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PREFACE

When the first edition of this book was completed over a decade ago. the future
of analysis of drugs in biological fluids appeared 10 be reasonably clear cut. Although
the analyst was. as ever. being called on 10 design more sensitive assays. il was
envisaged that he would be up 1o the task using natural developments of a whole
armory of established techniques. and perhaps adding new automated methods and
computer routines to make his work more productive. In general. the analyst would
expect 10 be measuring new compounds (but no really novel structures). applying the
appropriate technique as suggested by his experience. To some extent this is what has
happened. so that literature descriptions of analytical method for new drug entities
have become so predictable that such papers tend to be of archival interest only,
breaking no new ground in analytical technology.

Luckily. however, life is not so boringly predictable. The first edition suggested
there might be considerable advances in automation. but this has not happened.
Machines are more reliable and materials such as column packings are also more
reproducible: these features have improved productivity rather than the takeover of
laboratories by robots. In the actual analytical techniques. there has been a consid-
erable revival of older physicochemical methods. such as mass spectrometry and
nuclear magnetic spectroscopy. both previously considered too insensitive for
bioanalytical work. These techniques have been considerably helped by advances in
instrument design, as well as by the use of computers enabling the use of routines that
would not be possible otherwise. One of the major features of the use of these
physicochemical methods is the ability o skip the separation step. a procedure almost
unthinkable a decade ago when chromatography was preeminent. Now that such
techniques as tandem mass spectrometry are widely used. at least one author has
suggested that these are the methods of choice. The question of sensitivity has been
addressed by a swing back toward biological end points. with radioimmunoassay and
its derivatives leading the way.

The present edition includes the basic principles of the major techniques and
describes the latest advances and examples of their application. The sections on
automation, however, have been shortened on the basis that the automated laboratory
is not specific to bioanalytical fluids and more specialized works can be consulted.
Good Laboratory Practice is now a well-established part of all laboratories involved
in bioanalytical work and the detailed review in the first edition has been omitted —
the subject no longer being considered of special interest in such laboratories.

Chirality has become an issue in drug analysis over the last few years. The first
edition was not alone in similar works of its time in not including reference to this
important point, but this edition redresses the balance with descriptions of the
methods now available for chiral analysis. as well as discussions on its impact.

Finally. the new edition delves deeply again into the practical aspects of bioanalytical
work: despite the considerable reliability of materials and instruments mentioned
above. there will always be that extra touch that laboratory analysts will need to bring
to their work.
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1.1 INTRODUCTION

Any parent. or teacher of young children. is accustomed to the barrage of ques-
tions from enquiring and curious minds: “Who is that?”, *What is this?”, and *"How
many of those?™ But the most persistent query. and the one most difficult to answer.
is the question “Why?™ As well as being the hardest to answer, this is most probably
the most important of life’s many questions. In trying to answer the child’s “Why?",
we may often be forced into thinking more deeply about the point being discussed.
It does not matter. for example, when Martin Luther made his break with the
Church.* but the reasons for the break are very important to clearly understand that
particular turning point in European culture. It does not matter who was the first man

518
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on the moon.* but 1o establish why we thought it necessary 10 undertake such a
project is a fascinating excursion into our minds and into the complexities of human
motivation. Ofien. our immediate answer to a child’s “"Why?" is the first reasonable
reply that comes to mind. but if the child continues persist with one “Why™ inevitably
leading to another. then our own comprehension and acceptance of the ideas will also
change.

This book discusses the analysis of drugs in biological fluids. 1t is. apparently. an
important subject: anyone who lakes even a passing interest in current literature on
the subject is aware of the torrent of papers that are published each year. A rough
estimate in 1983 revealed that about 5,000 papers a year were being published which
had as the main topic the analysis of drugs in biological fluids: in 1993, this figure
was still being maintained. There are thousands more that depend on an analyst
somewhere producing the raw analytical data for clinicians. pharmacokineticists,
biochemists. and toxicologists. Many papers and books are devoted 10 the problems
of performing such analyses. and historical reviews will tell you who first applied a
particular technique. and when. Some authors will explain at great length how one
method is superior to another in terms of sensitivity or specificity. but will omit to
explain why such superiority is needed. In this opening chapter. then. the author will
describe the various situations in medicine and research where the analysis of drugs
in biological fluids is considered desirable. The answer to the question “Why?™ will
not always be the same for the diverse situations and the realization of this should
lead 1o the acceptance of different criteria for deciding on the analytical method to
be used in the different situations.

Figure 1.1 shows the various stages in the research. development. and application
of medicinal products. All these stages require some analytical input. The most
obvious situations where this need arises are in the use. or more commonly the abuse,
of drug substances. As a result. the author hopes you will forgive him for ignoring
the chronology set up in Figure 1.1. and discuss these aspects first.

1.2 DRUGS IN USE

1.2.1 FORENSIC TOXICOLOGY

The author begins with this subject because it is to the layman perhaps the most
fascinating. and so beloved of detective story writers. If we ask why these analyses
are necessary the simple answer is that the investigator needs to know if a crime has
been commitied by examining relevant samples from the victim, usually post mortem,
for evidence of a poison. In this situation. the investigator needs evidence primarily
regarding the presence of a foreign compound and, if so, of its identity. The actual
concentration of the substance is a question which is a distant third. Thus this rype
of work is often qualitative rather than quantitative; any quantification is a gross
estimate. rather than a precise measurement required in some of the situations
described later. In forensic work the analyst is usually presented with an ill-defined
sample. often of dubious origin — a general unknown — and he does not know what
he is supposed to find. The approach used has to be a series of more or less logical

* Neil Armstrong
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FIGURE 1.1 The stages of research. development. and application of medicinal products requiring
analytical input.

tests beginning with a widely cast net. First. the analyst will apply a screening test
to establish whether there are any components of the sample not normally present —
no easy task if the sample is an old blood or urine specimen. From the results of the
first screen he will decide on the next screen or series of screens looking for specific
suspected constituents and finally he will apply confirmatory tests aimed at specific
drugs. This type ol work can cover the whole range of sophistication in analytical
tests. from classical spot tests in the primary screens. via simple chromatography for
provisional identification, Lo chromatography coupled to mass spectrometry or infra-
red spectrometry for unequivocal identification. Even for primary screening the raw
specimen may need some prior extraction and the choice of solvent for these
procedures is an art requiring considerable experience when one considers the
diversity of samples and possible drugs (and other toxins) in such samples. Overall
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the forensic toxicologist would like to identify the presence of a particular poison in
the sample and state whether the amounts are compatible with fatal poisoning or
more in accordance with therapeutic doses. The toxicologist is not normally called
on (o give precise concentrations, nor is the sensitivity a problem because the
investigation is presumably only necessary when large doses are suspected. How-
ever, this last aspect is becoming more of a problem as forensic toxicologists are
being asked to analyze drugs ai therapeutic concentrations.’ Quantification is also
important in situations where it may be necessary to extrapolate plasma levels to a
previous point in time. for example when investigating alcohol levels in traffic
offenses. This has been a matter of some debate and calls for a measure of interpre-
tation — which is not necessarily part of the analytical chemist’s expertise.

Not all biological samples presented to the forensic analyst are derived from
murky sources. | have already mentioned alcohol in blood and in this case the sample
may be obtained in well-controlled conditions to yield a clean serum or plasma
sample. The same is true for analysis of drugs in blood of suspects.

1.2.2  OVERDOSAGE

The monitoring of drugs in cases of overdose is one of the oldest areas of drug
measurement in clinical medicine.? In cases of overdosages with drugs. the prime
reason for an analysis is 10 establish which dose has been overdosed in order o apply
the appropriate remedy. The need for an analysis will arise if the patient is comatose
and cannot tell the physician, and there is no other evidence (e.g.. medicine bottles,
known history of drug taking) to suggest the immediate cause. It is imporiant to
recognize that in most cases the patient recovers with the help of intensive support
therapy although the case team may have no knowledge of the poison ingested or its
concentration in biological fluids. The difficulty and dangers of obtaining appropri-
ate samples must be balanced against the immediate clinical problem and the like-
lihood that the knowledge obtained will be crucial 1o the course of action. The
sample. however, once obtained. will be more amenable 1o analysis than that usually
provided to the forensic toxicologist and in addition the range of possible intoxicants
is less. In fact. there is a general trend in the type of compounds that are overdosed
and a knowledge of the current patterns as well as local conditions enables one to
identity the overdosed compound using a limited number of tests aimed at specific
compounds or groups of compounds. Once the intoxicant has been identified. appro-
priate treatment can be initiated. Although the primary purpose of the analysis is to
identify the drug rather than its concentration. a degree of quantification may be
desirable. For example, the level of the drug and knowledge of its elimination
characteristics in humans may enable the physician to decide whether to remove the
drug. or whether to allow the episode to run its course. allowing the body’s own
mechanisms to complete the elimination process. Alternatively. if treatment is used,
then it may be useful to monitor progress by taking further blood samples for
reanalysis. In this case. it may be more appropriate to use a different analytical
method. one which has been designed for routine. rapid. quantitative analysis as
described in later sections of this book. This may be typified by glutethimide, where
knowledge of the levels of both glutethimide and its 4-hydroxy metabolite are useful
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in following the clinical course of respiration and coma.’? Prescott’ has considered the
drugs for which toxicological monitoring may be required in overdose cases and has
concluded that such monitoring is important for the proper management of poisoning
with paracetamol., salicylate. iron. phenobarbitone, lithium. paraquat, and methanol
and of very severe intoxication with a variety of other drugs and poisons when
measures for their active removal are considered.

1.2.3 DRUG ABUSE

Drug testing has become a new feature of the workplace in the last decade,
particularly in the United States, where testing laboratories are part of a $600 million
business. Drug abusers. the argument goes, are more likely to need time off for
illnesses. more likely to require greater healthcare coverage. and more likely 1o be
less efficient. or more dangerous in their jobs. because of their drug habits. Thus,
drug testing has routinely become a part of the candidate selection process. Monitor-
ing of existing employees seems to be less prevalent. although presumably the same
arguments apply. It is said that marijuana is the drug most tested for in such screens,
despite there being no evidence of biological damage among relatively heavy users.
This contrasts with tobacco and alcohol, both of which are proven harmful agents,
but with less importance attached to the problem of abuse. although the U.S. Depart-
ment of Transportation does require alcohol and drug tests for anyone in safety-
sensitive jobs. such as pilots. drivers. and sea captains.

Because such tests need to be noninvasive. urine is the most common test
substance. and for initial screening. radioimmunoassay. or other type of immunoas-
say. is usual. However. such nonspecific assays must never be accepted as conclusive
and any well-managed scheme needs to include a definitive and confirmatory test.
such as gas chromatography-mass spectrometry in ilts program.

Thus, testing for drugs of abuse needs both a method of rapidly screening large
numbers of urine samples and a very sophisticated method for definitively identifying
the drug claimed to be present. Recently the National Research Council in Washington
D.C. has released a report which suggested that the relationship between alcohol and
other drug use by employees and their liability to accidents was inconclusive.!

1.24  DRUGS IN SPORT

The use of drugs in sport is a topic almost as contentious as politics in sport. There
are those who maintain that drugs should be banned completely from all competition,
in animals as well as in humans. There are two separate standards that seem to apply
to the world of animal sport (dog and horse racing) on the one hand and human sport
on the other. In the animal sports, the overall intention of the rules is that the animal
is drug free at the time of competition, drugs generally being the substances that fall
in the categories shown in Table 1.1.5 The drug list for horses is very comprehensive.
with the aim being that the animals are competing totally without the help or
hindrance of chemical modifiers introduced by unscrupulous owners or those likely
Lo profit by the horse’s performance in racing. Certainly the doping of racehorses
goes back a long way with the use of exciting substances being recorded as banned
from races in Worksop as early as 1666.
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TABLE 1.1
Prohibited Substances Under the
Rules of the Jockey Club

Drugs that act on the autonomic system

Drugs that act on the cardiovascular system

Drugs that act on the central nervous system

Drugs that affect the coagulation of blood

Drugs that affect the gastrointestinal system

Drugs that affect the immune system and its responses
Analgesics. antipyretic. and anti-inflammatory drugs
Antibiotics. synthetic antibacterial. and antiviral drugs
Antihistamines

Antimalarial and other parasitic agents

Cytotoxic substances

Diuretics

Endocrine secretions and their synthetic counterparts
Local anesthetics

Muscle relaxants

Respiratory stimulants

Sex hormones. anabolic steroids. and corticosteroids

By contrast. the original intention of the Medical Commission of the International
Olympic Committee was to ban those drugs which were likely to be harmful when
misused. the intention being thai competitors undergoing a legitimate course of
treatment should not be banned from competing. Of course. if the treatment should
have effects other than those for which they are prescribed. but are desirable for the
athlete’s performance. then the emphasis shifts to the question of unfair advantage.
An example would be the B-antagonist. used to treal certain heart ailments. but which
has the effect of steadying hand tremor. a useful advantage for such sports as rifle
shooting. In recent years. the question of unfair advantage. and even the ethics of
drug taking in sport. has been more discussed than the potential harm. particularly
where the evidence of harm is not always so incontrovertible.

If the drugs are banned in animals and humans. then any such use is obviously
covert and the authorities are faced with devising methods to detect their use. The
obvious way is to sample biological fluids from the suspected competitors and assay
them for drugs. Such methods generally need to be noninvasive and urine is almost
always the fluid of first choice. although for some drugs which are not excreted in
urine. blood samples may be essential. Because of the nature of the problem (i.e.. the
identity of the drug is unknown), laboratories engaged in analyzing for drugs in sport
will employ screening analyses in the first instance, followed by confirmatory
methods such as gas chromatography-mass spectrometry.®

1.2.5 THERAPEUTIC DRUG MONITORING

To understand the reasons for performing drug monitoring in patients it is neces-
sary Lo appreciate the concept of benefits and risks as applied to drugs. One of the
goals of drug research is to produce a drug which is efficacious yet completely
nontoxic. Some would argue that this is impossible, because by its very nature — the
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ability to alter biological events — any drug is potentially harmful. Nevertheless. the
aim is 1o separate the beneficial effects from the harmful effects by developing new
compounds which are effective at doses considerably lower than the doses al which
toxic manifestations occur. For example. the initial success of benzodiazepines lay,
in part at least, in their relative nontoxicity compared with barbiturates used for the
same indications.” Despite intensive research in many therapeutic areas, however, it
is still necessary to persevere with drugs where the so-called therapeutic ratio (the
ratio of toxic levels to therapeutic levels) is low and dosing must be carried out with
extreme care. In the simplest cases. this merely means keeping the dose at the correct
recommended level. However, it is not the dose itself which is important. but the
concentration of the drug at the pharmacological sites, and for individuals this is not
always easily predictable from the dose. Koch-Weser® has reported that of 200
ambulatory patients prescribed the usual therapeutic dose of phenytoin, only 28.5%
achieved plasma levels in the range considered appropriate for effective anticonvulsant
activity. Suboptimal concentrations were present in 60% and potentially toxic levels
were achieved in 11.8%. Other drugs with enormous variations in the dose—concen-
tration relationship include digoxin, hydralazine. phenothiazines. perhexiline,
propranolol, and tricyclic antidepressants. These variations may be caused by inad-
equate formulation of the drug leading to variable absorption. or may be inherent in
the metabolic capacity of the individual. For drugs with high therapeutic ratios. the
variation may nol be important. but it can be seen that a dose which is safe in one
individual may be highly toxic in another. Although it is not always true that the
blood or plasma concentration of a drug is a relevant indicator of drug potential for
activity, it is generally accepled that this is al least a step nearer the truth than the
consideration of dose levels alone. Consequently. drug assays are very useful in
titrating the drug dose for individuals in cases where the desired therapeutic plasma
level is close to the toxic plasma level. This is the case for the heart drug digoxin
where, because of the fact that clinical factors can alter the myocardial sensitivity to
cardiac glycoside. there is a considerable overlap of the therapeutic and Loxic concen-
trations. Thus it was reported that when plasma monitoring. and subsequent adjust-
ment of the dose, was performed. the reported incidence of 1oxic side effects from
this drug was considerably reduced.’

Where the purpose of the drug assay is to monitor the plasma levels with a view (o
altering the dose for optimal effect, it is obviously important to obtain results as quickly
as possible. There are numerous marketed kits for performing such rapid assays. a field
in which such techniques as radioimmunassay have become pre-eminent. Such tech-
niques need o be specific. at least for the active constituents in the plasma (i.e.. it is
permissible to include active metabolites in the analytical response). they need to be
quantitative rather than purely qualitative. and their precision and accuracy need 1o be
compatible with their use in making decisions regarding plasma levels vis-a-vis previ-
ously experienced therapeutic and toxic levels. It is perhaps important (o state that one
of the most rapid methods of monitoring is by observing the clinical effect. Proponents
of such drug monitoring should not be so committed to their thesis that they are blind
10 this fact. Table 1.2 lists a number of drugs for which therapeutic drug monitoring is
considered useful in their proper management in the clinic.
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TABLE 1.2
Drugs for Which Therapeutic Drug Monitoring
is Considered Useful

Limit of Therapeutic Toxic
detection range threshold
Drug Method (ug ml-") (ug ml") (g mi-")

Amikacin HPLC | 10
Acetaminophen HPLC 0.2 — 250
Acetylsalicylic acid HPLC 2 20-100 300
Carbamazepine HPLC 2 8-12 12
Chloramphenicol HPLC 0.7 10-20 25
Digitoxin HPLC 0.01-0.03
Digoxin HPLC 0.001-0.025
Disopyramide HPLC 2-5
Ethosuximide HPLC 14 40-100
Gentamicin HPLC 2
Imipramine GC >0.1
Kanamycin Bioassay 4-25
Lignocaine HPLC 2-5
Phenobarbital HPLC 2 1540 40
Phenytoin HPLC. GC 3 10-20 20
Procainamide HPLC | 4-10 10
Quinidine HPLC 0.3 2-5 5
Theophylline HPLC. GC | 10-20 20
Tobramycin HPLC 4-10

1.26 PHARMACOGENETICS

One of the reasons for measuring drugs in biological (luids is to monitor concen-
trations of drugs which have a narrow therapeutic window and for which there is no
consistent inter-individual relation between dose and blood levels. There may be
reasons for this inconsistency including environmental factors. but in the last 15
years there has been considerable effort into disentangling a genetic basis for some
of these inter-individual differences.

Sjoqvist et al..' as long ago as 1967, postulated that the 36-fold differences in
plasma levels achieved in different subjects on the same dose of the tricyclic
antidepressant desipramine could be due to the varying activities of drug-hydroxy-
lating enzymes. However. the critical period for this new discipline. which has been
termed pharmacogenetics was during the late 1970s in two separate developments.
In England. routine clinical pharmacology trials with debrisoquine. an antihypertensive
agent, showed that one of the volunteers had a severe hypotensive response to the
drug. This clinical reaction was linked to an inability of the volunteer to metabolize
the compound by the usual route to 4-hydroxydebrisoquine.?® At about the same time.
in Germany, increased side effects were observed in some patients receiving an
alkaloid drug with antiarrhythmic actions’' and these side effects were linked to an
inability 10 metabolize sparteine by N-oxidation. Further studies revealed that both
oxidative metabolic reactions are under monogenic control and that simple assays
could be developed to distinguish poor metabolizers from extensive metabolizers. In
a typical test. the subject is dosed with the test drug (debrisoquine, sparteine.



Why Analyze Drugs in Biological Fluids? S

dextromethorphan) and urinary unchanged drug and the major metabolite assayed
over a given time. The ratio of the two values is an index of metabolizing capacity.
Such a test was applied to several thousand subjects in clinical studies and revealed
that about 10 10 15% of a Caucasian population were poor metabolizers, while only
| 10 2% of Asian or Oriental populations were poor metabolizers.?? Thus, it can be
seen that the presence of poor metabolizers can have an effect on the outcome of trials
for drugs which are metabolized by these enzymes. The problem is whether to
deliberately exclude such subjects from trials or 1o include them as in a normal
population. and then try 1o identify patients at risk. when the drug is used in practice.
Poor metabolizers can. of course, be identified using the simple tests described: this
is termed phenotyping.

By the 1980s, evidence had accumulated that the enzyme responsible for the
metabolic oxidation of debrisoquine was a cytochrome P450,2 % called CYP2D6
according 1o the evolved nomenclature of pharmacogenetics. This enzyme was found
10 be absent in the livers of poor metabolizers.?* The human cDNA for this enzyme
has been cloned and its gene characterised.”” so that putative poor metabolizers can
be identified by genotyping rather than phenotyping. Nevertheless. because other
environmental lactors may be involved in determining the metabolic capacity, irre-
spective of the genotype. the analysis of drugs and metabolites in body fluids is likely
to remain the mainstay of classification. Table 1.3 shows some of the drugs shown
to be subject to this type of polymorphism. An interesting inclusion in this list is
codeine which depends for its analgesic action on conversion to morphine; patients
deficient in this P450 enzyme will not benefit from this action of codeine. thus
explaining the often puzzling claim by some people that certain analgesics are better
for them than others.*> Certainly if a person is aware of his P450 siatus, he may be
able 10 treal the odd headache more economically!

Another example is the metabolism of the recreational drug ecstasy or
methylenedioxymethamphetamine (Figure 1.2). This compound is demethylenated
1o a neurotoxic catechol metabolite by a specific P450 enzyme, CYP2D6.*° The
possible consequence of this for ecstasy abusers who are poor metabolizers needs to
be established. While such subjects may be less susceptible to chronic neurological
effects of the drug. since they should produce less of the catechol metabolite, they
may be at increased risk of acute toxicity because of impaired metabolism of the
parent drug.*’

There are several other cases of metabolic polymorphism. distinct from the
debrisoquine/sparteine type described here. Kupfer et al.*® noted unusual sedation in
a volunteer following normal doses of mephenytoin. In this case. which was con-
firmed in the volunteer’s blood relatives. only one of the two major metabolic
pathways of mephenytoin, stereoselective 4’-hydroxylation of S-mephenytoin. was
deficient, while N-demethylation to nirvanol was unaffected. The poor metabolizer
can again be classified using simple analytical procedures to determine a hydroxy-
lation index. or by measuring the ratios of the S- and R-isomers. Several other drugs,
including hexobarbital, diazepam, nordiazepam. omeprazole and proguanil, have
been shown to be substrates for the same polymorphic enzyme.*

Inter-individual differences in acetylation capacity have been known and studied
for over 40 years, and the distribution differences in different populations is quite
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FIGURE 1.2 Metabolism of methylenedioxymethamphetamine (*Ecstasy’) to a neurotoxic catechol
metabolite.

remarkable. ranging from 5% in Canadian Eskimos to 90% in Moroccans.” Because
of the role of acetylation in biotransformation or in the activation 1o carcinogens,’!
the acetylation polymorphism has been extensively studied in recent years.>

The test drug for the acetylator phenotype is usually isoniazid. [n one common
routine, isoniazide is given to the subject and the blood concentration is measured 4
hours later: populations will show a bimodal distribution into the fast and slow
acetylalors. Because acetylation can activale or deactivate drugs. then the correlation
of phenotype with propensity to unwanted drug reaction is not so straightforward. A
lupus erythrematosus-like syndrome is associated with poor metabolizers receiving
hydralazine or procainamide, whereas there is a poor response 1o antituberculosis
therapy with isoniazid in rapid acetylators.>* Some examples of drugs metabolized by
acetylation and therefore subject to a variable response in different populations are
shown in Table 1.4. Recently. it has been suggested that regulatory authorities may
require phenotyping of subjects in bioequivalence studies on new chemical entities.®*

1.3 DRUGS IN RESEARCH AND DEVELOPMENT

In a recent book® on the development of drugs in the pharmaceutical industry,
only 23 lines (out of nearly 300 pages) were devoted to the role of analytical services.
This can make the analysl feel either very humble or very indignant. Selby® would
have 1aken the latter view. maintaining that the analytical department was the hub in
the wheel of all pharmaceutical research and development. having a crucial role. at
least in all laboratory-based work. Even for the relatively narrow subject of the

TABLE 1.4
Drugs Subject to Variable Acetylation in
Population Groups

Drug Reference
Aminoglutethimide Antineoplastic 54,55
Caffeine Stimulant 56
Dipyrone Analgesic 57
Hydralazine Antihypertensive 58
[soniazid Antituberculous agent 59
Sulfapyradine Sulfonamide 60
Sulfamerazine Sulfonamide 61

Sulfamethazine Sulfonamide 62
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analysis of drugs in biological fluids in this book. the importance of the analyst is
wide ranging as is indicated in Figure 1.1.

The topics discussed so far have referred to drugs already in use. However. the
most extensive application of drug analysis in body fluids is in the development of
a drug from its status as a new chemical entity to its final marketed form. The
analytical method is applied at almost every stage of the development and. as in the
various situations already described, the required characteristics of the method wil
depend on the particular stage of development. The following is a discussion of these
various stages taken in the order in which they are encountered in the research and
development process.

1.3.1  PHARMACOLOGY

Analysis of drugs in biological fluids can begin as early in the research and
development process as in the initial pharmacology tests (i.c.. the drug discovery
phase). This depends on the philosophy of the particular research group. which could
depend on the type of drug being researched. Some argue that the search is for a new
chemical entity which has the required effect in the whole body. and once this is
found. then the drug can be more extensively researched: the use of plasma and blood
analyses prior to this decision is irrelevant and an unnecessary expense. Others argue
that a knowledge of absorption, distribution, and elimination characteristics (see the
later discussion on pharmacokinetics) is useful for interpreting pharmacological
findings and could lead 1o better drug design. While both approaches have their
points, the author believes thal in recent years with more and more attention being
paid to drug design — often by computer and long before the drug is synthesized. let
alone administered Lo an animal — then the monitoring of the drug’s progress in
biological systems becomes vital to interpreting events and making development
decisions.

One of the most seductive reasons given for the measurement of drugs in biologi-
cal fluids in the research phase is based on the proposition that the concentration in
plasma is directly related to the intensity of the effect; the assumption being that the
concentration is proportional to the concentration at the site of action. It is usual in
in vitro and in in vivo pharmacological tests Lo quote activity in Lerms of concentra-
tion, or in terms of a known standard. For example. we may say that the new
compound is active in a particular in vitro test at a concentration of 10 ng ml-'. or 0.5
mM., or only one-half as active as diazepam in the same test: we might also find that
for the same compound one-twentieth of the dose is required to obtain the same effect
as diazepam in an in vivo test. The difference in activity relative to diazepam in the
two tests would be attributed to the difference in the ability of the compound and the
test standard to reach the site of action in the in vivo test. Then, a more valid
comparison for in vivo activity would be oblained in assessment of plasma concen-
trations of the rwo drugs at equieffective doses, with the expectation that the findings
would be closer 1o the in virro comparisons. It is generally accepted that the main
factors determining the levels of drug achieved in plasma following oral dosing. are
absorption, distribution, elimination, and the various physiological and pathological
conditions which in turn affect these parameters. Thus the drug researcher, using the
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results of dose-plasma concentration-effect studies, will have a clearer idea of the
intrinsic activity of the drug, but will. in addition. have some insight into the factors
affecting drug delivery. The researcher can then decide il any conditions can be
allered to obtain optimal i vivo effects. rather than accept or reject the drug candidate
on the basis of single. whole-body. pharmacological observations.

An important consideration at this stage may be the extent of absorption of the
drug. A low percentage absorption may nol appear too great a problem if the drug
has a demonstrable useful effect: one could merely increase the applied dose.
However, low absorption (if one thinks of absorption as the amount of the drug
molecule migrating from the gastrointestinal tract to the bloodstream) inevitably
means variable absorption. Thus, a well-absorbed drug may vary between 90 and
95% tolal absorption, which would give variable plasma levels of mean values £2.7%
(2.5 divided by 92.5); a poorly absorbed drug with a smaller absolute range of
absorption, say 1 to 2% would give plasma levels of mean values £33% (0.5 divided
by 1.5). The arithmetic is inescapable and in modern drug research it is unwise to
settle on a poorly absorbed drug for development on the grounds that it is the only
one that works. Sooner or later. the drug will fail on this variable consequence of poor
absorption. The availability of a sound analytical method is a prime factor in this
phase of decision making.

If the relation between plasma level and effect is to be developed rationally. then
the nature of the drug is important. The most straightforward class of drugs in this
respect is antibiotics. where the concentration in biological fluids is by definition
equal to the effect. as the analytical method is almost always a microbiological one.
Other classes of drugs. unfortunately. do not show the same obliging relationship.
Antidepressants. for example. may take weeks of continuous dosing before their
effects are seen.” even though the plasma levels at this time are no higher than the
levels achieved after the first few doses. Another example is pentoxifylline. whose
effect on improvement of walking distance in patients is seen only after 3 months of
treatment.®® Pentoxifylline itself has a very short half-life and the effect is not caused
by drug accumulation.®” While such phenomena can only spur the researcher to
investigate the true relationship between plasma level and effect. in the absence of
this knowledge. it may be useful to correlate plasma levels with biochemical mea-
surements (such as catecholamine uptake for antidepressants and red cell deformability
for vasodilators) but it is still necessary to demonstrate that these biochemical
changes are related to the eventual desired effect.

Although classical bioassays are not extensively used in modern drug research as
assay methods for drugs. being largely superseded by more reliable and consistent
chemical assays. there has been a resurgence of assay methods depending on specific
biochemical phenomena. exemplified by immunoassays and receptor assays (see
Chapier 8). Such biochemical events may be controlled by single molecular interac-
tions. so that, in theory, such assay methods could be extremely sensitive. However,
they may be less specific than chemical assays. since the biochemical event may also
be triggered by closely related compounds such as metabolites. In the case of receptor
assays. one could argue that this is not such a bad thing because the assay would then
measure total potential activity of the sample being measured. However. this argu-
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ment is {lawed for at least two reasons: (1) the typical receptor assay measures
molecules that bind to the receptor and does not distinguish between agonists and
antagonists, and (2) not all molecules in the plasma may be able to penetrate 1o the
site of action Lo the same extent as the active compound. The receptor activity. then,
is no more valid than using total immunoactivity of plasma samples — the
immunoactivity of a compound being quite incidental to its pharmacological effect.

1.3.2  TOXICOLOGY

Once a new chemical entity has been shown to have a useful pharmacological
effect the next step is generally to establish ils safety by performing toxicity testing
in animals. Initially. toxicology involves the administration of increasing single
doses of drug 1o groups of animals (acute toxicology) to establish the toxic doses of
single administrations. If enough animals are used and there is a clearly apparent
lethal effect of targe doses then it is possible to establish the LDy, (the dose which
will kill half the animals in the test) for the drug in a particular animal using the
particular route of administration. Such tests are administered by experienced tech-
nicians. using single doses to single animals, usually as solutions. and there is
generally no doubt that the animals have indeed been dosed according to the experi-
mental protocol. These well-controlled conditions allow the LD, to be determined
with reasonable accuracy, and there is usually no need to monitor plasma levels 10
ensure the validity of the test. However, if the increasing dose does not result in
proportionately increased absorption (i.e.. a constant fraction should be absorbed
over the whole range of dosing). then the LD, calculation may be subject 10
distortion, usually as a result of poor absorption at the higher doses. Alternatively.
the larger doses may saturate the drug-melabolizing enzymes. thereby giving a
proportionately greater dose Lo the systemic circulation at the higher doses. Thus it
may be useful to determine plasma concentrations of drugs in acute toxicity tests Lo
establish a better relation between toxicity and the exposure of the animal 10 the test
drug. Unfortunately. this is rarely done and most acute toxicity lesting is based on the
pragmatic approach whereby the LDy, is established without the refinement of
plasma level determination.

The next stage of toxicity testing is to dose animals with amounts of drug much
lower than the established LD, but on a repetitive schedule over long periods
(sometimes even for years). This stage is called the chronic toxicity testing phase. In
this phase. it is impractical to dose large numbers of animals on an individual basis
every day for such long periods. Instead. the drug is introduced into the animals’ feed
or drinking water. This method may introduce a considerable error in the amount of
drug actually dosed. The error can be caused by a variety of factors: (1) the individual
animals may not eat and drink to the same extent: (2) if the drug is not thoroughly
mixed into the diet, then some animals may receive more than others: (3) and some
animals may even be selective in picking out morsels of food without (or with!) the
drug. A targe error can be introduced if the feed needs to be mixed a long time in
advance. so the animal is receiving food with no drug due to deterioration. or even
worse, the animal may receive a toxic degradation product. The fact that the drug is
given in the diet and only dosed with food may impart quite different absorption
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characteristics compared with the acute dosing regimen. where the drug would be
given without food.

Thus. the likelithood of a false negative can be high in such testing if one depends
entirely on the stated dose for interpretation of toxicity. In some toxicological
protocols. the dose may even be stated in terms of mg per kg feed. rather than mg per
kg animal. indicating the imprecision of the dose given. The only sure way (o
normalize values in this type of toxicity testing is to relate the toxicity to the plasma
levels of drug or metabolites. usually in the form of steady-state concentrations
achieved over long-term dosing. These sort of steps are now being demanded by
regulatory authorities.

Despite this theoretically desirable approach to chronic toxicity testing, however,
full implementation according to these recommendations could raise as many prob-
lems as it solves. For animals to be bled on a regular basis would raise problems for
the observation of toxicological manifestations. particularly for small animals where
a large fraction of the animals blood may be required for the assay. In such instances
a parallel group of animals may be set up for assay purposes. If the whole animal is
needed for the assay then a large parallel group is needed at the start of the study: such
refinements will make the already high cost of toxicity lesting even higher, when one
considers the number of animals required.

Another considerable difficulty is when small animals have free access to food
and water containing drug. and there is no measure of the time between the last dose
and the time of death. This is especially important with drugs of short half-life (and
drugs tend to have shorter half-lives in these animals than in larger animals or in
humans). The problem is exacerbated in chronic testing where the animal becomes
too ill to drink or feed. and the dose may be lower during this phase than staled in
the protocol. For larger animals. such as dogs. which tend to eat all available food
as soon as it is given, the timing between dose and sampling may be better controlled.
Thus. although plasma monitoring in toxicity trials is a desirable goal. one should not
underestimate the pitfalls in implementation and interpretation.

The question of specificity in such monitoring should be considered. If one
remembers that the prime reason for analysis is to show that the animal has received
the drug. then it is only necessary to establish a response which is related to the
presence of the drug in the appropriate biological fluids. Hence. it will be unneces-
sary to distinguish metabolites from the parent, assumed active. drug. It is only if one
wishes to relate concentration to effect that a degree of specificity is required. and
until 10 years ago this was not generally considered in chronic toxicity experiments.
Thus, it may be acceptable to apply a relatively nonspecific method for plasma assay,
such as radioimmunoassay (see Chapter 8) for such monitoring. and this approach of
including metabolites in the measurement will also help overcome the problem of
drugs with very short half-lives.

Recently, toxicology has moved toward a more quantitative footing. Toxicolo-
gists have become more concerned with the effects of dose levels. effects which can
be critically dependent on dose, when one considers that large doses. capable of
saturating metabolizing enzymes. are usually being administered. The time scale of
toxicity has also been studied in increasing detail. These new areas of awareness have
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given rise 1o a fascinating new discipline, termed toxicokinetics. in which the
quantitative assay of drug and metabolites in biological fluids and tissues occupies
a pivotal position. These studies, however, are directed at furthering our understand-
ing of toxicological mechanisms. rather than being an essential part in the develop-
ment of a specific new chemical entity.

Toxicokinetics has been defined as the rates of absorption, tissue distribution and
redistribution, enzymic and nonenzymic biotransformation. and excretion as related
1o toxicologic end points.®® Toxicokinetics may be distinguished from pharmacoki-
netics in that il sets out to examine the fate of foreign compounds when given to
organisms in relatively large quantities: transport systems as well as metabolizing
enzymes may become saturated, protein binding of the drug and endogenous com-
pounds may change. and the drug itself may have a different effect at the high
concentrations reaching the biophase. The role of metabolites in the biological effect
may be more important and the actual mechanisms for producing metabolites or
active intermediates need to be elucidated. The requirements of analytical method-
ology for application in toxicokinetic studies have been reviewed.®

1.3.3 PHASE I CLINICAL TESTING

Assuming that the drug survives the toxicity testing then the next stage is to begin
cautious testing in humans. Although termed tolerance testing. it is the nearest thing
to a toxicology study in the target species. A very low dose is first given to a small
number of closely monitored healthy volunteers. This dose would be considerably
below the expected therapeutic dose and the volunteers are observed for any signs of
undesired side effects. The dose is then increased to a preset limit. often in excess of
the proposed therapeutic dose and the top dose in this series may even be the largest
dose of the drug that is ever administered. For many drugs. the clinical effect may
be only manifest itself in patients. that is. as alleviation of symptoms. with no direct
effect in volunteers. Some drugs. however, may have direct effects on volunteers
(e.g.. diuretics. which cause increased elimination of body water into the urine) and
in such cases the drug action would be expected 1o be seen in the volunteer tolerance
studies. If such an effect is not seen, or if it not seen until unexpectedly high doses.
it is important to establish whether this is from poor activity of the drug. or whether
some other reason can be postulated for the lack of effect. such as poor absorption
in the test subjects. or increased metabolism compared with the pharmacological test
animals. Measurement of plasma levels is extremely useful at this point. If the levels
are reasonably high. then it may be assumed that the drug itself is inactive in humans.
and the analytical method will have been crucial in the termination of development.

