extn, liq–liq m buffer/ACN Penicillinase 79–102%

partns, ion-pair (62 38), pH 6,
extn contg 5 mM

tetrabutyl-
ammonium
hydrogen
sulfate, at 40 C

Four Animal Acetone/TCA extn, 13 Supelcosil LC- 0.01M ammonium NICI-MS-ISP 15–100 ppb/ 119
penicillins tissues liq–liq partn, C18 DB, 5 m, acetate/MeOH 58–99%

SPE cleanup analytical and (50 50)
guard column
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Five penicillins Bovine ACN extn, liq–liq 25 LiChrospher 100 0.2M, pH 3.0, Electro- 50 ppb/ 99
muscle partns, online RP-18e, 5 m phosp buffer/ chemical, NR

SPE cleanup ACN (65 35), postcolumn
contg 2 mM photochemical
Na2EDTA, at degradation
35 C

Five penicillins Milk ACN extn, SPE 8 Kaseisorb LC 0.05M KH2PO4/ UV 210 nm 30–50 ppb/ 93
cleanup ODS-300-5, ACN/MeOH 80–89%

5 m (80 20 10),
contg 5 mM
decanesulfonate,
pH 3.5, at 40 C

Five penicillins Milk ACN/H2O diln, 2 Ultremex C18, H2O/ACN/HOAc UV 230 nm/ 100 ppb/ 72
ultrafiltn 3 m (59 40 1), pH PICI-MS- NR

3.0 ESP
Six penicillins Milk Centrgn, H2SO4/ 20 Nova-Pak C18, Solvent A: 0.1M, UV 325 nm/ 2–4 ppb/ 71

sodium tungstate 4 m pH 6.5, phosp. Penicillinase 87–102%
extn, SPE buffer/ACN
cleanup, liq–liq (90 10)
partn, precolumn Solvent B:
derivatization 0.1M, pH 6.5,
with benzoic phosp. buffer/
anhydride and ACN (70 30)
1,2,4-triazole- Gradient from
mercuric chloride (100 0) to

(0 100), at 30 C

(continued)
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TABLE 29.3 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Six -lactams Milk ACN/H2O diln, 2 Ultremex phenyl, H2O/ACN (82 18) UV 210, 230, & 100 ppb/ 75
ultrafiltn 3 m contg 0.25% 290 nm/PDA 57–106%

H3PO4, 0.30% (200–350
TEA, 0.25 mM nm) &
octane- PICI–MS–ESP
sulfonate and after LC
4.75 mM conditions
dodecane- modification
sulfonate, at
40 C

Six -lactams Milk ACN/H2O diln, 2 Porous II R/H, Solvent A: H2O Ultraspray-MS- 10 ppb/ 76
ultrafiltn 7–8 m, contg 0.5% ESP NR

perfusion formic acid and
microcolumn 25 mM hepta-

fluorobutyric
acid
Solvent B: ACN
contg 0.5%
formic acid and
25 mM hepta-
fluorobutyric
acid
Gradient from
(100 0) to
(50 50)
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Seven - Milk Ion pair/ACN extn, 8 Supelcosil LC- Different for each UV 210, 214, 2–5 ppb/ 108,

lactams LC purification 18-DB, -lactam 290, & 295 60–105% 109
on Supelcosil Supelcosil antibiotic nm/
LC-18, 5 m, LC-18, and -Lactamase
column, sodium PLRP-S,
decanesulfonate 5 m
addn
(aminopenicillins)

Seven Bovine ACN extn, 10 Wakosil-II C18, 0.01M KH2PO4/ UV 220 nm and NR/ 91
penicillins tissues precolumn 5 m ACN/MeOH flurometric, ex: 72–103%

derivatization (70 19 11), pH 355 nm, em:
with mercury 7.1 435 nm, for
dichloride (for amoxicillin, ex:
fluorometric 340 nm, em:
determination of 420 nm, for
aminopenicillins), ampicillin
liq–liq partn

Seven Milk ACN extn, liq–liq 8 LiChrospher 0.05M, pH 4.5, Fluorometric, ex: 10 ppb/NR 96
penicillins partns, ion-pair RP-18, 4 m, acetate buffer/ 320 nm, em:

extn, precolumn with 5 m, ACN (47 53) 400 nm
derivatization guard column
with 4-
bromomethyl-7-
methoxycoumarin

Fifteen or Milk and Ion pair/ACN extn, 8 Supelcosil Different for each UV 215, 260, NR 110
more tissues LC purification LC-18-DB, -lactam 290, & 270
penicillins on Supelcosil Supelcosil antibiotic nm/

LC-18, 5 m, LC-18, and -Lactamase
column PLRP-S,

Inertsil ODS-2

NSTD, nitrogen-selective thermionic detector; ISP, ionspray; TSP, thermospray; ESP, electrospray; PICI, positive-ion chemical ionization;
NICI, negative-ion chemical ionization; PPINICI, pulsed positive-ion–negative ion–chemical ionization; PDA, photodiode array; SDS,
sodium dodecylsulfate; CPase, carboxypeptidase.
Other abbreviations as in Tables 20.2 and 29.1.
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regulatory program. However, these methods generally lack the accuracy, repro-
ducibility, and sensitivity required to detect the low ppb levels likely to occur in
milk and animal tissues.

Gas chromatographic methods have been successfully used for the determi-
nation of penicillin molecules bearing neutral side-chains in milk and tissues
(95, 97), but cannot be used for amphoteric -lactams. Gas chromatography of
penicillin residues is further complicated by the necessity for derivatization with
diazomethane. This derivatization step is particularly important because it not
only leads to formation of the volatile penicillin methyl esters but also improves
their chromatographic properties (thermal stability and decreased polarity). Using
a fused-silica capillary column in connection with a thermionic nitrogen-selective
detector, excellent separation and sensitivity figures were obtained.

At present, liquid chromatography is the most widely used technique for
determining -lactam antibiotics in edible animal products (Table 29.3). Chro-
matographic separation is generally achieved on nonpolar reversed-phase col-
umns packed with octadecyl, octyl, phenyl, or polymeric sorbents. Extensive
research has been carried out to compare the chromatographic behavior of -
lactams with respect to the column type and temperature, mobile phase pH, mobile
phase buffer concentration, type and concentration of ion-pairing reagents, and
the organic modifier type and content in the mobile phase (127–132).

Regarding the type of organic modifier, there has not been any particular
reason for selecting methanol or acetonitrile in the preparation of the mobile
phase. Adjusting the mobile phase at a pH value lower than 3.0, the ionization
of the carboxylate moiety is suppressed and increased retention of the analytes
can be achieved. Under these conditions, however, problems may appear due to
the high sensitivity of some penicillins at these pH values.

Increased retention of the analytes can also be achieved by addition of
various ion-pair reagents in the mobile phase Tetrabutylammonium cations have
typically been used as counter ions, at around pH 6.5, to increase retention and
improve the selectivity in the analysis of monobasic penicillins (105, 123). Alkyl-
sulfonic acids have been also used to improve the separation of -lactams bearing
an amine function in their side chain or having a neutral side chain. Heptanesul-
fonic acid (80, 103), decanesulfonic acid (87, 93, 106), dodecanesulfonic acid
(77, 107–110), or mixtures of octanesulfonic and dodecanesulfonic acids (73,
75, 78, 79) constitute the principal alkylsulfonic acids used in -lactam analysis.
In some applications, heptafluorobutyric acid (74, 76) or sodium thiosulfate (90,
112, 115, 116, 121, 122) has also been used as an ion-pairing reagent.

Although spectrophotometric, fluorometric, electrochemical, and mass
spectrometric detectors have all been equally well used in liquid chromatographic
analysis of -lactam antibiotics, most popular is the ultraviolet photometric detec-
tor. Penicillins do not have a specific ultraviolet chromophore and thus show an
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extremely weak absorption in the ultraviolet region. Greater sensitivity is exhib-
ited at wavelengths below 200 nm, but the selectivity is becoming poor due to
the appearance of high background noise that interferes with analyses at trace
residue levels. Hence, most methods use the native UV absorptivity of -lactams
between 200 and 230 nm for penicillins, and 254 and 295 nm for cephalosporins
(Table 29.3).

Higher specificity and selectivity can be obtained by reacting -lactams
with suitable reagents to form derivatives with improved ultraviolet chromo-
phores. Thus, precolumn derivatization of penicillins with triazole–mercuric chlo-
ride and ultraviolet detection at 325 nm (71, 90, 112, 114, 115, 121, 122), 340
nm (123), or 345 nm (116) has become the method of choice for more selective
detection and matrix interferences reduction. An alternative precolumn reaction
using iodoacetamide as derivatizing reagent has been described in ceftiofur analy-
sis (124), while imidazole–mercuric chloride has also been suggested for on-line
postcolumn derivatization of penicillin G (69).

Fluorometric detection has been mainly employed for the determination of
aminopenicillins such as amoxicillin and ampicillin in edible animal products
because it confers the advantages of selectivity and sensitivity. Fluorometric de-
tection of penicillins, however, necessitates their precolumn derivatization to pro-
duce the corresponding fluorescent derivatives. The most commonly used derivat-
izing reagents are formaldehyde (100, 117, 118), salicylaldehyde (83), and
mercury dichloride (91). 4-Bromomethyl-7-methoxycoumarin has also been em-
ployed as a fluorescence label for the selective and sensitive detection of seven
penicillins in milk (96).

Electrochemical detection has also been successively applied for the deter-
mination of nonderivatized -lactam antibiotics in edible animal products (70,
99).

Confirmation of the identity of the -lactam residues detected by liquid
chromatography has been attempted through use of photodiode array detectors
(73, 75, 77–79). This procedure is relatively simple, but does not offer the speci-
ficity and the sensitivity required to determine or identify trace levels of residual

-lactam antibiotics in edible animal products. Better residue confirmation can
be more readily attained by treatment of the suspected samples with -lactamase
or penicillinase and their reanalysis (71, 80, 86–89, 105, 106–111). In this in-
stance, absence of a chromatographic peak with the proper retention time provides
unequivocal evidence that a given residue is not present above the detection limit
of the method. Thus, use of -lactamase provides a simple, inexpensive and
sensitive confirmatory test for -lactam residues.

Coupling of liquid chromatography with mass spectrometry provides fur-
ther unequivocal online spectrometric identification of individual analytes at the
very low residue levels required by regulatory agencies for confirmatory analysis
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of -lactam residues in animal-derived foods. Online mass spectrometry offers
the added advantage to allow analysis and identification of polar nonvolatile
compounds without the need for derivatization procedures. Typical applications
of mass spectrometry in confirming -lactam residues in edible animal products
are through connecting liquid chromatography with mass spectrometry via ther-
mospray (73, 77–79, 115), electrospray (72, 74, 75, 125) or ionspray (119) inter-
faces, and using negative or positive-ion detection (Fig. 29.3.1).

The most promising literature methods, in terms of simplicity, selectivity,
and sensitivity, for screening and even confirmation of -lactam residues in edible
animal products appear to be those reported by Boison and Keng (122), Fletouris
et al. (105), Lihl et al. (99), Straub et al. (76), and Moats and Harik-Khan (108).

Boison and Keng (122) described a multiresidue liquid chromatographic
method for the determination of amoxicillin, ampicillin, penicillin G, and cloxacil-
lin residues in bovine muscle. According to this method, a 3 g sample of homoge-
nized muscle is extracted with phosphate buffer, pH 8.5, and dilute sulfuric acid.
After centrifugation, the pH of the supernatant is adjusted between 8.3 and 8.5,
and the extract is applied to a t-C18 Sep-Pak cartridge. Following cartridge wash-
ing with 0.1M phosphate buffer, pH 8.5, penicillins are eluted with acetonitrile
and the eluate is evaporated to dryness. The residue is reconstituted in 0.1M, pH
6.5, phosphate buffer/acetonitrile (6 4), derivatized with benzoic anhydride and
1,2,4-triazole-mercuric chloride, and analyzed by liquid chromatography. Separa-
tion is performed on a 15 cm Symmetry C8 (5 m) analytical column, with a
pH 6.5 phosphate buffer/acetonitrile (74 26) mobile phase containing sodium
thiosulfate, at a flow-rate of 1.2 ml/min. Under these conditions, concentrations
as low as 2 ppb for amoxicillin and penicillin G, and 5 ppb for ampicillin and
cloxacillin could be determined in bovine muscle using a detection wavelength
of 325 nm.

Fletouris et al. (105) reported an ion-pair liquid chromatographic method
for the determination of penicillin G, penicillin V, oxacillin, and cloxacillin in
milk. According to this method, a 7 g milk sample is acidified at pH 3 and
extracted with 30 ml dichloromethane. The extracted penicillins are partitioned
into a phosphate buffer, pH 7, and, following addition of saturated ammonium
sulfate solution, the extracts are purified by treatment with diethyl ether and
repartitioned into acetonitrile. The acetonitrile extracts are concentrated into phos-
phate buffer, pH 7, and, following addition of tetrabutylammonium hydrogen
sulfate, the formed penicillin ion-pairs are extracted into chloroform. The extract
is evaporated to dryness, and the residue is reconstituted in 1 ml mobile phase
to be further analyzed by liquid chromatography. Separation is performed on a
25 cm Nucleosil C18 (5 m) analytical column using a 0.02M phosphate buffer/
acetonitrile (62 38), pH 6, mobile phase containing 5 mM tetrabutylammonium
hydrogen sulfate, at a flow-rate of 1 ml/min and a column temperature of 40 C
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FIG. 29.3.1 Chromatograms of a blank meat sample (C) and a meat sample
(D) spiked with penicillin G (PG), penicillin V (PV), cloxacillin (CL), and dicloxacil-
lin (DCL) at 100 ppb level. (From Ref. 119.).
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FIG. 29.3.2 Typical chromatograms of a blank milk sample (A) and a milk sam-
ple (B) spiked with penicillin G (1), penicillin V (2), oxacillin (3), and cloxacillin
(4) at 30 ppb level. (From Ref. 105.).

(Fig. 29.3.2). Under these conditions, concentrations as low as 3 ppb for oxacillin
and cloxacillin and 4 ppb for penicillin G and penicillin V could be determined
in milk using a detection wavelength of 210 nm. Confirmation of the presence
of penicillins in the suspected samples was based on the disappearance of the
recorded peaks after treatment of the samples with penicillinase and their re-
analysis.

A different approach based on automated solid-phase extraction and photo-
chemical degradation with electrochemical detection was followed by Lihl and
co-workers (99) for the liquid chromatographic determination of penicillin G,
penicillin V, oxacillin, cloxacillin, and dicloxacillin residues in bovine muscle.
According to this method, 25 g muscle tissue are homogenized with acetonitrile
at pH 2.2. After centrifugation, sodium chloride is added to the supernatant, and
penicillins are partitioned into dichloromethane. The organic layer is evaporated,
and the concentrate is suspended in light petroleum ether to be extracted with
phosphate buffer, pH 7. A 1.5 ml aliquot of the phosphate buffer is transferred
to an autosampler vial to be submitted in online solid-phase extraction and liquid
chromatography. Separation is performed on a 25-cm LiChrospher 100 RP-18e (5

m) analytical column, with a pH-3 phosphate buffer/acetonitrile (65:35) mobile
phase containing 2 mM sodium EDTA, at a flow-rate of 1 ml/min and a column
temperature of 35 C. Under these conditions, concentrations as low as 50 ppb
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could be determined in bovine muscle using postcolumn photochemical degrada-
tion with electrochemical detection.

Straub et al. (76) reported a method for the identification and quantification
of penicillin G, ampicillin, amoxicillin, cephapirin, cloxacillin, and ceftiofur resi-
dues in milk using perfusive-particle liquid chromatography combined with ultra-
sonic nebulization electrospray mass spectrometry. According to this method, a
0.5 ml milk sample is diluted with an equal volume of a solution consisting of
acetonitrile/water (1 1), and ultrafiltrated in a microseparation system with a
10000 da molecular mass cut-off filter. An aliquot of the ultrafiltrate is then
analyzed on a 15 cm porous II R/H LC (7–8 m) perfusion analytical column
using the chromatographic conditions shown in Table 29.3. Concentrations as low
as 10 ppb could be readily determined in milk by electrospray mass spectrometric
detection.

A specific cleanup procedure, based on liquid chromatography, has been
described by Moats and Harik-Khan (108) for the liquid chromatographic determi-
nation of amoxicillin, ampicillin, penicillin G, penicillin V, cloxacillin, cepha-
pirin, and ceftiofur residues in milk. In this method, a 10 ml milk sample is
extracted with acetonitrile in presence of tetraethylammonium chloride. After
filtration, 1 ml water is added to the filtrate, and the acetonitrile is completely
removed by evaporation. The volume of the water is adjusted at a final volume
of 4 ml, and a 2 ml aliquot is loaded on a Supelcosil LC-18, 5 m, column. -
Lactams are eluted from the column with a 0.01M potassium dihydrogen
phosphate/acetonitrile mobile phase, using a gradient elution program. Following
collection of a narrow fraction (1.5–2 ml) centered on the retention times of the
compounds of interest, the eluted analytes are reanalyzed by liquid chromatogra-
phy under the conditions shown in Table 29.3. Concentrations as low as 2–5 ppb
could be readily determined in milk using ultraviolet detection at 210, 214, 290,
and 295 nm. Confirmation of the presence of -lactam antibiotics in the suspected
samples was based on the disappearance of the recorded peaks after treatment
of the samples with -lactamase and their reanalysis.

29.4 MACROLIDES AND LINCOSAMIDES

Macrolide and lincosamide antibiotics are weakly basic compounds slightly solu-
ble in water but readily soluble in common organic solvents. They are most
composed of several closely related components that may vary in proportion
depending upon the source of the formulation. Macrolides other than oleandomy-
cin are stated to be unstable at both acidic and basic aqueous solutions.

For the analysis of macrolide and lincosamide residues in liquid foods such
as milk, a pretreatment step for fat removal carried out by centrifugation
(133–135) is usually required. Semisolid food samples such as muscle, kidney,
and liver require often more intensive sample pretreatment including a mincing
and/or a homogenization step for breaking up tissue.
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For efficient extraction of macrolide and lincosamide residues from edible
animal products, bound residues should be rendered soluble, most if not all of
the proteins should be removed, and high recoveries for all analytes should be
provided. Since these antibiotics do not strongly bind to proteins, many effective
extraction methods have been reported. Sample extraction/deproteinization is usu-
ally accomplished by vortexing liquid samples or homogenizing semisolid sam-
ples with acetonitrile (136–139), acidified (136, 140–142) or basified acetonitrile
(143), methanol (14, 144, 145), acidified (145–147) or basified methanol (148),
chloroform (149–151), or dichloromethane under alkaline conditions (152). How-
ever, for extraction of sedecamycin, a neutral macrolide antibiotic, from swine
tissues, use of ethyl acetate at acidic conditions has been suggested (153), while
for lincomycin analysis in fish tissues, acidic buffer extraction followed by sodium
tungstate deproteinization has been proposed (154).

Following the primary sample extraction, the crude extract can be further
subjected to various types of cleanup procedures including conventional liq-
uid–liquid partitioning, solid-phase extraction, and liquid chromatography
cleanup. In some instances, more than one of these cleanup procedures may be
used in combination to obtain highly purified extracts.

In liquid–liquid partitioning cleanup, the lipophilic macrolides and linco-
samides are generally extracted from the primary aqueous sample extracts with
immiscible organic solvents including dichloromethane (139–143), ethyl acetate
(143, 154), or chloroform (144). This extraction is usually carried out at alkaline
conditions where the ionization of the basic amino sugar function of these antibiot-
ics is suppressed. Following extraction, the organic extract is either evaporated
to dryness and reconstituted in the mobile phase or back-extracted with an acidic
buffer prior to analysis. Sometimes, several extraction steps are necessary to
eliminate interfering substances, and cleanup may become a rather time-consum-
ing and complicated procedure.

Cleanup of macrolides and lincosamides from coextracted material can also
be accomplished with solid-phase extraction columns. Nonpolar sorbents such
as XAD-2 resin (148) or reversed-phase sorbents (133, 134, 137, 141, 142) are
usually employed in solid-phase extraction. In the latter case, ion-pairing with
pentanesulfonic acid can also be applied for enhancing retention onto the hydro-
phobic C18 material (154). However, these sorbents are not always effective for
efficient cleanup of liver and kidney extracts. The basic character of macrolides
and lincosamides suggests that cation-exchange sorbents such as aromatic-sul-
fonic acid (145, 147), or polar sorbents such as silica (144, 152, 153), aminopropyl
(139), or diol (149–151), can be powerful alternative approaches for isolation
and/or cleanup of these compounds.

Liquid chromatography cleanup has been further described for purification
of lincomycin residues from milk and tissue extracts (146). This procedure in-
volves loading the sample extract onto a reversed-phase column (Supelcosil LC-
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18 or LC-18-DB), elution with an ion-pairing mobile phase, collection of the
narrow fraction of the eluate corresponding to lincomycin, and rechromatography
by a second liquid chromatographic system.

Following extraction and cleanup, macrolides and lincosamides may be
detected by spectrophotometric, electrochemical, or mass-spectrometric tech-
niques, usually after liquid chromatographic separation. By combining thin-layer
chromatographic (TLC) separation with a bioassay detection with Bacillus subtilis
or Microspora luteus as the test organisms, TLC/bioautographic methods have
been developed for identification of macrolide and lincosamide residues in animal
tissues, milk, and eggs (14, 143, 148). A gas chromatographic–mass spectrometric
method has also been reported for the determination of erythromycin in bovine
and swine muscle (144). However, this method is rather complicated due to the
need for derivatization (acetylation) of the analyte with pyridine/acetic anhydride.

At present, methods based on liquid chromatography are most widely used
for determining macrolides and lincosamides in biological samples (Fig. 29.4).

FIG. 29.4 Representative chromatograms of a tylosin standard solution (A), a
blank muscle tissue (B), and a blank muscle tissue fortified with tylosin at a
concentration of 50 ppb (C), and 400 ppb (D). (From Ref. 152.).
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Chromatographic separation is generally carried out on octadecyl, octyl, phenyl,
and polymeric reversed-phase columns, although polar stationary phases such as
silica (153) or cyanopropyl (141, 142) have been also used in the analysis of
sedecamycin and pirlimycin residues, respectively.

The preferred type of reversed-phase sorbents is C18 bonded silica (Table
29.4). Using this reversed-phase sorbent, ion-pair separation of lincomycin (154),
spiramycin (138), and tylosin (145) residues has also been reported through use
of octanesulfonate, heptanesulfonate, and tetrabutylammonium pairing ions, re-
spectively. Phenyl-bonded silica or polymeric stationary phases have also been
described for the separation of tilmicosin (133) and lincomycin (146) residues,
respectively.

In liquid chromatographic analysis of macrolides and lincosamides, most
popular is the ultraviolet detector (Table 29.4). Tylosin, tilmicosin, spiramycin,
sedecamycin, and josamycin exhibit relatively strong ultraviolet absorption, but
erythromycin, lincomycin, pirlimycin, and oleandomycin show extremely weak
absorption in the ultraviolet region. Hence, detection at 200–210 nm has been
reported for the determination of lincomycin (146). However, a combination of
poor sensitivity and interference from coextractives necessitated extensive
cleanup and concentration of the extract. Precolumn derivatization of pirlimycin
with 9-fluorenylmethyl chloroformate has also been described to impart a chromo-
phore for ultraviolet detection at 264 nm (140).

Electrochemical detection is better suited to the analysis of erythromycin
and lincomycin. This method of detection has been applied for the determination
of erythromycin A (139) and lincomycin (154) residues in salmon tissues. Liquid
chromatography coupled with mass spectrometry is particularly suitable for con-
firmatory analysis of the nonvolatile macrolides and lincosamides. Typical appli-
cations of this technique are through thermospray mass spectrometry, which has
been used to monitor pirlimycin in bovine milk and liver (141, 142), and chemical
ionization, which has been applied for identification of tilmicosin (151) in bovine
muscle, and for identification of spiramycin, tylosin, tilmicosin, erythromycin,
and josamycin residues in the same tissue (150).

Most promising in terms of simplicity, selectivity, and sensitivity, for
screening and even confirmation of macrolide residues in edible animal products,
appear to be the methods described by Horie et al. (147) and Delepine et al.
(150).

Horie et al. (147) has described a method allowing simultaneous determina-
tion of josamycin, kitasamycin, mirosamicin, spiramycin, and tylosin in animal
tissues. According to this method, a 5 g tissue sample is homogenized with 100
ml 0.3% metaphosphoric acid/methanol (7 3), and the homogenate is filtered
through Hyflo Super-Gel coated on a suction funnel. The filtrate is concentrated
at 20 ml to be further applied to a cation-exchange solid-phase extraction column
(Bond Elut SCX). Following column washing with water and 0.1M dipotassium

Copyright © 2001 Marcel Dekker, Inc.



933
P

h
ysico

ch
em

ical
M

eth
o

d
s

TABLE 29.4 Physicochemical Methods for Macrolide and Lincosamide Antibacterials in Edible Animal Products

Detection/ Sensitivity/
Compounds(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

THIN-LAYER CHROMATOGRAPHIC METHODS
Lincomycin Animal MeOH/NaOH extn, 16 Silica gel H2O/acetone/ M. luteus bio- 100 ppb/ 148

tissues liq–liq partn, methyl ethyl autography 78–95%
XAD-2 column ketone
cleanup

Erythromycin, Animal MeOH extn, liq–liq 14 Silica gel CHCl3/MeOH/ B. subtilis bio- 1–20 ppm/ 14
oleandomycin, tissues partns acetone- autography NR
tylosin glycerine

Four Milk, ACN/Na2CO3 extn, 15 Silica gel BuOH/H2O/HOAc Vis/Xanthydrol or 20 ppb/ 143
macrolides eggs, liq–liq partns B. subtilis bio- 51–96%

tissues autography
GAS CHROMATOGRAPHIC METHODS
Erythromycin Bovine MeOH extn, liq–liq 25 Chromosorb Helium PICI-MS 10 ppb/ 144

and partns, silica gel WHP with 5% 69–88%
swine column cleanup, OV-101
muscle HCl hydrolysis,

liq–liq partns,
pyridine/acetic
anhydride
acetylation

(continued)
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TABLE 29.4 Continued

Detection/ Sensitivity/
Compounds(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

LIQUID CHROMATOGRAPHIC METHODS
Erythromycin A Salmon ACN extn, liq–liq 25 Zorbax RX-C8, 0.005M sodium Electro- 200 ppb/ 139

flesh partns, SPE 5 m perchlorate/ chemical 90%
cleanup ACN (50 50) at

40 C
Lincomycin Milk, and MeOH/NH4H2PO4 10 PRLP-S, 5 m, 0.01M, pH 7.5 or UV 200–210 20–50 ppb/ 146

animal extn, LC or Supelcosil 8.0, phosp. nm 89–99%
tissues purification on LC-18 or LC- buffer/ACN

Supelcosil LC-18 18-DB, 5 m, (80 20) or
or LC-18-DB, 5 analytical and (78 22) for the

m, column guard PLRP-S
columns column, and

(76 24) or
(74 26) for the
Supelco
packing, at
40 C

Salmon 0.01M KH2PO4 25 Spherisorb S5 0.02M KH2PO4 Electro- 17–24 ppb/ 154
tissues extn, sodium ODS2 contg 20 mM chemical 79–96%

tangstate deprtn, 1-octanesulfonic
1-pentanesulfonic acid, pH 4.5/
acid addn, SPE ACN (88 22)
cleanup, liq–liq
partns

Copyright © 2001 Marcel Dekker, Inc.
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Pirlimycin Bovine ACN/HCl (milk) or 14 CPS-Hypersil-2, 0.1M ammonium MS–TSP 50 ppb/ 141
milk, ACN/TFA (liver) 5 m, with acetate/ACN 83–113%
and extn, liq–liq cyanopropyl (70 30) for
liver partns, SPE guard column milk, (75 25)

cleanup (milk) for liver
Bovine ACN/HCl (milk) or 14 CPS-Hypersil-2, 0.1M ammonium MS–TSP 25–50 ppb/ 142

milk, ACN/TFA (liver) 5 m, with acetate/ACN 84–108%
and extn, liq–liq cyanopropyl (70 30)
liver partns, SPE guard column

cleanup (milk)
Milk ACN/HCl extn, 15 Hypersil ODS, 5 1% HOAc/ACN/ UV 264 nm 50 ppb/ 140

liq–liq partns, m MeOH 89 4%
precolumn (40 30 30), at
derivatization 35 C
with Fmoc

Sedecamycin Swine EtOAc extn, Silica 13 Porasil, 10 m, n-Hexane/ UV 227 nm 12–44 ppb/ 153
and tissues gel/Florisil analytical and isopropanol 76–90%
metabolites column cleanup guard column (80 20)

Spiramycin Bovine CHCl3 extn, SPE 6 LiChrocart RP 0.5% H2SO4/ACN UV 231 nm 50 ppb/ 149
tissues cleanup 18E, 5 m, (80 20) 76–97%

with RP 8E
guard column

Chicken ACN extn, liq–liq 13 Zorbax BP-C8 0.4% H3PO4/ UV 231 nm 50 ppb/ 138
tissues partns MeOH (30 70), 85–95%

contg 0.2% 1-
heptanesulfonic
acid, at 30 C

(continued)
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TABLE 29.4 Continued

Detection/ Sensitivity/
Compounds(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Tilmicosin Bovine CHCl3 extn, SPE 14 LiChrospher RP 5% Formic acid/ NICI–MS 6 ppb/ 151
muscle cleanup 18, 5 m, with MeOH/ACN NR

C18 guard (35 45 20)
column

Milk Centrgn, SPE 15 Apex phenyl RP, Solvent A: UV 280 nm 20 ppb/ 133
cleanup 5 m H3PO4/ACN 80–106%

(50 50), pH 2.5
Solvent B:
H3PO4, pH 2.5
Solvent C:
0.08 M
dibutylammonium
phosp. buffer,
pH 2.5
Gradient from
(100 0 0) to
(34 41 25), at
35 C
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Tylosin Bovine DCM extn, SPE 13 Spherisorb C18 0.005M NH4H2PO4/ UV 280 nm 15 ppb/ 152
tissues cleanup ODS, 5 m ACN/MeOH 85–107%

(8 72 20)
Milk Centrgn, SPE 9 LiChrospher RP Solvent A: 0.1 M UV 287 nm/ 15 ppb/ 134

cleanup 18, 5 m, ammonium PDA 82–88%
analytical and formate/ACN/ (200–350
guard column MeOH nm)

(61 29 10),
pH 6.0
Solvent B:
H2O/ACN/
MeOH
(61 29 10)
Gradient from
(100 0) to
(0 100), at 25 C

Swine H2O/MeOH extn, 8 Prodigy ODS, 5 0.01 M KH2PO4 UV 280 nm 15 ppb/ 145
tissues SPE cleanup m contg 20 mM 70–85%

tetrabutyl-
ammonium
bromide/
MeOH/ACN
(50 35 15)

Swine ACN extn, liq–liq 11 Micro Pak 0.005M UV 280 nm 100 ppb/ 136
tissues partns MCH-10-N- NH4H2PO4/ 83–97%

Cap ACN/MeOH
(10 60 30)

(continued)
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TABLE 29.4 Continued

Detection/ Sensitivity/
Compounds(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Tylosin, Milk Centrgn, SPE 8 Supelcosil LC- Phosp. buffer pH UV 232 and 8–14 ppb/ 135
spiramycin cleanup, liq–liq 8-DB 3.0/ACN 280 nm 64–80%

partn (70 30) and
(60 40)

Tylosin, Animal ACN extn, SPE 13 Inertsil C18, 0.1M Ammonium UV 287 nm 10–20 ppb/ 137
tilmicosin tissues cleanup 5 m formate/ACN/ 74–97%

MeOH
(60 30 10)

Five macrolides Animal Metaphosphoric 9 Puresil 5C18, 0.025M, pH 2.5, UV 232 and 50 ppb/ 147
tissues acid/MeOH extn, 5 m phosp. buffer/ 287 nm 71–90%

SPE cleanup ACN (wavelength
Gradient from programming)
(60 40) to
(0 100), at 35 C

Five macrolides Bovine CHCl3 extn, SPE 14 LiChrospher RP 0.1% TFA/MeOH/ NICI-MS & 50 ppb/ 150
muscle cleanup 18, 5 m, with ACN PICI-MS NR

C18 guard Gradient from
column (60 20 20) to

(20 55 25)

Fmoc, 9-fluorenylmethyl chloroformate.
Other abbreviations as in Tables 29.1 and 29.3.
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hydrogen phosphate, macrolides are eluted with methanol and the eluate is evapo-
rated to dryness. The residue is reconstituted in 1 ml 0.05M sodium dihydrogen
phosphate/acetonitrile (7 3) to be further analyzed by liquid chromatography.
Separation is performed on a 15 cm Puresil 5C18 (5 m) analytical column,
using a gradient system of 0.025M, pH 2.5, with phosphate buffer–acetonitrile
as mobile phase (Table 29.4). Concentrations as low as 50 ppb for each of the
analytes could be readily determined by ultraviolet detection.

Liquid chromatography coupled with mass spectrometry was followed by
Delepine et al. (150) in a multiresidue method for the determination of spiramycin,
tylosin, tilmicosin, erythromycin, and josamycin in bovine muscle. According to
this confirmatory method, a 2 g muscle sample is homogenized with 2 ml, pH
8, phosphate buffer, and 10 ml chloroform, and the homogenate is centrifuged.
The chloroform layer is filtered, and the filtrate is purified on a diol solid-phase
extraction column (Bond Elut diol). Following column washing with chloroform
and water, macrolides are eluted with 0.1M ammonium acetate/methanol (1 1),
and an aliquot is analyzed by liquid chromatography. Separation is performed
on a 12.5 cm Lichrospher RP 18 (5 m) analytical column protected by a C18

guard column, using a gradient system of 0.1% trifluoroacetic acid–metha-
nol–acetonitrile as mobile phase (Table 29.4). Concentrations as low as 50 ppb
for each of the analytes could be readily determined using negative and positive
chemical ionization mass spectrometric detection.

29.5 NITROFURANS

Nitrofuran antibacterials are synthetic compounds that are substitution products
of the 5-nitrofuran nucleus, differing in the substituent at position 2. This substitu-
ent may be an azomethine group connected with other ring systems, or an alkyl,
acyl, hydroxyalkyl, or carboxyl group, free or esterified. All these antibacterials
are susceptible to photolysis, particularly by sunlight, and manipulations must be
carried out under subdued light.

When analyzing milk samples for nitrofuran residues, dilution with sodium
chloride solution (155) or lyophilization (156) prior to extraction may be required.
Dilution of egg samples with water prior to their solid-phase extraction has been
also reported (157). Semisolid samples such as muscle, kidney, and liver, require
a more intensive sample pretreatment. This involves use of a mincing apparatus
followed by sample homogenization in water (37), sodium chloride solution
(155), or dilute hydrochloric acid (158).

Extraction of nitrofuran antibacterials from edible animal products should
render the bound residues soluble, remove most if not all of the proteins, and
provide high yields for all analytes. Sample extraction/deproteinization is usually
accomplished with organic solvents capable to free the noncovalently bound resi-
dues from the endogenous macromolecules. Organic solvents including acetoni-
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trile (56, 57, 159–167), ethyl acetate (29, 37, 38, 168, 169), dichloromethane
(170–172), and dichloroethane (158) have all been used with varying success.
Moreover, use of trichloroacetic acid (173), methanol/ethanol/diethyl ether (174),
McIlvaine buffer/methanol (175, 176), metaphosphoric acid/methanol (177), cit-
ric acid/disodium hydrogen phosphate (178), and chloroform/ethyl acetate/di-
methylsulfoxide (179) has been suggested for precipitating sample proteins and
efficiently extracting the analytes.

To reduce coextractives in the primary sample extract and concentrate the
analyte(s), various types of sample cleanup procedures can be applied. They
include conventional liquid–liquid partitioning, solid-phase extraction, matrix
solid-phase dispersion, and online dialysis and subsequent trace enrichment
(Table 29.5). In many applications, more than one of these procedures is applied
in combination to decrease the background noise of the detector, thus making it
possible to quantify trace level residue concentrations.

Liquid–liquid partitioning is the most popular cleanup procedure employed.
It is performed either to extract the analytes from their aqueous solution into an
organic solvent or to wash out interfering substances from organic or aqueous
extracts. Dichloromethane was proven to be more efficient than any other organic
solvent tested in extracting nitrofurans from aqueous sample extracts at acidic
conditions (56, 57, 165, 166, 170, 171, 175, 176). Occasionally, sodium chloride
may be added to the aqueous solution to increase the extraction efficiency of
dichloromethane (56, 57, 165, 166, 170). To reduce emulsification problems
during the extraction process, diatomaceous earth columns can also be employed
as an alternative to the classic liquid–liquid partitioning cleanup (157, 169). Sam-
ple extracts are often further subjected to a defatting procedure by partitioning
with n-hexane (37, 56, 57, 159, 161, 163–172).

Cleanup of nitrofurans from coextracted substances and concentration of the
extracts can also be accomplished with solid-phase extraction columns. Nonpolar
sorbents such as reversed-phase (C18) (37, 159–161, 170, 173, 177) or XAD-2
(178) materials are usually employed, since they provide high recovery of the
analytes. However, in many cases, cleanup on these nonpolar sorbents is not
effective in removing interfering substances from the extracts. Therefore, polar
sorbents such as silica (29, 162), alumina (160, 179, 180), or aminopropyl (175,
176) materials are also frequently employed as a more powerful alternative for
extract cleanup.

In contrast to the solid-phase extraction approach, only nonpolar C18-deriva-
tized silica has been used as the sorbent in matrix solid-phase dispersion tech-
nique. This technique has been successfully applied in the determination of fura-
zolidone in meat (66), milk (181), and swine tissues (180).

Online dialysis followed by trace enrichment of the analytes can also be
employed for the determination of nitrofurans in foods of animal origin. The
efficiency of this technique has been demonstrated in a method for the determina-
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TABLE 29.5 Physicochemical Methods for Nitrofuran Antibacterials in Edible Animal Products

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Thin-Layer Chromatographic Methods
Furazolidone Animal HCl/NaCl addn, 20 HPTLC Silica gel CHCl3/ACN/ Fluorometric/ 2 ppb/ 158

tissues DCE extn, liq–liq HCOOH Pyridine NR
partns

Furazolidone, Meat ACN extn, liq–liq 10 HPTLC Silica gel DCM/EtOAc Fluorometric/ 1 ppb/ 159
nitrofurazone, partn, SPE Pyridine 90%
nitrofurantoin cleanup

Four Meat EtOAc extn, SPE 10 HPTLC Silica gel EtOAc/hexane UV-Vis/ 5 ppb/ 29
nitrofurans cleanup Pyridine NR

Liquid Chromatographic Methods
3-Amino-2- Swine MeOH, EtOH, ether 19 LiChrospher 0.1M ammonium MS-TSP 10 ppb/ 174

oxazolidinone tissues extn, precolumn RP18, 5 m, acetate/ACN 80%
(furazolidone derivatization analytical and (65 35)
metabolite) with 2- guard column

nitrobenzaldehyde,
liq–liq partns

Furazolidone Turkey DCM extn, liq–liq 30 Ultrasphere 0.01M, pH 5.0, UV-Vis 365 0.5 ppb/ 170
tissues partns, SPE ODS, 5 m, acetate buffer/ nm 76–92%

cleanup, liq–liq with Vydac MeOH (70 30)
partn 30/44 m

guard column
Eggs, milk ACN extn, liq–liq 11 MOS-Hypersil, 3 0.01 or 0.02M, UV 275 nm, 10 ppb/ 56,57

and partns m, analytical pH 4.6, acetate or UV-Vis 80–90%
meat and guard buffer/ACN 365 nm

column (75 25)

(continued)

Copyright © 2001 Marcel Dekker, Inc.



942
C

h
ap

ter
29

TABLE 29.5 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Eggs EtOAt extn, liq–liq 21 CP Spher C18, Acetate buffer, UV-Vis 365 nm/ 5 ppb/ 168
partns 10 m, with pH 5.0/ACN PDA (240–420 86 4.5%

Bondapak (75 25) nm)
C18, 37–50

m, guard
column

Eggs H2O diln, 4 Wakosil-II 5C18 H2O/ACN (60 40) UV-Vis 358 nm/ 100 ppb/ 157
Kieselguhr HG MS-APCI 87 4.3%
column cleanup

Swine EtOAt extn, liq–liq 14 Hypersil ODS 5, H2O/ACN/1M UV-Vis 362 nm 2 ppb/ 169
tissues partn, Kieselguhr with OD-GU acetate buffer 76–102%

column cleanup RP-18 guard (67.5 25 7.5)
column

Eggs DCM extn, dry-ice 18 Perkin-Elmer 0.01M, pH 5.0, UV-Vis 365 nm/ 1 ppb/ 171
cooled filtn, C8, 10 m acetate buffer/ online: 92–107%
liq–liq partns ACN/MeOH absorbance

(45.5 35 19.5), rationing,
at 35 C offline: TLC

Meat MSPD extn/ 6 Spherisorb C18 Solvent A: 0.01M, UV-Vis 365 nm/ 3.5 ppb/ 66
cleanup ODS2, 5 m pH 5.2, acetate PDA (200–450 30–87%

buffer nm)
Solvent B:
ACN/MeOH
(70 30)
Gradient from
(56 44) to
(36 64), at 35 C

Copyright © 2001 Marcel Dekker, Inc.



943
P

h
ysico

ch
em

ical
M

eth
o

d
s

Milk MSPD extn/ 8 Varian MCH-10, 0.017M H3PO4/ UV-Vis 365 nm/ 78 ppb/ 181
cleanup 10 m ACN (60 40), at PDA (200–550 82 8%

40 C nm)
Swine Na2SO4 addn, DCM 11 Tandem Spheri- 0.067M, pH 5.0, Electro- 0.5 ppb/ 172

tissues extn, liq–liq 10 RP-18 and acetate buffer/ chemical 67–71%
partn Ultrasphere ACN (75 25)

C18, 5 m
Salmon McIlvaine buffer/ 14 ODS-Hypersil, 3 H2O/ACN (84 16) Vis 400 nm 5 ppb/ 175

tissues MeOH extn, m, with C18 contg 1 mM 90–99%
liq–liq partn, pellicular, 40 EDTA and
SPE cleanup m, guard 0.1M KNO3, pH

column 3.2
Swine MSPD extn/ 9 Micro Pak ODS, 0.015M H3PO4/ UV-Vis 365 nm/ 7.8 ppb/ 180

tissues cleanup, alumina 10 m ACN (60 40), at PDA (200–450 90 8%
column cleanup 45 C nm)

Fish Metaphosphoric 7 Inertsil ODS, 5 0.005M oxalic UV 265 nm 50 ppb/ 177
tissues acid/MeOH extn, m, with RP- acid/ACN 87–90%

SPE cleanup 8 Newguard (55 45)
column

Poultry Citric acid- 9 LiChrospher 1% H3PO4/ACN UV-Vis 360 nm/ 5–10 ppb/ 178
tissues Na2HPO4 extn, RP18 (75 25) PDA (195–380 55–79%

Amberlite XAD-2 nm)
column cleanup

Shrimp ACN extn, tandem 11 Ultrasphere, 5 0.01% H3PO4/ UV-Vis 365 nm 5 ppb/ 160
SPE cleanup m, with ACN (70 30) 74–80%

Adsorbosphere
C18, 5 m,
guard column

(continued)
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TABLE 29.5 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Swine McIlvaine buffer- 12 LiChrosorb H2O/ACN (75 25), PICI-MS- 0.6 ppb/ 176
muscle MeOH extn, RP18 contg 0.1M TSP 65–88%

liq–liq partn, ammonium
SPE cleanup acetate

Furazolidone, Poultry H2O addn, EtOAc 12 Supelcosil LC- 0.2M, pH 3.0, UV-Vis 360 3 ppb/ 37
nitrofurazone tissues extn, liq–liq 18-DB, 5 m, acetate buffer/ nm/PDA 90–100%

partn, SPE with ACN (75 25), at
cleanup Supelguard 40 C

LC-18-DB
column

Chicken CHCl3/EtOAc/ 7 Supelcosil LC- 0.05M, pH 6.0, Electro- 2.5 ppb/ 179
tissues DMSO extn, 18, 5 m phosp. buffer chemical 74–90%

alumina column contg 1 mM
cleanup EDTA/MeOH

(57.5 72.5)
Shrimp ACN extn, liq–liq 12 ODS-Hypersil 1% HOAc/ACN UV-Vis 375 4 ppb/ 161

muscle partn, SPE C18, 5 m, (75 25), at 40 C nm/PDA 71–78%
cleanup analytical and

guard column
Furazolidone, Animal EtOAc extn, liq–liq 9 Two 0.01M, pH 4.3, UV-Vis 360 1–2 ppb/ 38

furaltadone, and fish partns ChromSpher acetate buffer/ nm/PDA 69–88%
nitrofurazone muscle C8 analytical ACN (80 20) (200–400

columns in nm)
tandem, with
Perisorb RP-
8, 30–40 m,
guard column
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Eggs, ACN extn, liq–liq 9 Spherisorb 0.02M, pH 4.6, UV-Vis 362 1–5 ppb/ 166
chicken partns ODS2 S5, 5 acetate buffer/ nm/PDA 83–88%
tissues m with ACN (79 21), at (220–550

Bondapak 25 C nm) &
C18 guard PICI-MS-
column ISP after LC

conditions
modification

Eggs, Na2SO4 addn, ACN 15 Spherisorb H2O/ACN (75 25) UV-Vis 362 1–2 ppb/ 162
poultry (eggs) or DCM/ ODS-2, 5 m, nm 84–128%
muscle EtOAc (muscle) analytical and

extn, SPE guard column
cleanup

Furazolidone, Milk Liophylization, 10 Pecosphere CR 0.1M, pH 3.2, UV-VIS 360 250–500 ppb/ 156
furaltadone, ACN/DMF extn C18 acetate buffer/ nm/ 79–88%
nitrofurantoin ACN (90 10) differential

processing
of spectra

Milk TCA extn, SPE 5 Nova-Pak C18, 4 0.1M sodium Electro- 4–5 ppb/ 173
cleanup m, with perchlorate/ chemical 85–98%

Symmetry C18 ACN (72 28)
guard column contg 0.5%

HOAc
Furazolidone, Catfish ACN extn, liq–liq 10 ODS-Hypersil, 5 1% HOAc/ACN UV-Vis 375 5 ppb/ 163

nitrofurazone, muscle partns m (75 25), at 40 C nm/PDA 71–102%
nitrofurantoin (220–400

nm)

(continued)
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TABLE 29.5 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Four Bovine ACN extn, liq–liq 10 ODS-Hypersil 0.01M, pH 4.5, UV-Vis 365 2 ppb/ 167
nitrofurans muscle partns C18, 5 m, sodium nm/PDA 60–110%

with C18, m, acetate/ACN (200–550
guard column (70 30), at 35 C nm)

Four Bovine KH2PO4 addn, ACN 8 Zorbax CN, 5 0.01M, pH 5.0, UV-Vis 365 nm 1 ppb/ 164
nitrofurans tissues extn, liq–liq m, with acetate buffer/ 52–100%

partns pellicular RP MeOH (60 40)
guard column

Four Milk, NaCl solution 2 ODS-Hypersil, 5 0.1M, pH 5, UV-Vis 365 nm 1–5 ppb/ 155
nitrofurans meat, addn, m acetate buffer/ 75–89%

eggs purification by ACN (80 20)
online dialysis
and subsequent
trace enrichment
on Bondapak
C18/Corasil,
37–50 m, or
XAD-4, 50–100

m, preconcn
column and
switching to
analytical column

Five Eggs, ACN extn, liq–liq 11 Zorbax CN, with 0.01M, pH 5.0, UV-Vis 360 nm 10 ppb/ 165
nitrofurans milk, partns HPLC-Sorb acetate buffer/ 67–100%

meat Vydac 201 RP ACN (70 30), at
guard column 30 C

DCE, dichloroethane; DMSO, dimethylsulfoxide.
Other abbreviations as in Tables 29.1 and 29.3.
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tion of four nitrofurans in meat, milk, and eggs (155). This method involved on-
line isolation of the analytes through use of a diphasic dialysis membrane, trapping
of the analytes onto a liquid chromatographic preconcentration column (Bondapak
C18/Corasil, 37–50 m, or XAD-4, 50–100 m), rinsing of the coextracted mate-
rial to waste, and flushing of the concentrated analytes onto the analytical column.