If. on the other hand, the levels are lower than anticipated would be necessary for
a pharmacological effect. then the consideration of absorption and metabolic lactors
needs to be addressed. In the case of poor absorption. in the sense of poor transport
across the gastrointestinal membranes, then the formulation chemist may be able to
improve the situation: il extensive metabolism has occurred. then there may be
reason to lerminate the project. or the drug may be used only as a parenteral
formulation. which may limit its appeal. Many of the newer drugs which are peptides
are expected to be very vulnerable to metabolic attack. even at the gut membrane, and
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their advantages may make it worthwhile to devise very sophisticated systems to
deliver them.

Unfortunately. the measurement of plasma concentrations following an oral dose
of drug does not enable the differentiation between poor absorption and extensive
metabolism of drug by the liver prior to its delivery to the general circulation (the so-
called first-pass effect). To obtain further information on this aspect, then, the
analysis of plasma following intravenous dosing is necessary. However, at this stage
of development, an intravenous form of the drug may not be available, either because
such a delivery route is not anticipated. or the relevant toxicity testing has not been
performed. Although it is feasible to develop an intravenous formulation for this
specific study, it may involve unwanted. expensive intravenous toxicity lesting and
the development decision may need to be made on the basis of animal metabolism
studies. Such considerations also apply to drugs without a demonstrable effect in
normal volunteers, but without the extra guidance afforded by the effect.

1.34 METABOLISM

The initiation of animal metabolism studies will be made at the same time as the
tolerance testing in humans. Drug metabolism is a fascinating subject in itself and is
discussed more fully in Chapter 2. In this chapter, the author will only mention some
of the reasons for such studies in animals. One of the more popular reasons for such
studies is to establish that the pathways of metabolism in the species chosen for toxicity
testing are the same as those in humans. The philosophy is that if the metabolism
pathways are different in the two species (humans vs. experimental animal). then it is
possible that a metabolite not formed in humans may be the toxic principle in the
animal, hence giving rise 10 misleading extrapolations to a toxic effect in humans.
Conversely. if a toxic metabolite is formed in humans but not in the animal, then the
toxic potential would not be predicted from the animal studies and there would be an
unwelcome surprise during the clinical testing. If a test species. or a combination of test
species. cannot be found which is subject to the same chemical exposure as humans.
then it may be necessary to synthesize the metabolites formed in humans and test them
separately for 1oxicological effects. The study of drug metabolism is therefore justified
as being a science which can validate the toxicity species used. In the best ordered
research organizations. the drug metabolism studies would actually be used to select the
species to be used. Because the toxicity testing can be the most expensive phase of
preclinical development, such a rational approach can make a significant difference 1o
the cost. efficiency. and success of the research program: cost. because it will be
unnecessary lo repeal expensive loxicity testing in an alternative species or with
synthesized metabolites: efficiency. because it minimizes the time lost in such repeat
studies. just at the time when the drug program should be being accelerated: and
success. because the correct decision is made when the toxicity report arrives. How-
ever, in reality, custom and practice still dictate that the principal species used in
loxicology are rat and dog. and metabolism studies tend to concentrate oo these two
species, until there are specific indications to perform studies in other species.

Metabolism studies also play a role in the selection of the species used for
pharmacological testing. Recently. this aspect has been observed with the emphasis
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being placed on safety in the regulation of new drugs. Drug metabolism experts have
spent much of their efforts validating the toxicity species as described above. How-
ever, a knowledge of the metabolism of the drug in the species used for pharmacol-
ogy will alert the researcher to the possibility of the formation of active metabolites.
For example. a drug which is extensively and rapidly metabolized but is apparently
extremely active may well act through one of its metabolites. An early recognition
of this lact, possibly coupled with findings of little metabolism in a species in which
the drug is inactive. enables the researcher to consider the possible development of
the metabolite as a drug in its own right.

Full metabolism studies, as indicated in Chapter 3. involve the description of
absorption, distribution, chemical transformation. and elimination of drug and com-
parison of such events in humans and experimental animals. An extremely useful aid
in such studies is a radiolabelled form of the drug, usually '“C rather than ‘H. to
minimize the loss of labe] either by metabolic exchange or metabolic elimination. For
a full description of metabolic pathways, the metabolites can be isolaled by following
the label through various purification steps, using standard radioactive monitoring
procedures. and subsequent final characterization of partially purified material by
accepted physicochemical methods. The full elucidation of structures of all metabo-
lites is often extremely complex. and an open-ended commitment to such a program
may not be appropriate in the early stages of drug development. Nevertheless. as
separation techniques become more rapid and can be used in direct conjunction with
such powerful identification tools as mass spectrometry and nuclear magnetic reso-
nance, the complete production of metabolic pathways of candidate drugs is more
feasible than a decade ago.

In the meantime. the use of radiolabel in initial studies can be supported by using
the specific analytical method which will have been developed at this stage. to
analyze samples containing radiolabel. The discrepancy between total radioactivity
and specific identification ol parent drug will give an early and useful indication of
the extent ol metabolism, as illustrated in Figures 1.3 and 1.4 for the comparison of
profiles of drugs which are extensively or poorly metabolized.

The advantage of using animals for metabolism studies is that they can be used
to investigate the changes in metabolism when different dosage routes and schedules
are used without the extensive toxicology back-up that would be necessary for such
tests in volunteers. Thus, the comparison of oral and intravenous testing to obtain
data on the first-pass effect can be performed on animals, preferably a large animal
such as a dog. where serial samples can be taken from the same animal. with cross-
over designs also being used for a group of animals. Thus. in a typical experiment.
plasma would be analyzed for parent drug in a group of 5 to 6 dogs. dosed on two
separale occasions (once intravenously. once orally) with the test drug and the
resulting profiles compared (Figure 1.5). Although comparison of total radioactivity
in such an experiment could also indicate firsi-pass metabolism. the effect would be
masked if the metabolites had the same half-life as the parent drug. By using a
specific assay method. however. the extent of firsi-pass metabolism in animals can
be clearly characterized. and on the basis of experience with similar drugs the
transference of the animal findings to humans can be considered. The decision of
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FIGURE 1.3 Plasma concentration—time profile of total radioactivity and unchanged drug illustrating

the case where the orally administered drug is extensively

metabolized.

whether 10 expect poor bioavailability in humans may then be possible without
resorting to an intravenous study in humans. Obviously. such decisions will be of
high quality if the corresponding comparative metabolism is known, which returns
us to the argument of selecting test species which are as close to humans in their

metabolism as possible.
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FIGURE L5 Comparison of plasma profiles of the same dose of a drug administered orally and
intravenously 1o a dog. illustrating an extensive first-pass effect in this species.

1.3.5 PHARMACOKINETICS

We have now reached the stage where the typical candidate drug has been shown
to be active in animal tests. safe in toxicity tests, tolerated in quite high doses in
humans, absorbed in humans without too rapid metabolism 1o inactive species, and,
in certain cases. 1o be active in humans. The next stage is to develop the pharmaco-
kinetics of the compound. This term is given various definitions in the scientific
literature and there is some confusion as to whether the term includes all aspects of
whalt the animal does to the drug, as opposed to what the drug does to the animal
(pharmacodynamics) or whether the term should be applied only to the specific
mathematical description of the disposition of the active drug in the body. The former
definition would include all aspects of absorption, distribution. transformation. and
elimination. For purposes of this discussion, and during most of this book. the author
shall use the narrower use of the term where rates of various transfers and transfor-
mations are considered but not full descriptions of factors affecting absorption
distribution and elimination. nor will it be used to cover the actual chemical trans-
formation for which the term drug metabolism is usually applied.

The mathematics of pharmacokinetics has been the subject of numerous reviews
and treatises. It is possible to discuss the subject in great depth and a clear under-
standing and application of the principles involved will make it possible to reach
conclusions not immediately apparent from the raw data. However, it is just as
important to appreciate the limitations of analytical results before applying the
principles of pharmacokinetics to such results: the pharmacokinetic conclusions may
be justified by the mathematics, but the quality of the data may make such conclu-
sions invalid. In this book, the author does not intend to give a mathematical
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FIGURE 1.6 Simple hydraulic model model illustrating the elimination of a drug from plasma by a firsi-
order process. The concentration decreases exponentially with time.

exposition of pharmacokinetic principles. but rather to give an extended discussion
of a simple model which helps to appreciate the principles and their repercussions in
any pharmacokinetic application.

The model the author has found to be exiremely useful in understanding the
broader aspects of pharmacokinetic theory is the hydraulic model! first proposed by
E. R. Garrett’® but now somewhat modified. In this model. the concentration of drug
in. for example. the plasma is represented by the height of the water in a cylindrical
vessel (Figure 1.6). The rate at which drug is removed from plasma by natural
processes is. at any particular time. proportional to the concentration and this is
represented in the model by an outlet at the base of the cylinder. with the rate of flow
through the outlet being directly proportional to the height of the fluid (concentration
of drug). Mathematically. this is a simple mono-exponential decay. which quite
accurately describes the situation where the drug introduced into the body by a single
intravenous injection is eliminated from the body. Being a single mono-exponential
decay. the rale of elimination can be described. from the observed curve. with a
characteristic half-life.

To represent an oral dose. a second vessel is added to the model. representing a
supplier of drug to the plasma or central compartment (Figure 1.7). The initial level
in this supplying vessel (stomach or gut representing the site of absorption) corre-
sponds 1o the total amount of drug available for absorption. As for the central
compartment this loss from the site of absorption and into the central compartment
is represented by an outlet at the base of the vessel: the absorption process is therefore
also represented in the model as an exponential one. In this model. at any one time.
the actual height of the fluid in the central vessel is determined by the two first-order
processes (i.e.. absorption from the gut, and elimination from the plasma) and can be
described mathematically by the equation familiar to basic pharmacokinetics — the
Bateman function:

y=Ae"" — Be"" (h
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FIGURE 1.7 Hydraulic mode! illustrating the absorption of drug from the absorption site into the central
compartment and subsequent elimination. Both processes are firsi-order and the plasma concentration—-
time profile is the result of two exponential processes.

where y is the concentration in the central compartment, £, and k, are the two
controlling rate constants. A and B are constants depending on the sizes of the vessels,
etc., and x is the time variable.

For describing the concentration time profile for a drug. y is the concentration in
the plasma at time x and the two rate constants &, and &, are the absorption and
elimination rate constants, respectively. Even after several decades of discussion. the
term absorption in pharmacokinetics still is apt 1o be confusing. As described here.
it is simply the action of being transported across a membrane into the blood. In real
pharmacokinetic experiments. however. the researcher is usually measuring the
appearance of drug in the plasma rather than disappearance from the site of absorp-
tion; the pharmacokinetic analysis of the plasma curve, assuming the simple Bateman
function, will then produce a value for the absorption constant which is distorted by
any loss of drug between the two sites, for example by metabolism or degradation of
the drug. A useful alternative term to circumvent this confusion is invasion (used in
the German literature), which avoids the necessity to explain that absorption includes
such processes as transfer across the gut membrane and metabolism by the liver
before the drug reaches the systemic circulation.

The outlet from the central compartment represents all processes that contribute
to the elimination of drug from this compartment. The two major processes are
metabolism and elimination via the excretory organs such as kidney. Thus. the model
can be further refined by designating two separate outlets. If the “metabolism™ outlet
is large in comparison with the “kidney" outlet, then obviously metabolism will be
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FIGURE 1.8 Hydraulic model illustrating absorption of drug into the plasma and subsequent elimina-
tuon by rwo separate processes with different rates.

the principal method of elimination: if the converse is the case. then the drug will tend
10 be eliminated unchanged into the urine (Figure 1.8). This simple extension of the
model demonstrates that in the case of renal failure, the drug may still be eliminated
al a reasonable rate. but the elimination will be by metabolism rather than excretion;
the patient is at risk. not through build-up of drug (which can be avoided by lower
doses. but by production and build-up of toxic metabolites. which would not be seen
in the healthy subject receiving the same drug). The simple model can be developed
further 1o include other physiological processes. A mathematical treatment of the
model leads to extremely complex-looking equations, but the use of the hydraulic
model will continue to provide a clear understanding and appreciation of the effect
of these processes on pharmacokinetics without recourse to the mathematics.

An important concept in pharmacokinetics is the idea of distribution of drug in the
body tissues other than the plasma. including. of course, the target tissue. This
distribution can be represented by a vessel connected to the central compartment at
the base of the two vessels. The flow of [luid from the central compartment to this
new vessel (the body compartment) will depend. as does the elimination. on the level
of the fluid in the central compartment: however, there is also a reverse flow
depending on the height of fluid in the new vessel. so that a dynamic equilibrium
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between the two compartments will be set up. At equilibrium. the level in the two
vessels will be the same. This does not say that the concentrations in plasma and
tissue will be identical. but it provides a useful description of the concept of volume
of distribution, where the rest of the body is described by the volume it would have
Lo be. if the concentration was the same as in the plasma. In our model. the volume
of distribution is represented by the total volume of the various vessels: the amount
of drug in any one compartment is still represented by the level of the fluid. but the
true concentration needs to account for the volume. which in the model can be varied
by varying the diameter of the cylindrical vessels. A body compartment represented
by a cylinder with a large diameter much larger than the central vessel will be one
with a large volume of distribution, that is. it will sequester a large proportion of the
lotal drug and will have an actual concentration higher than that of plasma. As the
level in the central vessel falls by other processes. the dynamic equilibrium ensures
that the fall is partly compensated by the store in the body compartment and the
observed decay in the plasma-time curve will not be the pure elimination curve. In
pharmacokinetic nomenclature. this is usually described as a “‘deep”™ compartment,
although in this model. the term “wide™ compartment would be more appropriate;
similarly a “narrow™ compartment would more appropriately describe an organ with
little affinity for the drug. rather than the more usual “shallow™ compartment.

Another factor in the redistribution process is the rate of transfer between the
vessels, which will depend on the bore of the interconnecting tube: for a wide bore,
there will be almost instantaneous equilibrium (a rapidly equilibrating tissue). lor a
very restricted connection. the equilibration will be slow. but such tissues will retain
drug. and at higher levels than the plasma levels. long after it has all but disappeared
from the plasma.

The model so far has assumed all processes are first-order processes. that is. the
rate of transfer depends at all times on the various concentrations of drug at the
particular time. Where the first-order rate no longer applies. it is simple 1o introduce
physical changes to the model. which can readily show the effect of phenomena
which are not first-order processes. For example. drug may be introduced o the
central compartment. not by a single instantaneously distributing injection. but by a
constant infusion over a period of time. This can be represented in the model by a
constlant head reservoir so that the supply of new drug to this compartment is a zero-
order process. To represent other types of delivery. the supplying vessel can be
designed with specific shapes so that the rate of release is a particular function of the
amount remaining.

A more complex picture occurs when a process is episodic. such as in repeat dosing,
or when drug is reabsorbed following biliary excretion. In the former case. the model
is simply created by refilling the supply vessel at appropriate intervals and the resulting
rise and fall of the levels in the other compartments will simulate the concentrations of
drug expected on repeat dosing regimens. For biliary recirculation. the bile can be
represented by a vessel similar to an elimination compartment. with a pump that
periodically transfers part or all of its contents back 1o the absorption vessel.

Despite the ofien surprising findings in following the concentration—time profile
of drugs in biological fluids. the simple hydraulic model can almost always be
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FIGURE 1.9 Anextended hydraulic model illustrating a number of physiological processes. (a) absorp-
lion by a zero-order process: (b) absorption by a first-order process: (¢} absorption by a non-lmear process:
(d) concentration in plasma and in rapidly equilibrating tissues: (e) concentration m a slowly equilibrating
ussue: () concentration 1n the bile: (g) fecal excretion: (h) metabolites in the plasma: (1) metabolites n
the urme: (J) unchanged drug n the urine: and (k) biliary recirculauon.

adapled to picture the processes involved. An exlended model which can represent
most of the kinetics of drugs in the body is shown in Figure 1.9.

It can now be seen how the understanding of pharmacokinetics and interpretation
of changing plasma concentrations can be used to understand further the disposition
of drugs in the rest of the body. Pharmacokinetics consists largely of fitting math-
ematical functions to the observed concentrations of drug in biological fluids: if the
mathematical functions represent physiological functions. then the analysis can be
used to relate changing plasma levels to levels of drug at the sites of action. Thus,
il the plasma concentrations arising from an oral dose of drug can be loosely fitted
with a biexponential function of the type mentioned previously. then the drug can be
said to be rapidly distributed to equilibrating tissues after absorption. and is elimi-
nated by a process depending only on the plasma concentration. f a triexponential
equation is necessary for an acceptable fit. then either the distribution phase is less
rapid. and affects the overall shape of the plasma curve. or there is a distribution into
a slowly equilibrating compartment, so that the observed, longer terminal half-life is
determined by this slow rate of equilibration. rather than by the true elimination rate.
It is not a true half-life, however: if the analytical method is sensitive enough. very
low concentrations will be observed and the longer the drug can be measured. the
longer this half-life will appear. This is a very good example why an understanding
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Plasma

10 PRINT "ORAL{O) OR “INTRAVENOUSI(}?" 75 -
20 INPUT 1$

30 IF 1$="I" THEN 90
40 PRINT "ABSORPTION RATE?" 60
50 INPUT W
60 A=0

70 F=100

80 GOTO 110
90 A=100
100 F=0
110 W=0
120 B=0
130 C=0
140 D=0

150 PRINT "X,Y,Z VALUES?" 0
160 INPUT X,Y,Z 0
170 GCLEAR

180 SCALE 0,1000,0,1000
190 XAXIS 0,100
200 YAXIS 0,100 290 MOVE NB

210 FOR N=1 TO 200 300 PLOT N,B
210 E=A 310 MOVE NC

220 A=E*[1-X-Y~Z)+B*X+C*Y+F*wW 320 PLOT N,C
230 B=B+E*X-B*X 330 MOVE ND
240 C=CH+E*Y-C*Y 340 NEXT N
250 D=D+E*Z 350 END

260 F=F-F*W

270 MOVE N,A

280 PLOT N,A

45 -

Amount

30 4

FIGURE 1.10 BASIC program and printout to illustrate drug profiles generated by the hydraulic model.
In the example shown. the relative transfer rates were input as 0.04 (absorption). 0.005 and 0.0005 (the
rapidly and slowly equilibrating tissues. respectively). and 0.002 (urinary elimination). The amounts of
drug in the plasma. rapidly equilibrating tissue. slowly equilibrating tissue. and urine are shown with time.

of distribution must be coupled with an understanding of stated limits of detection in
order to correctly interpret pharmacokinetics.

Distribution of drug into the body compartment is generally rapid compared with
absorption and elimination and the distribution term is generally too small to affect
the goodness of fit following an oral dose. For an intravenous dose. however. this
distribution phase has a marked effect on the initial plasma levels and this term would
need to be taken into account.

In the first edition of this book.”" a very simple BASIC program was described,
which enabled quite complex pharmacokinetic models to be constructed. This method
of representation is shown in Figure 1.10. An aliernate. and equally simple method is
Lo use a spreadsheet. such as LOTUS [-2-3. SUPERCALC, EXCEL. or QUATTRO.
In the spreadsheet method, the rate constants to be used in the model are first placed
in cells near the top of the sheet. say: cell B2 for the fraction of the drug absorbed in
unit time: cell D2 for the fraction of drug removed from the blood to the urine. For the
main part of the spreadsheet. a line of cells is set up with the initial values of drug
amounts in the various compartments: gut. blood, and urine. The cell below each of
these initial values contains the calculation for the new amount in that compartment
after the unit time interval. Thus. il the amount in the gut at zero time is set at 100 (cell
B4) then the new value in cell BS is calculated as +B4-B4*B$2. (The term B$2 rather
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than B2 is used for convenience when formulas are copied to other cells using the usual
spreadsheet methods.) Similarly, the amount in blood after the same interval is
+C4+B4*B$2-C4*D$2 and in urine is D4+C4*C$2. When these formulas are copied
for the desired number of time steps and the values resulting in the columns are plotted
as a time sequence then the classical pharmacokinetic curve shown in Figure 1.7 is
generated. More complex models can be simulated merely by extending the spread-
sheet rightward and placing the appropriate formulas in the cells for as many compart-
ments as the experimenter desires. Using this method. the identical curves can be
generated as shown in Figure 1.10 for a drug absorbed into the bloodsiream and
distributed to a slowly equilibrating tissue and a rapidly equilibrating tissue, as well as
being excreted in the urine. The effect of changing any of the rate constants listed can
be rapidly tested by changing the values al the top of the spreadsheet. This technique
is very powerful for illustrating many of the principles of pharmacokinetics and
perhaps. more importantly. for illustrating the consequences of physiological changes.
For the purposes of this example. however, the author will limit it to pointing out that
a very small amount of drug distributed to a slowly equilibrating compartment will
result in a very long residual half-life, if the analytical method is sufficiently sensitive.

At this point, we must consider the importance of drug determinations in obtaining
high-quality pharmacokinetic interpretations. If the analytical method does not have
high sensitivity. then these terminal phases will not be found, and a very important
aspect of the kinetics of a drug will consequently be overlooked. If the drug is
extensively metabolized and the metabolites have different kinetic characteristics, as
they almost certainly will, then an analytical method that does not distinguish metabo-
lites will lead to completely erroneous pharmacokinetic descriptors for the drug. In fact.
the true kinetic analysis of a plasma profile which measures more than one species will
be the sum of a number of exponentials and would be impossible to fit to a unique
equation enabling a physiological interpretation to be placed on the data.

Even when the method is sensitive and specific. it is apparent that for treatment
which involves mathematical manipulations. the numerical values assigned must be
as accurate and precise as possible. Comprehensive pharmacokinetic analysis of drug
concentrations in biological fluids may also depend on precise timing of sampling,
especially in the case of rapidly changing concentrations as. for example. immedi-
ately following a bolus injection.”? Qur concern. however, is on the importance of the
laboratory values. Ironically, the full application of pharmacokinetics demands the
most precise determinations at the lowest concentrations (i.e.. the accurate determi-
nation of terminal half-life can be very susceptible 1o errors in determination of low
plasma concentrations). The importance of this can be seen in the consideration of
the only other pharmacokinetic concept introduced in this book. This is the concept
of the area under the concentration-time curve (AUC). This concept is intended 10
convey a sense of the total exposure of the body to the drug over a given period —
the units of AUC. concentration multiplied by time. indicate this. A drug with a long,
flat profile could have a similar AUC to one with a short sharp profile, and the two
would have the same total exposure. Often the drug researcher will wish to determine
the AUC on extrapolation to infinite time to obtain the true total exposure. the AUC.,,..
To calculate AUC... it is necessary to calculate the AUC from the available data.
usually by a trapezoidal approximation and then add the terminal portion derived
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from the product of the last measured point and the terminal half-life. Because the
hall-life can only be calculaled from these later. lower concentrations. then both the
concentration and the half-life can be subject to large errors and hence the added
portion of the AUC. which may be a significant part of the total. will be subject to
large errors. Il is important for the analyst to understand this before dismissing values
measured toward the limit of sensitivity of the method as being of little importance,
when these values are 1o be used in bioequivalence studies.

It is usual to apply analytical methods of proven quality to definitive pharmaco-
kinetic studies in the early stages of administration of drug to humans. This should
establish the true elimination half-lives of the drug and also its volume of distribution
if an intravenous experiment is performed. The kinetic parameters can then be used
10 predict the course of plasma or tissue concentrations for various dosing regimens.
It is then standard 1o test these predictions by suitable sampling and assaying in
appropriate experiments. Thus. in these early phases of testing in humans. the
analytical method is critical and is extensively used. Important decisions may be
made on the basis of these experiments and the importance of high-quality data
cannot be overestimated. [n a typical series of experiments in humans. it might be
thought necessary to establish linear kinetics (i.e.. an increase in dose gives a
proportional increase in plasma concentrations at the equivalent times after dosing).
bioavailability (comparison of AUC of orally and intravenously administered drug).
and the extent of accumulation following multiple dosing. This phase of drug testing
could well involve 10.000 plasma and urine analyses. a considerable expense. even
within the enormous expenses of modern drug research and development.

1.3.6 FORMULATION DEVELOPMENT

After establishing the basic pharmacokinetics of the drug. the analytical method is
then used 1o monitor the performance of the markeled dosage form. Initially. the dosage
form is likely to be designed as the most bioavailable oral formulation. Such studies
will involve the administration of oral solutions and the developed dose 1o volunteers
in a cross-over design with the measurements of appropriate plasma profiles for
comparison with resulting AUC, peak concentration. and time to peak and hopefully
these will be identical (Figure 1.11). For further development it may be necessary to
extend the peak plasma levels (i.e.. to slow down the absorption. by changes in
formulation). while still ensuring the total exposure of the body to the same amount of
drug. In such formulations the time to peak will be later. the actual value of the peak
concentration will be lower. but the AUC,, should be unchanged in the ideal case. In
practice the AUC,, for sustained release formulations will always be less than that for
the best bioavailable form, since the sustained release formulation cannot stay al the site
of absorption indefinitely and the true biexponential curve will be truncated at the point
at which the formulation leaves the site of absorption: at this point. the observed curve
will reverl to the normal decay curve for the elimination of drug from the plasma
(Figure 1.12). The requirements for the analytical method during formulation develop-
ment are similar to those for eslablishing basic pharmacokinetics except that specificity
for the unchanged drug compared with metabolites is not so critical. provided metabo-
lism proceeds by first-order rate processes.
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FIGURE L.11 Comparison of plasma concentration—uime profiles of tolbutamide 1n subjects dosed with
three different formulations of the drug. illustrating the bioequivalence of the formulations.

1.3.7 PHASE 11 CLINICAL TESTING

Development now proceeds to early clinical trials. Analysis of drugs in biological
Muids has two distinct roles in this phase. First. it may be necessary to confirm the
kinetic picture of the drug. already seen in volunteers, in patients. as a prelude 10
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FIGURE 1.12  Effect of removal of sustained-release drug from the absorption site on the plasma
concentration—time profile. There is a sustained plasma concentration as the drug is delivered to the
systemic circulation unnl the formulation leaves the absorption site and then the plasma level decays
according to the inherent half-life of the drug.
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FIGURE L.13 Effect in change of rate of metabolism of a drug on the accumulation of drug in the tissues
following repeat administration. In the first case. accumulation is relatively modest: a decrease of Vmax
1o one-half of its normal value results in accummulation of drug in the tissues.

determining the biological effect in patients. The kinetics may be influenced by the
disease state itself, particularly in cases of renal or hepatic failure, or in hyper- or
bypotension, and this could lead 10 a reconsideration of the dose necessary in a
patient compared with doses in volunteers. An example of this is when the drug is
intended for use. or is likely to be used in aged populations. Metabolism is often
slower in such populations and more variable. as exemplified by fentiazac.” which
leads to unanticipated accumulation if the kinetics are assumed to be the same as for
healthy. young volunteers. Figure [.13 illustrates the effect on accumulation of a drug
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TABLE 1.5
Special Populations for Which
Pharmacokinetic Considerations Should Be
Applied in Clinical Phase II Studies

Elderly

Renal insufficiency
Hepatic disease
Obesity

which is metabolized at different rates in different populations. Kinetic studies in
aged populations were included in early clinical trials by many pharmaceutical
companies as soon as this problem was recognized. and is recommended by the
World Health Organization.”™ Several more categories of special populations are now
recommended for special pharmacokinetic consideration (Table 1.5)

The second role in analysis in Phase II clinical trials is testing for compliance (i.e.,
providing assurance that patients in the trial are actually taking the drug). In some ways,
this may be considered analogous to the situation already described for animal toxicity
trials where there may be concern that the animal may not have been exposed to the
test drug. However. in the clinical trial situation. the concern is whether the patient has
actually taken the drug as instructed. This can be a great problem in medicine. Patients
have been demonstrated. on the whole, to be very noncompliant with doctor’s instruc-
tions. whether in change of lifestyle or in taking medicines. unless highly motivated to
do s0.” Often, the advantage of one drug over placebo may be real. but if large numbers
of patients in the trial are not laking the drug. or are taking drugs other than those
intended in the trial, the differences will not be observed. Clinical trials are very
expensive 1o perform and obviously the quality of the decisions arising from a clinical
trial is considerably enhanced if the trialist knows absolutely that all the members of
each group in the protocol are receiving the prescribed drug. comparator. or placebo.
Al this point in the drug’s development. the extent of the absorption of the drug has
been established and the compliance test is not designed to confirm absorption. as in
the exercise of monitoring animal toxicity studies. but is intended to confirm that the
drug has actually been administered. [n its simplest form. this may consist of asking the
subject to bring the bottle back to the clinic on each visit and counting the unused
tablets. or even to use intelligent medicine bottles complete with microchip that counts
the number of times the bottle has been opened and reclosed between visits to the clinic.

A more direct test is to take blood samples and analyze them for the drug.
However, this is obviously inconvenient, and a more usual approach is to ask the
patient Lo bring or supply a urine specimen at each visit — a common procedure not
likely to cause the patient any apprehension. In fact, analysis of the sample does not
have 1o be for unchanged drug but could even be for an excipient of the tablet. or
other marker. The essential point is to establish that the patient has ingested the drug.
However. analysis for drug-related products (i.e.. metabolites. particularly in urine)
does produce more information, particularly in patients who may. legitimately or
otherwise, be taking other drugs.
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TABLE 1.6
Results of Compliance Studies During
Phase 11 Clinical Trials of Isoxepac

Trial 1: lsoxepac vs. placebo

Number of subjects
detected with

Isoxepac No isoxepac Totals
Aspirin 53 69 122
No aspirin 107 134 241
Touals 160 203 363

Trial 2: Isoxepac vs. aspirin

Aspirin 64 173 237
No aspirin 144 38 182
Totals 208 211 419

Tests developed for compliance purposes obviously need 10 be specific for a
chemical entity related to the dosage form whether it be an excipient. a marker. the
drug. or its metabolites. Because the timing of the sampling following the supposed
dose is likely 1o be unclear. quantitative information will be of little value. The
sensitivity, however, needs to be such that the drug can be detected up to 24 h after
dosing. Because of the conditions under which the compliance tests are made (often
in doctors” surgeries) then the test should be as simple as possible (a dipstick rype of
assay is ideal). In one of my laboratories we developed a thin-layer chromatography
method for an anti-inflammatory drug. isoxepac. which. though rather complex for
routine use in the average doclor’s surgery. nevertheless allowed analysis of large
numbers of samples during the clinical testing phase. This test had the advantage that
the urine could also be tested for aspirin metabolites. The test was applied to patients
in several trials of isoxepac and some of the results are summarized in Table 1.6. In
the first trial. subjects were ostensibly being tested against placebo although they
were allowed to take aspirin if they feit the need. The compliance test showed that
half of the patients could be identified as isoxepac takers. a very good figure indeed.
assuming the other hall belonged to the placebo group. However. significant num-
bers in each group were also shown to be taking aspirin. In interpretation of the
clinical results of the trial. a comparison of the group identified as isoxepac-non-
aspirin against the group identified as non-isoxepac non-aspirin would be expected
lo indicate more accurately whether isoxepac was better than placebo than merely
comparing groups according to the protocol.

In the second trial. aspirin was used as the comparator and it can be seen that more
than half of the patients were aspirin takers including a significant number of
isoxepac takers. Again, the most valid comparison of clinical efficacy would be
obtained by comparing the aspirin-non-isoxepac group and the isoxepac-non-aspirin
group. Unfortunately, in the trials described here, the development of the drug was
terminated before the clinical analysis was completed.
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TABLE 1.7
Requirements for Methods for the Analysis of Drugs in
Biological Fluids for Different Purposes

Requirement
Purpose Specificity Sensitivity Precision Accuracy Speed
Forensic toxicology Low Low Low Low Medium
Overdosage Medium Low Low Low High
Drug monitoring Medium Medium Low Low High
Pharmacology High Medium Medium Medium Low
Toxicology Low Medium Low Low Medium
Phase | Medium High Medium Medium Medium
Metabolism High Medium Medium Medium Low
Pharmacokinetics High High High Medium High
Formulation development Medium High Medium Medium High
Phase I High High High High High
Compliance Low Medium Low Low Medium
Pharmacodynamics High High High High Medium
Pharmacogenetics High Low Medium Medium Low

1.3.8 PHARMACODYNAMICS

The question of correlating plasma drug levels with pharmacological response
was referred to at the beginning of this discussion on the use of analysis of drugs in
biological fluids in research and development. When a successful drug has been
developed to the point of full clinical trials the wheel has turned full circle and there
is a renewed intellectual drive 1o attempt to relate plasma levels with effect in human
volunteers or in patients. There is greater justification in pursuing this research when
the drug has proven efficacy. and a thorough understanding of the levels necessary
1o obtain the desired effect makes formulation design and dosage regimen more
sensible. This could be extremely useful. for instance. in designing a sustained
release formulation 1o provide exactly the right plasma concentration and to avoid the
near toxic effects of large doses which may be thought necessary to achieve effective
levels for a reasonable time. Apart from avoiding the short-term high concentrations.
a suilably designed sustained release form will result in an overall smaller exposure
of the body to the drug and therefore. presumably. a safer medication. Thus. the
exercise of analysis of drugs in biological fluids is a key factor in the establishment
ol a concentration—effect relationship and the monitoring of dosage forms to achieve
this optimal performance.

[n this opening chapter. the author attempted to describe the many reasons for
analyzing drugs in biological fluids during the research. development. and use of
drugs. The discussion has brought in many different disciplines. full discussions of
which are beyond the scope of this book. but the author hopes he has given enough
of a thumbnail sketch to enable the analyst 10 appreciate the importance of various
aspects of such work. The final table in this chapter (Table 1.7) summarizes the
various topics which have been discussed and indicates the relative importance of the
features of the appropriate methods to use. A more detailed discussion of the terms.
precision. accuracy. sensitivity. and specificity is found in Chapter 10 which focuses
on development and evaluation of the analytical method.
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2.1 INTRODUCTION

[n its simplest form. the analysis of drugs consists of presenting the sample to a
measuring device and receiving the answer to the questions “What?™ and “How
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TABLE 2.1
Biological Samples Listed in Descending
Order of Fluidity Corresponding to
Degree of Difficulty of Analysis

Liquids Cerebrospinal fluid
Tears
Sweat
Saliva
Urine
Bile
Mixed Plasma
Serum
Blood
Feces
Solids Brain
Heart. kidney. liver
Lung. muscle
Bone

much?” However, a biological fluid is not a simple mixture. but a very complex one
containing many different components which may subtly react with one another and
hence contribute to some sort of interference with the end point. perhaps by elevating
the response. or by masking it, or by altering the actual values by degradation (pH
factors. enzymes). This chapter will describe some of the special problems which
arise from the nature of the fluid and its constituents.

The biological fluids that are most commonly analyzed are whole blood. plasma
(or serum). and urine. Because preparation of plasma or serum is so simple and gives
a dramatic decrease in interfering components for most types of assay. whole blood
is less often analyzed. although for small animals and forensic toxicology the direct
analysis of whole blood may be unavoidable. Less common fluids requiring analysis
include bile, sweat. milk, and saliva. Saliva may be considered particularly useful
where it can be shown to reflect accurately the concentration in blood as it is a
noninvasive lechnique. Spinal fluid may also be analyzed. particularly for com-
pounds acting on the central nervous system as the fluid may be considered 1o be in
close proximity, in physiological terms to the target organ — the brain.

2.2 PROPERTIES OF THE MEDIA

2.2.1  GENERAL COMMENTS

As few analytical end points are specific enough to be able to assay the drug
directly in the (luid, the first problem is Lo separate the drug from as much of the
endogenous malterial as possible.