Following extraction and cleanup, nitrofurans are separated by thin-layer
or liquid chromatography and measured by spectrophotometric, fluorometric,
electrochemical, or mass spectrometric detectors (Table 29.5). Thin-layer chroma-
tography has been carried out on commercially available silica gel plates. Nitrofu-
rans were separated using various solvent mixtures as mobile phases and subse-
quently detected after spraying with pyridine, using spectrophotometric (29) or
fluorometric (158, 159) detectors.

In the liquid chromatographic methods, separation of nitrofurans is gener-
ally carried out on nonpolar reversed-phase columns, the preferred sorbent being
octadecyl bonded silica (Table 29.5). Polar columns containing cyanopropyl-
based sorbents (164, 165) have also been used for the isocratic separation of
nitrofuran residues isolated from edible animal products. A literature survey
shows that there exists a clear preference for acidic mobile phases containing
acetonitrile as the organic modifier (Fig. 29.5.1).

FIG. 29.5.1 Chromatograms of a blank milk sample (a) and a milk sample (b)
spiked with nitrofurantoin (NF), furazolidone (FZ), and furaltadone (FD). (From
Ref. 156.).
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In liquid chromatographic analysis of nitrofuran antibacterials, the most
popular detector is the ultraviolet visible (UV-vis) spectrophotometer. Nitrofurans
exhibit strong absorption at wavelengths around 365 nm and are, therefore, ideal
for direct determination (Table 29.5). Detection wavelengths of 275 nm (56, 57)
and 400 nm (175) have also been suggested. Electrochemical detection is also
frequently applied in liquid chromatographic methods for the determination of
various nitrofuran antibacterials in edible animal products (172, 173, 179).

Confirmatory analysis of suspected liquid chromatographic peaks is usually
accomplished by a photodiode array detector that continuously collects spectral
data during the chromatographic separation and further compares the spectrum
(200–550 nm) of the eluted suspected compound with that of a standard (37,
38, 66, 161, 163, 166–168, 178, 180, 181). Online absorbance ratio techniques
combined with off-line thin-layer chromatography have been also reported (171).
Although these confirmation techniques are relatively simple, their sensitivity is
not generally adequate to identify trace levels of residual nitrofurans in edible
animal products.

Coupling of liquid chromatography with mass spectrometry allows un-
equivocal online spectrometric identification of all nitrofurans at the very low
residue concentrations required by regulatory agencies for confirmatory analysis
in animal-derived foods. Typical examples of mass spectrometry applications in
confirming nitrofuran residues in edible animal products employ thermospray
(174, 176), ionspray (166), or atmospheric pressure chemical ionization (157)
interfaces.

Most promising methods in terms of simplicity, selectivity, and sensitivity
appear to be those described by Degroodt et al. (38), Botsoglou (171), Diaz et
al. (173), and Draisci et al. (166).

Degroodt et al. (38) developed a liquid chromatographic method for the
determination of furazolidone, furaltadone, and nitrofurazone in meat and fish.
According to this method, a 10 g meat sample is acidified with 1 M ammonium
acetate buffer, pH 4.8, and extracted with 25 ml ethyl acetate after addition of
10 g sodium sulfate. Following centrifugation, the separated upper organic layer
is evaporated, and the remaining oily residue is dissolved in mobile phase to be
further defatted by partitioning with petroleum ether and n-pentane. An aliquot
of the lower layer is collected and analyzed by liquid chromatography. Separation
is performed on two joined 10 cm ChromSpher C8 analytical columns, protected
with a Perisorb RP-8 (30–40 m) precolumn. The mobile phase is a mixture of
pH 4.3 acetate buffer and acetonitrile (80 20). Under these conditions, concentra-
tions as low as 1 ppb for furazolidone and nitrofurazone and 2 ppb for furaltadone
could be determined in meat and fish using a photodiode array detector set at
360 nm. Confirmation of the suspected violative samples is based on continuous
collection of spectral data during the analysis and checking for interfering sub-
stances by comparing the spectrum (200–400 nm) of the sample with that of the
standard.

Copyright © 2001 Marcel Dekker, Inc.



949Physicochemical Methods

Botsoglou (171) described a liquid chromatographic method for the deter-
mination of furazolidone residues in eggs. According to this method, 8 g homoge-
nized sample is acidified at pH 4 and extracted with 30 ml dichloromethane.
Following centrifugation, the separated lower organic layer is evaporated, and
the oily residue that remains is dissolved in acetone to be further cooled in dry ice/
acetone and filtered. The filtrate is evaporated, and the oily residue is partitioned
between hexane and water. The aqueous layer separated by centrifugation is
extracted with dichloromethane. An aliquot of the lower organic layer is collected,
evaporated to dryness, and the residue is reconstituted in water to be further
analyzed by liquid chromatography. Separation is performed on a 25 cm Perkin-
Elmer C8 (10 m) analytical column, with an acetate buffer, pH 5/acetonitrile/
methanol (45.5 35 19.5) mobile phase, at a flow-rate of 1 ml/min and a column
temperature of 35 C. Under these conditions, concentrations of furazolidone as
low as 1 ppb could be determined in eggs using an ultraviolet-visible spectropho-
tometer set at 365 nm. Confirmation of the presence of furazolidone in suspected
samples is based on both the on-line characterization of the eluted peaks by an
absorbance ratio technique and the off-line thin-layer chromatography and spray-
ing of the developed furazolidone spot with pyridine to form a characteristic
fluorescent product.

A different approach was followed by Diaz et al. (173) for the liquid chro-
matographic determination of furazolidone, furaltadone, and nitrofurantoin resi-
dues in milk. According to this method, 50 g cow milk is deproteinized with 25
ml 20% (w/v) trichloroacetic acid. Following filtration, the pH of the extract is
adjusted in the range 4.5–5, and the solution is diluted with water. An aliquot
of 25 ml is passed through a C18 solid-phase extraction cartridge (Sep-Pak Plus
C18), and the analytes are eluted with 2.5 ml mobile phase to be further analyzed
by liquid chromatography. Separation is performed on a 15-cm Nova-Pak C18 (4

m) analytical column, protected with a Symmetry C18 guard column, using a
0.1 M sodium perchlorate/acetonitrile (72 28) mobile phase containing 0.5%
acetic acid, at a flow rate of 1 ml/min. Under these conditions, concentrations as
low as 4 ppb for furaltadone and nitrofurantoin and 5 ppb for furazolidone could
be determined in milk by electrochemical detection.

Draisci et al. (166) quantified and identified furazolidone, nitrofurazone,
and furaltadone residues in chicken eggs and tissues using liquid chromatography
combined with photodiode array and ionspray mass spectrometry. In the sug-
gested method, 10 g homogenized eggs, chicken liver, or muscle is extracted
with 30 ml acetonitrile. After centrifugation, sodium chloride solution (10%, w/
v) is added to the supernatant, and the mixture is partitioned with dichlorometh-
ane. The separated lower organic phase is filtered through anhydrous sodium
sulfate and evaporated to dryness. The residue is reconstituted in acetate buffer,
pH 4.6/methanol/acetonitrile (4 5 1), extracted with n-hexane, and analyzed by
liquid chromatography. Separation is performed on a 15 cm Spherisorb ODS2
S5 (5 m) analytical column protected with a Bondapak C18 guard column,
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using a mobile phase of pH-4 acetate buffer/acetonitrile (79 21), at a flow rate
of 1 ml/min and a column temperature of 25 C. Under these conditions, concentra-
tions as low as 2.5 ppb for furazolidone and nitrofurazone, and 5 ppb for furalta-
done could be determined and tentatively identified in chicken eggs and tissues
using a photodiode array detector at 362 nm and examining the spectra of the
eluted compounds in the wavelength range 220–550 nm. For unequivocal
online identification, nitrofurans separation is performed on a 25 cm Supelcosil
L C18-DB (5 m) analytical column, with a water/acetonitrile (50 50) mobile
phase containing 1 mM ammonium acetate and 0.025% acetic acid, at a flow
rate of 0.6 ml/min and a column temperature of 25 C (Fig. 29.5.2). Under these
conditions, concentrations as low as 3 ppb could be identified using ionspray
mass spectrometric detection operating in the positive-ion chemical ionization
mode.

29.6 QUINOLONES

Quinolone carboxylic acid antibacterials are synthetic compounds whose basic
nuclear structure includes a quinolone ring and a carboxylic acid group. Fluoro-
quinolones are second-generation quinolones that contain in their molecule a
fluorine and a piperazine ring. Quinolones are amphoteric compounds slightly
soluble in polar solvents such as water, and insoluble in nonpolar solvents such
as benzene and hexane. Most of these drugs are fluorescent and are quite stable in
aqueous solution toward light, except miloxacin, which is reported to be unstable.

When analyzing quinolone residues in semisolid food samples such as mus-
cle, kidney, and liver, a pretreatment step for tissue break-up may be required. This
can be accomplished by means of a mincing and/or a homogenizing apparatus. To
achieve better recovery of the analytes, drying of the tissue sample with anhydrous
sodium sulfate prior to its extraction has been recommended (182–188).

Sample extraction and deproteinization is usually accomplished with or-
ganic solvents including ethyl acetate (182–187, 189–192), acetone (193–196),
methanol (177, 197–200), acetonitrile (201, 202), and ethanol (188). To optimize
the extraction efficiency, acidification of the sample has been suggested by many
workers (177, 188, 192, 197–199). In acidic conditions (pH 3), quinolones,
being zwitterions, are fully protonated and, therefore, are becoming less bound
by the matrix and more soluble in organic extraction solvents. Extraction of
quinolones from food samples can also be accomplished using water (203), phos-
phate buffer, pH 9 (204), or trichloroacetic acid (205).

To eliminate or reduce interference and concentrate the analyte(s), the pri-
mary sample extract may further be subjected to various types of cleanup proce-
dures including conventional liquid–liquid partitioning, solid-phase extraction,
matrix solid-phase dispersion, and online dialysis and subsequent trace enrich-
ment (Table 29.6). In most instances, more than one of these procedures is used
in combination to enhance the cleanup efficiency.
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FIG. 29.5.2 HPLC–PDA chromatograms of (A) blank and (B) fortified (20 ppb)
egg control samples and related UV-Vis spectra. Peaks: Nf, nitrofurazone; Fz,
furazolidone; Ft, furaltadone. (Reprinted from Ref. 166, with permission from
Elsevier Science.)
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TABLE 29.6 Physicochemical Methods for Quinolone Antibacterials in Edible Animal Products

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref

SPECTROMETRIC METHODS
Nalidixic acid Chicken Buffer pH 6 addn, 17 — — Fluorometric 100 ppb/ 189,

tissues EtOAc extn, 71–149% 190
alumina column
cleanup, liq–liq
partns,
derivatization
with H2SO4

GAS CHROMATOGRAPHIC METHODS
Oxolinic acid, Fish Buffer pH 6 addn, 25 DB-5, 15 m, Helium PICI-MS 3 ppb/ 191

nalidixic muscle EtOAc extn, capillary 63–116%
acid, liq–liq partns,
piromidic sodium
acid tetrahydroborate

reduction, liq–liq
partns, SPE
cleanup

LIQUID CHROMATOGRAPHIC METHODS
Enrofloxacin Milk, meat ACN extn, liq–liq 5–8 PLRP-S, 5 m, Solvent A: 0.02M Fluorometric, 3–5 ppb/ 201

partns analytical and heptane- ex: 278 86–93%
guard column sulfonate, nm, em:

0.002M H3PO4, 440 nm
Solvent B: ACN
Solvent C:
MeOH
(65 27 8)
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Flumequine Fish H2O extn, 2 CTl Spher C8 0.01M, pH 3.0, Fluorometric, 10 ppb/ 203
muscle purification by KH2PO4/ postcolumn 60–65%

online dialysis MeOH/TEA derivatization
and subsequent (40 60 0.5) with
trace enrichment H2SO4, ex:
on reversed 240 nm,
phase, 40 m, em: 370
preconcn column nm
and switching to
analytical column

Miloxacin Fish Metaphosphoric 7 L-column ODS 0.05M NaH2PO4/ UV 260 nm, or 10 ppb/ 198
muscle acid/MeOH extn, ACN (65 35) fluorometric, 85–88%

SPE cleanup ex: 325
nm, em:
365 nm

Oxolinic acid Catfish MSPD extn/ 6 Versapack C18, 0.05M HOAc/ UV 269 nm 50 ppb/ 206
muscle cleanup 10 m, with MeOH 63–100%

Guard-Pak Gradient from
column (100 0) to

(0 100), at 40 C
Eggs EtOAc extn, liq–liq 7 LiChrospher H2O/ACN/HOAc Fluorometric, 5 ppb/ 192

partn RP-18E, 5 m (72 25 3) ex: 334 65–80%
nm, em:
382 m

Mussel MeOH/oxalic acid 8 LiChropher 100 0.02M H3PO4/ UV 262 nm 12 ppb/ 199
shell extn RP-18E, 5 ACN (76 24), 72 11%

m, analytical pH 2.3
and guard
column

Salmon Na2SO4 addn, 8 Partisil ODS-3, 0.01 oxalic acid/ Fluorometric, 10 ppb/ 183,
muscle EtOAc extn, 5 m ACN/MeOH ex: 327 71–83% 184,

liq–liq partn (60 30 10) nm, em: 185
369 nm

(continued)
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TABLE 29.6 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref

Sarafloxacin Catfish ACN/H20 extn, 16 YMC, ODS, Solvent A: ACN/ Fluorometric, 1.4 ppb/ 202
muscle liq–liq partn 120A, 5 m, MeOH (3 2) ex: 280 84–110%

spherical Solvent B: nm, em:
0.1% TFA 389 nm
Step gradient
from (20 80) to
(90 10)

Flumequine, Fish Na2SO4 addn, 10 ChromSpher C8, 0.035M, pH 2.2, Fluorometric, 5 ppb/ 182
hydroxy- tissues EtOAc extn, SPE 5 m, with RP oxalic acid/ ex: 327 70–91%
flumequine cleanup, or guard column ACN (20 80) nm, em:

liq–liq partn 369 nm
Oxolinic acid, Chicken Acetone extn, 15 PLRP-S, 5 m 0.02M, pH 5.0, Fluorometric, 2.5–5 ppb/ 193

flumequine liver liq–liq partns, Na3PO4/ACN/ ex: 318 94–115%
purification by THF (65 20 15) nm, em:
on-line dialysis 364 nm
and subsequent
trace enrichment
on PLRP-S or
Hypersil ODS
preconcn column
and switching to
analytical column

Fish Na2SO4 addn, 8 LiChrosorb RP- 0.025M, pH 3.2, Fluorometric, 2–5 ppb/ 186
tissues EOAc extn, 8, 5 m oxalic acid/ ex: 327 51–89%

liq–liq partn ACN (68 32) nm, em:
369 nm
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Fish TCA extn, liq–liq 7 PLRP-S, 5 m, 0.02M H3PO4/ Fluorometric, 30–35 ppb/ 205
tissues partn analytical and ACN/THF ex: 325 51–71%

guard column (65 20 15) nm, em:
360 nm

Salmon Buffer, pH9, extn, 4 PLRP-S, 5 m 0.02M H3PO4/ Fluorometric, 2–3 ppb/ 204
muscle purification by ACN/THF ex: 325 NR

online dialysis (75 20 14) nm, em:
and subsequent 365 nm
trace enrichment
on polymeric, 36

m, preconcn
column and
switching to
analytical column

Oxolinic acid, Fish Metaphosphoric 7 Inertsil ODS, 5 0.05M oxalic UV 265 nm 20–50 ppb/ 177
nalidixic muscle acid/MeOH extn, m, with RP- acid/ACN 85–90%
acid, SPE cleanup 8 Newguard (55 45)
piromidic column
acid

Fish Acetone extn, 21 Nucleosil C18, H2O/THF/ACN/ UV 260 nm 20–80 ppb/ 194
muscle liq–liq partns, with RP-2 H3PO4 75–91%

alumina column Spher-10 (69.94 29 1 0.06)
cleanup, liq–liq guard column
partns

Fish Metaphosphoric 8 Kaseisorb LC 0.005M UV 280 nm, 10 ppb/ 197
muscle acid/MeOH extn, ODS 300-5 NaH2PO4/ACN for piromidic 81–89%

SPE cleanup (60 40) acid, and
fluorometric,
ex:
325 nm,
em: 365
nm, for
the rest/
GC-MS for
oxolinic acid

(continued)
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TABLE 29.6 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref

Fish MeOH extn, liq–liq 18 Nucleosil C8, 7 0.1M citric acid/ UV 254 nm, 50 ppb/ 200
muscle partns m MeOH/ACN for oxolinic 83–93%

(40 40 20) and nalidixic
contg 10 mM acid, and
tetrabutyl- 280 nm for
ammonium piromidic
bromide acid

Fish Hexane/EtOAc 8 Nucleosil 3 C18, 0.01M oxalic UV 295 nm 50 ppb/ 187
muscle extn, SPE 3 m acid/ACN/ 74–96%

cleanup MeOH
(60 30 10)

Four Milk EtOH/HOAc extn, 17 Inertsil, phenyl, 2% HOAc/ACN Fluorometric, 5 ppb/ 188
quinolones SPE cleanup 5 m (85 15), at 40 C ex: 278 69–99%

nm, em:
450 nm

Four Catfish Acetone extn, 29 PLRP-S, 5 m 0.02M H3PO4/ Fluorometric, 5 ppb/ 196
quinolones muscle liq–liq partns ACN/THF ex: 325 78–107%

(72 16 12), at nm, em:
46 C 365 nm/

GC-MS
Four Salmon Acetone extn, 29 PLRP-S, 5 m 0.02M H3PO4/ Fluorometric, 10–20 ppb/ 195

quinolones and liq–liq partns ACN/THF ex: 325 64–108%
shrimp (72 16 12), at nm, em:
muscle 46 C 365 nm/

GC-MS

Abbreviations as in Tables 29.1 and 29.3.
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Liquid–liquid partitioning is intended either to extract the drugs from an
organic solvent into an aqueous solution or to wash out interfering substances
from organic or aqueous solutions. In general, quinolones are extracted from
chloroform or ethyl acetate sample extracts into alkaline buffers, to then be back-
extracted into chloroform or ethyl acetate at acidic conditions (191, 195, 196,
200). Occasionally, sodium chloride may be added to the sample extracts in order
to increase the extraction efficiency of ethyl acetate or chloroform (193–196,
200). To remove lipids, sample extracts are often also partitioned with n-hexane
(183–186, 193–196, 202, 204), or diethyl ether (189, 190, 201).

Cleanup and concentration of quinolones from coextracted matrix constitu-
ents can also be accomplished with solid-phase extraction columns that contain
either nonpolar reversed-phase (C18) sorbents (177, 197, 198), or polar sorbents
such as alumina (189–191, 194), aminopropyl (182, 187), and propylsulfonic
acid (188). Reversed-phase C18 material has also been employed as the sorbent
in matrix solid-phase dispersion cleanup for the determination of oxolinic acid
in catfish muscle (206).

Online dialysis and subsequent trace enrichment has been further described
for isolation/purification of flumequine residues from fish muscle (203), or oxo-
linic acid and flumequine from chicken liver (193) and salmon muscle (204).
This involves online purification by diphasic dialysis membrane and trapping of
the analytes onto a liquid chromatographic preconcentration column (reversed-
phase C18 or polymeric), rinsing of the coextracted materials to waste, and finally
flushing of the concentrated analytes onto the analytical column.

Following their extraction and cleanup, residues of quinolone antibiotics
in sample extracts can be determined by either direct nonchromatographic meth-
ods, or gas or liquid chromatographic methods. Spectrophotometric, fluorometric,
or mass spectrometric detection systems have all been successfully used in quino-
lone analysis (Table 29.6).

A direct spectrometric method for screening nalidixic acid in chicken tissues
(189, 190) has been reported. This method was based on fluorometric detection
after derivatization of the analyte with sulfuric acid. The major drawback of this
method is that it cannot differentiate among the various quinolones, it is less
sensitive than the screening tests usually employed for regulatory purposes, and
it is complicated by the necessity for derivatization.

A gas-chromatographic mass-spectrometric method has also been described
for determination of oxolinic, nalidixic, and piromidic acids in fish muscle (191).
However, this method is rather complicated due to the need for derivatization
(reduction) with sodium tetrahydroborate.

At present, liquid chromatography is the method of choice for determining
residues of quinolone antibacterials in edible animal products (Table 29.6). Sepa-
ration is generally carried out on nonpolar reversed-phase columns containing
octadecyl, octyl, phenyl, or polymeric sorbents. Either methanol or acetonitrile

Copyright © 2001 Marcel Dekker, Inc.



958 Chapter 29

may be used as organic modifiers in the mobile phases. Adjusting the mobile
phase pH at a value lower than 3.0, the ionization of the carboxylate moiety, of
the analytes is suppressed, and although increased retention and improved separa-
tion are effected, tailing chromatographic peaks are generally recorded. However,
this phenomenon can be prevented by addition to the mobile phase of counter
ions (201, 203), or oxalic acid (177, 182–187).

In liquid chromatographic analysis of quinolone antibacterials, most popu-
lar is the fluorometric detector due to the inherent fluorescence of these drugs
and the advantages in terms of selectivity and sensitivity that this detector offers
(Table 29.6). Fluorometric detection after postcolumn derivatization with sulfuric
acid has also been reported (203). However, quinolones exhibit also remarkable
ultraviolet absorption and are therefore ideal for direct determination without
derivatization. Detection can be performed in the wavelength range of 254–295
nm.

Confirmation of the identity of the suspected liquid chromatographic peaks
in quinolone analysis can be made by converting the analytes to the corresponding
decarboxylated derivatives and analyzing them by gas chromatography–mass
spectrometry (195, 196). Most promising screening and even confirmatory meth-
ods in terms of simplicity, selectivity, and sensitivity, are those described by
Munns et al. (196), Roybal et al. (188), and Eng et al. (193).

Munns et al. (196) described a multiresidue liquid chromatographic method
for the determination of flumequine, oxolinic acid, nalidixic acid, and piromidic
acid in catfish muscle. According to this method, 10 g homogenized muscle is
extracted twice with 50 ml acetone. Following centrifugation, the supernatant is
diluted with 15 ml n-propanol, concentrated in a rotary evaporator to approxi-
mately 15 ml and, after addition of acetone and 3% sodium chloride solution,
the mixture is defatted with hexane. Quinolones are extracted into chloroform,
repartitioned into 0.1 M sodium hydroxide, and, following pH adjustment at 6,
the drugs are back-extracted into chloroform. The extract is evaporated to dryness,
and the residue is reconstituted in 1 ml mobile phase to be further analyzed by
liquid chromatography. Separation is performed on a 15 cm PLRP-S (5 m)
analytical column with a pH 6 mobile phase of 0.02M phosphoric acid/
acetonitrile/tetrahydrofuran (72 16 12), at a flow-rate of 1 ml/min and a column
temperature of 46 C (Fig. 29.6.1). Under these conditions, concentrations as low
as 5 ppb could be readily determined in catfish muscle by fluorometric detection
(325 nm for excitation and 365 nm for emission). The presence of flumequine,
oxolinic acid, and nalidixic acid in the suspected samples could be confirmed by
analyzing the decarboxylated quinolones by gas chromatography–mass spectrom-
etry.

Roybal et al. (188) developed another liquid chromatographic method for
the determination of enrofloxacin, ciprofloxacin, sarafloxacin, and difloxacin in
milk. In this method, a 5 ml milk sample is extracted twice with a mixture of
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FIG. 29.6.1 Chromatograms obtained with UV and fluorescence detection from
analysis of catfish tissue containing incurred quinolones. (Reprinted from Ref.
196. Copyright, (1995), by AOAC INTERNATIONAL.)
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FIG. 29.6.2 Typical chromatograms of 10 ppb quinolones standard solution
(A), a blank milk sample (B), and a milk sample (C) fortified with 20 ppb ciproflox-
acin (1), enrofloxacin (2), sarafloxacin (3), and difloxacin (4). (Reprinted from
Ref. 188. Copyright, (1997), by AOAC INTERNATIONAL.)

ethanol and 1% acetic acid (99 1) in the presence of sodium sulfate. Following
centrifugation, the supernatant is diluted with 1% acetic acid to then be applied to
a propylsulfonic acid solid-phase extraction column (Bond Elut LRC). Following
successive column washing with methanol, water, and methanol, fluoroquino-
lones are eluted with 25% ammonium hydroxide in methanol, and the eluate is
evaporated to dryness. The residue is reconstituted in 2 ml 1% acetic acid to be
further analyzed by liquid chromatography. Separation is performed on a 15 cm
Inertsil, phenyl (5 m) analytical column, with a mobile phase of 2% acetic acid/
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acetonitrile (85 15), at a flow-rate of 1.0 ml/min and a column temperature of
40 C (Fig. 29.6.2). Under these conditions, concentrations as low as 5 ppb could
be determined using fluorescence detection (275 nm for excitation and 450 nm
for emission).

A different approach based on online dialysis was followed by Eng et al.
(193) in the liquid chromatographic determination of flumequine and oxolinic
acid in chicken liver. According to this method, 1 g of homogenized liver tissue
is extracted twice with 5 ml acetone. After centrifugation, the supernatant is
diluted with acetone and 3% sodium chloride solution, and the mixture is defatted
with hexane. Quinolones are extracted into chloroform, and repartitioned into pH
9.0 phosphate buffer. An aliquot of the phosphate buffer is transferred to an
autosampler vial for on-line dialysis using an Mr 15000 MWCO Cuprophan (cellu-
lose acetate) membrane and an automated column switching system. The extract
is further purified on-line by loading the dialyzate onto a trace enrichment precon-
centration column (PLRP-S or Hypersil ODS). Following column washing with
a 0.02 M, pH 5.0, phosphate buffer, the trapped analytes are injected into the
analytical column (PLRP-S, 5 m) and analyzed under the conditions shown in
Table 29.6. Concentrations as low as 5 ppb for flumequine and 2.5 ppb for
oxolinic acid could be readily determined using fluorescence detection (318 nm
for excitation and 364 nm for emission).

29.7 SULFONAMIDES AND DIAMINOPYRIMIDINE
POTENTIATORS

Sulfonamides are synthetic compounds whose common chemical nucleus, which
is essential for the exhibited antibacterial activity, comes from sulfanilamide,
the simpler member of the sulfonamide group. In this nucleus, the sulfonamide
( SO2NH2 ) nitrogen has been designated as N1, and the amino ( NH2) nitro-
gen as N4. Most sulfonamides have been synthesized by chemical substitution at
the N1 position since substitution at the N4 position results, with certain excep-
tions, in compounds with greatly reduced antibacterial activity compared to their
unsubstituted counterparts.

Parent sulfonamides are relatively insoluble in water but their sodium salts
have greater water solubility than the parent compounds and are commonly in-
cluded in commercial preparations. These drugs have good solubility in polar
solvents such as ethanol, acetone, acetonitrile, chloroform, dichloromethane, and
ethyl acetate but are relatively insoluble in nonpolar solvents. They show large
variations in polarity and exhibit amphoteric properties due to the acidic N–H
linkage adjacent to the sulfonyl group and the basic character of the para-NH2

group. These amphoteric properties are both a help and a hindrance in extraction
and cleanup processes due to a dramatic pH-dependent variation of their partition
coefficients between aqueous and organic solvents in the 7–9 pH range.
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Before the extraction procedure may commence, the sample must be pre-
pared in such a way that it is in a condition for extraction of the analyte(s). For
analyzing sulfonamide residues in liquid samples such as milk, a pretreatment
dilution step with water prior to direct fluorometric detection may be required
(207). Dilution of milk with aqueous buffer (208) or sodium chloride solution
(209) prior to sample cleanup has also been reported. For the analysis of honey
a simple dissolution of the sample in water (210, 211) or aqueous buffer (212) is
generally required. Semisolid samples such as muscle, kidney, and liver, require,
however, more intensive sample pretreatment. The analyte(s) must be exposed
to extracting solvents to ensure maximum extraction. The most popular approach
for tissue break-up is through use of a mincing and/or homogenizing apparatus.
Lyophilization (freeze-drying) of swine kidney has been carried out prior to super-
critical-fluid extraction of trimethoprim residues (213).

Extraction of sulfonamides and diaminopyrimidine potentiators from edible
animal products should render the bound residues soluble, remove most or all of
the proteins, and provide high yields for all analytes. Sample extraction/deprotei-
nization is traditionally accomplished with polar solvents including acidic aque-
ous solutions (211, 214–222), acetonitrile (56, 223–232), chloroform (233–240),
ethyl acetate (29, 241–244), dichloromethane (204, 242, 245–247), acetone (194,
248, 249), or various combinations of them. Use of dichloromethane at pH 10
in the presence of an ion-pairing reagent (tetrabutylammonium) has also been
reported to work extremely well in the extraction of sulfadimethoxine and ormeto-
prim residues from catfish muscle (250) and animal tissues (251). Anhydrous
sodium sulfate may be added to dehydrate tissue samples to permit better exposure
of the matrix to the solvent.

The aqueous or organic extract obtained at this point may be a very dilute
solution containing interfering compounds and making it difficult to determine
trace level concentrations of the analyte(s) of interest. To reduce interferences
and concentrate the analyte(s), the primary sample extract is further subjected to
various types of sample cleanup procedures such as conventional liquid–liquid
partitioning, solid-phase extraction, matrix solid-phase dispersion, online trace
enrichment, liquid chromatography, online dialysis and subsequent trace enrich-
ment, and supercritical fluid extraction. In most cases some of these procedures
are used in combination to obtain highly purified extracts.

Liquid–liquid partitioning has been used for many years for the purification
of sulfonamides and diaminopyrimidine potentiators. When partitioning from an
organic into an aqueous phase, the adjustment of the pH of the aqueous phase
is critical to obtain quantitative recoveries. Sulfonamides are generally extracted
from the primary organic sample extract into strong acidic (238, 239, 242, 249,
252–254) or basic (241, 248, 255) aqueous solutions. For better sample cleanup,
back-extraction of the analyte(s) into dichloromethane (241, 253, 254), or ethyl
acetate (256), after pH adjustment of the aqueous phase at values between 5.1
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and 5.6 has also been reported. As an alternative, ion-pair extraction of sulfon-
amides into dichloromethane may be used; adjusting the pH of the aqueous extract
at 10 (255) or 11 (257) and using tetrabutylammonium as pairing ion, the formed
sulfonamides ion-pairs could be readily extracted into dichloromethane. To re-
move lipids, sample extracts have often been partitioned with n-hexane or diethyl
ether.

Removing proteins and other matrix constituents can also be accomplished
with solid-phase extraction procedure, which is more suited to multiresidue analy-
sis. This procedure has become the method of choice in many laboratories for
the isolation and/or cleanup of sulfonamides from biological matrices. It is partic-
ularly advantageous because it requires low solvent usage, is generally less time-
consuming and less labor-intensive, and has a variety of special properties that
allow better extraction of these hydrophobic compounds. Cleanup and concentra-
tion of sulfonamides from coextracted substances have been accomplished with
nonpolar materials, such as reversed-phase (C18 or C8) (177, 216, 222, 233, 237,
258–260) sorbents, since they provide high recovery of the analytes. However,
in many cases, cleanup on these nonpolar materials seems not to be effective in
removing interfering substances from the sample extract. Therefore, polar sor-
bents such as silica (29, 204, 224, 256, 261), alumina (194, 208, 210, 225, 227,
229, 257, 259, 262), or Florisil (247), and ion exchange sorbents (210, 218, 244,
258, 259, 261–263), have been reported to be a more powerful approach for the
isolation and/or cleanup of these compounds. In some cases, combination of the
above mentioned sorbents to obtain highly purified extracts has been reported
(208, 210, 259, 261, 262).

In contrast to the solid-phase extraction approach, only nonpolar C18-deriva-
tized silica has been used as the sorbent in matrix solid-phase dispersion tech-
nique. This technique, which simplifies the overall methodology and removes
most of the interfering compounds from milk and tissues, has been successfully
applied in the determination of sulfonamides in fish muscle (264–267), bovine
and swine muscle (66, 268, 269), and milk (270).

Online trace enrichment has also been described for the isolation/purifica-
tion of nine sulfonamides residues from milk (221). This technique involved
trapping of the analyte onto an LC preconcentration column (Brownlee RP-18,
10 m), rinsing of coretained material to waste, and flushing of the concentrated
analytes onto the analytical column. In another approach, combination of online
liquid chromatographic cleanup on Progel-TSK gel-permeation column with on-
line trace enrichment on PLRP-S preconcentration column was successfully em-
ployed in the determination of sulfadimethoxine, sulfamethoxazole, and trimetho-
prim in swine tissues (214, 215). Online liquid chromatographic cleanup on
Supelcosil LC-18-DB column for the isolation/purification of sulfamethazine resi-
dues from swine tissues has also been reported (223). This approach involved
loading of the sample extract onto the reversed-phase column, elution with a
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suitable mobile phase, collection of predetermined fraction of the chromato-
graphic effluent containing the analyte, and reanalysis by gas chromatography.

Online dialysis followed by trace enrichment of the analytes can also be
employed for the determination of sulfonamides in foods of animal origin. The
efficiency of this technique has been demonstrated in a method for the determina-
tion of 13 sulfonamides in meat, milk, and eggs (209). This method involved on-
line isolation of the analytes through use of a flat cellulose membrane, loading
of the aqueous dialysate containing sulfonamides onto a liquid chromatographic
preconcentration column (Bondapak C18/Corasil, 37–50 m, or XAD-2 or XAD-
4, 50–100 m, or Perisorb RP-2, 30–40 m), rinsing of the coextracted material
to waste, and flushing of the concentrated analytes onto the analytical column.

Supercritical fluid extraction has been used for the isolation/cleanup of
trimethoprim, along with three steroid hormones, from swine kidney (213). Dur-
ing the period of extraction with unmodified CO2, the extracted drugs are strongly
retained at the inlet of the column, while the majority of extracted endogenous
components are eluted rapidly and directed to waste. The drugs and more polar
endogenous components are then eluted by adding modifier to the mobile phase.
This technique, however, needs further optimization to achieve sufficiently low
detection limits.

Following their extraction and cleanup, residues of sulfonamides and diami-
nopyrimidine potentiators in sample extracts can be detected by direct nonchro-
matographic methods, or thin-layer, gas, liquid, or supercritical fluid chromato-
graphic methods (Table 29.7).

Direct nonchromatographic methods using photometric detection at 540 or
545 nm after derivatization with N-(1-naphthyl)ethylenediamine (Bratton-Mar-
shall reagent) have been reported for screening of sulfamethazine in bovine tissues
(252) and milk (262), and sulfathiazole in honey (210). In a different approach,
Salinas et al. (212) described a fourth-derivative spectrophotometric method for
the determination of sulfathiazole in honey. Fluorometric detection for screening
for sulfacetamide and sulfaquanidine residues in milk extracts has also been de-
scribed (207). Although useful, these methods cannot differentiate among individ-
ual sulfonamides.

Supercritical-fluid chromatography has been applied by Ramsey et al. (213)
for the determination of trimethoprim, along with three steroid hormones, in
swine kidney. Separation was performed on a Spherisorb 5 amino-bonded column,
using carbon dioxide with methanol modifier as the mobile phase. Detection at
levels greater than 10 ppm was accomplished by tandem mass spectrometry using
thermospray interface. However, this method lacks the sensitivity required to
detect the low ppb levels likely to occur in milk and tissues.

In thin-layer chromatographic methods, sulfonamide residues were first
separated on commercially available silica gel plates using various solvent mix-
tures as mobile phase, and subsequently detected by fluorometry after spraying
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TABLE 29.7 Physicochemical Methods for Sulfonamides and Diaminopyrimidine Potentiators in Edible Animal
Products

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

SPECTROMETRIC METHODS
Sulfamethazine Bovine CHCl3/acetone 18 — — Vis 545 nm 100 ppb/ 252

tissues extn, liq–liq 70–97%
partns,
derivatization
with N-(1-
naphthyl)-
ethylenediamine

Sulfathiazole Honey H2O diln, tandem 14 — — Vis 540 nm 1 ppm/ 210
alumina and AG 76–98%
MP-1 column
cleanup,
derivatization
with N-(1-
naphthyl)-
ethylenediamine

Honey Acetate buffer, pH 1 — — Fourth- 3 ppm/ 212
3.8, diln derivative 81–113%

spectro-
photometry

Sulfacetamide, Milk H2O diln 1 — — Fluorometric, 20–100 ppb/ 207
sulfaguanidine ex: 260 90–102%

nm, em:
345 nm

(continued)
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TABLE 29.7 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Sulfamethazine, Milk Tandem 10 — — Vis 540 nm 0.5 ppb/ 262
N4-acetyl- chromosorb 102, 80–90%
sulfamethazine buffered anion-

exchange resins,
and alumina
column cleanup,
derivatization
with N-(1-
naphthyl)-
ethylenediamine

THIN-LAYER CHROMATOGRAPHIC METHODS
Sulfamethazine Milk Buffer, pH 5.7, diln, 16 HPTLC Silica gel EtOAc/ Fluorometric, 0.5 ppb/ 208

SPE cleanup, toluene after 88–103%
tandem alumina fluorescamine
and AG MP-1 derivatization
column cleanup

Swine H2O extn, SPE 18 HPTLC Silica gel EtOAc/ Fluorometric, 2 ppb/ 259
muscle cleanup, tandem toluene after 84–114%

alumina and AG fluorescamine
MP-1 column derivatization
cleanup

Sulfathiazole Honey DCM extn 4 Silica gel CHCl3/PeOH Fluorometric, 20 ppb/ 245
after 98%
fluorescamine
derivatization

H2O diln, tandem 14 HPTLC Silica gel PrOH/NH4OH Vis, after N- 100 ppb/ 210
alumina and AG (1-naphthyl)- 76–96%
MP-1 column ethylene-
cleanup diamine

derivatization
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Sulfa- Chicken CHCL3/EtOAc extn, 13 Silica gel G CHCl3/ Vis, after N- 100 ppb/ 257
dimethoxine, liver SPE cleanup, EtOAc/ (1-naphthyl)- 64–78%
sulfaquinoxaline liq–liq partn, MeOH ethylene-

ion-pair extn diamine
derivatization

Sulfamethazine, Swine CHCl3/EtOAc extn, 8 Silica gel G EtOAc/MeOH Vis, after N- 20 ppb/ 255
sulfathiazole liver liq–liq partn, (1-naphthyl)- 38–55%

ion-pair extn ethylene-
diamine
derivatization

Four Muscle EtOAc extn, SPE 10 HPTLC Silica gel EtOAc/ UV-Vis, after 100 ppb/ 29
sulfonamides cleanup hexane fluorescamine NR

derivatization
Five Animal DCM extn, SPE 10 HPTLC Silica gel CHCl3/BuOH UV-Vis after 50 ppb/ 246

sulfonamides tissues cleanup fluorescamine NR
derivatization

Five Animal EtOAc extn, liq–liq 11 Silica gel CHCl3/BuOH Fluorometric, 100 ppb/ 241
sulfonamides tissues partns after 79–107%

fluorescamine
derivatization

Five Salmon MSPD extn/ 7 HPTLC Silica gel EtOAc/ Fluorometric, 40–100 ppb/ 264
sulfonamides muscle cleanup BuOH/ after 45–76%

MeOH/ fluorescamine
NH3(30%) derivatization

GAS CHROMATOGRAPHIC METHODS
Sulfamethazine Swine CHCl3/acetone 23 Gas-Chrom Q Helium SIM-MS 50 ppb/ 253

tissues extn, liq–liq with 3% NR
partns, CH2N2 OV-17
methylation

(continued)
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TABLE 29.7 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Swine CHCl3/acetone 29 DB-5MS, 15 m, Helium PICI-EI-MS 50 ppb/ 261
tissues extn, two SPE capillary 91–114%

cleanups, liq–liq
partns, CH2N2

methylation and
MSTFA silylation

Swine ACN/Na2SO4 extn, 11 DB-5, 15 m, Helium EI-MS 1–5 ppb/ 223
tissues liq–liq partn, LC capillary NR

purification on
Supelcosil LC-
18-DB column,
CH2N2

methylation
Sulfamethazine Swine and CHCl3/acetone 16 Gas-Chrom Q Nitrogen or ECD/PICI-MS 10 ppb/ 254

and bovine extn, liq–liq with 5% OV-7 argon/methane 75–117%
metabolites tissues partns, CH2N2

methylation
Four Bovine CHCl3/acetone 16 Gas-Chrom Q Argon/methane ECD/PICI- 100 ppb/ 271

sulfonamides and extn, liq–liq with 5% OV-7 MS-MS 50–145%
swine partns, CH2N2

liver methylation
Six Animal ACN extn, SPE 25 DB-5, 15 m, Helium PICI-MS 10–50 ppb/ 224

sulfonamides tissues, cleanup, CH2N2 capillary 59–107%
eggs methylation,

silica gel column
cleanup, liq–liq
partn
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Thirteen Animal Acetone extn, 41 DB-5, 30 m, Helium PPINICI-EI- Low sub- 256
sulfonamides tissues liq–liq partns, capillary, MS ppb

silica gel 60 coated with level
column cleanup, methyl-5%
liq–liq partn, phenylsilicone
CH2N2

methylation
followed by
acylation with N-
methyl-
bis(trifluoroacetamide),
SPE cleanup

LIQUID CHROMATOGRAPHIC METHODS
SulfadimethoxineCatfish MSPD extn/ 8 Micro Pak ODS, 0.017M H3PO4/ UV 270 nm/ 50 ppb/ 265

muscle cleanup 10 m ACN (65 35), at PDA (200– 95–106%
40 C 350 nm)

Salmon Acetone extn, 9 Supelcosil LC- H2O/ACN (65 35), UV 265 nm/ 25 ppb/ 248
muscle liq–liq partn, 18-DB, 5 m contg 0.1% PDA (200– 60%

freeze-drying formic acid 340 nm),
concn MS-ISP

Sulfamethazine Animal CHCl3 extn, liq–liq 10 Spherisorb C18 0.05M NaH2PO4/ UV 265 nm 2 ppb/ 233
tissue partn, SPE ODS, 5 m MeOH (70 30) 84–96%

cleanup
Fish DCM extn, SPE 5 ChromSpher C8 0.01M, pH 6.8, UV 280 nm 10 ppb/ 204

muscle cleanup acetate buffer/ 75–82%
ACN (90 10)

(continued)
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TABLE 29.7 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Milk CHCl3 extn, liq–liq 5 Supelcosil LC- 0.1M KH2PO4/ UV 265 nm/ 5 ppb/ 234,
partn 18-DB, 5 m, MeOH (70 30), GC-PICI- 69–88% 235

analytical and at 35 C MS
guard column

Sulfathiazole Honey Acetone extn, 7 Bondapak Phosp. buffer, pH UV 254 nm 60 ppb/ 249
liq–liq partn phenyl 3.0/ACN 51–95%

(90 10)
Sulfisomidine Swine ACN extn, liq–liq 11 Nucleosil 5 C18 0.01M, pH 5.6, UV 270 nm/ 10 ppb/ 225

tissues partn, alumina phosp. buffer/ PDA 83–91%
column cleanup ACN (92 8), at

30 C
Trimethoprim Bovine CHCl3/acetone 9 Partisil 5 ODS 3 H2O/ACN/HOAc PICI-MS- 25 ppb/ 277

tissues extn, liq–liq (73.7 25 1.3), TSP 60–79%
partn contg 50 mM

ammonium
acetate, at
45 C

Meat, milk Buffer, pH 3, 8–10 Nova-Pak C18, 4 0.005M, pH 3, UV 229 and 5–15 ppb/ 216
(meat), or m phosp. buffer 280 nm 73–98%
McIlvaine buffer contg 5 mM
(milk) extn, SPE pentanesulfonic
cleanup acid/ACN

(87.5 12.5)

Copyright © 2001 Marcel Dekker, Inc.



971
P

h
ysico

ch
em

ical
M

eth
o

d
s

Swine Acetate buffer 5 Supelcosil LC- 0.05M acetate UV 240 nm 15–25 ppb/ 215
tissues extn, online 18-DB, with buffer, contg 67–82%

cleanup on RP guard 0.2% TEA, pH
Progel-TSK gel- column 6.0/ACN
permeation (85 15), at 30 C
column, trace
enrichment on
PLRP-S, 15–25

m, preconcn
column and
switching to
analytical column

Sulfadiazine, Milk CHCl3 extn 4 Merck RP-C2, H2O/MeOH Electro- 10 ppb/ 236
sulfamethazine 10 m (75 25) and chemical 94–110%

(60 40), contg
0.01M LiClO4

Sulfadi- Catfish MSPD extn/ 10 Hypersil ODS, 5 0.017M H3PO4/ UV 265 nm/ 26 ppb/ 266
methoxine, muscle cleanup m ACN (71 29) PDA (210– 97–126%
N4-acetyl- 320 nm)
sulfadimethoxine

Sulfamethazine, Animal Metaphosphoric 7 Superspher RP- 0.05M NaH2PO4/ UV 275 nm/ 20 ppb/ 260
N4-acetyl- tissues acid/MeOH extn, 18e ACN (80 20) PDA (220– 90–94%
sulfamethazine SPE cleanup 340 nm)

(continued)
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TABLE 29.7 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Sulfadi- Animal Ion pair/DCM extn 4 Porasil Silica CHCl3/MeOH/ UV 288 nm 50 ppb/ 251
methoxine, tissues H2O/conc 72–128%
ormetoprim NH4OH

(1000 28 2 05.5)
for chicken, and
(1000 28 2 0.6)
for bovine and
catfish tissues

Catfish Ion pair/DCM extn 5 Porasil Silica CHCl3/MeOH/ UV 288 nm 50 ppb/ 250
muscle H2O/conc 85–127%

NH4OH
(2000 56 4 1.2),
at 30 C

Sulfadiazine, Chicken DCM (kidney, liver, 5 LiChrospher 0.01M KH2PO4/ UV 270 nm 50 ppb/ 242
trimethoprim tissues skin, fat), or RP-18, 5 m, ACN 60–85%

EtOAc (muscle) analytical and Gradient from
extn, liq–liq guard column (92 8) to
partn (70 30)

Fish TCA/acetone/DCM 10 Supelcosil LC- 0.025M, pH 2.8, UV 270 nm 30–160 ppb/ 275
tissues extn, liq–liq 18-DB, 5 m, phosp. buffer, 60–102%

partn analytical and contg 20 mM
guard column hexane-

sulfonate/ACN
contg 0.1%
TEA (80 20)
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Sulfadi- Animal CHCl3 extn, liq–liq 16 Spherisorb C18 0.05M NaH2PO4/ UV 265 nm/ 10–20 ppb/ 237
methoxine, tissues partn, SPE ODS, 5 m ACN (72 28) MS-TSP 75–84%
sulfamethazine cleanup

Sulfadi- Swine Acetate buffer 6 Supelcosil LC- 0.05M, pH 6.0, UV 270 nm 10–25 ppb/ 214,
methoxine, tissues extn, heat 18-DB, with acetate buffer/ 63–85% 215
sulfa- deprtn, on-line RP guard ACN (85 15), at
methoxazole cleanup on column 30 C, for

Progel-TSK gel- sulfadimethoxine,
permeation and 0.05M, pH
column, trace 4.6, acetate
enrichment on buffer/ACN
PLRP-S, 15–25 (80 20), at

m, preconcn 30 C, for sulfa-
column and methoxazole
switching to
analytical column

Sulfanilamide, Animal ACN extn, liq–liq 11 Nucleosil 5 SA, 0.05M, pH 2.0, Fluorometric, 10–100 ppb/ 226
sulfaguanidine tissues, partns 5 m phosp. buffer/ ex: 275 62–80%

eggs, MeOH (85 15) nm, em:
milk 340 nm/

on-line
UV 275
nm

Sulfaquinoxaline, Chicken ACN extn, liq–liq 16 L-column ODS 0.01M, pH 5.0, UV 270 nm 3 ppb/ 227
N4-acetyl- tissues partns, alumina phosp. buffer/ 84–104%
sulfaquinoxaline, column cleanup ACN (79 21), at

40 C

(continued)
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TABLE 29.7 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Sulfamono- Fish Metaphosphoric 7 Inertsil ODS, 5 0.005M oxalic UV 265 nm 50 ppb/ 177
methoxine, muscle acid/MeOH extn, m, with RP- acid/ACN 80–89%
sulfadi- SPE cleanup 8 New-guard (55 45)
methoxine, column
sulfisozole

Four Chicken CHCl3 extn, liq–liq 7 Nucleosil 120 0.02M, pH 4.0, Fluorometric, 3–40ppb/ 238
sulfonamides muscle partn, precolumn C18, 5 m phosp. buffer/ ex: 405 78–92%

derivatization ACN (66 34), nm, em:
with contg 20 mM 495 nm
fluorescamine octanesulfonate,

at 30 LC
Four Fish Acetone extn, 21 Nucleosil C18, H2O/THF/ACN/ UV 260 nm 40–60 ppb/ 194

sulfonamides muscle liq–liq partns, with RP-2 H3PO4 71–92%
alumina column Spher-10 (69,94 29 1 0.06)
cleanup, liq–liq guard column
partns

Four Swine ACN extn, liq–liq 11 Nova-Pak C18, 0.01M KH2PO4/ Fluorometric, NR/ 228
sulfonamides tissues partn, precolumn 10 m ACN (70 30) ex: 390 59–97%

derivatization nm, em:
with 475 nm
fluorescamine
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Five Bovine MSPD extn/ 10 Nova-pak C18, 4 0.01M, pH 5, UV 263 nm/ 10 ppb/ 268
sulfonamides and cleanup m, with acetate buffer/ PDA (220– 37–85%

swine Bondapak ACN 367 nm)
muscle C18, 6–12 m, Gradient from

guard column (100 0) to
(60 40)

Five Chicken ACN extn, liq–liq 11 Nucleosil 5 C18 0.01M, pH 5.9, UV 270 nm 20–50 ppb/ 229
sulfonamides tissues partn, alumina phosp. buffer/ 79–103%

column cleanup ACN (85 15)
Five Eggs, ACN extn, liq–liq 11 MOS-Hypersil, 3 0.01M, pH 4.6, UV 275 nm 100 ppb/ 56

sulfonamides milk, partns m, analytical acetate buffer/ 70–94%
meat and guard ACN (75 25)

column
Five Eggs, TCA extn 5 Spherisorb C18 H2O/ACN Fluorometric, 27–340 ppb/ 219

sulfonamides milk, ODS2, 5 m, Isocratic (97 3) postcolumn 95%
trout analytical and for 5 min and derivatization
muscle guard column gradient to with OPA,

(60 40) ex: 302
nm, em:
412 nm

Five Eggs, H2O diln (honey), 2–5 Spherisorb C18 H2O/ACN UV 260 nm 30–80 211
sulfonamides milk, TCA extn (eggs, ODS2, 5 m, Isocratic (97 3) ppb/

honey milk) analytical and for 5 min and 90–110%
guard column gradient to

(60 40)

(continued)
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TABLE 29.7 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Five Salmon MSPD extn/ 10 Supelcosil LC- 0.01M, pH 5.5, UV 270 nm/ 48–228 ppb/ 267
sulfonamides muscle cleanup 18-DB, 5 m acetate buffer/ PDA (250– 66–82%

ACN 290 nm)
Gradient from
(82 18) to
(20 80)

Five Swine CHCl3/acetone 13 CP Spher C8, 8 0.01M, pH 4.6, UV 254 nm 50 ppb/ 263
sulfonamides tissues extn, SPE m, with acetate buffer/ 82–96%

cleanup Chrompack ACN (70 30)
RP guard
column

Six Milk ACN extn, 9 Nova-Pak C18, 0.01M KH2PO4/ Fluorometric, 1 ppb/ 230
sulfonamides precolumn 10 m ACN (70 30) ex: 390 63–107%

derivatization nm, em:
with 475 nm
fluorescamine

Six Animal CHCl3/acetone 17 Bondapak C18, Solvent A: 1% Vis 450 nm, 20 ppb/ 276
sulfonamides tissues extn, liq–liq 10 m, with HOAc Solvent postcolumn 71–104%

partns Brownlee RP B: ACN/H2O derivatization
18, 7 m, (80 20) with DMBA/
guard column Gradient from GC-SIM-MS

(90 10) to
(60 40)
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Six Meat EtOAc extn 5 Microspher C18, 0.05M MS-MS-TSP 2–10 ppb/ 243
sulfonamides 3 m ammonium 40–70%

acetate/MeOH
(77 23)

Eight Meat MSPD extn/ 5 Spherisorb C18 Solvent A: 0.01M, UV 275 and 3.5–66 ppb/ 66
Sulfonamides cleanup ODS2, 5 m pH 5.2, acetate 365 nm/ 39–90%

buffer PDA (200–
Solvent B: 450 nm)
ACN/MeOH
(70 30)
Gradient from
(86 14) to
(46 54), at 35 C

Eight Meat, CHCl3 extn, liq–liq 7 Chemcosorb 5- 2% HOAc/ACN Fluorometric, ?/ 239
sulfonamides meat partn, precolumn ODS-H, 5 m (62.5 37.5), at ex: 405 78–107%

products derivatization 55 C nm, em:
with 495 nm
fluorescamine

Eight Milk HCl extn, 7 Inertsil ODS–2, 2% HOAc/ACN Fluorometric, 2.5–10 ppb/ 217
sulfonamides precolumn 5 m (62.5 37.5), at ex: 405 94–116%

derivatization 55C nm, em:
with 495 nm
fluorescamine

Eight Milk Oxalic acid extn, 12 Superspher 100 0.01M, pH 4.6, UV 275 nm 5–10 ppb/ 218
sulfonamides SPE cleanup RP-18 acetate buffer/ 62–85%

ACN/MeOH
(78 17 15), at
25 C

(continued)
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TABLE 29.7 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Eight Milk MSPD extn/ 8 Supelcosil LC- 0.017M H3PO4/ UV 270 nm/ 31–62 ppb/ 270
sulfonamides cleanup 18, 3 m ACN (90 10), at PDA (200– 73–94%

45 C 350 nm)
Eight Milk CHCl3/acetone 10 Octadecyldi- 0.1M KH2PO4/ UV 265 nm 5–20 ppb/ 220

sulfonamides extn, liq–liq methylsilyl, 5 MeOH (88 12) 55–87%
partn m, analytical or (70 30), at

and guard 35 C
column

Eight Swine MSPD extn/ 8 Varian MCH-10, 0.017M H3PO4/ UV 270 nm/ 31–62 ppb/ 269
sulfonamides muscle cleanup 10 m ACN (70 30), at PDA (200– 70–96%

40 C 350 nm)
Nine Milk HCl extn, liq–liq 11 Spherisorb Solvent A: 0.1M UV 254 nm 10 ppb/ 221

sulfonamides partns, online ODS-2, 5 m acetate buffer online with NR
trace enrichment (1% formic MS–TSP
on Brownlee RP- acid)
18, 10 m, Solvent B:
preconcn column ACN/H2O
and switching to (70 30) contg
analytical column 0.1M NH4OAc

(1% formic
acid)
Gradient from
(100 0) to
(25 75)
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Ten Animal EtOAc extn, SPE 8 Wakosil C18, 5 0.02M H3PO4/ UV 272 nm 50 ppb/ 244
sulfonamides and fish cleanup m ACN (76 24) 74–99%

muscle,
eggs

Ten Honey NaCl addn, DCM 7 LiChrosphere 0.05M NaH2PO4/ UV 275 nm/ 50 ppb/ 247
sulfonamides extn, SPE RP-18e, 5 ACN PDA (220– 62–90%

cleanup m, analytical (66.6 33.4) 360 nm)
and guard
column

Ten Milk CHCl3/acetone 6 Supelcosil LC- 0.1M KH2PO4/ UV 265 nm 1–9 ppb/ 240
sulfonamides extn, liq–liq 18-DB, 5 m, MeOH (88 12) 44–87%

partn analytical and or (70 30), at
guard column 35 C

Twelve Milk McIlvaine/EDTA 9 LiChrosorb RP- 0.01M, pH 4.6, UV 245.5 1–5 ppb/ 222
sulfonamides buffer extn, heat 8, 10 m acetate buffer/ nm/LC NR

deprtn, SPE ACN (78 22) receptorgram
cleanup

Thirteen Eggs, Diln with NaCl 2 LiChrosorb RP- 0.05M, pH 4.6, UV 280 5–20 ppb/ 209
sulfonamides milk, solution, 8, 10 m or acetate buffer/ nm, or 85–90%

meat purification by Cp Spher ACN postcolumn
online dialysis C18, 7 m, or (82.5 17.5), or derivatization
and subsequent Bondapak 0.05M, pH with DMAB
trace enrichment C18, 10 m 6.85, acetate and Vis
on XAD-2 or buffer/ACN 450 nm
XAD-4, 5–100 (87.5 12.5), or

m, or H2O/ACN/
Bondapak C18/ HOAc (97 2 1)
Corasil, 37–50

m or Perisorb
RP-2, 30–40 m
preconcn column
and switching to
analytical column

(continued)
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TABLE 29.7 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Fourteen Salmon ACN/HOAc extn, 13 Symmetry C18, Solvent A: 2% Fluorometric, 1–5 ppb/ 231
sulfonamides tissues liq–liq partns 3.5 m, with HOAc/MeOH/ postcolumn 58–94%

C18 guard ACN (85 10 5) derivatization
column Solvent B: 2% with

HOAc/MeOH/ fluorescamine,
ACN ex: 400
(65 10 25) nm, em:
Gradient from 495 nm
(100 0) to
(0 100)

Twenty nine Eggs, ACN/HOAc extn, 17 Spherisorb ODS, Solvent A: 0.02M, UV 275 and 20–50 ppb/ 232
sulfonamides milk, liq–liq partns 5 m pH 4.8, acetate 290 nm/ 70–90%

meat buffer PDA (245–
Solvent B: 360 nm)
ACN/H2O
(60 40)
Gradient from
(92 8) to
(10 90)

SUPERCRITICAL-FLUID CHROMATOGRAPHIC METHODS
Trimethoprim Swine Lyophilization, SFE 6 Spherisorb 5 CO2/MeOH MS-MS-TSP 10 ppm/ 213

kidney (CO2) amino Isocratic NR
(100 0) for 8
min and then
gradient to
(80 20)

SFE, Supercritical-fluid extraction: MSTFA, N-methyl-N-(trimethylsily)trifluoro-acetamide; OPA, o-phthalaldehyde; DMBA, p-dimethyl-
aminobenzaldehyde.
Other abbreviations as in Tables 29.1 and 29.3.
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with fluorescamine (208, 241, 245, 259, 264), and spectrophotometry after spray-
ing with fluorescamine (29, 246) or Bratton-Marshall reagent (210, 255, 257).
These methods have limited application and are generally used for screening or
qualitative analysis since they lack the performance characteristics required to
detect the low ppb levels likely to occur in edible animal products.

Gas chromatographic separation has not gained wide acceptance in spite
of being quite sensitive and specific. This mode of separation is complicated by
the need for derivatization of sulfonamide residues before gas chromatographic
analysis. These drugs are subjected to derivatization via methylation with diazo-
methane (223, 224, 253, 254, 271), or double derivatization via methylation fol-
lowed either by silylation with N-methyl-N-trimethylsilytrifluoroacetamide (261)
or by acylation with N-methyl-bis(trifluoroacetamide) (256). This derivatization
step is required not only to form the volatile derivatives of the sulfonamides but
also to improve their chromatographic properties (thermal stability and decreased
polarity).

Excellent separation of sulfonamides can be achieved on conventional or
fused silica capillary columns, the preferred type been the DB-5 capillary column.
Following separation, electron-capture detector (254, 271) can be used for the
determination of these drugs with good sensitivity and specificity. To confirm the
presence of sulfonamides residues in edible animal products, mass spectrometric
detectors are also frequently employed. Typical examples of such applications
are those coupling gas chromatography with mass spectrometry via a chemical
ionization (224, 254, 271) or electron impact (223, 256, 261) interface.

At present, liquid chromatography has become the most widely used tech-
nique for determining sulfonamides and diaminopyrimidines in edible animal
products (Table 29.7). The separation of these drugs is generally done on nonpolar
reversed-phase columns (octadecyl, octyl and phenyl), the preferred type being
the octadecyl bonded silica. However, ion-exchange (226) and polar (250, 251)
columns have also been used for the determination of sulfonamides and ormeto-
prim in edible animal products. Extensive research has been carried out to com-
pare the chromatographic behavior of sulfonamides with respect to the column
type and temperature, mobile phase pH, mobile phase buffer concentration, type
and concentration of ion-pairing reagents, and the organic modifier type and
content in the mobile phase (272–274).

There is no clear preference for either methanol or acetonitrile as organic
modifier in the mobile phase. Nevertheless, addition of alkylsulfonic acids in the
mobile phase has been employed to alter the retention and improve the peak
shape and separation of trimethoprim and sulfonamides ion pairs. Pentanesulfonic
acid (216), hexanesulfonic acid (275), or octanesulfonic acid (238) are the alkyl-
sulfonic acids used in the analysis of these drugs.

Although spectrophotometric, fluorometric, electrochemical, and mass
spectrometric detectors have all been equally well used in liquid chromatographic
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analysis of sulfonamides and diaminopyrimidines, most popular is the ultraviolet
photometric detector. Since these drugs exhibit strong ultraviolet absorption, they
are ideal for direct determination by liquid chromatography, without any need
for derivatization. Their detection wavelengths have been set at 254–288 nm for
sulfonamides, and 229–288 nm for diaminopyrimidines (Table 29.7). However,
postcolumn derivatization with p-dimethylaminobenzaldehyde (DMAB) and
spectrophotometric detection at 450 nm has been reported for the determination
of 13 sulfonamides in eggs, milk and meat (209), and 6 sulfonamides in animal
tissues (276).

Fluorometric detection has also been employed for the determination of
sulfonamides in edible animal products, because it confers the advantages of
selectivity and sensitivity. Although sulfonamides possess weak native fluores-
cence, their sensitive fluorometric detection necessitates use of precolumn or
postcolumn derivatization producing the corresponding fluorescent derivatives.
The most commonly used derivatizing reagent for precolumn derivatization is
fluorescamine (217, 228, 230, 238, 239), while for postcolumn derivatization
fluorescamine (231), and o-phthalaldehyde (OPA), and -mercaptoethanol (219)
are most often used.

Electrochemical detection has been successively applied (236) for the deter-
mination of sulfadiazine and sulfamethazine in milk.

To confirm sulfonamides in liquid chromatography-based methodologies,
the photodiode array detector, which collects continuous spectral data during the
analysis to check for interfering substances by comparing the spectrum (200–450
nm) of sample with that of the standard, has been used (66, 225, 232, 247, 248,
260, 265–270). Although confirmation with a photodiode array detector is a
relatively simple procedure, the specificity and sensitivity features of this detector
are not usually sufficient to determine or identify trace levels of residual sulfon-
amides and diaminopyrimidines in edible animal products. Only the coupling of
liquid chromatography with mass spectrometry can provide unequivocal on-line
spectrometric identification of these drugs at the very low residue levels required
by regulatory agencies. Typical applications describe coupling of liquid chroma-
tography with mass spectrometry via thermospray (213, 221, 237, 243, 277) or
ionspray (248) interfaces.

Most promising literature methods, in terms of simplicity, selectivity, and
sensitivity, for screening and even confirmation of sulfonamide residues in edible
animal products appear to be those reported by Horie et al. (247), Simeonidou
et al. (238), Boulaire et al. (66), and Abian et al. (221).

Horie et al. (247) described a multiresidue liquid chromatographic method
for the determination of 10 sulfonamides in honey. According to this method, 5
g honey is dissolved into 50 ml 30% sodium chloride and extracted with 60 ml
dichloromethane. The extract is dried with anhydrous sodium sulfate and applied
to a Sep-Pak Florisil cartridge. Following cartridge washing with 10 ml
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FIG. 29.7.1 Typical chromatograms of sulfonamides standard solution (A) and
a blank honey sample (B). Peaks: 1, sulfathiazole; 2, sulfadiazine; 3, sulfamera-
zine; 4, sulfamethoxypyridazine; 5, sulfadimidine; 6, sulfamonomethoxine; 7,
sulfachlorpyridazine; 8, sulfamethoxazole; 9, sulfaquinoxaline; 10, sulfadimeth-
oxine. (Reprinted from Ref. 247. Copyright, (1992), by AOAC INTERNATIONAL.)

acetonitrile/dichloromethane (2 8), the analytes are eluted with 10 ml methanol/
dichloromethane (2 8) and the eluate is evaporated to dryness. The residue is
reconstituted in 1 ml mobile phase and analyzed by liquid chromatography. Sepa-
ration is performed on a 25-cm LiChrosphere RP-18e (5 m) analytical column
protected by a guard column with the same packing material. Using a 0.05M
sodium dihydrogen phosphate–acetonitrile (2 1) mobile phase, at a flow rate of
0.5 ml/min, concentrations of the 10 analytes down to 50 ppb could be determined
in honey using an ultraviolet detector monitored at 275 nm (Fig. 29.7.1). Tentative
confirmation of the presence of sulfonamides in the suspected samples can be
achieved using a photodiode array detector.

Simeonidou et al. (238) reported an ion-pair liquid chromatographic method
for the determination of sulfadiazine, sulfamethazine, sulfadimethoxine, and sul-
faquinoxaline residues in chicken muscle. According to this method, a 3 g ground
tissue sample is extracted with 30 ml chloroform. Following centrifugation the
supernatant is filtered and a 10 ml aliquot is extracted with 1 ml 3N hydrochloric
acid and submitted to precolumn derivatization with fluorescamine. Liquid chro-
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FIG. 29.7.2 Typical chromatograms of sulfonamides standard solution (A), a
blank muscle tissue sample (B), and a muscle tissue sample (C) fortified with
10 ppb sulfadiazine (1), 20 ppb sulfamethazine (2), 30 ppb sulfadimethoxine (3),
and 100 ppb sulfaquinoxaline (4). (From Ref. 238.).

matographic separation of the fluorescent derivatives is performed on a 25 cm
Nucleosil 120 C18 (5 m) analytical column, with a 0.02M, pH 4, phosphate
buffer–acetonitrile (66 34) mobile phase containing 20 mM sodium octanesulfo-
nate, at a flow rate of 1.2 ml/min and a column temperature of 30 C (Fig. 29.7.2).
Under these conditions concentrations as low as 3 ppb for sulfadiazine, 4 ppb
for sulfamethazine, 9 ppb for sulfadimethoxine, and 40 ppb for sulfaquinoxaline
could be readily determined in chicken muscle using a fluorescence detector
monitored at 405 nm excitation and 495 nm emission wavelengths.

A specific cleanup procedure, based on matrix solid-phase dispersion, has
been described by Boulaire et al. (66) for the liquid chromatographic determina-
tion of eight sulfonamide and six other drugs in meat. In this method, a 0.5 g
ground tissue sample is blended in a mortar with C18 material and the resulting
mixture is transferred to a 10 ml syringe barrel. After the syringe is washed
with hexane, the analytes are eluted with 8 ml dichloromethane and the eluate
evaporated to dryness. The residue is reconstituted in 0.25 ml 0.01M, pH5.2,
ammonium acetate buffer–acetonitrile–methanol (86 10 4) mixture and ana-
lyzed by liquid chromatography. Separation is performed on a 25 cm Spherisorb
C18 ODS II (5 m) analytical column, with the mobile phase and the gradient
elution program presented in Table 29.7, at a flow rate of 1 ml/min and a column
temperature of 35 C. Under these conditions concentrations ranging from 3.5 to
66 ppb could be readily determined in meat using an ultraviolet spectrometer
monitored at 275 and 365 nm. Tentative confirmation of the presence of sulfon-
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amides in the suspected samples can be achieved using a photodiode array de-
tector.

A different approach was followed by Abian et al. (221) for the liquid
chromatographic–mass spectrometric determination of nine sulfonamide residues
in milk, by means of an online trace enrichment method. In the proposed method,
a 5 ml milk sample is acidified with concentrated hydrochloric acid (0.1 ml).
Following centrifugation the supernatant is washed twice with hexane and evapo-
rated to dryness. The residue is dissolved in methanol and after centrifugation
the methanolic phase is concentrated to dryness. The residue is reconstituted in
water and the analytes are trapped at the beginning of a 10 m Brownlee RP-
18 preconcentration column. Using an automated column switching system, the
trapped analytes are back-flashed into the analytical column (Spherisorb ODS-
2, 5 m) and analyzed under the gradient elution conditions shown in Table
29.7. Under these conditions, concentrations as low as 10 ppb could be readily
determined in milk using an ultraviolet detector connected on-line with a mass
spectrometer via a thermospray interface.

29.8 TETRACYCLINES

Tetracycline antibiotics are closely related derivatives of the polycyclic naphtha-
cenecarboxamide. They are amphoteric compounds with characteristic dissocia-
tion constants corresponding to the acidic hydroxyl group at position 3 (pKa about
3.3), the dimethylamino group at position 4 (pKa about 7.5), and the hydroxyl
group at position 12 (pKa about 9.4). In aqueous solutions of pH 4–7, tetracyclines
exist as dipolar ions, but as the pH increases to 8–9 marked dissociation of the
dimethylamine cation occurs. They are soluble in acids, bases, and alcohols but
are quite insoluble in organic solvents such as chloroform. Their ultraviolet spec-
tra show strong absorption at around 270 and 360 nm in neutral and acidic solu-
tions. Tetracyclines are readily transformed into fluorescent products in the pres-
ence of metal ions or under alkaline conditions.

Due to their extremely polar character, tetracyclines bind with proteins to
form conjugates that are difficult to extract from biological matrices. Use of dilute
mineral acids is of great help in dissociating tetracyclines from proteins, but once
in aqueous solution, their extraction into volatile organic solvents for further
concentration and cleanup is hampered by the unfavorable partition coefficients.
Most of these antibiotics are photosensitive compounds, whereas all of them
show poor stability under strong acidic and alkaline conditions with reversible
formation of the 4-epi-tetracyclines in weakly acidic conditions (pH 3), and anhy-
dro-tetracyclines in strong acidic conditions (below pH 2).

When analyzing liquid samples such as milk for tetracycline residues, a
pretreatment centrifugation step for fat removal is usually required (278–281).
Dilution of liquid samples, prior to cleanup, with acetate buffer (212), phosphate
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buffer (282), McIlvaine buffer (283), or McIlvaine/EDTA buffer (284, 285) is
also frequently applied. Semisolid samples, such as muscle, kidney, and liver,
normally require a more intensive sample pretreatment for tissue break-up. This
is generally accomplished by mechanical dispersion using a mincing apparatus
and a tissue homogenizer.

Isolation of the tetracycline antibiotics from edible animal products is quite
a complex procedure. The main difficulty in isolating these compounds is associ-
ated with the propensity of the tetracyclines to form chelation complexes with
metal ions and to bind with sample matrix constituents. For enhancing the extrac-
tion efficiency, inclusion of a competing chelating agent such as ethylenediamine
tetra-acetate (EDTA), citrate, succinate, or oxalic acid, is often recommended.
Consideration must also be given to providing the appropriate conditions to mini-
mize protein binding. Strong acids and acidic deproteinizing agents are suitable
for this purpose, but tetracyclines may decompose to their anhydro-forms under
strong acidic conditions.

Sample extraction/deproteinization is usually accomplished with mild
acidic solvents to free the noncovalently bound tetracyclines from macromole-
cules. McIlvaine buffer, pH 4.0 (286, 287), McIlvaine/EDTA buffer, pH 4.0
(283, 287–293), succinate buffer, pH 4.0 (278–281, 294–296), acidic acetonitrile
(297–299), and acidic methanol (14, 199, 300) have all been used successfully.
Moreover, trichloroacetic acid, pH 2.0 (301, 302), metaphosphoric acid (303),
acetate buffer (126, 280), citrate buffer, pH 4.0 (304), citrate buffer/ethyl acetate,
pH 4–5 (305), and hydrochloric acid/glycine buffer (306, 307) have all been
employed with varying success to precipitate proteins from the sample homoge-
nates.

Alternative sample extraction techniques include an approach that combines
the deproteinizing efficiency of dichloromethane with the ion-pairing ability of
phenylbutazone for isolating tetracyclines from eggs (308). Another approach
that was employed for extracting oxytetracycline from milk (285) or swine tissues
(309), and tetracycline, oxytetracycline, and chlortetracycline from milk (284),
was based on ultrafiltration. With ultrafiltration, however, not all low molecular-
mass proteins are retained in the cut-off filters while interfering substances pass
through the filter.

The aqueous or organic extract obtained at this step of analysis may be a
very dilute solution of the analyte(s) of interest. It may also contain coextractives,
which if allowed in the final extract will increase the background noise of the
detector, making it impossible to determine trace level concentrations of the
analyte(s). To reduce interferences and concentrate the analyte(s), the primary
sample extract must be subjected to cleanup procedures such as liquid–liquid
partitioning, solid-phase extraction, matrix solid-phase dispersion, ultrafiltration,
immunoaffinity chromatography, and online trace enrichment. In many instances,
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more than one of these procedures may be used in combination for increasing
extract purification.

Liquid–liquid partitioning cleanup is generally directed to removal of the
matrix constitutents from the aqueous extract into organic immiscible solvents
(14, 298, 299, 302, 308). Unfortunately, tetracyclines cannot be quantitatively
recovered into organic immiscible solvents at any pH value because of their high
polarity. However, recoveries higher than 85% were reported when tetrabutylam-
monium ions were employed in the ion-pair extraction of oxytetracycline and
tetracycline into dichloromethane at pH 8.2 (297).

Solid-phase extraction has also been widely employed for the isolation and/
or cleanup of tetracycline antibiotics from biological matrices since it does not
require high volume of solvents, and it is generally less time-consuming and
labor-intensive. The solid-phase extraction applications reported for tetracycline
antibiotics have been mainly accomplished using reversed-phase C18 sorbents
(281, 283, 286–293, 296, 300, 301, 304) although nonpolar sorbents such as
polymeric (280) and cyclohexyl (306, 307) materials have also been employed.
To avoid potential loss of the analytes during their passage through the solid-
phase extraction sorbents due to the well-known binding tendency of tetracy-
clines, pretreatment of the reversed-phase solid-phase cartridges with EDTA has
been generally employed.

Elimination of coextracted materials and concentration of tetracyclines have
also been accomplished using mixed-phase extraction membranes with both re-
versed-phase and cation-exchange properties (294, 295), or solid-phase extraction
columns packed with cation-exchange materials such as CM-Sephadex C-25
(301), aromatic sulfonic acid (310), and carboxylic acid (283, 300). For the same
purpose, metal chelate affinity chromatography has also been employed. In this
technique, the tetracyclines are specifically absorbed on the column sorbent by
chelation with copper ions bound to small chelating Sepharose fast flow column
(278–281, 294–296).

A matrix solid-phase dispersion technique has been further applied for the
determination of oxytetracycline, tetracycline, and chlortetracycline in milk (290,
311), using octadecylsilyl- (C18) derivatized silica as the solid phase. To facilitate
extraction of the tetracycline antibiotics from milk, addition of an equal ratio of
EDTA to oxalic acid has been found advantageous.

Ultrafiltration (278, 279) and immunoaffinity chromatography (282) have
also been described for removal of matrix components from milk extracts, while
online trace enrichment has been reported for isolation/purification of tetracy-
cline, oxytetracycline, demeclocycline, and chlortetracycline residues from ani-
mal tissues and egg constituents (305). The latter technique involves trapping of
the analytes onto a metal chelate affinity preconcentration column (Anagel-TSK
Chelate-5PW), rinsing of coextracted materials to waste, and finally flushing of
the concentrated analytes onto the analytical column.
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Following sample extraction and cleanup, tetracycline antibiotics may be
separated by thin-layer or liquid chromatographic procedures, and quantified by
spectrophotometric, fluorometric, or mass spectrometric detection systems. Direct
spectrophotometric and capillary electrophoretic methods have also been de-
scribed (Table 29.8).

Direct spectrophotometric methods using fluorometric detection have been
reported for screening of tetracycline in milk extracts (126, 282), and three tetracy-
clines in tissues extracts (302, 310). In a different approach, Salinas et al. (212)
described a fourth-derivative spectrophotometric method for the determination
of oxytetracycline in honey. Although useful, these methods cannot differentiate
among individual tetracycline antibiotics and are less sensitive than the screening
tests used for regulatory purposes.

Capillary electrophoresis has been applied by Chen and Gu (281) for simul-
taneous determination of oxytetracycline, tetracycline, chlortetracycline, and dox-
ycycline residues in bovine milk. Separation was performed on a noncoated capil-
lary column, 57 cm total length with 50 cm effective length, 75 m internal
diameter (i.d.) and 375 m outside diameter (o.d.), using a mobile phase contain-
ing 10 mM sodium dodecyl sulfate, 50 mM borate, and 50 mM phosphate, pH
8.5. Under these conditions, concentrations below 10 ppb could be determined
in milk using an ultraviolet spectrophotometer set at 370 nm.

Thin-layer chromatography has been carried out on commercially available
silica gel (14) and/or C8 modified silica gel high-performance thin-layer chroma-
tography (HPTLC) plates (283, 287). In the former case, the silica gel plate was
predeveloped with aqueous EDTA, while in the latter the C8-modified silica gel
HPTLC plate was developed with a mobile phase containing 0.5M aqueous oxalic
acid. Following separation, tetracyclines could be detected by a variety of detec-
tion systems including bioautography using Bacillus subtilis (14) as the test organ-
ism, fluorometry after spraying with magnesium chloride and triethanolamine
(283), and spectrophotometry after spraying with Fast Blue BB and pyridine
(287). These methods lack generally the performance characteristics required to
detect the low ppb levels likely to occur in animal tissues. However, for a regula-
tory laboratory without access to sophisticated instrumentation, these methods
are valuable because they allow detection of tetracyclines at levels higher than
100 ppb and can, thus, provide some analytical support for a regulatory program.

Liquid chromatography has become the most widely used separation tech-
nique for determining tetracycline antibiotics in edible animal products (Table
29.8). Separation is generally carried out on octadecyl, octyl, and polymeric re-
versed-phase columns using mobile phases containing appropriate modifiers. Be-
cause tetracyclines have the tendency to form chelates with metal ions, they can
adsorb on free silanol groups in the reversed-phase sorbents and, therefore, are
apt to appear as tailing peaks. These drawbacks have been overcome to a large
degree either by column manufacturing processes such as end-capping and prepa-
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TABLE 29.8 Physicochemical Methods for Tetracycline Antibacterials in Edible Animal Products

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

SPECTROMETRIC METHODS
Tetracycline Milk Phosp. buffered 5 — — Fluorometric, 19 ppb/ 282

saline diln, IAC ex: 394 94–100%
cleanup, nm, em:
derivatization 616 nm
with europium
(III)

Milk Acetate buffer 3 — — Fluorometric, 125 ppb/ 126
extn, filtn, ex: 342 93–103%
derivatization nm, em:
with europium 550 nm
(III)

Oxytetracycline Honey Acetate buffer, pH 1 — — Fourth- 3 ppm/ 212
3.8, diln derivative 81–113%

spectro-
photometry

Tetracycline, Swine EtOAc extn, SPE 6 — — Fluorometric, 50–200 ppb/ 310
oxytetracycline, tissues cleanup ex: 380 47–74%
chlortetracycline nm, em:

505 nm
Animal Glycine buffer/TCA 8 — — Fluorometric, 50–300 ppb/ 302

tissues extn, deprtn, ex: 440 30–45%
liq–liq partn, nm, em:
sodium barbital 505 nm
and magnesium
acetate addn

(continued)
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TABLE 29.8 Physicochemical Methods for Tetracycline Antibacterials in Edible Animal Products

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

THIN-LAYER CHROMATOGRAPHIC METHODS
Tetracycline, Animal MeOH/HCl extn, 15 Silica gel or Various eluents B. subtilis 0.5–15 ppm/ 14

oxytetracycline, tissues liq–liq partns cellulose bioauto- NR
chlortetracycline graphy

Four Animal McIlvaine buffer 14 HPTLC Silica gel CHCl3/MeOH/ UV-Vis/Fast 100 ppb/ 287
tetracyclines tissues extn, SPE or C8 EDTA or blue, 58–93%

cleanup MeOH/ACN/ pyridine
oxalate

Seven Honey McIlvaine buffer 8 HPTLC Silica gel CHCl3/MeOH/ Fluorometric/ 100 ppb/ 283
tetracyclines diln, SPE or C8 EDTA or MgCl2 or NR

cleanup MeOH/ACN/ TEA
oxalate

LIQUID CHROMATOGRAPHIC METHODS
Chlortetracy- Swine HCl/glycine buffer 12 PLRP-S, 5 m 0.1M, pH 12, Fluorometric, 50 ppb/ 306

cline muscle extn, SPE glycine buffer/ ex: 340 86–94%
cleanup ACN nm, em:

(87.5 12.5) 420 nm
Oxytetracycline Fish Citric acid/ 16 Spheric C18, 5 0.01M oxalic UV-Vis 355 50–100 ppb/ 304

tissues Na2HOP4 extn, m, analytical acid/ACN/DMF nm 88–95%
SPE cleanup and guard (72 22 6), pH

column 2.1, at 25 C
Milk McIlvaine/EDTA 2 LiChrospher 100 0.01M oxalic UV-Vis 354 95 ppb/ 285

buffer diln, RP-18e, 5 acid/ACN nm 89–93%
ultrafiln m, analytical (85 15)

and guard
column
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Mussel MeOH/oxalic acid 8 LiChroSpher 100 0.02M H3PO4/ UV-Vis 355 8 ppb/ 199
shells extn RP-18E, 5 ACN (76 24), nm 65 11%

m, analytical pH 2.3
and guard
column

Salmon TCA/phosp. buffer, 11 Ultrasphere 0.02M, pH 2.25, UV-Vis 365 100 ppb/ 301
muscle pH 2, extn, two ODS, 5 m phosp. buffer/ nm 62–82%

SPE cleanups MeOH (76 24)
Salmon Metaphosphoric 12 Ultrasphere 0.025M oxalic UV-Vis 355 50 ppb/ 303

muscle acid extn ODS, 5 m acid/ACN/THF nm 86–95%
with New- (75 22.5 2.5.)
Guard RP-18, contg 10 mM
7 m, column octanesulfonate

Shrimp Succinate buffer 17 PLRP-S, 5 m 0.005M oxalic NICI-MS- 100 ppb/ 280
extn, metal acid/MeOH PB 50%
chelate affinity (42 58)
column cleanup,
SPE cleanup

Swine ACN/imidazole/ 4 L-column ODS, 1M imidazole, pH Fluorometric, 50 ppb/ 309
tissues magnesium 5 m 7.2, buffer ex: 380 58–67%

acetate/EDTA contg 50 mM, nm, em:
buffer extn, magnesium 520 nm
ultrafiltn acetate and 10

mM EDTA/ACN
(90 10), at 40 C

(continued)
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TABLE 29.8 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Doxycycline Turkey Succinate buffer 23 PLRP-S, 8 m, 0.01M oxalic Fluorometric, 1 ppb/ 294
tissues extn, metal analytical and acid/ACN/ postcolumn 66 3%

chelate affinity guard column MeOH derivatization
column cleanup, Gradient from with zirconyl
concn on cation- (80 15 5) to chloride,
exchange (40 20 40) ex: 406
extraction nm, em:
membrane 515 nm

Oxytetracycline, Animal McIlvaine/EDTA 12 Asahi ODP-50, Sorensen, pH 12, Fluorometric, NR/ 300
chlortetracy- tissues buffer/MeOH 5 m buffer/ACN ex: from 62–87%
cline extn, two SPE (90 10), at 40 C 350 nm to

cleanups 374 nm,
em: from
420 nm to
508 nm,
using time
programming
technique

Oxytetracycline, Milk H2SO4 addn, ACN 12 Nucleosil 120, 0.02M H3PO4/ UV-Vis 355 10 ppb/ 297
tetracycline extn, liq–liq C18, 5 m ACN (76 24), at nm 71–89%

partn, ion-pair 35 C
extn, liq–liq
partn
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Oxytetracycline, Animal McIlvaine/EDTA 10 C8, 5 or 10 m 0.01M oxalic UV-Vis 350 0.1–0.6 ppm/ 288
tetracycline, tissues buffer extn, SPE deactivated acid/ACN/ nm 18–127%
chlortetracy- cleanup column MeOH
cline (60 30 10), for

5 m LC
column, 0.01M
oxalic acid/
ACN/MeOH
(70 20 10) for
10 m LC
column

Bovine HCl addn, ACN 5 PRP-1, 10 m, 0.01M H3PO4/ UV-Vis 355 100 ppb/ 298
and extn, liq–liq or PLRP-S, 5 MeOH/ACN nm 71–106%
swine partn m, with Gradient from
tissues recommended (80 20 0) to

guard column (30 20 50)
Bovine McIlvaine/EDTA 10 Nova-Pak C18, 4 0.01M citric UV-Vis 365 10 ppb/ 289

and buffer extn, SPE m, with acid-K2HPO4/ nm/PDA 50–70%
swine cleanup Bondapak ACN (72 28), (190–367
tissues C18, guard contg 5 nM nm)

column tetramethyl-
ammonium
chloride and
0.01% EDTA

Eggs Ion pair/DCM extn, 9 HC-ODS-SIL- H2O/ACN/0.1M UV-Vis 361 16–80 ppb/ 308
liq–liq partn X-I, 10 m NaH2PO4 nm 95–106%

(70 20 10), pH
2.6, at 30 C

Milk McIlvaine/EDTA 3 Nova-Pak C18 0.01M oxalic UV-Vis 360 14–52 ppb/ 284
buffer diln, acid/ACN/ nm 75–106%
ultrafiltn MeOH

Gradient from
(100 0 0) to
(70 22 8), at
30 C

(continued)
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TABLE 29.8 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Milk HCl addn, ACN 6 PLRP-S, 5 m, 0.05M, pH 2.0, UV-Vis 356 5 ppb/ 299
extn, liq–liq analytical and oxalate buffer, nm 87–99%
partn guard column contg 5 mM

decanesulfonate/
ACN
Gradient from
(80 20) to
(62 28)

Milk MSPD extn/ 8 Micro Pak ODS, 0.01M oxalic UV-Vis 365 100 ppb/ 311
cleanup, in 10 m acid/ACN nm/PDA 40–98%
presence of (70 30), at 40 C (200–450
EDTA and oxalic nm)
acid

Milk MSPD extn/ 8 LiChrosorb RP- 0.01M oxalic UV-Vis 365 30 ppb/ 290
cleanup, in 18, 5 m acid/ACN/ nm 89–93%
presence of MeOH
EDTA and oxalic (65 17.5 17.5)
acid

Milk, McIlvaine/EDTA 12–15 LiChrosorb RP- 0.01M oxalic UV-Vis 365 15–22 ppb/ 290
meat, buffer extn, SPE 18, 5 m acid/ACN/ nm 48–86%
cheese cleanup MeOH

(65 17.5 17.5)
Muscle HCl/glycine buffer 15 Prodigy ODS2 Solvent A: H2O/ PICI–MS– 10–20 ppb/ 307

and extn, SPE or Inertsil ACN (90 10) APCI 59–83%
kidney cleanup ODS2 contg 0.04%
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heptafluorobutyric
acid, 10 mM
oxalic acid and
10 M EDTA
Solvent B:
H2O/ACN
(10 90) contg
0.04%
heptafluorobutyric
acid, 10 nM
oxalic acid and
10 M EDTA
Gradient from
(90 10) to
(10 90), at 25
C

Salmon McIlvaine buffer 14 LiChroCART 0.01M oxalic UV-Vis 355 80–500 ppb/ 286
muscle extn, SPE RP-18, 7 m, acid/ACN/ nm 45–100%

cleanup with Brownlee MeOH
RP-18 ODS (73 17 10)
guard column

Four Animal Succinate buffer 23 PLRP-S, 8 m, 0.01M, pH 2.0, Fluorometric, 2–5 ppb/ 295
tetracyclines tissues extn, metal analytical and oxalic acid/ postcolumn 40–70%

and egg chelate affinity guard column ACN derivatization
column cleanup, Gradient from with zirconyl
concn on cation- (85 15) to chloride,
exchange (60 40) ex: 406
extraction nm, em:
membrane 515 nm

(continued)
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TABLE 29.8 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Four Animal EtOAc/citrate 11 PLRP-S, 5 m, Solvent A: 0.1M UV-Vis 350 nm 3–6 ppb/ 305
tetracyclines tissues buffer extn, analytical and KH2PO4- 42–101%

and egg online trace guard column 0.01M citric
enrichment on acid-0.01M
Anagel-TSK EDTA
Chelate-5PW Solvent B:
metal chelate ACN/MeOH/
affinity preconen 1M, pH 4,
column, and citrate buffer
switching to (25 10 65)
analytical column Gradient from

(100 0) to
(0 100) for 10
min and then
isocratic
(0 100)

Four Bovine McIlvaine/EDTA 10 LiChrosorb RP- 0.01M oxalic UV-Vis 350 nm 50–100 ppb/ 291
tetracyclines liver buffer extn, SPE 8, 10 m acid/ACN/ 68–95%

cleanup MeOH
(54.5 27.3 18.2)

Four Bovine McIlvaine/EDTA 14 TSK Gel Super 0.05% TFA/ACN MS-MS-ESP 100 ppb/ 292
tetracyclines tissues buffer extn, SPE Octyl, 2 m (80 20) 56–79%

cleanup
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Four Bovine McIlvaine/EDTA 14 LiChrosorb RP- 0.01M oxalic UV-Vis 350 nm 10 ppb/ 287
tetracyclines and buffer extn, SPE 8, 10 m acid/ACN/ 59–90%

swine cleanup MeOH
tissues (54.5 27.3 18.2)

Four Milk McIlvaine/EDTA 13 Bakerbond C8, 5 0.01M oxalic UV-Vis 350 10–20 ppb/ 293
tetracyclines buffer extn, SPE m acid/ACN/ nm/TLC- 73–93%

cleanup MeOH FAB-MS
(50 30 20)

Six Milk Centrgn, acetic 17 PLRP-S, 5 m 0.005M oxalic NICI-MS-PB 30 ppb/ 280
tetracyclines acid extn, metal acid/MeOH 50%

chelate affinity (42 58)
column cleanup,
SPE cleanup

Seven Honey McIlvaine/EDTA 8 Chemcosorb 3 0.01M oxalic UV-Vis 350 nm 20–50 ppb/ 283
tetracyclines buffer extn, two C8, 3 m acid/ACN/ 84–100%

SPE cleanups MeOH
(76.2 14.3 9.5),
pH 3.0

Seven Kidney Succinate buffer 16 Two 0.01M oxalic UV-Vis 365 10–30 ppb/ 296
tetracyclines extn, metal ChromSpher acid/ACN nm/PDA 44–77%

chelate affinity C8, 5 m, (80 20) (200–400
column cleanup, analytical nm)
SPE cleanup columns in

tandem, with
Perisorb RP-8
guard column

Seven Milk Centrgn, succinate 13 PLRP-S, 5 m, 0.01M oxalic UV-Vis 355 nm 1–2 ppb/ 278
tetracyclines buffer extn, analytical and acid/ACN/ 63–91%

metal chelate guard column MeOH
affinity column Gradient from
cleanup, ultrafiltn (100 0 0) to

(70 22 8)

(continued)
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TABLE 29.8 Continued

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Seven Milk Centrgn, succinate 13 PLRP-S, 5 m 0.01M oxalic UV-Vis 355 nm 30 ppb/ 279
tetracyclines buffer extn, analytical and acid/ACN/ 60–110%

metal chelate guard column MeOH
affinity column Gradient from
cleanup, ultrafiltn (100 0 0) to

(70 22 8)
CAPILLARITY ELECTROPHORETIC METHODS
Four Milk Centrgn, succinate 17 Beckman 50 cm 0.05M borate- UV-Vis 370 2–9 ppb/ 281

tetracyclines buffer extn, 75 m 0.05M nm/PDA 40–84%
metal chelate uncoated phosphate (200–440
affinity column capillary, at 15 contg 10 mM nm) and
cleanup, SPE kV and 23 C sodium first order
cleanup dodecyl derivatization

sulfate, pH 8.5

IAC, immunoaffinity chromatography; PB, particle beam; APCI, atmospheric pressure chemical ionization; ESP, electrospray; FAB, fast
atom bombardment.
Other abbreviations as in Tables 29.1 and 29.3.
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ration of all-polymer-based solid supports or by the inclusion of citrate (289,
305), oxalate (278–280, 283–288, 290, 291, 293–296, 299, 303, 304, 307, 311),
and/or EDTA (289, 305, 307, 309) in the mobile phase. Overnight treatment of
the stationary phase with a mobile phase containing chlortetracycline as the block-
ing agent has also been suggested as a powerful means to eliminate tailing of
the oxytetracycline and tetracycline peaks (297).

Since tetracyclines have several pKa values and can exist as zwitterions,
one must always consider the control of the mobile-phase pH in the development
of an analytical method. The property of tetracyclines to exist in the form of ions
also makes the use of ion-pairing reagents attractive, and several methods have
been developed that utilize this approach (289, 299, 303, 307).

In liquid chromatographic analysis of tetracycline antibiotics, the most pop-
ular detector is the UV-Vis spectrophotometer. Since the extinction coefficients
of tetracyclines are relatively large, monitoring of samples at wavelengths in the
range 350–370 nm allows detection of tetracycline residues into the low ppb
levels (Table 29.8).

Although tetracyclines possess the inherent ability to fluoresce, few meth-
ods exploiting this property have been reported (300, 306, 309). Instead, fluoro-
metric methods based on the reaction of tetracyclines with suitable derivatizing
agents have been developed. The use, for example, of zirconyl chloride as a
fluorescence label in the postcolumn derivation of tetracyclines, has allowed
highly selective and sensitive detection of these antibiotics in animal tissues (294,
295).

Confirmatory analysis of suspected liquid chromatographic peaks is usually
accomplished by a photodiode array detector that continuously collects spectral
data during the chromatographic separation (Fig. 29.8.1) and further compares
the spectrum (200–450 nm) of the eluted suspected compound with that of a
standard (281, 289, 296, 311). Although confirmation with a photodiode array
detector is simple, specificity and sensitivity are not sufficient to determine or
identify trace levels of residual tetracyclines in edible animal products.

Coupling of liquid chromatography with mass spectrometry provides un-
equivocal online spectrometric identification of tetracycline antibiotics in animal-
derived foods. Typical applications of mass spectrometry in confirming tetracy-
cline residues in edible animal products describe coupling of liquid chromatogra-
phy with mass spectrometry via particle-beam (280), electrospray (292), or atmo-
spheric pressure chemical ionization (307), using negative-ion detection
interfaces.

Fletouris et al. (297), Cooper et al. (305), and Carson et al. (280) described
promising methods, in terms of simplicity, selectivity, and sensitivity, for screen-
ing and even confirmation of tetracycline residues in edible animal products.

Fletouris et al. (297) described a liquid chromatographic method for the
determination of oxytetracycline and tetracycline residues in milk. According to
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FIG. 29.8.1 Chromatograms of a blank kidney sample (A), a kidney sample (B) fortified with 4 ppm of oxytetracycline (—),
and 250 ppb of each tetracycline (----), and ultraviolet spectra (C) of the corresponding tetracyclines. Peaks: OTC,
oxytetracycline; TC, tetracycline; DMTC, demethylchlortetracycline; CTC, chlortetracycline; MC, methacycline; DC, doxycy-
cline. (From Ref. 296.).
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FIG. 29.8.2 Typical chromatograms of a blank milk sample (a), a milk sample
(b) fortified with 93 ppb oxytetracycline (1) and 100 ppb tetracycline (2), and a
sample fortified with 10 ppb of each tetracycline (c). (From Ref. 297.).

this method, a 5 g milk sample is acidified at pH 2.7 with 0.6N sulfuric acid,
and extracted with 10 ml acetonitrile. The extract is partly purified by treatment
with saturated ammonium sulfate solution and concentrated into 2 ml phosphate
buffer, pH 8.2. Following addition of tetrabutylammonium reagent, tetracyclines
are extracted as ion pairs into dichloromethane, reextracted into 0.1M perchloric
acid, and analyzed by liquid chromatography. Separation is performed on a 25
cm Nucleosil 120 C18 (5 m) analytical column, which has been preconditioned
overnight with a solution containing chlortetracycline. Elution is effected with a
mobile phase of 0.02 M phosphoric acid/acetonitrile (76 24) at a flow-rate of 1.2
ml/min and a column temperature of 35 C (Fig. 29.8.2). Under these conditions,
concentrations as low as 10 ppb of oxytetracycline and tetracycline residues could
be determined in milk using ultraviolet detection at 355 nm.