Maickel” has produced an excellent practical review of the application of sepa-
ration science 10 the analysis of biological samples. The ease with which samples can
be analyzed increases with the degree of fluidity. cerebrospinal fluid generally being
the easiest fluid 1o handle. while whole blood is the most difficult (Table 2.1). To
increase the fluidity. solids. and semisolids submitted for analysis are often subjected
1o mechanical procedures. As shown in Table 2.2, these procedures may affect the
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TABLE 2.3

Characteristics of Aqueous Solvents Used for Preparing Biological

Solvent

Distilled water

DiJute acid (<0.5 N)

Strong acid (>0.5 N)

Dilute alkali (<0.5 N)

Strong alkali (>0.5 N)

Advantages

Relatively good solvent
Does not destroy tissue
constituents
Final pH near 7.0
Relatively good solvent
Denarures many enzymes
Final pH < 7.0
Foaming is minimal
Good solvent
Denatures all enzymes
Precipitates proteins
Final pH < 4.0
Relatively good solvent
Denatures many enzymes
Final pH > 7.0
Relatively good solvent
Denatures all enzymes
Precipitates proteins
Final pH > 10.0

Samples Prior to Solvent Extraction’

Disadvantages

Degree of ionisation may vary
Does not denature enzymes consistently

Final pH may vary with tissue
Considerable protein denaturation
Compounds may be acid sensitive

Clumping and aggregation may occur

Compounds may be acid sensitive
Tissue constituents may break down
Considerable protein denaturation
Compounds may be alkali sensitive
May cause foaming (soaps)
Clumping and aggregation may occur
Compounds may be alkali sensitive
Tissue constituents may break down
Foaming generally serious

sample in several undesirable ways, some leading to actual changes in concentration
of the drug in the sample (temperature effects, metal chelation, and conjugate hydroly-
sis) and some actually making subsequent handling more difficult (foaming. emulsions.
rupture of red cells). The solvent used as the medium for such procedures is critical and
Maickel has reviewed the general advantages and disadvantages of the most often used
aqueous systems (Table 2.3). Subsequent ease of extraction of the drug in the aqueous
fluid into an organic solvent will depend on the solvent used. In general, the aim is to
extract as much of the drug as possible. but leaving behind the undesired interfering
material. This is most commonly done by a combination of steps where the polarity of
the extracting solvent (Table 2.4) or the pH of the aqueous phase is adjusted.

2.2.2 BLOOD

Blood is the most complex of the biological fluids mentioned. As collected from
a subject or animal. the blood consists of a buffered clear fluid containing solubilized
proteins. dissolved fais and solids. and suspended cells. Luckily, the major constitu-
ent, the red blood cells, or erythrocytes, can be separated from the clear fluid. or
plasma, by simple centrifugation. However, if the blood is not treated carefully. the
cells can burst and separation of undesirable components becomes more difficult. For
example, ferric ions released from erythrocytes may chelate with some analytes
causing poor extraction from the aqueous phase.”” The cells can be caused to burst
by heating or by freezing. or by mechanical means such as stirring. but the most
common cause is by changing the ionic strength of the surrounding fluid by the
addition of water; the resulting osmosis causes the cells to swell and rupture. It is for
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TABLE 2.4
Order of Polarity and Other Relevant Properties of Solvents Used for the
Extraction of Drugs from Biological Fluids

Solvent UV limit (nm) Boiling point (°C) Dielectric constant
n-Hexane 210 69 Least polar 1.890
Cyclohexane 210 8l 2.023
Carbon tetrachloride 265 77 2.238
Benzene 280 80 2.284
Toluene 285 1t 2438
Di-isopropy! ether 220 68 3.88
Diethy! ether 220 35 4.335
Amyl acetate 285 149
Chloroform 245 61 4.806
Dichloromethane 235 40 9.08
1.2-Dichloroethane 230 83 10.65
Methyl-isobuty lketone 330 116
Ethyl acetate 260 77 6.02
n-Butanol 215 118 Most polar 17.8

this reason that any manipulation to change the volume of a whole blood sample
should be performed using isotonic saline.

If blood is allowed to stand without the addition of anticoagulating agents, then the
red cells will eventually clot and the resultant {luid (serum) can be decanted. Serum is,
in most respects. similar to plasma except that it does not contain the soluble factors
that lead to the clotting phenomenon. On the other hand. if anticoagulants are added and
plasma subsequently prepared. then these factors remain in the plasma and may give
rise to subtle differences when serum and plasma are analyzed. Blood is generally not
directly extracted. instead plasma or serum is always prepared first and subsequent
procedures are based on these fluids. If blood is extracted directly. it should be handled
with care 1o minimize rupture of the red cells as described above.

223 PLASMA AND SERUM

The chief feature of plasma and serum is the presence of large amounts of protein.
Obviously. the protein itself is chemically and physically different from the small-
molecule drugs normally being measured. However, there is often a strong affinity
between such proteins and drugs. and straight removal of protein such as by ultrafil-
tration or dialysis could also remove a large fraction of the drug. On the other hand,
any direct measurement of drug could possibly miss the “total™ drug present and
measure only “free” drug. In microbiological assays. only the free drug is measured
but because standards are also run in the same fluid as that being measured, it is
assumed that the quoted result would be the total amount of antimicrobial agent
present. Although one may argue that the free drug is the physiologically important
entity, as most drugs are predominantly protein bound, the free concentrations are
extremely low and it is usual to measure the total drug in plasma or serum samples.
Thus, the problem becomes one of physically destroying the binding of drug to protein
and then extracting the total drug for analysis. It should be pointed out that as the
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fraction bound is usually a constant percentage of the total. then the analyst is only
exploiting an amplification factor to make the analysis simpler. At present. this is a
lucky break for the analyst. as he or she does not need to develop extremely sensitive
methods for the unbound fraction: however. there have been recent claims that meta-
stable conformers of some drugs may be the active forms™ and if these claims are true
than the elucidation of their pharmacokinetics would require the analysis of the specific
conformer in biological fluids — a daunting task by any standards.

The first step in preparing a plasma or serum sample for analysis is (0 obtain a
protein-free aqueous solution suilable for extraction with an organic solvent. The
simplest and oldest method is to precipitate the protein and isolate the filtrate. The
protein is denatured by the precipitation and its drug-binding ability is destroyed thus
releasing total drug into the filtrate. Although caustic solutions are equally effective
in denaturing and precipitating proteins in plasma and serum. they are generally not
favored because of their propensity to form soaps with subsequent difficulty in
extraction. Popular acidic reagents for protein precipitation include trichloroacetic
acid. perchloric acid. and tungstic acid. However. such strong acids could have
detrimental effects on the drug to be extracted and any such procedure should be
tested on standard compounds rather than be used as convenient general reagents.
Stevens and Bunker™ performed a survey on the use of these acids. as well as the use
of 5 M HCl at 80°C, aluminum chloride and ammonium sulfate. and concluded that
although no method was generally applicable. aluminum chloride was the “safest™
reagent for precipitation of proteins in whole blood: the apparent low recoveries of
several drugs being due to precipitation of the drug with the protein. and degradation.

The instability of drugs at low pH can be circumvented by using organic solvents
1o denature and precipitate proteins. Dell recommends methanol or ethanol. with ai
least two volumes of ethanol being necessary (o precipitate all plasma proteins.®
Another popular solvent. particularly as a prelude to HPLC. is acetonitrile. Mathies
and Austin®' described a procedure for the analysis of anticonvulsants and analgesics
whereby plasma is mixed with an equal volume of acetonitrile. the solution is
saturated with sodium-bisulfate/sodium chloride. and the upper phase is directly
injected onto the chromatographic column.

Protein can also be denatured using proteolytic enzymes. a procedure that should
avoid the possibility of damage to the analyte using chemical-type denaturation. Such
procedures are generally found in the preparation of tissue for drug analysis. but the
enzyme subtilisin has been successfully used for the digestion of plasma proteins.
Osselton® showed that the better recoveries of drug from tissue using enzyme
hydrolysis compared with direct extraction was also obtained in the analysis ol whole
blood and plasma. In Osselton’s procedure. 200 ul plasma is buffered to pH 10.5 with
50 ul Tris buffer, enzyme is added. and the mixture incubated at 55°C for | h before
extraction with 50 pl butyl acetate. The organic phase is then analyzed by an
appropriate method. Osselton points out that the enzyme hydrolysis is most useful for
general screening procedures where it is not usually possible to optimize the normal
extraction procedures for a specific compound. A number of other proteolytic en-
zymes have been proposed (Table 2.5). which presumably could be adapted for
biological fluid assays with detriment to the cited analyte. The various methods of
separating protein from solutions containing analytes are reviewed in Table 2.6.
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TABLE 2.5

The Use of Proteolytic Enzymes for the
Preparation of Biological Samples Prior

to Drug Analysis

Drug Enzyme Reference
Amitriptyline Subitilisin 82
Trypsin. proleinases 83
Chlorpromazine Subitilisin. papain. ketodase 84
Trypsin. proleinases 84
Diazepam Subtilisin 82
Trypsin. proteinases 83
Ketodase 84
Diphenhydramine Subtilisin 82. 84
Ketodase. papain 84
Methaqualone Ketodase. subtilisin. papain 84
Methylmercury Subtilisin 85
Phenobarbitone Trypsin. proleinases 83
Phenylbutazone Subtilisin 82
Phenytoin Subrilisin 82
Trypsin. proleinases 83
Salicylic acid Subtilisin 82
Trimipramine Subtilisin 82
TABLE 2.6

Denaturation and Precipitation of Whole Blood, Plasma, or

Serum Proteins Prior to Drug Analysis

Method
Hear a1 90°C for 5-15 min
Freeze-thaw cycles
Saturation with ammonium
sulfate
ZnSO -sulfosalicylic acid
ZnSO -sodium hydroxide

Metaphosphoric acid

Perchloric acid

Trichloroacetic acid

Tungstic acid
Ethanol

Acetonitrile

Aluminum chloride

Comment

Not very efficient. may decompose analyte
Not very efficient. time consuming

Moderately efficient. high salt concentration in supernatant.

final pH about 7

Clear solution. mild enough for RIA

Excellent efficiency. fine precipitate final pH about 7.
suitable at low lemperature

Excellent efficiency. reagent needs to be kept cold. acidiry
(pH < 3) may decompose analytie

Excellent efficiency. reagent needs to be kept cold.
explosion hazard. Final pH (<3) may be detrimental 1o
analyte. Most basic compounds can be safely extracted

Good efficiency. reagent needs 1o be kept cold and may be
difficult 10 remove from analyte

Two volumes of ethanol are required for complete
denaruration. suitable if drug is unstable at low pH
1.5 volumes required for complete denaturation

Loose floc minimizes coprecipitation of analyte

Particularly suitable for subsequent HPLC

Better than ammonium sulfate or tungstic acid for basic
compounds

41

Reference
76

76

76. 86

87
76

76

76. 86

76

88
80

89-91t

86
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TABLE 2.7
Protein Binding of Some Basic Drugs

Drug pKa % Bound to References
Aminoglutethimide 42.11.9 25-30 o, -acid glycoprotein 93
Dipyridamole 6.4 98 o, -acid glycoprotein. albumin 94
Fluvastarin — 67.99  o,-acid glycoprotein. albumin 95
Furosemide 38 99 Albumin 93
Phenytoin 8.3 90 Albumin 93
Tacrolimus (FK506) — 75-80 Plasma protein. albumin 96

Protein binding is a phenomenon that is important for the transport of drugs in the
blood, and sometimes for the solubility of the drug also. As detailed above, the usual
methods of extraction tend to break down such binding so that the total drug in the
fluid is usually measured. There may be occasions when it is desirable to measure the
so-called free drug as well to be aware of the extent of protein binding normally
encountered. Acidic drugs such as barbiturates are generally considered to be strongly
bound, whereas basic drugs tend not to be. However, there are exceptions to this rule
(Table 2.7). Protein binding of phenytoin is affected by valproic acid.*?

Although plasma is a very complex fluid. its composition is remarkably stable and
even in patients there are rarely gross changes in the composition that the analyst will
not have accommodated before evaluating a method. Thus the pH is never outside the
range 7.30 to 7.50 and the total protein and salt concentrations are also well con-
trolled. The lipid content, however, can vary considerably, often being associated
with the timing and nature of meals. If a plasma concentration—time curve is being
constructed, lipid content can be a factor affecting analysis and especially fatty
samples which may require a specific partitioning step to remove lipids. Indeed. in
such situations a partition step in the standard procedure may be necessary, even
though development using low-lipid control plasma may not have indicated that such
a slep was necessary.

It is important to recognize that some changes in plasma constituents can have an
impact on the actual levels of drug, as distinct from factors which interfere with the
analysis. An example of this is the potential for some drugs to displace others from
their protein-binding sites. In such cases. the physiological effect of the drug may
depend on only the unbound, or free, concentration, yet because there are fewer
binding sites available. the total drug measured will appear inappropriately low for
the observed effect. Thus, many researchers advocate the analysis of the free drug as
the true indicator, notwithstanding the increasingly difficult problem imposed on the
analyst. For such determinations. ultrafiltration methods have become popular to
separate free drug from bound drug using commercially available filters.””*® How-
ever, such low concentrations as would be found for the free drug may be outside the
limit of detection; an alternative strategy would be to assess the percentage bound by
equilibration with a radiolabeled drug in the same plasma sample prior to the usual
analysis for total drug.

Not all analysts subscribe 10 the philosophy of protein denaturation prior to
extraction. Although drugs may be strongly bound to plasma proteins, the binding is
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TABLE 2.8
The Use of C-18 Bonded Phases for Prepurification of
Biological Samples Prior to Drug Analysis

Drug Reference
Amitriptyline. imipramine. nortriptyline, desipramine 103, 104
Diazepam. desmethyldiazepam 105, 106
Temazepam, oxazepam 105
Demoxepam. N-desmethylchlorodiazepoxide. chlordiazepoxide 106
Terbutaline. salbutamol. fenoterol 107
Cyclosporin A 108
Zeranol. stilboestrol 109
Protryptiline 104
Probenecid 110
Ethynylsteroids 111
Chloramphenicol 112
Doxorubicin 113
Mebendazole 114
Phenobarbitone. phenytoin. primidone. ethosuximide. carbamazepine 115

reversible. Hence al an appropriate pH. the sample can be extracted with an organic
solvent. If the partition into the organic solvent for the un-ionized form of the drug
is sufficiently high, then the binding equilibrium can be shifted sufficiently to allow
efficient extraction into the organic solvent. The strategy would be to adjust the pH
with the minimum amount of buffer and then extract with a relatively large volume
of solvent. The advantage of this procedure is that one avoids a filtration or decan-
tation step which makes possible adaptation as a routine procedure for large numbers
of samples, a real problem for laboratories supporting toxicology and clinical phar-
macology studies.

This pressure on the laboratory to perform large numbers of assays has resulted
in the search for simplifying this important first step in the analysis, possibly by
reducing the number of operations to be performed. Thus, the initial extraction may
be replaced by adsorption of the analyte in solution onto a solid matrix and subse-
quent elution with a much smaller volume of solvent. Several methods have been
proposed which allow the raw sample to be added to a column of adsorbent, which
may be charcoal,'%'9? modified silicas (Table 2.8), or ion-exchange resins (Table
2.9). This subject is discussed more fully in Chapter 12.

A final point that needs to be made regarding the constituents of plasma or serum
is the possible presence of enzymes which may continue the degradation of the drug
after the sample has been collected. Particularly important in this respect are the non-
specific esterases which will convert esters to the free acid and alcohols. The nature
and activity of these esterases may vary considerably from one species to another.

2.24 URINE

Urine, unlike plasma or serum, is generally free of protein and lipids and therefore
can usually be extracted directly with an organic solvent. Urine does, however, have
a wide variation in its composition, this most obviously being seen in the dark amber
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TABLE 2.9
The Use of Exchange Resin XAD-2 for Pre-Extraction of
Drugs from Biological Samples

Drug References
Amphetamine. diphenhydramine. haloperidol. flurazepam. chlordiazepoxide 116
Phenformin 17
Morphine 118
Phenobarbitone 83
Amitriptyline 83.116. 119
Diacsepam. chlorpromazine 83. 116
Codeine I16. 118
Barbiturates 120. 118, 119
Oxycodone 121
Meperidine. phencyclidine. lidocaine. methapyrilene., propoxyphane. 116.119

imipramine. doxepin. cocaine

of an overnight spectmen compared with the pale urine collected during the day. The
gross composition of urine depends very largely on the diet and this can account for
a quite startling range of colors. Fortunately the normal type of compound found in
urine is water soluble. whereas most drugs are lipid soluble and can be extracted with
an appropriate solvent. One of the greatest difficulties that arises. however, is the
volume of urine that may be produced over fixed time intervals. For most analytical
tests it is usual to perform the analysis on a fixed volume of sample: with urinary
excretion, however. it is the amount of substance excreted in a certain interval which
is of interest. not its concentration. and the amount is obtained by multiplying the
volume by the concentration. The problem that arises is twofold: if the urine volume
is large. then the sample is dilute and the method may be operating near its limit of
detection, and the inevitable errors at the low concentrations will be multiplied on
adjustment for the volume. The large relative error becomes a large absolute error in
assessing the amount of urinary excretion. Thus in a series of urines collected from
a single subject. the individual urine samples will be subject to different errors and
there will be considerable uncertainty in the total drug excreted. It is wise Lo be aware
of this factor when drawing conclusions over total drug excretion: the error in one
urine collection could well exceed the total in another collection in the same series.

A related problem has been noted in the assay of the urine of athletes. when
random test samples, particularly for abnormal levels of caffeine, have been taken
following a race. The sport has set a concentration limit for caffeine in urine;
however, the urine can become very concentrated particularly when the athlete is
dehydrated and a normal level of caffeine can easily turn into a prohibited level.
Sports authorities have been castigated for taking an unscientific view of the problem
and its interpretation.'? On the other hand, the nature of the urine sample can often
cause false negatives. Lafolie'** prefers to assess the possibility of false negatives by
reference to creatinine content rather than the color differences in urines as suggesied
by Simpson et al.?*

Urine has a wide range of pH values, predicated to a great extent on the diet, or
on medication. Antacids. for example. if absorbed, may cause the urine to be alkaline:
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strongly acid urine is less likely, the normal pH range being 5.5 to 7. This applies to
the pH of the urine as excreted. The nature of the excreted drug could depend on the
pH at this time. Weakly basic drugs such as amphetamine are more efficiently
excreted in acid urine, whereas weakly acidic drugs are more excreted in alkaline
urine.' Urine which is left standing will slowly lose carbon dioxide and become
more alkaline, resulting in the precipitation of inorganic phosphates. In addition to
the pH change, which can cause changes in degradation of the analyte. the analyte
may coprecipitate with these phosphates and be lost for the analysis. Thus. stored
urine will have a different composition from fresh urine and analytical methodology
and assessment of stability of drug in this matrix must account for the properties of
both types.

One aspect of urine that may be overlooked when used in quantitative studies is
the method of sampling and the amount sampled. Does the subject provide a com-
plete emptying of the bladder so that a total production of drug or metabolite into the
urine over a given period can be calculated? Subjects asked 10 provide a sample™
may give the minimum and it may be of a first catch rather than a midstream sample.
which may or not be representative. Cone et al.!”® studied this in connection with
marijuana metabolites and concluded the concentrations were similar for consecu-
tively collected samples of the same urine voided.

225 MILK

Milk is not a very usual fluid for the analysis of drugs. but it is occasionally of
interest when trying to establish whether drugs may be transferred from mother to
infant by this route. Most authors seem to be able to adapt existing methods for
urine'?” or serum'** 1'% without much difficulty. The main problem would seem 1o be
the presence of fats in milk (approximately 4.5% in mature human breast milk). and
a method for phylloquinone uses lipase to hydrolyze fais in the sample prior to
HPLC."™" Alternatively. the defatting step that is recommended above for processing
plasma samples may be sufficient. as applied by Heintz et al.'*? for the analysis of
tenoxicam in human breast milk. In this procedure. fats were removed by washing
0.5 ml breast milk. buffered 1o pH 3 to 4. with 10 ml n-hexane.

22,6 CEREBROSPINAL FLUID

Cerebrospinal fluid is another biological fluid which is thought to be closer 1o the
site ol action of drugs and natural biological agents than the usually assayed plasma
or serum. Not surprisingly. attempts have been made to analyze drugs with pain-
killing activity in this fluid. Samples are. however, not so easily obtained. although
when they are available. techniques that have been developed for plasma or serum
seem to be readily applicable. Such unmodified assays have been reported for [3-
endorphins and other peptides.''* enkephalin.'* morphine.'* and nimodipine.'*®

2.2.7 BILE

Bile is a complex and variable fluid which is not frequently used for the assay of
drugs. partly because of the difficulty of collection and also because any systems of
removing bile will interfere with the process being investigated. Nevertheless. liver
perfusion studies in vivo will often involve such analyses, particularly where conjugat-
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TABLE 2.10
Comparison of Compositions of Saliva, Blood, Plasma, and Serum

Saliva Blood Plasma Serum
Water 99.5% — 90-95% 90-95%
Specific graviry 1.002-1.008 1.05-1.06 1.025-1.029 1.024-1.028
pH 5.17-6.77 7.36 7.32 7.32
Total protein 262 mg/100 ml — 6550 mg/100 ml —
Total lipid 2.8 mg/100 ml — 500 mg/100 ml —
Fibrinogen — — 330 mg/100 ml —
Cholesterol <! mg/100 ml — — ¢200 mg/100 ml
Chloride 102.8 mg/100 ml 300 mg/100 ml 350 mg/I00 m! 350 mg/100 m!
Hemoglobin 0 15 g/100/ml — —

ing enzymes are being investigated. Because of its character, methods developed for
fluids with well-established consistency are not immediately adapted for bile. For
example, blood, urine. vitreous humor, and cerebrospinal fluid could be analyzed
directly for morphine using commercial RIA kits, but bile needs to be made alkaline
and extracted with dichloromethane:propanol and the residue reconstituted in serum. '

228 SALIVA

Saliva is a colorless, transparent or translucent, somewhat viscid material of low
viscosity. Its attraction for bioanalysts is that it is relatively free of interfering
substances. is easily extracted by organic solvents. and is thought to reflect the levels
of nonprotein bound drug in the blood. For nonionized drugs such as steroids, the
drug should readily cross from plasma to saliva and this would represent a noninvasive
method of monitoring.

Normal subjects may produce up to 2 | of saliva in 24 h, with a more or less
continuous flow of 15 ml h-! between meals. Collection of a reasonable sample in a
reasonable time is tedious for normal subjects but larger samples can be readily
obtained by stimulation of the glands by chewing an inert material such as parafilm
or by using citric acid. Schramm et al.'’”-'*® have described and evaluated a device
consisting of sucrose granules enclosed in polyurethane-bonded cellulose semiper-
meable membranes, which, when placed in the mouth. collect an ultrafiltrate of
saliva. This ingenious device bypasses several of the problems of collection and
handling of the fluid. Stimulated saliva is also reported to be more consistent in its
pH value (pH 7.0 to 7.8).'%“0 The composition of saliva compares well with those
of blood. plasma, and serum (Table 2.10).

Authors reporting on the analytical methods for determining drugs in saliva do not
seem to have experienced any particular problem in adapting existing methods for other
fluids such as plasma or serum: minor problems have been noted with absorption of
phenytoin to the mucoid proteins of saliva'*! and occasional adsorption of drugs to the
stimulation material. The principal problem with analysis of drugs in saliva is not a
technological problem but is to establish the relevance of results of such analyses.
Assuming the transfer of drug from blood to saliva is by passive diffusion, then the
relationship between saliva and blood concentrations can be expressed from theoretical
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TABLE 2.11
Theoretical Distribution of Acid and
Basic Drugs Between Saliva and Plasma

Acid drugs pH of saliva

pKa 6 6.5 7 7.5 8
2 0.04 0.13 0.40 1.26 3.98
3 0.04 0.13 0.40 1.26 3.98
4 0.04 0.13 0.40 1.26 3.98
5 0.04 0.13 0.40 1.26 3.98
6 0.04 0.13 0.40 1.26 3.98
7 0.04 0.13 0.40 1.26 3.97
8 0.08 0.16 0.42 1.25 3.87
9 0.31 0.37 0.57 1.19 3.13
10 0.81 0.82 0.88 1.05 1.60
11 0.98 0.98 0.99 1.01 1.07
12 1.00 1.00 1.00 [.00 1.01

Basic drugs pH of saliva

pKa 6 6.5 7 7.5 8
2 1.00 1.00 1.00 1.00 1.00
3 1.00 1.00 1.00 1.00 1.00
4 1.00 1.00 1.00 1.00 1.00
5 1.00 1.00 1.00 1.00 1.00
6 1.01 1.00 1.00 [.00 1.00
7 1.10 1.03 1.01 1.00 1.00
8 1.92 1.27 1.06 0.99 0.97
9 7.87 2.98 1.43 0.94 0.79

10 20.28 6.55 2.21 0.84 0.40
11 24.53 7.7 2.47 0.80 0.27
12 25.06 7.93 251 0.79 0.25

considerations. Researchers can then decide whether the levels to be expected are
within their analytical capabilities and once analytical values have been obtained. they
can make the appropriate extrapolations to determine blood concentrations. By apply-
ing the usual Henderson-Hasselbach equation. the ratio of drug concentrations for a
weak acid (pKa) in saliva and plasma can be expressed as:

| +10'PHoravapkal fraction unbound in plasma

ratio = (pH o) plasma-pKa) X : : :
1+10 fraction unbound in saliva

with a corresponding equation for weak bases of

oo 1T [QPKepHotavar  fraction unbound in plasma
1 = -
|  [QPRapH ol Plasmar “° e otion unbound in saliva

Table 2.11 shows the calculated ratios for acid and basic drugs assuming a plasma
pH of 7.4 and minimal protein binding in saliva. The pH of the saliva can have a
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TABLE 2.12
Saliva and Plasma Distribution of Acid
and Basic Drugs

Drug pKa  Saliva/Plasma ratio References

Acidic drugs

Carbamazepine — 0.37 142
Diazepam 3.3 0.03 143
Ethosuximide 9.5 1.0 144
Phenobarbital 7.2 0.41 144148
Phenytoin 8.3 0.13 144148
Primidone — 1.0 144,147, 148
Tolbutamide 54 0.01 145. 149
Basic drugs

Antipyrine 1.4 0.9 144, 145. 150
Pethidine 8.7 — 145
Procainamide 9.4 -9 145. 151
Propranolol 9.5 0.2-2.7 145

dramatic effect on the distribution and at low pH values and for acidic drugs that are
99% bound to plasma proteins. the concentration in saliva would be a 0.0004 that of
plasma. Thus. for any meaningful interpretation. it is essential to measure the pH of
saliva on collection. Table 2.12 lists several drugs for which correlations between
unbound plasma concentrations and salivary concentrations have been investigated.

229 BLISTER FLUID

Blister fluid obtained from suction-induced skin blisters is similar to interstitial
fluid and exudate in a mild inflammatory reaction and contains proteins and lip-
ids."™>'5* [t has been used for studying the pharmacokinetics of ibuprofen.’™

2.2.10 SYNOVIAL FLUID

The analysis used was the same used for plasma for anti-inflammatories by
HPLC.'** and similarly for the analysis of enantiomers of (lurbiprofen in synovial
fluid and plasma of patients with rheumatoid arthritis; the limitation of the synovial
fluid was only on the small amount of sample available.'* Also. the same method of
extraction was used for synovial fluid as for plasma in the assay of diclofenac.'”

2.2.11 AQUEOUS HUMOR
Analysis was the same as for plasma for imipenem by HPLC.'

2.3  DRUG METABOLITES

All biological fluids have the potential presence of metabolites of the drug being
investigated. This phenomenon has been particularly exposed since the advent of
chromatographic methods of separation. Before these procedures. the classical meth-
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ods of analysis included metabolites because their properties were naturally similar to
the properties of the parent drug. The analyst needs 10 be aware of the type of metabolite
that will be produced from a particular drug. This is a highly complex subject and the
complete metabolism of any drug cannot yet be predicted from its structure alone and
the analyst must be guided by experiments performed specifically to elucidate the
metabolic pattern for the drug in various biological fluids. It should not be forgotten,
either. that as metabolism is an ongoing process and metabolites themselves have their
own kinetics. that the amounts of metabolite relative to parent drug will also change
with time. The following is a brief account of the more common metabolic pathways
thal have been described for drugs and other small foreign compounds. Descriptions of
details on the assay of specific drugs should always include a description of the
metabolites to be expected and the effect they may have on analysis.

Drug metabolism has been described as a detoxication mechanism. This. however,
could be a misleading term. Dutton'>® has pointed out thal the actual mechanisms that
act on foreign compounds have evolved to protect the animal against certain com-
pounds that would otherwise be toxic and that this process of evolution has ensured that
these mechanisms are successful against naturally occurring compounds. However,
when the organism is challenged with a new compound. then the evolution time is not
sufficient to evolve the specific detoxication required and the new compound is simply
a good or bad substrate for the enzymes it encounters. The resulting products can just
as easily be more rather than less toxic and the term “detoxication.” when one means
metabolism is 10 be avoided. As explained below, most transformations do result in
more waler-soluble compounds which would be more readily excreted.

Williams'® has classified the stages of metabolism into two phase. In the first
phase. the drug is attacked by a single enzyme 1o effect a simple change in its
structure. Such reactions are usually oxidations. reductions. or hydrolyses which
usually result in a structure with a convenient functional group or “handle™ which is
utilized in the second phase. The second phase involves a synthetic step where a
water-soluble function is added to a functional group of the drug or of its phase |
metabolite 10 form a water-soluble conjugate which is readily excreted by the body
usually via the urine. The main site of both phases of metabolism is the liver.
Although other tissues may also be capable of drug transformations. they generally
have lower capacity and the metabolism by liver overwhelms the metabolism by
other routes. Some drugs may exist in a form which is directly amenable to second
phase metabolism. such as carboxylic acids which may be conjugated with a variety
of sugars or sugar acids or with amino acids.'®!

2.3.1 PHASE I METABOLITES
2.3.1.1 Oxidation

Aromatic compounds such as benzene are metabolized by direct hydroxylation,
benzene itsell being metabolized 10 phenol. and naphthalene being metabolized to 3-
naphthol. Further hydroxylation to catechols may also take place. Aliphatic compounds
are metabolized by w-hydroxylation to the primary alcohol. Above a certain chain
length, however, ®-1 hydroxylation predominates as exemplified by the xanthine,
pentifylline which is metabolized by oxidation of the hexyl side chain (Figure 2.1).'¢
Alcohols are further oxidized to aldehydes and ketones and aldehydes subsequently
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FIGURE 2.1 Oxidation of the hexyl side-chain of pentifylline. an example of w- | (omega) hydroxylauon.

oxidized to acids. Thus. the metabolism of an aliphatic side chain such as that for
pentifylline will proceed via this series of oxidations to yield a complex mixture of
acids. ketones. and alcohols — all eliminated in the urine as shown in Figure 2.2.

In fact. the oxidation of alcohols to the corresponding aldebydes or ketones is a
reversible reaction and the relative amounts of the two forms depend on the structure
of the drug and on the species. When the xanthine oxpentifylline is administered. the
reduced metabolite appears in plasma in a constant ratio to the amount of
oxpentifylline'®* although the ratio is different for different species (Figure 2.1).
Aromatic ethers are converted 1o phenol by o-dealkylation. the alkyl group being lost
as the corresponding aldehyde (Figure 2.3) as described by Brodie et al.'** Similarly,
thiol ethers such as 6-methylthiopurine (Figure 2.4) are oxidized by S-dealkylation.'®

Aromatic amines are hydroxylated to the corresponding hydroxylamino com-
pounds: sulfanilamide is hydroxylated at the N‘-amino group to give p-
hydroxylaminobenzenesulfonamide (Figure 2.5).'° Tertiary amines may be oxidized
to the N-oxide. the main route of metabolism of the benzodiazepine. loprazolam
(Figure 2.6).'°” Secondary amines are dealkylated to primary amines and the corre-
sponding aldehyde (Figure 2.7). Thioethers are converted by oxidation to sulfoxides,
an example being the metabolism of the phenothiazine, quinuclidinyl-3-methyl-10-
phenothiazine (Figure 2.8).'%%19° Thiones may be oxidized to the corresponding oxo
compound as in the metabolism of thiobarbital to barbital (Figure 2.9).'7° Metabolism
is sometimes reversible as for example in the interconversion of 4-amino-5-chjoro-
2-[(methylsulfinyl)ethoxy|-N[2-(djethylamino)ethyl|benzamide and its sulfide and
sulfone metabolites in rats.'”

Primary amines such as mescaline may be oxidatively deaminated, being con-
verted to the corresponding phenylacetic acid (Figure 2.10).'"
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FIGURE 2.2 Metabolism of pentifylline by successive oxidation of the hexyl side-chain.
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FIGURE 2.4 S-Dealkylation of 6-methylpurine.
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FIGURE 2.5 N-Hydroxylation of sulfanilamide.
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FIGURE 2.6 N-Oxidation of loprazolam.
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FIGURE 2.7 Dealkylation of secondary amines.

FIGURE 2.8 S-Oxidation of a phenothjazine.
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FIGURE 2.9 Conversion of thiobarbital to barbital.
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FIGURE 2.10 Oxidative deamination of mescaline.



54 The Analysis of Drugs in Biological Fluids, 2nd Edirion

ZI

N SO,NH,

N = - SO2NH;
HN
NH, NH,
—_—_—
NH, NH
H2N SO,NH,

NH2

FIGURE 2.11 Reduction of prontosil.

23.1.2 Reduction

As mentioned. the oxidation of alcohols to ketones is reversible and thus the
metabolism of ketones would be expected to result, in some degree, in the formation
of alcohols. Culp and McMahon'"* studied the reduction of a number of aldehydes
and ketones in an in vitro study showing the effect of substituents on the reduction.

Carbon-carbon double bonds are also reducible to the saturated equivalent. al-
though this appears to be relatively rare. Nitrogen-nitrogen double bonds. as in
prontosil, are reduced to primary amines, probably via the hydrazine (Figure 2.11).'™
Nitro groups, particularly aromatic nitro groups are reduced to the primary amine, an
example being the metabolism of nitrazepam (Figure 2.12).'7

2.3.1.3 Hydrolysis

All types of esters are readily hydrolyzed by a variety of specific and nonspecific
esterases.!”!”” However, these esterases may be specific for certain species and
tissues and the hydrolysis is not easy to predict. Amides are also hydrolyzed but not
as readily as esters. For example, the amide analog of procaine, procainamide, unlike
procaine itself. is only slowly hydrolyzed in the body (Figure 2.13).'™
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FIGURE 2.12 Reduction of nitrazepam.

2.3.2 PHASE I1 METABOLITES
2.3.2.1 Glucuronidation

Conjugation with glucuronic acid (Figure 2.14) is the most common, and most
extensively studied mode of phase [l metabolism. The conjugation may occur through
an ether-type linkage with alcohols. phenols. or through an ester-type linkage with
carboxylic acids. The resulting highly water-soluble derivatives are then excreted in the
urine. A feature of such conjugates, however. is that they are readily hydrolyzed by
dilute alkali and therefore may often be the cause of anomalously high urine levels of
unchanged drug, especially if the urine is allowed 10 become alkaline on standing.'™

Hydroxylamines are readily conjugated with glucuronic acid. an example being
the conjugation of N-hydroxy-2-acetylaminofluorene (Figure 2.15)."® Another un-
stable glucuronide is that formed by the enol form of a ketone (Figure 2.16).'8' S-
Glucuronides are formed with thiols. being analogous to O-glucuronides formed with
alcohols.'®? N-Glucuronides. such as that formed with nomifensine'®® are extremely
unstable at pHs other than neutral, so much so that there is doubt as to whether
nomifensine itself circulates in plasma as the free compound. The conjugate appears
1o be the major form circulating in the plasma and if extreme care is taken when
preparing the samples. only ng ml''is found in the plasma of subjects given thera-
peutic doses'® rather than pg ml ' levels initially reported. Glucuronic acid may also
conjugate with the barbiturates through N-glucosylation as described in human urine
for phenobarbital'®>1%8 and amobarbital.'®?

H
(6] o CoHg o N\/\ CoHs
\/\N/ N/

CoHs CzHs

NH, NH;

FIGURE 2.13  Structures of (a) procaine: (b) procainamide.
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FIGURE 2.14  Structure of glucuronic acid.

2.3.2.2  Sulfation

Conjugation with sulfuric acid is the second most important method of conjuga-
tion for drugs and their metabolites, particularly for phenols and alcohols. Aromatic
amines may be sulfated to form sulfamates (Figure 2.17).'°

2.3.2.3 Acetylation

Conjugation with acetic acid is often classified as a phase II metabolic step. but
is often associated with direct acetylation of the parent drug rather than as a second
step in the metabolic pathway. Acetylation of aromatic amines and sulfonamides is
common (Figure 2.18).'" Acetylation is of interest. not only as a method of elimi-
nating foreign compounds. but in characterizing the metabolic capacity of individu-
als or populations — a subject discussed more extensively in Chapter I.

Glycine may conjugate with carboxylic acids to form hippuric acids: the classic
example being the conversion of benzoic acid to hippuric acid itself (Figure 2.19).'*
Methylations occur when the drug substrate has a resemblance to endogenous sub-
strates for this reaction such as for the methylation of catecholamines and histamines.

As mentioned. the metabolic transformation of drugs does not guarantee deacti-
vation of the molecule. All of the above reactions are capable of transforming an
administered molecule into one which is either pharmacologically more active. or
which is toxic. A number of examples are given in Table 2.13. All of the phase | and
phase II reactions are of course. not mutually exclusive. It can be seen that one
reaction could produce a product which could be a suitable substrate for another and
a sequence of reactions could be postulated incorporating a number of the steps
outlined above. For example, the structure N-methylphenylethylamine could suffer

COOH
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FIGURE 2.15 Glucuronic acid conjugate of a hydroxylamine. N-hydroxy-2-acetylaminofluorene.
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FIGURE 2.16 Unstable glucuronic acid conjugate of the enol form of androstenedione.
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FIGURE 2.17 Sulfation of aromatic amines.
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FIGURE 2.18 Acertylation of sulfonamide.
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FIGURE 2.19 Conjugation of benzoic acid with glycine to form hippuric acid.
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TABLE 2.13
Examples of Metabolism Producing More Active or
More Toxic Compounds

Compound Metabolic pathway Effect Reference
Acetanilide Deacetylation Aniline causing methemoglobinemia 193
Acetanilide Oxidation Active metabolite acetaminophen 193. 194
Acetohexamide Hydrolysis Hypoglycemic metabolite 195
Allopurinol Oxidation Active metabolite oxipurinol 196
Bambuterol Esterase Terbutaline prodrug 197
Carbamazepine Epoxidation Active metabolite 198
Clobazam N-demethylation Longer lived norclobazam 199
Codeine Demethylation Active metabolite morphine 200
Diazepam N-desmethylation Active in autonomic nervous system 201
Diphenoxylate Hydrolysis Active metabolite diphenoxylic acid 202
Glutethimide 4-hydroxylation Metabolite causes coma. ataxia 203. 204
Isoniazid Hydrolysis Acetylhydrazine promotes hepatitis 205
Lignocaine N-dethylation Toxic glycinexylidine 206
Primidone Oxidation Active metabolite phenobarbitone 207

successively demethylation, oxidative deamination, and conjugation with glycine.
On the other hand. the drug molecule may be subject to several different concurrent
conversions as exemplified by chlorpromazine (Figure 2.20) which is metabolized by
7-hydroxylation, S-oxidation. and N-demethylation. These three conversions alone
lead to eight possible metabolites, and at least 20 urinary metabolites of chlorpromazine
have been characterized®® with as many as 200 being postulated.*®

All of these reactions may occur with any particular drug. However. the extent of
any particular reaction or chain of reactions depends on the ability of drug and
intermediate metabolites to act as substrates for the particular enzyme and the
rapidity with which the substrate is removed from the metabolizing sites. Thus. a
drug such as isoxepac which is rapidly converted to a water-soluble. readily excreted
glucuronide is not exposed to other metabolizing enzymes to any great extent and is
largely excreted in the urine as this conjugate and only small amounts are excreted
as hydroxymetabolites.’'°

This short description should give one an idea of the range of metabolic reactions
that can occur for drug molecules but by no means attempts to show how one could
predict the metabolism of any particular compound. This could well be a goal for
those who study the mechanisms of drug metabolism, but most researchers agree that

CH2CH2CHoN(CHa),

N

FIGURE 2.20 Structure of chlorpromazine.
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FIGURE 2.21 Plasma concentrations of triamterene as measured by a non-specific fluorescence method
and a specific HPLC method following an oral dose of 50 mg triamterene to a human subject.

the state of the art is such that each new chemical entity needs to be studied separately
Lo ascertain the metabolites which are likely to be in biological fluids and which may
affect analytical procedures.

2.3.3  SIGNIFICANCE OF METABOLITES

Older methods of analysis of drugs in biological fluids. such as fluorimetry or
ultraviolet spectroscopy. tended to include metabolites in the measurement. because
these compounds have similar structures to the drug under study. Triamterene. a
diuretic. is extremely fluorescent and this property was used to devise a very sensitive
fluorescence assay.’'’ However, with the advent of chromatographic methods of
separation of closely related molecules (Chapters 5. 6. and 7). it was realized that
much of the fluorescence in plasma and urine was due to rwo metabolites. the
hydroxy melabolite and possibly its sulfate conjugate.’’? Figure 2.21 shows the
difference in the plasma concentration-time profiles for this drug using the direct
fluorescence method and a very specific chromatographic method.

Even using chromatographic methods. the analyst needs to be aware of the
presence of labile conjugates that could revert 1o parent drug if over enthusiastic
methods are used for preliminary extraction. Thus. at least two separale chromato-
graphic methods for the determination of nomifensine in human plasma were pub-
lished?'*?'* before it was pointed out that the circulating form of the drug was the
labile conjugate and the true levels of unchanged nomifensine were only one-
hundredth, if that. of the previously reported concentrations following therapeutic
doses.'® As elaborated in later chapters. it is important 10 consider the possibility of
the interference by metabolites in particular methods of analysis.

It may also be important in drug analysis. if the metabolite itself has activity. to
measure the concentration of metabolite. in addition to measuring the concentration
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FIGURE 2.22 Plasma concentrations of clobazam and its metabolite desmethylclobazam following an
oral dose of 30 mg clobazam to a human subject.

TABLE 2.14
Interference in Drug Analysis by Coadministration
of Other Drugs

Drug Method Interference Reference
Acetaminophen Colorimetric Salicylates 220
N-Acetylprocainamide HPLC Codeine. caffeine 221
Chloramphenicol HPLC Methicillin. theophyiline 222
Demoxepam HPLC Phenytoin 223
Imipramine HPLC Thioridazine 224

EMIT Thioridazine 224
Maprotiline HPLC Benzodiazepines 225
Meprobamate TLC Barbiturates 226
Methotrexate HPLC Triamterene 227
Mexilitine HPLC Disopyramide 228
Opiates RI1A Pholcodine 229

EMIT Pholcodine 229
Phenylbutazone Colorimetric Barbiturates 230
Procainamide HPLC Acetaminophen 221
Theophylline RIA Dimenhydrinate 231

HPLC Salicylic acid 232
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of the parent drug. If the compounds are equiactive, and have identical pharma-
cokinetics, then it may be permissible to tolerale an assay which measures the
sum of the two: for example, pentoxifylline does not separate from its reduced
active metabolite on nonpolar gas chromatography columns.?’> However, if the
compounds are not equiactive, then the significance of the pharmacokinetics
derived from such measurements will be difficult to interpret. A clearer picture
emerges when the drug and metabolite can be determined separately, but prefer-
ably, as far as the analyst is concerned. in a single assay. Thus the measurement
of clobazam.?'® a short-lived benzodiazepine, and its desmethyl metabolite, a
long-lived but less active benzodiazepine, is a very useful exercise (Figure 2.22).
It is now well recognized that pharmacokinetic studies must now only be per-
formed when a specific analytical method is used to determine drug concentra-
tions in biological fluids, even for enantiomers as described in more detail in
Chapters 6 and 7. Smoking may alter the pharmacokinetics and metabolism of
many therapeutically important substances. mainly due to induction of drug-
metabolizing enzymes.?'” 219

24  PRESENCE OF OTHER DRUGS

In the development of drugs, when animals and normal volunteers are used to
investigate the pharmacokinetics of novel compounds, the presence of other drugs
is not a problem. However, when the drug is being used in practice. either in
patients or in other investigations. then it is important to consider the impact of
other drugs. In forensic toxicology and related investigations, the problem is that
the drug is unknown and the presence of other drugs is part ol the problem being
investigated. However, once the first drug has been identified, the investigation is
not complete, as in an overdose case the selected corrective measures may not be
appropriate for other drugs present in the patient.

Once a development compound begins clinical studies. it is important to estab-
lish that the same kinetics apply as those found in normal volunteers: an example
of this is the fact that many antiarthritic drugs have a longer hall-life in elderly
patients than in young volunteers and the recommended dosage may lead to toxic
symptoms that could otherwise be avoided. It is also likely that patients may be
receiving other drugs and the potential for interference in the analytical method
must be considered. Several such interferences have been described (Table 2.14).
Although the analyst who develops the original method will attempt to make the
method reasonably specific and can guard against a limited selection of coprescribed
drugs. the potential for interference from such sources is enormous. particularly
when one considers the range of metabolites that is also possible from any one
particular drug. Consequently, this is a problem that the analyst needs to keep
continually in mind and deal with when it arises.
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A more controllable situation arises, however, when a drug is being developed in
combination with another. On the one hand, a fixed combination of drugs commonly
coprescribed allows the safety of a combination (o be assessed more accurately: on
the other hand. a fixed combination may not be right for a particular patient.
Although there was a rise of fixed combination drugs during the 980s. such
innovations have lessened recently as regulatory authorities have begun to treat these
preparations more cautiously.

Common combinations have included painkillers, cough mixtures, antibiotics (10
provide a broad spectrum of activity). and oral contraceptives (progestin and estrogen
combined). Table 2.15 lists a number of these combinations that are currently
marketed in the United Kingdom. excluding antibiotic combinations and the numer-
ous preparations containing codeine, paracetamol (acetaminophen). or acetylsali-
cylic acid (aspirin). Naturally. in the development of such combinations, it is well
recognized that the potential effect of one component on the other’s kinetics (formu-
lation or biological) must be checked. The ideal solution is when the same analytical
sysiem can be used to assay both drugs simultaneously. In these situations, chromato-
graphic systems are invaluable. Unfortunately. this does mean that extraction and
prepurification needs to be optimized for both compounds. at the same time minimiz-
ing the potential interference from both sets of metabolites.

2.5  DEGRADATION BEFORE ANALYSIS

Degradation before analysis is often a result of straightforward chemical decom-
position due to the instability of the drug itself. particularly in fluids such as urine
which may have extremes of pH, or which lack the protective effect of being bound
to plasma proteins. Acidification is often used as a preservative in urine. and
although it may stabilize some labile conjugates such as N-glucosides of barbitu-
rates.’*! it hydrolyze others more rapidly. Thus, it is particularly important in drug
metabolism studies to be able 1o distinguish true metabolism (or lack of it) from
such false results.

Degradation may also be due to enzymic activity which continues in the sample
after collection. This is particularly true of plasma or serum esterases. The enzymic
activity of such esterases depends on the conditions of collection and storage of the
sample. For example, the ibuprofen prodrug. ibuprofen piconol, was hydrolyzed by
esterases in blood, plasma, and serum, but the rate of hydrolysis was slowed to
varying extents by citrate, heparin, or ethylene diamine tetracetic acid which were
used as anticoagulants.?**

In the section on metabolism. it was noted that many drugs and metabolites are
conjugated 1o organic and inorganic acids. For a long time in drug metabolism
studies, such conjugation was an end step in metabolism prior to immediate
excretion and it was usual to hydrolyze the sample to measure total drug, particu-
larly in urine samples. Thus several methods have been proposed for releasing the
aglycone for further analysis. Dilute acids or bases are acceptable methods. How-
ever, the drug itself may be unstable to such procedures, or the hydrolysis may not
be complete. Enzymic hydrolysis is generally proposed because it has the advan-
tage of being a chemically mild procedure and also. if the enzyme preparation is
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Name
Co-Phenotrope
Pameton
Moduretic
Navisapre
Burinex A
Frumil
Dyazide
Dytide
Kalspare
Aldactide
Lasilactone
Tenoretic
Beta-Adalat
Co-Betaloc
Lopresoretic
Corgaretic
Trasidrex
Lasipressin
Viskaldix
Sotazide

Moducren

Prestim
Hydromet
Capozide

Innozide

TABLE 2.15

Some Combination Drugs

Supplier
Gold Cross
Sterling Winthrop
Du Pont
Ciba
Leo
Rhone-Poulenc
SK&F
SK&F
Cusi
Gold Cross
Hoechst
Stuart
Bayer
Astra
Geigy
Squibb
Ciba
Hoechst
Sandoz
Bristol-Myers

Morson

Leo
MSD
Squibb

MSD

Components

Diphenoxalate
Atropine
Paracetamol
Methionine
Amiloride
Hydrochlorothiazide
Amiloride
Cyclopenthiazide
Amiloride
Bumetanide
Amiloride
Frusemide
Triamterene
Hydrochlorothiazide
Triamterene
Benzthiazide
Triamterene
Chlorthalidone
Hydroflumethiazide
Spironolactone
Frusemide
Spironolactone
Atenolol
Chlorthalidone
Atenolol

Nifedipine
Metoprolol
Hydrochlorothiazide
Metoprolol
Chlorthalidone
Nadolol
Bendrofluazide
Oxprenolol
Cyclopenthiazide
Penbutolol
Frusemide

Pindolol

Clopamide

Sotalol
Hydrochlorothiazide
Timolol

Amiloride
Hydrochlorothiazide
Timolol
Bendrofluazide
Methyldopa
Hydrochlorothiazide
Captopril
Hydrochlorothiazide
Enalapril
Hydrochlorothiazide

Use

Antidiarrheal
Anticholinergic
Analgesic

Antidote to paracetamol

K+-sparing diuretic
Thiazide diuretic
K+-sparing diuretic
Thiazide diuretic
K+-sparing diuretic
Loop diuretic
K+-sparing diuretic
Loop diuretic
K+-sparing diuretic
Thiazide diuretic
K+-sparing diuretic
Thiazide diuretic

K +-sparing diuretic
Thiazide diuretic
Thiazide diuretic
K+-sparing diuretic
Loop diuretic

K +-sparing diuretic
B-Antagonist
Thiaczide diuretic
B-Antagonist
Vasodilator

- Antagonist
Thiazide diuretic
B- Antagonist
Thiazide diuretic
B- Antagonist
Thiazide diuretic
B- Antagonist
Thiazide diuretic
B- Antagonist

Loop diuretic
B-Antagonist
Thiazide diuretic
B- Antagonist
Thiazide diuretic
B-Antagonist
K-+-sparing diuretic
Thiazide diuretic
B-Antagonist
Thiazide diuretic
Antihypertensive
Thiazide diuretic
Antihypertensive
Thiazide diuretic
ACE inhibitor
Thiazide diuretic
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Name
Carace
Duovent
Franol
Intal Compound

Actifed

Benylin

Davenol

Dimotane

Phensedyl|
Tixylix

Dimotapp

Eskornade

Expurhin
Tuinal
Pamergan
Bactrim

Flagyl Compak
Maloprim
Loestrin
Mercilon
Conova
Eugynon

Femodene
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TABLE 2.15 (continued)
Some Combination Drugs

Supplier
Morson
Boehringer Ingelheim
Sanofi Winthrop
Fisons

Wellcome

Warner-Lambert

Whitehall

Whitehall

Rhone-Poulenc
Intercare

Whitehal)

SK&F

Galen

Lilly
Martindale
Roche
Rhone-Poulenc
Wellcome
Parke-Davis
Organon

Gold Cross
Schering Health

Schering Health

Components

Lisinopril
Hydrochlorothiazide
Fenoterol
[pratropium
Ephedrine
Theophylline
Cromoglycate
Isoprenaline
Dextromethorphan
Pseudoephedrine
Triprolidine
Diphenhydramine
Dextromethorphan
Codeine
Carbinoxamine
Ephedrine
Pholcodine
Brompheniramine
Codeine
Pseudoephedrine
Codeine
Promethazine
Pholcodine
Promethazine
Brompheniramine
Phenylephrine
Phenylpropanolamine
Diphenylpyraline
Phenylpropanolamine
Pheunylephrine
Chlorpheniramine
Ephedrine
Amylobarbitone
Quinalbarbitone
Pethidine
Promethazine
Trimethoprim
Sulfamethoxazole
Metronidazole
Nystatin
Pyrimethamine
Dapsone
Norethisterone acetate
Ethinyloestradiol
Desogestrel
Ethinyloestradiol
Ethynodiol diacetate
Ethinyloestradiol
Levonorgestrel
Ethinyloestradiol
Gestodene
Ethinyloestradiol

Use

ACE inhibitor
Thiazide diuretic
Sympathomimetic
Bronchodilator
Sympathomimetic
Bronchodilator
Anti-allergic
Sympathomimetic
Cough suppressant
Sympathomimetic
Antihistamine
Antihistamine
Cough suppressant
Narcotic analgesic
Antihistamine
Sympathomimetic
Cough suppressant
Antihistamine
Narcotic analgesic
Sympathomimetic
Narcotic analgesic
Antihistamine
Cough suppressant
Antihistamine
Antihistamine
Sympathomimetic
Sympathomimetic
Antihistamine
Sympathomimetic
Sympathomimetic
Antihistamine
Sympathomimetic
Barbiturate
Barbiturate
Narcotic analgesic
Antihistamine
Antimicrobial

Sulfonamide
Antibacterial
Antifungal
Antimalarial
Antileprotic
Progestin
Estrogen
Progestin
Estrogen
Progestin
Estrogen
Progestin
Estrogen
Progestin
Estrogen
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sufficiently specific. it will give information on the type of conjugate which is
hydrolyzed. The study of conjugates by their hydrolysis reactions has been re-
viewed by Caldwell and Hutt.'®'

Recently. however, the importance of conjugates in their own right has been
recognized. The advent of high-pressure liquid chromatography with its ability 1o
separate compounds of widely differing polarities. and new stationary phases that
will accept biological fluids directly has enabled analysis of conjugates and parent
compounds to be performed with relative ease. Thus. the necessity for hydrolysis and
the consequent loss of information has decreased.

2.6 SAFETY CONSIDERATIONS

Most pharmaceutical research laboratories are well aware and take all necessary
precautions against the untoward effects of the drugs they are handling and this
becomes more important as drugs become more and more active. The activity of
the drug itself is not often such a problem for the analytical laboratory specializing
in determining drugs in biological fluids. since the amount of drug being handled
is very small. However, because the samples are of biological origin, there may be
biological hazards. particularly in samples from patients with infectious or conta-
gious diseases.

Recently. it has been recognized that even samples from healthy subjects in phase
I and phase II clinical trials may pose a health hazard, with the possibility of the
human immunodeficiency virus (HIV) being present in a significant fraction of a
seemingly normal population. Additionally. blood bank plasma. often used for
development work. or for preparing standards and quality control samples may be
suspect. as has been shown where hemophiliac patients have been infected with HIV
after treatment with blood products from such a source.**>2* However remote the
possibility of this infection being transmitted through analytical procedures. safety
experts advise that protective measures (i.e.. use of surgical gloves or even surgical
masks to guard against aerosols) must be taken because the consequences of infection
are so devasiating,.

Chemical or thermal treatment of biological samples>>* may seem the obvious
method of decontamination. but of course any harsh treatment could very well
degrade the drugs to be measured. Thus, if strong disinfectants are used on samples
prior to analysis. the effect on the analyte must first be checked. Most methods of
analysis begin with an extraction step using organic solvents and this is often
sufficient to deactivate any biological hazards. Good et al..>* recognizing that the
HIV virus could be deactivated by heal treatment. investigated the effect of those
conditions on the anti-AIDS compound zidovudine and its glucuronide as part of a
study of plasma levels of the drug and conjugate during treatment: no degradation of
the compounds was observed after a |1-h incubation at 58°C.

Irradiation using X-rays is used routinely in the food industry and in the medical
industry to sterilize surgical instruments and de Bree and van Berkel have suggested
this approach be used for deactivation of HIV in biological samples.>*? [t was shown
that even relatively high doses of irradiation (up to 10 Mrads), which completely
inactivaled HIV had no effect on a number of drugs of diverse structure (i.e..
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fluvoxamine, clovoxamine. flesinoxan, idaverine., N-desmethylidaverine, and
eltoprazine) in serum samples. It was concluded that such treatment could be used
routinely on biological samples to make them harmless as far as the risk of HIV
infection was concerned. provided it was shown that the analyte in question was
unaffected by the irradiation.
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3.1 SMALL ORGANIC MOLECULES

The vast majority of chemical compounds used as drugs are small molecules of
molecular weight 200 1o 300 Da. Most of these compounds are weak acids or weak
bases and the drugs themselves are usually in the form of salts. the particular salt
being chosen for its physicochemical properties in the formulation stages rather than
its pharmacology: once in the body. buffering in the blood and other fluids makes the
original salt form mainly irrelevant to its subsequent biological activity. A few of
these small molecular weight drugs may be uncharged. relatively lipophilic mol-
ecules. such as the steroids. Other uncharged drugs include esters. which may be
active or may act as prodrugs releasing either an acid drug or an alcohol, and
quaternary amines. Some examples of these different types of structures are given in
Table 3.1.

Because most modern drugs have been carefully chosen from large numbers of
similar synthetic compounds. rather than as synthesized versions of naturally occur-
ring compounds, they are more likely to have favorable physicochemical properties,
including good stability under adverse conditions of heat. exposure to light. and
humidity. Nevertheless. in biological fluids. the drug may be present in very small
concentrations and amounts, and in the development of an analytical method. the
stability of the small amounts of analyte encountered needs to be checked. Structural
features that may become more important at high dilutions include. for example,
ketones (isomerization), olefines (epoxidation), alcohols (oxidation), and amines
(oxidative deamination).

67
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TABLE 3.1
Examples of Organic Molecules Used as Drugs

Uncharged
Steroids
Acetylsalicylates
Phenacetin
Meprobamate

Weak acids
Ethynylestradiol
Phenol
Valproic acid
Barbiturates

Weak bases
Benzodiazepines
Propanolamines
Amitryptiline
Amphetamines
Morphine
Chlorpromazine

The neutral character of steroid drugs. esters, and ethers means that the partition
of such compounds into organic solvents is independent of the pH. This property
gives good scope for partial purification of such compounds by simply removing the
acids and bases from an organic extract by successive washes with dilute acid and
dilute alkalis: final washing with distilled water and drying by simple filtration
through sodium sulfate or cellulose gives a relatively clean extract for urine samples,
but the presence of lipids in plasma or serum is more problematic and requires careful
choice of organic solvent for extraction. On the other hand. aqueous samples contain-
ing weak bases and weak acids as analytes can be readily defatted with a hexane
wash. Thus, the charged nature of the small-molecule drug is an important consid-
eration in the analytical determination.

3.1.1 CONJUGATES

Few drugs are administered as conjugates, but many drugs form conjugates in
vivo. It was originally thought that formation of conjugates was a final step in making
xenobiotics water soluble for elimination in the urine and thus little attention was
given to the analysis of the conjugates. However, the presence of enzymes respon-
sible for xenobiotic metabolism. including the formation of conjugates, is now
recognized as an important parameter in determining the individual's genetic control
of his own metabolism. As a result, the assay of intact conjugates has become an
important consideration for the analyst. The various enzymes under such control are
discussed in detail in Chapter 1.

The classical procedure in determining conjugates was to assay the sample for
unchanged drug and then after a suitable hydrolytic procedure determine the “total™
drug: the difference between the two procedures would be considered the amount of
conjugated drug. By using selective hydrolysis. either by carefully controlled pH
conditions, or by using enzymes considered specific for particular conjugates. such
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TABLE 3.2
Analysis of Intact Conjugates of Drugs Using HPLC

Drug Conjugate Fluid Detection Reference
Coumarin Hydroxy glucuronides — — 242
Equilin Sulfate Serum HPLC 243
Estrone Sulfate Serum HPLC 243
7-Hydroxycoumarin  Glucuronide — — 242
[buprofen Glucuronide — — 244
Indomethacin Glucuronides Plasma. urine — 245
Morphine 3- and 6- glucuronides  Plasma Fluorescence 246
Morphine 3-glucuronide Human urine CIMS 247
Naproxen Glucuronide Plasma. urine — 248
Naproxen Glucuronide Plasma. urine — 249, 250
Oxazepam Glucuronide Urine CIMS 251
Zidovudine Glucuronide Serum HPLC 239

as B-glucuronidase for morphine glucuronide' and sulfatases, attempts could be
made to determine the individual conjugates. However, chemical hydrolysis could
also degrade the drug itself, and enzyme hydrolyses were less specific than hoped,
or else would not always be complete. Furthermore. commercially available en-
zymes, such as those from Helix pomatia tended to introduce other interfering
substances thus making subsequent analysis more difficult.

The recent trend has been 10 analyze samples for unchanged material, rather than
submit to the risk of incorrect interpretations. There have been many successful
approaches to direct profiling of drugs and drug metabolites in biological fluids. The
ability of liquid chromatography to work with a wide variety of structurally diverse
compounds has made it very useful in this area and the powerful structural tools of
physical chemistry are now also being used to assess the content of untreated
biological fluids, sometimes with no chromatographic purification.

Table 3.2 lists a few of the compounds and their conjugates that have been
analyzed directly using chromatographic methods.

3.1.2 CHIRALITY

The first edition of this work was like similar works of its period in that it gave
only scant attention to the chiral nature of some drugs, or to the fact that almost all
synthesized drugs which had an asymmetric carbon were marketed as racemates.
Workers in the field must have been aware of such things; after all, molecular
asymmetry had been studied widely in the middle of the nineteenth century. The
whole basis of organic chemical structure is based on the tetrahedral carbon atom and
the concept of mirror-image isomers is an inevitable consequence. Many of the
synthetic drugs initially produced by the pharmaceutical industry were semisynthetic
and based on naturally occurring precursors such as steroids and B-lactams. Fortu-
itously, the marketed compounds were optically pure, and any consideration of
enantiomeric forms of the drug did not normally arise.

With the introduction of new drugs which were obtained by total synthesis from
readily available precursors, the development and marketing of chemically indistin-
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guishable racemates became much more likely for several reasons: the racemate was
prepared because the precursors were achiral and because chirally directed synthetic
methods were uncommon; the racemates were tested because preparative methods of
separation were also uncommon. The developed form would then naturally follow
from the tested form. rather than introduce apparently unnecessary and expensive
further separation procedures. ln addition, all analytical methodology at the time
appeared to be achiral (or used standards which masked the chiral nature of an
analytical response). Likewise. many development scientists may not have been
aware that the racemate was being developed. The complacency was fuelled (if that
is a word that can be applied to complacency) by the lack of any indication that the
use of racemates as drugs was in any way undesirable. Two of the most successful
drugs recently. the B-adrenoceptor blocking agent propranolol, and the analgesic
ibuprofen are both marketed as racemates, but there has been no indication of
untoward clinical effects arising from the racemic nature of these preparations.
Similarly, the hypnotic thalidomide was used as its racemate, and the suggestion has
often been made that if the optically pure form. which was responsible for its
hypnotic effect, had been separated and used then the tragedy of the early 1960s
would not have happened. However, animal evidence that the teratogenic and hyp-
notic effects can be separated in this way is inconclusive,®” 2> and of course the
hypothesis is untestable in humans.

Propranolol and ibuprofen probably represent, respectively, cases where one
isomer is pharmacologically inactive at the doses used.?> or the inactive enantiomer
is converted in vivo 1o the active isomer.?*® As such. any clinical implications may
not be expected, and there would be no harm in using the cheaper produced version
of the drug. However, ignoring the presence of the second isomer may lead the
unsuspecting pharmacokineticist or clinical pharmacologist to assume that the pres-
ence of enantiomers can also be ignored. If indeed the enantiomers are handled by
metabolizing enzymes and transport proteins in an identical manner. there would be
no problem. but considering such processes can be highly stereochemically selective.
then it is not surprising that pharmacokinetic differences in pairs of enantiomers have
been described (Table 3.3).

Because of the unavailability of chirally selective analytical methods. and perhaps
more importantly because of the general unawareness that a problem may exist, the
separate pharmacokinetics of enantiomers were not reported for many drugs in the
literature until about 10 years ago. Therefore. there is an extensive pharmacokinetic
literature which reports many drugs as having biphasic elimination from the plasma,
which could be erroneous. To illustrate how this error can occur. consider the
hypothetical case of a drug which is eliminated from the plasma by a single process.
but with different rates for the two enantiomers. The observed decay using a nonchiral
analytical method to monitor blood levels would be as shown in Figure 3.1, where the
simulation is for enantiomers having elimination constants of 0.005 and 0.04 min-'
{corresponding to half-lives of 140 and 17.5 min). The usual methods of pharmacoki-
netic analysis (using stripping methods) on the data shown in this figure yield a
biexponential decay with elimination constants of .006 and .033. Simple pharmacoki-
netic theory would suggest that multiple dose treatment with the drug would result in
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100 N —————— Enantiomer A
\\ _________ Enantiomer B
80 N el Total

Concentration

Time

FIGURE 3.1 Simulation of enantiomers eliminated from plasma at different rates. The upper trace is
the curve generated if a nonchiral analytical method was used to monitor plasma levels. and is the sum
of the two lower curves representing the separate enanatiomers.

a reasonable steady-state level, with a concomitant continuous drug activity of the drug.
This conclusion would, of course. be mistaken if the active compound was the enan-
tiomer with the shorter half-life — the value that was probably written off as the
“disposition phase.” It is a matter of debate, however., whether the demands of simpler
pharmacokinetic analysis would be sufficient for deciding whether the drug should be
developed as a single isomer.

Approximately 10 years ago. Ariéns®®' caused some comment. but perhaps not
enough outrage by describing the nonactive enantiomer in racemic preparations as
unnecessary ballast, akin to levels of impurity of 50% in the true drug. Ari€ns was
acknowledged 10 be correct, but because there was no particular problem. little
seemed 1o be done. However, as more and more reports appeared of separation of
pharmacological effect associated with different enantiomers. the wisdom (indeed
the advantages) ol separalely developing pure isomers was recognized. This new
realism coincided with the development of techniques in synthetic and analytical
chemistry of optically active compounds. The process development chemist in the
pharmaceutical industry is responsible for creating an efficient and economic method
of preparing commercially useful amounts of new drugs. It is now recognized that
producing optically pure entities is only one of the routine problems to be solved.
Concurrent with all this activity in research and development, the regulatory authori-
ties have taken an interest, particularly in light of the potential. specific toxicity of
the therapeutically active partner. Under the current U.S. regulatory guidelines. when
a new drug substance is asymmetric. the various stereoisomers should also be
separated or synthesized independently and their physical. chemical, and pharmaco-
logical properties evaluated.?*>2%* Keeping in mind that cholesterol has 256 possible
isomers. these guidelines. perhaps. should not be taken 1oo literally. It is evident,
however, that the chiral nature of a new drug substance is an important consideration.
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A recent paper on aspects of chiral high-performance liquid chromatography in
pharmaceutical analysis?®® includes the current European regulatory viewpoint on
racemates vs. single isomers. Chiral problems are not limited to the parent drug: in
some cases a nonchiral center can be introduced by metabolic processes. such as by
reducing ketones.?”>2° including nafimidone?”” and oxcarbazepine.”®® and other
metabolic routes.>? !

The success of the bioanalyst in devising chiral separations for following separate
enantiomers following dosing of racemates has undoubtedly influenced the trend
toward single-isomer products. This success has. paradoxically. diminished the very
reason for the development of such methods: if the drug dosed is a pure enantiomer,
then there will be no need to follow the isomer that was not dosed! Whelpton foresaw
this situation several years ago and made the ingenious suggestion that the developed
chiral analysis could be applied. with the unused enantiomer serving as a perfect
internal standard or carrier, being considerably cheaper in equipment than the equiva-
lent mass-spectrometry isotope dilution methods.?

3.2 PEPTIDE AND PROTEIN DRUGS

Although almost all of the drugs mentioned so far have been small organic
molecules. the increasing pace of medicinal research has led to other types of
molecules. possibly more closely related to the macromolecule exerting biological
effects. Some 200 protein drugs are now in active clinical trials. It is. however. a
matter of debate as to whether the increased knowledge on the mechanism of action
of these drugs will lead 1o designs of new drugs based on these proteins or whether
the understanding will lead to better design of the more traditional small-molecule
drugs. Nevertheless. it is apparent that many of the newer specific drugs will be
created by modification of peptides, which will pose a different set of challenges to
the analyst.

The development of small molecules has been based on varying the chemical
structure of known bioactive molecules. usually having extraordinarily simple struc-
tures given the range of functions they perform. These structures include steroids,
histamines, adrenaline, and y-aminobutyric acid. On the other hand the peptide and
protein drugs are much more labile and need 1o be developed and manufactured under
more delicate conditions 1o ensure that they retain their activity. which often will
reside in a single conformation. In addition. large protein molecules are liable to
induce antibody formation in the host animal which may limit their usefulness as
drugs.

There are many early examples of natural proteins used as drugs. often as
replacement therapy using the drug protein extracted from natural sources or even
from animals. These would include insulin. luteinizing hormone, and follicle stimu-
lating hormone. In some cases. only part of the peptide chain is necessary for
biological activity and protein fragments may often be used in therapeutics. Other
active molecules may be shorter chain peptides and often. too. fragments of these
chains may have sufficient activity to be used as conventional drugs. particularly if
they are more stable and less immunogenic than their long chain parents. Some
examples of protein and peptide drugs are listed in Table 3.4.



74 The Analysis of Drugs in Biological Fluids. 2nd Edition

TABLE 3.4
Proteins and Peptides Used as Drugs

Proteins
[nsulin
FSH
LH
Growth factors
Digestive enzymes
Fibrinolytic enzymes
Peprides
ACTH
Peptidoglycans
Neuropeptides
Toxins from fungi
Snake venoms
Tachykinins
~Endorphin
Vasopressin
Oxytocin
Somatomedins
Calcitonin

Immunotoxins are molecular conjugates formed by monoclonal antibodies linked
to toxic agents, which then target particular cells; in therapeutics the targeted cells are
tumors. A typical and possibly most common toxin used in this way is ricin A.*% The
desired conjugates are prepared identically as conjugates for radioimmunoassay
development and these large protein molecules will have characteristic problems for
the development of analytical methods.

The major problem with hormones is how to ensure that they are not denatured. For
analytical work. retention of activity may not be so critical and assays can be developed
which are specific for the denatured protein and hence for the drug. Much of the
analytical work in this area has focused on natural proteins and peptides and is rather
outside the scope of this volume. which is concerned largely with small. relatively
stable molecules. Most methods of analysis will utilize the biological effect. or the
immunogenic potential so that radioimmunoassays can be developed. or will utilize
liquid chromatography systems where the analyte may remain stable in the solvent
system used. Alternatively. the protein may be degraded to a specific component which
is assayed by conventional means, as for example, the peptidoglycans can be assayed
by the muramic acid content. Analytical methods being developed for protein and
peptide drugs are mostly derived from the chemistry of natural products and endog-
enous hormones. A survey of this enormous subject is beyond the scope of this book
which limits itself to the analysis of traditional small-molecule compounds. Some key
references for the analysis of proteins and peptides are listed in Table 3.5.

3.3 PRODRUGS

Prodrugs are chemical structures which are not pharmacologically active. but in
the body are converted 10 an active molecule. In general. the prodrug has chemical
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TABLE 3.5

Analysis of Proteins and Peptides

Type Method Reference
Enkephalin peptides HPLC- mass spectrometry 134
Growth hormone Gel filtration chromatography 304
Hypophysial hormones HPLC 305
Neuropeptides HPLC-radioimmunoassay 306
Pituitary proteins lon-exchange HPLC 307
Polypeptides and proteins Reversed-phase HPLC 308
Proteins Reversed-phase HPLC 309
B-Endorphin in plasma Cation-exchange HPLC 310
Vasoactive peptides Chromatography 311
C-Peptide Radioimmunoassay 312
Neurokinins HPLC -radioimmunoassay 313
¥-MSH HPLC-Thermospray MS 314
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characteristics, such as stability, lipophilicity, state of ionisation. that increase its
chances of reaching its site of action, or which protect intervening biological struc-
tures from the effect of the active drug (taste. toxicity). Ideally. the prodrug should
be converted to the active form at the site of action. particularly if the active form
would be toxic at other sites. This is particularly true of anticancer drugs which are
usually directed at killing cells. Table 3.6 shows a number of prodrugs and their
active degradation products.

The use of prodrugs does not offer a particular problem to the analyst in
chemical terms. However, the pharmacokineticist needs to distinguish between the
needs of measuring the parent compound or the active compound, depending on the
object of the study. For example, if the project is to investigate the absorption of
the administered drug (i.e.. to investigate formulations), then it is sensible to
measure the appearance of unchanged compound in the blood and to apply classical
bioavailability theory. If, on the other hand. the investigalor wants to compare
potential utility of the drug. then the levels of the active product. preferably at the
site of action. are more relevant. A particular form of prodrug is found in the
conjugation of the drug molecule to polymers as described for the polypeptide R-
(a-acetyl)eglin ¢ conjugated to poly(oxyethylene) to give a macromolecule of
molecular weight >20,000.%

TABLE 3.6
Prodrugs and Their Active Products
Administered form Active form Advantage References
Chloramphenicol palmitate Chloramphenicol Hides bitter taste 315
Clindamycin phosphate ester Clindamycin Reduces pain at injection 316
Acetylsalicylate esters Acetylsalicylic acid ~ Reduces gastric irritability 317
Pivampicillin Ampicillin Improved absorption 318
Propranolol hemisuccinate Propranolol Reduces first-pass metabolism 319
L-Dopa Dopamine Site-specific delivery 320
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34 FORMULATION

Formulation is not usually considered as a problem affecting the assay of drugs
in biological fluids. other than when the drug may be administered with another drug
which may interfere in the analysis. Recently. however, novel forms of drug delivery
are being developed and in some of these the drug may be attached. or contained
within particles or other vehicles while being transported in the blood or other
biological fluid. Depending on how firmly the drugs are attached or encapsulated, the
analyst may face the problem of extraction, or indeed he may be called on to
distinguish between the free drug and the drug attached to the vehicle. 2-
Hydroxypropyl-B-cyclodextrin complexes of methyliestosterone and esters of 1.4-
dihydropyridines have been prepared as injectable forms of the drugs with improved
tolerance characteristics.’?? [n following the pharmacokinetics of these preparations,
Muller and Albers*?? did not note any special problems in assaying serum by standard
HPLC methods. Similarly, doxorubicin encapsulated in liposomes could be readily
extracted from the liposomes in plasma and measured by HPLC in the study of the
pharmacokinetics of this novel drug delivery system.’?
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FIGURE 4.1 UV-absorption spectrum constructed by manual determination of optical absorption at
specified wavelengths.