In a different approach, Cooper et al. (305) developed an online metal
chelate affinity chromatography–liquid chromatographic method for the determi-
nation of oxytetracycline, tetracycline, demeclocycline, and chlortetracycline resi-
dues in animal tissues and egg. According to this method, a 2 g blended egg or
thinly sliced tissue is homogenized with citrate buffer pH 5 (pH 4, for chicken
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liver) and ethyl acetate. Following centrifugation the supernatant is evaporated
to dryness, and the residue is reconstituted in methanol to be trapped at the
beginning of an Anagel-TSK Chelate-5PW metal chelate affinity preconcentra-
tion column. The trapped analytes are back-flashed using an automated column
switching system into the analytical column (15-cm PLRP-S, 5 m), and analyzed
under the gradient elution conditions shown in Table 29.8. Concentrations as low
as 3 ppb for oxytetracycline, 5 ppb for tetracycline and demeclocycline, and 6 ppb
for chlortetracycline could be readily detected in tissues and egg using ultraviolet
detection at 350 nm.

Liquid chromatography with mass spectrometry was suggested by Carson
et al. (280) in a multiresidue method for the determination of oxytetracycline in
shrimp, and oxytetracycline, tetracycline, chlortetracycline, doxycycline, de-
meclocycline, and minocycline in milk using a particle beam interface and nega-
tive ion chemical ionization. According to this confirmatory method, a 40 ml
milk sample is centrifuged at 10 C to separate cream, and the lower ‘‘skim’’
layer is mixed with glacial acetic acid and centrifuged. On the other hand, shrimp
tissue (10 g) is homogenized with 0.1M succinic acid and the homogenate is
centrifuged at 10 C. The supernatant solutions from both milk or shrimp tissue
extracts are then applied to a metal chelate affinity chromatography column.
Following column washing sequentially with 0.5M sodium chloride, water, meth-
anol, and water, tetracyclines are eluted with McIlvaine-EDTA-sodium chloride
buffer to be further applied to a Supelclean ENVI-Chrom P solid-phase extraction
cartridge. After column washing with water, tetracyclines are eluted with metha-
nol and the eluate is evaporated to dryness. The residue is reconstituted in 1 ml
water to be further analyzed by liquid chromatography. Separation is performed
on a 15 cm PLRP-S (5 m) analytical column, with 0.005M oxalic acid/methanol
(42 58) mobile phase at a flow rate of 0.5 ml/min. Under these conditions, concen-
trations as low as 100 ppb of oxytetracycline in shrimp and 30 ppb of oxytetracy-
cline, tetracycline, chlortetracycline, doxycycline, demeclocycline, and minocy-
cline in milk could be readily confirmed by mass spectrometry using a particle-
beam interface and negative ion chemical ionization.

29.9 MISCELLANEOUS ANTIBACTERIALS

This section reviews those antibacterials that do not fall into the classes discussed
above. Major drugs in this section are novobiocin, colistin, and tiamulin.

Novobiocin is a weak dibasic acid with both enolic (pKa 4.3) and phenolic
(pKa 9.2) character, which is almost insoluble in chloroform and water at pH
below 7.5 but is readily soluble in other polar organic solvents such as lower
alcohols, acetone, and ethyl acetate.

Determination of novobiocin in animal tissues and milk has been reported
using either thin-layer chromatography–bioautography (14) or liquid chromatog-
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raphy (312, 313). The former method, although valuable, does not offer the sensi-
tivity required to detect the low ppb levels likely to occur in food of animal origin.
Better sensitivity is feasible by the liquid chromatographic method developed by
Moats and Leskinen (312) for the determination of novobiocin in milk and tissues.
A few years later this method was successfully validated by Reeves (313) for
the determination of this drug in milk.

According to this method, tissue or milk samples are blended or diluted,
respectively, with 3 ml 0.2M ammonium dihydrogen phosphate/g of sample.
Aliquots (10 ml) of tissue homogenates or diluted milk are deproteinized by
adding methanol and filtering to be further analyzed by liquid chromatography.
Separation is performed on a 15 cm Supelcosil LC-18-DB (5 m) analytical
column, protected with a LC-18-DB guard column, using the mobile phase and
the gradient elution program presented in Table 29.9, at a flow rate of 1 ml/min
(Fig. 29.9). Under these conditions, concentrations as low as 10 ppb could be
determined using an ultraviolet spectrophotometer monitored at 340 nm.

Colistin is a linear-ring peptide antibiotic. Its main components are colistin
A and colistin B. It is a member of the polymyxin family of antibiotics that is
stable in dry form and in water solution. The sulfate salt of colistin, which is
usually administered as feed additive, is soluble in water, slightly soluble in
methanol, and practically insoluble in acetone and ether. Colistin components do
not have any specific fluorophore and UV chromophore, so detection by liquid
chromatography at residue levels of interest is difficult without including a suita-
ble derivatization step in the analytical method.

There is only one physicochemical method for the quantitation of colistin
components in bovine muscle (314). In the proposed method a 5 g ground tissue
sample is extracted with 20 ml 0.5% sulfuric acid. After centrifugation the super-
natant is filtered and applied to a Bond Elut C18 cartridge. Following cartridge
washing with water, and 0.1M trifluoroacetic acid/acetonitrile (85 15), colistin
is eluted with 0.017M trifluoroacetic acid/acetonitrile (80 20) and the eluate is
analyzed by liquid chromatography. Separation is performed on a 15 cm Inertsil
Ph (5 m) analytical column, using a 0.017M trifluoroacetic acid/acetonitrile
(80 20) mobile phase. Following postcolumn derivatization with o-phthalalde-
hyde (OPA), concentrations as low as 200 ppb for colistin A and colistin B could
be readily determined in bovine muscle using a fluorescence detector monitored
at 340 nm excitation and 455 nm emission wavelengths.

Tiamulin is a semisynthetic derivative of the diterpene antibiotic pleuro-
mutilin. Determination of residues of this drug in foods of animal origin has relied
solely on gas chromatography. By now only two methods have been developed for
the quantitation and/or confirmation of tiamulin in swine liver (315, 316). Accord-
ing to these methods, which have the same sample preparation procedure, 30 g
liver homogenate is extracted twice with 300 ml 0.5N hydrochloric acid/acetone
(1 60). After filtration the extract is cooled in acetone–dry ice bath, filtrated
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TABLE 29.9 Physicochemical Methods for Miscellaneous Antibacterials in Edible Animal Products

Detection/ Sensitivity/
Antibacterial(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Thin-Layer Chromatographic Methods
Novobiocin Animal MeOH extn, liq–liq 14 Silica gel CHCl3/MeOH/ B. subtilis 2 ppm/ 14

tissues partns acetone/ bioautography NR
glycerine

Gas Chromatographic Methods
Tiamulin Swine 0.5N HCl/acetone 27 Supercoport Nitrogen ECD 200 ppb/ 315

liver extn, dry-ice with 3% SP- 89–93%
filtration, alk 2250
hydrolysis,
liq–liq partns,
derivatization with
pentafluoropropionic
anhydride,
Florisil column
cleanup

Swine 0.5N HCl/acetone 27 Supelcoport Helium MS 200 ppb/ 316
liver extn, dry-ice with 3% SP- 89–93%

filtration alk 2100
hydrolysis,
liq–liq partns,
derivatization with
pentafluoropropionic
anhydride,
Florisil column
cleanup
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Liquid Chromatographic Methods
Colistin A and Bovine 0.5% H2SO4 extn, 9 Inertsil Ph, 5 m 0.017M TFA/ACN Fluorometric, A: 200 ppb, 314

B musle SPE cleanup (80 20) postcolumn B: 200 ppb/
derivatization 65%
with OPA, ex:
340 nm, em:
455 nm

Novobiocin Animal 0.2M NH4H2PO4 4 Supelcosil LC- 0.01 M H3PO4/ UV 340 nm 10 ppb/ 312
tissues, addn, MeOH 18-DB, 5 m, ACN/MeOH 92–103%
milk extn analytical and Isocratic

guard column (50 0 50) for 1
min and
gradient to
(20 80 0)

Milk 0.2M NH4H4PO4 4 Supelcosil LC- 0.005M H3PO4/ UV 340 nm 10 ppb/ 313
addn, MeOH 18-DB, 5 m, ACN/MeOH 89–100%
extn analytical and Isocratic

guard column (50 0 50) for 1
min and
gradient to
(20 80 0)

OPA, phthalaldehyde.
Other abbreviations as in Tables 29.1 and 29.3.
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FIG. 29.9 Chromatogram of (A) novobiocin-dosed milk containing approxi-
mately 0.14 ppm novobiocin and (B) control milk. (Reprinted from Ref. 313.
Copyright, (1992), by AOAC INTERNATIONAL.)

again, and concentrated to a volume of 10–15 ml. Following filtration the aqueous
extract is hydrolyzed at alkaline conditions, acidified with concentrated hydro-
chloric acid, and extracted three times with dichloromethane. The organic layer
is evaporated to an oily residue and the major hydrolytic product (8- -hydrox-
ymutilin) is derivatized with pentafluoropropionic anhydride and then applied to
an activated Florisil column. After the column is washed four times with 4 ml
acetone/hexane (1 50), the analyte is eluted with 200 ml acetone/hexane (1 50),
and the eluate is evaporated to dryness. The residue is reconstituted in 20 ml
toluene or benzene and analyzed by gas chromatography on a Supelcoport SP-
2250 or SP-2100 column with nitrogen or helium as the carrier gas. Using electron
capture (315) or mass spectrometric (316) detection, tiamulin residues could be
readily determined in swine liver at concentrations greater than 200 ppb.

29.10 ANTHELMINTHIC DRUGS

Included in this group of drugs are the benzimidazoles, imidazothiazoles, tetrahy-
dropyrimidines, salicylanilides, substituted phenols, macrocyclic lactones, sulfon-
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amide, and pyrazino-isoquinoline derivatives. The benzimidazole class of anthel-
minthics is derived from the simple benzimidazole nucleus and includes the
thiabendazole analogues and the benzimidazole carbamates. Substitution of side
chains and radicals on the benzimidazole nucleus gives rise to the individual
members of this class of drugs, including thiabendazole, albendazole, fenbenda-
zole, oxfendazole, febantel, netobimin, oxibendazole, mebendazole, parbenda-
zole, and luxabendazole.

Levamisole constitutes the best-known member of the class of imidazothia-
zoles drugs, while coumaphos, dichlorvos, and trichlorphon are organophosphates
commonly used in food-producing animals. Pyrantel and its methyl analogue,
morantel, constitute the group of the tetrahydropyrimidine anthelminthics. Clo-
santel, niclosamide, oxyclozanide, rafoxanide, dibromsalan, and tribromsalan are
the better-known members of the salicylanilides group of anthelminthics. A range
of substituted phenols including nitroxynil, dichlorophen, hexachlorophen, niclo-
folan, and bithionol are still used as anthelminthics in food-producing animals.

Included in the class of macrocyclic lactones are avermectins and milbe-
mycins, which are fermentation products possessing a 16-member cyclic lactone,
a spiroketal moiety, and a disaccharide unit. Abamycin, ivermectin, doramectin,
and eprinomycin are the avermectins most often available for anthelminthic treat-
ment of livestock, whereas moxidectin is a milbemycin with worldwide acclaim
as a cattle anthelminthic. Other anthelminthics currently used in food-producing
animals are clorsulon, which is a benzenesulphonamide derivative; praziquantel,
which is a racemate derivative of pyrazino-isoquinoline; and hygromycin B,
which is an aminoglycoside antibiotic that exhibits anthelminthic properties.

In residue analysis of benzimidazoles in liver or milk, samples are often
subjected to a pretreatment procedure to convert the glucuronide- and/or sulfate-
conjugated metabolites to the unconjugated forms. This conversion is sometimes
carried out by overnight incubation with gluculase, an enzyme mixture of -
glucuronidase and sulfatase (317). More often, however, acid hydrolysis is the
preferred procedure because it can be completed at 80–110 C in 1–4 h compared
with the overnight reaction required by the enzymatic digestion (318–322).

When liquid samples such as serum, plasma, milk, or honey are not to be
extracted using direct liquid–liquid partitions with organic solvents but through
use of solid-phase extraction or matrix solid-phase dispersion techniques, dilution
with water (323, 324), phosphate buffer saline (325), or phosphoric acid (326,
327) is often the only sample preparation procedure applied. Milk analysis some-
times requires further pretreatment for fat removal (328). Centrifugation at about
7000g at 4–10 C for 20 min is the usually applied procedure for making the fat
floating on top of milk readily eliminated.

Semisolid samples such as muscle, liver, and kidney normally require a
more intensive sample pretreatment for tissue break-up. This is generally accom-
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plished by mechanical dispersion using a mincing apparatus and/or a tissue ho-
mogenizer to expose the analytes to the extraction solvent.

Following sample pretreatment, extraction of the analytes from the sample
matrix is mostly accomplished with ethyl acetate (317–319, 329–343) and aceto-
nitrile (320, 344–358), but methanol (359–361), acetone (362, 363), dimethyl-
formamide (364), acetone/dichloromethane (365), acetone/isooctane (366),
acetone/ethanol (367), acetone/acetonitrile (368), and ethyl acetate/ethanol/isooc-
tane (369) have also been used with varying success. Since most anthelminthics
are weakly basic hydrophobic compounds with appreciable solubility in polar
organic solvents, extraction, particularly with ethyl acetate, is usually performed
after alkalinizing the sample through addition of either sodium hydroxide
(336–339) and sodium carbonate (330, 331, 335, 340–342), or ammonium hy-
droxide (329, 333, 334, 360, 369) solution. Adjustment of the sample pH is not
needed, however, when acetonitrile is used for extraction of the analytes. Possible
reason for this behavior might be the appreciable deproteinizing ability of acetoni-
trile that destroys the irreversible binding of the analytes with sample constituents
and, thus, recovery losses due to binding are virtually eliminated (345).

In many applications, relatively large quantities of anhydrous sodium sul-
fate can be added to the sample, prior to extraction by organic solvents, in order
to enhance the partitioning process (333–336, 341, 342, 354, 365, 370). In some
instances, such as in the analysis of clorsulon in bovine liver and milk, addition
of hydroxylamine hydrochloride is often recommended prior to extraction (329,
360). The use of this agent is to prevent interactions between the analyte and
endogenous aldehydes that lead to loss of recovery.

The aqueous or organic extract obtained at this step of analysis may be a
very dilute solution of the analyte(s) of interest. It may also contain coextractives,
which, if allowed in the final extract, will increase the background noise of the
detector, making it impossible to determine trace level concentrations of the
analyte(s). To reduce interferences and concentrate the analyte(s), the primary
sample extracts are subjected to some kind of cleanup including liquid–liquid
partitioning, solid-phase extraction, matrix solid-phase dispersion, online trace
enrichment, affinity chromatography, immunoaffinity chromatography, and ultra-
filtration. In many instances, more than one of these procedures may be used in
combination to increase extract purification.

Liquid–liquid partitioning cleanup is sometimes directed solely to the re-
moval of fat from the sample extract. This can be accomplished through use of
either hexane for the removal of fat from acetonitrile (329, 332, 352, 355, 358,
363, 369) and acidified aqueous extracts (317, 322, 333, 334, 341) or cyclohexane
and isooctane from acidified aqueous (330, 331) and acetonitrile (345) extracts,
respectively. In most cases, liquid–liquid cleanup is based on pH-dependent ex-
tractions and back-extractions between organic and aqueous solvents since most
anthelminthics show a strong tendency to partition from basic aqueous solutions
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into organic solvents and back-extracted into acidified aqueous solutions. This
inherent property has been extensively exploited in the analysis of levamisole in
cattle and swine liver (330) and milk (328), thiabendazole and its metabolite in
bovine tissues (317), albendazole-2-aminosulfone in bovine liver (319), fenbenda-
zole in bovine liver (333, 334), praziquantel in fish plasma and tissues (363),
thiabendazole and levamisole in meat (336), four benzimidazoles in milk (341),
and eight benzimidazoles in bovine liver (325).

Liquid–liquid partitioning cleanup on a hydrophilic matrix has also been
employed for purification of the primary sample extract. This procedure was only
applied in the determination of fenbendazole and four metabolites in plasma and
liver using a Chem Elut disposable column to partition an alkalinized aqueous
sample extract into dichloromethane (371). In a few instances, further cleanup
can also be achieved by submitting an organic extract to freezing at 20 C, a
procedure that can precipitate dissolved matrix components (359, 366, 367).

Cleanup by solid-phase extraction has also been widely employed since it
is a simple, fairly inexpensive, and easy-to-perform procedure for purification of
the crude extract. The use of disposable solid-phase extraction columns is cur-
rently part of most, if not all, modern analytical methods for the determination
of anthelminthics in biological matrices at residue levels. Both normal-phase
columns based on silica (333–335, 340, 367, 372), alumina (346, 373–375), or
aminopropyl (339, 365, 370) materials, and reversed-phase columns based on
C18 (319, 323, 324, 328, 344, 346, 347, 349–351, 357–359, 364, 367) and cyclo-
hexyl (329, 332, 360) sorbents have been described in analytical applications.

In some instances, combinations of normal- and reversed-phase columns
can also be used for better purification of the crude extract. Combinations of
C18 and alumina or C18 and silica solid-phase extraction columns have been
successfully employed in the analysis of ivermectin residues in animal tissues
(346) and bovine plasma (348), respectively. Elimination of coextracted materials
and concentration of the analytes has also been accomplished using mixed-phase
extraction columns. Such a copolymeric bonded silica column with both hydro-
phobic and cationic functions has been employed in the analysis of hygromycin
B in plasma, serum and milk (326).

Matrix solid-phase dispersion has also been applied for the determination
of ivermectin residues in bovine liver (373) and milk (372), moxidectin in bovine
tissues (374), thiabendazole and mebendazole in meat (66), and five and seven
benzimidazoles in bovine liver (375) and milk (322), respectively.

Online trace enrichment is another attractive route for increasing the resolv-
ing power of liquid chromatographic methods. An automated system by which
nitroxynil in cattle muscle tissue could be loaded onto an anion-exchange precol-
umn and then eluted and chromatographed on a polymeric analytical column has
been described (354). In practice, this is the online and higher performance ana-
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logue of conventional offline cleanup that typically employs a sequence of low-
resolution chromatographic steps.

Ultrafiltration through a 30000 molecular mass cut-off cellulose membrane
is another cleanup procedure that has been successfully applied in the analysis
of luxabendazole residues in biological fluids (364). Although efficient, this tech-
nique was not used for treatment of urine samples since it would have implied
working with low flow rates and a consequent increase in analysis time.

Immunoaffinity chromatography cleanup has also been applied as an ideal
and reliable strategy for residue analysis. Immunoaffinity columns prepared by
coupling the antibodies to a cyanogen bromide-activated support were used to
analyze avermectin B1 residues in cattle tissues (359) and ivermectin in sheep
serum (376). An immunoaffinity column prepared by an alternative activation/
coupling procedure with carbonyl diimidazole was also employed to analyze
ivermectin residues in swine liver (361) since the earlier-reported methods did
not work well in the analysis of this matrix. This recent work demonstrated
the high specificity of the antibody-mediated cleanup, but also showed that the
immunoaffinity procedures could not always or completely eliminate matrix inter-
ference of samples. Therefore, application of additional cleanup steps before or
after these procedures is often inevitable.

Although cleanup by immunoaffinity chromatography is an elegant ap-
proach that offers the advantage of specific recognition of a drug, it requires the
production and purification of the specific antibodies, which can be an expensive
process. Thus, affinity chromatography has further been suggested for the deter-
mination of hygromycin B in bovine plasma, serum, and milk (326). Unlike
with immunoaffinity chromatography, any ligand that specifically recognizes and
reversibly binds another molecule may be used for affinity chromatography. Lyso-
zyme and -lactalbumin were the proteins selected as the immobilized ligands
for binding the aminoglycoside anthelminthic hygromycin B.

Following sample extraction and cleanup, anthelminthics can be separated
by thin-layer, liquid, or gas chromatographic procedures. Direct mass spectromet-
ric methods have also been described (Table 29.10).

A direct mass spectrometric method for simultaneous detection of five benz-
imidazoles including levamisole, thiabendazole, mebendazole, fenbendazole, and
febantel in sheep milk was reported (377). The method, which involves injection
of crude milk extracts and selection and collision of the most abundant ionic
species obtained under electron impact ionization, was highly sensitive and rapid.
Another direct mass spectrometric approach for rapid and quantitative determina-
tion of phenothiazine in milk was also described (323). This method involves an
extraction step using a C18 microcolumn disc, followed by thermal desorption of
the analyte from the disc directly into an ion trap mass spectrometer.

Thin-layer chromatographic methods are limited to the determination of
hygromycin B and have been carried out on commercially available silica gel
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TABLE 29.10 Physicochemical Methods for Anthelminthics in Biological Matrices

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

SPECTROMETRIC METHODS
Phenothiazine Milk H2O diln, cleanup 4 — — TD-IT-MS-MS 10 ppb/ 323

on C18 39 4%
microcolumn
extn disc

Five Sheep HCl addn, centrgn, 14 — — EI-CAD 0.6–2.8 ppb/ 377
benzimida- milk ether/hexane MIKE-MS 80–90%
zoles extn, liq–liq

partns
THIN-LAYER CHROMATOGRAPHIC METHODS
Hygromycin B Plasma, H3PO4 (plasma) or 20 LHK-PD Silica Acetone/EtOH/ Fluorometric/ 25–50 ppb/ 327

serum TCA (serum) diln, gel NH4OH Fluorescamine 80%
ion-exchange
column cleanup

Plasma, H3PO4 diln, SPE 15 LHK-PD Silica Acetone/EtOH/ Fluorometric/ 1 ppm/ 326
serum, cleanup, affinity gel NH4OH Fluorescamine 80%
milk column cleanup

GAS CHROMATOGRAPHIC METHODS
Albendazole 2- Bovine Acid hydrolysis, 35 DB-5, 30 m, Helium EI-MS and 100 ppb/ 318

aminosulfone liver EtOAc extn, capillary MID-MS 73–105%
liq–liq partns,
SPE cleanup,
derivatization
with MTBSTFA
(TMS derivative)

(continued)
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TABLE 29.10 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

Clorsulon Bovine NH3/hydroxylamine 36 Supelcoport Helium EI-MS and 200 ppb/ 329
kidney treatment, EtOAc with 3% MID-MS 97%

extn, liq–liq SP2100
partn, SPE
cleanup,
derivatization
with methyl
iodide, liq–liq
partns

Coumaphos Honey H2O diln, tandem 8 BP-1, 12 m, Helium SIM-MS 40 ppb/ 324
SPE cleanup capillary 79–86%

Levamisole Cattle and NaOH soln addn, 18 Methylsilicone, Helium EI-MS 10 ppb/ 330
swine EtOAc extn, 15 m, capillary 61–100%
liver liq–liq partns

Milk NaOH soln addn, 19 DB-1, 30 m, Helium NPD 0.5 ppb/ 331
EtOAc extn, capillary 85–94%
liq–liq partns

Milk pH 4.6 adjustment, 7 DB-17, 30 m, Helium FID & NPD 2.2–0.4 ppb/ 328
centrgn at 10 C, capillary 85–95%
SPE cleanup,
online LC
purification on
Spherisorb S5W
normal phase
silica column

Thiabendazole, Bovine Glusulase 33 Gas-Chrom Q Helium SIM-MS 100 ppb/ 317
5-hydroxy- tissues hydrolysis, with 3% 81–112%
thiabendazole EtOAc extn, polysulfone

liq–liq partns,
on column
methylation with
trimethylanilinium
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Liquid Chromatographic Methods
Albendazole 2- Bovine HCl hydrolysis, 30 Bondapak C18 0.02M KH2PO4, Fluorometric, 200 ppb/ 319

aminosulfone liver EtOAc extn, with Co-Pell contg 10mM ex: 300 73–105%
liq–liq partns, ODS or diethanolamine/ nm, em:
SPE cleanup LiChrosorb, 10 MeOH/ACN 320 nm

m, guard (68 20 12)
column

Milk H3PO4 hydrolysis, 32 Econosphere 0.02M KH2PO4, Fluorometric, 8 ppb/ 320
ACN extn, SPE ODS, 5 m, contg 10mM ex: 300 92–104%
cleanup, liq–liq with Brownlee diethanolamine/ nm, em:
partns RP-18, 10 MeOH/ACN 320 nm

m, guard (60 30 10)
column

Avermectin B1 Bovine MeOH extn, SPE 18 Spheri-5, RP-18 H2O/MeOH UV 245 nm 6 ppb/ 359
muscle cleanup, cleanup (10 90) 80–86%
and by freezing, IAC
plasma cleanup

Clorsulon Bovine NH3/hydroxylamine 20 Alltech C18, with 0.01M, pH 7, UV 265 nm 500 ppb/ 332
kidney treatment, EtOAc Spheri-5, RP- phosp. buffer/ 93–106%

extn, liq–liq 18 OD-GU, ACN (80 20), at
partn, SPE guard column 32 C
cleanup

Milk Hydroxylamine 12 Econosphere Phosp. buffer, pH UV 265 nm 5 ppb/ 360
addn, MeOH C18, 3 m 7.0/ACN 74–79%
extn, SPE (75 25)
cleanup

Closantel Animal ACN/HOAc extn, 9 Nucleosil 100 H2O/ACN (15 85), Fluorometric, 10–50 ppb/ 344
tissues, SPE cleanup C18, 5 m pH 2.5 ex: 335 71–88%
plasma nm, em:

510 nm

(continued)
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TABLE 29.10 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

Eprinomectin Bovine Na2SO4 addn, 13 Abzelute ODS- H2O/ACN (30 70), PICI-MS- 2400 ppb/ 370
liver DCM/acetone DB, 5 m pH 5, at 40 C MS-ESP NR

extn, SPE
cleanup

Bovine Na2SO4 addn, 15 Zorbax RX-C8 H2O/MeOH/ACN/ Fluorometric, 2 ppb/ 365
tissues DCM/acetone TEA/H3PO4 ex: 365 87–100%

extn, SPE (15 55 30 0.1 0.1), nm, em:
cleanup, on-line at 35 C 470 nm
precolumn
derivatization
with
trifluoroacetic
anhydride

Fenbendazole Bovine Na2SO4/Na2CO3 30 Alltech C18, 5 0.01M, pH 7, UV 298 nm 800 ppb/ 333,
liver addn, EtOAc m, with amm. phosp. 83% 334

extn, liq–liq Brownlee RP- buffer/MeOH
partns, SPE 18 Spheri-10 (30 70), (47 53)
cleanup MPLC, guard and (60 40)

column
Milk ACN extn, liq–liq 9 Nucleosil 120 0.01M H3PO4/ UV 300 nm 3 ppb/ 345

partns C18, 5 m ACN (50 50) 98–100%
contg 10 mM
octane-
sulfonate, at
50 C

Copyright © 2001 Marcel Dekker, Inc.



1015
P

h
ysico

ch
em

ical
M

eth
o

d
s

Ivermectin Animal Acetone/H2O/ 29 Zorbax ODS, H2O/MeOH Fluorometric, 1 ppb/ 366
tissues isooctane extn, with Spheri-5 (3 97), at 30 C ex: 360 74–77%

cleanup by RP-18, 5 m, nm, em:
freezing, guard column 425 nm
precolumn
derivatization with
methylimidazole/
acetic anhydride,
SPE cleanup

Animal ACN extn, two SPE 20 Brownlee RP-18 H2O/MeOH (3 97) Fluorometric, 2 ppb/ 346
tissues cleanups, OD-224, with ex: 365 77–99%

precolumn Brownlee RP- nm, em:
derivatization with 18 guard 425 nm
methylimidazole/ column
acetic anhydride,
SPE cleanup

Animal ACN extn, SPE 35 Supelcosil LC- H2O/MeOH (5 95) Fluorometric, 2 ppb/ 347
tissues cleanup, cleanup 18, 5 m, with ex: 360 68–88%

by freezing, Supelguard nm, em:
liq–liq partns, LC-18, 5 m, 470 nm
precolumn guard column
derivatization with
methylimidazole/
acetic anhydride,
SPE cleanup

Bovine MSPD extn/ 23 Econosil C18, 5 H2O/MeOH Fluorometric, 1 ppb/ 373
liver cleanup, SPE m, with (5 95), at 37 C ex: 364 72–77%

cleanup, Newquard nm, em:
precolumn C18, guard 418 nm
derivatization with column
methylimidazole/
acetic anhydride,
SPE cleanup

(continued)
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TABLE 29.10 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

Bovine EtOH and acetone 19 Bondapak NH2 Hexane/THF/ UV 254 nm 5 ppb/ 367
blood extn, cleanup by MeOH/DMSO 77–104%
and freezing, liq–liq (75 25 2)
plasma partns

Bovine ACN extn, two SPE 7 Nova-Pak C18, 4 H2O/ACN/MeOH UV 245 nm 2 ppb/ 348
serum cleanups m (10 45 45) 95 4%

Bovine ACN extn, SPE 11 Nova-Pak C18, 5 H2O/ACN/MeOH UV 254 nm/PDA 5–10 ppb/ 349
liver cleanup m (10 45 45) (220–300 nm), 65–89%
and ( 50 ppb)
muscle

Bovine ACN extn, SPE 7 Ultrasphere XL H2O/ACN/MeOH UV 245 nm 2 ppb/ 350
tissues, cleanup ODS, 3 m (18 49 33), at 77%
blood 56 C
and
serum

Meat, liver ACN/H2O extn, 12 Bondapak C18 H2O/MeOH (5 95) Fluorometric, ex: 5 ppb/ 351
SPE cleanup, 364 nm, em: 71–88%
precolumn 470 nm
derivatization
with
methylimidazole/
trifluoroacetic
anhydride
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Milk NH4OH/EtOH/ 27 Econosil C18, 5 H2O/MeOH Fluorometric, ex: 1 ppb/ 369
EtOAc/ m, or Zorbax (95 5), at 30 C 364 nm, em: 59–99%
isooctane extn, ODS, with 418 nm
liq–liq partns, Brownlee OD-
precolumn GU guard
derivatization with column
methylimidazole/
acetic anhydride,
SPE cleanup

Milk MSPD extn/ 35 Econosil C18, 5 H2O/MeOH/THF Fluorometric, ex: 1 ppb/ 372
cleanup, SPE m, with (5 85 15) 364 nm, em: 81–91%
cleanup, Newquard 455 nm
precolumn RP-18, guard
derivatization with column
methylimidazole/
acetic anhydride,
SPE cleanup

Sheep MeOH/phosp. 7 Spheri-5, RP- H2O/MeOH (5 95) UV 245 nm 2 ppb/ 376
serum buffer diln, IAC 18, 5 m 90–99%

cleanup
Swine MeOH extn, IAC 15 Brownlee C18, 5 H2O/ACN/MeOH UV 245 nm 5 ppb/ 361

liver cleanup, liq–liq m (10 45 45) 85–102%
partn

Luxabendazole Serum, DMF extn, ultrafiltn 4–7 Nucleosil C18, 5 0.05M, pH 7, UV 290 nm 15–25 ppb/ 364
urine or SPE cleanup m, with phosp. buffer/ 60–116%

Perisorb RP- ACN (60 40) or
18, 30–40 m, 84–108%
pellicular
guard column

Mebendazole Eel Na2SO4/Na2CO3 14 LiChrosorb RP- 0.05M amm. UV 311 nm/PDA 10 ppb/ 335
muscle addn, EtOAc 8, 5 m, with phosp. buffer/ (200–360 nm) 62–83%

extn, SPE pellicular RP, ACN (70 30),
cleanup 40 m, guard pH 6.7

column

(continued)
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TABLE 29.10 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

Moxidectin Bovine ACN extn, liq–liq 26 Zorbax ODS, 5 H2O/MeOH (2 98) Fluorometric, 10 ppb/ 352
tissues partns, m ex: 364 89–99%

precolumn nm, em:
derivatization 470 nm/
with LC-MS-TSP
methylimidazole/ without
acetic anhydride, derivatization
SPE cleanup and after LC

conditions
modification
( 250 ppb)

Bovine MSPD extn/ 13 Supelcosil C18, 3 0.2% HOAc/ Fluorometric, 1 ppb/ 374
tissues cleanup, SPE m MeOH/ACN ex: 383 80–100%

cleanup, (8 30 62) nm, em:
precolumn 447 nm
derivatization
with
methylimidazole/
trifluoroacetic
anhydride

Plasma ACN extn, SPE 9 Supelcosil C18 0.2% HOAc/ Fluorometric, 0.1 ppb/ 353
cleanup, MeOH/ACN ex: 383 77–86%
precolumn (8 30 62) nm, em:
derivatization 447 nm
with
methylimidazole/
trifluoroacetic
anhydride
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Nitroxynil Bovine TEA/ACN extn, on 11 PLRP-S, 5 m, 0.01M, pH 7, UV 273 nm 5 ppb/ 354
muscle line trace analytical and phosp. buffer/ 89–94%

enrichment on guard column ACN (80 20)
Anagel-TSK
DEAE-5PW, 10

m, preconcn
column and
switching to
analytical column

Milk ACN/acetone extn, 9 LiChrospher 100 0.05M KH2PO4/ Electro- 0.7 ppb/ 368
liq–liq partns RP-18, 5 m ACN (80 20), chemical 92–97%

pH 4, at 40 C
Oxfendazole Milk Acetone extn, 26 Bondapak C18, H2O/ACN UV 254 nm 5 ppb/ 362

liq–liq partns with Co-Pell (75.5 24.5) 100–105%
ODS guard
column

Praziquantel Fish Acetone extn, 10 Supelcosil LC- H2O/ACN (61 39) UV 205 nm 5–20 ppb/ 363
plasma liq–liq partns ABZ, 5 m, 81–100%
and analytical and
tissues guard column

Thiabendazole Meat HCl hydrolysis, 10 Bondapak C18, 0.03M sodium UV 300 nm, 5 ppb/ 321
SPE cleanup 10 m, with acetate/MeOH and 62–75%

Bondapak (45 55), pH 7.6 fluorometric,
C18/Corasil, ex: 313
37–50 m, nm, em:
guard column 365 nm

(continued)
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TABLE 29.10 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

Thiabendazole, Milk HCl hydrolysis, 14 PartiSphere 0.05M phosp. Fluorometric, 50 ppb/ 378
5-hydroxy- EtOAc extn, SPE SCX, 5 m buffer/ACN ex: 305 & 90–108%
thiabendazole cleanup (80 20), pH 3.8, 318 nm,

at 25 C em: 380 &
525 nm

Thiabendazoe, Meat Na2SO4/KOH addn, 11 Bondapak C18, 0.03M sodium UV 240 and 5–25 ppb/ 336
levamisole EtOAc extn, 10 m, with acetate/MeOH 300 nm/ 63–75%

liq–liq partns Bondapak (35 65), pH 7.6 PDA
C18/Corasil, (200–400
37–50 m, nm)
guard column

Thiabendazole, Meat MSPD extn/ 6 Spherisorb C18 Solvent A: 0.01M, UV 254 and 0.4–15 ppb/ 66
mebendazole cleanup ODS2, 5 m pH 5.2, acetate 290 nm, 69–102%

buffer and
Solvent B: ACN/ fluorometric,

MeOH (70 30) ex: 308
Gradient from nm, em:

(56 44) to 365 nm/
(36 64), at 35 C PDA

(200–450
nm)
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Albendazole Milk NaOH addn, EtOAc 5 Nucleosil 120 0.01M H3PO4/ UV 292 nm 2–5 ppb/ 337
and two extn, liq–liq C18, 5 m ACN (80 20) 78–100%
metabolites partn contg 5 mM

tetrabutyl-
ammonium
hydrogen
sulfate, at 50 C

Three Cheese ACN extn, liq–liq 8 Nucleosil 120 0.01M H3PO4/ Fluorometric, 0.9–55 ppb/ 355
albendazole partns C18, 5 m ACN (73 27) ex: 290 74–85%
metabolites contg 20 mM nm, em:

octanesulfonate 320 nm
and 2.5 mM
tetrabutyl-
ammonium
hydrogen
sulfate, at 40 C

Milk NaOH addn, EtOAc 6 Nucleosil 120 0.01M H3PO4/ Fluorometric, 0.09–6 ppb/ 338
extn, liq–liq C18, 5 m ACN (73 27) ex: 290 83–96%
partn contg 20 mM nm, em:

octanesulfonate 320 nm
and 2.5 mM
tetrabutyl-
ammonium
hydrogen
sulfate, at 40 C

(continued)
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TABLE 29.10 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

Mebendazole Eel NaOH addn, EtOAc 21 ChromSpher B 0.01M, pH 6.2, UV 289 nm 1–2 ppb/ 339
and two muscle extn, SPE C18, 5 m, NaH2PO4ACN 59–99%
metabolites cleanup with C18, 20 (70 30)

m, guard
column

Fenbendazole Fish Na2CO3 soln addn, 17 Two in series 0.05M, pH 5.0, UV 297 nm 4–7 ppb/ 340
and two muscle EtOAc extn, SPE Lichrosorb RP amm. phosp 70–93%
metabolites cleanup 8, 5 m, buffer/ACN/

columns with MeOH
pellicular C18 (55 28 17)
40 m, guard
column

Fenbendazole Milk ACN extn, liq–liq 11 Nucleosil 120 0.01M H3PO4/ UV 290 nm 2–5 ppb/ 356
and three partns C18, 5 m ACN (70 30) 82–91%
metabolites contg 2.5 mM

octanesulfonate
and 5 mM
tetrabutyl-
ammonium
hydrogen
sulfate, at 50 C

Fenbendazole Liver, NH4OH addn, SPE 6 Micro Pak MCH H2O/0.05N UV 290 nm 10 ppb/ 371
and four plasma cleanup 10 H3PO4/ACN 89–102%
metabolites (5 15 80) or

0.05N H3PO4/
ACN (22 78)
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Four Milk Na2SO4 addn, 30 LiChrosorb RP- 0.01M, pH 7, UV 298 nm 0.5–30 ppb/ 341
benzimidazoles EtOAc extn, 18, 10 m or amm. phosp. and 318 56–94%

liq–liq partns, Hypersil ODS, buffer/MeOH nm
SPE cleanup 5 m, with (30 70),

pellicular C18 (47 53), and
guard (60 40)
pellicular C18

guard column
Five Milk ACN/acetone extn, 8 Kaseisorb LC- 0.05M KH2PO4/ Electro- 4–20 ppb/ 357

anthelminthics liq–liq partn, 300-5, 5 m ACN (45 55), chemical 79–98%
SPE cleanup pH 3, at 40 C

Five Bovine MSPD extn/ 10 Micro Pak, 10 0.017M H3PO4/ UV 290 nm/ 100 ppb/ 375
benzimidazoles liver cleanup, SPE m ACN (60 40), at PDA (200– 62–87%

cleanup 45 C 350 nm)
Seven Milk MSPD extn/ 9 Micro Pak, 10 0.05N H3PO4ACN UV 290 nm/ 62.5 ppb/ 322

benzimidazoles cleanup m (60 40), at 45 C PDA (200– 70–107%
350 nm)

Eight Animal Na2SO4/K2CO4 20 Partisphere C18, 0.01M, pH 7, UV 298 nm/ 50 ppb/ 342
benzimidazoles tissues addn, EtOAc 5 m amm. phosp. GC-EI- 81–99%

extn, liq–liq buffer/MeOH MS after
partns, SPE (47 53) contg derivatization
cleanup 10 mM TEA with

MTBSTFA
(TMS
derivatives)

(continued)
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TABLE 29.10 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

Eight Animal ACN extn, liq–liq 24 Hewlett- 0.01M pentane- UV 298 nm/ 20–50 ppb/ 358
benzimidazoles tissues partns, two SPE Packard RP- sulfonate contg GC-NPD 39–87%

cleanups 18, 5 m, with 0.5% TEA, pH or GC-EI-
Kontron RP- 3.5/ACN MS or GC-
18 Presat, (50 50) Pulsed PICI-
25–40 m, NICI-MS after
guard column derivatization

with methyl
iodine or
pentafluoro-
benzyl
bromide

Eight Bovine Normal saline diln, 21 Micro Pak MCH H2O/0.05N UV 290 nm 10–250 ppb/ 325
benzimidazoles liver MSPD extn/ 10 H3PO4/ACN 61–92%

cleanup using (6 6 88)
diatomaceous
earth, liq–liq
partns

Ten Milk NaOH addn, EtOAc 5 Nucleosil 120 0.01M H3PO4/ UV 292 nm 2–40 ppb/ 343
benzimidazoles extn, liq–liq C18, 5 m ACN (80 20) 59–100%

partn contg 5 mM
tetrabutyl-
ammonium
hydrogen
sulfate, at 50 C

TD–IT, Thermal desorption–ion trap; CAD MIKE, collisionally activated decomposition mass-analyzed ion kinetic energy; MID, multiple
ion detection; FID, flame ionization detector; NPD, nitrogen/phosphorus detector; SIM, selected ion monitoring; EI, electron impact; TMS,
trimethylsilane; MTBSTFA, N-methyl-N-(tetr.-butyldimethylsilyl)trifluoroacetamide.
Other abbreviations as in Tables 29.1 and 29.3.
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plates (326, 327). Hygromycin B bands were derivatized at acidic pH with fluores-
camine, and visualized under ultraviolet light. Unlike other aminoglycosides,
hygromycin B exhibited a higher fluorescence in acidic solutions than in basic
conditions. These methods generally lack the performance characteristics required
to detect the low ppb levels likely to occur in animal tissues.

Liquid chromatographic methods have become the most widely used sepa-
ration techniques for determining anthelminthic residues in edible animal products
(Table 29.10). Separation is generally carried out on octadecyl, octyl, or polymeric
reversed-phase columns, but normal-phase columns (367), such as -Bondapak
NH2, have also been employed. In reversed-phase separations, ion-suppressing
or ionization-enhancing mobile phases are the most useful separation modes for
analysis of multiple benzimidazole residues (338, 343). With mobile phases at
neutral pH (341), where ionization of the analytes is suppressed, excessive reten-
tion and broadness of the late-eluting peaks often occur. By changing to acidic
mobile phases, where ionization of benzimidazoles is enhanced, early-eluting
peaks are readily separated, but the late-eluting peaks tail badly. Such behavior
indicates some adsorptive interaction between protonated analytes and the nega-
tively charged silanol groups on the silica-based stationary phase. Adding tetrabu-
tylammonium cations to an acidic mobile phase greatly improves chromatography
eliminating peak distortion and increasing peak heights (343).

Detection in liquid chromatography is mostly performed by fluorescence
and/or ultraviolet absorption. In a few instances, electrochemical detection has
also been employed (357, 368). For compounds that exhibit inherent intense
fluorescence such as albendazole and metabolites (319, 320, 338, 355), closantel
(344), and thiabendazole and metabolites (378), fluorometric detection is the
preferred detection mode since it allows higher sensitivity. Compounds that do
not fluoresce such as eprinomectin, moxidectin, and ivermectin, are usually con-
verted to fluorescent derivatives prior to their injection into the liquid chromato-
graphic analytical column. The derivatization procedure commonly applied for
this group of compounds includes reaction with trifluoroacetic anhydride in pres-
ence of N-methylimidazole as a base catalyst in acetonitrile (346, 347, 351, 352,
366, 369, 372–374). The formation of the fluorophore is achieved in 30 s at 25 C
and results in a very stable derivative of ivermectin and moxidectin (353) but a
relatively unstable derivative of eprinomectin (365). However, the derivatized
extracts are not pure enough, so that their injection dramatically shortens the life
of the liquid chromatographic column unless a silica solid-phase extraction
cleanup is finally applied.

Confirmatory analysis of suspected liquid chromatographic peaks can be
accomplished by a photodiode array detector that continuously collects spectral
data during the chromatographic separation and further compares the spectrum
(200–450 nm) of the eluted suspected compound with that of a standard (66,
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322, 335, 336, 349, 375). Although confirmation with a photodiode array detector
is simple, specificity and sensitivity are not sufficient to determine or identify
trace levels of residual anthelminthics in edible animal products.

Coupling of liquid chromatography with mass spectrometry can provide
unequivocal on-line spectrometric identification of anthelminthic residues in ani-
mal-derived foods. Typical applications of such techniques include the confirma-
tion of moxidectin residues in cattle fat by liquid chromatography–thermospray
mass spectrometry (352), and the confirmation of eprinomectin residues in bovine
liver tissue by liquid chromatography, electrospray ionization, and multiple reac-
tion monitoring in the MS–MS mode with positive ion detection (370).

Gas chromatographic separation has not gained wide acceptance in spite
of being quite sensitive and specific. This mode of separation is complicated by
the necessity for derivatization of anthelminthics before analysis. Because the
benzimidazoles are basic and exhibit low volatility, a derivatization procedure is
inevitable. Only thiabendazole and triclabendazole are accessible by direct gas
chromatography, although with a high detection limit. However, other anthelmin-
thics such as organophosphates and levamisole are usually separated by direct
gas chromatography with excellent detection limits (324, 328, 330, 331).

Among the derivatization reactions generally employed in the gas chro-
matographic determination of compounds with amino functions, acylation with
trifluoroacetic anhydride, heptafluorobutyric anhydride, and N-methyltrifluoroa-
cetamide; and alkylation with methyl iodide, pentafluorobenzyl bromide, and
trimethylanilinium hydroxide are the most commonly used. On-column methyla-
tion using trimethylanilinium hydroxide in methanol has been employed in a
combined gas–liquid chromatographic/mass spectrometric confirmatory assay for
thiabendazole and 5-hydroxythiabendazole in animal tissues (317). For the gas
chromatographic determination of albendazole-2-aminosulfone (318) or clorsulon
(329) in bovine tissues, precolumn silylation with N-Methyl-N-(tetr.-butyldimeth-
ylsilyl)trifluoroacetamide or methylation with methyl iodide have been used, re-
spectively. The confirmation of the derivatized analytes has been accomplished
using a mass spectrometric detector operating in multiple ion detection or electron
impact mode.

Methods for anthelminthic analysis that present attractive performance
characteristics in terms of simplicity, selectivity, and sensitivity are those reported
by Fletouris et al. (338, 343), and DeGroodt et al. (351).

A simple, rapid, and sensitive ion-pair liquid chromatographic method was
described by Fletouris et al. (338) for the determination in milk of the sulfoxide,
sulfone, and 2-aminosulfone metabolites that comprise the marker residue of
albendazole. According to this method, a 1 ml aliquot of milk sample is alkalinized
with sodium hydroxide solution, extracted with 7 ml ethyl acetate, and the extract
is cleaned up by partition with 1 ml water. Following centrifugation, the top
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organic layer is collected, evaporated to dryness, and reconstituted in 0.5 ml
mobile phase before liquid chromatography. Separation of the analytes is
performed on a Hichrom column packed with Nucleosil 120, C18, 5  m
material. The mobile phase consists of acetonitrile and 0.01M phosphoric acid,
(27 73, v/v), and contained 20 mM octanesulfonate and 2.5 mM tetrabutylam-
monium ion pair reagents. Detection is carried out fluorometrically using
excitation and emission wavelengths of 290 and 320 nm, respectively. Overall
recoveries were 85.3 9.0%, 96.4 6.2%, and 83.4 7.5% for the sulfoxide,
sulfone, and 2-aminosulfone metabolites, respectively, while precision data,
based on within- and between-days variation, suggested overall relative standard
deviation values ranged from 2.9 to 6.0%. The good analytical characteristics
of the method could allow limits of detection in the low ng/ml range to be
realized (Table 29.10).

A multiresidue liquid chromatographic method was also reported by Flet-
ouris et al. (343) for the quantitative screening of 10 benzimidazoles in milk
including albendazole 2-aminosulfone, albendazole sulfoxide, oxibendazole, ox-
fendazole, albendazole sulfone, p-hydroxy-fenbendazole, albendazole, mebenda-
zole, fenbendazole sulfone, and fenbendazole residues. According to this method,
a 1 ml milk sample is alkalinized to pH 10 by addition of sodium hydroxide
solution, and extracted with 6 ml ethyl acetate. The extract is cleaned up by
partitioning with 1 ml water, evaporated to dryness, reconstituted with mobile
phase, and analyzed isocratically on a Hichron column packed with Nucleosil
120, C18, 5 m material (Fig. 29.10.1). The mobile phase consists of acetonitrile
and 0.01M phosphoric acid (20 80, v/v), containing 5 mM tetrabutylammonium
hydrogen sulfate. Detection is carried out at 292 nm. Overall recoveries of most
analytes ranged from 79 to 100%, while precision data, based on within- and
between-days variation, suggested overall relative standard deviation values
ranged from 2.0 to 5.8%.