4.1 INTRODUCTION

The two topics of this chapter have a commonalty in that the amount of light
emanating from the sample is measured and is assumed to be a function of the
concentration of the compound under investigation in the sample. In spectrophotom-
etry the sample is irradiated and the extent to which the incident light is absorbed is
measured: in (Tuorimetry. the sample is irradiated and the resulting activated emis-
sion. at a different wavelength. is measured. It is therefore usual to treat the two
phenomena sequentially and this is the procedure adopted here.

4.2 SPECTROPHOTOMETRY

4.2.1 DIRECT MEASUREMENT

Any sample of matter, be it gaseous, liquid, or even solid, will absorb all wave-
lengths to some extent when irradiated with light. If the proportion of light absorbed
at a particular wavelength is plotted against the wavelength. a spectrum of absorption
is produced. With older spectrometers, it was usual to produce the spectrum by such
painstaking procedures, with the smoothness of the resulting spectrum depending on
the number of points the analyst was prepared to plot (Figure 4.1). With the advent
of continuous scanning and recording spectrophotometers, however, the more famil-
iar continuous spectra are obtained (Figure 4.2).

Two types of information can be obtained from the absorption of a sample:
quantitative and qualitative. Figure 4.2 shows the absorption spectrum of a solution
of clobazam in ethanol. The range of wavelengths covered is that usually supplied by
most commercial spectrophotometers and ranges from 200 to 800 nm — the so-
called UV-visible region. The characteristic spectrum seen provides qualitative
information on the identity or structure of the analyte. The quantitative information
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FIGURE 4.2 UV-visible absorption spectrum of clobazam in ethanol using a continuous scanning and
recording spectrophotometer.

that can be obtained from a UV-visible spectrum depends on the extent of the
absorption. This can be described in terms of the Bouguer-Lambert-Beer principles
which stale that:

I. The proportion of light absorbed is independent of the intensity of the incident
light.

2. The intensity of radiation is reduced by the same fraction in each equal
thickness of the sample.

3. Absorption is proportional to the concentration of the absorbing species.

Consequently. the rate of change of intensity of light with respect to the distance
penetrated into the sample is directly proportional to the concentration multiplied by
the intensity. For a sample placed into a cell of fixed width, the absorption will be
proportional to the concentration of the material of interest. It is usual to express the
capacity of the material 1o absorb UV and visible light by quoting the molar
absorptivity €,

z_::logln—loglxM M

c-l

where /, is the intensity of irradiation. / is the measured intensity, / is the path length
(in cm), ¢ is the concentration (in g '), and M is the molecular weight of the
absorbing species.

Although a useful notation used in the literature often quotes an E value fora 1%
solution in a 1 cm cell. in practice the molar absorptivity should be calculated from
a sample displaying an absorption in the range 0.3 to 0.6. When the absorption of the
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sample is to be used for quantification of the absorbing species. it is apparent that the
best wavelength for measurement will be the absorption maximum, as this will give
the optimal response. Thus for clobazam, the compound shown in Figure 4.2, the
procedure would be to measure the absorption of the sample at 230 nm and relate this
value to the absorption of standard solutions.

In using such a method for the analysis of drugs. the molar absorptivity has 1o be
sufficiently high to give measurable absorption for the amounts of material available.
Gifford?* has provided a useful table which gives the concentrations of drug in the
measuring cell which will give an absorption of 0.4 and compares this with the peak
concentration in plasma following therapeutic doses. An extended version of Gifford’s
table is presented in Table 4.1 and indicates which drugs would bear consideration
for quantitative analysis by direct absorption spectrophotometry. Thus, useful meth-
ods would be feasible for acetylsalicylic acid and tolbutamide. but not for amphet-
amine or haloperidol.

The molar absorptivity of the solute in spectrophotometry is determined by the
chemical structure. A functional group on a molecule which is responsible for
absorption is termed a chromophore. Table 4.2 lists the absorption characteristics of
a number of functional groups found in drugs.

Some functional groups are lacking in useful absorption characteristics but when
conjugated with a chromophore the wavelength of absorption and the intensity are
both increased. Such groups are termed auxochromes and include hydroxyl func-
tions, amines. and halogens. Increased intensity of absorptivity (hyperchromicity)
and increased wavelength (bathochromicity) will also result if chromophores conju-
gale with one another.

UV-visible absorption spectra are characterized by broad bands with hills and
valleys rather than by sharp peaks. Thus, compounds with the same functional
groups will have similar absorption spectra. and the technique is not appropriate for
identifying unknown components in a sample. Likewise. the technique is not
especially specific when used as a quantitative method for drugs in biological
fluids if metabolites with the same functional groups are present. Nevertheless, the
technique can be extremely useful and uses relatively troublefree equipment. A
typical procedure is described by McConnell et al.'> for the assay of rifampicin.
Plasma, buffered to pH 5 to 6, is extracted with a benzene:hexane mixture (which
does not extract bilirubin, a potential interfering endogenous compound). The
solvent is evaporated and the residue reconstituted in methanol prior 1o measure-
ment of absorbance at 343 nm. The method is suitable for assay of rifampicin in
plasma over the range of | to 45 pg ml-!'. Similar methods for other drugs can be
developed by the judicious use of solvents and pH to minimize interference by
endogenous compounds or metabolites.

The pH of samples used for measurement can dramatically affect the absorption
spectrum, and this property should also be utilized in the development of a spectro-
photometric method. The classic examples of this phenomenon are phenol and
aniline. Phenol in its un-ionized form absorbs at 270 nm with a molar absorptivity
of 1450. In alkaline solution, however, the phenate ion absorbs at 287 nm with an £
value of 2600. This increased absorbance is due to the presence of additional
unshared electrons available for conjugation with the phenyl ring. Aniline, on the
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TABLE 4.1
Comparison of Ultraviolet Absorbance of
Commonly Prescribed Drugs and Their
Therapeutic Plasma Concentrations

Concentration Approximate
giving absorption plasma concentration
of 0.4 absorption units during therapy
Drug (ug ml-") (Lg ml-')
Amitriptyline 8 0.05
Caffeine 8 2
Carbamazepine 15 10
Cephaloridine 10 10
Chloramphenicol 13 10
Chlordiazepoxide 4 2
Clorpromazine 3 0.45
Chlorpropamide 7 30
Cinnarizine 5 0.10
Codeine 80 0.03
Dapsone 4 |
Diazepam 3 0.20
Digoxin 15 0.002
Doxapram 285 0.3
Ethosuximide 470 150
Flupenthixol 5 0.01
Frusemide 4 1
Glutethimide 5 5
Haloperidol 10 10
Hydrochlorothiazide 6 0.10
Imjpramine 13 0.10
lsoniazid 10 5
Lignocaine 300 5
Lorazepam 3 0.01
Medazepam 5 0.10
Methaqualone 3 2
Metronidazole 10 5
Neostigmine 200 0.10
Nitrazepam 3 0.03
Oxazepam 3 0.10
Oxprenolol I 0.70
Perphenazine 4 0.01
Phenacetin 5 5
Phentolamine 9 0.03
Pheny [butazone 6 30
Phenytoin 130 20
Pimozide 26 0.01
Practolol 6 0.50
Prednisolone 9 0.20
Primidone 740 10
Procainamide 6 10
Propantheline 39 0.10
Propranolol 3 0.05

Quinidine 4 2



82 The Analysis of Drugs in Biological Fluids, 2nd Edition

TABLE 4.1 (continued)
Comparison of Ultraviolet Absorbance of
Commonly Prescribed Drugs and Their
Therapeutic Plasma Concentrations

Concentration Approximate
giving absorption plasma concentration
of 0.4 absorption units during therapy

Drug (ug ml-") (ug ml")
Quinine 4 5
Salicylic acid IS5 70
Sulfadiazine 5 30
Sulfapyridine 5 0.01
Temazepam 4 0.50
Tetracycline 8 |
Theophylline 7 10
Thioridazine 3 0.1
Tolbutamide 8 100
Triamterene 5 0.01
Trifluoperazine 5 0.002
Verapamil 12 0.10
Warfarin 9 8

other hand. already has a pair of unshared electrons available for conjugation in the
nonprotonated form: the absorption maximum of aniline in neutral or alkaline
solution is at 280 nm with an € value of [430. The addition of acid results in
protonation of the unpaired electrons, conjugation is decreased. and the absorption
maximum shifts to 254 nm with an ¢ value of 160.

The use of such shifis in spectral properties has been particularly useful in the
analysis of barbiturates.*?* Barbiturates have the general formula shown in Figure
4.3. and in alkaline solution two absorbing species are normally formed as shown in
Figure 4.4. Some barbiturates. such as methylphenobarbitone and narcobarbital have
one of the nitrogen aloms already substituted and the full ionization is not possible.
At neutral and acid pH values. the barbiturates are un-ionised and absorption is
negligible. At about pH 9.5, the second species is formed and absorption at 240 nm
is observed. At pH 13. the fully ionized species with extended conjugation is formed
and the absorption maximum increases to 255 nm. For quantitative analysis of
barbiturates the increase in absorption at 260 nm on changing the pH from 1010 13.4
is the basis of Broughton's classical paper.’** A recommended method for the
differentiation and quantification of barbiturates in serum. plasma. or whole blood.
is as follows. The sample is shaken with chloroform and 3 M NaH,PO,. and the
mixture centrifuged. The separated chloroform is extracted with 0.45 M NaOH (pH
13) and the absorption spectrum from 230 to 300 nm of this alkaline phase recorded.
Saturated NH,CI solution is then added to the cell to increase the pH to 9.45 and the
spectrum is recorded again. The resulting spectra are superimposed and the concen-
tration of barbiturate calculated from the difference of absorption at 260 nm. Addi-
tionally. a comparison of the absorptions at 240 and 270 nm of the pH 9.5 spectrum
can enable the particular barbiturate 1o be identified.
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TABLE 4.2
Absorption Characteristics of Functional Groups
Commonly Found in Drug Molecules

Group or Compound Wavelength Extinction
-OH 180- 185 500
-SH 190-200 1.500
-Cl 170-175 300
-Br 200-210 400
-l 255-260 500
-O- 180-185 3.000
-S- 210-215 1.250
~S-S- 250 400
-N< 190-200 2.500-4.000
-CH=CH- 163 and 174 15.000 and 5.500
-CO, 170- 185 40-100
-CONH- 175 7.000
-C=N <170
-CO-NH-CO- 190-200 10.000- 15.000
-NO, 200-210 15.000
~N=N- 350-370 10-15
-C=0 180-190 2.000-10.000
>5=0 210-230 1.500-2.500
>80, <190
Benzene 204: 256 7.900: 200
Naphthalene 220: 286: 312 130.000: 9.300: 270
Azulene 236: 269: 357 22.000: 45.700: 400
Quinoline 228: 270 315 40.000: 3.200: 2.500
Isoquinoline 218: 265: 313 63.000: 4.200: 1.800
Pyridine 195: 251: 270 7.600: 2.000: 450
Pyrimidine 243: 298 2.000: 300
Pyrazine 260. 327 6.300: 100
Pyridazine 246: 340 1.300: 320
Purine 220 263 3.000: 8.000
Pyrrole 210: 240 5.000
Furan 205 6.5000
Thiophene 23] 7.100
Imidazole 207 5.000
Pyrazole 210 3.200
lsoxazole 211 4.000
Thiazole 240 4.000
Ta
(¢] NYO
Ri NH
Rz
(e}

FIGURE 4.3 General formula for barbituric acids.
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FIGURE 4.4 Species of barbiturates formed in alkaline solution.

4.2.2 COLORIMETRIC MEASUREMENTS

It has been stated that direct measurement of the UV-visible absorption spectrum
is of little help as a qualitative test for drugs in biological fluids because these spectra
are very similar for compounds having the same chromophores. However. there is a
considerable body of literature (especially in forensic toxicology) on spot tests for the
identification of drugs in body fluids®*?” (Table 4.3). Some of these tests involve a
chemical reaction producing very specific colors, and can be adapted for qualitative
analysis of the drugs by measuring the change in absorption in the visible region. This
process is generally termed colorimetry. although the qualitative step is exactly the
same as for the ultraviolet spectroscopic methods already described. Some typical
colorimetric assays are described below and a comprehensive list is shown in Table
4.4. Because many colorimetric spot tests are very dependent on such factors as pH,
temnperature, and time, these parameters are very critical in the development and
application of quantitative colorimetric assays.

The advantages of preparing derivatives for absorption measurements are that the
sensitivity of detection is improved and the wavelength chosen for measurement is
more likely to be free of interference from endogenous components. An alternative to
chemical conjugation as described above is to transform the molecular structure of the
drug 1o improve its spectral characteristics. This is a permanent transformation as
opposed 1o the reversible changes effected by changes in pH. In one such procedure,
carbamazepine is converted by heating at 150°C for 10 min with hydrochloric acid to
an acridine derivative, with a strong absorption maximum at 258 nm (Figure 4.5).¢

4.2.2.1 Phenylbutazone in Serum

Jahnchen and Levy?*® have described an assay for phenylbutazone which avoids
the usual interference by barbiturates in the simpler procedure by Burns et al.*” In
this procedure, permanganate oxidation is used to form azobenzene. absorbing at 314
nm (Figure 4.6).

4.2.2.2 Acetaminophen in Serum

This colorimetric method for acetaminophen was first proposed by Chavetz et
al.’¥ and modified by Glyn and Kendal**® and Walberg.** Despite more sophisti-
cated assays. this simple method is still applicable, particularly in pediatric practice.
In the procedure. the aromatic ring is nitrated with the mild nitrating agent. nitrous
acid: the product, in alkaline solution. displays a strong chromophore and the
absorption is measured at 430 nm (Figure 4.7).
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Qualitative Colorimetric Tests for Drug Substances

Reagent

Cold H,80,

H,SO,-HNO,
(Liebermann's reagent)

HNO.
(Vitali's reagent)

HNO.-Hg(NO.),
(Millon"s reagent)

HCl

HCl-furfuraldehyde

HCI-NaNO,

HCI-KCIO,

FeCl,

p-Dimethylaminobenzaldehyde

HNO,-B-naphthol (diazotisation)

TABLE 4.3

Drugs

Tetracyclines
Diphenhydramine. cyclizine.
diphenylpyraline, griseofulvin. orphenadrine.
pipradol. prednisone
Amitriptyline. chjorprothixene. methacycline
Phenols
Diphenylamine. mefanamic acid., yohimbine
Naphthols. colchicine. hydrastine
Penicillins. cocaines
Acetanilide. amphetamine. atropine. caramiphen.

ephedrine. glutethimide. barbiturates. phenytoin,

sulfinpyrazone, warfarin
Acepromazine. brucine. oxytetracycline
Tetracyclines. cotarnine. cresols. ethinamate.
methylpentynol. noscapine
Morphines. emetine. narceine. paparerine
Desipramine. imipramine. thioridazine
Phenols
Antazoline. bialamicol. brucine
Phenols

Chlordiazepoxide. triacetyloleandomycin

Allantoin

Carbamates

Amidopyrine

Phenazone

Sulfaphenazole. sulfasomizole

Xanthines

Chloramphenicol. nitrofurantoin, nitrofurazone

Phenolphthalein

Salicylates, saccharin

Gentisic acid. morphine. parachlorophenol.
acetaminophen

Hydroquinoue. adrenalin. ethylnoradrenaline.
isoprenaline

Phenazone

Ergot alkaloids

Primary aromatic amines. carbamates

Cannabis. phenazone

Primary aromatic amines

85

Color

Purple-blue
Yellow

Orange
Violei-blue
Blue

Green
Yellow
Orange

Red
Brown

Black
Blue
Yellow
Red
Red

Yellow
Violet
Black
Violet
Green
Orange
Purple
Orange
Red
Violet
Blue

Green

Red
Purple
Yellow
Red
Red

The method is very specific for the drug although salicylates will interfere.
However, in severely uremic patients the original procedure gives falsely high
values, possibly due to ring nitration of endogenous phenolic acids. Bailey has
proposed a prior ether extraction of serum saturated with ammonium sulfate before
processing the ether extract for use in severely uremic patients.* Bailey's procedure
also has the advantage that strong acids such as salicylates are not extracted.
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TABLE 4.4

Quantitative Colorimetric Assays for Drugs in Biological Fluids
Reagent Drug Wavelength  Reference

Ninhydrin Cefalothin 440 328

4-(4-nitrobenzyl)pyridine Cytostatic agents 560 329

FeCl,/2.4.6-tri(2-pyridyl)-1.3.5-triazine Acetaminophen 593 330

FeCl, Bromazepam 580 331

Na;Co(NO,), Biphenyl-2,2"-diol 410 332

Diazotization/B-naphthol Acetaminophen 492 333

Methyl orange Ketamine 420 334

Chloramine-T 3.3'-Dichlorobenzidine 457 335

Ellman’s reagent Thioethers 412 336
Nitration Acetaminophen 430 337-340

Folin-Ciocalteau Acetaminophen 660 341

9-Chloroacridine Isoniazid 500 342
Bratton-Marshall Procainamide 550 343, 344

Vanillin Isoniazid 365 345

HCl] Carbamazepine 258 346

KMnO, Phenylbutazone 314 230

CH3
\ N
—
N >
N
CONH;

FIGURE 4.5 Conversion of carbamazepine to a fluorescent acridine.

HaCHoCH,CH,C

FIGURE 4.6 Permanganate oxidation of phenylbutazone to azobenzene.
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OH OH o
NO, NO,
HNO, OH
_.+ __»
NHCOCH; NHCOCHS3 NHCOCH3;

FIGURE 4.7 Nitration of acetaminophen and formation of a strongly absorbing species in alkaline
solution.

4.2.2.3 Procainamide in plasma

Bratton and Marshall*3 introduced the use of N-(I-naphthyl)-ethylenediamine
as a coupling agent following diazotization for the characterization of aromatic
acids as long ago as 1939. The reagent has been used extensively and adapted for
the analysis of procainamide in biological fluids. In the version by Sitar et al.,’*
the recommended procedure is briefly as follows. Plasma is made alkaline with a
sodium hydroxide-sodium chloride mixture and is extracted with dichloromethane.
The organic layer is removed and evaporated 10 dryness. The residue is dissolved
in hydrochloric acid and reacted with sodium nitrite at 0°C, as the diazotization
step and then with the Bratton-Marshall reagent to form the complex which absorbs
at 550 nm (Figure 4.8). The method is suitable for assay of procainamide in plasma
over the range 0.5 1o 25 ug ml-'. An important feature of this modification by Sitar
et al.." is the carrying out of the diazotization step at 0°C to prevent acid
hydrolysis of N-acetylprocainamide. a metabolite of procainamide. and consequent
overestimation.

CONH(CH)2N(C2Hs)2 CONH(CH2)2N(C2Hs)2

1) NOy

v

2)

NH,

NH(CH2),NH,

/N _._.

NH(CH)2NH;

FIGURE 4.8 Analysis of procainamide by use of the Bratton-Marshall reagent.
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4.2.2.4 Isoniazid in Urine and Plasma

This procedure depends on the reaction between isoniazid and 9-chloroacridine 1o
form a highly colored orange complex, with an absorption maximum at 500 nm
(Figure 4.9).

The efficiency of the reaction depends on the temperature and the time. Stewart
and Settle’*? examined these parameters and showed that although the reaction
occurred at room temperature, the extent of color production was dependent on the
concentration of isoniazid: that is, a linear calibration graph was not produced. A
temperature of 50°C was found to be a minimum for maximum sensitivity and
acceptable linearity.

For analysis of isoniazid in urine it is necessary to hydrolyze the pyruvic acid and
o-ketoglutaric acid hydrazones to free isoniazid before assay as total isoniazid. The
method is not suitable for the assay of free isoniazid in urine, because in the presence
of these hydrazones the variable degree of their hydrolysis during the color develop-
ment step will lead to spurious results.

4.2.2.5 9-Chloroacridine

The reagent 9-chloroacridine also forms a colored derivative with aromatic amines
and aromatic hydroxylamines. However, these derivatives have their absorption
maxima at about 435 nm and Stewart and Settle3#? suggest that this is sufficiently
different from isoniazid to be estimated in the presence of other drugs containing
primary amines.

4.2.2.6 Folin-Ciocalteau Reagent

This is a popular reagent for forming colored complexes with certain drugs and
is used as a spray reagent in thin-layer chromatography (see Chapter 5 ). Swanson
and Walters*' described the use of this reageni for the quantification of acetami-
nophen. Serum is mixed with an equal volume of phosphate buffer (pH 7.0) and
extracted with ethyl acetate. The ethyl acetate layer is mixed with 0.25 M Na,CO,
while Folin-Ciocalteau reagent is added. Acetaminophen forms a blue complex
which remains in the aqueous phase on centrifugation. Absorbance is measured at
600 nm. An important feature of this method is that it avoids interference by the
presence of salicylates.

4.2.2.7 Reaction with Aromatic Aldehydes

A variety of aromatic aldehydes has been used as spray reagents for paper and
thin-layer chromatography. including anisaldehyde. and vanillin. Boxenbaum and
Riegelman*> adapted the vanillin reaction for an assay of isoniazid (Figure 4.10).
The resulting hydrazone absorbs at 365 to 370 nm.

4.2.3 OTHER ABSORPTIOMETRIC TECHNIQUES
4.2.3.1 Difference Spectra

Although UV and visible absorption spectroscopy can provide much information
on the presence of groups of drugs in biological samples, for quantitative use they are
very limiting in sensitivity. The methods so far described are for drugs that appear
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FIGURE 4.11 Symmetrical absorption band.

in the ng ml"' range following therapeutic doses. or are only applicable in screening
overdose cases. The use of chromatographic separations prior to detection with
absorption spectrophotometers provides a very powerful technique which increases
specificity (separation from closely related compounds) and sensitivity (reduction of
background absorption). However, these chromatographic systems are either rela-
tively expensive (high-pressure liquid chromatography) or require some measure of
skill (thin-layer chromatography). Accordingly. special techniques have been devel-
oped to maximize the information available from the absorption spectra. One such
technique is the use of difference spectrometry.**-*“ In this technique a double-beam
spectrometer is used and the untreated sample is used as the reference for a sample
which has been subjected to a chemical change or derivatization. The difference
spectrum produced will. of course, show positive and negative peaks in the trace. The
advantage of this method is that nonspecific absorption bands are eliminated and
even turbid solutions can be assayed. Overlapping bands from other absorbing
species will be eliminated, providing that this absorption is not affected by the
chemical reaction used for derivatization.

4.2.3.2 Derivative Spectroscopy

The technique used to obtain additional information from UV-visible spectra to
make the most impact in recent years is the technique of derivative spectroscopy. The
theoretical aspects were expounded as long ago as 1953 by Hammond and Price3®
and further developed by Giese and French®' for the analysis of overlapping spectral
bands. The theory may be briefly reviewed as follows. A simple asymmetrical
absorption band is shown in Figure 4.11. As one scans through the wavelengths the
rate of change of absorption also changes and this rate can also be plotted against the
wavelength (Figure 4.12) as the first derivative. The principal features of this first
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FIGURE 4.12  First devivative of absorption band shown in Figure 4.11.

derivative plot are the minimum and maximum values corresponding to the inflection
points of the original spectrum, and the point at which the first derivative plot crosses
the zero line, giving an accurate value for the wavelength of maximum absorption.

It is the second derivative. however, which has proved more useful. This plot is
shown in Figure 4.13. The original inflection points now appear as maxima and the
absorption peak appears as a minimum. For quantitative use. the distance between
adjacent maxima and minima is measured. choosing those wavelengths most char-
acteristic of the analyte of interest. Alternatively. adjoining maxima can be joined by

2..

0 4

-4 T T T 1
0 5 10 15 20

Wavelength (nm)

FIGURE 4.13 Second derivative of absorption band shown in Figure 4.11.
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TABLE 4.5
Analysis of Drugs in Biological Fluids Using
Derivative Spectroscopy

Drug Fluid Sensitivity Reference
Barbiturates Serum 0.1 pug ml ' 355
Benzodiazepines Blood 352
Clonazepam Urine 150 ng mJ 356
Diazepam Plasma I ng ml ' 354
Methaqualone Plasma 25ng ml' 354
Oxphenbutazone Plasma 3 ng mi' 357
Paraquat Plasma 353
Phenylbutazone Plasma 1 ng ml"' 357

a straight line and the vertical distance from this line to the minimum can be
measured. Either of these two measurements should be proportional to the concen-
tration of analyte, with the second method introducing a correction factor for back-
ground absorption.

Apart from the features already mentioned. derivative spectroscopy offers a better
resolution of spectra. as shoulders in the normal spectra are converted into sharp
peaks. Thus, Martinez and Paz Gimenez*>? described the use of derivative spectra for
the assay of benzodiazepines in blood. and Jarvie et al.*>* described a rapid assay for
emergency analysis of paraquat in plasma. The method seems to find particular
application in determining levels of drugs in biological fluids of coadministered
drugs. such as the determination of diazepam and methaqualone.”* and where there
is need for very simple and rapid determination of relatively large concentrations in
overdose cases as for paraquat poisoning mentioned above (Table 4.5). As far as
instrumentation is concerned for derivative spectroscopy. a normal spectrometer
fitted with a means of collecting data points that can be fed into a personal computer
is all that is required. although it is more usual to use commercial instruments fitted
with their own computing facilities.

4.3 FLUORIMETRY

4.3.1  PRINCIPLES

In the foregoing discussion on absorption spectrometry, the drug being analyzed is
quantified on the basis of the degree of dimunition of the incident light. However. when
the drug is present in very low concentrations the analyst is trying to detect the difference
between two large values, always an unsatisfactory situation in analytical work. In
contrast, in fluorimetry, the final measurement is not of transmitted light but of emitted
light at right angles to the incident light, and hence the analyst is looking for the difference
between zero and small values of emitted light. Thus. the sensitivity of fluorescence
methods is better than absorbance methods due o the lower noise limitation.

The fluorescence process is one consequence of the absorption process: some of
the energy absorbed by organic molecules is released by the emission process and is
always at a longer wavelength than that absorbed. Thus, in the standard fluorescence
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FIGURE 4.14 Excitation and emission spectra of a fluorescent drug.

assay the sample is excited at one selected wavelength and the intensity is measured
at another appropriate wavelength. Because of this ability to select two specific
wavelengths. the method has a high potential for specificity.

The fluorescence of a molecule is characterized by two spectra: the excitation
spectrum and the emission spectrum. It is therefore a good idea 1o establish both
spectra before deciding the best conditions for assay. The two spectra for triamterene
are shown in Figure 4.14. In theory. the excilation spectrum is identical to the
absorption spectrum. but slight differences will be seen due to differences in instru-
mentation. For production of the emission spectrum it is usual to set the excilation
wavelength at the excitation (or absorption) maximum and scan the emission wave-
lengths: this reduces the effect of scattered light and gives a cleaner spectrum than
excitation with full-spectrum white light.

In principle. all compounds which absorb light will also be fluorescent. However,
not all light absorbed is emitted as {luorescence. and it is usual to speak of quantum
yield in assessing fluorescence due to compounds or to chemical groupings. The
quantum yield is defined as the ratio of the quanta emitted to the quanta absorbed and
the range of such yields is shown in Table 4.6.

There are many factors that may reduce the quantum yield. including the solvent
used and the concentration of the compound. Teale and Weber*® determined the
quantum yield of a number of organic structures, the most efficiently fluorescing
species being 9-aminoacridine, Rhodamine B, and fluorescein (Table 4.6). The fact
that not all organic molecules exhibit usable fluorescence. even though they may
have strong absorbance, is due to a very low fluorescence efficiency: in such
molecules the absorbed energy is dissipated by processes referred to as internal
conversion. For the analyst interested in increasing the sensitivity of the detection of
drugs. however, the mechanism of such fluorescence quenching is of secondary
importance to the end effect and the author shall confine the discussion to some
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TABLE 4.6
Quantum Yields of Fluorescence in Solution
Compound Solvent Quantum yield
9-Aminoacridine Water 0.98
Rhodamine B Ethanol 0.97
Fluorescein 0.1 N NaOH 0.92
|-Dimethylaminonaphthalene-7-sulfonate Water 0.75
2-Methoxy-6-chloro-9-N-glycylacridine Water 0.74
Acriflavin Water 0.54
1 -Dimethylaminonaphthalene-5-sulfonate Water 0.53
Fluorene Ethanol 0.53
| -Dimethy laminonaphthalene-4-sulfonate Water 0.48
Indole Water 0.45
Skatole Water 0.42
Anthracene Benzene 0.29
Sodium salicylate Water 0.28
Riboflavin Water 0.26
Chlorophyll a Ethanol 0.23
Phenol Water 0.22
Eosin 0.1 N NaOH 0.19
Pheophytin Benzene 0.18
|-Aminonaphthalene-3.6.8-sulfonate Water 0.15
Naphthalene Ethanol 0.12
Chlorophyll b Ethanol 0.10
Phenanthrene Ethanol 0.10
Sodium sulfanilate Walter 0.07
Sodium p-toluenesulfonate Water 0.05
Uranyl| acetate Water 0.04
|- Dimethylaminonaphthalene-8-sulfonate Water 0.03

structures that have usable Muorescence. A great deal of work has gone into attlempts
1o correlate structure with fluorescence of organic molecules. and it is evident that
fluorescence is markedly influenced by structure. as evidenced in the papers by
Williams*? and Williams and Bridges.*®

The first consideration is that the compound must have strong absorption charac-
leristics to provide the energy for eventual emission. The next consideration is the
quantum yield of fluorescence. For consideration of structures with high quantum
yields the various review papers should be consulted. A few general rules on
structures that may be expected to yield high fluorescence may be drawn up. but it
would be wise to investigate any new drug for unexpected phenomena. Aromaticity
appears 1o be a prerequisite for fluorescence. with most simple aromatic compounds
having quantum yields of approximately 0.20. This {luorescence is modified by ring
substitution (Table 4.7). The efficiency of fluorescence. however. by no means
follows the degree of absorbance, as evidenced by the low [luorescence of nitroben-
zene. the nitro group apparently enhancing the degree of internal conversion. The pH
of the solution has a dramatic influence on fluorescence. as fluorescent compounds
are often used as pH indicators.

The key characteristic of a substituent to increase the fluorescence of an aromatic
ring is its ability to donate electrons. Hence phenols and aromatic amines are highly
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TABLE 4.7
Effect of Ring Substitution on
Fluorescence of Benzene

Substituents giving Substituents not giving
vseful fluorescence useful fluorescence
-OH -NO,
~0O-CH, -COOH
-NH, -CH,COOH
-NH-CH, ~(NH.):
-F -CL. -Br. I
O
~-NH:

From Williams. R. T.. J Royal Instii. Chem.. 83, 61 1.
1959.

fluorescent. but this fluorescence is lost on acetylation. the acyl group having an
electron-withdrawing effect. The fluorescence is not lost if the amine or hydroxyl
function is alkylated.

External factors other than pH. can also affect observed fluorescence. These
include the presence of halide ions which will quench fluorescence. The antimalarial
quinine has its maximal fluorescence at pH | as would be expected from its structure
(Figure 4.15). However., if the measurement is performed in hydrochloric acid. rather
than sulfuric acid. then the fluorescence is virtually abolished. Similarly. solutions
containing dissolved oxygen will also show reduced fluorescence. and solvents used
in fluorimetry should be degassed prior to use.

4.3.2 DIRECT MEASUREMENTS

For the analyst assigned to developing a method of assay of a particular drug in
biological fluids. it is very heartening to discover that a compound is highly fluores-
cent, whether this fluorescence is native in organic solvents or whether it has to be
generated in strong acid or alkaline media. A few examples of earlier assay proce-
dures where straightforward luorescence of the compound was used will indicate the
simplicity of the method in the right conditions.

H
C—=cH,

H3CO /

FIGURE 4.15 Structure of quinine.
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4.3.2.1  Triamterene?"

Alkaline plasma or urine is extracted with ethylene dichloride. the organic extract
diluted with an equal volume of n-hexane and re-extracted with phosphate buffer (pH
6.0). the resultant aqueous extract being assayed by its fluorescence at 440 nm
following excitation at 366 nm.

4.3.2.2  Furosemide’®

Acidified plasma is extracted with diethyl ether, and the ether phase back-
extracted with phosphate buffer (pH 7.5). The aqueous layer is reacidified with | M
HCTto pH 1.5 10 2.5. and the fluorescence measured at 407 nm following excitation
at 337 nm.

4.3.2.3 Quinine3%2

Serum or urine (10 ml) is shaken with an equal volume of 0.1 M NaOH and 30
ml benzene. Isoamyl alcohol (1 ml) is added to the benzene layer which is then
extracted with 0.1 M H,SO,. The fluorescence of the acid phase is determined at 450
nm following excitation at 350 nm. With this method. as little as | ng ml-' quinine
can be estimated in biological fluids and metabolites have been shown not to interfere
with the determination.

4324  Imipramine’

Plasma is buffered to pH 11 with borate buffer and extracted with heptane. The
heptane is further extracted with 0.1 M HCI. The acid phase is then made alkaline
with two equivalents of 0.1 M NaOH and the fluorescence is measured at 400 nm
following excitation at 290 nm.

4.3.2.5 Propranolol3*

Total (free plus conjugated) propranolol in plasma can be determined by direct
dilution of plasma with a dimethylsulfoxide-water mixture (1:2) and measurement of
the fluorescence of this mixture at 340 nm following excitation at 317 nm. The
method measures as little as 10 to 20 ng ml"' propranolol, depending on the sample.
The main metabolite of propranolol does not interfere with the process. For measur-
ing free propranolol, it is necessary to extract the alkalinized sample with heptane
containing 1.5% isobutanol, and back-extract with 0.1 M HC1. The fluorescence of
the acid phase is measured at 340 nm following excitation at 295 nm.

4.3.2.6 Butaperazine’s

Alkaline plasma is extracted with heptane containing 10% isopropy! alcohol and
the fluorescence of the organic layer is measured directly at 505 nm following
excitation at 275 nm. The sensitivity of the method is 8 ng ml' and the calibration
graph is rectilinear up to 300 ng ml-'. The sulfoxide and sulfone metabolites do not
interfere with the determination of unchanged parent drug.

4.3.2.7  Flecainide*®
Alkaline plasma is extracted with heptane. The organic phase is back-extracted
into 0.25 M NaH,PO, and the fluorescence of this phase is measured at 370 nm
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FIGURE 4.16 Conversion of ampicillin to a fluorescent diketopiperazine.

following excitation at 300 nm. The detection limit is 85 ng ml-! and the fluorescence
intensity was rectilinear up to 10 pg ml-'.

4.3.28 Lysergic Acid Diethylamide (LSD)¢’

Serum or urine is alkalinized with | M NaOH. saturated with NaCl and extracted
with n-heptane containing 2% amyl alcohol. The organic layer is extracted with
dilute HCI and the fluorescence of the acid solution determined at 445 nm following
excitation at 325 nm. The sensitivity of this method is about 3 ng ml-' and metabolites
do not interfere with the process.

4.3.2.9  Temafloxacin’®

Serum is mixed with 0.05M H,SO, in a sample cuvette and measured directly at
460 nm following excitation at 276 nm. Limit of detection was approximately 20 ng
ml-%

4.3.3 INDUCED FLUORESCENCE
4.3.3.1 Chemically Induced Fluorescence

The preceding illustrates clearly the use of native fluorescence of several drugs.
Unfortunately. few drugs are so accommodating in their spectral characteristics. [t
may be possible. however, 10 transform the drugs to fluorescent species either by
direct chemical action or by the formation of fluorescent derivatives with appropriate
coupling agents. Such transformations need not be confined to increasing fluorescent
intensity but may be utilized to shift the excitation wavelength to a more usable
mercury line or to enlarge the separation of excitation and emission wavelengths to
reduce interference by scatiered light. Jusko**®has described a simple assay for
ampicillin which is based on converting it by heating in acid solution to a highly
fluorescent diketopiperazine (Figure 4.16). Phenothiazines may be oxidized with
hydrogen peroxide to fluorescent products.’™ The actual excitation and emission
wavelengths used for measurement depend on the particular phenothiazine being
studied. Oxidation of diphenylhydantoin with alkaline potassium permanganate gives
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FIGURE 4.17 Oxidation of diphenylhydantoin 10 a fluorescent benzophenone.

the fluorescent benzophenone (Figure 4.17).>”' Methyldopa may be oxidized with
potassium ferricyanide and subsequently rearranged with alkali to give a fluorescent
indole (Figure 4.18).7? Chlordiazepoxide may be oxidized to a lactam which can be
assayed by its fluorescence (Figure 4.19).>7

4.3.3.2 Fluorescence Induced by Irradiation

Chemical transformation may also be achieved by using strong short-wavelength
UV light as described by Brodie et al.'” The original method was used to analyze
chloroquine and related compounds by converting the drug to unidentified fluores-
cent compounds with an absorption maximum closer to the 365 nm mercury line. ln
the original apparatus the mercury arc lamp was set in the center of a circular rack
containing the sample tubes. Because of the dimensions of the apparatus and the
intensity of the UV light. an irradiation time of 3 h was required and the whole
apparatus needed to be air cooled to keep the temperature below 35°C to minimize
thermally induced side reactions.