DeGroodt et al. (351) described a liquid chromatographic method for the
determination of ivermectin residues in meat and liver from cattle and swine.
According to this method, a 4 g minced meat or liver sample is vortexed–mixed
with 40 ml acetonitrile and 3.5 ml water. Following centrifugation, the precipitate
is extracted again with 20 ml acetonitrile and 3.5 ml water. The combined extracts
are evaporated to 6 ml and then diluted with 6 ml water. The diluted extract is
loaded on a Bond Elut C18 cartridge and, following passing of the extract, the
cartridge is dried by air aspiration. Ivermectin is eluted with 5 ml acetonitrile,
which is then evaporated to dryness. Derivatization of ivermectin is performed
in the dark by adding to the dried residue 150 l trifluoroacetic anhydride/acetoni-
trile (1 2), and 100 l N-methylimidazole/acetonitrile (1 1). Chromatographic
analysis is accomplished on a C18 Bondapak reversed-phase column using a meth-
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FIG. 29.10.1 Typical chromatograms of a mixed standard working solution (A),
a control milk sample (B), and a control milk sample fortified with benzimidaz-
oles at concentrations close to their detection limits (C). Peaks: 1, albendazole-
2-aminosulfone; 2, albendazole sulfoxide; 3, oxibendazole; 4, oxfendazole; 5,
albendazole sulfone; 6, p-hydroxyfenbendazole; 7, albendazole; 8, mebenda-
zole; 9, fenbendazole sulfone; 10, fenbendazole. (From Ref. 343.).

anol–water (95 5) mobile phase (Fig. 29.10.2). Detection is carried out fluoro-
metrically using excitation and emission wavelengths of 364 and 470 nm, respec-
tively. Recovery ranged from 70 to 88%, and the quantification limit was as low
as 5 ppb.

29.11 ANTICOCCIDIAL AND OTHER ANTIPROTOZOAL
DRUGS

The first drugs used to treat coccidiosis were the sulfonamides. Subsequently, a
wide range of compounds have replaced them. Many of these compounds, includ-
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FIG. 29.10.2 Chromatograms of ivermectin. A, Absolute detection limit (250 pg); B, standard solution (3.6 ng);
C, blank meat sample; D, spiked meat sample (22.5 ppb). (From Ref. 351.).
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ing sulfonamides, nitrofurans, and tetracyclines, in addition to their role as coc-
cidiostats are also used as antibacterials. Other drugs such as avoparcin, bacitracin,
carbadox, halquinol, nitrovin, roxarsone, and virginiamycin, are classified as
growth promoters. This section concentrates on those drugs whose primary func-
tion and use is as antiprotozoals. Included in this group of drugs are the benzam-
ides, carbanilides, nitroimidazoles, polyether antibiotics, quinolone derivatives,
triazines, and some miscellaneous compounds. The majority of these drugs have
no common chemical structure and therefore no group tests can be used to screen
for residues in animal-derived foods.

Before an extraction procedure may commerce, the sample must be pre-
pared so that it is in a condition for extraction of the analyte(s). This is particularly
relevant for complex matrices such as animal-derived foods, the nature of which
determines the kind of pretreatment step required. When analyzing semi-solid
food samples, such as muscle, liver, and skin, a pretreatment step may be required.
The analyte(s) must be exposed to extracting solvents to ensure maximum extrac-
tion. This may be accomplished by mechanical dispersion using a mincer/homog-
enizer. The most popular approach for tissue break-up is the homogenization of
samples in water or an aqueous buffer. Addition of anhydrous sodium sulfate to
the tissue samples, to combine with the water present, has been carried out for
facilitating the extraction of dimetridazole (379, 380).

For liquid samples, such as honey, a pretreatment dilution step with
acetonitrile/water, followed by filtration prior to liquid chromatographic analysis,
may be required (381). Addition of anhydrous sodium sulfate to egg homogenate,
prior to sample cleanup, is considered essential to remove part of the water and
facilitate the extraction of nicarbazin (382, 383) and halofuginone (384). Further-
more, it was found (382) that homogenizing eggs with acetic acid to adjust the
pH reduced the viscosity of the sample. This reduced viscosity, made the sample
more suitable for extraction, and improved the recovery. On the other hand,
homogenizing eggs with hydrochloric acid and saturated sodium chloride solution
has been considered essential (385) prior to liquid–liquid partitioning on diatoma-
ceous earth column.

Extraction/deproteinization has been performed by either vortexing liquid
samples or homogenizing semisolid samples with acetonitrile (227, 382, 383,
386–392), methanol (14, 393–395), methanol/water mixtures (396–401), ethyl
acetate (384, 402–406), dichloromethane (379, 380, 407), and acetone (408, 409).
Nonpolar organic solvents, such as isooctane (410, 411) and toluene (407), have
also been reported to work extremely well for extracting salinomycin and dimetri-
dazole from chicken tissues, respectively. Sample extraction with these nonpolar
solvents yields a cleaner extract and an easier workup than extraction with com-
monly used polar solvents. However, selecting an extraction solvent is critical
in establishing an analytical method because it is closely related to the cleanup
systems.
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Using the previously mentioned extraction/deproteinization procedures, the
obtained extracts often represent very dilute solutions of the analyte(s). These
extracts may also contain coextractives that, if not efficiently separated prior to
analysis of the final extract, will increase the background noise of the detector,
making it impossible to determine the analyte(s) at the trace residue levels likely
to occur in the analyzed samples. Hence, to reduce potential interferences and
concentrate the analyte(s), the primary sample extracts are often subjected to
some kind of additional sample cleanup such as liquid–liquid partitioning, solid-
phase extraction, matrix solid-phase dispersion, online trace enrichment, and liq-
uid chromatography. Extraction strategies needed for anticoccidial drugs gener-
ally depend upon the nature of the biomatrix. However, in many instances, more
than one of these cleanup procedures may be applied in combination to allow
greater purification of the analyte(s).

Liquid–liquid partitioning has been used for many years for the purification
of anticoccidial drugs. The judicious use of multistep procedures involving extrac-
tion and back-extraction into organic and aqueous phases with appropriate use
of pH and ionic strength can remove desired compounds from biological matrices
as well as reducing the amount of interfering contaminants in the final extract.
Quite different liquid–liquid partitioning approaches have been described, the
selection being determined by the individual chemical properties of the drugs
analyzed.

Polyether antibiotics are hydrophobic compounds that are characterized
chemically by their low polarities and their instability under acidic conditions.
These antibiotics can be quantitatively extracted from the primary organic extract
into carbon tetrachloride (393–395). When partitioning from a sodium chloride
solution into an organic solvent, high yields have been achieved using dichloro-
methane (396, 397), carbon tetrachloride (391, 399), and chloroform (14, 398)
as extraction solvents. In a different approach, water extracts containing lasalocid
residues have been purified by partitioning into the mobile phase, which was a
complex mixture of tetrahydrofuran, methanol, n-hexane, and ammonia (387,
389, 390, 392). To remove lipids, sample extracts have often been partitioned
with n-hexane.

Nitroimidazoles are polar compounds with characteristic amphoteric prop-
erties. They can easily be extracted from the primary organic sample extract into
a strongly acidic aqueous solution and then back-extracted into dichloromethane
under alkaline conditions (379, 402). In a different approach (385), on-column
liquid–liquid partitioning is achieved using columns containing hydrophilic pack-
ing material (diatomaceous earth) to absorb and distribute egg homogenates over
a large surface area, following which the analytes are eluted from the column
with dichloromethane. Isooctane or n-hexane washing has often been used to
remove lipids from sample extracts.
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From the other anticoccidial drugs, benzamides can be readily extracted
as ion-pairs into dichloromethane at strong alkaline conditions (pH 11) using
tetrabutylammonium as pairing ion (257). Imidocarb residues have been parti-
tioned into chloroform from alkaline water extracts containing sodium chloride
(409), while ethopabate can be partitioned into ethyl acetate from water extracts
containing sodium chloride without pH adjustment (388).

Removing proteins and other matrix constituents can also be accomplished
with solid-phase extraction procedure. This procedure has become the method
of choice in many laboratories for the isolation and/or cleanup of anticoccidial
drugs from biological matrices. It is particularly advantageous because it requires
low solvent usage, is generally less time-consuming and less labor-intensive, and
has a variety of special properties that allow better extraction of these drugs.

Cleanup and concentration of both polar and nonpolar anticoccidial drugs
from coextracted substances have mainly been accomplished with polar sorbents,
such as silica (379, 391, 396, 398, 399, 402, 407, 410, 411), alumina (227, 257,
403, 404, 406, 412), or Florisil (388), since they provide high recovery of the
analytes. However, in many cases, cation exchange sorbents (409), reversed-
phase sorbents (405), or combinations of silica with reversed-phase sorbents (395,
400), alumina with Sephadex LH-20 (406), or alumina with Sephadex LH-20
and silica (397, 401) sorbents have been reported to be a powerful approach for
the isolation and/or cleanup of these compounds. It is significant to note that
cleanup systems using alumina are not suitable for isolation of lasalocid residues
since they are irreversibly bound to the sorbent.

In contrast to the solid-phase extraction approach, only nonpolar C18 deriva-
tized silica has been used as the sorbent in matrix solid-phase dispersion tech-
nique. This technique, which simplifies the overall methodology and removes
most of the interfering compounds from animal-derived foods, has been success-
fully applied in the determination of nicarbazin residues in meat (66) and chicken
tissues (412).

Online trace enrichment has also been described for the isolation/purifica-
tion of nicarbazin residues from eggs (383), and salinomycin residues from
chicken skin and fat (395). This technique involved trapping the analyte onto an
LC preconcentration column, rinsing of coretained material to waste, and flushing
of the concentrated analytes onto the analytical column. In a somewhat similar but
seemingly different approach, liquid chromatographic cleanup was successfully
employed in the determination of lasalocid in bovine liver (387). This involves
loading of sample extract onto a normal-phase semipreparative column (Partisil
10 M9), elution with a proper mobile phase, collection of the narrow predeter-
mined fraction of the chromatographic effluent containing this antibiotic, and
reanalysis by pyrolysis gas chromatography.

Following their extraction and cleanup, anticoccidial drug residues in sam-
ple extracts can be detected after thin-layer, gas, or liquid chromatographic separa-
tion (Table 29.11).
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TABLE 29.11 Physicochemical Methods for Anticoccidial and other Antiprotozoal Drugs in Edible Animal Products

Stationary Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps phase Mobile phase identification recovery Ref.

THIN-LAYER CHROMATOGRAPHIC METHODS
Monensin Animal MeOH extn, liq–liq 14 Silica gel CHCl3/MeOH/ B. subtilis 5–10 ppm/ 14

tissues partns acetone/ bioautography NR
glycerol

Chicken ACN extn, liq–liq 10 Silica gel CC14/benzene/ FAB-MS 10 ppb/ 386
fat partns methyl NR

cellosolve
Poultry MeOH extn, liq–liq 12 Silica gel CHCl3/MeOH/ B. subtilis 250 ppb/ 393

tissues partns LK6D acetone/ bioautography 93–97%
glycerol

Salinomycin Chicken H2O addn, 8 Silica gel CHCl3/MeOH/ B. subtilis 25 ppb/ 410
liver isooctane extn, GF NH4OH bioautography 85–147%

silica column
cleanup

Rabbit Acetone extn, 7 Silica gel Hexane/ether/ B. stea ro- 10 ppb/ 408
tissues liq–liq partns G MeOH/ HOAc thermophilus 50–100%

bioautography

(continued)
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TABLE 29.11 Continued

Stationary Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps phase Mobile phase identification recovery Ref.

Monensin, Animal MeOH extn, liq–liq 9 Silica gel EtOAc/ACN B. subtilis 0.45–1 ppm/ 394
lasalocid, tissues partn bioautography NR
salinomycin

Zoalene, Chicken CHCl3/EtOAc extn, 13 Silica gel G CHCl3/EtOAc/ Vis, after N- 0.1–1 ppm/ 257
nitromide, liver alumina column MeOH (1-naphthyl)- 17–78%
and cleanup, liq–liq ethylenediamine
metabolites partn, ion-pair derivatization

extn
GAS CHROMATOGRAPHIC METHODS
Hydroxy Swine K2HPO4/NaCl 34 Supelcoport Argon/ ECD 2 ppb/ 402

dimetridazole muscle addn, EtOAc with 3% methane 72–85%
extn, liq–liq OV-225
partns, SPE
cleanup,
esterification
with HOAc/
H2SO4, liq–liq
partns

Lasalosid Bovine ACN extn, liq–liq 13 Gas-Chrom Isobutane PICI-MS NR 387
liver partns, LC Q with

purification on 3%
Partisil M9 SE-30
column,
derivatization
with BSTFA
(TMS derivative)
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LIQUID CHROMATOGRAPHIC METHODS
Dimetridazole Bovine Na2SO4 addn, DCM 18 Novapak 0.05M, pH 4.3, UV 320 Nm/ 5 ppb/ 379

muscle extn, SPE C18, 4 amm. PDA (240– 78–87%
cleanup, liq–liq m acetate 360 nm)
partns buffer/ACN

(70 30)
Poultry DCM (muscle) or 16 Partisil 5 H2O/ACN PICI-MS-TSP 5 ppb/ 407

tissues toluene (liver, ODS 3, 5 (50 50) 80%
and egg) extn, SPE m contg 0.05M
eggs cleanup, liq–liq amm.

partn acetate
Ethopabate Chicken ACN extn, liq–liq 18 Zorbax 0.01M Fluorometric, 0.5 ppb/ 388

tissues partns, Florisil ODS KH2PO4/ ex: 306 nm, 82–96%
column cleanup ACN/TEA em: 350 nm

(59 40 1),
pH 4.0, at
50 C

Fumagillin Honey ACN/H2O diln, filtn 2 Phenomenex H2O/ACN/ UV-Vis 350 100 ppb 381
IB-SIL 5 HOAc nm
C18, (50 50 0.15)
analytical
and
guard
column

Halofuginone Eggs Na2CO3/Na2SO4 21 Waters H2O/ACN/ UV 243 nm 5 ppb/ 384
addn, EtOAc C18, 10 0.25M, pH 79–103%
extn, Celite m 4.9,
column cleanup ammonium

acetate
buffer
(60 25 15)

(continued)
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TABLE 29.11 Continued

Stationary Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps phase Mobile phase identification recovery Ref.

Imidocarb Bovine Acetone/Na2CO3 17 Spherisorb Solvent A: 0.01M UV 260 nm 1 ppb/ 409
kidney extn, liq–liq S3W- sodium 72–83%

partns, SPE C18, acetate-0.01M
cleanup 3 m sodium

trifluoroacetate/
ACN (85 15)

Solvent B: 0.01M
sodium
acetate–0.01M
sodium
trifluoroacetate–
0.01M tetra-
methylammonium
chloride, pH 2/
ACN (90 10)

Solvent A for 5
min and then
solvent B for
15 min
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Lasalocid Bovine ACN extn, liq–liq 7 Two Hexane/THF/ Fluorometric, 25 ppb/ 389
liver partns Partisil MeOH ex: 310 54–88%

10 PXS (82 15 3) nm, em:
columns adjusted to 430 nm
in series alkaline pH

with NH4OH
Bovine ACN extn, liq–liq 7 Two Hexane/THF/ Fluorometric, 240 ppb/ 390

liver partn Partisil MeOH ex: 310 59–110%
10 PXS (82 15 3) nm, em:
columns adjusted to 430 nm/
in series alkaline pH PICI-GC-

with NH4OH MS after
silylation

Bovine MeOH/H2O extn, 13 Partisil 5 H2O/MeOH/ Vis 520 nm, 5–25 ppb/ 396
tissues liq–liq partns, ODS-3 HOAc postcolumn 80–88%
and SPE cleanup 25 (6 94 0.1) derivatization
milk with

vanillin
Chicken ACN extn, liq–liq 14 PLRP-S, 0.01M, pH 10, Fluorometric, 2–10 ppb/ 391

muscle partn, SPE 5 m, disodium ex: 310 60–88%
and cleanup analytical tetraborate/ nm, em:
eggs and ACN (40 60) 420–430

guard nm
column

Chicken ACN extn, liq–liq 7 Partisil Hexane/THF/ Fluorometric, 150 ppb/ 392
skin partns PXS MeOH ex: 310 67–113%

5/25 (82 15 3) nm, em:
adjusted to alk. 430 nm
pH with NH4OH

(continued)
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TABLE 29.11 Continued

Stationary Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps phase Mobile phase identification recovery Ref.

Monensin Bovine MeOH/H2O extn, 40 RP-C8 or Solvent A: ACN Fluorometric, 50 ppb/ 397
liver alumina column RP-C18, Solvent B: H2O/ ex: 365 71–96%

cleanup, liq–liq 5 m, ACN (90 10) nm, em:
partns, Sephadex with Isocratic (20 80), 418 nm
LH-20 column pellicular at 40 C
cleanup, C18

acetylation with guard
pyridine/acetic column
anhydride (1 1),

liq–liq partns,
precolumn
derivatization
with 9-anthryl-
diazomethane,
silica gel column
cleanup

Chicken MeOH/H2O extn, 27 -Porasil DCM/MeOH Fluorometric, 1 ppb/ 398
tissues liq–liq partns, (95 5) ex: 365 47–78%

silica gel column nm, em:
cleanup, liq–liq 412 nm/
partns, precolumn GC-MS
derivatization after
with 9-anthryl- methylation
diazomethane,
SPE cleanup
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Chicken MeOH/H2O extn, 13 Partisil 5 H2O/MeOH/ Vis 520 nm, 25 ppb/ 399
tissues liq–liq partns, ODS- HOAc postcolumn 82–96%

SPE cleanup 3 25 (6 94 0.1) derivatization
with
vanillin

Nicarbazin Chicken MSPD extn/ 14 Econosphere, H2O/MeOH UV 340 nm 1–2 ppm/ 412
tissues cleanup, SPE 3 m (25 75) 80–97%

cleanup
Chicken EtOAc extn, liq–liq 16 Phenomenex H2O/MeOH UV 340 nm/ 4 ppm/ 403

tissues partns, cleanup IB-SIL (25 75) NICI-MS- 75–98%
on tandem C18, 3 TSP after
alumina SPE m LC
columns conditions

modification
Chicken EtOAc extn, liq–liq 23 C18, 3 H2O/MeOH UV 340 nm/ 20 ppb/ 404

tissues partns, cleanup m, (25 75) NICI-MS- 76–88%
on tandem column TSP after
alumina SPE LC
columns conditions

modification
Eggs HOAc/Na2SO4 14 Two H2O/0.02M, pH UV-Vis 360 2.5 ppb/ 382

addn, ACN extn, ChromSpher 4.8, acetate nm 88–116%
SPE cleanup C18, 5 m, buffer/ACN

columns in (36 10 54)
series, with
pellicular RP,
30–40 m,
guard
column

(continued)
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TABLE 29.11 Continued

Stationary Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps phase Mobile phase identification recovery Ref.

Eggs Na2SO4 addn, ACN 9 ChromSpher 0.01M, pH 4.0, UV 343 nm 5 ppb/ 383
extn, online trace C18, KH2PO4/ACN 81–94%
enrichment on 5 m, (50 50)
Chrompack with pellicular
reversed-phase RP guard
preconcn column column
and switching to
analytical column

Meat MSPD extn/ 6 Spherisorb Solvent A: 0.01 UV 348 nm/ 1 ppb/ 66
cleanup C18 ODS2, M, pH 5.2, PDA (200– 52–55%

5 m acetate buffer 450 nm)
Solvent B: ACN/

MeOH (70 30)
Gradient from

(56 44) to
(36 64), at 35 C

Salinomycin Chicken MeOH extn, liq–liq 30 Ultrasphere H2O/THF/ACN/ UV 225 nm 100 ppb/ 395
skin partns, two SPE ODS, 5 m H3PO4 95–102%
and cleanups, (6 4 90 0.01)
fat pyridinium

dichromate
oxidation, liq–liq
partns, silica gel
column cleanup,
on-line trace
enrichment on
MPLC C18, 5 m,
preconcn column
and switching to
analytical column
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Chicken H2O addn, 18 Ultrasphere H2O/THF/ACN/ UV 225 nm 5–20 ppb/ 411
tissues isooctane extn, ODS, 5 m H3PO4 90%

SPE cleanup, (6 4 90 0.01)
pyridinium
dichromate
oxidation, liq–liq
partns, SPE
cleanup

Semduramicin Chicken MeOH/NH4OH 18 Zorbax EtOAc/isooctane/ Vis 522 nm, 25 ppb/ 400
liver extn, two SPE silica, with HOAc/TEA/ postcolumn 88–100%

cleanups LC-Si, MeOH derivatization
40 m, (65 35 0.4 0.2 0.1) with
guard vanillin
column

Amprolium Chicken ACN extn, liq–liq 16 L-column 0.2M KH2PO4/ UV 270 nm 2–4 ppb/ 227
ethopabate tissues partns, alumina ODS ACN (85 15) (ethopabate). 86–100%

column cleanup contg 5mM Fluorometric,
hexanesulfonate postcolumn
(for amprolium), derivatization
at 40 C. 0.01M, with potassium
pH 5.0, phosp. ferricyanide,
buffer/ACN ex: 367
(79 21) (for nm, em:
ethopabate), at 470 nm
40 C (amprolium)

(continued)

Copyright © 2001 Marcel Dekker, Inc.



1042
C

h
ap

ter
29

TABLE 29.11 Physicochemical Methods for Anticoccidial and other Antiprotozoal Drugs in Edible Animal Products

Stationary Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps phase Mobile phase identification recovery Ref.

Dimetridazole, Swine Na2SO4 addn, DCM 15 Ultrasphere 0.6M ammonium Electro- 0.26 ppb/ 380
hydroxy muscle extn, liq–liq ODS, 5 m acetate, pH chemical 52–78%
dimetridazole partn, online 5.0, buffer/ACN

deoxygenation (85 15) contg
and loading on 0.3% TEA
Spheri-10 RP-
18, 10 m,
column and
switching to
analytical column

Nitroimidazole Swine K2HPO4/NaCl 15 Hibar 0.05M, pH 7–7.3, UV 325 nm 2 ppb/ 405
metabolites and addn, EtOAc RP-18, ammonium 53–79%

turkey extn, liq–liq 5 m phosp. buffer/
muscle partn, SPE ACN (83 17)

cleanup
Three Eggs Saturated NaCl/HCl 12 LiChrosorb 0.25M K3PO4/ UV 313 nm/ 5–10 ppb/ 385

nitroimidazoles diln, SPE RP-18, 7 ACN/MeOH PDA (225– 80–98%
and cleanup, liq–liq m, with (90 4 6), pH 400 nm)
metabolites partn Bondapak 4.0

C18/
Corasil,
37–50 m,
guard
column
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Four polyether Bovine MeOH/H2O extn, 40 RP-C8, 5 Solvent A: ACN Fluorometric, 15 ppb/ 401

antibiotics liver alumina column m, with Solvent B: H2O/ ex: 365 48–99%
cleanup, liq–liq pellicular ACN (90 10) nm, em:
partns, Sephadex C18 guard Isocratic (20 80) 418 nm
LH-20 column column for 9 min and
cleanup, gradient to
acetylation with (10 90), at 40 C
pyridine/acetic
anhydride (1 1),

liq–liq partns,
precolumn
derivatization
with 9-
anthryldiazomethane,
silica gel column
cleanup

Five Chicken EtOAc extn, liq–liq 24 Radial-Pak H2O/ACN UV 260 nm 50 ppb/ 406
anticoccidials liver partns, Sephadex C18, 5 m Isocratic 57–97%

LH-20 column (75 25) for 10
cleanup, alumina min and
column cleanup gradient to

(45 55)

TMS, trimethylsilane; BSTFA, N,O-Bis(trimethylsilyl)trifluoroacetamide.
Other abbreviations as in Tables 29.1 and 29.3.
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In thin-layer chromatography, which is mainly used for the determination of
polyether antibiotics, anticoccidials are first separated on commercially available
silica gel plates using various solvent mixtures as mobile phase, and subsequently
detected by bioautography using Bacillus subtilis (14, 393, 394, 410) or Bacillus
stearothermophilus (408) as test organisms. Visible photometric detection of ben-
zamide anticoccidials after spraying with Bratton-Marshall reagent (257), and
fast atom bombardment mass spectrometric detection of monensin (386), have
also been reported. These methods, however, have limited application and are
generally used for screening or qualitative analysis since they lack the perfor-
mance characteristics required to detect the low ppb levels likely to occur in
edible animal products.

Gas chromatographic separation has not gained wide acceptance in spite
of being quite sensitive and specific. This mode of separation is complicated by
the necessity for derivatization of anticoccidials before analysis. The hydroxy
metabolite of dimetridazole is subjected to derivatization via esterification with
acetic acid/sulfuric acid mixture (402), while lasalocid is derivatized via silylation
with N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) (387). This derivatiza-
tion step is required not only to form the volatile derivatives of these drugs but
also to improve their chromatographic properties (thermal stability and decreased
polarity).

Following separation on conventional gas chromatographic columns, elec-
tron-capture detector (402) has been used for the determination of the hydroxy
metabolite of dimetridazole in swine muscle with good sensitivity and specificity.
To confirm the presence of lasalocid residues in bovine liver, gas chromatography
coupled with mass spectrometry via a chemical ionization interface (387) has
been successfully applied.

At present, liquid chromatography has become the most widely used tech-
nique for determining anticoccidial drugs in edible animal products (Table 29.11).
The separation of these drugs is generally done on nonpolar reversed-phase col-
umns (octadecyl, octyl and phenyl), the preferred type being the octadecyl bonded
silica. However, polar (389, 390, 392, 398, 400) columns have also been used
for the determination of the polyether antibiotics in edible animal products.

As far as the type of the organic modifier is concerned, there has not been
any particular reason for selecting methanol or acetonitrile in the preparation of
the mobile phase. However, the concentration of the organic modifier used differs
according to the polarity of the anticoccidial drugs analyzed, the applied derivati-
zation technique, and the pH of the mobile phase. In general, when analyzing
low-polarity compounds, such as polyether antibiotics, concentrations higher than
80% have been reported.

Although spectrophotometric, fluorometric, electrochemical, and mass
spectrometric detectors have all been equally well used in liquid chromatographic
analysis of anticoccidial drugs, the most popular is the ultraviolet photometric
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detector. The detection wavelength has been set at 243 nm for halofuginone, 260
nm for imidocarb and benzamides, 270 nm for ethopabate, 313–325 nm for
nitroimidazoles, 350 nm for fumagillin, and 340–360 nm for nicarbazin. Polyether
antibiotics do not have a specific ultraviolet chromophore and thus show an
extremely weak absorption in the ultraviolet region. Therefore, postcolumn deriv-
atization with vanillin (396, 399, 400) and detection at 520–522 nm, or precolumn
derivatization with pyridinium dichromate (395, 411) and detection at 225 nm
have been applied to the analysis of polyether antibiotic residues in tissues.

Fluorometric detection is generally preferred by many workers for the deter-
mination of polyether antibiotics in edible animal products because it confers
the advantages of selectivity and sensitivity. The only intrinsically fluorescent
polyether antibiotic is lasalocid, but this intrinsic fluorescence is highly pH-depen-
dent. All of the liquid chromatographic-based assays that have been developed
to determine the other polyether antibiotics in foods require derivatization to
introduce a suitable fluorescent chromophore. The most common derivatizing
reagent used is 9-anthryldiazomethane (397, 398, 401). Other anticoccidial drugs
such as ethopabate (388) and amprolium (227) have also been monitored using
fluorometric detection. The former exhibits inherent fluorescence, while the latter
is subjected to postcolumn derivatization with potassium ferricyanide.

Electrochemical detection, in the reductive mode, has been successively
applied by Carignan et al. (380) for the determination of underivatized dimetrida-
zole residues in swine muscle. The major difficulty in this detection mode is the
strong interference by oxygen, thus deoxygenation of the entire system is required.

To confirm anticoccidials in liquid chromatography-based methodologies,
the photodiode array detector, which collects continuous spectral data during the
analysis to check for interfering substances by comparing the spectrum of the
sample with that of the standard, has been used (66, 379, 385). Although confirma-
tion with a photodiode array detector is simple, specificity and sensitivity are not
sufficient to determine or identify trace levels of residual anticoccidials in edible
animal products.

Coupling of liquid chromatography with mass spectrometry provides un-
equivocal on-line spectrometric identification of an individual analyte at the very
low residue concentrations that meet the regulatory enforcement requirements
for confirmatory analysis of anticoccidial drugs in animal-derived foods. Online
mass spectrometry has the advantage of being suited to analysis and identification
of polar nonvolatile compounds without the necessity for derivatization proce-
dures. Typical applications of mass spectrometry in confirming anticoccidial resi-
dues in edible animal products are through interfacing liquid chromatography
with mass spectrometry via thermospray, using negative (403, 404) or positive-
ion (407) detection. In liquid chromatography-based methodologies, the presence
of incurred lasalocid and monensin residues in animal tissues can also be con-
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firmed offline by analyzing the methylated (398) or silylated (390) residues by
gas chromatography-mass spectrometry.

Cannavan and Kennedy (407), Tarbin and Shearer (391), Moran et al. (399),
Boulaire et al. (66), and Gallicano et al. (406) described promising methods in
terms of simplicity, selectivity, and sensitivity, for screening and even confirma-
tion of anticoccidial residues in edible animal products.

Cannavan and Kennedy (407), described a confirmatory liquid chromato-
graphic–mass spectrometric method for the determination of dimetridazole resi-
dues in poultry tissues and eggs. According to this method, 4 g homogenized
sample is extracted twice with dichloromethane (muscle) or toluene (liver, eggs).
After centrifugation, the extract is applied to a Bakerbond silica cartridge. Follow-
ing cartridge washing with toluene (muscle extracts) or dichloromethane (liver
and egg extracts) and hexane, dimetridazole is eluted with acetone and the eluate
is evaporated to dryness. The residue is reconstituted in methanol/water (1 1),
washed with hexane, and analyzed by liquid chromatography. Separation is per-
formed on a 25 cm Partisil 5 ODS 3 (5 m) analytical column, with a water/
methanol (50 50) mobile phase, containing 50 mM ammonium acetate, at a flow-
rate of 1 ml/min (Fig. 29.11.1). Under these conditions concentrations as low as

FIG. 29.11.1 SIM chromatograms of (a) a dimetridazole standard solution, (b)
a blank egg extract, and (c) an incurred egg extract containing 16.1 ppb dimetri-
dazole. Upper panel: (m/z 142) is the [M H]+ ion for dimetridazole; lower
panel: (m/z 145) is the [M H]+ ion for D3-dimetridazole. (From Ref. 407—Re-
produced by permission of The Royal Society of Chemistry.)
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5 ppb could be determined in poultry tissues and eggs using thermospray mass
spectrometric detection in the positive-ion chemical ionization mode.

Tarbin and Shearer (391), in another study, developed a liquid chromato-
graphic method for the determination of lasalocid residues in chicken muscle and
eggs. In the proposed method a 10 g tissue or egg sample is extracted twice with
50 ml acetonitrile. After centrifugation, saturated sodium chloride solution is
added to the extract and lasalocid is partitioned into carbon tetrachloride. The
extract is evaporated to dryness and the residue is reconstituted in hexane and
applied to a Bond-Elut silica cartridge. Following cartridge washing with chloro-
form, lasalocid is eluted with chloroform/methanol (95 5) and the eluate is evapo-
rated to dryness. The residue is reconstituted in mobile phase and analyzed by
liquid chromatography onto a 25-cm PLRP-S (5 m) analytical column protected
by a guard column packed with the same packing material. Analysis is performed
using a 0.01M, pH 10, disodium tetraborate/acetonitrile (40 60) mobile phase at
a flow rate of 1 ml/min. Under these conditions, lasalocid concentrations as low
as 2 ppb for muscle tissue and 10 ppb for eggs could be readily determined by
fluorometric detection (310 nm for excitation and 420–430 nm for emission).

In another method developed by Moran et al. (399), quantitation of monen-
sin residues in chicken tissues can be accomplished by liquid chromatography
with postcolumn derivatization and photometric detection. A 20 g minced tissue
is extracted with methanol/water (85 15) mixture. After centrifugation, 40 ml of
10% sodium chloride solution is added to the aqueous methanol extract and
monensin is partitioned into three 25 ml portions of carbon tetrachloride. The
extract is evaporated to dryness and the residue is reconstituted in chloroform
and applied to a Sep-Pak silica cartridge. Following cartridge washing with chlo-
roform and chloroform/hexane (9 1), monensin is eluted with chloroform/metha-
nol (95 5) and the eluate is evaporated to dryness. The residue is reconstituted
in mobile phase and analyzed by liquid chromatography on a 25 cm Partisil 5
ODS-3 analytical column. Using a water–methanol (94 6) mobile phase that
contained 0.1% acetic acid, concentrations of monensin down to 25 ppb could be
determined after postcolumn derivatization with vanillin and spectrophotometric
detection (520 nm).

A specific cleanup procedure, based on matrix solid-phase dispersion, has
been described by Boulaire et al. (66) for the liquid chromatographic determina-
tion of nicarbazin and 14 other drugs in meat. In this method, a 0.5 g ground
tissue sample is blended in a mortar with C18 material and the resultant mixture
is transferred to a 10 ml syringe barrel. Following syringe washing with hexane
and dichloromethane, the analytes are eluted with 8 ml ethyl acetate and the
eluate is evaporated to dryness. The residue is reconstituted in 0.25 ml of 0.01M,
pH5.2, ammonium acetate buffer/acetonitrile/methanol (56 31 13) mixture, and
analyzed by liquid chromatography. Separation is performed on a 25 cm Spheri-
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sorb C18 ODS II (5 m) analytical column, with the mobile phase and the gradient
elution program presented in Table 29.11, at a flow-rate of 0.5 ml/min and a
column temperature of 35 C. Under these conditions concentrations down to 1 ppb
could be readily determined in meat using an ultraviolet spectrometer monitored at
348 nm. Tentative confirmation of the presence of nicarbazin residues in the
suspected samples can be achieved using a photodiode array detector.

A multiresidue liquid chromatographic method for simultaneously deter-
mining aklomide, dinsed, ethopabate, nitromide, and zoalene in chicken liver has
been described by Gallicano et al. (406). According to this method, 10 g macerated
liver is extracted with 100 ml ethyl acetate and the mixture is filtrated. The
filtrate is concentrated to approximately 10 ml, washed with 7% sodium chloride
solution, and dried over anhydrous sodium sulfate. The extract is evaporated to
dryness, reconstituted in hexane/benzene (3 7), and applied to a Sephadex LH-
20 column. Anticoccidials are eluted with methanol/benzene (1 9) and the eluate
is evaporated to dryness. The residue is redissolved in hexane/dichloromethane
(1 9) and applied to an alumina column. Following elution with methanol/dichlo-
romethane (1 9), the eluate is evaporated to dryness and the residue is reconstitu-
ted in water/acetonitrile (7 3) and analyzed by liquid chromatography. Separation
is performed on a Radial-Pak C18 (5 m) analytical column under the chromato-
graphic conditions presented in Table 29.11 (Fig. 29.11.2). Under these condi-

FIG. 29.11.2 Chromatograms of (A) blank liver sample and (B) blank liver forti-
fied with 1000 ng each aklomide (AKL), nitromide (NIT), zoalene (ZOA), ethopa-
bate (ETH), and dinsed (DIN). (Reprinted from Ref. 406. Copyright, (1988), by
Assoc. Off. Anal. Chem.)
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tions, concentrations as low as 50 ppb for all analytes could be determined in
chicken liver using an ultraviolet spectrometer monitored at 260 nm.

29.12 ANTIMICROBIAL GROWTH PROMOTERS

Currently, the permitted antimicrobial growth promoters in the European Union
are only four antibiotics (monensin, salinomycin, bambermycin, and avilamycin)
and two synthetic antimicrobials (carbadox and olaquindox). In the United States,
permitted antimicrobial growth promoters are several antibiotic and synthetic
antimicrobial agents. The former group is composed of three aminoglycoside
antibiotics (neomycin, streptomycin and bambermycin), three macrolide antibiot-
ics (erythromycin, oleandomycin and tylosin) three polyether ionophore antibiot-
ics (lasalocid, monensin, and salinomycin), two tetracycline antibiotics (chlortet-
racycline and oxytetracycline), three peptide antibiotics (avoparcin, bacitracin,
and virginiamycin), and a series of miscellaneous antimicrobials including linco-
mycin, penicillin procaine, avilamycin, and tiamulin. Within the latter group,
several compounds such as arsenical compounds, nitrofurans including furazoli-
done and nitrofurazone, sulfonamides including sulfamethazine, sulfathiazole,
and sulfaquinoxaline, and quinoxaline-1,4-dioxides are included.

Since many of the above-mentioned compounds possess major anti-infec-
tious activity in addition to their role as growth promoters, the methods of their
determination in edible animal products have already been discussed in other
sections of this chapter. Hence, this section concentrates on the remaining com-
pounds within this group, namely the organic arsenicals, peptide antibiotics, quin-
oxaline-1,4-dioxides, and miscellaneous substances.

Quinoxaline-1,4-dioxides are synthetic antimicrobial agents; the best-
known members are carbadox and olaquindox. Both compounds are rapidly me-
tabolized to monoxy- and desoxy- compounds. The final product from carbadox
and the one most often determined, mainly in liver (target tissue), is quinoxaline-
2-carboxylic acid. Carbadox and olaquindox are light-sensitive compounds and
sample manipulations should be performed only under the minimum of indirect
incandescent illumination. Carbadox and desoxycarbadox are insoluble in water
but are soluble in chloroform and methanol, while olaquindox is slightly soluble
in water and some organic solvents. The solubility, however, of quinoxaline-2-
carboxylic acid can be easily monitored by adjusting the pH because it is a strong
carboxylic acid (pKa 2.88).

Carbadox, olaquindox, and their monoxy- and desoxy- metabolites are ame-
nable to extraction from tissues and eggs with polar organic solvents. Sample
extraction/deproteinization is usually accomplished with ethanol (413), acetoni-
trile (414, 415), and acetonitrile/methanol (416–418). To reduce interferences
and concentrate the analyte(s), the primary sample extract is further subjected to
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various types of sample cleanup procedures such as conventional liquid–liquid
partitioning, solid-phase extraction, and online trace enrichment (Table 29.12).

Liquid–liquid partitioning of sample extracts with isooctane (416) or hex-
ane (413, 414) to remove lipids has been reported. Removing lipids and other
matrix constituents can also be accomplished with solid-phase extraction col-
umns. Cleanup and concentration of carbadox and olaquindox residues from coex-
tracted substances have been accomplished with polar sorbents such as alumina
(413–415), or alumina/Florisil (416–418), since they provide high recovery of
the analytes. However, in many cases, cleanup on these polar materials seems
to be not effective in removing interfering substances from the sample extract.
Therefore, online trace enrichment has been reported to be a more powerful
approach for the isolation and/or cleanup of these compounds. This involves
purification by trapping the analytes onto a liquid chromatographic preconcentra-
tion column (Bondapak C18/Corasil, Sep-Pak C18, or Serdolit AD-4), rinsing
coextracted materials to waste, and then flushing the concentrated analytes onto
the analytical column (416–418).

Following extraction/cleanup, carbadox and olaquindox residues can be
detected photometrically after liquid chromatographic separation. The separation
of these drugs is generally done on nonpolar reversed-phase columns (octadecyl,
octyl or polymeric), the preferred type being the octadecyl bonded silica. Follow-
ing separation, carbadox and olaquindox residues have to be detected using a
spectrophotometer monitored at wavelengths ranging from 335 to 374 nm. How-
ever, to increase selectivity in carbadox determination, postcolumn derivatization
with sodium hydroxide solution and photometric detection at 420 nm (416) or
390 nm (417) has been reported.

A promising liquid chromatographic method in terms of simplicity, selectiv-
ity, and sensitivity has been described by Binnendijk et al. (417) for the determina-
tion of carbadox and some of its metabolites in swine tissues and eggs. According
to this method, 10 g homogenized sample is extracted with 40 ml acetonitrile/
methanol (1 1). After centrifugation the supernatant is applied on an alumina/
Florisil column, and an aliquot of the eluate is concentrated under nitrogen to a
volume of 0.9–1.1 ml to be further diluted to 4.0 ml with water. The resulting
solution is partitioned with 2 ml isooctane and centrifuged. An aliquot (1 ml) of
the separated aqueous layer is injected into the liquid chromatographic system
and the analytes are trapped at the beginning of a 55–105 m Sep-Pak C18

preconcentration column. Using an automated column-switching system, the trap-
ped analytes are back-flashed into the analytical column (ChromSpher C18, 5

m) and analyzed using a 0.01M, pH 6, acetate buffer/acetonitrile (86 14) mobile
phase. Analytes are detected at 390 nm after postcolumn derivatization with
sodium hydroxide. Under these conditions concentrations down to 0.5–2 ppb
could be readily determined in swine tissues and eggs.
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TABLE 29.12 Physicochemical Methods for Antimicrobial Growth Promoters in Edible Animal Products

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

GAS CHROMATOGRAPHIC METHODS
Avilamycin Swine Alk hydrolysis, 22 Gas-Chrom Q Helium ECD 100 ppb/ 426

tissues liq–liq partns, with 3% silar 70–95%
silica gel column 10C
cleanup,
methylester
derivative

Quinoxaline-2- Swine Alk hydrolysis, HCl 24 Gas-Chrom Q Helium EI-MS 30 ppb/ 419
carboxylic liver addn (pH 1), with 3% silar 82 6.7%
acid EtOAc extn, 10C
(carbadox liq–liq partns,
metabolite) AG MP-50

column cleanup,
liq–liq partns,
methylester
derivative, liq–liq
partn

Swine Alk hydrolysis, HCl 29 DB-5, 19 m, Helium IT-MS 3 ppb/ 420
liver addn (pH 1), capillary NR

EtOAc extn,
liq–liq partns,
AG MP-50
column cleanup,
liq–liq partns,
methylester
derivative, TLC
purification,
EtOAc extn

(continued)
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TABLE 29.12 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

Swine Alk hydrolysis, 23 WCOT, 25 m, Helium SIM-MS 2 ppb/ 421
tissues liq–liq partns, capillary NR

HCl addn (pH coated with
1), EtOAc extn, CP-Sil 5CB
2nd alk
hydrolysis,
liq–liq partns,
ethylester
derivative, liq–liq
partn

Swine Alk3 hydrolysis, 29 Chromosorb W Nitrogen ECD 10 ppb/ 422
tissues HCl addn (pH HP with 3.5% 62–81%

1), DCM extn, DEGS
liq–liq partns,
silica gel column
cleanup, liq–liq
partns,
methylester
derivative, liq–liq
partn, silica gel
column cleanup

Swine Enzymatic 27 SE52, 25 m, Helium SIM-MS 2 ppb/ 423
tissues digestion with capillary NR

subtilisin A,
liq–liq partns,
HCl addn (pH
1), EtOAc extn,
propylester
derivative, LC
purification on
Hypersil-ODS, 3

m, column,
liq–liq partns
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LIQUID CHROMATOGRAPHIC METHODS
Carbadox, Swine EtOH extn, 20 Brownlee RP- 0.01M amm. UV-Vis 350 2 ppb/ 413

desoxycar- tissues metaphosphoric 10A, C8, 10 acetate/ACN/ nm 39–98%
badox acid addn, liq–liq m, with RP- EtOH (70 25 5)

partns, alumina GU MPLC, C8,
column cleanup 10 m guard

column
Carbadox and Swine ACN/MeOH extn, 8 ChromSpher 0.01M, pH 6, Vis 420 nm, 1–5 ppb/ 416

metabolites tissues alumina/Florisil C18, 5 m, acetate buffer/ postcolumn 81–87%
column cleanup, with ACN (85 15) derivatiza-
liq–liq partn, on- Bondapak tion with
line trace C18/Corasil, NaOH
enrichment on 37–50 m,
Bondapak C18/ guard column
Corasil, 37–50

m, preconcn
column and
switching to
analytical column

Swine ACN/MeOH extn, 8 ChromSpher 0.01M, pH 6, Vis 390 nm, 0.5–2 417
tissues, alumina/Florisil C18, 5 m acetate buffer/ postcolumn ppb/
eggs column cleanup, ACN (86 14) derivastiza- 70–95%

liq–liq partn, on- tion with
line trace NaOH
enrichment on
Sep-Pak C18,
55–105 m,
preconcn column
and switching to
analytical column

(continued)
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TABLE 29.12 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

Olaquindox Swine ACN extn, alumina 10 ChromSpher H2O/ACN (90 10) UV-Vis 374 NR/ 415
muscle column cleanup C18, 5 m, nm 54–79%

with Pellicular
C18, guard
column

Swine ACN extn, alumina 11 Nucleosil C18, 5 H2O/ACN (95 5), UV-Vis 350 20 ppb/ 414
tissues column cleanup, m, with at 30 C nm 54–86%

liq–liq partn Nucleosil C18,
10 m, guard
column

Olaquindox Eggs ACN/MeOH extn, 6 C-8 DB column NR UV-Vis 372 1–3 ppb/ 418
and alumina/Florisil nm for NR
metabolites column cleanup, olaquindox

on-line trace and UV
enrichment on 335 nm
Serdolit AD-4 for the
preconcn column metabolites
and switching to
analytical column

Roxarsone Swine EtOH/HOAc 6 PRP-1, 10 m, H2O/isopropyl Vis 410 nm, 250 ppb/ 425
tissues microwave extn with 2 m alcohol/TFA postcolumn 75–82%

guard column (94 6 0.1), at derivatization
30 C with NaOH
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Virginiamycin Meat MSPD extn/ 6 Spherisorb C18 Solvent A: 0.01M, UV 254 nm/ 2.5–7.5 ppb/ 66

cleanup ODS2, 5 m pH 5.2, acetate PDA (200– 78 7.7%
buffer 450 nm)

Solvent B: ACN/
MeOH (70 30)

Gradient from
(56 44) to
(36 64), at 35 C

Swine 0.2M NH4H2PO4 7 Supelcosil LC- 0.01M UV 254 nm 10 ppb/ 424
tissues addn, MeOH 18-DB, 5 m, NH4H2PO4/ 84–94%

extn, liq–liq analytical and ACN
partns guard column Isocratic (80 20)

for 2 min and
gradient to
(20 80)

IT, ion trap.
Other abbreviations as in Tables 29.1 and 29.3.
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Carbadox-related residues can also be monitored by conversion to quinoxa-
line-2-carboxylic acid. This conversion as well as its liberation are accomplished
by alkaline hydrolysis of tissue, followed by isolation of the analyte from indige-
nous hydrolysis products through extraction and cleanup procedures (419–422).
Enzymatic digestion of swine tissues with subtilisin A, which liberates quinoxa-
line-2-carboxylic acid from macromolecules, has also been reported (423).

After hydrolyzate acidification with hydrochloric acid at pH values lower
than 1, quinoxaline-2-carboxylic acid is quantitatively extracted into ethyl acetate,
chloroform, or dichloromethane, since at these strongly acidic conditions the
ionization of their carboxylate moiety is suppressed (pKa 2.88), and then back-
extracted into aqueous buffered solutions at pH 6.0 or higher. These liquid–liquid
partitioning procedures isolate quinoxaline-2-carboxylic acid from a complex
mixture of tissue hydrolysates, and provide an aqueous extract suitable for further
purification by solid-phase extraction. This has been accomplished either with
the strong cation-exchange resin AG MP-50 (419, 420) or with a polar silica
column (422).

Following extraction/cleanup, quinoxaline-2-carboxylic acid can be de-
tected by electron capture, or mass spectrometric techniques, after gas chromato-
graphic separation on capillary or conventional columns. A prerequisite of quin-
oxaline-2-carboxylic acid analysis by gas chromatography is the derivatization
of the molecule by means of esterification. Esterification has been accomplished
with methanol (419, 420, 422), ethanol (421), or propanol (423) under sulfuric
acid catalysis. Further purification of the alkyl ester derivative with solid-phase
extraction on a silica gel column (422), thin-layer chromatography on silica gel
plate (420), or liquid chromatography on Hypersil-ODS, 3 m, column (423),
has been reported.

Lynch et al. (420) have proposed a promising gas chromatographic–mass
spectrometric method for the determination and even confirmation of quinoxaline-
2-carboxylic acid in swine liver. In this method, 5 g liver is homogenized with
10 ml 3M sodium hydroxide and hydrolized by incubation at 95–100 C for 30
min. Following acidification of the hydrolysate with hydrochloric acid at pH
1, quinoxaline-2-carboxylic acid is extracted three times with ethyl acetate and
then back-extracted twice into 0.5M pH 6 citrate buffer. After hydrochloric acid
addition, the aqueous extract is further purified using a cation exchange column
(AGMP-50 resin). Following column washing with 1 N hydrochloric acid, elution
of the analyte is effected with 10% methanol, and the eluate is acidified with
hydrochloric acid to be further extracted twice with chloroform. The organic
layer is evaporated to dryness and the residue is esterified using freshly prepared
methanol-sulfuric acid. Following derivatization, quinoxaline-2-carboxylic acid
methyl ester is partitioned into benzene to be further purified by thin-layer chro-
matography. After development the plate is scraped out at the position of the
methyl ester, the sorbent is extracted with ethyl acetate, and the extract is analyzed
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on a DB-5 fused-silica capillary column with helium as the carrier gas. Using
ion-trap mass-spectrometric detection, quinoxaline-2-carboxylic acid could be
readily determined in swine liver at concentrations as low as 3 ppb.

Peptide antibiotics are large peptide molecules containing amino acids,
which are covalently linked to other chemical entities, and consist of more than
one component. They often contain D forms of amino acids, in contrast to naturally
occurring proteins, which are built up from L-amino acids only. Avoparcin, baci-
tracin, efrotomycin, enramycin, thiopeptin, and virginiamycin are important mem-
bers of this group. Very few reports have been published concerning the residue
analysis of peptide antibiotics. In particular, no physicochemical method for resid-
ual bacitracin and avoparcin has been reported, while the existing methods con-
cern the determination of virginiamycin in animal tissues.

Virginiamycin is a mixture of two components designated M1 and S1, which
are both cyclic polypeptides. It is soluble in methanol, ethanol, acetic acid, ethyl
acetate, acetone, chloroform, and benzene but is practically insoluble in water
and dilute acid. It also dissolves in alkalis but is rapidly deactivated.

Moats and Leskinen (424) and Boulaire et al (66) have reported liquid
chromatographic methods for determining residual virginiamycin in animal tis-
sues. The former method was developed for detecting the M1 factor in swine
tissues. The sample (5 g) is blended with 15 ml 0.2M ammonium dihydrogen
phosphate, mixed with an equal volume of methanol, and filtered. Following
filtrate washing with petroleum ether, virginiamycin is partitioned into
dichloromethane/petroleum ether (3 2). Water and acetonitrile are added, and
the mixture is evaporated to 1–2 ml and taken up in water/acetonitrile (8 2) to
be further analyzed by liquid chromatography. Separation is performed on a 15 cm
Supelcosil LC-18-DB (5 m) analytical column, protected with a guard column of
the same sorbent, using the mobile phase and the gradient elution program pre-
sented in Table 29.12, at a flow rate of 1 ml/min. Under these conditions, concen-
trations down to 10 ppb could be readily determined in swine tissues using an
ultraviolet spectrometer monitored at 254 nm.

A specific cleanup procedure, based on matrix solid-phase dispersion, has
been described by Boulaire et al. (66) for the liquid chromatographic determina-
tion of virginiamycin and 14 other drugs in meat. In this method, a 0.5 g ground
tissue sample is blended in a mortar with C18 material and the resultant mixture
is transferred to a 10 ml syringe barrel. Following syringe washing with hexane
and dichloromethane, the analytes are eluted with 8 ml ethyl acetate and the
eluate is evaporated to dryness. The residue is reconstituted in 0.25 ml of 0.01M,
pH5.2, ammonium acetate buffer–acetonitrile–methanol (56 31 13) mixture and
analyzed by liquid chromatography. Separation is performed on a 25 cm Spheri-
sorb C18 ODS II (5 m) analytical column, with the mobile phase and the gradient
elution program presented in Table 29.12, at a flow rate of 0.5 ml/min and a
column temperature of 35 C. Under these conditions, concentrations ranging from
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2.5 to 7.5 ppb could be readily determined in meat using an ultraviolet spectrome-
ter monitored at 254 nm. Tentative confirmation of the presence of virginiamycin
residues in the suspected samples can be achieved using a photodiode array de-
tector.

Roxarsone and avilamycin are antimicrobial growth promoters for which
methodology for tissue analysis is scarce. According to the liquid chromato-
graphic method developed by Croteau et al. (425) for the determination of roxar-
sone, an organic arsenical, in swine tissues, a 1 g tissue sample is mixed with
25 ml ethanol and 0.5 ml acetic acid and extracted by microwave-assisted process.
Following centrifugation the supernatant is evaporated to dryness and the residue
is reconstituted in mobile phase to be further analyzed by liquid chromatography.
Separation is performed on a 25 cm PRP-1 (10 m) analytical column, protected
with a guard column of the same sorbent, using a water/isopropyl alcohol/trifluo-
roacetic acid (94 6 0.1) mobile phase, at a flow-rate of 1 ml/min and a column
temperature of 30 C (Fig. 29.12). Under these conditions concentrations down

FIG. 29.12 Chromatograms of (A) roxarsone standard solution, (B) blank liver
sample, and (C) spiked liver sample at a concentration of 4 ppm. (From Ref.
425.).
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to 250 ppb could be readily determined in swine tissues after postcolumn derivati-
zation with sodium hydroxide and detection at 410 nm.

Determination of avilamycin in swine tissues has been monitored using gas
chromatography (426). In the proposed method avilamycin and its metabolites
are converted by alkaline hydrolysis to dichloroisoeverninic acid. Following parti-
tion into chlorinated solvents and cleanup on a silica column, the derivative is
methylated and determined at levels down to 100 ppb by gas chromatography
using an electron-capture detector.

29.13 ANABOLIC HORMONAL-TYPE GROWTH
PROMOTERS

In the field of residue analysis for illegal growth-promoting agents, the com-
pounds used are frequently exogenous. In these cases, since there are no tolerance
levels, only unambiguous identification is necessary. However, in such instances
as forensic analyses for estradiol and testosterone, which are endogenous com-
pounds also used for growth promotion, quantification is also necessary in addi-
tion to identification. These different objectives of an analysis impose different
demands on the techniques and procedures used.

Liquid samples such as urine, plasma, bile, or milk are normally incubated
in the presence of -glucuronidase/sulfatase at 37 C for 2 h to deconjugate glucu-
ronide and sulfate conjugates of the analytes (427–430). The most common prepa-
ration for this purpose is the juice of the snail Helix pomatia, which has sulfatase
and glucuronidase activity. In some instances, dilution of urine with water (431),
or dilution of plasma with phosphate buffer and centrifugation (432), may consti-
tute the only pretreatment procedure applied.

Semisolid samples such as muscle and liver tissues can be homogenized
by blending with water or an appropriate aqueous solution such as a buffer in a
mechanical or an ultrasonic device to expose the residue to the extraction solvent.
Fatty tissue samples are sometimes subjected to heating at 40 or 60 C until fat
becomes liquid, prior to extraction of the analytes with hexane (433) or acetonitrile
(434), respectively. An alternative pretreatment approach is the enzymatic diges-
tion of the tissue by means of proteolytic enzymes such as subtilisin A (429,
435–437).

Anabolics in meat are present in the free unconjugated form, and therefore
meat samples may not require the incubation step with -glucuronidase/sulfatase
necessary for urine samples (438). The necessity of an enzymatic hydrolysis to
cleave steroid glucuronides or sulfates, which is required by several reference
methods (439), has been questioned by several authors, especially for the analysis
of anabolic androgens, estrogens, and progestogens in muscle and fatty tissues
(440, 441). The proportion of cleavable conjugated testosterone in muscle tissue
was reported to be in the range 0–17% (442), that of conjugated estrogens in
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the range 3–5% (443), and that of conjugated progesterone less than 5% (444).
However, glucuronidase digestion has shown an eightfold increase in detection
of incurred zeranol residues in bovine liver (427).

If hydrolysis of conjugates of the analytes is required, the homogenate as
well as the digestive are then neutralized, spiked with -glucuronidase/sulfatase
solution, and subsequently kept overnight at 37 C to enable enzymatic cleavage
of conjugates (429, 435, 445–447). When extraction of the analytes is to be
carried out by supercritical fluid extraction, homogenization of the tissue samples
into a smooth paste that is then submitted to freeze drying is the recommended
procedure (213, 448). Because anabolic steroids are frequently injected into the
animal in the form of esters, an incubation under alkaline conditions can also be
applied (449).

Following sample pretreatment, extraction of the analytes from the sample
matrix is usually accomplished with aqueous acetone (427), diethyl ether
(435–437), acetonitrile (445), basified acetonitrile (430), or tert.-butyl methyl
ether (449). Samples that have not been previously submitted to a particular
treatment can also be directly partitioned with organic solvents to allow extraction
of the anabolic residues from the matrix. Organic solvents most commonly used
for this purpose include aqueous acetone (450), tetrahydrofuran (451), methanol
(447, 452, 453), tert.-butyl methyl ether (438), acetonitrile (434), and chloro-
form–methanol (454).

The primary sample extract is subsequently subjected to cleanup using
several different approaches including conventional liquid–liquid partitioning,
solid-phase extraction, liquid chromatography, immunoaffinity chromatography,
and supercritical fluid extraction cleanup. In some instances, more than one of
these purification procedures can be applied in combination for better results.

Liquid–liquid partitioning cleanup is sometimes directed solely to the re-
moval of fat from the sample extract. This has been accomplished through use
of either hexane for the removal of fat from acetonitrile (451, 434) or aqueous
methanol sample extracts (452), or isooctane from acetonitrile sample extracts
(454). When hexane was used for the initial extraction of 30 anabolics from fatty
tissue samples, partitioning against methanol-acetate buffer, pH 5.2 proved to be
an efficient procedure for fat removal because the analytes were preferentially
partitioned into the aqueous buffer layer (433); further extract purification could
be readily accomplished by back extraction of the analytes into dichloromethane.

A three-phase liquid–liquid partitioning consisting of hexane, acetonitrile,
and dichloromethane has also proven to be a preferred cleanup method for diethyl-
stilbestrol and zeranol (455), trenbolone and epitrenbolone (445), trenbolone and
nortestosterone (446), and melengestrol residues (456) in tissues. Following ad-
justment of the initial aqueous acetonitrile sample extract at pH 13, most of the
polar and ionic acidic matrix components were directed into the aqueous layer
during the partitioning process, while the low-polarity components were extracted
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into the upper hexane layer. Compounds such as the analytes that exhibit interme-
diate polarity were partitioned solely into the middle acetonitrile layer.

An alternative cleanup procedure is the partition of the raw extract, which
often contains considerable amounts of lipid material, between an organic and
an aqueous sodium hydroxide phase. With this partitioning scheme, the analytes
are further fractionated into estrogens and nonestrogens. The presence of phenolic
groups in the molecules of estrogens such as diethylstilbestrol and zeranol ensures
their complete extraction from organic phases such as chloroform or tert.-butyl
methyl ether into the aqueous sodium hydroxide phase (435, 438, 447). Further
purification could be accomplished by neutralization of the sodium hydroxide
solution and back-extraction of the contained diethylstilbestrol into diethyl ether
(435), or adjustment of the pH of the sodium hydroxide solution to 10.6–10.8
and back-extraction of the contained zeranol into a chloroform phase (447).

Liquid–liquid partitioning cleanup on a hydrophilic matrix can also be
employed for purification of the primary sample extract. This procedure was only
applied in the determination of zearalenone and its metabolites in milk using a
Chem Elut disposable column to partition an acidified aqueous milk extract into
dichloromethane (430).

In earlier times, the method of choice for a more or less thorough purifica-
tion of the crude extract was column chromatography. The sample extract was
applied to the top of a glass column filled with an adsorptive material such as
alumina and Celite (457). An organic solvent or a mixture of solvents was allowed
to migrate through the adsorbent bed, during which an efficient separation of the
analytes and the bulk of interferences was supposed to take place. Successful
application of this technique has been described in the determination of seven
steroid hormones in meat using a glass column filled with silica gel 60 (451).

Disposable solid-phase extraction columns allow a simple, fairly inexpen-
sive, and easy-to-perform purification of the crude extract. The use of solid-phase
extraction columns is part of most, if not all, modern analytical procedures for
steroids at residue levels. Both normal-phase columns based on silica (431, 445,
453), alumina (427, 450), cyano (434), or amino (430) materials and reversed-
phase columns based on C18 (431, 433, 437, 438, 445) or C8 (452) sorbents have
been described in analytical applications.

Cleanup on C18 solid-phase extraction cartridges or on Amberlite XAD-2
resin is particularly suitable for steroids with hydrophobic and neutral character.
However, use of the C18 sorbent has led to low recovery for stanozolol (428).
The presence of the pyrazole nucleus condensed to the androstane ring confers
its ionizing properties on stanozolol. Stanozolol has two ionizable hydrogen atoms
and therefore hydrogen binding may occur between labile hydrogens of stanozolol
and the active sites of the column or glassware. Thus, efficient purification can
be achieved on a solid-phase extraction cartridge that contains a mixed sorbent
having both C8 and benzene sulfonic acid functionality.
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In some instances, combinations of C18 and silica columns are also used
for better purification of the crude extracts (431, 445). A combination of C8,
silica, and amino solid-phase extraction columns has been successfully employed
to fractionate anabolic and catabolic steroid hormone residues from meat in polar
and nonpolar neutral and phenolic compounds, and to purify further each fraction
effectively (452). Another combination of two solid-phase extraction columns,
one using a graphitized carbon black sorbent and the other Amberlite resin in
the hydroxyl form, allowed neutral anabolics to be isolated and separated from
acidic anabolics and their metabolites (453). A combination of basic alumina
column placed in tandem with an ion-exchange column has also been applied
for the purification of the crude extracts in the determination of diethylstilbestrol
and zeranol (427), and estradiol and zeranol in tissues (450).

Solid-phase extraction columns offer a rough cleanup of the crude extract,
which might nevertheless not be sufficient for some detection systems such as
mass spectrometry. Some authors have proposed a combination of solid-phase
extraction and liquid chromatography columns for extract cleanup (440). Other
methods appeal to liquid chromatography on C18 columns with automated fraction
collection. Fractions containing the analyte of interest were evaporated to dryness,
yielding a residue that in most cases was suitable for gas chromatographic detec-
tion after suitable derivatization (445, 437).

Column-switching techniques that offer an attractive route for increasing
the resolving power of liquid chromatographic systems have also been described.
In practice, this is the online and higher performance analogue of conventional
offline cleanup, which typically employs a sequence of low-resolution chromato-
graphic steps. Liquid chromatographic systems are readily assembled, although
some care is necessary in the selection of compatible chromatographic modes to
ensure refocusing of analyte peaks transferred between columns. In a pertinent
application (446), a cattle liver extract was injected onto a gel permeation liquid
chromatographic column, and the two fractions containing the steroids were di-
verted onto individual trace-enrichment silica columns, where the hormone resi-
dues were retained. The trapped trenbolone and nortestosterone residues were
sequentially eluted onto a cyano column to be then driven through a second
column-switching stage to a silica liquid chromatographic analytical column.
Another example is offered by melengestrol acetate, which is a neutral, lipophilic
steroid that is difficult to isolate by manual sample cleanup techniques such as
solid-phase extraction (445). Since the selectivity and resolution afforded by
solid-phase extraction were not sufficient to isolate this analyte from complex
bovine tissue extracts, isolation of melengestrol acetate from the tissue matrix was
performed by utilizing a phenyl liquid chromatographic column for the primary
cleanup step instead of solid-phase extraction (456). Coupling a silica analytical
column to the primary cleanup column through a silica trace-enrichment column
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allowed online screening, and sample purification suitable for subsequent GC-
MS analysis.

For most of the analytes, cleanup by immunoaffinity chromatography is
another elegant approach. Several laboratories have prepared their own immu-
noaffinity chromatography materials. For multiresidue methods, appropriate im-
munoaffinity chromatography materials can be combined. This approach is lim-
ited, however, to a small number of steroid hormones. Cleanup by immunoaffinity
chromatography has been described in the analysis of diethylstilbestrol, dienes-
trol, and hexestrol in biological samples (432); nortestosterone, testosterone, and
trenbolone in meat and urine samples (458); and nortestosterone in meat (436).
In addition, online immunoaffinity chromatography cleanup has been reported
in the analysis of nortestosterone and its epimetabolite in biological samples
(429).

Supercritical fluid extraction, the relatively new analytical isolation tech-
nique, also offers some desirable advantages including processing at low tempera-
ture, recovery of a solvent-free extract, and rapid extraction. However, very lim-
ited studies have been published on the use of supercritical fluids for the isolation
of anabolic agents from biological samples. A combination of supercritical fluid
extraction and supercritical fluid chromatography has been employed for the
detection of diethylstilbestrol, dienestrol, and hexestrol residues in pig kidney
(213). During extraction with supercritical CO2, the drugs were retained by the
column while nonpolar endogenous material was not retained and thus passed to
waste. Subsequent changes to the mobile phase composition eluted the drugs,
which were then detected by tandem mass spectrometry.

The feasibility of supercritical fluid extraction to isolate seven growth-
promoting anabolics directly from bovine tissues with CO2 has also been investi-
gated recently (448). It was shown that the recoveries of the polar drugs including
dexamethasone, triamcinolone acetonide, and zeranol were poor, varying from
44% to 58%, while those of the nonpolar drugs including melengestrol acetate,
medroxyprogesterone, and diethystilbestrol, were quite good, varying from 83 to
91%. Trenbolone could not be measured at all, due to interference from coeluting
compounds. Fat and fat-related compounds coeluted and interfered with the inter-
pretation of the liquid chromatographic peaks, especially in the case of the liver
samples. Therefore, one should not expect supercritical fluid extraction to replace
all other forms of sample preparation steps. Some sample cleanup may still have
to be done after or before supercritical fluid extraction.

Following extraction and cleanup, anabolic compounds can be separated
by thin-layer, liquid, or gas chromatographic methods. Thin-layer and gas chro-
matography are the principal separation techniques prior to the end-point measure-
ment. Because most molecules are stable and volatile enough after appropriate
derivatization, liquid chromatography has not been able to keep pace with gas
chromatography techniques.
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Thin-layer chromatographic methods are rapid, inexpensive, and suitable
for screening residues prior to their analysis with other instrumental methods.
Several multiresidue thin-layer analyses of estrogenic growth promoters have
been reported (433, 457, 459–462). In an attempt to improve sensitivity of thin-
layer chromatographic analysis and selectivity of visualizing agents for detection
of estrogenic anabolic hormones, several dyes were screened for their chromo-
genic interactions with estrone, estradiol, diethylstilbestrol, zeranol, zearalanone,
zearalenone, and zearalenol (427, 450). Diazonium dyes form diazo complexes
with the phenolic and resorcyclic groups of these estrogens to give chromatograms
of varying color intensity. Fast Corinth V and Fast Blue BB were identified as
the salts giving the strongest color intensity.

In liquid chromatography, reversed-phase materials such as C18 and C8 are
the most commonly used sorbents (429, 430, 434, 438, 446, 447, 453, 454).
Examples of baseline separations with reversed-phase columns of several groups
of anabolics including stilbenes, resorcyclic acid lactones, and other, frequently
used anabolics have been reported (463–466). In addition to reversed-phase sepa-
rations normal-phase separations of anabolics using either Hypersil (467) and
Brownlee (456) silica or diol-modified silica have been reported. Although not
all analytes were completely separated, the latter column could be efficiently
used to differentiate between estrogenic and androgenic compounds within a
mixture of 15 anabolics and their metabolites (468).

Detection in liquid chromatography is often performed in the ultraviolet
region. Although almost all anabolic compounds except testosterone and deriva-
tives show absorption at 200 nm, this wavelength is less suitable for detection
because of the increased sensitivity of other matrix components at this wave-
length. Most of the anabolic compounds can be monitored with great sensitivity
at 240 nm. If a sensitive ultraviolet detector is used, the androgens and gestagens
can be detected at the 1 ppb level. Diethylstilbestrol has a submaximum at 240 nm,
whereas the other stilbenes including dienestrol and hexestrol have submaxima at
230 and 225 nm, respectively. Completely different absorption spectra are ob-
served for zeranol and trenbolone-like compounds. Zeranol shows three absorp-
tion maxima at 235, 275, and 315 nm with decreasing intensity, whereas trenbo-
lone and derivatives show their maximum absorption at 350 nm and almost no
absorption in the 200–300 nm region. Estrogenic compounds including 17 -
estradiol and ethinylestradiol show their absorption maxima at 280 nm, but with
a very low intensity.

The applications of liquid chromatography with online ultraviolet detection
depend strongly on the matrix of analysis. For the detection of anabolic com-
pounds at injection sites where relatively high concentrations of the parent com-
pounds are usually present, liquid chromatography with diode array detection is
very suitable with respect both to matrix interference and the sensitivity. However,
in urine samples liquid chromatographic applications are limited due to the com-
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plex sample matrix. Poor sensitivity and interference from coextractives may
appear at these low detection wavelengths unless sample extracts are extensively
cleaned up and concentrated. This problem may be overcome by fluorescence
detection, as in the case of 17 -methyltestosterone and metabolites in trout muscle
(454), zearalenone and zearalenol in milk (430), and nine steroids in tissues (453).
Voltammetric detection following LC of several growth-promoting hormones
including zeranol and zearalenone has also been reported (469). Electrochemical
detection is another selective technique that has been successfully applied in the
analysis of zeranol, zearalenone, and their metabolites in tissues (447) and nine
steroid hormones in tissues (453).

The number of detectors that are sensitive and selective enough to be applied
online with LC is limited because the solvents used are not compatible, as in
the case of immunochemical detection after reversed- or normal-phase LC. The
technology of coupling is still under development and not yet available in a large
number of laboratories not specialized in techniques such as LC-MS. Therefore,
LC separations are frequently followed by offline detection. Confirmatory analy-
sis of suspected liquid chromatographic peaks can be made possible by coupling
liquid chromatography with mass spectrometry. Atmospheric-pressure chemical
ionization LC-MS has been employed for the identification of six steroid hor-
mones in bovine tissues (448).

Within residue analysis of steroids, immunochemical and mass spectromet-
ric techniques are widely used, the latter most frequently in combination with
GC. The principal advantage of gas chromatography is the ease with which detec-
tion can be carried out by electron impact mass spectrometry either by full scan-
ning or by selected-ion monitoring. Because of the sensitivity and structure infor-
mation that can be obtained with gas chromatography–mass spectrometry, this
is also the method of choice for confirmation purposes. Most gas chromatographic
methods seek a compromise between the length of sample preparation and the
required specificity of analyte detection. Specificity in the analysis of the analytes
that usually occur at sub-ppb levels can be achieved by either a lengthy sample
preparation and cleanup to eliminate potential interference or by using a lower-
quality cleanup but a more specific detector. As a direct consequence of the
latter approach, increased mass spectrometry specificity is pursued by the use
of chemical ionization mass spectrometry, both positive and negative, and by
sophisticated mass spectrometers, which, unfortunately, are not available to most
routine laboratories.

Because the choice of a particular derivative is a compromise between good
mass spectrometric characteristics and good chromatographic characteristics such
as volatility, stability, and absence of interference, heptafluorobutyryl derivatives
have been preferred to trimethylsilyl ethers because of their higher mass gain,
which made interference less likely to occur, and their favorable fragmentation
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pattern (428, 435, 436). Moreover, the former were more easily formed, although
they lacked the stability of the trimethylsilyl derivatives (431).

Multiresidue methods that present attractive performance characteristics in
the analysis of anabolic hormonal-type growth promoters in meat are those re-
ported by Lagana and Marino (453), and Hartmann and Steinhart (452).

Lagana and Marino (453) described a liquid chromatographic method for
the determination of trenbolone, testosterone, progesterone, estradiol, diethylstil-
bestrol, taleranol, zearalenol, zearalenone, and zeranol residues in chicken muscle
and ox muscle and liver. According to this method, a 1 g sample is homogenized
with 5 ml methanol and centrifuged. The extraction process is repeated with the
remaining pellet, and the supernatants are pooled and diluted with water at a ratio
of 85 15. The mixture is allowed to percolate through a Carbopack B column
and the eluate is collected in test tube I. The column is then washed with metha-
nol–water (85 15) and the eluate is collected in the same test tube I. Following
column washing with methanol, all the analytes except diethylstilbestrol, which
was already eluted in test tube I, are eluted with dichloromethane–methanol
(70 30), and the eluate is collected in test tube II. Each of the solutions contained
in the test tubes I and II is then allowed to percolate through individual Amberlite
columns, and the eluate from the first column corresponding to test tube I is
discarded. That from the second column is collected in a conical tube since it
contains the nonretained neutral anabolics including testosterone, trenbolone, and
progesterone. The first column is washed with methanol and 0.1M hydrochloric
acid, and elution of the retained diethylstilbestrol is accomplished with 0.03M
hydrochloric acid in acetonitrile–methanol (20 80). The second column is
washed with methanol, the washing being added to the conical tube; and with 1M
hydrochloric acid, the washing being discarded. Elution of the acidic anabolics
taleranol, zearalenol, zeranol, zearalenone, and estradiol from the second column
is carried out with 0.03M hydrochloric acid in acetonitrile–methanol (20 80).
All three eluates containing the analytes of interest are evaporated to dryness,
reconstituted in appropriate solvents, and analyzed by liquid chromatography.
The mobile phases selected for the separation varied with the type of the analytes
and the detection technique. Acetonitrile–0.01M potassium dihydrogen phos-
phate, pH 3 (48 52), was used for diethylstilbestrol determination by electrochem-
ical detection. Acetonitrile–0.01M potassium dihydrogen phosphate, pH (46 54),
was used for estradiol determination by fluorescence detection. Acetoni-
trile–methanol–tetrahydrofuran–0.01M potassium dihydrogen phosphate, pH 3
(21 7 12 60), was used for zeranol and zearalenone determination by electro-
chemical detection. Finally, for testosterone, trenbolone, and progesterone deter-
mination by ultraviolet detection, an acetonitrile–water gradient was used from
40% to 65% acetonitrile in 30 min. Other chromatographic conditions and the
performance characteristics are shown in Table 29.13.
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TABLE 29.13 Physicochemical Methods for Anabolic Hormonal-type Growth Promoters in Biological Matrices

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

THIN-LAYER CHROMATOGRAPHIC METHODS
Diethyl- Bovine Enzymatic digestion 21 HPTLC Kieselgel DCM/MeOH/ Vis/Fast 25 ppb/ 427

stilbestrol, tissues with protease, - 60 PrOH Corinth V NR
zeranol and glucuronidase

plasma hydrolysis, H2O/
acetone extn,
cleanup on
tandem basic
alumina column
and Bio-Rex
anion-exchange
membrane, liq–liq
partns

Estradiol, Animal H2O/acetone extn, 19–24 HPTLC-GHL DCM/MeOH/ Vis/Fast 4–250 ppb/ 450
zeranol tissues, cleanup on Silica gel PrOH Corinth V 62–76%

bovine tandem basic
plasma alumina and Ag-

MP-1 columns,
liq–liq partns

Thirty steroid Bovine Hexane extn, liq–liq 22 HPTLC Silica gel CHCl3/acetone UV-Vis 366 1–10 ppb/ 433
hormones fatty partns, SPE 60 and nm NR

tissues cleanup cyclohexane/
EtOAc/EtOH, in
two opposite
directions

(continued)
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TABLE 29.13 Continued

Mobile Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase phase Identification Recovery Ref.

Gas Chromatographic Methods
Diethylstilbestrol Meat Enzymatic digestion 19 25 m, capillary, Helium EI-MS 0.1 ppb/ 435

with subtilisin A, coated with 90 2.2%
-glucuronidase/ phenylmethyl-

arylsulfatase silicone
hydrolysis, ether
extn, liq–liq
partns, deri-
vatization with
heptafluorobutyric
acid anhydride
(HFB derivative)

Nortestosterone, Bovine Enzymatic digestion 25 DB-1, 30 m, Helium NICI-MS 1 ppb/ 436
methyl- muscle with subtilisin A, capillary 80 6%
testosterone ether extn, SPE

cleanup, IAC
cleanup, liq–liq
partns, deri-
vatization with
heptafluorobutyric
acid anhydride
(HFB derivatives),
liq–liq partns,
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Zearalenone, Bovine H2O diln, two SPE 13 DB-5, 15 m, Helium MS-MS 1 ppb/ 431
-zearalenol and cleanups, capillary 55–119%

sheep derivatization with
urine Tri-Sil BT (TMS

derivatives)
Trenbolone, Bovine -Glucuronidase 27 30 m, capillary, Helium EI-MS 0.5 ppb/ 445

epitrenbolone tissues hydrolysis, ACN coated with NR
extn, liq–liq 100%
partns, two SPE methylsilicone
cleanups, LC
purification on
Perkin-Elmer, C18,
column, on-line
derivatization with
BSTFA (TMS
derivatives)

Diethylstilbestrol, Plasma, Centrgn, phosp. 10 CP Sil 5 CB, 25 m, Helium NICI-MS 0.01 ppb/ 432
dienestrol, urine buffer diln, IAC capillary 28–96%
hexestrol cleanup,

derivatization with
pentafluorobenzyl
bromide (PFB
derivatives)

19-Nor- Urine IAC cleanup, 11 CP Sil 5 CB, 25 m, Helium NICI-MS 0.02–0.06 458
testosterone, derivatization with capillary ppb/
testosterone, carboxymethoxylamine, 35–87%
trenbolone pentafluorobenzyl

bromide and
BSTFA
(PFBCMO-TMS
derivatives)

(continued)
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TABLE 29.13 Continued

Mobile Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase phase Identification Recovery Ref.

Stanozolol and Bovine -Glucuronidase/ 10 OV-1, 30 m, Helium EI-MS 0.001 ppb/ 428
two hydroxy urine sulfatase capillary, and 90 6%
metabolites hydrolysis, SPE OPTIMA 5, 15

cleanup, deri- m, capillary
vatization with
heptafluorobutyric
acid anhydride
(HFB derivatives)

Seven steroid Meat THF extn, liq–liq 19 10 m, capillary, Helium EI-MS 1–5 ppb/ 451
hormones partns, silica coated with NR

column cleanup, nonpolar
derivatization silicone phase
with BSA (TMS SE-54
derivatives)

Nine steroid Meat Enzymatic 17 HP Ultra-2, 25 m, Helium EI-MS NR/ 437
hormones digestion with capillary 85–99%

subtilisin A, ether
extn, SPE
cleanup, LC
purification on
LiChrospher
RP-18, 5 m
column, deri-
vatization with
heptafluorobutyric
acid, anhydride
(HFB derivatives),
and MSTFA
(TMS derivatives)
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Thirteen Bovine MeOH extn, liq–liq 40 BPX-5, 30 m, Helium EI-MS 0.02–0.1 ppb/ 452
steroid muscle partns, SPE capillary, with 56–95%
hormones cleanup, deactivated

derivatization fused-silica
with MSTFA quard column
(TMS derivatives)

LIQUID CHROMATOGRAPHIC METHODS
Diethylstilbestrol Bovine Tetr.-butyl methyl 15 Nucleosil 5 C18, 5 0.05M, pH 3.5, Electro- 0.2 ppb/ 438

muscle ether extn, m phosp chemical 66 14%
liq–liq partn, buffer/
SPE cleanup MeOH

(33 67)
Melengestrol Bovine H2O/ACN extn, 9 Brownlee, 5 m, DCM contg UV 287 nm/ 2–5 ppb/ 456

tissues liq–liq partn on- silica 5% MeOH GC-EI- 86 9.8%
line cleanup on and 0.1% MS after
Spherisorb H2O/ derivatization
phenyl, 3 m, hexane with HFAA
column, trace (14 86)
enrichment on
duPont silica, 5

m, preconcn
column and
switching to
analytical column

(continued)
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TABLE 29.13 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

-19-Nortestosterone, Bovine Tris buffer addn, 14–19 Chromspher H2O/ACN UV 247 nm/ 0.05 ppb/ 429
-19-nortestosterone tissues enzymatic C18, 5 m, (65 35) GC-MS 44–82%

and digestion with with Chromsep after deri-
urine subtilopeptidase guard column vatization

A (tissues), with BSTFA
Amberlite XAD-2
addn, -
glucuronidase-
arylsulfatase
hydrolysis (urine,
liver, kidney),
on-line IAC
cleanup, trace
enrichment on
Chrompack C18,
preconcn column
and switching to
analytical column

Trenbolone, Bovine Acetate buffer, pH 23 Spherisorb 2,2,4- UV 340 & 247 0.1–0.3 ppb/ 446
19-nortestosterone liver 4.1, extn, - S5CN, 5 m, trimethyl- nm 38–61%

glucuronidase and pentane/
hydrolysis, Spherisorb propan-2-
liq–liq partns, S5W, 5 m ol (85 15),
cleanup on Bio- at 30 C
Beads S-X3 size
exclusion
chromatography
column, online
cleanup on
PLgel,
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5 m, gel-permeation
column, trace
enrichment on
ChromSpher
silica, 40 m,
preconcn
columns and
switching to
analytical
columns

Melengestrol, Animal ACN extn, liq–liq 32 C18, 5 m, end- H2O/ACN UV 291 nm 10 ppb/ 434
megestrol, fat partns, SPE capped with (30 70) 84–116%
chlormadinone cleanup 20% carbon

load, analytical
and guard
column

17 -methyl- Trout CHCl3/MeOH extn, 23 Hypersil C8, 5 H2O/MeOH Fluorometric, 1–5 ppb/ 454
testosterone and muscle liq–liq partns, m, and (25 75) postcolumn 91–94%
two metabolites cleanup on Nucleosil C18, enzymatic

Lipidex 5000 5 m, reaction
column, SPE columns in with 3 -
cleanup series, with HSD, ex:

ODS 2, 5 m, 340 nm,
guard column em: 470 nm

Zearalenone, Milk -glucuronidase/ 21 Ultra H2O/MeOH/ Fluorometric, 0.2–2 ppb/ 430
-zearalenol, sulfatase Teschsphere ACN ex: 236 nm, 84–93%
-zeralenol hydrolysis, ACN ODs, 5 m, (35 61 4) em: 470 nm

extn, cleanup on with Resolve
a liquid-liquid C18, guard
extraction column
column, SPE
cleanup

(continued)
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TABLE 29.13 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Zeranol, Animal MeOH extn, - 27 Nova-Pak RP- 0.09M, pH 6.9, Electro- 5 ppb/ 447
zearalenone, tissues glucuronidase C18, 5 m sodium acetate chemical/ 53–75%
and four hydrolyis, liq–liq buffer, contg GC–MS after
metabolites partns 10 mM EDTA/ derivatization

MeOH (50 50) with BSA
Six steroid Bovine Lyophilization, SFE 5 Supelcosil, 5 m 0.02M MS-APCI 100 ppb/ 448

hormones tissues (CO2) cleanup ammonium 44–91%
formate/
MeOH-ACN
(1 1)

Gradient from
(95 5) to (5 95)
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Nine steroid Animal MeOH extn, 24 C18, 5 m, with Different UV (242 nm), 1 ppb/ 453

hormones tissues Carbopack B, Supelquard according to electro- 84–91%
and Amberlite LC-18, 5 m, the type of chemical, &
column cleanups guard column the molecules fluorometric

(ex: 280 nm,
em: 308 nm)

SUPERCRITICAL-FLUID CHROMATOGRAPHIC METHODS
Diethylstilbestrol, Swine Lyophilization, SFE 6 Spherisorb 5 CO2/MeOH MS-MS-TSP 10000 ppb/ 213

dienestrol, kidney (CO2) cleanup amino Isocratic NR
hexestrol (100 0) for 8

min and then
gradient to
(80 20)

HFAA, heptafluorobutyric acid anyhydride; BSTFA, N,O-bis(trimethylsilyl)trifluoroacetamide; 3 -hydroxysteroid dehydrogenase; BSA,
N,O-bis(trimethylsilyl)acetamide; MSTFA, N-methyl-N-(trimethylsily)trifluoroacetamide; TMS, trimethylsilane; SEA, supercritical-fluid ex-
traction; PFBCMO, pentafluorobenzylcarboxymethoxime.
Other abbreviations as in Tables 29.1 and 29.3.
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Hartmann and Steinhart (452) developed a gas chromatographic–mass
spectrometric method for the determination of steroid hormones including andro-
stenedione, androsterone, testosterone, progesterone, estrone, estradiol, dehydroe-
piandrosterone, dihydrotestosterone, epitestosterone, hydroxytestosterone, epites-
tosterone, hydroxyprogesterone, pregnenolone, estriol, methyltestosterone, and
medroxyprogesterone in bovine muscle tissue. According to this method, a 20 g
sample is homogenized with 70 ml methanol and 20 ml water, and the homogenate
is heated at 60 C for 15 min, allowed to cool, and centrifuged. The supernatant
is then extracted twice with 20 ml hexane to remove fat, evaporated to constant
volume, and the remaining aqueous layer is submitted to solid-phase extraction
cleanup on a C8 cartridge. Following cartridge washing with water and metha-
nol–water (40 60), polar steroids (fraction I) are eluted with methanol–water
(60 40), while nonpolar steroids (fraction II) are eluted with pure methanol.
Cleanup of the polar steroids is effected by dissolving the dry residue of fraction
I in ethyl acetate and filtering the solution through a silica solid-phase extraction
cartridge. Separation of the nonpolar steroids into phenolics and neutral steroids
is carried out by dissolving the dry residue of fraction II in chloroform and
partitioning the solution against hexane and 0.25M sodium hydroxide. The sodium

FIG. 29.13 GC–MS chromatogram of neutral steroids in meat. Androgens (for-
tified, 0.2–0.5 ppb): 1, a-androsterone; 2, dehydroepiandrosterone; 3, epites-
tosterone; 4, dihydrotestosterone; 5, androstenedione; 6, testosterone; IS,
methyltestosterone. Progestogens (fortified): 7,7a, pregnenolone (2.1 ppb); 8,
progesterone (0.4 ppb); 9, hydroxyprogesterone (0.3 ppb). (Reprinted from Ref.
452, with permission from Elsevier Science.)
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hydroxide layer (fraction IIb) that contains the nonpolar phenolics is then neutral-
ized with hydrochloric acid. The organic layer of the phenolate extraction (fraction
IIa) is loaded on another silica solid-phase extraction cartridge, and following
washing with hexane–ethyl acetate (90 10) the nonpolar neutral steroids are
eluted with hexane–ethyl acetate (25 75). Cleanup of the nonpolar phenolics is
accomplished by extracting the neutralized sodium hydroxide layer with diethyl
ether, evaporating the ether phase, reconstituting it with ethyl acetate–methanol
(80 20), and filtering the solution through an amino solid-phase extraction car-
tridge. All three eluates containing the polar, the nonpolar phenolics, and the
nonpolar neutral steroids are evaporated to dryness, and derivatization of the
analytes is performed by adding to the dry residues 40 l of a mixture containing
N-methyl-N-trimethylsilyltrifluoroacetamide, trimethyliodosilane, and 1,4-dithi-
oerythritol, and heating at 40 C for 15 min. The derivatized solutions are then
analyzed by gas chromatography–mass spectrometry under the conditions shown
in Table 29.13 (Fig. 29.13).

29.14 -ADRENERGIC AGONISTS

-Agonists are relatively polar compounds that can be extracted from biological
matrices using aqueous or organic solvents. These drugs fall into two major
categories: substituted anilines, including clenbuterol; and substituted phenols,
including salbutamol. This distinction is important because most methods for
drugs in the former category depend upon pH adjustment to partition the analytes
between organic and aqueous phases. This pH dependence is not valid, however,
for drugs within the latter category, since phenolic compounds are charged under
all pH conditions.

When analyzing liquid samples such as urine and plasma for residues of
-agonists, deconjugation of bound residues using -glucuronidase/sulfatase en-

zyme hydrolysis prior to sample extraction is often recommended (470–476).
Semisolid samples such as liver, muscle, hair and eye usually require more inten-
sive sample pretreatment for tissue break-up. The most popular approach is sam-
ple homogenization in dilute hydrochloric acid (470, 471, 477–480), perchloric
acid–EDTA (475), or aqueous buffer (481–483). In general, dilute acids allow
high extraction yields for all categories of -agonists, because the aromatic moiety
of these analytes is uncharged under acidic conditions while their aliphatic amino
group is positively ionized. Following centrifugation of the extract, the superna-
tant may be further treated with -glucuronidase–sulfatase (470, 471) or subtilisin
A (482) to allow hydrolysis of the conjugated residues.

The primary sample extract is subsequently subjected to cleanup using
several different approaches including conventional liquid–liquid partitioning,
diphasic dialysis, solid-phase extraction, immunoaffinity chromatography, and
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liquid chromatography cleanup. In some instances, more than one of these proce-
dures is applied in combination in order to achieve better extract purification.

Liquid–liquid partitioning cleanup is generally carried out at alkaline condi-
tions using ethyl acetate (481, 484), ethyl acetate/tert.-butanol mixture (482),
diethyl ether (478), or tert.-butylmethyl ether/n-butanol (485) as extraction sol-
vents. The organic extracts are then either concentrated to dryness (482), or repar-
titioned with dilute acid to facilitate back-extraction of the analytes into the acidic
solution. A literature survey shows that liquid–liquid partitioning cleanup resulted
in good recoveries of substituted anilines such as clenbuterol (478, 481, 484),
but it was less effective for more polar compounds such as salbutamol (482).

Diphasic dialysis can also be used for purification of the primary sample
extract. This procedure was only applied in the determination of clenbuterol
residues in liver using tert.-butylmethyl ether as the extraction solvent (483).

Solid-phase extraction and immunoaffinity chromatography are alternative
cleanup procedures that are, generally, better suited to the multiresidue analysis
of -agonists. Since these procedures are not time-consuming and labor-intensive,
and require low solvent usage, they have become the methods of choice in many
laboratories for isolation and/or cleanup of -agonists from biological matrices.
They are particularly advantageous because they allow better extraction of the
more hydrophilic -agonists including salbutamol.

-Agonists are particularly suited to reversed-phase solid-phase extraction
due, in part, to their relatively nonpolar aliphatic moiety, which can interact with
the hydrophobic octadecyl- and octyl-based sorbents of the cartridge (472, 473,
475, 480, 486, 487). By adjusting the pH of the sample extracts at values greater
than 10, optimum retention of the analytes can be achieved. Adsorption solid-
phase extraction using a neutral alumina sorbent has also been described for
improved cleanup of liver homogenates (482).

Ion-exchange solid-phase extraction is another cleanup procedure success-
fully used in the purification of liver and tissue homogenates (479). Significant
improvements in terms of speed and simplicity were reported by workers who
employed an Empore cation-exchange extraction membrane (488). Since multi-
residue solid-phase extraction procedures covering -agonists of different types
present, in general, analytical problems, mixed-phase solid-phase extraction sor-
bents, which contained a mixture of reversed-phase and ion-exchange material,
were also employed to improve the retention of the more polar compounds. Sev-
eral different sorbents were designed, and procedures that utilized both interaction
mechanisms were described (472, 474, 476, 482, 489).

Owing to its high specificity and sample cleanup efficiency, immunoaffinity
chromatography has also received widespread acceptance for the determination
of -agonists in biological matrices (470, 471, 473, 475, 479, 487, 490). The
potential of online immunoaffinity extraction for the multiresidue determination
of -agonists in bovine urine was recently demonstrated, using an automated
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column-switching system (490). In contrast, applications of extract cleanup by
liquid chromatography are rather limited and concern solely the isolation of clen-
buterol residues from urine samples (485).

Following extraction and cleanup, -agonists can be detected in sample
extracts by either direct nonchromatographic methods or by liquid and gas chro-
matographic methods (Table 29.14). Direct nonchromatographic methods are tar-
geted to screening of -agonist residues in urine extracts. Direct spectrometric
detection of -agonists in urine extracts has been achieved using either ther-
mospray tandem mass spectrometry (476) or electrospray mass spectrometry
(485).

In the liquid chromatographic methods, reversed-phase columns are com-
monly used for the separation of the -agonists molecules due to their hydropho-
bic interaction with the C18 sorbent. Efficient reversed-phase ion-pair separation
of -agonists has also been reported using sodium dodecyl sulfate as the pairing
ion (477).

Detection in liquid chromatography is often performed in the ultraviolet
region at wavelengths of 245 (479) or 260 nm (486). However, poor sensitivity
and interference from coextractives may appear at these low detection wave-
lengths unless sample extracts are extensively cleaned up and concentrated. This
problem may be overcome by postcolumn derivatization of the aromatic amino
group of the -agonist molecules to the corresponding diazo dyes through a
Bratton-Marshall reaction, and subsequent spectrophotometric detection at 494
nm (477).

Although spectrophotometric detection is generally acceptable, electro-
chemical detection seems to be more appropriate for the analysis of -agonists,
due to the presence on the aromatic part of their molecule of oxidizable hydroxyl
and amino groups. This method of detection has been applied in the determination
of clenbuterol residues in bovine retinal tissue with sufficient sensitivity for this
tissue (478).

Confirmatory analysis of suspected liquid chromatographic peaks can be
made possible by coupling liquid chromatography with mass spectrometry. Ion
spray LC–MS–MS has been used to monitor five -agonists in bovine urine
(490), while atmospheric-pressure chemical ionization LC–MS–MS has been
employed for the identification of ractopamine residues in bovine urine (472).

Gas chromatographic separation of -agonist residues is generally compli-
cated by the necessity of derivatization of their polar hydroxyl and amino func-
tional groups. Silyl derivatives are preferentially prepared by treating sample
extracts with N,O-bis(trimethylsilyl)trifluoroacetamide (470, 471, 473, 475, 483,
487), N-methyl-N-(trimethylsilyl)trifluoroacetamide (482) or N-methyl-N-(tert-
butyldimethylsilyl)trifluoroacetamide (473, 487). Pentafluoropropionic anhy-
dride (481), phosgene (484), trimethylboroxine (480), methyl- and butylboronic
acid (489), or a combination of N,O bis(trimethylsilyl)trifluoroacetamide with
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TABLE 29.14 Physicochemical Methods for -Adrenergic Agonists in Biological Matrices

Mobile Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase phase identification recovery Ref.

SPECTROMETRIC
METHODS
Clenbuterol Bovine Tert.-butylmethyl 12 — — MS-ESP NR 485

urine ether/BuOH extn,
LC purification
on Ultrabase C18

column, liq–liq
partns

Five - Bovine -Glucuronidase/ 8 — — MS-MS-TSP 0.5–1 ppb/ 476
agonists urine sulfatase NR

hydrolysis, SPE
cleanup

GAS CHROMATOGRAPHIC METHODS
Clenbuterol Animal EtOAc extn, liq–liq 29 DB-5, 12 m, Helium EI-MS 0.25 ppb/ 484

tissues partns, capillary 61–98%
derivatization
with phosgene,
liq–liq partns

Bovine HCl extn (hair), 9–14 CP-Sil-8 CB, 25 m, Helium EI-MS 0.14–16 ppb/ 480
hair SPE cleanup, capillary 90–92%
and derivatization
urine with trimethyl-

boroxine
Bovine Ba(OH)2/BaCl2 7 HP SP 5, 25 m, Helium CI-MS 0.5 ppb/ 483

liver buffer addn, capillary 99.3%
diphasic dialysis,
derivatization
with BSTFA
(TMS derivative)
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Bovine Sorensen buffer, 6–12 OV-1701, 25 m, Helium NICI-MS 0.01 ppb/ 481
tissues pH 7 (tissue), or capillary 95–106%
and EtOAc (plasma)
plasma extn, liq–liq

partns,
derivatization
with pentafluoro-
propionic
anhydride

Urine IAC cleanup, SPE 14 DB-5, 30 m, Helium CI-MS and/or 0.2 ppb/ 487
cleanup, capillary EI-MS NR
derivatization
with BSTFA
(TMS derivatives)
and MTBSTFA
(tBDMS
derivatives)

Clenbuterol, Bovine HCl extn (liver), - 13–16 CP-Sil-5 CB, 25 m, Helium FT-IR 1–2.5 ppb/ 471
mabuterol, liver glucuronidase/ capillary NR
salbutamol and sulfatase

urine hydrolysis, SPE
cleanup, IAC
cleanup,
derivatization
with BSTFA
(TMS derivatives)

(continued)
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TABLE 29.14 Continued

Mobile Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase phase identification recovery Ref.