Hajdu and Damm*” developed the irradiation device further by using a more
intense source of short-wavelength UV light. A general method was proposed for
determining drugs in biological fluids. the method being optimized for individual
drugs by varying the irradiation time or distance and the time allowed to develop the
fluorescence following the initial irradiation. These principles led to the development
of a method for analyzing fendosal in plasma.'’® In this method, plasma is mixed with

NH,

COCH

HoC
CHs
Ho.
- m—CHa
HO HO N
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FIGURE 4.18 Conversion of methyldopa to a fluorescent indole.
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FIGURE 4.19 Conversion of chlordiazepoxide to a fluorescent lactam (demoxepam).

acetate buffer to pH 4.6 and extracted with diethy| ether. The ether layer is transferred
to a centrifuge tube and evaporated to dryness. The residue is dissolved in ethanol and
the solution transferred to a 1-cm cuvette. The cuvette is irradiated for exactly 4 min
with UV light using a low-pressure mercury arc with an intense spectral line at 254
nm. The distance from the source to the center of the cuvette is 3.5 cm, which is
conveniently standardized by mounting the source and the cuvettes in a specially
constructed aluminum or plastic block (Figure 4.20). The cuvettes are left in daylight
for | hto develop optimal fluorescence. The fluorescence of the samples is measured
both before and after irradiation. with emission being at 404 nm following excitation
at 348 nm. The change in fluorescence between the two measurements is proportional
to the fendosal concentration. When plasma from normal. undosed volunteers was
processed according to this method no induced (luorescence was observed. The
presence of up 10 200 plg ml-' salicylic acid in plasma did not contribute to either pre-
or postirradiation fluorescence. Moreover, when the method was applied to plasma
obtained from subjects dosed with aspirin. the strongly {luorescing aspirin metabo-
lites did not change their fluorescence on irradiation. The known metabolites of
fendosal do not interfere significantly. being left behind in the aqueous phase during
the extraction step. The method was successfully used to study fendosal pharmaco-
kinetics, even being able to detect evidence of enterohepatic circulation in humans,
as seen from the double peak in Figure 4.21. The limit of sensitivity of the method
was 0.1 pg ml-!

Induced fluorescence (either by chemical means or by irradiation), can be made
10 be extremely specific by careful choice of pre-extraction conditions and the
reaction conditions. However, the nature of the fluorescing species is often uncertain,
particularly with irradiation-induced fluorescence. Another approach to increase the
fluorescence of a drug in the biological sample is to form a fluorescing complex or
1o link the drug covalently with a second molecule 1o produce a fluorescent conju-
gate. Chelation of drugs with metal ions will often increase fluorescence, possibly by
increasing the rigidity of the molecule and reducing internal conversion. For ex-
ample, tetracycline has been assayed by its fluorescence when chelated with calcium
and barbituric acid (Figure 4.22).>”7 or with magnesium.’® and oxytetracycline
similarly by chelation with magnesium and ethylene diamine tetra-acetate.’”
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FIGURE 4.20  Apparatus for the reproducible irradiation of samples by short-wave UV-light. (A) side
view: (B) top view: (a) space for UV-probe: (b) spaces for sample cuvettes.

4.3.4 COUPLING TO FLUORESCENT REAGENTS
4.34.1 Fluorescamine

The more popular method of producing a fluorescent species has been the chemi-
cal coupling or condensation method (Table 4.8). This has been a productive ap-
proach in the assay of amines especially using fluorescamine (Figure 4.23). A
commercial version of the reagent is available (Fluram) as described for the analysis
of the biogenic amines tryplophan, noradrenaline, dopamine, and the drug,
daunorubicin.

The author adapted this reagent for the difficult task of assaying a volatile
amine. trifluoromethylaniline. a suspected metabolite of a candidate drug. The
advantage of forming a derivative was that the sample could be concentrated
without losing any compound through evaporation. In the developed procedure. the
alkalinized plasma was extracted with an equal volume of diethyl ether. The ether
was rapidly mixed with Fluram to form the fluorescent derivative. The excess
reagent was decomposed by the water present in the ether. [n our studies we wished
to measure trifJuoromethylaniline at the ng ml! level and for this sensitivity it was
necessary to use HPLC for the final quantitative analysis. The advantage of this
reagent is that it is not itself fluorescent and excess fluorescamine in the reaction
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FIGURE 4.21 Plasma concentration of fendosal following a single dose of 100 mg to normal volunieers
{mean values from six subjects).

can also be hydrolyzed to nonfluorescing species. thus providing low blanks in the
method.

4.3.4.2 Dansyl Reagents

Dansy! chloride (dimethylaminonaphthalene sulfonyl chloride). is a popular re-
agent for the formation of a fluorescent conjugate with primary and secondary
amines or hydroxyl groups. The reagent was first developed as a fluorescent label for
protein studies. The quantum yield of fluorescence is the same for all amino groups
(60%) but is only about 10% for phenols. The dansyl chloride reagent was used to
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FIGURE 4.22 Fluorescent complex formed by tetracycline. barbituric acid. and calcium.
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TABLE 4.8
Reagents Used for Derivatization to Form Fluorescent Conjugates
Used for Analysis of Drugs in Biological Fluids

Drug Reagent Sensitivity References
Amiloride 9,10-Phenanthraquinone 20 ng ml-! 384
Amphetamines  4-Chloro-7-nitrobenzo(c)-1.2.5-oxadiazole 385

(NBD chloride)
Daunorubicin Fluorescamine 380
Guanethidine 9.10-Phenanthraquinone 20 ng ml-! 384
Guanethidine Benzoin 20 ng ml! 386
Guanfacine Benzoin 20 ng ml*! 386
Guanoclor Benzoin 20 ng ml*! 386
Guanoxan 9.10-Phenanthraquinone 20 ng ml-! 384
Guanoxan Benzoin 20 ng ml*! 386
Praziquantel Dansyl chloride 381

determine praziquantel in plasma and urine. In the method described by Piitter®®' the
drug is extracted from alkaline plasma with a benzene-hexane mixture (1:4). The
organic layer is reduced in volume and then successively washed with dilute alkali
and dilute acid. The mixture is then hydrolyzed with strong alkali to expose the amine
functions which can then react with the dansyl reagent (Figure 4.24). Although in
theory two dansyl residues could be coupled to the praziquantel hydrolysis product,
it is thought that only one residue is coupled in this case. Other dansyl reagents used
in drug analysis include dansyl hydrazine for ketones®? and dansylaziridine for
sulfhydryl compounds.83

The fluorescent derivatives prepared with any particular reagent will have similar
spectral characteristics unless the coupling of the reagent extends conjugated systems
in the drug molecule. Thus, the strategy of forming such derivatives is more usefully
employed for increasing sensitivity rather than specificity. Consequently such tech-
niques have found greatest use in combination with specific separation procedures
such as paper, thin-layer, or column chromatography.

FIGURE 4.23 Reaction of a primary amine with fluorescamine to form a fluorescent pyrrolinone.
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FIGURE 4.24 Hydrolysis of praziquantel and subsequent coupling with dansyl chloride.
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5.1 GENERAL INTRODUCTION

Chromatography is the common laboratory method for both quantitative and
qualitative analysis of drugs. particularly new investigational drugs. in biological
fluids. This is because chromatographic methods can combine a powerful separation
step with a sensitive and specific detection system. This chapter will review the basic
principles of chromatography and its original development to what is now called
planar chromatography. Subsequent chapters will describe, in more detail, the vari-
ous aspects of the different types of chromatography that the analyst has at his
disposal. explaining the advantages of each type in the modern analytical laboratory.

The basic principle underlying all types of chromatography is that the sysitem
consists of two components, one stationary and one mobile. This can be exemplified
by the original system by Tswett. who described the chromatography of colored
pigments extracted from plants. The stationary phase consisted of calcium carbonate
packed into a glass column. The extract was placed at the top of the column and
washed through with an organic solvent. The components to be separated would be
absorbed on the calcium carbonate and dissolved in the organic solvent. The rate at
which the individual components (the different pigments) move down the column
depends on the relative affinity of the component for the two phases (i.e., stationary

105
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and mobile). and it is this relative property which effects the required separation.
Tswetl’s original papers were in Russian and were published in 1906: an excellent
review of his early work in chromatography has been written by Ettre.*’

The preceding discussion is the basis of all types of chromatography. The mobile
phase is always a fluid but may be a liquid or a gas: the stationary phase may be a
liquid or a solid. If the stationary phase is a solid. the affinity for this phase may be
governed by several different factors. including absorption (as in Tswett's original
columns) and the ability of the pores in the solid matrix to accommodate the
molecules to be separated; this accommodation may depend on the analyte’s shape
as well as its size. It is important to distinguish between a support. which is always
a solid, and the stationary phase, which may be the support itself, or may be a coating
on the support. or an adsorbed liquid. 1f this distinction is not appreciated. then the
mechanisms of separation may be obscured, with the result that the rational design
of a separation will not be so readily realized. Thus, even in Tswett’s system. which
at first glance is a straightforward absorption system. if an immiscible liquid is
trapped in the calcium carbonate then it may act as a liquid stationary phase. The
result is that the system would be, at least partially, a liquid-liquid partition system
rather than a liquid-solid absorption system. The affinity of solute for the stationary
phase would depend on solubility. which can be controlled by factors such as pH,
ionic strength. and polarity.

5.2 PAPER CHROMATOGRAPHY

Although Tswett’s original column method proved very useful for preparative
separations in natural product and organic chemistry, it did not find extensive favor
as an analytical method. Paper chromatography was probably the earliest type of
chromatography that was enthusiastically developed for analytical purposes. Its
advantage over the classical column technique was that the components could be
readily detected by viewing the paper after development of the chromatogram. The
general method of paper chromatography consists of spotting a solution of the sample
o be analyzed directly on the paper. The solvent is allowed to evaporate and the
paper is then subjected 1o a migrating mobile phase using either an ascending or
descending technique (Figure 5.1). For descending chromatography. the end of the
paper is beld in a trough of mobile phase, usually by the weight of a glass rod, and
the mobile phase flows down the paper by a combination of capillary attraction and
gravity. This process makes for relatively rapid chromatography. Due to the wetting
of the paper as the chromatography proceeds. the solvent front will be clearly visible
in this type of chromatography. It is usual to allow the solvent front to flow to within
a few centimeters of the end of the paper before terminating the chromatography. so
as 1o characterize the components of the sample by relating their distance from the
origin to that of the solvent front — the Rf value. In some applications. the solvent
may be allowed to run off the end of the paper, but this raises questions as to when
10 stop the chromatography before analytes are lost by elution, and how to charac-
terize unknown components.

Using the ascending technique, the paper can be formed into a cylinder and placed
with its lower | to 2 cm in the mobile phase a few centimeters away from the spotted
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FIGURE 5.1 Paper chromatography. (A} Ascending technique: (B) descending technique. (a) Mobile
phase: (b) stationary phase equilibrated against mobile phase: (c) filter paper lining to aid saturation of tank
with vapors: (d) samples spotted.

sample. This method takes longer than the equivalent descending system, particularly
if a heavy solvent such as dichloromethane is used in the mobile phase. Although this
simple type of paper chromatography would appear to be absorption chromatography,
there is usually sufficient water absorbed into the cellulose fibers to make the separation
depend partly on an organic-aqueous partition. To make the chromatography more
reproducible, and 1o make the system completely liquid-liquid partition, the paper is
usually pre-equilibrated with the vapor of the stationary phase. which should be
saturated with the mobile phase. The usual practice is to enclose the whole system in
an airtight jar containing a mixture of the phases. and after a suitable period of
equilibration, perform the elution with the mobile phase saturated with the stationary
phase. For partition chromatography. temperature can be critical. and even in modern.
temperature-controlled laboratories. local air currents can distort the flow of the mobile
phase, making the chromatography irreproducible. Thus. most paper chromatography
requires temperature control, usually by placing the solvent tank in an incubator. This
not only allows reproducible chromatography. but the mass transfer between phases is
also more rapid and chromatographic efficiency is improved.

After developing the chromatography. the paper is removed from the tank and
dried of all solvents. The advantages of paper chromatography include its simplicity
and the sturdiness of the completed chromatogram. The chromatogram can be rolled,
or folded for storage. and even written on for documentation. In many cases the
separated components can be viewed directly under ultraviolet light. Further detec-
tion or identification can be performed using various spray reagents to detect specific
compounds or functional groups. If a nondestructive method of detection is used,
then the “spot™ can be cut out, eluted with a suitable solvent, and further investigated
as a partially purified component. Because, on the analytical scale, such a procedure
may introduce impurities form the paper itself. the paper should be washed with
mobile phase before use in chromatography.

One of the simplest paper chromatography systems described for drug screening
is that for barbiturates. The paper is pre-equilibrated with aqueous ammonia and
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TABLE 5.1
Paper Chromatography Systems Used in Drug Analysis

Preparation of paper Mobile phase Application Reference

Dipped in 5% sodium Citric acid:n-butanol. ascending Basic drugs 390
dihydrogen citrate. dried
Dipped in 20% formamide 5N NH,OH:benzene chloroform, Barbiturates

descending
Equilibrated against aqueous  Light petroleum. descending Barbiturates 388
methanol
Untreated Strong NH,OH:pentanol. Neutral drugs. 391
descending carbamates
Dipped in 4% oleic acid in Acetic acid:water. ascending Neutral drugs. 391
acetone. dried carbamates
Untreated 3M NH_OH:n-butanol. Neutral drugs 392
descending
Untreated Acetic acid:benzene:water. Neutral drugs 392
descending
Untreated NH,OH:n-butanol. descending Salicylates 393
Dipped in 40% formamide Formamide:chloroform. Corticosteroids 394
in methanol formamide:benzene
Untreated NH,:amy! alcohol. ascending Thiazide diuretics 395

Dipped in 10% tributyrin in Acetate buffer pH 6.4. phosphate General screening 396-399
acetone. dried buffer

developed with light petroleum to provide a straightforward organic-aqueous parti-
tion system.™® The basicity ol the aqueous phase is instrumental in effecting the
separation of the barbiturates by their different partitioning between the organic
phase and the alkaline phase.

The stationary phase can also be an organic solvent with the mobile phase being
aqueous. This is usually done by impregnating the paper with a high-boiling organic
solvent such as tributyrin or liquid paraffin, usually with the aid of a more volatile
solvent which is evaporated from the paper to leave a uniform impregnation ol the
stationary phase. The paper is then developed with a suitable aqueous phase.® Table
5.1 shows a number of paper chromatography systems that found favor in drug
analysis, mostly as screening techniques in toxicological and forensic applications.

Paper chromatography was essentially a qualitative technique, although there
were nolable attempts to make it quantitative, such as in automatic amino acid
analyzers and the steroid hormone analysis system Chromatogram Automatic Soak-
ing and Digital Recording Apparatus (CASSANDRA).*% Man's ingenuity would. no
doubt, have produced successful automated quantitative analytical systems using
paper chromatography if the technique had not been so dramatically superseded by
thin-layer chromatography and gas chromatography.

Because of its simplicity, paper chromatography may still have a role to play in
screening systems for drugs. and the modern analyst should at least be aware of its
existence. and the part it has played in the development of analytical science:
however keeping an eye on the literature over the last 15 years has revealed only one
reference to the use of the technique in analyzing drugs in biological fluids.*!
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FIGURE 5.2 Thin-layer chromatography. (A) Plate developing in mobile phase by the ascending
technique. (a) Solvent: (b) layer of absorbent: (c¢) samples spotied: (B) developed plate.

5.3 THIN-LAYER CHROMATOGRAPHY

5.3.1 INTRODUCTION

Although the first description of thin-layer chromatography (TLC) was made as
long ago as 1938.4%2 it was not until the late 1950s and early 1960s that the technique
came into its own. In this type of chromatography the stationary phase. or support,
is spread as a thin layer on a flat glass plate. The sample is spotted. as in paper
chromatography. near one edge of the plate which is then placed upright in a small
amount of the mobile phase in the botiom of a chromatography tank as shown in
Figure 5.2. The mobile phase creeps up the plate by capillary attraction. and develops
the chromatogram by the ascending technique. Although other methods were de-
scribed to allow descending chromatography. this usually involved unsatisfactory
wick devices and had little advantage over the ascending method. unless the mobile
phase was untypically dense and development by capillary attraction was unaccept-
ably slow.

Most of the first TLC systems used an adsorption type of chromatography., with
the stationary layer being either silica gel or alumina. In the case of alumina, it was
usual to activate the plates (i.e. drive off excess moisture) in an oven and then store
them in a desiccator prior to use. If this was not done. the moisture in the plate would
either deactivate the adsorption properties of the layer, or there would be an element
of partition chromatography, leading to unpredictable and irreproducible chromatog-
raphy. As in paper chromatography, the separated components in the thin-layer plates
can often be detected by viewing under UV light or by using suitable spray reagents.
In this respect. conventional TLC is better than paper chromatography because very
severe spray reagents can be used for detection. An extreme example is the use of
ethanolic sulfuric acid followed by heating in an oven to char organic material,
making a truly universal detection system.

TLC is also well suited to two-dimensional chromatography. A single sample is
spotted near the corner of a square plate which is developed in the usual way. dried,
turned through 90°C. and developed with a different solvent. If the two solvent
systems are complementary to each other, this can be a powerful method of identi-
fication, because the detected position will be very characteristic of the individual
components. Alternatively. the first channel of development can be reacted with a
derivatizing agent. for example by acetylation of hydroxyl groups. and the same
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FIGURE 5.3 Characterization of organic alcohols by acerylation and thin-layer chromatography.
Unreacted compounds (nonalcohols) have the same retention in the second development: the percentage
change in Rf values for organic alcohols is proportional to the number of hydroxy groups that are
acety lated.

solvent system used for the second development. Figure 5.3 shows the characteriza-
tion of organic alcohols using such an approach.

However, if very large numbers of samples are to be screened using two-dimen-
sional TLC, the cost per sample, using conventional plates may be too expensive and
the two-dimensional method may be reserved for special research problems or
melabolism studies. Recently. the availability of cheap. highly efficient microplates
may make the use of single plates for single assays more appealing. In the meantime,
most workers would prefer 1o divide samples into two portions for separate analysis
in complementary solvent systems. with 10 to 20 samples being analyzed on a single
plate.

Derivatization is relatively rare for subsequent chromatography by TLC, presum-
ably because the usual reasons for derivatization do not apply to TLC: that is. suitable
systems can usually be devised to give good chromatography of the native materials,
and detection systems are not usually particularly sensitive even for compounds with
favorable structures. Roveri et al.*®* prepared fluorescent derivatives of aliphatic
thiols, but the method has not been applied to biological samples.

The 20-year delay in the development of TLC has been mentioned and the
subsequent historical development is interesting because it shows that a particular
technique does not evolve in isolation. The breakthrough occurred in 1958 when
Stah! described (and patented) a mechanical device for producing uniform thin layers
of alumina or silica gel on glass plates.“® Stahl also described the use of a binder
(calcium sulfate) 1o provide better mechanical strength to the thin layer. Once Stahl’s
plates had been introduced, then the applications of the technique became apparent
and many impecunious researchers devised several ingenious methods of producing
their own thin layers without purchasing the relatively expensive patented equip-
ment. Eventually, the technique became so popular that commercially produced
plates were introduced, first on glass supports, and then on plastic and aluminum foil
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TABLE 5.2
Optimisation Parameters for TLC Separations

Mobile phase
Composition (amount of polar. nonpolar organic solvents)
pH
lon-pair reagents
Other additives
Stationary phase
Adsorptive properties
Capacity for aqueous phase
Capacity for organic phase
Irreversibly bound organic phases
lon exchange
Size exclusion
Environment
Temperature
Humidiry
Ascending. descending. or horizontal development

backings. The convenience and reproducibility of the commercial plates purchased
from the same source has now completely superseded the use of homemade plates.
Apart from the obvious advantages of plastic and foil-backed plates. such plates
could also be easily cut with scissors into any size (or shape!). just like the old paper
chromatography equivalents. Plates are even produced with cellulose layers that are
even closer Lo the original paper chromatography systems.

5.3.2 NEW DEVELOPMENTS

Despite the overwhelming success of other types of chromatography. various
research efforts continue 1o be made to improve the technical aspects of the tech-
nique. either to improve the resolution available. or to increase the speed of analysis.
Some of these advances are summarized below.

5.3.2.1 Increasing Resolution

Many of the aspects of increasing resolution are to be found in examining the
practical aspects of the technique itself. Thus. for particular separation problems the
researcher can optimize separations by variation of the nature of the mobile phase and
the stationary phase or absorbent. Table 5.2 lists the variables that can be considered
in effecting particular operations in TLC. It can be seen that the analyst has a wide
choice of conditions which may be useful in particular separations.

The parameters shown in Table 5.2 are factors which are within the analyst’s
control, and which can be applied o optimize theoretical separations. In practical
terms, the analyst may be limited by the equipment available and even by his own
skills. Thus, a separation may be quite feasible in principle. but may require inordi-
nately long plates or long development times. Another factor is the size of the initial
spot that contains the sample applied to the plate: the smaller the spot the better
chance of complete separation of the components in the subsequent development.
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Commercial developments in improving separations have been made in the provision
of high-performance thin-layer chromatography plates. which are referred to by the
ugly. and confusing acronym. HPTLC.*% Typically. such plates have layers with
particle sizes close to 5 wm rather than 20 pm. 30 to 40 samples per plate rather than
10 1o 12, and sensitivities of less than 100 pg where more than | ng would have been
necessary on conventional plates.’®® HPTLC plates are best used with automated
systems for sample application.

5.3.2.2  Chiral TLC

The problem of separating compounds as closely related as enantiomers has been
mainly attacked by using high-performance liquid chromatography (see Chapter 7).
Nevertheless, there have been several attempts to use TLC for the same purpose and
these need to be mentioned here. The R and S enantiomers of B-blocking drugs could
be separated and quantified on chiral TLC plates (Lichrosorb Diol F,,, HPTLC
plates). These included the enantiomers of metoprolol, propranolol. and alprenolol.
with 5 mM N-benzyloxycarbonylglycyl-L-proline as the chiral additive.*”” Racemic
mixtures of hyoscamine and colchicine could be separated with L-aspartic acid-
impregnated silica gel layers.*%®

5.3.2.3  Overpressured Layer Chromatography

Almost all of the TLC applications in the analysis of drugs in biological fluids
have relied on capillary attraction for the motive force in moving the solvent through
the stationary phase. A number of ingenious techniques have been proposed for
moving the solvent by other means. leading to a category of forced-flow planar
chromatography.

In overpressured layer chromatography,*®“'! the vapor phase is eliminated en-
tirely. by enclosing the stationary phase in a membrane to which pressure can be
applied as the chromatogram is developed. Chromatography is more reproducible in
this closed system, the analysis is rapid and only a few milliliters of solvent is
required. Commercial equipment, both for linear traditional TLC and for circular
TLC. is also available which makes the whole technique more reliable and reproduc-
ible.”!? Kovacs-Hadady*'* used overpressured layer chromatography as a rapid means
o study the retention behavior of various benzodiazepine derivatives on layers
impregnated with tricaprylmethylammonium chloride. Overpressured layer chroma-
tography has also been used for the determination of potassium canrenoate by
reversed-phase ion-pair chromatography?'* and for determination of some narcotic
and toxic alkaloidal compounds.*'s

5.3.24 Rotation Planar Chromatography

Using circular chromatography plates, the mobile phase can be forced through the
stationary phase using centrifugal force generated when the plate is rotated. Centrifu-
gal force as an aid in analytical TLC was suggested in the first edition of the present
work*!® and has been developed so that up to 72 samples can be analyzed on a single
circular plate. the centrifugal force driving solvent from the center of the plate (o the
periphery.!7418
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533 APPLICATIONS

TLC has found application in the analysis of drugs in biological fluids in three
main areas: qualilative screening, metabolism studies. and as a quantitative analytical
method. These are discussed briefly in the following sections.

5.3.3.1 Qualitative Screening

TLC is suitable for screening of samples for the presence of drugs, such as for
loxicological screening.*!? because the whole sample can be visualized on the same
system, unlike other chromatographic systems depending on elution of components
from columns before detectjon. Ln forensic toxicology. samples are usually extracted
under different conditions of pH to provide acidic, basic. and neutral fractions for
further investigation. The relative movement of components in specific solvent
systems and the characteristic colors formed with spray reagents are then used to
characterize components of interest.

Table 5.3 lists some of the systems used for TLC screening of different classes of
drugs. Used as a screening method, a large number of specific and nonspecific spray
reagents have been utilized, many adapted from colorimetric tests mentioned in
Chapter 4: a comprehensive listing of spray reagents is provided in Table 5.4.

5.3.3.2 Metabolism Studies

The use of TLC analysis in drug metabolism studies is an extremely cheap and
reliable method for elucidating drug metabolic pathways. Using conventional ab-
sorption plates (usually silica gel), it is general practice to chose a solvent system
giving an R, value of about 0.8 for the parent drug: the more polar metabolites should
then be spread over the rest of the plate for optimal separation. If a radiolabeled
version of the drug is available. then the metabolite pattern can be produced in a
nurnber of ways. The cheapest way is 1o scrape the silica gel zones into counting
vials; small segments (I mm) can be taken over the complete chromatographic
channel and on counting the samples for radioactivity. the complete quantilative
radiochromatogram can be reconstructed. This method has the advantage that the
counting step is very sensitive. particularly as counting times can be extended. so that
even only a few counts above background can be detected. The process of scraping
zones into counting vials has also been automated.

The second way to obtain radiochromatograms is (o scan the plate with a commer-
cial radioscanner and a third way is to place the plate in contact with X-ray film so
that the radioactivity is revealed on the developed film. This autoradiographic
method is only semiquantitative but can be extremely sensitive since exposure times
of several weeks are feasible.

If a radiolabeled drug is not available, then considerable ingenuity may be
required, but TLC is still a powerful ally. If drug and metabolites are present in high
concentrations (i.e., 10 to 100 pug ml!), then nonspecific methods of detection such
as the use of iodine vapor or sulfuric acid charring may suffice to reveal the metabolic
patterns. Usually, however. a nondestructive method such as ultraviolet absorption
or fluorescence is used. If these methods prove successful, then the appropriale areas
of the chromatogram can be isolated and the components characterized by further
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TABLE 5.3
TLC for Screening of Different Classes of Drugs

Class Plate Mobile phase References
Antihistamines Acetic acid:butanol:buty! ether (10:80:40) 420
Ammonium hydroxide:benzene:dioxan (5:60:35) 420
Acetic acid:ethanol:water (30:50:20) 420
n-Butanol:methanol (40:60) 420
Barbiturates Ammonia:benzene:dioxan (5:75:20) 420
Acetone:chloroform (1:9) 420,421
Acetic acid:benzene (1:9) 420
B-Antagonists 422
Cannabinoids Acetone:chloroform:triethylamine (10:20:1) 423
Cardiac glycosides Benzene:ethanol (7:3) 424
Chloroform:acetone:methanol (16:7:2) 425
Corticosteroids Chloroform:methanol (1:1) 426
Methylene chloride:dioxan:water (100:50:50) 426
Estrogens Dichloromethane:methanol:propanol (97:1:2) 427
Ergot alkaloids Chloroform:ethanol (9:1) 428
Narcotic analgesics Ammonia:benzene:dioxan:ethanol (5:50:40:5) 429
Acetic acid:ethanol:water (30:60:10) 429
Phenothiazines Ammonium acetate:methanol (20:100) 430
Opiates Chloroform:ethyl acetate:methanol:propylamine 431
(7:9:1:1)
Methanol:ammonia (200:3) 432
Ethyl acetate:methanol:ammonia (17:2:1) 432
Quaternary amines Cellulose Ammonium formate:formic acid:water:tetrahydro- 327
furan
Quaternary amines Silica gel Methanol: 0.2M HC1 433
Salicylates Acetic acid:benzene:ether:methanol 434
Toluene:acetic acid:ether:methanol (120:18:60:1) 435
Sulfonamides Silica gel Hexanol 436
Sulfonamides Alumina Acetone:ammonium solution 436
Chloroform:ethanol:heptane:water (33:33:33:1.5) 437
Pesticides Silica gel Cyclohexane:acetone:chloroform 438
Lysergic acid 439
diethylamide

investigation using spectrophotometry, other chromatographic methods, and the
usual techniques of physical chemistry for full elucidation of structure.

5.3.33 Quantitative Analysis

When large numbers ol samples need to be analyzed. TLC is just as attractive for
quantitative use as it is in screening procedures. However, just as for screening
procedures described above. the amount of drug in the sample limits the usefulness
of the technique and quantitative analysis using TLC is really only possible using
well-calibrated. reproducible procedures. Almost all the successful methods for
quantifying drugs by TLC have used either fluorescence or UV absorption detection
techniques as shown in Table 5.5.
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Spray Reagents Used for Visualising Drugs on TLC Plates

Reagent

Ninhydrin

FPN reagent

Dragendorff
Acidified iodoplatinate

Mandelin's reagent

Marquis reagent

Acidified potassium
permanganate

Van Urk reagent

Ferric chloride
Mercurous nitrate
Furfuraldehyde
Chromic acid

Ludy Tenger reagent

Mercuric chloride-diphenyl-
carbazone

Zwicker’s reagent
Fluorescein
Fast Blue

Duquenois reagent
Perchloric acid
p-Anisaldehyde
Naphthylethylenediamine
Naphthaquinone sulphonate
Nitroso-naphthol

Cobalt thiocyanate

Sulfuric acid-ethanol

p-Toluenesulfonic acid
Copper sulfate

Examples

Primary amines
Secondary amines
Cephalosporins
Phenothiazines
Dibenzazepines

Quaternary ammonium
compounds

Morphine
Barbiturates

Sulfonamides

Sulfonamides. meprobamate
Ergot alkaloids

Phenazone

Phenols

Barbiturates

Nonsteroidal anti-inflammatory
agents

Nonsteroidal anti-inflammatory
agenls

Barbiturates

Sulfonamides

Barbiturates

Barbiturates

Cannabidiol

Cannabinol

9-Tetrahydrocannabinol

Cannabinoids

Most compounds

Cardiac glycosides

Diuretics

Ergot alkaloids

Ergot alkaloids

Quaternary ammonium
compounds

Steroids

Cephalosporins
Steroids

Colors

Violet. pink
Yellow
440
Red
Blue

Violet 433

Black

Yellow on violet
background

Yellow-brown

Yellow

Blue

Pink. violet

Blue. violet

Dark. slowly fading

Variety of colours
Orange

White on violet
background

Blue

Pink. green

Pink

Orange

Violet

Red

Blue. violet

Charring agent

Blue

Red-violet
Blue-black
433

General charring
reagent. various
colors
440
Various colors

Reference
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TABLE 5.5

Quantitative Thin-Layer Chromatographic Analysis of
Drugs in Biological Fluids

Drug Detection and quantification Detection limit References
Acebutolol Paraffin fluorescence 100 ng ml* 44
Alprazolam Densitometry at 256 nm 0.05 ug 442
Amiodorine Reflectance. 240 nm 0.1 ug ml' 443
Benzodiazepines 444
Carbamazepine Induced fluorescence 0.1 pg ml 445, 446
Carbamazepine UV at 285 nm 0.5ugml’ 447
Cinromide UV at 270 nm 0.05 pg ml ' 448
Diazepam Induced fluorescence. 450 nm 0.05 ug ml ' 449
Dihydroergotamine Fluorescence 10 nM 450
Disopyramide UV at 254 nm 0.5 ug ml 451
Frusemide Fluorescence 0.02 ug ml* 452
lfosfamide Photography-densitometry lug ml' 453
Melphalan UV a1 >400 nm 20 nM 454
Metronidazole UV at 320 nm 0.5ug ml' 455
Morphine Fluorescent plates. 287 nm 456
Morphine lodoplartinate. sulfuric acid c20 ng 457
Nadolol Fluorescence. 313 nm Sngml' 458
Nalidixic acid [nduced fluorescence. 430 nm 160 ng ml 459
Netilmicin Fluorescence 0.2 ug ml' 460
Perazine UV at 250 nm 20ng ml* 461
Phenazone Densitometry at 254 nm 462
Phenobarbitone UV at 215 nm 2ugml! 447
Phenytoin UV at 215 nm 2 ug ml' 447
Primidone UV at 215 nm 2pg ml! 447
Quinidine Fluorescence 445 nm I ug ml 463
Salbutamol 464. 465
Salicylic acid Fluorescence. 402 nm [0 ug ml ' 449
Sulfadiazine UV at 268 nm 25 ug ml' 466
Sulfamethoxazole UV at 268 nm 25 ug ml 466
Theophylline UV at 270 nm Sugml! 467
Theophylline UV a1 273 nm 0.25 pug ml 468
Tienillic acid UV ai 300 nm 0.3 ug ml' 469

In the simplest cases the drug will have sufficient ultraviolet, or even visible
absorption for the analyst to be able 1o use straightforward densitometric scanning for
quantitation. Some of these are listed in Table 5.5. along with their limits of detec-
tion. For TLC. as for other forms of chromatography, the limit of detection is
determined by efficiency of chromatography and it is the efficiency of the HPTLC
plates which makes them suitable for quantitative work. An important factor is the
size of the spot that can be applied. The analyst using manual methods of application
can control this factor by very careful manipulation, using a stream of warm air to
help evaporate the solvent before it can spread. Other methods for reducing the
spread of the injtial sample on the plate include predevelopment of the sample for a
few millimeters with a solvent which moves all the sample o a new, narrow starting
line, or the use of specially made plales with a thicker layer of adsorbent at the origin.



Planar Chromatography 117

Fluorimetry is also used for quantitation. However. as explained in Chapter 4, the
fluorescence of a drug is critically affected by its environment. and it is often useful
o treat the developed plate with acid. alkali. or even organic solvents prior to
examination with a scanning fluorodensitometer. For example, in the analysis of
nalidixic acid.*> the separation is by use of an ammoniacal mobile phase. whereas
fluorescence is only developed after exposure of the plate Lo gaseous hydrochloric
acid and irradiation with short-wave ultraviolet light. In the analysis of frusemide, the
plates are developed in an acetic acid mobile phase containing chloroform: the
chloroform must be entirely removed from the plate before being recoated in aqueous
acetic acid for fluorescence evaluation.*? In the method for nadolol. the developed
plate is impregnated with liquid paraffin to improve the fluorescence.*>

In principle. drugs can be quantified on thin-layer plates following the use of
specific spray reagents. The successful use of this approach as a manual technique
is very dependent on the skill of the analyst. An elegant procedure has been described
for the determination of sulfadiazine and sulfamethoxazole in urine and plasma.*%
The method requires only 200 ] of biological fluid and after extraction and chroma-
tography, the plate is sprayed with Bratton-Marshall reagent (see also Chapter 4) and
densitometry carried out at 575 nm. The relationship between peak height and
amount of substance was rectilinear over the required range. and the limit of detec-
tion ranged from 2 to 10 ug mi-'. The method was also able to separate the known
melabolites of the two drugs. From the point of view of convenience. a less satisfac-
tory procedure is to elute the drug from the chromatographic plate and to quantify it
separalely by other quantitative techniques such as spectrophotometry. fluorescence,
or even other types of chromatography.
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6 Gas Chromatography
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6.1 INTRODUCTION

The two methods of chromatography described earlier employ relatively simple
and cheap equipment. and also have in common the fact that the final chromatogram
is a complete picture of the separated components. Gas chromatography (Figure 6.1),
although depending on the same basic separation principles. is characterized by
continuous detection of the components eluting from the column. and the chromato-
gram is the recorded trace rather than the paper or the thin-layer plate (Figure 6.2).
In gas chromatography the compounds to be separated are partitioned between a
stationary phase, usually a high-boiling liquid coated onto an inert support (such as
celite. dialomaceous earth, firebrick. etc.) and the gaseous carrier gas. The variable
parameters affecting separation in gas chromatography are: (1) the temperature of the
column, usually maintained in a thermostated oven: (2) the flow rate of the carrier
gas: and (3) the nature of the stationary phase. Although gas-solid chromatography
has been described (where the absorption of solute onto a solid surface is the
separation determinant), this technique has not found general application in the
analysis of drugs.