Four - Bovine -Glucuronidase/ 24–33 CP-Sil-5 CB, Helium EI–MS and/ 1–3 ppb/ 475
agonists liver sulfatase 25 m, capillary or 59–110%

and hydrolysis PICI–MS
urine (urine), perchloric

acid/EDTA extn
(liver), SPE
cleanup (liver),
IAC cleanup,
SPE cleanup,
derivatization
with BSTFA
(TMS derivatives)

Five - Bovine HCl extn (liver), - 13–16 Permabond SE- Helium EI-MS 1–2 ppb/ 470
agonists liver glucuronidase/ 52, 25 m, 40–100%

and sulfatase capillary
urine hydrolysis, SPE

cleanup, IAC
cleanup,
derivatization
with BSTFA
(TMS derivatives)

Six -agonists Bovine -Glucuronidase/ 14 DB-5, 30 m, Helium CI-MS 0.2–0.4 ppb/ 473
urine sulfatase capillary NR

hydrolysis, IAC
cleanup, SPE
cleanup,
derivatization
with BSTFA
(TMS derivatives)
and MTBSTFA
(tBDMS
derivatives)
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Seven - Bovine Tris buffer extn, 20 WCOT RSL Helium PICI–MS–MS 0.5–5 ppb/ 482
agonists liver subtilisin A addn 150BP, 30 m, 3–85%

and (liver), liq–liq capillary
urine partns, two SPE

cleanups,
derivatization
with MSTFA
(TMS derivatives)

Eight - Bovine SPE cleanup, 8 HP1, 15 m, Helium EI–MS 0.3–3 ppb/ 489
agonists urine derivatization capillary 23–91%

with methyl- and
butylboronic acid

Nine - Bovine Filtn, cleanup on 7 OV-1, 30 m, Helium EI–MS and/ NR/10–80% 488
agonists urine Empore cation- capillary or

exchange PICI–MS
extraction
membrane

Thirteen - Urine -Glucuronidase/ 14 OV-1, 30 m, Helium EI–MS and/ 0.5–1 ppb/ 474
agonists sulfatase capillary or 20–73%

hydrolysis, SPE PICI–MS
cleanup,
derivatization
with BSTFA
(TMS
derivatives), or
CMDMCS (cyclic
DMS derivatives)

(continued)

Copyright © 2001 Marcel Dekker, Inc.



1084
C

h
ap

ter
29

TABLE 29.14 Continued

Mobile Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase phase identification recovery Ref.

LIQUID CHROMATOGRAPHIC METHODS
Clenbuterol Bovine HCl extn, SPE 18 Symmetry C18 0.01M, pH 4.6, UV 245 nm 0.3 ppb/ 479

liver cleanup, IAC amm. acetate 53–74%
and cleanup buffer/MeOH
muscle Gradient

from (70 30)
to (30 70)

Bovine HCl extn, EDTA addn, 14 LiChrospher 100 H2O/MeOH Electro- 5 ppb/ 478
retina liq–liq partns RP-18e, 5 (66 34) contg chemical 76 7.5%

m, analytical 1% formic
and guard acid, at 40 C
column

Ractopamine Bovine -Glucuronidase 17 Inertsil 5 ODS, 3 0.01M amm. MS-MS- 2 ppb/ 472
urine hydrolysis, two m, analytical acetate/ APCI NR

SPE cleanups and guard MeOH
column Gradient

from (95 05)
to (20 80)

Clenbuterol, Animal HCl extn (tissue), SPE 7–12 Nova-pak C18, 4 0.02M HOAc Vis 494 nm, 0.1–0.2 ppb/ 477
cimaterol tissues, cleanup, liq–liq m contg 25 mM postcolumn 60–99%

urine, partn SDS, pH 3.5/ derivatization
blood, ACN (53 47) (Bratton-
plasma Marshall)/

HPTLC &
GC-SIM-MS
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Clenbuterol, Urine SPE cleanup 5 LiChrospher 0.02M KH2PO4, UV 260 nm/ 1 ppb/ 486

salbutamol, RP-select B, contg 30 M EIA 65–100%
cimaterol 5 m EDTA, pH

3.9/MeOH
(92.5 7.5), or
0.02M phosp.
buffer/MeOH
(75 25) for
clenbuterol

Five - Bovine Diln with phosphate- 2 Spherisorb C18, Solvent A: H2O/ MS-MS-ISP 0.01–0.05 ppb/ 490
agonists urine buffered saline, 3 m, ACN/MeOH 94–108%

purification by capillary or (95 2.5 2.5)
online sample microbore contg 0.1%
cleanup on IAC column HOAc and
column, and 5mM amm.
subsequent trace acetate
enrichment on Solvent B:
Pellicular C8, H2O/ACN/
30–40 m, MeOH
preconcn column (5 47.5 47.5)
and switching to contg 0.1%
analytical column HOAc and

5mM amm.
acetate
Isocratic
(28 72)

Abbreviations: BSTFA, N,O-bis(trimethylsilyl)trifluoroacetamide; MTBSTFA, N-methyl-N-(tetr.-butyldimethylsilyl)trifluoroacetamide;
DMS, 2-dimethylsilamorpholine; CMDMCS, chloromethyldimethylchlorosilane; TMS, trimethylsilane; EIA, enzyme immunoassay.
Other abbreviations as in Tables 29.1 and 29.3.
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chloromethyldimethylchlorosilane (474, 488) were also employed for derivatiza-
tion of -agonist residues isolated from biological samples.

Despite its inherent analytical difficulties, gas chromatography on capillary
columns in combination with sensitive and specific mass spectrometry has been
widely used for separation of these analytes. Typical examples of such applica-
tions are those interfacing gas chromatography with mass spectrometry via elec-
tron impact (470, 484, 480, 489), chemical ionization (481, 478, 483, 473), or
both interfaces (474, 475, 487, 488). Apart from mass spectrometry, Fourier
transform infrared spectrometry has also been suggested as an alternative very
useful identification tool in the area of the -agonist analysis. Capillary gas chro-
matography with Fourier transform infrared spectrometry was successfully em-
ployed to monitor clenbuterol, mabuterol, and salbutamol residues in bovine liver
and urine (471).

Methods particularly useful for screening and even confirmation of -ago-
nists residues in biological matrices have been described by Lin et al. (478), Cai
and Henion (490), and Montrade et al. (474).

Lin et al. (478) described a method for the determination of clenbuterol in
bovine retinal tissue. According to this method, retinal tissue is homogenized and
extracted with 5 ml 1M hydrochloric acid. After centrifugation, the supernatant
is mixed with 5 ml 1M EDTA in 4M sodium hydroxide solution and the pH of
the mixture is adjusted to 12.2. The mixture is extracted two times with 5 ml
portions of diethyl ether, and the combined extracts are concentrated to dryness.
The residue is reconstituted in 0.2 ml 1% formic acid to be further analyzed by
liquid chromatography. Separation is performed on a 25 cm LiChrospher 100
RP-18e (5 m) analytical column that is protected by a guard column with the
same packing material. Using a mobile phase of water–methanol (66 34) contain-
ing 1% formic acid, concentrations down to 5 ppb could be determined by electro-
chemical detection.

A different approach was followed by Cai and Henion (490) in a capillary
liquid chromatographic method for multiresidue determination of clenbuterol,
methylclenbuterol, mabuterol, mapenterol, and tolubuterol in bovine urine. Ac-
cording to this method, a 10 ml sample is diluted with 4 volumes of phosphate-
buffered saline, and purified online by loading the diluted urine onto an immu-
noaffinity extraction column. Following column washing with phosphate-buff-
ered saline, the preconcentrated analytes are eluted with 2% acetic acid and trap-
ped at the beginning of a 30–40 m Pellicular C8 column. Using an automated
column switching system, the trapped analytes are back-flashed into the analytical
column (320 m 150 mm, Spherisorb C18, 3 m, capillary, or 100 1.0
mm, Spherisorb C18, 5 m, microbore) and analyzed under the conditions shown
in Table 29.14. Concentrations as low as 0.05 ppb for clenbuterol and methylclen-
buterol, 0.02 ppb for mabuterol, and 0.01 ppb for mapenterol could be readily
determined using ion-spray tandem mass spectrometric detection.
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Montrade et al. (474) employed gas chromatography–mass spectrometry
for the determination of 13 -agonists in urine of meat-producing animals. In
this method, the pH of a 10 ml sample of previously centrifuged urine is adjusted
to 4.8, and the sample is incubated overnight at 40 C with -glucuronidase/
sulfatase. Following pH adjustment to 6.0, the treated sample is applied to a
mixed-phase column (Clean Screen DAU). Column washing is carried out with
diluted acetic acid and methanol, while the analytes are eluted with ethyl acetate
containing 3% concentrated (32%) ammonia solution. After evaporation of the
eluent, the analytes are derivatized to either their trimethylsilyl (TMS) or cyclic
2-(dimethyl)silamorpholine (DMS) derivatives by adding to the dry residue 50

l of a N,O-bis(trimethylsilyl)trifluoroacetamide or chloromethyldimethylchloro-
silane solution, respectively. The derivatized extract is then evaporated to dryness,
redissolved with 25 l of toluene, and analyzed on a OV-1 fused-silica capillary
column (30 m 0.25 mm i.d.), with helium as the carrier gas (Fig. 29.14). Using
the TMS derivatives both for screening (electron impact mode) and confirmation
(positive-ion chemical ionization mode) purposes, concentrations as low as 0.5–1
ppb of the 13 -agonists could be readily determined in the urine.

29.15 DYE DRUGS

Dye drugs used in animal husbandry can be classified in terms of their chemical
structure into triphenylmethanes, acridine, and phenothiazine congeners. Methyl
derivatives of the triphenylmethane dyes comprise a series of basic drugs includ-
ing gentian violet and malachite green. Acridine derivatives are yellow-color dyes
that have been designated as flavines. These dyes possess either basic or neutral
properties and include drugs such as acriflavine and proflavine. Commercially
available acriflavine is a mixture of acriflavine and proflavine. Methylene blue
constitutes the major drug within the phenothiazine group of dyes.

Dye drugs have recently been studied at some length. Analytical methods
have been developed and are available for residue monitoring in a variety of
matrices due to the knowledge or suspicion of unauthorized or extralabel use.
Since metabolic data have shown that residues may be of either the ‘‘chromic’’
or ‘‘leuco’’ form, methodology destined for food control should be capable of
detecting both forms.

Liquid samples such as milk do not normally require application of any
pretreatment procedure. Semisolid samples such as muscle, liver, and fat tissues
usually require more intensive sample pretreatment for tissue break-up. The most
popular approach is grinding the sample in a food chopper or homogenization
in a Waring blender to expose residues to the extraction solvent. Fatty tissue
samples are usually warmed at 35 C until fat melts (491–493), or sometimes
blended with immersion blender (494). A fat sample that has been blended with
immersion blender melts to produce yellow oil, whereas oil does not separate
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from fat ground in a food chopper (493). During sample pretreatment, special
precautions are often required to avoid the presence of certain metal ions, such
as those in rust, strong acids, and bases, since these agents can catalyze the
oxidation of the leuco forms of the potentially present residues to the correspond-
ing parent drugs.

A range of extraction techniques have been suggested, including several
solvent homogenization and percolation systems. Their effectiveness appears to
be limited by the strong binding of the dyes to the sample proteins, and the high
lipid content (10–15%) of fish and fatty tissue samples that caused emulsion
formation.

Thus, simple deproteinization of plasma with trichloroacetic acid, perchlo-
ric acid, phosphoric acid, or acetonitrile, followed by centrifugation and direct
injection of the supernatants, yielded low recoveries of malachite green and leuco-
malachite green, probably due to insufficient debinding of the analytes (495).
Acidification or alkalinization of plasma and subsequent extraction with ethyl
acetate also resulted in poor recoveries. In contrast, protein denaturation with a
mixture of either acetonitrile or methanol and citric acid could substantially im-
prove the recovery of the analytes, possibly due to the pairing-ion function of
the citrate ions.

Efficient ion-pair extraction has also been applied in the determination of
methylene blue in catfish (496), the thionin metabolite of methylene blue in milk
(497), gentian and leucogentian violet in catfish (498) and chicken (499) tissues,
malachite and leucomalachite green in catfish (500–502), and gentian violet,
malachite green, and their leuco metabolites in catfish (503, 504). Extraction is
effected by homogenizing the sample with ammonium acetate buffer in the pres-
ence of the pairing ions hydroxylamine and p-toluene sulfonic acid and partition-
ing with acetonitrile.

In methods of tissue analysis in which ion-pair extraction procedures are
not used, long extraction times have been shown to be necessary for extraction

FIG. 29.14 EI-selected-ion current profiles of a TMS-derivatized urine extract
obtained in the selected-ion monitoring mode: blank urine sample spiked with
tolubuterol (1) TMS1 (m/z 86), mabuterol (2) TMS1 (86), methylmabuterol (3)
TMS1 (100), metaproterenol (4) TMS3 (356), terbutaline (5) TMS3 (86, 356), clen-
buterol (6) TMS1 (86, 262), cimaterol (8) TMS1 (72), methylcimaterol (10) TMS1
(86), salbutamol (7) TMS3 (86, 369), cimaterol (8) TMS2 (72, 291), metoprolol
(14) TMS1 (72), methylclenbuterol (9) TMS1 (100, 262), methylcimaterol (10)
TMS2 (86, 291), NA1141 (11) TMS2 (174), fenotereol (12) TMS4 (322), and racto-
pamine (13) TMS3 (267). Abundance in arbitrary units. (Reprinted from Ref. 474,
with permission from Elsevier Science.)
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of the analytes from the tissue matrix. Thus, overnight extraction has been recom-
mended for efficient recovery of either malachite green from fish tissues when
a mixture of acetonitrile, chloroform, and acetic acid is used as extractant (505), or
gentian and leucogentian violet from chicken tissues using an acetonitrile–acetate
buffer (499). In contrast, a 3 h extraction procedure was found to be sufficient
for quantitative recovery of malachite and leucomalachite green from rainbow
trout by a mixture of acetonitrile, dichloromethane, and perchloric acid (506).

Prolonged extraction was not required when acidified methanol was em-
ployed for the extraction of acriflavine and proflavine from catfish tissues (507),
when acetonitrile was used for the extraction of methylene blue and four metabo-
lites from milk (508), or when dichloromethane in presence of sodium sulfate was
employed for the extraction of leucogentian violet from chicken fat (491–494).

Following extraction, the primary sample extract is subsequently subjected
to some type of cleanup including conventional liquid–liquid partitioning and/
or solid-phase extraction. The liquid–liquid partitioning cleanup applied differs
with the initial extraction system. Thus, for isolating fat from analytes, the primary
dichloromethane sample extract was partitioned with 1N hydrochloric acid in the
analysis of leucogentian violet in chicken fat (491–494). The acidic layer was
then neutralized with trisodium citrate to facilitate back extraction of the analytes
into dichloromethane.

In addition, for removing fat from an acetonitrile–chloroform–acetic acid
extract of fish tissues, partitioning with hexane was carried out (505). Further
cleanup could be effected by partitioning the extract against diethyl ether–hex-
ane–sodium chloride solution, evaporating the organic layer that contained the
malachite green analyte, reconstituting in methanol–phosphoric acid, freezing
the solution at 20 C, and centrifuging.

When an ion-pair extraction was employed for analyzing methylene blue
(496), gentian violet (498), and malachite and leucomalachite green (501, 502)
in catfish, partitioning of the acetonitrile extracts with dichloromethane and water
yielded good results. Cleanup of a primary acetonitrile extract from polar milk
constituents was carried out by adding sodium chloride solution and partitioning
with chloroform, thus transferring methylene blue and its metabolites, except
thionin, into the chloroform layer (508). For thionin assay, the remaining aqueous
layer was alkalinized at pH 10, and then thionin was extracted with chloroform.

Solid-phase extraction is also complementarily used in many analyses for
improved extract cleanup. While cyano, diol, or cation exchange solid-phase
extraction cartridges, alone, were found to be effective for the relatively simple
concentration and cleanup of malachite and leucomalachite green during the anal-
ysis of water (509, 510) or plasma (495), most methods for analysis of fish
tissue employed either solvent partitioning and washing (491–494, 511), or a
combination of alumina and strong cation exchange solid-phase extraction (502)
to separate interferences. There have been only two methods for fish analysis
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that employ a single reversed-phase solid-phase extraction (506, 507) or a cation
exchange solid-phase extraction (495, 508). For GC–MS confirmation of leuco-
malachite green in catfish tissue, a third cleanup on a cyano column has been
further suggested (512).

Following extraction and cleanup, dye drugs can be separated by liquid or
gas chromatographic methods. However, most methods reported in the scientific
literature for dye drugs analyses in a variety of matrices employ liquid chromatog-
raphy. Cyano- (491, 493, 496, 498–500, 502, 507, 508), C18 (491, 494, 501,
506), and polymer-based (505) packing materials are mostly used in liquid chro-
matographic separations. Several column packing materials including Chrom-
spher C8 and C18, Hypersil ODS, Microspher C18, Lichrosorb RP-8 and Chrom-
spher 5B, Polymer Lab. PLRP-S, and Hamilton PRP-1 have been tested for
effective column efficiency and resolution of malachite green, leucomalachite
green, and their demethylated metabolites (495). Nucleosil 5 C18, Lichrosorb C8,
and Chromspher 5B showed the most effective column efficiency and resolution
for these compounds.

Early liquid chromatographic methods have taken advantage of the strong
and distinctive visible absorption of the parent compounds for detection and
quantification of both them and their leuco metabolites. Initial methods for the
determination of malachite and leucomalachite green in fish muscle tissue were
based on indirect measurement of the analytes. Following extract cleanup by
silica gel solid-phase extraction, the cleaned sample was splitted and half of the
extract was oxidized with PbO2 prior to its liquid chromatographic analysis (513,
514). In later studies, an on-line PbO2 postcolumn oxidation reactor was intro-
duced that opened the possibility for simultaneous monitoring of both analytes
in a single liquid chromatographic analysis (515). The PbO2 postcolumn reaction
system oxidized the reduced leuco forms of gentian violet and malachite green
to their respective parent chromophores, thus permitting detection at a selected
visible wavelength that allowed increased specificity. As an alternative to the use
of absorbance, electrochemical detection has also been described (491, 493,
499).

The performance of the postcolumn oxidation reactor with respect to its
lifetime and the ability to convert the leuco form to malachite green was assessed
(495). The relatively large size of the postcolumn oxidation reactor suggested by
some authors (515) was probably the cause of band broadening such reactors are
liable to produce. Reduction of the size of the reactor gave much sharper peaks,
but the PbO2 in the reactor depleted rapidly. Increasing the PbO2 content from
10% to 25% markedly prolonged the lifetime of the reactor. The lifetime of
the postcolumn oxidation reactor could be further prolonged by placing a guard
oxidation reactor before the injector. In this way, oxidizable substances in the
mobile phase that were originated from impurities of the solvents, such as ketones
and aldehydes in acetonitrile, could be efficiently eliminated. As a result of this
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FIG. 29.15.1 Representative chromatograms of (a) blank rainbow trout sample,
(b) 100 ppb malachite green standard, (c) rainbow trout sample fortified at 50
ppb with malachite green and leuco malachite green, and (d) 50 ppb leuco
malachite green standard. (From Ref. 506.).

treatment, both malachite green and leucomalachite green were stable at room
temperature in a so-treated mobile phase although not in an untreated mobile
phase.

The use of coulometrically efficient electrochemical cell to oxidize leuco-
malachite green to malachite green between the outlet of the liquid chromato-
graphic column and the inlet of the visible detector was found to be an effective
alternative way to overcome the problems associated with packing and maintain-
ing a PbO2 postcolumn reactor, while avoiding the band-broadening such reactors
are liable to produce (Fig. 29.15.1). In addition, observations on the behavior of
the carbon electrode in the amperometric detector, led to some investigations
demonstrating that activated charcoal might be superior to PbO2 for oxidation of
leuco forms to the parent compounds.

Online electrochemical oxidation allows additional confidence in the iden-
tity of a peak eluting at the correct retention time. If the output of the electrochemi-
cal cell in monitored during the analysis, for example, of leucomalachite green,
current flow reflecting the passage of an electroactive species will be observed
shortly prior to detection of the compound at the visible detector. This would not
occur if the peak was due to an already colored coextractive. Second, the size of
the suspected leucomalachite green peak in the visible chromatogram should vary
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in a manner similar to that of a leuco standard when the electrode potential is
manually altered. This would provide strong confirmation of the identity of the
unknown, since would seem very unlikely that any coextracted compound would
have the same retention time, hydrodynamic voltammogram, and colored oxida-
tion product as leucomalachite green. In an alternative detection system (504),
the coulometric electrochemical cell preceded a diode array detector that was
followed in series by a fluorescence detector.

For complete analytical detection, mass spectral analysis is critical for un-
ambiguous identification of suspect residues found in samples analyzed by deter-
minative methods. Liquid chromatography combined with atmospheric pressure
chemical ionization mass spectrometry and/or particle beam liquid chromatogra-
phy–mass spectrometry are excellent confirmatory techniques (501, 516) but are
not prevalent in laboratories due to their expense. Thermospray spectra of some
dyes have recently been published that permit use of the existing liquid chromato-
graphic methods for thermospray analysis. However, these spectra are limited to
mostly MH and MNH4 cations, thus limiting the usefulness of liquid chromatogra-
phy–thermospray mass spectrometry.

Particle beam mass spectral analysis gives mass spectra similar to conven-
tional electron ionization spectra, but can also be used for nonvolatile compounds.
Eight triphenylmethane dyes including malachite green and its demethylated and
leucomalachite green metabolites, gentian violet and its demethylated and leuco-
gentian violet metabolites, and brilliant green were characterized by particle beam
liquid chromatography–mass spectrometry (501). Aside from the reduction of
the chromic form in the mass spectrometer source, the triphenylmethane dyes
responded well using the particle beam interface. The electron ionization spectra
of these spectra obtained by this technique exhibited similar fragmentation, with
the formation of phenyl and substituted phenyl radicals, and loss of alkyl groups
from the amines. It was observed that six cationic dyes were reduced in the mass
spectrometer source to form the corresponding leuco compounds.

Although less expensive than liquid chromatography–mass spectrometry,
confirmation by gas chromatography–mass spectrometry (492, 512) is applicable
only to the volatile leuco forms and not to chromatic forms of the dyes. The
reduced leuco forms of triphenylmethane dyes are volatile and thermally stable
enough to be analyzed by gas chromatography–mass spectrometry (492, 512).

Gas and liquid chromatographic methods that are attractive in terms of
performance and practicability for screening and confirmation of dye drug resi-
dues in foods of animal origin have been described by Rushing and Hansen (504),
Munns et al. (493), and Wilson et al. (492).

Rushing and Hansen (504) described a sensitive analytical procedure for
screening and confirmation of residues of malachite green, gentian violet, and
their leuco analogs in catfish and trout tissues using liquid chromatographic sepa-
ration and electrochemical, diode array, and fluorescence detection in series.
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FIG. 29.15.2 Chromatograms of a 10 ppb fortified catfish tissue sample fol-
lowed simultaneously in the 588 nm channel and the fluorescence channel.
From left to right on the chromatogram: leuco malachite green, leuco gentian
violet, malachite green, and gentian violet. (Reprinted from Ref. 504, with per-
mission from Elsevier Science.)

According to this method, a 20 g fish sample is homogenized with 20 ml 0.1 M
ammonium acetate buffer, pH 4.5, 5 ml 0.05 M p-toluenesulfonic acid, and 3 ml
0.25 g/ml hydroxylamine. Following homogenization, 90 ml acetonitrile was
added and the sample was homogenized again. Basic alumina (20 g) was then
added, and the homogenate was centrifuged. The supernatant was subsequently
partitioned against a mixture consisting of 100 ml water, 50 ml dichloromethane,
and 2 ml diethylene glycol. The separated bottom layer was evaporated, and the
remaining residue was reconstituted in a mixture of 2 ml dichloromethane and
5 ml acetonitrile to be loaded on an alumina cartridge placed on top of a propylsyl-
fonic acid cartridge using a suitable adapter. Following columns washing with 3

5 ml acetonitrile, the alumina cartridge was discarded. The propylsulfonic
acid cartridge was further washed with 2 ml water and 1 ml acetonitrile–0.1M
ammonium acetate buffer (1 1). Elution of the analytes was effected using 2
ml acetonitrile–0.1M ammonium acetate buffer (1 1). Liquid chromatographic
separation of the analytes was carried out under the conditions shown in Table
29.15 (Fig. 29.15.2).

The detection system consisted of a coulometric electrochemical cell pre-
ceded by a diode array detector followed in series by a fluorescence detector.
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When the coulometric detector was turned on, both leuco forms were completely
oxidized to their nonfluorescing chromatic forms and thus vanished from the
fluorescence channel. This disappearance was balanced by the arrearance of their
chromatic forms in the diode array channel. The confirmation of malachite green,
gentian violet, and their leuco analogs in catfish and trout tissue could be based,
therefore, on the correct retention times, the observation of the natural fluores-
cence of the leuco forms when the coulometric detector was turned off, the ab-
sence of the leuco form peaks in the 588 nm channel when the coulometric
detector was off, the disappearance of the fluorescence of the leuco forms when
the coulometric detector was on, the appearance of peaks of parent drugs formed
by oxidation of the leuco forms in the 588-nm diode array channel, and the correct
ultraviolet-visible spectra maxima for all four peaks.

A determinative liquid chromatographic method followed by a gas chro-
matographic–mass spectrometric procedure for confirming the identity of leuco-
gentian violet in chicken fat was developed by Munns et al. (493) and Wilson
et al. (492) for regulatory applications. According to this method, 10 g ground
fat is melted at 35 C and extracted with a total of 50 ml dichloromethane in the
presence of anhydrous sodium sulfate. Following filtering, the extract is parti-
tioned against 10 ml 1N hydrochloric acid, and the dichloromethane layer that
contains the fat matrix is discarded. The aqueous acid layer is neutralized by the
addition of 10 ml saturated trisodium citrate solution. Leucogentian violet is
reextracted with two portions of 25 ml dichloromethane. Dichloromethane is then
evaporated, and the residue is reconstituted in an acetonitrile–water solution that
is filtered before liquid chromatography using a cyano column, an acetate
buffer–acetonitrile mobile phase, and an electrochemical detector. The extract
remaining after liquid chromatographic analysis was employed for gas chroma-
tography–mass spectrometry. A 1 ml portion of this extract was vortex-mixed
with 2 ml toluene and centrifuged. The upper organic layer was evaporated, and
the dried residue reconstituted with acetonitrile to be injected for chromatogra-
phy–mass spectrometry analysis. Chromatographic separation was performed on
a DB-1 30 m capillary column coated with methyl silicone. The column tempera-
ture was held at 150 C for 1 min, ramped at 16 C/min to 300 C, and held for 20
min. Other gas and liquid chromatographic conditions along with performance
characteristics are presented in Table 29.15.

29.16 SEDATIVES AND -BLOCKERS

Sedatives and -blockers commonly used in food-producing animals include
basic compounds with apolar (promazines and the -blocker carazolol) or polar
properties (xylazine, azaperone, and haloperidol).

In analyzing liquid samples such as serum and urine, diethyl ether
(517–519) or chloroform (520) have been mainly employed for extraction of the
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TABLE 29.15 Physicochemical Methods for Dye Drugs in Biological Matrices

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

GAS CHROMATOGRAPHIC METHODS
Leucogentian Chicken DCM diln, Na2SO4 22 DB-1, 30 m, Helium EI-MS 5 ppb/ 492

violet fat addn, liq–liq capillary, NR
partns coated with

methyl
silicone

LIQUID CHROMATOGRAPHIC METHODS
Leucogentian Chicken DCM diln, Na2SO4 16 Altech Cyano, 5 Sodium acetate, Electro- 5 ppb/ 491

violet fat addn, liq–liq m (for EC pH 4.5, buffer/ chemical 59–103%
partns detection), ACN (50 50), or UV 265

Zorbax ODS, for EC nm
5 m, with detection,
Supelco LC- amm. acetate,
18-DB guard pH 4, buffer/
column (for MeOH (10 90),
UV detection) for UV

detection
Chicken DCM diln, Na2SO4 21 Alltech Cyano, 5 0.1M, pH 4.5, Electro- 5 ppb/ 493

fat addn, liq–liq m acetate buffer chemical 78–84%
partns contg 25 mg

EDTA/ACN
(50 50)
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Chicken DCM diln, Na2SO4 16 Zorbax ODS, 5 Amm. acetate, UV 265 nm 2 ppb/ 494
fat addn, liq–liq m, with pH 4, buffer/ 70–83%

partns Supelco LC- MeOH (10 90)
18-DB guard
column

Malachite Fish ACN/CHCl3/HOAc 15 PLRP-S, 5 m, 0.02M H3PO4/ Vis 615 nm 1–10 ppb/ 505
green tissues extn, liq–liq analytical and ACN/THF 101–116%

partns guard column (49 40 11)
Thionin Milk Ion pair/ACN extn, 9 Phenomenex CN Acetate, pH 4.5, Vis 603 nm 5 ppb/ 497

HCl hydrolysis, buffer/ACN 56 10%
liq–liq partn (50 50)

Methylene blue Catfish Ion pair/ACN extn, 19 Ultremex 5CN, 5 Sodium acetate, Vis 660–665 10 ppb/ 496
muscle basic alumina m pH 4.5, buffer/ nm 75–90%

addn, liq–liq ACN (65 35)
partns, tandem contg 50 mM
SPE cleanup p-TSA

Methylene blue Milk ACN extn, liq–liq 20 Alltech Econosil/ Sodium acetate, Vis 627 nm 5–20 ppb/ 508
and four partns, SPE CN, 5 m pH 4.5, buffer/ 23–84%
metabolites cleanup ACN (50 50)

Acriflavine, Catfish MeOH/HOAc extn, 14 Ultremex 5CN, 5 Sodium acetate, Vis 454 nm 5 ppb/ 507
proflavine muscle SPE cleanup m, with pH 4.0, buffer/ 86–95%

Zorbax CN, 5 ACN (75 25)
m, guard

column

(continued)
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TABLE 29.15 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Gentian violet, Catfish Ion pair/ACN extn, 22 Supelco LC-CN, 0.125M, pH 4.5, Vis 588 nm, 1 ppb/ 498
leucogentian muscle basic alumina 5 m, with amm. acetate postcolumn 78–95%
violet addn, liq–liq pellicular CN buffer/ACN oxidation

partns, tandem guard column (40 60) contg with PbO2

SPE cleanup 0.1% TEA
Malachite Catfish Ion pair/ACN extn, 7–22 Ultremex 5CN, 5 0.1M, pH 4.5, Vis 618 nm, 2–10 ppb/ 500

green, muscle alumina addn m sodium acetate postcolumn 83–100%
leucomalachite and (muscle), liq–liq buffer, contg oxidation
green plasma partns, tandem 5mM p-TSA/ with PbO2

SPE cleanup ACN (50 50)
Catfish Ion pair/ACN extn, 20 Ultracarb C18, 5 0.1M, pH 4.5, EI-MS 20 ppb/ 501

muscle basic alumina m amm. acetate NR
addn, liq–liq buffer/ACN
partns, tandem (20 80)
SPE cleanup

Catfish Ion pair/ACN extn, 19 Ultremex 5CN, 5 0.1M, pH 4.5, Vis 618 nm, 5 ppb/ 502
muscle basic alumina m sodium acetate postcolumn 70–88%

addn, liq–liq buffer, contg oxidation
partns, tandem 5mM p-TSA/ with PbO2

SPE cleanup ACN (50 50)
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Eel MeOH/citric/ 13 Chromspher B, 0.025M, pH 4.0, Vis 610 nm, 1–5 ppb/ 495
plasma ascorbic acid 5 m, with acetate buffer, postcolumn 79–89%

extn, SPE pellicular, 40 contg 25mM oxidation
cleanup m, guard pentane- with PbO2

column sulfonate and
50mM sodium
perchlorate/
ACN (40 60)

Rainbow ACN/DCM/ 9 Econosphere 0.05M H3PO4/ Vis 610 nm, 3–6 ppb/ 506
trout perchloric acid C18, 5 m ACN (6 94) postcolumn 73–98%

extn, SPE contg 10mM oxidation
cleanup pentane- with EC

sulfonic acid detector
cell

Malachite Catfish Ion pair/ACN extn, 19 SynChropak, 5 0.01M, pH 3.6 Vis 588 nm, 0.5–3 ppb/ 503
green, and basic alumina m, with amm. acetate postcolumn 49–90%
gentian trout addn, liq–liq pellicular C18 buffer/ACN oxidation
violet, and muscle partns, tandem guard column (45 55) contg with PbO2

their leuco SPE cleanup 0.1% TEA
metabolites

(continued)
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TABLE 29.15 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Catfish Ion pair/ACN extn, 19 Synchropak, 5 0.01M, pH 3.6 Vis 588 nm, 10 ppb/ 504
and basic alumina m, with amm. acetate postcolumn 49–90%
trout addn, liq–liq pellicular C18 buffer/ACN oxidation
muscle partns, tandem guard column (45 55) contg with

SPE cleanup 0.1% TEA coulometric
EC cell/
PDA
(250–800
nm), and
fluorometric,
ex: 265
nm, em:
360 nm

Gentian violet Chicken Acetate buffer, pH 30 Alltech Cyano, 5 0.1M, pH 4.5, Electro- 1 ppb/ 499
and three tissues 4.5/ACN extn, m acetate buffer chemical 66–93%
metabolites liq–liq partn, contg 25 mg

alumina column EDTA/ACN
cleanup, liq–liq (50 50)
partns,
carboxylic acid
column cleanup

p-TSA, p-toluenesulfonic acid; EC, electrochemical.
Other abbreviations as in Tables 29.1 and 29.3.
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polar xylazine under alkaline or salting-out (518) conditions. In analyzing urine
and plasma at alkaline conditions, hexane has also been used for extraction of
promazines and xylazine (521), whereas hexane–methyl butanol mixture has been
used for extraction of carazolol (522).

Semisolid samples, such as kidney, liver, and muscle, often require more
intensive sample pretreatment. A favorite approach for tissue break-up appears
to be the homogenization in acetonitrile (519, 523, 524) or in an acetone–sulfuric
acid mixture (521). Using chloroform for extraction of xylazine and its main
metabolite from kidney tissue, high recovery values were attained (525). How-
ever, prior alkaline hydrolysis of the incurred samples at 95 C was considered
essential when diethyl ether was used for extraction of the -blocker carazolol
and seven sedatives from kidney tissue (526).

Purification of the primary sample extracts can be achieved by application
of conventional liquid–liquid partitioning and/or solid-phase extraction proce-
dures. Liquid–liquid partitioning cleanup is generally carried out at alkaline con-
ditions using diethyl ether (517, 519) or hexane (521) as extraction solvents. The
drugs are then back-extracted into dilute acid to be subsequently re-extracted into
chloroform either at a high pH value (519) or in the presence of the pairing
ion octane-1-sulfonate (517). Liquid–liquid partitioning cleanup resulted in good
recovery of polar compounds such as xylazine (517, 519) and carazolol (522).
As an alternative to classic liquid–liquid partitioning, use of an acidic Celite
column has been suggested for improved cleanup of kidney homogenates that
contained xylazine and its major metabolite (525).

In contrast to liquid–liquid partitioning cleanup, which is particularly suita-
ble for individual drugs or groups of drugs with similar chemical properties,
solid-phase extraction is more appropriate for multiresidue analysis. On that ac-
count, solid-phase extraction in combination with liquid–liquid partitioning has
become the method of choice in many laboratories for the purification of residues
of sedatives and -blockers that may occur in biological matrices. Purification
is usually accomplished on reversed-phase solid-phase extraction columns. Opti-
mum retention of seven sedatives and carazolol on a reversed-phase solid-phase
extraction column was reported when 10% sodium chloride solution was added
to the acetonitrile tissue extract prior to its solid-phase extraction cleanup (523,
524). A silica-based diol solid-phase extraction column was further suggested
for efficient isolation of sedative and -blocker residues from food extracts (526).

Separation and detection of sedatives and the -blocker carazolol can be
carried out by either gas chromatography and flame ionization or flame photomet-
ric detection, or liquid chromatography followed by spectrophotometric, fluoro-
metric, or electrochemical detection. Unfortunately, a limited number of relevant
gas chromatographic methods have been available in the literature (519, 521),
although derivatization is not needed for such analytes. Gas chromatographic
separation has been carried out using packed or capillary columns, whereas detec-
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tion has been performed using flame ionization (519) or flame photometric detec-
tors (521).

Liquid chromatographic separation of sedatives and -blockers is usually
performed using reversed-phase columns. The preferred type of reversed-phase
material is C18-bonded silica (Table 29.16), but phenyl-bonded silica has also
been employed for separation of xylazine and its major metabolite (525). Ion-
pair liquid chromatography has also been suggested for separation of carazolol
and xylazine residues, by addition to the mobile phase of dodecyl sulfate (522)
or heptanesulfonate (520) pairing ions, respectively.

Ultraviolet spectrophotometric detection can be carried out at wavelengths
in the range 220–254 nm (517, 518, 520, 524, 525, 526). Fluorometric detection,
which is particularly suitable for azaperol and carazolol, confers the advantages
of selectivity and sensitivity. This mode of detection has been employed for the
determination of carazolol residues in serum and plasma, using excitation and
emission wavelengths at 330 and 360 nm, respectively (522). Fluorometric detec-
tion has also been applied to monitor carazolol and azaperol residues in swine
kidney with excitation and emission wavelengths of 246 and 351 nm, respectively
(524).

Electrochemical detection has also been further recommended as an excel-
lent alternative for the determination of seven sedatives and carazolol in swine
liver and kidney (523). In this study, significant selectivity and sensitivity im-
provements compared to existing methods have been reported.

Tentative confirmation of suspected liquid chromatographic peaks has been
achieved in the analysis of carazolol and seven sedatives in swine kidney, by
using photodiode-array detection in the wavelength range of 220–320 nm. It was
reported (526) that further identification could be made possible if the correspond-
ing fractions of the eluate were submitted off-line to two-dimensional thin-layer
chromatography.

Most promising for surveillance purposes appears to be the method of Rose
and Shearer (523), which actually combines the extraction procedure reported
by Keukens and Aerts (524) and the high performance liquid chromatographic
procedure proposed by van Ginkel et al. (526). This multiresidue method permits
determination of azaperone and its metabolite azaperol, xylazine, haloperidol,
acepromazine, propionylpromazine, chlorpromazine, and carazolol in swine liver
and kidney. According to this method, a 5 g tissue sample is homogenized and
extracted with two volumes of acetonitrile. Following centrifugation, 7.5 ml su-
pernatant is mixed with 40 ml 10% sodium chloride solution, and subjected to
cleanup by a Bond-Elut C18 solid-phase extraction cartridge. Following cartridge
washing with 0.85 ml 0.01 M sulfuric acid, the analytes are eluted with 3.5 ml
acidified acetonitrile. The eluate is evaporated to dryness, dissolved in 0.3 ml
0.01 M sulfuric acid, and extracted with 1 ml hexane. The mixture is centrifuged,
the lower aqueous phase is isolated, and 50 l is injected into the liquid chromato-
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TABLE 29.16 Chromatographic Methods for Sedatives and -Blockers in Biological Matrices

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

GAS CHROMATOGRAPHIC METHODS
Xylazine Animal ACN (tissues) or 15–26 Supelcoport Helium FID 4–5 ppb/ 519

tissues ether (serum) with 3% SP- 93–100%
and extn, liq–liq 2250 DB or
serum partns 5% SP-2401

DB or 20 m,
capillary,
coated with
SP-1000

Four sedatives Meat, Acetone/H2SO4 7–10 Chromosorb W Nitrogen FPD NR/ 521
urine, (meat) or hexane HP with 3% 50–100%
plasma (plasma, urine) OV-1

extn, liq–liq
partns

LIQUID CHROMATOGRAPHIC METHODS
Carazolol Swine Hexane/2-methyl- 5 Hypersil ODS, 5 0.1M, pH 4.5, Fluorometric, 0.6 ppb/ 522

serum 2-butanol extn, m, with C18 amm. acetate ex: 330 94 1.5%
and liq–liq partn guard column buffer/PrOH/ nm, em:
plasma ACN/SDS 360 nm

(61 25 14 0.05)
Xylazine Blood Ether extn 5 Bondapak C18 0.001M HCl/ACN/ UV 254 nm 5 ppb/ 518

MeOH 91–100%
(30 65 5)

Plasma CHCl3 extn 4 Bondapak C18, H2OMeOH/ UV 225 nm 20 ppb/ 520
10 m heptanesulfonic 76 3.4%

acid
(55 45 0.2)
contg 2%
HOAc, pH 3.5

(continued)
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TABLE 29.16 Chromatographic Methods for Sedatives and -Blockers in Biological Matrices

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase identification recovery Ref.

Sheep Ether extn, liq–liq 8 Nucleosil 120, 0.02N H3PO4/ UV 220 nm 3 ppb/ 517
and partn, ion-pair C18, 5 m ACN (55 45), at 97–103%
cattle extn 35 C
plasma

Xylazine, 2,6- Bovine CHCl3 extn, celite 22 Bondapak H2O/ACN/2M UV 225 nm 25 ppb/ 525
dimethylaniline and column cleanup phenyl, 10 m sodium 75–97%
(xylazine swine acetate/1M
metabolite) kidney HOAc

(64 32 2 2)
Carazolol, Swine ACN extn, SPE 13 Bondapak C18, Sodium acetate/ UV 240 nm, 0.3–6 ppb/ 524

seven kidney cleanup, liq–liq with ACN (45 55), Fluorometric, 52–101%
sedatives partn Bondapak pH 6.5 ex: 246 nm,

C18, 37–50 em: 351 nm
m, guard

column
Carazolol, Swine NaOH soln addn, 16 SAS-Hypersil, 5 H2O/ACN/1M UV 235 nm/ 1–10 ppb/ 526

seven kidney 95 C incubation, m, with amm. acetate PDA 31–64%
sedatives ether extn, SPE Chromquard (54.5 44.5 1) (220–320

cleanup, liq–liq guard column nm) & two-
partn dimensional

TLC
Carazolol, Swine ACN extn, SPE 13 SAS-Hypersil 0.02M amm. Electro- 2 ppb/ 523

seven liver cleanup, liq–liq C1, 5 m, acetate/ACN chemical 62–90%
sedatives and partn analytical and (50 50)

kidney guard column

FPD, flame-photometric detector.
Other abbreviations as in Tables 29.1 and 29.3.
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graphic system. Separation is performed on a 25-cm SAS Hypersil C1 (5 m)
analytical column, protected by a SAS Hypersil C1 quard column, with a mobile
phase of 0.02M ammonium acetate–acetonitrile (50 50), at a flow rate of 2 ml/
min (Fig. 29.16). Using electrochemical detection, concentrations as low as 2
ppb of each analyte could be readily analyzed.

29.17 CORTICOSTEROIDS

Corticosteroids potentially used in food-producing animals include a variety of
compounds such as cortisone, cortisol, prednisone, prednisolone, methylpredniso-
lone, betamethasone, dexamethasone, flumethasone, fluoroprednisolone, isoflu-
predone, and triamcinolone. Corticosteroid administration to feedlots as growth-
promoting agents has been recently introduced illicitly in animal production be-
cause of their ability to promote water retention in the body. This use has been
strongly enhanced for commercial reasons, in order to produce meat more appeal-
ing to consumers, due to the juicy and lean look. It is therefore crucial to rely
on accurate, sensitive and specific analytical methods to measure residues in
biological samples.

Very few methods have appeared in the literature with respect to the extrac-
tion, cleanup, and subsequent determination of corticosteroids in food samples
(Table 29.17). Milk analysis usually requires a pretreatment step for fat elimina-
tion (527). Centrifugation for 20 min at about 7000 g at 4 C is the usually applied
procedure for making the fat floating on the top of the sample. Tissue analysis
also requires a pretreatment step for matrix break-up that can be accomplished
by means of a mincing and/or a homogenizing apparatus.

When analyzing liver or urine for residues of corticosteroids, enzymatic
hydrolysis of glucuronide and sulfate conjugates using -glucuronidase/sulfatase
prior to sample extraction is often recommended (527, 528). One of the major
problems with the enzymatic hydrolysis is the slowness of the enzymatic reaction,
which is a major concern in routine analysis. However, in certain situations, the
hydrolysis process can be substantially speeded up by utilizing higher tempera-
tures or prolonged incubation (527, 528). When extraction of the analytes is to
be carried out by supercritical fluid extraction, homogenization of the tissue sam-
ples into a smooth paste that is then submitted to freeze drying is the recommended
procedure (448).

Sample extraction and deproteinization is usually accomplished with non-
polar organic solvents at a specified pH. Organic solvents such as chloroform
for the determination of cortisol in milk (529); dichloromethane/hexane (4 1) for
the determination of free cortisol and its 21-acetate in milk (530); ethyl acetate
for the determination of prednisolone, fluoroprednisolone, triamcinolone, and
betamethasone in animal tissues (531); methylprednisolone in milk (532); fluoro-
prednisolone in milk (533); and dexamethasone in milk (534); ethyl acetate in
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FIG. 29.16 Chromatograms of (a) tissue extract spiked with seven sedatives
and carazolol at 2 ppb and (b) mixed standard equivalent to 2 ppb. (Reprinted
from Ref. 523, with permission from Elsevier Science.)
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TABLE 29.17 Physicochemical Methods for Corticosteroids, Thyreostatics, Diuretics and Non-Steroidal Anti-
Inflammatory Drugs in Biological Matrices

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

THIN-LAYER CHROMATOGRAPHIC METHODS
Six Thyroid MeOH extn, 16 HPTLC Silica gel DCM/MeOH & Fluorometric/ 25–100 ppb/ 616

thyreostatics gland mercurated DCM/ alkaline NR
affinity column propionic cysteine,
cleanup, acid MS-MS-
derivatization ESP
with NBD-Cl,
liq–liq partns

GAS CHROMATOGRAPHIC METHODS
Indomethacin Ovine EtOAc extn, 9 HP Ultra-2, 25 Hydrogen ECD/EI-MS 1 ppb/ 589

plasma derivatization m, capillary, 84–105%
and with MTBSTFA coated with
urine (tBDMS 5% phenyl-

derivative) methyl silicone
Thiouracil, Bovine MeOH extn, 12 Chrompack, 25 Helium NPD/SIM-MS 25 ppb/ 617

methylthiouracil, urine mercurated m, capillary NR
propylthiouracil affinity column coated with

cleanup, methyl CP-Sil-8 CB
iodide or CP Sil-5
methylation, CB
liq–liq partn

Five Bovine MeOH extn, liq–liq 24 BPX-5, 30 m, Helium EI-MS 0.1 ppb/ 452
corticosteroids muscle partns, two SPE capillary, with 55–81%

cleanups, deactivated
derivatization fused-silica
with MSTFA guard column
(TMS derivatives)

(continued)
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TABLE 29.17 Continued

Mobile Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase phase Identification Recovery Ref.

Five Bovine Centrgn (milk), - 26–33 HP5 MS, 30 m, Helium NICI-MS 0.5 ppb/ 527
corticosteroids milk, glucuronidase capillary 60–75%

liver, hydrolysis, ACN
urine, (liver) ether
feces (feces) extn,

liq–liq partn
(liver, feces), SPE
cleanup, IAC
cleanup, deriva-
tization with
pyridinium
chlorochromate,
liq–liq partn

Five Bovine ACN extn, liq–liq 18 HP Ultra 2, 25 Helium SIM-MS 15–25 ppb/ 620
thyreostatics muscle partns, anion m, capillary 51–90%

exchange coated with
column cleanup, 5% Ph-Me
on column silicone
methyl iodide
methylation

Six Thyroid NaOH extn, 20 HP-1, 30 m, Helium NICI-MS or 5 ppb/ 621
thyreostatics gland pentafluorobenzyl capillary PICI-MS 40–71%

derivative, liq–liq
partns, SPE
cleanup,
derivatization
with MSTFA
(TMS derivatives)
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Seven anti- Equine DCM extn, 4 Econocap SE- Helium EI-MS 20–50 ppb/ 597
inflammatory plasma derivatization 54, 30 m, 97–107%
drugs and with BSTFA capillary

urine (TMS derivatives)
Seventeen Equine Ether extn, liq–liq 7–10 HP, 25 m, Helium EI-MS 5–25 ppb/ 596

anti- plasma partn, methyl capillary, 23–100%
inflammatory and iodide coated with
drugs urine methylation methyl

silicone
LIQUID CHROMATOGRAPHIC METHODS
Dexamethasone Bovine -Glucuronidase 10 Spherisorb H2O/HOAc/ UV 239 nm/ 4–6 ppb/ 528

tissues hydrolysis, ACN cyanopropyl- PrOH/ GC-EI- 66–75%
extn, liq–liq silica, 3 m hexane MS after
partn, (0.1 0.1 derivatization
purification by 12.8 87), with BSA
on-line sample at 30 C
cleanup on
Spherisorb
phenyl-silica, 3

m, subsequent
trace enrichment
on silica, 5 m,
prconcn column
and switching to
analytical column

Bovine Lyophilization, SFE 5 Supelcosil, 5 m 0.02M amm. MS-APCI 100 ppb/ 448
tissues (CO2) cleanup formate/ 57 14%

MeOH/
ACN
(50 50)

Gradient
from (95 5)
to (5 95)

(continued)
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TABLE 29.17 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Bovine NaOH addn, EtOAc 22 Nova Pak C18, 4 H2O/ACN/TEA UV 254 nm 10 ppb/ 535
tissues (tissues) or ether m, with (72 28 0.02) 72–116%

(fat) extn, liq–liq Bondapak
partns, SPE guard column
cleanup

Flunixin Equine pH adjustment at 14 Hypersil SI, 5 Isopropanol, EI-MS-NICI- 10 ppb/ 582
urine 7.0, SPE cleanup m, or contg 5% H2O/ MS, PICI-MS, 83–94%

Hypersil ODS, hexane or MS-ESP
5 m Step gradient

from (2 98) to
(100 0), at 45 C
or 1% HOAc/
ACN

Isocratic (70 30)
for 2 min and
gradient to
(0 100)

Milk -Glucuronidase 16 Hypersil ODS, 5 0.002M NaOH UV 285 nm/GC- 1.7 ppb/ 604
hydrolysis, m, analytical contg 5 mM EI-MS after 70–74%
MSPD extn/ and guard tetrabutyl- methyl iodide
cleanup, liq–liq column ammonium methylation
partns, SPE hydrogen
cleanup sulfate/MeOH

(42 58), at 45 C
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Furosemide Milk Centrgn, ACN extn 5 PRP-1, 5 m, 0.05M, pH 3, Fluorometric, ex: 5 ppb/ 556
analytical and potassium 272 nm, em: 95 9%
guard column phosp. buffer/ 410 nm

ACN (70 30), at
35 C

Indomethacin Chicken DCM extn 5 Spherisorb 0.5% HOAc/ACN UV 254 nm 20 ppb/ 601
tissues ODS-2, 5 m (50 50) 63–100%

Phenylbutazone Milk EtOH/NH4OH extn, 9 Ultracarb 5 0.02M sodium UV 264 nm 5.4 ppb/ 602
liq–liq partns ODS, with phosp. buffer/ 79–84%

Supelcosil MeOH (50 50),
LC-18DB at 35 C
guard column

TrichlormethiazideMilk Centrgn, lead 9 PRP-1, 5 m, 0.05M, pH 3, UV 225 nm 5 ppb/ 559
acetate addn, analytical and potassium 88–117%
ACN extn, liq–liq guard column phosp. buffer/
partns ACN (70 30), at

35 C
Chlorothiazide, Milk Centrgn, lead 9 PRP-1, 5 m, 0.05M, pH 3, UV 225 mm 22 ppb/ 558

hydrochloro- acetate addn, analytical and potassium 87–99%
thiazide ACN extn, liq–liq guard column phosp. buffer/

partns THF/ACN
(50 43 7), at
30 C

(continued)
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TABLE 29.17 Continued

Detection/ Sensitivity/
Compound(s) Matrix Sample preparation Steps Stationary phase Mobile phase Identification Recovery Ref.

Phenylbutazone, Equine Phosp. buffer diln, 8 Hypersil C18, 5 0.01M HOAc, UV 240 nm/PDA 1 ppm/ 581
oxyphen- plasma SPE cleanup m contg 0.01% (230–350 nm), 43–63%
butazone heptane- GC-MS after

sulfonic acid/ derivatization
MeOH (40 60), with MSTFA
at 40 C

Five Bovine EtOAc/EDTA extn 3 LiChrosorb RP- 0.025M, pH 3, UV 276 nm & 200 ppb/ 625
thyreostatics plasma 18, 10 m, phosp. buffer/ 258 nm 57–87%

with MeOH
LiChroprep Gradient from
RP-18 guard (90 10) to
column (30 70)

Five Urine, EDTA/2- 13 Prodigy ODS3 Solvent A: 0.1% PICI-MS-APCI 25 ppb/ 626
thyreostatics thyroid mercaptoethanol HFB 42–111%

tissue addn, EtOAc/ Solvent B: H2O/
Na2SO4 extn, MeOH (45 55)
SPE cleanup contg 0.1%

HFB
Gradient from

(95 5) to (5 95)
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Seven anti- Equine DCM extn 3 Supelcosil LC-8, 0.05M H3PO4/ UV 235 nm and 10–150 ppb/ 597

inflammatory plasma 3 m ACN (55 45) fluorometric 97–113%
drugs and ex: 235 nm,

urine em: 405 nm/
PDA (209–402
nm)

Nine anti- Plasma HCl hydrolysis, 10 Inertsil ODS II, 5 0.1M, pH 3, UV 240, 278 and 50 ppb/ 598
inflammatory SPE cleanup m, analytical HOAc/ACN 290 nm/PDA 39–111%
drugs and guard Gradient from (240–400 mm)

column (80 20) to
(36 64), at 40 C

NBD-Cl, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole; MSTFA, N-methyl-N-(trimethylsilyl)trifluoroacetamide; BSA, N, O-bis(trimethylsily-
l)acetamide; MTBSTFA, N-methyl-N-(tetr.-butyldimethylsily)trifluoroacetamide; BSTFA, N,O-bis(trimethylsilyl)trifluoroacetamide; HFB,
heptafluorobutyric acid; SFE, supercritical-fluid extraction.
Other abbreviations as in Tables 29.1 and 29.3.
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presence of 0.1N sodium hydroxide for the determination of dexamethasone in
bovine tissues (535); methanol for the determination of five corticosteroids in
bovine muscle (452); acetonitrile for the determination of five synthetic cortico-
steroids in bovine liver (527); and dexamethasone in bovine tissues (528); ethyl
ether for the determination of nine synthetic corticosteroids in bovine feces (527);
dichloromethane for the determination of fluoroprednisolone in animal fat (533);
and acetone for the determination of fluoroprednisolone in animal liver, kidney,
and muscle (533), have all been used with varying success for extraction of
corticosteroid residues from biological samples. Extraction of corticosteroids
from milk or urine samples can also be accomplished by simple dilution with
water or acetate buffer (527).

To eliminate or reduce interference and concentrate the analyte(s), the pri-
mary sample extract can further be subjected to various types of cleanup proce-
dures including liquid–liquid partitioning, solid-phase extraction, immunoaffinity
chromatography, and column-switching techniques (Table 29.17). In some in-
stances, more than one of these procedures may be used in combination to enhance
the cleanup efficiency.

Liquid–liquid partitioning cleanup may vary from a simple one-step solvent
extraction to complicated back-extraction in other solvents. Generally, the type
of extraction and amount of sample cleanup is determined by the efficiency and
the selectivity of the chromatographic technique used for the analysis. The more
specific and efficient the chromatographic system, the less sample extraction and
cleanup are necessary to obtain the desired results. Sometimes the liquid–liquid
partitioning steps are necessary to improve the sensitivity of the assay method
by concentrating the analyte. The liquid–liquid partitioning methods eliminate
most of the sample proteins and appropriate washes with sodium hydroxide also
eliminate many of the interfering phenolic estrogens present in biological samples.

As an example, evaporated extracts with residues of methylprednisolone
can be cleaned up by partitioning between hexane and acetonitrile, and then
between hexane and water saturated with sodium sulfate, and finally into dichloro-
methane (532). Evaporated extracts with residues of fluoroprednisolone can be
cleaned up by partitioning between acetonitrile and hexane, then between hexane
and water, and finally into dichloromethane (533). Ethyl acetate extracts with
residues of prednisolone, fluoroprednisolone, triamcinolone, and betamethasone
can be cleaned up by successive washing with aqueous acid and base to remove
impurities (531). Ethyl acetate extracts containing residues of dexamethasone can
be efficiently cleaned up by washing with aqueous sodium hydroxide (535).

In addition, residues of corticosteroids can be cleaned up through applica-
tion of a three-phase liquid–liquid partition system consisting of acetonitrile,
hexane, and dichloromethane. Since its inception, this procedure has been used
successfully to perform a fast, crude fractionation of tissue components and drugs
extracted from tissue homogenates into the aqueous acetonitrile supernatant. Non-
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polar components partition into the hexane layer, polar and ionic components
partition into the bottom aqueous layer, and corticosteroids along with other
components of the tissue partition into the middle acetonitrile layer (527, 528).

Cleanup and concentration of corticosteroids from coextracted matrix con-
stituents can also be accomplished using solid-phase extraction cartridges that
contain nonpolar C18 (527, 535), or C8 sorbents (452), as shown in Table 29.17.
In addition, C18 cartridges have been used to extract endogenous and synthetic
corticosteroids from swine plasma (536), and to isolate cortisol from plasma or
serum samples (537). Other workers employed conventional columns containing
deactivated Florisil to isolate cortisol in milk (529) or fluoroprednisolone in bo-
vine tissues (533).

Immunoaffinity chromatography and column-switching techniques are al-
ternative cleanup procedures in corticosteroid analysis. The former technique has
been recently shown to improve tremendously the gas chromatographic–mass
spectrometric profile of nine corticosteroid residues in different matrices includ-
ing liver, milk, urine and feces; the combination of two antibodies facilitated the
extraction and purification of almost all analytes (527). The combined use of
immunoaffinity chromatography with gas chromatography–negative ion chemi-
cal ionization mass spectrometry has been described as a means of confirming
flumethasone abuse in equines (538).

In addition, column-switching between three columns coupled together for
sample cleanup, concentration of analyte, and analytical separation proved to be
a rugged, automated means of isolating dexamethasone from bovine tissues (528).
The analyte, along with co-eluting matrix components, was heart-cut from the
first, phenyl-silica, column and collected on a second, silica, column. The second
column was then backflushed with a stronger eluent onto the third, cyanopropyl-
silica, column where the analyte was finally resolved from matrix components.

Supercritical fluid extraction, offers also some desirable advantages includ-
ing processing at low temperature, recovery of a solvent-free extract, and rapid
extraction. However, very limited studies have been published on the use of
supercritical fluids for the isolation of corticosteroids from biological samples.
A combination of supercritical fluid extraction and liquid chromatography has
been employed for the detection of dexamethasone residues in bovine tissues
(448).

Following extraction and cleanup, corticosteroid residues in sample extracts
can be determined by thin-layer, liquid, or gas chromatographic methods. Spectro-
photometric, fluorometric, electron capture, or mass spectrometric detection sys-
tems have all been successfully used in corticosteroids analysis.

Early applications of thin-layer chromatography in corticosteroid analysis
were mainly based on use of phenylhydrazine in sulfuric acid as a spray reagent
for derivatization of the analytes (529, 530). Later applications involved use of
other spray reagents including phosphoric acid in methanol, tetrazolium blue,
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p-toluenesulfonic acid, and 2,3,5-triphenyl-2H-tetrazolium chloride (539–542).
Recently, a high-performance thin-layer chromatographic system was developed
for screening injection sites for the presence of 29 corticosteroids (543). The
development of the analytes on preloaded Kieselgel 60 plates with chloro-
form–methanol and their derivatization with a resorcylaldehyde spray yielded
the best separation, color differentiation, and fluorescence at 366 nm for several
analytes. The major drawback of these method is that they are not sensitive
enough for regulatory purposes, and they are rather complicated by the need for
derivatization.

Over the past 10 years, liquid chromatography coupled with ultraviolet
detection appears to have become the method of choice for the determination of
corticosteroids, offering the analyst both satisfactory selectivity and sensitivity.
Both reversed-phase (544–547) and normal-phase (548) chromatography have
been applied to the determination of dexamethasone in plasma, coupled with
ultraviolet (UV) detection generally at 254 nm, and in bovine tissues (528, 535).
A series of both reversed- and normal phase LC systems have also been used for
the simultaneous determination of dexamethasone and other steroids. Two differ-
ent liquid chromatographic separations have been described for the isolation and
simultaneous separation of steroids in serum (549).

Normal-phase liquid chromatography was required for the separation of
prednisone from cortisol when prednisone treatment was indicated. This strategy
for the separation of steroids was applied to the determination of a number of
steroids in the thymus, using a combination of anionic and C18 extraction car-
tridges for cleanup and concentration of samples (550). Goto et al. (551) also
used a normal-phase chromatographic system to separate dexamethasone and
cortisol in serum simultaneously. This method involves precolumn derivatization
with 9-anthroylnitrile and final detection using a fluorescence spectrophotometer.
A combination of solid-phase extraction cartridges was used to eliminate the
unused reagent and for cleanup of the steroids in serum. In addition, normal-
phase liquid chromatography has been reported for the simultaneous assay of
cortisol, cortisone, dexamethasone, prednisolone, prednisone, and methyl prednis-
olone in plasma, with a lower limit of detection at 10 ppb (536). Confirmatory
analysis of suspected liquid chromatographic peaks can be made possible by
coupling liquid chromatography (LC) with mass spectrometry (MS) Atmo-
spheric–pressure chemical ionization LC–MS has been employed for the identifi-
cation of dexamethasone in bovine tissues (448). Confirmation of the suspected
liquid chromatographic peaks in dexamethasone analysis has also been made by
converting the analytes to the corresponding TMS–enol–TMS derivatives and
analyzing them by gas chromatography–mass spectrometry (528).

Most early gas-chromatographic methods for corticosteroid analysis in
foods involved use of an OV-17 275 cm column at high temperature and an
electron capture detector for separation of the analytes in form of their TMS
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derivatives (531, 533). As an example, prednisolone, fluoroprednisolone, triam-
cinolone, and betamethasone residues required silylation with a mixture of N,O-
bis(trimethylsilyl)acetamide, trimethylsilylimidazole, and trimethylchlorosilane
at room temperature to give a single substance in all cases (531). The derivatiza-
tion of all the oxygen functions with the silylation mixture obviated the protection
of the C-3 and C-20 ketones. More recent methods are based on capillary columns
and mass spectrometric detection. A TMS–enol–TMS derivative has been sug-
gested for the analysis of dexamethasone (528), whereas derivatives oxidized
with pyridinium chlorochromate for the analysis of several corticosteroids (527).
In the latter case, the final derivative was a thermally stable trione that favored
the generation of abundant ionic species and hence sensitivity in the selected ion
recording mode.

A favorable screening, determinative, and confirmatory method for analyz-
ing five corticosteroids including prednisolone, methylprednisolone, dexametha-
sone, flumethasone, and isoflupredone in liver, milk, urine, and feces has recently
been described by Delahaut et al. (527). Milk extraction is performed by submit-
ting a 10 ml milk sample to centrifugation at 4 C. The floating fat is eliminated,
and the residual skimmed milk is diluted with an equivalent volume of water to
be loaded on a C18 cartridge for cleanup. For liver extraction, a 5 g sample is
homogenized in a mixture of 10 ml acetate buffer and Helix pomatia juice to be
then incubated at 60 C for 2 h. After this hydrolysis step, the homogenate is
extracted with 20 ml acetonitrile, centrifuged, and the supernatant is mixed with
8 ml hexane and 2 ml dichloromethane. Following shaking and centrifugation,
the middle layer is collected, evaporated, and the residual is reconstituted in 1
ml ethanol, pending loading on the C18 cartridge for further cleanup. For urine
extraction, a 5 ml sample is mixed with 2 ml of a pH 4.8 acetate buffer and Helix
pomatia juice, and incubated overnight at 37 C. A 5 ml volume of phosphate-
buffered saline is added to the incubate prior to its loading on the C18 cartridge.
Feces extraction is performed by mixing vigorously a 5 g sample with 10 ml
acetate buffer and 35 ml ethyl ether. After centrifugation, the ether layer is evapo-
rated and the solid residue is dissolved in 3 ml ethanol to be further mixed with
12 ml water and 5 ml hexane. Hexane and solid material are removed by aspira-
tion, and the aqueous layer is collected pending loading on the C18 cartridge for
further cleanup.

Solid-phase extraction for milk, urine, and feces samples is carried out by
washing the loaded C18 cartridge successively with 5 ml water, 5 ml acetone/
water (20 80), 5 ml methanol/water (20 80), 5 ml dichloromethane/hexane
(20 80), and 5 ml ethyl acetate/hexane (10 90). The corticosteroids are eluted
with 3 ml ethyl acetate. The eluate is evaporated, and the residual is reconstituted
in 0.5 ml ethanol and 5 ml phosphate-buffered saline, pending subsequent immu-
noaffinity column cleanup. The solid-phase extraction procedure differs for liver
samples. In that case, washing of the cartridge is performed with 5 ml water, 5
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FIG. 29.17 TIC and SIR recordings collected from blank and spiked milk sam-
ples with 2 ppb of the various tested corticosteroids. From top to bottom: total
ionic current; m/z 313, tR: 17:97/18:13 min for dexamethasone 2H3 (IS); m/z
310, tR: 17:99/18:14 min for dexamethasone; m/z 328, tR: 17:86/18:01 min for
flumethasone; m/z 298, tR: 18:34 min for prednisolone; m/z 312, tR: 18:73 min
for methylprednisolone; m/z 296, tR: 17:97 min for isoflupredone. (Reprinted
from Ref. 527, with permission from Elsevier Science.)
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ml acetone-water (20 80), 5 ml methanol/water (20 80), and 5 ml hexane, while
elution is carried out with 1 ml ethyl acetate.

Following solid-phase extraction, all extracts are adjusted in the pH range
7–7.5, and submitted to additional cleanup on an immunoaffinity column contain-
ing a mixture of dexamethasone- and prednisolone-specific gels. Column washing
is performed with water, while elution of the analytes with 3 ml methanol/water
(80 20). Aliquots of the eluates are submitted to oxidative reaction with pyridin-
ium chlorochromate, and the oxidized corticosteroid derivatives are then analyzed
by gas chromatography–mass spectrometry under the conditions shown in Table
29.17 (Fig. 29.17).

29.18 DIURETICS AND NONSTEROIDAL ANTI-
INFLAMMATORY DRUGS

Diuretics are therapeutic agents used in certain pathological conditions to elimi-
nate bodily fluids. Furosemide and the thiazide diuretics, chlorothiazide, hydro-
chlorothiazide, and trichlormethiazide are approved for use in dairy cattle for
treatment of postparturient edema of the mammary gland and associated struc-
tures. The potential misuse of these diuretic drugs in cattle could lead to unaccept-
able residues in meat or milk destined for human consumption. Therefore, analyti-
cal methods sufficiently sensitive to monitor residue concentration levels in foods
are valuable in preventing unapproved use of diuretics.

In determining diuretic residues in foods, it is often necessary to know their
physicochemical characteristics. In general, the diuretics are soluble in methanol,
ethanol, and water with the exception of hydrochlorothiazide that is insoluble in
water (552, 553). Furosemide, which is a strongly acidic o-chlorosulfonamide
compound, is the least stable among these diuretics. Its degradation proceeds
with both a hydrolysis and a photochemical oxidation process. The major product
generated is 4-chloro-5-sulfamoylanthranilic acid, which is further converted into
4-chloro-5-sulfoanthranilic acid. Acid hydrolysis of the furosemide also gives 4-
chloro-5-sulfamoylanthranilic acid and furfuryl alcohol. Chlorothiazide, hydro-
chlorothiazide, and trichlormethiazide are all characterized by two ultraviolet
absorbance maxima at 225 and 270 nm, whereas furosemide exhibits a natural
fluorescence with excitation and emission wavelengths at 272 and 410 nm, respec-
tively.

Extensive literature reviews (554, 555) have indicated that almost all re-
ported analytical methods for the analysis of diuretics employ liquid chromatogra-
phy. Most of these methods are limited, however, to assaying diuretics in urine
and plasma. With the exception of a liquid chromatographic method for the deter-
mination of furosemide, another one for chlormethiazide, and a third method for
chlorothiazide and hydrochlorothiazide residues in bovine milk, no chromato-

Copyright © 2001 Marcel Dekker, Inc.



1120 Chapter 29

graphic method has been reported in the literature for assaying diuretics in meat
(Table 29.17).

In 1995, a liquid chromatographic method was reported for the determina-
tion of furosemide in bovine milk (556). This method involves a defatting step
by milk centrifugation followed by deproteinization by acetonitrile. Following
centrifugation, the supernatant is collected, acetonitrile is evaporated, and the
remaining aqueous layer is directly analyzed by liquid chromatography. Separa-
tion is performed on a reversed-phase column using an isocratic phosphate–aceto-
nitrile mobile phase, whereas detection by fluorescence at excitation and emission
wavelengths of 272 and 410 nm, respectively. Performance characteristics were
95% for recovery, 9% for precision, and 3 ppb for the limit of detection.

The furosemide extraction procedure was later examined for potential appli-
cation in the analysis of thiazide diuretics in milk. Since this procedure could
not provide sufficiently clean extracts for thiazides, additional acidic and basic
extraction procedures were evaluated (557). Thus, milk was deproteinized with
trichloroacetic acid, phosphoric acid, or potassium dihydrogen phosphate and
centrifuged. The supernatants were extracted with ethyl acetate, evaporated to
dryness, reconstituted in mobile phase, and analyzed by liquid chromatography.
The recoveries in most cases were low and widely variable. Basic extraction, on
the other hand, with sodium bicarbonate/potassium carbonate mixture or potas-
sium monohydrogen phosphate followed by extraction with ethyl acetate also
gave poor recoveries in most cases. It appears that a significant degradation of
chlorothiazide occurred under the basic conditions.

Solid-phase extraction was also evaluated for its potential to achieve the
desired cleanup. Either C18 or C8 cartridges were loaded with defatted and depro-
teinized milk extracts, washed with water or water–methanol, and elution of the
analytes was performed with methanol (553). The recoveries in this case were
also poor. These results of poor recovery for solid-phase extraction and both
acidic and basic extractions are consistent with those reported in the literature
(553, 557).

Much better results were obtained when lead acetate and sodium tungstate
were employed in the cleanup procedure. The former is well known for its ability
to precipitate pigments and a number of amino acids, whereas the latter is capable
of binding with alkaloids and other products entering the milk, possibly through
the diet.

On the basis of the above observations, a common extraction and cleanup
procedure was developed and applied in two recently reported liquid chromato-
graphic methods for the determination of either chlorothiazide and hydrochloro-
thiazide (558) or chlormethiazide (559) in bovine milk. Both of these methods
involve a defatting step by milk centrifugation. The defatted milk (4.75 ml) is
mixed with 2 ml 5% lead acetate solution and extracted with 9 ml acetonitrile.
Following centrifugation, the supernatant is extracted with 25 ml water-saturated
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ethyl acetate and centrifuged. A portion of about 27–30 ml of the organic layer
is removed, mixed with 4 ml 10% sodium tungstate solution, and centrifuged. A
portion of about 25–27 ml of the organic layer is removed, evaporated to dryness,
and reconstituted in 0.25–1.0 ml mobile phase to be analyzed by liquid chroma-
tography (Fig. 29.18.1).

FIG. 29.18.1 Liquid chromatograms of (a) 50 ng each chlorothiazide (CTZ) and
hydrochlorothiazide (HCTZ) standards, (b) control milk sample, and (c) 70 ng/
ml fortified milk extract. (Reprinted with permission from Ref. 558. Copyright
1998 American Chemical Society.)
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For chlorothiazide and hydrochlorothiazide analysis, separation is per-
formed on a reversed-phase polymer PRP-I column using a mobile phase consist-
ing of a 1 1 ratio of 14% acetonitrile/tetrahydrofuran in 0.05M potassium phos-
phate buffer of pH 3. Detection is carried out with a variable-wavelength detector
set at 225 nm. Performance evaluation showed that recoveries were 97 and 89%
for chlorothiazide and hydrochlorothiazide, respectively, with average precision
of 6 and 5% for chlorothiazide and hydrochlorothiazide, respectively. The limit
of detection and the limit of quantification were estimated to be 22 and 35 ppb,
respectively, for both chlorothiazide and hydrochlorothiazide.

For trichlormethiazide analysis, separation is performed on a similar column
using a mobile phase consisting of either 30% acetonitrile or 30% acetonitrile/
tetrahydrofuran in 0.05M potassium phosphate buffer of pH 3. Detection is also
carried out with a variable-wavelength detector set at 225 nm. Performance evalu-
ation showed an average recovery of 101%, with an average precision of 13%.

The nonsteroidal anti-inflammatory drugs (NSAIDs) represent a hetero-
geneous group of compounds widely used in human and veterinary medicine for
their ability either to suppress or reduce the inflammatory process and the clinical
signs associated with it. These agents are often chemically unrelated, although
most of them are organic acids. NSAIDs can be identified in salicylic acid deriva-
tives, propionic acid derivatives, pyrazole derivatives, and aniline derivatives
including nicotinic acid and anthranilic acid derivatives. Although the EU proce-
dure for assigning maximum residue limits for most of the NSAIDs has not yet
been completed, it can rightly be assumed that a permanent ban might be imposed
on certain NSAIDs such as phenylbutazone, requiring more stringent control of
a possible misuse of these substances in food-producing animals.

A literature survey shows that almost all reported analytical methods for
the analysis of NSAIDs are limited to the detection of analytes in urine and
plasma. Most of these methods are optimized to detect one particular drug and
its metabolites in plasma and urine using liquid chromatography (560–581), liquid
chromatography–mass spectrometry (582), gas chromatography (583–589), or
gas chromatography–mass spectrometry (590–595). A few screening and/or con-
firmation multiresidue procedures have also been reported using either gas or
liquid chromatography (596–600). With the exception of a liquid chromato-
graphic method for the determination of indomethacin in chicken tissues (601),
two liquid chromatographic methods for the determination of phenylbutazone in
bovine milk (602, 603), and two methods for the determination of flunixin in
bovine milk (604, 605), no chromatographic methods are available in the literature
for assaying other NSAIDs in edible animal products (Table 29.17).

Determination of indomethacin residues in liver, muscle, and fat tissues of
chicken can be carried out by homogenizing 5 g of the different tissues with 15
ml of a pH 3.5 phosphate buffer solution (601). Four ml aliquots of the homoge-
nates are then extracted with 20 ml dichloromethane and centrifuged. The aqueous
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layer is discarded, while the organic layer is evaporated to dryness and reconstitu-
ted in 200 l methanol to be analyzed by liquid chromatography. Separation
is performed on a reversed-phase column using an isocratic 0.5% acetic acid/
acetonitrile mobile phase, with determination by ultraviolet detection at 254 nm.
Indomethacin detection limit was 20 ppb for the studied tissues.

There are two available methods for the determination of phenylbutazone
in milk but they differ only slightly in the liquid–liquid partitioning cleanup. The
original method (603) uses hexane while the modified version (602) suggests
replacement of hexane with a tetrahydrofuran/hexane solution in order to inhibit
gel formation during the partitioning process. Both methods are based on the
fact than phenylbutazone is soluble in aqueous basic conditions and partitions
quantitatively into the aqueous phase during extraction with organic immiscible
solvents due to its weak, lipophilic acidic properties and its pKa value, which,
depending upon the solvent, lies between 4.5 and 5.8.

According to the modified procedure (602), milk is thoroughly mixed in
its storage container immediately before transfer of the 1 ml aliquot in the extrac-
tion tube. This is necessary because approximately 50% of phenylbutazone in
milk is associated with the cream. The sample is extracted with 2.4 ml diethyl
ether and 2.4 ml petroleum ether in presence of 1 ml ethanol and 100 l 25%
ammonia solution. The organic layer that contains the milk lipids is discarded.
Five ml hexane–tetrahydrofuran (4 1) is added to the aqueous layer, which is
then acidified with hydrochloric acid and the layers are mixed. Under the acidic
conditions, phenylbutazone partitions quantitatively into the organic layer, which
is collected, evaporated, and dissolved in the mobile phase to be analyzed by liquid
chromatography. Separation is performed on a reversed-phase column using an
isocratic 0.02 M phosphate buffer/methanol mobile phase, and determination is
by ultraviolet detection at 264 nm (Fig. 29.18.2). The limit of detection and limit
of quantification were 3.0 and 5.4 ppb, respectively (Table 29.17).

Although two methods have been reported so far for the determination of
flunixin in milk, the early published liquid chromatographic method (605) lacks
some specific details and was not performed on incurred residues. The recent
method (604) is a determinative liquid chromatographic method that allows con-
firmation by gas chromatography–mass spectrometry and selected ion monitor-
ing. According to this method, a 5 ml milk sample is acidified to pH 3.0–3.5
with 1M hydrochloric acid. Following acidification, the sample is thoroughly
mixed with 5.5 g silica gel until the silica is dry and mobile again and has no
lumps. The mixture is packed into a chromatographic column, which is then
defatted with water-saturated dichloromethane/hexane (30 70), and flunixin is
eluted with ethyl acetate. The ethyl acetate extract is washed with water at pH
3.5, the water is discarded, and the ethyl acetate layer is then extracted with 0.1M
sodium hydroxide. The aqueous layer is drained, passed through a primed C18

solid-phase extraction cartridge, and eluted with ethyl acetate. The ethyl acetate
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FIG. 29.18.2 Composite chromatograms of control milk (A), control milk forti-
fied at 100 ng/ml with phenylbutazone (B), and incurred milk containing 70 ng
phenylbutazone/ml (C). (Reprinted from Ref. 602. Copyright, (1996), by AOAC
INTERNATIONAL.)

layer is evaporated, taken up in a solution of methanol/5 mM tetrabutylammonium
hydrogen sulfate plus 2 mM sodium hydroxide (50 50), sonicated, and filtered.
The analyte is determined by liquid chromatography using a C18 column, a mobile
phase of 58% methanol and 42% 5 mM tetrabutylammonium hydrogen sulfate
plus 2 mM sodium hydroxide, and a diode-array ultraviolet detector at 285 nm.
Performance characteristics of this method are presented in Table 29.17. The
presence of flunixin in suspect samples could be confirmed by gas chromatogra-
phy–mass spectrometry with selected ion monitoring.
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29.19 THYREOSTATIC DRUGS

Thyreostatics, also known as antihormones, belong to a category of drugs capable
of inhibiting production of the thyroidal hormone thyroxine. In addition to their
application in humans in treating hyperthyroidism, thyreostatics are also fraudu-
lently utilized to fatten animals for slaughter because of their effect of enhancing
water retention in tissues. Since this practice is not desirable from a fraud and
health standpoint, a number of methods have been developed to control the illegal
use of such compounds in food-producing animals. In regulatory control at the
farm, plasma, urine, or feces may be sampled. At the retail level or in the case
of import or export, sampling is restricted to tissue only. At the slaughterhouse,
thyroid gland can be sampled since it contains the highest concentration of thyre-
ostatic drugs.

The most important and powerful thyreostatic drugs used hitherto are the
thiouracil analogues, such as thiouracil, methylthiouracil, propylthiouracil, and
phenylthiouracil; and the mercaptoimidazole analogues such as tapazole or me-
thimazole. New thyreostatics as mercaptobenzimidazole are said to have been
misused recently in some EU countries.

Thyreostatic residues in biological samples are not easily amenable to quan-
titative analysis (Table 29.17). Successful separation of thyreostatics from coex-
tracted matrix components is often hampered by their highly polar hydrophilic
nature, which limits the applicability of techniques such as solvent partitioning
and the more common solid-phase extraction cartridges. Thyreostatics are not
easily soluble in the common organic solvents. The best organic solvents appear
to be the organochlorine solvents.

Early methods applied for the detection of thiouracil were colorimetric;
they were based on the reactivity of the thiol or thione functions (606–608). In
1967, Bruggemann and Schole (609) improved the analytical methodology by
suggesting use of paper chromatography with n-butanol saturated with aqueous
ammonia to spot the concentrated extracts and elute thiouracil, methylthiouracil,
and propylyhiouracil. The spots were visualized with a specific colorimetric reac-
tion using 2,6-dichloroquinone-chloroimide. Later, van Waes (610) further im-
proved the analysis of thyreostatics by reporting a method in which methylthioura-
cil residues could be determined in meat by combining a methanol extraction
with column chromatography on alumina using chloroform/methanol (1 1) as
the eluent. Recoveries of added analyte at the 100 ppb level were sufficiently
high if the analysis was carried out without delay.

Since interferences could not be adequately eliminated with the alumina
column, Gissel and Schaal (611) proposed an alternative procedure for extract
purification involving use of Kieselgel thin-layer chromatographic plates, elution
with trichloroethane/ethanol (8 2), and detection at 254 nm. The detection limit
for three thiouracil residues in thyroid glands was in the range 0.5–1.0 ppm.
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A more comprehensive approach was reported in 1975 by Brabander and
Verbeke (612). In this method, tissue samples were extracted with methanol and
the acidified extract defatted with petroleum ether to be loaded onto a Dowex
50W-X8 anion-exchange resin. Following elution with aqueous methanol, the
concentrated buffered extract was further defatted with diethyl ether. The sample
was derivatized with 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) to be
further spotted on a silica high-performance thin-layer chromatographic plate
developed in two dimensions using chloroform/ethanol and chloroform/propionic
acid consecutively as eluents. Detection of the propylthiouracil, phenylthiouracil,
and tapazole residues was carried out on the basis of the fluorescence induction
of the NBD derivatives of the drugs with an alkaline cysteine solution.

A substantial improvement of this method was reported in 1984 with the
fixation in the anion-exchange column of mercury ions (613). Using the interac-
tion between thiol groups present in the analytes, and immobilized organic mer-
cury molecules, the thyreostatics were selectively retained and a high degree of
sample cleanup could be obtained. Most of the analytes were extracted with high
efficiency, except for tapazole and phenylthiouracil, which recovered at a level
of less than 50%. Another major advantage with the mercurated affinity column
was the possibility of omitting extraction of thyreostatics from urine samples.
Owing to their high polarity, such an extraction is also possible with very polar
solvents.

Later on, another pertinent method (614) allowed confirmation of the thin-
layer chromatographic results by scraping of the suspect spots from the plate,
silylating the analytes, and proceeding to gas chromatographic–mass spectromet-
ric analysis in the positive chemical ionization mode with isobutane as the reagent
gas. Since this new procedure increased the selectivity of the identification power
of the method, a direct gas chromatographic–mass spectrometric method for the
determination of thyreostatics in urine was also developed by the Brabander group
(615).

The most recent modification of the NBD-Cl method involves a further
improvement in its qualitative support (616). It involves the infusion of the extract
employed for thin-layer chromatography via an electrospray interface into a mass
spectrometer operating in the multiple-stage mass spectrometry mode, thus allow-
ing confirmation of suspect results. The cleanup of the thyroid gland samples
was also performed with a selective extraction procedure, based on the specific
complex formation of the thiouracil, methylthiouracil, propylthiouracil and phen-
ylthiouracil, tapazole, and mercaptobenzimidazole residues with mercury ions
bound in a Dowex 1-X2 affinity column.

A mercurated affinity column was also employed by Schilt et al. (617)
for sample cleanup in a method for the determination of residues of thiouracil,
methylthiouracil, and propylthiouracil in cattle urine by gas chromatography and
nitrogen phosphorous or mass spectrometry detection. The presence of nitrogen
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atoms in the thyreostatics provided the opportunity to use a nitrogen phosphorous
detector for screening purposes. However, derivatization was necessary for gas
chromatographic analysis, to decrease the polarity of the analytes. A variety of
derivatization procedures, including alkylation with methyl iodide or pentafluoro-
benzyl bromide, has been described for these types of compounds (618, 619).
Since most of the alkylation procedures are performed in nonaqueous media such
as acetonitrile or dichloromethane, the analytes have to be extracted from the
aqueous matrices, prior to derivatization. The high polarity of thyreostatics causes,
however, low extraction yields with organic solvents. Hence, an extractive alkyl-
ation technique was applied in which the polar analytes were ionized by adding
an alkaline solution. The ionized compounds were extracted with tetrabutylammo-
nium hydrogen sulfate, a pairing-ion reagent, into dichloromethane and deriva-
tized with methyl iodide, an alkylating reagent. During methylation, the thiouracil
analogues formed two derivatives with an intensity ratio of about 1 10, probably
due to methylation of different groups in the molecules. For tapazole, only a
monomethyl derivative on the single sulfur atom was possible.

Modern gas chromatographic-mass spectrometric methods for the analysis
of thyreostatics in biological materials have recently been described (620, 621).
In one of these methods (620), resin-mediated alkylation was used as the basis
of a simple, cost-effective procedure for the multiresidue determination at the
ppb level of thiouracil and its analogues in beef muscle. Trapping and washing
the analytes on an anion exchange resin prior to their release by derivatization
with methyl iodide in acetonitrile solvent produced sufficiently clean extracts
for their reproducible determination by gas chromatography–mass spectrometry.
Another method is based on a liquid–liquid extraction of thyroid gland, derivatiza-
tion with pentafluorobenzyl bromide, purification on a silica solid-phase extrac-
tion column, and final derivatization with N-methyl-N-(trimethylsilyl)trifluoroa-
cetamide prior to gas chromatography–mass spectrometry (621). Using a
quadrupole mass spectrometer with negative chemical ionization in the selected-
ion monitoring acquisition mode, thiouracil, methylthiouracil, propylthiouracil,
phenylthiouracil, benzylthiouracil, and tapazole residues could be detected at
below the 1 ppb level.

Liquid chromatographic methods based on ultraviolet and/or electrochemi-
cal detection have also been developed (622–625). In the earliest of these methods
(623), tissues were extracted with methanol/water (1 1), and the evaporated
residue was taken up in dichloromethane. The extract was then injected on a
Kieselgel Merckosorb SI-60 liquid chromatographic column, and eluted with
dichloromethane/ethanol/water. Monitoring at 280 nm allowed 5 ppb thiouracils
to be readily detected in the tissue samples. In the latest method (625), cattle
plasma samples were extracted with ethyl acetate in presence of ethylenediamine-
tetraacetate (EDTA). The addition of EDTA could significantly improve the effi-
ciency of the extraction process. Remarkable improvement of the ethyl acetate
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extraction efficiency was also recently reported in a method using liquid chroma-
tography–atmospheric pressure ionization mass spectrometry for the determina-
tion of thyreostatics in urine and thyroid gland (626). It was found that the addition
of anhydrous sodium sulfate to remove water led to a marked recovery improve-
ment and the addition of EDTA, and 2-mercaptoethanol further improved the
figures.

The most promising methods for screening and confirmation of thyreostatic
residues in biological matrices are those reported by Gladys et al. (620) and
Blanchflower et al. (626).

Gladys et al. (620) described a gas chromatographic–mass spectrometric
method for screening and confirmation of residues of the thyreostatic substances

FIG. 29.19 LC–APCI–MS of thiouracil. Left: upper panel, structure of thiouracil;
lower panel, full scan spectrum of thiouracil standard (2.5 g) using a cone
voltage of 35 V. Right: SIM spectra, cone voltage 10 V, m/z 129, normalized
to 4.00 105. Upper panel, standard, equivalent to 0.33 g thiouracil/g thyroid;
centre panel, known negative thyroid; lower panel, negative thyroid fortified
with thiouracil at 0.20 g/g. (From Ref. 626—Reproduced by permission of The
Royal Society of Chemistry.)
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thiouracil, methylthiouracil, propylthiouracil, and phenylthiouracil in beef mus-
cle. According to this method, a 5 g homogenized beef muscle sample is extracted
with 10 ml acetonitrile and centrifuged. After a complementary second extraction
with a further 5 ml of acetonitrile, the fat in the combined extracts is removed
by partition with two portions of hexane followed by centrifugation and discarding
of the hexane layer. The remaining layer is then evaporated to about 2 ml, made
up to 10 ml with 0.1N sodium hydroxide, and loaded onto an anion-exchange
resin AG MP-1. Methylation of the analytes is carried out in situ by adding a
methyl iodide solution in acetonitrile to the resin bed and allowing to stand for
1 h at room temperature. The methylated products are eluted with two 0.5 ml
por tions of acetonitrile, and analyzed by gas chromatography–mass spectrometry
with detection in the selected-ion monitoring mode.

A different approach was followed by Blanchflower et al. (626) in a liquid
chromatographic–atmospheric pressure chemical ionization mass spectrometric
method for screening and confirmation of thiouracil, methylthiouracil, propylthio-
uracil, phenylthiouracil, and tapazole residues in thyroid gland and urine. Accord-
ing to this method, a 3 g sample of thyroid gland or a 1 ml urine sample is
extracted by homogenization with 10 ml or 5 ml, respectively, of ethyl acetate in
presence of EDTA, 2-mercaptoethanol, and anhydrous sodium sulfate. Following
centrifugation, the extracts are evaporated, reconstituted in 3 ml chloroform, and
loaded on a silica Sep-Pak solid-phase extraction cartridge. Cartridge washing is
performed with chloroform, and any thyreostatics present are eluted with
methanol/chloroform (15 85). The eluates are evaporated to dryness, reconstitu-
ted in mobile phase, and analyzed by liquid chromatography–mass spectrometry
in the selected-ion monitoring mode (Fig. 29.19).
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Future Trends

The number of drugs legally administered in food-producing animals is large and
becomes huge when one includes the plethora of other drugs used illegally. Many
of the main metabolites of the drugs are not known and, if known, the analytical
methods used usually measure only the parent compound. This is particularly
important whenever the drugs are rapidly metabolized or a metabolite has a high
toxicity. There is also a need for more research on the effects of temperature as
experienced in cooking and pasteurizing, and of prolonged storage, on residues
in foods. Therefore, control of drug residues, achieved through measurements,
is now essential to meet the required levels of food quality to ensure consumer
safety and to fulfill food protection goals. Nano- pico- and even femtogram levels
of residues and contaminants have become important, and need to be measured
accurately.

The ever-increasing demand for improved quality control and more thor-
ough food monitoring requires sophisticated technologies for the determination of
analytes of various structures and very low concentrations in extremely complex
biological matrices. Furthermore, food protection advocates, such as the general
public and governments, attempt to protect human health by forcing analysts to
use complex chromatographic methodology and instrumentation that, perhaps,
would not have been considered previously. As a consequence, analysts have
learned to use technologies that operate very close to the theoretical limits of
performance. All of these complex analytical measurements require trained per-
sonnel with skills and experience well beyond those acquired in college. The
weakness of some chemical determinations is their length, often involving diffi-
cult and intricate manipulations necessitating experienced personnel to ensure
high rates of reproducibility.
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Analysis of drug residues in foods is a challenging task and numerous
methods have been developed for the direct screening of meat, milk, eggs, and
honey. The analyst has a wide range of extraction, enrichment, and instrumental
techniques to choose from. There is no best method, and the analyst’s choice
will depend on the nature of the sample matrix, whether it is solid or liquid, fatty
or nonfatty, and the expected range and levels of the analytes. The instruments
available for the confirmation and quantification of the individual residues will
also influence the choice of enrichment and quantification method.

The cost, tedium, and instrumentation requirements of the conventional
methods for determining drug residues have created pressures to lower analytical
costs and increase sample throughput. The result is a trend toward simpler, minia-
turized, and automated extraction and cleanup procedures.

Research into the optimization and use of selective extraction procedures
such as supercritical fluid extraction may help both to lower the cost of sample
extraction and yield a cleaner extract that requires less enrichment. In addition,
the various configurations of the newly developed solid-phase extraction discs
offer advantages over conventional solid-phase extraction packed columns, attrib-
utable primarily to their combination of reduced bed mass, large flow area, and
rigid structure. The low bed mass in a format that eliminates channeling requires
significantly less sample, solvent, and processing time than packed solid-phase
extraction columns. It also results in high analyte recoveries with less interference
from low-affinity material.

The use of small columns such as microbore liquid chromatographic col-
umns, requiring smaller sample size, and computer-controlled solvent delivery
and collection systems should lead to the development of fully integrated and
automated cleanup systems. Small sample sizes facilitate miniaturization of sam-
ple preparation procedures, which in turn brings several benefits including re-
duced solvent and reagent consumption, reduced processing time, less demand
for bench space, and ease of automation.

The innovative use of bioassays based on biological molecules such as
antibodies is changing the way analysts approach many traditional problems. The
current tendency within residue analysis is toward the development of either fast
screening procedures that are optimized for maximum sample throughput and a
minimum chance of obtaining false-negative results, or confirmatory methods.

Microbiological assays can be used to identify and rank samples that contain
biologically relevant levels of drug residues. Immunochemical assays can also
help screen out negative samples and prioritize samples for mass spectrometry.
Both microbiological and immunochemical assays can play important roles in
the analytical laboratory of the future and have the potential to reduce overall
costs and expedite studies that may not otherwise be possible.

However, there will remain a need to support these assays by reasonably
specific isolation and quantification methods that can provide rapid identification
and/or a degree of confirmation of the analytes. Liquid and gas chromatographic
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methods that are amenable to automation and are thus compatible with the rapid
screening tests in terms of sample throughput and turnaround time have been
developed, but there is no consensus as to the best method to use for individual
residues. Most of these methods appear to be simple and precise, but only a few
have been subjected to international collaborative study trials for ruggedness and
practicability. One of the pitfalls in method development, regardless of whether
it involves liquid chromatography, gas chromatography, or other techniques, is
the use of recovery studies based on fortification. The practice of casually stirring
the fortifying chemical into the biological sample is illusory and particularly
questionable. Recovery of the residue from treated, weathered, and aged samples
should be tried with exhaustive extraction. There is still some way to go, therefore,
before physicochemical reference methods will be available for most drugs.

During recent years, however, the distinction between these two types of
methods has become less clear because of the improved methods of sample
cleanup that allow selective isolation of groups of compounds. Mixed-mechanism
solid-phase extraction procedures and multi-immunoaffinity techniques are clear
examples of liquid chromatographic developments that have contributed greatly
to the current state of the art within residue analysis.

A reference method should be able to yield direct structure information on
the compound detected. The remarkable progress made in hyphenation techniques
during recent years has turned chromatography into one of the most important
and powerful tools used in analytical chemistry. Nearly every day, analysts are
confronted with the demand for increasingly faster, more and more reliable analy-
ses at lower and lower concentration levels. Very often, the only efficient way
to tackle these kinds of problems is by combining chromatographic separation
possibilities with the power of one or more sophisticated detection systems such
as mass spectrometry, and Fourier transform infrared and diode array detection.
Only these powerful hyphenated systems offer the required possibilities for en-
hanced selectivity and sensitivity. So far mass spectrometry is the only technique
suitable in cases of international dispute. Liquid chromatography–mass spectrom-
etry has found only a limited number of applications within residue analysis. In
the near future this situation is likely to change. The use of immunoaffinity
chromatography, column-switching procedures, and the further advancement of
liquid chromatography-mass spectrometry will be areas of future development.

The need to use drugs in animal husbandry will continue well into the
future and, therefore, monitoring of edible animal products for violative residues
will remain an area of increasing concern and importance due to the potential
impact on human health. The next decade may open up new avenues for the
analysis of drug residues in foods, with the routine use of new technologies in
immunochemistry, chromatography, electrophoresis and mass spectrometry being
currently explored in many laboratories. These, together with further development
in the automation of sample preparation, measurement, and data handling, will
provide analysts with a unique opportunity for further innovation and improve-
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ments to meet the ever-expanding requirements in the field of the analysis of
antibacterial residues in edible animal products.

In the area of separations, the need for ever-faster turnaround time is a
continuing driving force, and the use of short, fast columns will become more the
rule rather than the exception. Commercially available fast gas chromatographic
systems have proven to be very powerful analytical tools, but have not yet gone
far enough down the road to miniaturization. Furthermore, currently used gas
chromatographic phases have to be upgraded to meet today’s quality demands,
particularly the reproducibility of retentive properties and the thermal stability.
The new generation of stationary phases should include phases in which different
types of functional groups, such as phenyl and cyanopropyl, are simultaneously
present.

Emerging separation technologies such as capillary electrophoresis may
lead to the improved and cost-effective resolution of complex mixtures of drug
residues. This is a valuable tool that is finding its place as a workhorse technique
in the analytical laboratory. Capillary electrophoresis is expected to provide a
wide variety of new methods that may well prove superior to currently available
technology.

Capillary electrochromatography is also an emerging technique, combining
the selectivity of high-performance liquid chromatography with the efficiency of
capillary electrophoresis. The transfer of some of those promising techniques from
the research to the routine laboratory will enhance the range of tools available to
the analyst and should also help to improve the accuracy and precision of drug
residues data.

The trend towards more online applications will surely continue for the
next few years. If the proper online instrumentation is not available, existing
laboratory instrumentation will be converted to do the job. Open-architecture
instrumentation will become necessary, enabling systems to be connected re-
motely to a central chromatographic information-management system that will
handle all the real-time data acquisition, control, and troubleshooting.

The demand for multidimensional techniques providing maximum informa-
tion content will continue to increase. The fact that more bench-top liquid chroma-
tography-, gas chromatography- and capillary electrophoresis–mass spectrometry
instruments are being introduced shows great promise for the future. These instru-
ments are not only becoming less expensive, but are also performing in a more
sensitive and faster manner. Mass spectrometry has become a standard tool in
every modern laboratory, but there will be a growing need for even more sophisti-
cated couplings. In addition, less common detection techniques will become more
widely available to many more scientists and laboratories. Tools such as liquid
chromatography–nuclear magnetic resonance spectroscopy, liquid chromatogra-
phy–nuclear magnetic resonance spectroscopy–mass spectroscopy, liquid chro-
matography–Raman spectroscopy, and others will become routine, with detection
limits only dreamed of in the past.
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