The advantage ol gas chromatography is that gases emerging from the column
can be monitored with great sensitivity using a variety of universal and specific
detectors. This makes it a very suitable technique for quantitative analysis. How-
ever, the technique is limited to those compounds that can be vaporized at reason-
able temperatures without decomposition. Thus, low molecular weight compounds

119
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Carrier gas

Sample injection

Heated injection port |

1 _Thermostatted oven

Packed column

Column effluent

Detector Computer

FIGURE 6.1 Schematic diagram of gas chromatography.

in their nonionic forms with no intermolecular bonding should be readily volatilized
and hence amenable to this type of chromatography. Volatility in gas chromatogra-
phy sense is different from the normal concept of volatility in organic chemistry;
compounds which are commonly solids even at elevated ambient temperatures may
have sufficiently high vapor pressures at 200 to 300°C to be gas chromatographed
successfully. Among the drugs with molecular weights in the neighborhood of 300°C
are steroids, benzodiazepines, tricyclic compounds, and barbiturates. With higher
molecular weights, higher temperatures are required and this can lead to decompo-
sition. In some cases, decomposition to a single component which itself chromato-
graphs with high efficiency may form an acceptable basis of an analytical method.
For example, a simple method for the qualitative identification and quantitative
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FIGURE 6.2 Typical tracing of separated components using gas chromatography.

determination of macrolide antibiotics has been proposed using pyrolysis and flame-
ionization detection.®’® However, this practice appears less relevant because now
there are so many alternative techniques that do not rely on such decomposition,
particularly when one realizes that many such decomposition products could be
metabolites, such as the decomposition of spironolactone to canrenone on the injec-
tion port of the chromatograph.*”' Many such decompositions are catalyzed by the
hot metal or other active surfaces in the equipment, and whereas some laboratories
are able to overcome such volatilization without decomposition, this problem re-
mains a potential difficulty in transferring methods to other laboratories.

In the development of a gas chromatography method, it is often instructive to
demonstrate the structural integrity of the eluted components to ensure that mistakes
in interpretation are not made. A convenient way to do this for gas chromatography
is to link the gas chromatograph with a mass spectrometer and compare the mass
spectrum of the eluting material with the mass spectrum of the authentic compound
injected directly into the mass spectrometer. This procedure should be checked for
the parent compound, as well as for identification of metabolites.

6.2 PREPARATION OF SAMPLES FOR GAS
CHROMATOGRAPHY

In cases where poor volatility is due to intermolecular hydrogen bonding, the
volatility can be increased by masking such bonding groups by forming appropriate
derivatives, such as acylation of amines or hydroxy groups and esterification of
organic acids. For esterification the classical methylation procedure using
diazomethane has largely been replaced by the less hazardous boron trifluoride-
methanol reagent. For esters other than methyl esters, other alcohols can be used
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TABLE 6.1
Trimethylsilylating Reagents in Increasing Order of Activity

Reagent Structure Application Reference
Hexamethyldisilazane (CH ):Si NH Si(CH.). Penicillin 476
Spectinomycin 477
Trimethylchlorosilane (CH).Si C1 Cannabinoids 478
N-Trimethylsilyldiethylamine  (CH.,),SIN(C,H.), Neomycin 479
N.O-Bis(trimethylsilyl)- (CH,)Si N=C (CH) O Si (CH)). Apomorphine 480
acetamide Chloramphenicol 481
N.O-Bis(trimethylsilyl)- (CH.).Si N=C (CF) O Si (CH.), Morphine 482
trifluoroacetamide
N-Trimethylsilylimidazole (CH.) (C.HN,) Ampicillin 483

which is particularly useful if the methyl ester may be present naturally in the sample.
Barbiturates can be N-methylated using diazomethane.””® dimethylsulfate.*” or
trimethylphenylammonium hydroxide.*"™

A convenenient method of methylation is the flash or on-column method where
the reagenl and analyte are coinjected and the temperature of the injection port
completes the reaction. Forexample. a mixture of anticonvulsants (e.g.. carbamazepine,
phenytoin, phenobarbitone, and primidone) was dissolved in a solution of
trimethylammonium hydroxide and the sample injected via an injection port at
200°C. the drugs then chromatographing as their corresponding N-methyl deriva-
tives.” Total time 1o prepare the sample was about 20 min and the drugs could be
quantified over the range | to 5 g ml-'. Similar methods have been used for
phenobarbitone and phenytoin using methanolic tetramethylammonium hydroxide as
the coinjected reagent.

The most common class of reagent for increasing the volatility of organic com-
pounds. including drugs. is the group of silylating agents typified by trimethylchloro-
silane. This reagent reacts with an active hydrogen:

(CH,)SiCl + H-R — (CH,),Si-R + HClI (h

Polar and active functional groups are converted to nonpolar and inert compounds,
which is an ideal situation for successful gas chromatography. Some of the popular
silylating agenis are listed in Table 6.1. All these reagents are used to form the
trimethylsilyl derivatives of the drug. the different reagents having different degrees
of activity. Typically, the drug (or an extract containing the drug) is mixed with the
reagent and a suitable solvent in a screw-capped vial fitted with a Teflon-faced
septum. The reaction is usually instantaneous and the mixture can be sampled
directly and injected into the gas chromatograph. As the derivatives are often un-
stable in the presence of water. the ploy of containing the sample in a sealed tube
throughout ensures the derivatization remains complete. Trimethylsilylation is suit-
able for primary and secondary amines. alcohols and carboxylic acids. Fuller discus-
sions on silylation reactions have been presented by Pierce*® and by Knapp.*®
Amines as well as alcohols may give poor peak shapes due to absorption onto the
column support. This can be particularly bad for primary and secondary amines
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FIGURE 6.3 Reaction of primary amines and ketones to form Schiff’s bases.

where absorption may be so bad that if small quantities are injected then absorption
will be total and no peaks at all will be seen. Even worse. subsequent injections of
solvent or of samples containing no drug may dislodge the adsorbed material and
show spurious peaks in subsequent analyses. Some workers recommend silylation of
all surfaces. but elimination of adsorption by derivatization of the amine is probably
safer and more reproducible. Delargy and Temple*® extended the method of de Silva
et al.*®" for flurazepam and its desmethyl metabolite down to 1 ng ml-' by daily
treatment of the column with hexamethyldisilazane and by overloading the column
with sample before the analytical runs. Similarly. a gas chromatographic method for
clobazam and desmethylclobazam was only suitable for the metabolite by strict
attention to silylation of all parts of the system.*s8

Primary amines can be reacted with ketones to form Schiff’s bases (Figure 6.3).
This reaction can be performed prior to gas chromatographic analysis. but more
simply by injecting the primary amine in acetone solution. the reaction taking place
al the elevated temperature of the injection port. The reaction can also be used as a
characterization of primary amines by injecting the sample in a nonketonic solvent
and observing the characteristic difference in relative retention times of the eluting
peaks. In addition to increasing the volatility of the drug. or covering absorbent
groups. derivatives are also prepared to increase the response of the detector to the
drug. or to improve separation of drug from interfering components of the sample.
These are more fully discussed in later sections.

6.3 STATIONARY PHASES

The need for high temperatures to volatilize drugs for gas chromatographic
analysis has necessitated the development of special stationary phases which them-
selves are neither volatile nor unstable at the operating temperatures. The first such
series of stationary phases were waxes. gums. or silicone oils at room temperature but
liquids at high temperatures. Problems can arise as the temperature is raised if the
stationary phase bleeds off the column. This bleeding will result in contamination of
the detector and depletion of the stationary phase with consequent deterioration of the
performance of both. The stationary phase also covers absorption sites on the
column. If the column bleed is extensive. this stripping of the column will result in
increased absorption (poor peak shape) and decreased retention compared with the
original column, and the exposed active sites may also catalyse decomposition of the
analyte. Table 6.2 shows some of the popular thermally stable stationary phases
available for analyzing drugs.

Obviously. high loadings of stationary phase will help solve the problem of
absorption on the support. but such high loadings may nol be desirable for the
required chromatography. It is therefore more usual to inactivate the support itself,



124 The Analysis of Drugs in Biological Fluids, 2nd Edition

TABLE 6.2
Stationary Phases Used in the Gas Chromaiographic Analysis of
Drugs in Biological Fluids

Temperature
Phase Description range (°C) Example References
OV-1 Methylsilicones regarded 100-350 Benzodiazepines 489
OVv-101 as nonpolar stationary 20-350 Clioquinol 490
SE-30 phases 50-300 Hydroxyzine 491
SP-2100 0-350 Barbituraies 492
Oov-7 Increasing substitution of 20-350 Loxapine 493
Oov-17 methy! groups of methyl- 20-350 Carbamazepine 494
SP-2250 silicones with phenyl 25-275 Phencyclidine 495
OV-250 Lo increase polarity 20-300 Amitriptyline 496
Oov-210 Very polar phases with 20-300 Acetaminophen 497
QF-1| up to 50% substitution 20-250 Isosorbide dinitrate 498
SP-2401 with trifluoropropyl 0-275 Primaquine 499
groups
0C-225 Very polar phases with 20-275 Cannabidiol 500
XE-60 25% cyanopropy! and 20-275 Amygdalin 501
25% phenyl substitution
OV-275 Most polar stationary 250 Cyclophosphamide 502
phase of the series
Dexsil 300 Thermally stable phase 40450 Alphadolone 503
Carbowax 20M High molecular weight 60-225 Propranolol 504
polyethylene glycol
Neopropylglycol Fatry acid glycol ester 50-240 Guanabenz 505

succialte

prior to coating with stationary phase. by silylating with hexamethyldisilazane or
similar reagent. The glass column itself should be similarly treated.

The particle size of the packing material is important for good chromatography.
The particles have 10 be small Lo provide a large surface area per unit length of
column and hence high efficiencies, but not too small to create too high a back-
pressure for the carrier gas. The preferred particle size is not less than 60 m and not
more than 120 pum.

Although many laboratories in the early days of gas chromatography prepared and
packed their own supports, this practice is now virtually extinct, with the commercial
availability of highly efficient, highly reproducible, and highly reliable packing
materials and packed columns.

The type of stationary phase has a bearing on the separations obtained for various
classes of compounds. The stationary phases can be divided into two classes: selec-
tive and nonselective. The nonselective phases separate the analytes more by virtue
of molecular size and shape rather than by chemical properties. Thus. very closely
related compounds do not separate well on nonselective phases. but such phases are
useful for the separation and characterization of homologs. Selective phases will
separate according to the the selective retention of certain groups. For example,
pentoxifylline and its primary metabolite (Figure 6.4) have virtually identical mo-
lecular weights and do not separate on phases such as OV-1, but separate on phases
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such as OV-101. which selectively retains oxo compounds compared with the
corresponding hydroxy compound. Specific mention should also be made of the
group of column packings designed for low molecular weight analogs (such as
alcohol). These columns (of which the Porapaks and Chromosorbs are the most
widely used) separate the analytes by molecular size exclusion rather than by a
partitioning effect.

6.4 DETECTORS

The development of gas chromatography was facilitated by the availability of
mass detectors for detecting changes in the composition of a flowing gas. However,
the original detectors were too insensitive for successful use because of the high
sensitivity usually required for drug analysis in biological fluids. The following
discussion is limited to those few gas chromatographic detectors that are in general
use for drug analysis.

6.4.1 FLAME IONIZATION

The flame-ionization detector (FID) was introduced by McWilliam and Dewar3%
and although there have been improvements in design. the principle remains the
same. Hydrogen and air are mixed with the effluent gas and burned in a small flame.
A potential difference is applied across the flame and when an organic compound is
burnt in the flame. the resulting increase in ions causes an increase in current. This
change in current is measured and converted lo the typical gas-chromatographic
trace. The detectlor is insensitive to water. which makes it useful for analyzing
aqueous samples. and it gives a relative response. roughly equal to the number of
carbon atoms in the molecule. although the presence of oxygen or nitrogen atoms will
tend to lower the relative response. Thus. the detector must be calibrated for all
individual compounds in an analysis using this detector. Using packed columns, the
measurement of drugs in biological fluids is typically in the ug ml-' range. If the
preparation of the sample is extensive. especially to remove lipids from plasma and
serum, then measurements in the submicrogram range are feasible. As with all
chromatography. the limit of detection depends also on the efficiency of the column
and for highly efficient columns such as capillary columns. the limit of detection can
stretch into the nanogram range. Table 6.3 lists a number of drugs that have been
assayed by gas chromatography using a flame ionization detector.

6.4.2 ELECTRON CAPTURE

The original electron-capture detector was described by Lovelock in 1960.5% In
the original design. the principle was that a current was set-up using the -particles
ol a radioactive source as the primary ion current. When a strongly electron-absorb-
ing compound was present in the effluent gas from the column. this primary source
was quenched and there was a decrease in the measured current. The electron-capture
detector has undergone considerable development since this early design to improve
its stability and general working range: the early designs overloaded easily and were
thus either unsuitable for quantitative work over wide ranges of analyte concentra-
tion. or tended to be put out of action by anything but the most gentle treatment.
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TABLE 6.3
Analysis of Drugs in Biological Fluids by Gas
Chromatography Using a Flame lonization Detector

Approximate plasma

during therapy Limit of detection
Drug (ng ml-') (g ml-") Reference
Almitrine 5 5 507
Barbiturates 10-20 5 508
Bupivacaine 0.2 0.005 509
Carbamazepine 10 | 510
Disulfiram 04 0.01 S11
Ethosuximide 150 0.01 512
Fentany| 0.001 0.0001 513
[buprofen 40 — 514
Lignocaine 5 0.03 515
Meprobamate 50 <l 516
Methaqualone 2 0.05 517
Methoxsalen 1 0.1 518
Mexiletine 2 0.05 519
Naltrexone 0.1 0.01 520
Perhexiline 0.1 0.09 521
Phencyclidine 0.5 — 522
Phenobarbitone 50 | 511
Phenytoin 10 1 511
Salicylic acid 70 5 523
Valproic acid 100 0.001 512
Viloxazine I 0.5 524

The usefulness of the electron-capture detector is its responsiveness 10 certain
types of compounds and its lack of response 1o even large amounts of other com-
pounds. Thus. the modern electron-capture detector is extremely useful for analyzing
drugs in both pharmaceutical preparations and in biological fluids. The most strongly
electron capturing compounds are those containing halogens or nitro groups (Table
6.4). or extended conjugated systems. such as for the metabolite of spironolactone.
canrenone.””" A popular general method for benzodiazepines is to convert the ben-
zodiazepine 1o the corresponding benzophenone and determine the highly conju-
gated. halogenated product by electron-capture gas chromatography (Figure 6.5).53%
Typically. the electron-capture detector would be expected to measure drugs at the
low ng ml-' level in biological fluids.

The use of derivatization to improve chromatographic behavior (greater volatility.
less loss by adsorption on the column) has already been mentioned. 1t is also useful
to combine these advantages with an increase in electron-capturing properties. The
most obvious derivatization then would be 10 protect a hydroxyl group with haloge-
nated acid anhydrides and many successful assays have been described using
trifluoroacetic anhydride. pentafluoropropionic anhydride. or heptafluorobutyric
anhydride (Table 6.5).

When used to analyze drugs in biological fluids, such acylations have two particu-
lar problerns. Endogenous compounds can also be readily acylated with the derivatizing
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TABLE 6.4
Determination of Underivatized Drugs in Biological Fluids by
Gas Chromatography with Electron-Capture Detection

Approximate plasma

levels following Limit of detection
Drug therapy (ng ml-!) (ng mi) Reference

Clobazam 500 5 527
Clonazepam 200 mM 3 mM 528
Diazepam 200 4 529
Diazepam 200 125 530
Diclofenac 5000 | 531
Flurazepam 5 l 532
Flunitrazepam 50 0.5 533

15 oM 534
Isosorbide dinitrate 10 0.5 535

0.1 536
Midazoloam 100 4 537
Nifedipine 70 0.5 538
Nitroglycerine | 0.2 nM 539

04 540
Nitromethaqualone — 1 541
Oxiconazole 250 1 542
Pyrimethamine 400 50 543
Temazepam 500 1-5 544
Triazolam 5 0.05 545

0.02 546

S5 aM 534

agents and may interfer with the chromatography, perhaps by being even more
sensitive to the detector than the targeted analyte; a suitable pre-extraction scheme
would therefore need to be introduced to eliminate such compounds. When the drug
is present in unknown amounts, it is necessary to ensure that the reagent is present
in excess, and failure to remove excess reagent which is itself electron capturing may
also cause a large unwanted signal or even overloading of the detector. Thus, volatile

\ ° NHR

X —=N

FIGURE 6.5 Conversion of benzodiazepine to benzophenone.
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TABLE 6.5
Formation of Halogenated Derivatives of
Drugs to Improve Limits of Detection by
Electron-Capture Gas Chromatography

Derivatizing reagent Example Reference
2.4-Dichlorobenzene boronic acid ~ Alprenolol 547
Chlorodifluoroacetic acid Moroxydine 548
Heptafluorobutyric anhydride Tocainide 549
Heptafluorobutyric anhydride Fluoxetine 550
N-Heptafluorobutyrylimidazole Phentolamine 551
Hexafluoroacetone 3-Hydroxyguanfacine 552
Pentafluorobenzoy! chloride Amphetamine 553
Pentafluoropropionic acid Fluoxetine 554
Pentafluoropropionylimidazole Pipothiazine 555
Trichloroacetyl chloride Amantadine 556
Trifluoroacetic anhydride Pseudoephedrine 557
Trifluoroacetylimidazole Pindolol 558

reagents are very acceptable, which explains the popularity of perfluorinated acid
anhydrides and trimethylsilylating reagents where one or more of the hydrogen
atoms of the methyl groups is replaced with a halogen. The use of electron-capturing
esters of carboxylic acids seems to be rarely employed. probably because organic
acids as drugs tend to be given in relatively large amounts and thus sensitivity of
detection is rarely a problem, and the more robust detectors will suffice. For drugs
with oxo functions. electron-capturing derivatives can be formed with fluorinated
hydrazines. forming Schiff’s bases: conversely. amine drugs can be reacted with
suitable oxo reagents such as hexafluoroacetone.*

The sensitivity of the electron-capture detector toward eluted compounds also
depends on factors such as flow rate and temperature, and for any particular drug,
such parameters need Lo be optimized to obtain the best results from the detector. In
addition. particular precautions need to be taken 1o protect the detector by careful
sample preparation and even by ensuring the correct environment. The author knows
of one laboratory where the electron capture detectors became inoperable on the days
when an adjoining canteen had onions on the menu!

6.4.3 NITROGEN SPECIFIC

There is a story of a young research chemist who took his newly created com-
pound to his older and more experienced supervisor for approval. The supervisor
looked at the structure and proclaimed that it was likely to be an excellent drug. The
young man asked him why, expecting a penetrating insight into structure-activity
relationships. “Bags of nitrogen. lad! Bags ol nitrogen!™ was the reply. Considering
one of the most successful drugs of all time is cimetidine which is 33% nitrogen, the
old-timer may well have had a point.

Bags of nitrogen in a compound was what the analyst also liked to see when the
nitrogen-specific detector first made its mark. The detector is a development of the
alkali-flame detector introduced by Karmen and Giuffrida®? in 1964 as a phosphorous-
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halogen detector for pesticide monitoring. The detector depends on the thermionic
emission of an alkali source rather than the flow of ions in the conventional flame
ionization detector. The presence of certain molecules in the flame reduces the alkali
metal salt concentration. increasing the temperature of the flame and causing a
consequent increase in the measured thermionic emission. The energy supplied to the
alkali source can be by a conventional flame or by heating a bead with an electrical
current. The operating conditions of alkali-flame or thermionic emission detectors
are extremely critical. In the early days of development of this detector this was seen
as a drawback because operating conditions were so unpredictable. However, the
modern detector can be so well controlled that it is now considered a detector that can
be made specific for a number of elements. the most common being nitrogen.
phosphorous. and the halogens. In drug analysis, the most common mode is a
nitrogen-specific detector rather than a thermionic emission detector.

As its name suggests. the usefulness of the nitrogen-specific detector lies in its
selectivity for nitrogen compared with carbon. In a biological extract such as plasma,
there are large amounts of lipids but not much nitrogen-containing compounds. Many
drugs. on the other hand, contain one or more nitrogen atoms which enables the drug
10 be determined with considerable sensitivity even in the presence of large amounts
of. cholesterol. for example. In suitable cases, underivatized drugs can be analyzed
directly in relatively crude extracts at levels where the conventional FID would be
swamped by residual amounts of cholesterol.

Just as large amounts of nitrogen are no guarantee of pharmacological activity. not
all nitrogen-containing compounds are readily detected with a nitrogen-specific
detector. No clear rules exist for predicting which structures will give useful re-
sponses. although it has been suggested that there must be a potential for the
formation of cyanide radicals in the detector.”®® Of course. it is useful o prepare
derivatives to improve chromatographic performance. but it has also been pointed out
that the alkylation of amines will also increase the detector response, presumably by
increasing the potential to form cyanide radicals. Although the use of nitrogen-
conlaining reagents to form derivatives that are more amenable to detection with a
nitrogen-specific detector is an attractive proposition, in practice there have been few
such applications. This is probably because the detector has such wide applicability
without going to extraordinary lengths, and the preparation entails the usual problems
associated with the use of electron-capturing derivatives.

The selectivity of the detector toward nitrogen-containing compounds enables the
detector to be used for the analysis of very small samples such as 50 ul pediatric
blood specimens: the determination of theophylline in such cases is a widespread
application. Ln more conventional drug analyses. limits of detection of less than | ng
ml-! can be routinely achieved (Table 6.6).

644  MASS SPECTROMETRY

A detector is often thought of as a relatively cheap part of the overall gas
chromatographic instrument. It is rather surprising then to find that the mass spec-
trometer (MS) has now become one of the most popular detectors for analyzing drugs
in biological fluids (Table 6.7).
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TABLE 6.6
Analysis of Drugs in Plasma and Serum by Gas
Chromatography Using a Nitrogen-Specific Detector

Peak therapeutic

concentration Limit of detection
Drug (ng ml-YH (ng ml-') Reference
Almitrene 500 1 561
Apovincaminic acid 1000 2 562
Barbiturates 1-50 gg ml' 0.5 563
Bupivacaine 1000 0.01 564
Buranilicaine 500 5 565
Buptriptyline 100 2 566
Caramiphen 20 2.5 567
Cinnarizine 100 0.5 568
Cotinine 100 0.4 569
Desipramine 20 5 570
Fluphenazine 5 0.5 571
Flunarizine 50 0.5 568
Lidocaine 5000 2.5 572
Methadone 70 5 573
Mexiletine 2000 5 574
Mianserin 30 1 575
Nefopam 30 5 576
Neostigmine 100 5 577
Nicotine 50 0.1 569
Oxycodone 20 2 578
Pethidine 1000 5 579
Phencyclidine 500 5 580
Phenoperidine 10 2 581
Prajmalium 100 5 582
Procyclidine 60 | 583
Pyrodostigmine 17 5 577
Trimipramine 50 3 584
Tranylcypromine 60 0.5 585
Trifluoperazine 2 0.1 586

When used as a detector, the mass spectrometer may be set to detect a single
fragment ion specific for the compound being analyzed. The sensitivity can be
optimized by making this ion one of the most abundant in the spectrum, which can
be optimized by using an appropriate chemical ionization technique.

In many of the published descriptions of gas chromatography using mass spectro-
metric detection the specificity of the detector is being utilized rather than its
potential for detecting very small amounts of analyte. The literature shows a number
of applications for the analysis of drugs in biological fluids and other samples where
the limits of detection using GC-MS are no better than and sometimes inferior to
those that could be achieved using electron-capture or nitrogen-specific detectors
(compare Table 6.7 with Tables 6.4 and 6.6). However, where absolute specificity is
a principal requirement, then the mass spectrometer as a detector cornes into its own.
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TABLE 6.7
The Use of a Mass Spectrometer as a Detector in
Gas Chromatography for the Quantitation of
Drugs in Biological Fluids

Drug Sensitivity Reference
Anabolic steroids I ng ml' 587
Amphetamine 12ng ml' 588
Benzoylecgonine 40 ng ml ' 589
Bifemelane — 590
Bromovalerylurea 10 ng ml ' 591
Buflomedil — 592
Cannabinoids — 593
Cocaine 40 ng m!"* 589
Codeine 30 nM 594
Codeine [0 ng ml* 595
Diazepam 50 ng ml ' 596
Diazepam 7 pgml' 597
Diuretics 100 ng ml"' 598
Enalapril 200 pg ml' 599
Eperisone 0.2 ng ml" 600
Ethylmorphine 30 nM 594
5-Fluorouracil — 601
Heroin and its metabolites — 602
Levoprotiline. N-desmethyl metabolite 0.2 pmol 603
Methamphetamine 12 ng mJ*' 588
Methandienone — 604
Metoprolol — 605
Morphine 30 nM 594
Morphine 10 ng ml " 595
Oxazepam 50 ng ml' 596
Oxazepam 7pgml' 597
Propranolol — 605
Quinapril 10 ng ml' 606
Theophylline [0 ng ml' 607
Valproic acid 3.5 ug ml! 608
Valproic acid. and 14 metabolites 609

The technique is now almost mandatory for validating other methods®'® which may
be used routinely, and also for confirming the identity of separated components in
less specific but more rapid screening methods, both in forensic toxicology and in
testing for drugs of abuse in suspects’ samples.®!! In such cases, the single-ion mode
will be replaced by methods which collect the complete spectrum of the separated
components, a procedure which has become possible only by extensive use of
computers 1o collect and store thousands of signals from the instrument, so that any
spectrum can be retrospectively examined and compared with spectra of authentic
compounds. In this mode, the GC-MS system is also widely used in drug metabolism
studies as a convenient way of obtaining mass spectrometric data for characterization
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TABLE 6.8
Stable Isotopes Used as Carriers for the Determination of Drugs in
Biological Fluids by Gas Chromatography-Mass Spectrometry

Stable isotope Example Limit of detection Reference
H Trifluoperazine 0.5 ng ul' 620
C 2.3.7.8-Tetrachlorodibenzo-p-dioxin 10 pg 621
"N Fluorouracil I ng ml ' 622
SNIC Guanfacine Spgml' 623
Theophylline 607
“N’H Glyceryl trinitrate 0.1 ng pl 624

ol metabolites not only in development studies but also in clinical samples, as for
terfenadine.®'? quinapril.*’* imidapril.*'* and aphidicolin.®'

For laboratories well equipped with GC-MS systems the use of the mass spec-
trometer as a specific detector may not be particularly expensive when the capital
cost of the instrument is not considered. and such a use of the instrument even for
simple assays may be justified. However, the mass spectrometric detector is better
indicated for its sensitivity as a necessary method. For this purpose. it is desirable that
the fragmentation pattern results in high abundance ions characteristic of the drug
under investigation. This is one of the reasons why the use of derivatives giving
simple fragmentation patterns is popular in this field.

To fully use the highly sensitive properties of the mass spectrometer, it is essential
also 10 ensure that the small amounts of drug are not absorbed onto the column. The
high quality of the commercially available column packings makes this less of a
problem, but nevertheless it is worth noting that mass spectrometric detectors are able
to solve this problem in a way not available to other methods of detection. This method
is by adding large amounts of carrier to the sample at the beginning of the analysis —
the carrier being isotopically labeled forms of the drug itself; separation of carrier and
analyte is not necessary because the mass spectrometer can be focused on ions which
are unique to the analyte: additionally, the carrier can be used as an internal standard
by focusing on the ions unique 10 the carrier. Alternatively. a suitable analog can be
used as the internal standard so the single-ion mode can still be used to produce a more
conventional chromatogram, without switching from one ion to another.®'®

The most usual isotopes used as carriers are deuterium and "*C, although '*N has
also been used (Table 6.8). There is a limit to how much carrier can be added because
of the amount of naturally occurring isotope, but this can be minimized by labeling
more than one atom in the molecule as in an assay for ascorbate where six carbon
atoms were replaced by *C.®"” Mention should also be made of a related use of
isotopically labeled drug where the intravenous and oral pharmacokinetics of a drug
can be investigated simultaneously in the same individual by administering one
isotope intravenously and the other orally and then analyzing the same chromato-
grams obtained from blood and urine samples.®'® A similar rationale lies behind the
determination of the pharmacokinetics of enantiomers of a drug where one enantiomer
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TABLE 6.9
Drugs Determined in Biological Fluids Using
Chemical Ionization-Mass Spectrometry as a
Detection Method for Gas Chromatography

Drug Reference
Amphetamine 625
Desmethylideprenyl 625
Enalapri 599
Lovastatin 626
Methamphetamine 625
Pravastatin 626
Quinapril 606
Simvastatin 626

can be isotopically labeled. while the other is not, and both forms are administered
simultaneously as in the enantiospecific quantification of hexobarbitone and its me-
tabolites in biological fluids by gas-chromatography/electron-capture negative-ion
chemical/ionization mass spectrometry®'®; in this method, the R-(—)-hexobarbitone was
labeled with deuterium and the S-(-)-hexobarbitone was unlabeled.

For the operation of the mass spectrometer, the sample needs to be at low pressure
in the source. Consequently. using conventional packed columns the carrier gas has
10 be separaled from the analyte. Several ingenious separators have been designed to
enable the separation to be as efficient as possible to ensure that most of the sample
reaches the deteclor 1o maintain sensitivity. To obtain the best sensitivity. the use of
chemical ionization has become widespread (Table 6.9)

After a rather uncertain start. the use of capillary columns is now a reality in all
types of gas chromatography. In this technique. the stationary phase is coated onto
the inside of a glass column. Because the column is not packed. very long columns
without unacceptable back-pressures are feasible and thus it is possible to prepare
long columns with very high powers of resolution. Such columns have been used
extensively in GC-MS combining two powerful routes to specificity of analysis.

The preceeding discussion has concentraled on the use of a mass spectrometer as
a specific detector for specific quantitative analysis al very low concencentrations.
The combination of gas chromatography and mass spectrometry, however., has found
its widest use in drug metabolism studies and it is appropriate to refer to this aspect
here. Mass spectrometry has been a useful tool in determining structures of metabo-
lites isolated from biological samples usually by a mixture of extraction and chro-
matographic techniques. Such a method as applied in the past has been tedious. has
been limited to those samples that had been partially purified, and has usually
required relatively large amounts of sample. With data capture methods using com-
puters. one could feasibly collect and store complete spectra for hundreds of fractions
of eluent from chromatographic columns. In this way, it has been possible to
elucidate complex patterns of metabolism by studying and interpreting data obtained
from a handful of chromatographic analyses.®>7-028



Gas Chromatography 135

6.4.5 OTHER DETECTORS

The success of the mass spectromeler as a detection and characterization system
for gas chromatography has led to consideration of other powerful physical chem-
istry methods 1o be used in a similar fashion. Thus, both infra-red®>%! and NMR
have been investigated as on-line techniques after gas-chromatographic separation
of drugs from their metabolites or from complex matrices. Kalasinsky et al.®®
investigated the leasibility of using GC-FTIR for drug analysis in forensic toxicol-
ogy and concluded that although the technique was less sensitive than GC-MS it
had the advantage of a much greater capacity for the identification of separated
compounds.

6.5 CHIRAL GC

Mention musl be made of the aproaches to chiral separation using GC. As for
other chiral analytical methods. the overall problem is approached in one of two
ways: (1) prepare derivatives which can be separated according to their physical
chemical properties. or (2) use a separation method, which itself has chiral charac-
teristics. For the former. the compounds to be separated are derivatized with optically
active reagents. such as in a study on the pharmacokinetics and inversion of the
enantiomers of suprofen by reaction with S-(—)-1-naphthylethylamine followed by
GC-MS.21203 the determination of the enantiomers of fluoxetine and norfluoxetine
by derivatization with (S)-(—)-(trifluoroacetyl)propyl chloride.%* the determination
by gas chromatography with electron-capture detection of enantiomers of ketoprofen
and ibuprofen.®* and the specific determination of the labetalol metabolite. 3-amino-
I-phenylbutane derivatized with (-)-a-methoxy-a-trifluoromethylphenylacetyl chlo-
ride®™® and assayed by GC-MS. All of these examples rely on conventional gas
chromatography to separate the diastereoisomers formed in the reactions.

More relevant to the specific topic of gas chromatography are methods utilizing
chirally active stationary phases. Although there has been less success in this area
than in the field of liquid chromatography. there have been interesting developments
which may have their particular application. The use of chiral columns using capil-
lary columns predates the development of high-pressure liquid chromatography
being well established in the mid-1960s. There are two main types of chiral stationary
phases used in gas chromatography: (1) diamide phases. particularly those modified
by polysiloxanes such as Chirasil-val®?” and XE-60-L-valine-phenylethylamide®8;
and (2) cyclodextrin derivatives introduced as chiral stationary phases for gas chro-
matography by Koskielski et al.>¥

The diamide phases belong to the class of separations dependent on the three-
point attachment hypothesis covered more fully in Chapter 7 on liquid chromatog-
raphy. Cyclodextrins are cyclic glucose oligomers with 6 (o-cyclodextrin), 7 ([3-
cyclodextrin) or 8 (y-cyclodextrin) linked glucose units. and separate compounds by
size inclusion of molecules in the cavity formed by the cyclic molecule and the chiral
property arises from the unique topology formed by the chirality of the glucose units
(Figure 6.6). The stability and selectivity of cyclodextrins has been improved by
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TABLE 6.10
Chiral Gas Chromatography Phases Used in the
Analysis of Drugs in Biological Fluids

Drug Phase Reference
Arabinitol Hexakis(2.3.6-tri-O-pentyl)-o-cyclodextrin 643
Flecainide Hexakis(2.3.6-tri-O-penty}-0.-cyclodextrin 637
Ifosfamide  Chirasil-val 645
Vigabarrin ~ Chirasil-val 646

formation of suitable alkyl and acyl derivarives®?¢1%4 and by combination with
siloxanes.%?

Table 6.10 lists applications where a chiral gas chromatography phase has been
used 10 analyze drugs in biological fluids.
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7.1 DEVELOPMENT OF HPLC

Just as paper chromatography was displaced by thin-layer chromatography. gas
chromaltography has been displaced to a significant extent by HPLC. This is such a
familiar term in the analytical laboratory that there is often uncertainty. and indeed
disagreement, on the meaning of the letters. They may stand for either “high-pressure
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liquid chromatograpby™ or for “high-performance liquid chromatography.”™ Person-
ally. the author prefers the former which seems to be a true description of the
technique rather than the latter which implies a degree of subjectivity. Recently, the
major chromatographic journals have seemed 1o settle for the less satisfactory (in my
view) “high-performance,” so to avoid a semantic discussion; this volume will settle
for the simple HPLC.

In essence, HPLC is no more than a development. although rather a late one. of
Tswett’s classical experiment. Chemists and analysts belatedly recognized that their
chromatography in columns of adsorbent such as alumina could be speeded up by
having a large head of solvent in the eluting reservoir. This could be taken 1o
extremes by having the solvent reservoir in the same building several stories above
the chromatographic column! One point realized early was that. for efficient absorp-
tion chromatography a large surface area was required and this meant using very fine
particles. However, the consequence of using fine particles was that the adsorbent
presented a very high resistance 1o the solvent flow and the pressure. or head of
solvent needed to be increased again. It was only at the end of the 1960s when
reproducible, small particles were combined with constant flow (or constant pres-
sure) pumps that the dramatic development of HPLC took place.

7.2 COLUMN PACKINGS

The early columns, being essentially similar to the experiments of Tswett, were
based on absorption chromatography. Much effort was put into obtaining reproduc-
ible packing materials, and separations tended to follow those obtained on standard
TLC plates. Indeed. one of HPLC's stated advantages was that the well-established
systems developed for TLC could be directly adapted for HPLC. In addition to
adsorbent phases, ion-exchange phases were also developed to separate ionizable
drugs using their charge.

Reversed-phase chromatography was also tried on HPLC columns, usually by
impregnating an adsorbent support with a nonvolatile organic phase such as paraffin
oil. but this had the disadvantage that the stationary phase was gradually stripped
from the column and the characteristics of the column gradually changed from
partition behavior to the familiar adsorbent behavior. The real breakthrough in HPLC
came with the introduction of packing materials in which a stationary phase was
covalently linked to the silica support. This enabled reproducible and durable re-
verse-phase columns to be manufactured. The usual method is to react the silica with
organochlorosilane or similar reagent (o make a stationary phase of any desired
polarity.

—SiOH + CI-SiR; — -SiO-SiR, (1

The most popular supports have been where R is octadecyl or octyl. The lormer is
suitable for all applications where it is important Lo not have any residual interaction
with the silicon atoms, which are sterically shielded. Octyl phases are less lipophilic
and retain drug molecules less strongly: separations can then be faster for equivalent
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TABLE 7.1
Reverse-Phase HPLC

Drug Support or stationary phase Sensitivity References
Bupivacaine Supelco Cy 25 ng m] ' 647
Clomipramine Nucleosil RP-pheny| 648
Codeine Zorbax CN S5ngml'’ 649
Cyclosporin A Nova-Pak C,, 650
Dapoxetine Zorbax RX-C; 20 ng ml 651
Diltiazemn Supelcosil LC-8-DB 3 ng ml! 652
Dothiepin Cyano 50 ng ml ' 653
Flumequine Cp-Spher-C, (Chrompack) 50 ng ml "' 654
5-Fluorouracil Supelcosil LC-18-5. ODS 655
Fluoxetine Ultrapore C,; RPMC 2ngml’ 656
Fluvoxamine Hypersil MOS C, 10 ng ml"' 657
Haloperidol Develosil ODS-5 5ngml’ 658
[ndomethacin [nertsil ODS-2 0.5 ug ml"' 659
Lorazepam Apex octadecyl 0.5 ng ml' 660
Melphalan Bensi! 5C,, ODS 10 ng ml ' 661
Methotrexate Inertsil ODS-2 662
Nimodipine Hypersil ODS 10 ng ml"' 663
Oxantrazole Zorbax RX-C; 50 ng ml 664
Oxytetracycline Lichrosorb RP, Sngml' 665
Pipamperone Nucleosil C 2 ng ml! 666
Pindolol Rinin Dynamax Microsorb C 2ng ml' 667
Piroxicam Techsil C,, CN 50 ng ml "’ 668
Praziquantel Ultrasphere ODS C,, 30 ng ml ' 669
Rapamycin Spherisorb C, 1 ng ml' 670
Rufloxacin Viosfer LC-RP-18 30 ng m) ' 671
Stavudine UBondapak Pheny) 10 ng ml ' 672
Tacrolimus Nucleosil C 673
Yohimbine Lichrosphere 100 RP 100 ng ml ' 674
Zidovudine Novapak C,, 675

lengths ol column. In either case, the phase should be “capped™ with a silylating
agent such as trimethylchlorosilane after the main derivatization to ensure the chro-
matography is not partly of the absorption type. Such packings are commercially
available under a variety of names and some of these are listed in Table 7.1. Although
packings from different manufacturers appear to have the same description on paper,
the different methods of manufacture and treatment, as well as purity of reagents can
lead to different performance characteristics. Thus, the transfer of methods from one
laboratory 10 another may not be as straightforward as would appear on the surface
and the analyst should be aware of the potential differences.

Apart from the robustness of the bonded stationary phases. the new columns were
eminently suited to drug analysis in biological fluids. First. the drug is likely to be
one of the most lipophilic components of the sample and hence is retained on the
column longer than most endogenous compounds. This includes metabolites. which
generally are more polar than the parent drug. Second. the reverse-phase mode means
that the mobile phase is aqueous which is a more appropriate medium for analyzing
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FIGURE 7.1 Metabolic pattern produced by collection and counting of radioactivity in fractions
obtained following HPLC analysis of plasma extracts. The plasma was obtained from a dog 30 min and
3 h after an oral dose of "*C-labeled drug.

an aqueous sample. The use of a partition system rather than an absorption system
gives sharper peaks with less tailing.®™® Add to these advantages the fact that the
technique can be used for involatile drugs. then it can be seen why HPLC is now so
well accepted. Before HPLC., it was usual to release drugs and their metabolites from
their conjugates prior to analysis (see Chapter 2). and the measurement of conjugates,
where this was considered important, depended on differential measurements of
parent drug or metabolite. Using HPLC it became feasible to assay conjugates
directly.'” and this is now often done with the consequent realization of the impor-
tance of some of these conjugates in their own right. rather than merely means of
disposal of foreign compounds. HPLC is widely used in drug metabolism studies,
particularly where a labeled drug is used: fractions of eluent may be collected and
counted in scintillation vials. or on-line counters can be used to produce an informa-
tive metabolic pattern in the early stages of metabolism work (Figure 7.1). The eluted
fractions containing metabolites can be easily collected for further characterization.

An interesting addition to the range of stationary phases is the use of restricted
access media. Brewster et al.®”” evaluated three such phases for the determination of
sulfonamides in bovine serum:

GFF-II:  internal surface reversed-phase column
Hisep: shielded hydrophobic phase
SPS-18:  semipermeable surface column

Improvements in the performance of reversed-phase systems have been claimed
by the use of radial compression chromatographic columns: these are intended to
eliminate the channeling that can occur at the periphery of the column, by compress-
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ing the column inward. and assays using such columns have been described for
azathioprine.®™ lomefloxacin.®” and galocitabine.®®

7.3 MOBILE PHASES

In gas chromatography. as we have seen. the separation of components is achieved
using suitable stationary phases and perhaps derivatization. In HPLC. it is now more
common to settle on a single reverse-phase column and achieve the required sepa-
rations by controlling the partition between the organic stationary phase and the
mobile aqueous phase.

In its simplest form, the mobile phase is water. Such a simple system would be
extremely limited;: however, the addition of a water-miscible organic solvent, such
as methanol, ethanol. or acetonitrile, may be used to modify the polarity of the
organic phase. Over the short range of concentrations usually used for the organic
modifier, the retention of the analyte will be proportional to the logarithm of the
percentage amount of modifier in the mobile phase: over wider ranges the relation-
ship is more likely to be quadratic.

For drugs which are weak acids or weak bases the partition can be adjusted by
altering the pH of the aqueous phase with suitable buffers. Just as the extraction of
drugs which are organic acids or bases is controlled by the pH of the aqueous phase.
so can the same principle be applied 1o changing the partition between the stationary
and mobile phases in HPLC. In the simplest applications, small amounts of acid
(usually acetic or phosphoric but sometimes nitric or sulfuric) are added to the
aqueous mobile phase. This will cause increased retention of organic acids as the
jonization is suppressed and decreased retention of bases as the ionic form is
preferred. Available reverse-phase columns do not take kindly to alkali. but as the
overall retention can be controlled using organic modifiers. most separations can be
achieved without resorting to high pH values. A more precise control of pH can be
achieved with buffered mobile phases using acetate or phosphate buffers in combi-
nation with methanol or acetonitrile.

Another classical method for effecting extraction of charged compounds from
aqueous phases is the technique of ion-pairing. which is also used in altering partition
coefficients in HPLC. In the classical method, a counter-ion is added to the solution
conlaining the ion to be extracted and association with a reduced charge is formed:
this entity is then extractable with an organic solvent. Thus, for organic acids. a
suitable counter-ion would be tetramethylammonium. while for organic bases. such
ions as heptane sulfonate have been used. Much of the development of the use of
paired ion chromatography is due to the work of Schill®®' and Tomlinson et al.*®? who
have written several exlensive reviews on the theory and practice of the technique.

Armstrong and Henry®? first suggested that aqueous micelle solutions could
replace organically modified aqueous mobile phases in reversed-phase HPLC. When
surfactants in aqueous solution reach a certain critical concentration, the surfactant
molecules aggregate into roughly spherical structures, or micelles: the concentration
at which this occurs is termed the critical micelle concentration (CMC). The micelles
are organized with the lipid tails in the center of the sphere and the hydrophilic heads
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TABLE 7.2
Analysis of Drugs in Plasma or Serum by Direct Injection
and Use of Mobile Phases with Micelles

Limit of Therapeutic Toxic
detection range threshold
Drug (ug mi" (ng ml-") (lg mi-" Reference

Acetaminophen 0.2 10-20 250 I
Acetylsalicylic acid 2 20-100 300 11
Carbamazepine 2 8-12 12 11
Chloramphenicol 0.7 10-20 25 11
Phenobarbital 2 1540 40 Lt
Phenytoin 3 10-20 20 Il
Procainamide 1 4-10 10 It
Quinidine 0.3 2-5 5 I}
Theophylline ) 10-20 20 11
Theophylline 0.5 10-20 — 688
C,, DAPS — — — 689

on the surface. The micelles remain in true solution and cannot be filtered. nor do
they scatter incident light. When surfactant is added to mobile phase. there is a
dramatic change in analyte behavior at concentrations roughly corresponding to the
CMC. Above the CMC, the change in retention time is similar to the changes
expected of the conventional organic modifiers.

The change in concentration of micelles in the mobile phase affects only those
solutes which interact with the micelles. either by hydrophobic or electrosiatic
effects. and optimization of the separation of solutes using micelles in the mobile
phase by consideration of these factors has been studied extensively 08683

It was recognized long ago that. although separation could be achieved using
micelles as organic modifiers. the efficiency of the chromatography tended to be less
than for corresponding organic modifiers. This has been attributed o slow rates of
mass transfer between the mobile and stationary phases. possible caused by insuffi-
cient wetting of the mobile phase by the modifier. In this respect, the use of an
organic modifier to aid the wetting process (3% n-propanol) and operating columns
at increased temperature (40°C) has proved beneficial in improving peak shape.®%

One great advantage of micelle chromatography is that the system is capable of
solubilizing proteins and hence is capable of accepting direct injections of plasma or
serum without precipitating the proteins and causing clogging or deterioration of the
column. This is obviously a great advantage in bioanalysis. As well as making a
preprecipitation step unnecessary, it is also claimed that the micelles compete with
drug for binding sites on the protein, thus releasing the free drug for chromatogra-
phy.%87 A number of applications of such direct analysis have been described (Table
7.2). The use of micelles has found particular application in capillary electrophoresis
(see discussion later).

Although many workers use trial and error in arriving at an appropriate stationary
phase for liquid chromatography. there have been many valiant attempts to bring
some rational basis to the choice of components and their relative amounts. For
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example Nicholls et al.*® described the optimization of the separation of anthrocyclines
and their metabolites using reversed-phase liquid chromatography. and the use of a
retention index library has been initiated for screening by reversed-phase HPLC.%!

74  DETECTORS

7.4.1  INTRODUCTION

In the early development of HPLC the two most popular detectors were the
refractive index detector and the ultraviolet absorption detector. The former was
looked on as a universal detector because it would be sensitive to any change in the
composition of eluant. However, the refractive index detector has a high limit of
detection and is rarely used in the demanding applications discussed in this volume.

7.4.2  ULTRAVIOLET ABSORPTION

The most popular detector by far for drug analysis and other applications has been
the UV absorption detector. Although for very sensitive applications. the (luores-
cence detector is also very popular, UV detectors are the workhorses of HPLC
analysis for applications which are not very demanding. In its simplest form. the UV
detector consists of a single wavelength source (the 254 nm mercury line). The
detector monitors the effluent from the column and will produce a response for all
compounds which have some absorption at this wavelength. It is not necessary that
the compound should exhibit its maximum absorption at this wavelength: UV spectra
display wide absorption bands, and hence in practice the use of fixed wavelength
detectors is not as limited as might first appear. The limit of sensitivity of detection
with this detector depends on the extinction coefficient of the analyte at 254 nm and
also on the efficiency of the column. It is essential that the concentration of the drug
in the flow cell be as high as possible. If the chromatographic peak is broad. the
measured drug is considerably diluted.

The limits of detection for particular components can be extended by using a
variable wavelength detector. This can be done by setting the wavelength al the
absorption maximum of the drug: however, it is often just as useful 1o chose a
wavelength that minimizes interference. rather than maximizes response. and this
wavelength may well be set away from the maximum absorption wavelength of the
analyte. The rwo factors have to be balanced 1o optimize the use of variable wave-
length detectors.

In screening methods. where drugs may have absorption maxima at widely
different wavelengths. some of the sensitivity of the detector may be lost. and
detectors which can simultaneously monitor column effluent at several different
wavelengths have proved particularly useful. The advent of microcomputers to
process large amounts of information very rapidly and the design of multiple diode
array detectors made it possible to scan complete spectra of the chromatographic
effluent every few seconds. The data can be manipulated as desired to obtain the
maximum information on all the components so detected. Because of its relative
cheapness. the multiple diode array detector has now passed from its specialized uses
in drug metabolism studies and in screening assays to being a routine tool in the drug
assay laboratory (Table 7.3).



146 The Analysis of Drugs in Biological Fluids. 2nd Edition

TABLE 7.3
Analysis of Drugs in Biological Fluids Using a
Multiple Diode Array Detector

Drug Application Reference
Antidepressants. neuroleptics Toxicological screening 692
Butoprozine Metabolites in bile 693. 694
Ferulic acid Pharmacokinetics 695
Pheny lalkylamines Assay 696
Valproic acid Therapeutic drug monitoring 697
Nalbuphine Assay 698
Benzodiazepines Assay 699
Morphine metabolites Assay 700
Anticonvulsants Screening 701
Neuroleptics Screening 702
Zopiclone, zolpidem. suriclone. alpidem  Screening 703
Pyrimethamine Monitoring in overdose 704

In a number of commercially available multiple-diode array detectors the detector
incorporales as many as 256 separate diodes set at wavelengths over the range of
ultraviolet and visible wavelengths. Information provided by the computer can include
checking the known relative absorption of authentic compounds at different wave-
lengths for confirmation of identity and the resolution of overlapping components.

An alternative to the multiple diode array detector is the use of a rotating filter
disk. The development of a cheap and very effective system for identifying and
assaying barbiturates and other drugs in formulations (although not in biological
fluids) has been described.”

Naturally the drug molecule needs to have UV-absorbing groups to be used with
a UV detector. Unsaturated ketones. such as in the steroid sex hormones and
cortisone provide excellent absorbing species, bul even saturated kelones can be
detected with reasonable sensitivity. If a drug is apparently lacking in a suitable
absorption band. then a variable wavelength detector can still be used at very low
wavelengths such as 200 nm where even isolated double bonds will have some
absorption. At such wavelengths the purity of the solvent used as mobile phase. and
the design of the delector become crucially important. but even if the compound can
be detected, the specificity is likely to be poor.

In principle, derivatives can be made of non-UV absorbing compounds to increase
their detectability with UV detectors. or to shift the absorption 10 a more favorable
wavelength. An example is the conversion of tobramycin 1o a trinitropheny] deriva-
tive by reaction with 2.4.6-trinitrophenylsulfonic acid and HPLC with detection at
340 nm.® However, the use of derivatization to take advantage of the specific
property of UV detectors has been much less exploited in HPLC than corresponding
specific detectors in gas chromatography. A few of the applications using derivatives
for UV detection are listed in Table 7.4.

The derivatives may be prepared as part of the sample preparation prior Lo
chromatography. but the concept has been more widely developed by forming the
derivative between the end of the column and the detector, such as in the classical
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TABLE 7.4
Rare Use of Derivatization Followed
by UV Detection

Drug Derivative Sensitivity Reference
Amikacin Phthalaldehyde 0.5 pugml 707
Amphetamine Polymer reagent 15 ng ml"! 708
Benzypenicillin 1.2 4-triazole-HgCl,  S5Sngml’ 709
Tobramycin Trinitropbenyl| — 706

Phthalaldehyde - 710

amino acid analyzers developed by Stein and Moore. An example in the field of drug
bioanalysis is the determination of clodronate in aqueous solutions by HPLC using
postcolumn derivatization”' The method was applied in urine without interference
from phosphate: derivatization was with a Th-EDTA-xylenol orange mixed-ligand
complex enabling UV detection at 550 nm, with a delection limit of 200 pg ml-".

This process has the advantage that small structural differences between closely
related compounds are not eliminated by derivatization with bulky groups. thus
depriving the analyst of the resolution afforded by the chromatography. In addition.
precolumn derivatization requires efficient conversion to a single species. whereas
postcolumn reactions may result in mixtures, the only requirement being a good color
yield in the reaction.

A particular case of derivatization is the use of an ion-pairing reagent to impart
more favorable detection characteristics 1o the drug. as well as better chromato-
graphic properties. Thus an anthracene sulfonate was used as the counter-ion in the
determination of secoverine giving a limit ol sensitivity of 20 pg for this com-
pound.” In addition, such derivatives allow the collection of the effluent for recov-
ery ol intact, original analyte without chemical intervention.

74.3 FLUORESCENCE

Fluorimetry has also found great favor as a detection system in HPLC. Many
drugs have native fluorescence and as described in Chapter 4. fluorimetry provides
an assay with a low limit of detection. However. if the parent drug is fluorescent. then
its metabolites are also probably fluorescent. A particular example is triamterene.
The principal metabolites of this diuretic are hydroxytriamterene and the sulfate
conjugate. The early assay methods for this drug in biological fluids were based on
straightforward fluorescence methods.”? It was only when HPLC was used that it
was seen that most of the fluorescence was due to these metabolites and the kinetics
of the drug had 1o be reinterpreted” (Figure 2.21). The limits of detection afforded
by the (luorescence detector depend on the nature of the drug and also on the solvent,
as previously emphasized in Chapter 4. In favorable cases the limits of detection are
less than 5 ng ml', for example, for triamterene and others are listed in Table 7.5.
Using lasers as the excilation source a sensitivity of 36 fmol was claimed for an assay
of methionine enkephalin by reversed-phase liquid chromatography.” I is likely
that new instruments based on laser-induced fluorescence will fusther improve the
detection limits of drugs using fluorescence, as in an analysis for ivermectin.”’
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TABLE 7.5
Analysis of Drugs in Biclogical Fluids by HPLC Utilising
Their Native Fluorescence

Wavelengths Approximate plasma Limit of
(nm) levels following detection
Drug Ex. Em. therapy (ng mI" (ng ml-" Reference
Acyclovir 375 260 500 10 717
Amiloride 360 413 1000 7.5 pg 718
Bromolasalocid 215 370 1000 100 719
Celipropolol 265 418 20 10 720
Diclofenac — — 1000 — 721
Debrisoquine 210 290 20 ug ml-! 100 ng m! ' 722
Ellipticine 360 445 100 5 723
Etoposide 230 328 — 50 724
Extramustine 195 250 40 40 725
Flecainamide 300 370 500 50 726
Furosemide 233 389 1000 20 727
Furosemide 360 413 1000 100 pg 718
Glibenclamide 308 360 200 10 728
Labetalol 335 370 100 | 729
N-J-Leucyldoxorubicin 480 580 I um 1.3 aM 730
Melphalan 260 350 100 5 731
Meptazinol 282 300 30 3 732
Moxisylyte 195 — 80 25 733,734
Nebivolol 288 310 0.5 0.1 ng ml" 735
Pyrimethamine 290 345 200 10 736
Prenalterol 220 320 5 1 737
Rufloxacin 350 510 15 pug ml ' — 738
Salbutamol 200 — 100 — 739
Salmeterol 230 305 10 I 740
Terbutaline 200 — 5 — 739
Triamterene 366 440 10 1 714
Verapamil 203 320 100 | 741
Cinnarizine 245 310 60 0.5 742

The formation of {luorescent derivatives of drugs for subsequent detection using
a fluorescent detector has received more attention than the use of derivatives to
increase absorption in the UV or visible wavelengths. This is perhaps because the
rewards are greater when a good [luorescent derivative is obtained. Cyclosporin does
not have a readily derivatizable functional group and is lacking in UV absorption. It
is first converted to isocyclosporins and then dansylated with dansyl chloride. The
fuorescent derivative is used on HPLC, giving a sensitivity of ¢c10 ng ml"'' (CV 9%
atl this concentration) suggesting it is not sensitive enough for monitoring. but
holding promise for more sensitive fluorescent reagents.”’

Favored reagents for forming such fluorescent derivatives include dansylation
reagents, phthalaldehyde, and fluorescamine. Recently. many novel reagents have
been proposed and some of these are listed in Table 7.6.

There have also been a number of attempts 1o include the derivatization step in
reaction columns prior to passing sample onto the analytical column; however the
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TABLE 7.6
Formation of Fluorescent Derivatives for Subsequent HPLC Analysis
and Detection With a Fluorescence Detector

Drug Derivative Sensitivity References
N-Acetylglucosaminides 9-Anthroyl cyanide 100 fmol 744
Aminohydroxypropylidene Fluorescein 745

biphosphonate
Amphetamines 4-(N.N-dimethylaminosulfonyl)-7-fluoro- ~ ~100 fmol 746
2.1.3-benzoxadiazole
Anabolic steroids Dansy! 747
Dideoxyadenosine 2-(5-chlorocarbonyl-2-oxazoyl})-5.6- 748
methylenedioxybenzofuran
Metformin Desyl chloride 50 nm 749
Benzoin/mercaptoethanol 50 nm 749
Fluoxetine Dansyl chloride 3ngml' 750
Gentamicin Fluorescamine 751
Medroxyprogesterone 4-(N.N-dimethylaminosuifonyi)-7- 752
acelate hydrazino-2.1.3-benzoxadiazole
Mercaptopurine 4-Ethylmorpholine/monobromobimane 3 oM 753
Mexiletine Dansyl chloride 20 ng ml ! 754
Phenylpropanolamine Phthalaldehyde 755
Perhexiline Dansyl chloride 50 ng ml" 756
Rokitamycin Dansylhydrazine 20 ng ml ' 757
Tocainide Fluorescamine 758

formation of derivatives before chromatography always has the effect of reducing
differences in the analytes and hence reducing their resolution on the column. A
preferred approach is 1o form the derivatives with the column effluent before passing
it through the detector. Some particularly elegant methods involving extraction with
fluorescent ion-pair reagents have been described for the analysis of cocaine,
benzoylecgonine, ecgonine methyl ester, ethylcocaine, and norcocaine in human
urine.” and the formation of traditional fluorescent derivatives such as the reaction
of phthalaldehyde with amikacin in dog plasma separated by reversed-phase ion-
pairing liquid chromatography.’®

Precolumn reactors are usually designed to form traditional derivatives. such as the
phase-transfer-catalyzed dansylation of phenolic compounds, ethynylestradiol (0.8
uM) and paracetamol (0.5 uM), lollowed by normal-phase liquid chromatography with
fluorescence detection.”' or by the formation of 9-fluoreneacetates using a 9-
fluoreneacetyl-tagged solid-phase reagent.”®’ Posicolumn reactors. on the other hand,
need only increase the (luorescence of the species and therefore chemical methods
leading to more than one product or degradation product are quite acceptable.

A method for the determination of thiamine in human plasma for oral bioavailability
studies describes postcolumn oxidation with K;[Fe(CN)| to thiochrome. The method
allowed complete separation of the various thiamine phosphates in plasma and
detection of the total thiamine fluorimetrically by HPLC and postcolumn oxidation
10 2 ng ml"' plasma.’™* K,[Fe(CN),| was also used to induce chemiluminescence of
dexamethasone in the analysis of this compound by HPLC with a fluorescence
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detector.” Hydrogen peroxide has been used as an oxidizing agent to induce
fluorescence in indomethacin prior to detection by a fluorescence detector.%%

9-Aminocamptothecin in plasma was determined by monitoring the fuorescence
induced upon postcolumn acidification.’®® whereas indomethacin was measured by
inducing fluorescence with alkali in a postcolumn reaction coil.”*® Oxazepam was
also measured in urine by inducing fluorescence in the column effluent by oxidation
with acetic acid at 100°C."’

The fact that fluorescence of many drugs can be induced by irradiation with short-
wave ultraviolet light has formed the basis of a number of reaction detectors. Such
a device does not require a mixing or dilution step and furthermore can be literally
switched off when the reaction is not required. for example for application to drugs
which are already sufficiently fluorescent. Uihlein and Schwab’™? have described
such a photochemical reactor and discussed factors influencing its performance, such
as contribution to peak broadening and optimization of the photochemical reaction.
The maximum radiation at the minimum distance was achieved by knitting a narrow
Teflon tube into a sleeve which was placed around the ultraviolet source: effluent
from the analytical column was directed through the Teflon tubing and into the
fluorescence detector. The described device was successfully applied to the detection
following HPLC of clobazam and its metabolites, and to fenbendazole and its
metabolites.

An ultraviolet reaction coil was also used in the trace analysis of methotrexate and
7-hydroxymethotrexate in human plasma and urine by HPLC with fluorescence
detection,”® and a similar method was used by Urmos et al.”” for measurement of
cis and trans isomers of clomiphene. Similarly. thermally induced reduction to
fluorescent species using knitted reaction coils has been described by Lambert et
al.'*" for the determination of phylloquinone in human milk.

744 ELECTROCHEMICAL

Several detectors have been described which depend on the property of analytes
Lo be oxidized or reduced, the resulting electron flow being the basis of the detection
principle. These electrochemical detectors are based on the fact that the current is
measured as a function of time with a constant potential applied at a fixed electrode
exposed 10 a moving fluid. In the strict sense. polarographic detectors (see also
Chapter 9) are those which use a dropping mercury electrode; these are not widely
applied in drug analysis using chromatography.

In the most common form of the electrochemical detector, the drug in the detector
cell is converted to its oxidized form. yielding one or more electrons per molecule
reacted. The oxidized form is usually unstable. and reacts further to form a stable
compound which passes out of the cell. The instantaneous current is proportional to
the concentration of drug in the cell; it should be pointed out that not all molecules
are oxidized and in the early forms of this detector a conversion of 10% was
considered acceptable.””' lmprovements in design and theoretical considerations
have made electrochemical detectors more widely used in drug analysis and their
sensitivities rival those of fluorescence detectors under favorable conditions, as
shown in Table 7.7.
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Determination of Drugs by HPLC Using Electrochemical Detectors

Drug

Acetaminophen
Artether

Ascorbic acid
Buspirone. metabolites
Benzodiazepines
Captopril

Carbidopa
Chlorpromazine
Cisplatin

Desipramine
Imipramine

Inulin
Mefenamic acid
Mianserin
Mitomycin

6-Monoacety imorphine
Morphine

Naloxone

Paracetamol

Phenothiazines
Promethazine
Pamaquine
Primaquine.
carboxyprimaquine
Risperidone
Salbutamol

Sumatriptan
Terbutaline
Trimethoprim
Theophylline
Pentazocine

74.5

Fluid

Urine
Plasma

Plasma

Plasma
Plasma

Plasma

Plasma

Plasma

Plasma

Biological fluids

Serum

Plasma

Plasma. serum.
urine

Urine

Plasma
Blood. plasma

Blood. plasma
Serum
Plasma
Plasma

Plasma
Plasma
Plasma
Plasma
Plasma. urine
Plasma

Plasma
Plasma

TABLE 7.7

Mode of detector

Carbon paste
Reductive

Gold-mercury
Glassy carbon
Glassy carbon
Glassy carbon-based
wall-jet
Glassy carbon
Glassy carbon
Pulsed amperometric

Mercury drop

Glassy carbon
Dual electrode coulo-
metric quantification

in the redox mode
Glassy carbon

Amperometric

Carbon paste

Glassy carbon

MASS SPECTROMETRY

Voltage

+I.1

+0.07
+0.70
+0.9

+1.05

+1.05

+0.70

+0.60

+0.90

+0.95

+1.2

Sensitivity
150 pg

50 pg

| pmole

15 ng ml
250 ng m]

5ng ml

S5ngml'’

250 pg

I ng ml'

100 ng ml’

500 pg ml '

10 ng ml"'

0.5 ng m)'
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Reference

772
773
774
775
699
776
777
778
779

780
781
780
781
782
783
784
785

786
787
788
789

790
791
792
792

793
794
795-797
798
799
796. 800
80!
802
803

The linking of gas chromatographs to mass spectrometers resulted in the most
powerful analytical tool where separation from complex matrices had to be combined
with very sensitive detection. The successful development of this tool (as described
in another part of this chapter) enabled very rapid analysis of problems in drug
metabolism and toxicological screening. Indeed. for the stringent requirements of
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proper pharmacokinetic analysis for many drugs. the GC-MS became essential.
While most development compounds consisted of small molecules. with sufficiently
low boiling points. the gas chromatograph was an acceptable means of separation.
However, as the need arose for the analysis of less volatile metabolites. particularly
of conjugates, and then later the emergence of labile, highly polar drugs such as
polypeptides. the advantages of linking HPLC to mass spectrometers became attrac-
tive. In HPLC, there is a greater range of parameters to effect any particular separa-
tion; there is no need to make derivatives to chromatograph polar compounds and no
need for high temperatures which may destroy labile compounds. However, the
features of gas chromatography that made the interface relatively simple were absent
in HPLC. The mobile phase was a liquid which would produce unreasonably large
volumes of vapor — 18 ml of water would produce 22.4 | of vapor at standard
lemperature and pressure!

Early attempts to provide an HPLC-mass spectrometer interface included enrich-
ment of the effluent using a membrane separator.®* vaporization of the entire sample
in an jonization source.?® laser vaporization of the solvent.3 splitting the eluant and
allowing the minimum amount of sample 10 be ionized (and using the carrier solvent
as the reagent in the chemical ionization mode).®” and transport of the effluent
through vacuum locks on a wire, belt, or ribbon.?%5% Some of these early systems
were commercially exploited with only moderate success although analytical meth-
ods were reported for thiazides.?'? ranitidine and its metabolites.?'" sulla drugs.?'” and
nonsteroidal anti-inflammatories.?'?

Development of interfaces has been so successful recently that one laboratory
even described HPLC-MS as the method of choice for nonvolatile or thermally labile
drugs in biological fluids.®'* The most successful interface has been the thermospray
device or other procedures involving atmospheric nebulization of sample and a few
ol the applications are listed in Table 7.8. Despite optimism in certain quarters. this
remains a difficult and expensive technique. and it is unlikely to be routine in the near
future.

7.5 HPLC AND NMR

Nuclear magnetic resonance (NMR) has long been used as a powerful tool in
structural analysis in the chemistry laboratory. Use of NMR in identifying or char-
acterizing drugs in biological fluids. like mass spectrometry, was little used until a
decade ago. due to the relative insensitivity of the method: on those occasions where
definitive characterization of a metabolite was required (and chemical practices
demand an NMR spectrum as final proof). it would be necessary to process large
amounts of sample through several chromatographic processes to obtain a suilably
large and suitably pure, sample. However, as the technique was refined 1o obtain
greater and greater resolution of the complex NMR signals. the amount of informa-
tion that could be obtained from such spectra. and the resolution of signals from drug
and endogenous material became possible, then NMR became feasible as a screening
method for particular compounds in urine using the unique signals from the com-
pounds of interest.?3
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TABLE 7.8
Analysis of Drugs in Biological Fluids Using
Thermospray and Nebulising Methods to
Interface HPLC With Mass Spectrometry

Drug Fluid Reference
Albanoquil Blood 815
Benzodiazepines Biological materials 699

Whole-blood 816
Budesonide Plasma 817
Busulphan Serum. cerebrospinal fluid 818
Cefaclor Serum 819
Ceflibuten Sputum 814
Cyclosporins Blood 820
2".3-Dideoxycytidine  Plasma 821
L 654066 Plasma 822
Oltipraz Serum 823
Rogletimide Plasma 824
Taxol Yew. bark and needles 825
Tenidap Serum 826
Timolol Plasma 827
Trenbolone Bile. feces 828
Trimethoprim Serum 829

This method of analysis is now well established. for example, in the investigation
of the excretion of paracetamol metabolites in rat and human urine and in rai
bile.®"$%> However. the signals from parent drug and metabolites would often over-
lap and some method of prior separation was necessary and the coupling of NMR
spectrometers. like the coupling of mass spectrometers. appeared a very attractive
proposition. Some of the technical problems with this coupling seem to have been
overcome®*! and the use of HPLC-NMR has been proved 1o be a rapid method for
the detection and identification of drug metabolites in biological fluids at a consid-
erable saving in time and costs. At present, the technique only seems to have been
applied to drugs given in relatively large amounts. such as paracetamol.** antipyrine %
and ibuprofen.®** and only for these well-established drugs as demonstrations of its
feasability. but its supporters see wide applications particularly when combined with
supercritical fluid chromatography. or use with other NMR-sensitive nuclei.

7.6  CAPILLARY ELECTROPHORESIS

The usual form of liquid chromatography is to provide the moving force either by
gravity or by applied pressure: in capillary electrophoresis the molecules are moved
by the application of a potential difference. the molecules moving through the
stationary phase al rates depending on their charge and their molecular weight.
Almost all organic drugs can exist as acids or bases and therefore the pH has a major
effect on the selectivity of the separation. For specific compounds. it is useful to set
the pH near the pK, value because any changes around this value have the greatest



154 The Analysis of Drugs in Biological Fluids. 2nd Edition

TABLE 7.9
Applications of Capillary Electrophoresis to
Analysis of Drugs in Biological Fluids

Drug Fluid Sensitivity Reference
Acyclovir Serum. plasma 841
Amoxycillin 842
Antiepileptics Plasma 843
Bendroflumethazide  Urine 0.1 pg ml! 844
Carbamazepine Plasma 843
Chlorthalidone Urine 0.1 pg ml ' 844
Cimetidine Urine 845
Dextromethorphan Urine 846
Ephedrine 847
Ethosuximide Plasma 843
Fosfomycin Serum 848
Pentobarbital Serum 849
Phenobarbital Plasma 843
Phenytoin Plasma 843
Pilocarpine 850. 851
Primidone Plasma 843
Proteins 852
Suramin 853
B-Blockers 838
B-Blockers Urine 25 pug ml 854
Theophylline Plasma 855
Theophylline Serum 856
Valproic acid Plasma 843
Phenobarbital Serum 857
Ethosuximide Serum 857
Primidone Serum 857

effect on mobility and hence the separation can be fine-tuned most effectively by
changes in pH.2%

Further changes in selectivity can be achieved in capillary electrophoresis by
complexation. by the use of molecular sieves, by the addition of organic solvents.?’
by changing temperature ®*® and most significantly by the use of micelles. In recent
reviews of capillary electrophoresis. the strategy for best application of the technique
to the analysis of drugs has been outlined.?#*0 Table 7.9 shows some of the
applications of capillary electrophoresis to analysis of drugs in biological Muids.

The wide range of application of capillary electrophoresis is illustrated by the
development of an assay for protein drug substances by fluorescamine derivatization
and capillary electrophoresis.®*? The method has also been used for debrisoquin
metabolic phenotyping®*® by simultaneous assay of dextromethorphan and dextrorphan
in urine. Just as for conventional HPLC, the technique coupled to mass-spectrometry
has been investigated.?8

7.7  SUPERCRITICAL FLUID CHROMATOGRAPHY

Everyday experience with compounds that can exist as gases. liquids, or solids
suggests that heating a solid (for example. ice) converts it to a liquid (water) and then
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TABLE 7.10
Analysis of Drugs by Supercritical Fluid Chromatography

Stationary
Drug phase Mobile phase Detector Reference
Anti-inflammatories  Cyanopropyl Cco, FID 863
Benzodiazepine Cyanopropyl co, FID 864, 865
Estrogens Cyanopropyl Cco, FID 866
Miprostol Cyanopropyl CO,/methanol uv 867
Omeprazole Aminopropylsilica  CO,/methanol/triethylamine uv 868
B-Blockers Chiralcel OD CO,/methanol/propylamine uv 869
{3-Blockers ChyRoSine Methanol/CO, uv 870

to a gas (water-vapor). However. the state of the compound depends not only on the
temperature, but also on the pressure: carbon dioxide as dry ice will convert straight
to the gaseous form without becoming a liquid because the ambient pressures are
below the so-called critical pressure. If the pressure is increased. then carbon dioxide
can also exist as a liquid: this is the supercritical fluid state of the compound. The
properties of the supercritical fluid. including its ability to dissolve other compounds.
can be modified by varying the temperature and pressure. Supercritical fluids have
wide application in industry as extractants. one of the great advantages of using
supercritical carbon dioxide is that the solvent can be readily removed al room
temperature and pressure. This property has also been utilized to prepare blood
samples for the trace analysis of flavone.®>° with subsequent HPLC analysis. The use
of supercritical fluids as chromatographic mobile phases was first described by
Klesper et al..*0 but was little developed until 1981, when Novotny et al.®' described
the use of supercritical fluids in capillary chromatography. The apparent use of liquid
chromatography principles using a piece of equipment that is a mainstay of the more
advanced gas chromatography neatly sums up the position of supercritical fluid
chromatography between the two types of fluid chromatography. Recent develop-
ments in the technique have run in parallel with developments in HPLC and gas
chromatography and have made use of improvements in solvent modifiers. equip-
ment design, and linking the technique with diverse detection methods. This ability
of supercritical fluid chromatography to borrow from the older types of chromatog-
raphy was demonstrated by Roberts and Wilson.?? Table 7.10 summarizes some
recent publications that demonstrate the same point.

7.8  CHIRAL HPLC

7.8.1 INTRODUCTION

The most dramatic breakthroughs in HPLC have been made in the last 10 years
in the development of methods for the resolution of enantiomers. The resolution may
depend on the chiral nature of the stationary phase. the chiral nature of the mobile
phase. or may be effected by preparing diastereoisomers with appropriate chiral
reagents with subsequent chromatography on achiral systems. Within any of these
approaches, the analyst has the usual array of choices to optimize the separation of
the targeted compounds.
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FIGURE 7.2 The three-point theory to explain stereoselective selection in chromatography. Oune isomer
can interact closely with all three binding centers: the second isomer can only interact closely with two
binding centers at any one time.

7.8.2 CHIRAL STATIONARY PHASES

Wainer proposed dividing the chiral stationary phases into five classes in his
detailed discourse on the mechanism and use of these phases. Some of Wainer's
classes overlap and some phases will consist of a mixture of the phase types. As a
result, the author will confine his discussion to three broad types of phase without
attempting a rigid classification.

7.8.3 SYNTHETIC CUSTOM-DESIGNED COLUMNS

It has been more than 40 years since Dalgleish®”” postulated a mechanism of chiral
recognition. whereby al least three simultaneous interactions take place between the
chiral molecule and the recognition site. In chromatography. these entities are
represented by the analyte and stationary phase. respectively. Because of the unique
distribution of the three (or more) points of interaction of the stationary phase, the
simultaneous interaction will be more likely for one enantiomer than the other
(Figure 7.2). Thus the enantiomer that is most strongly bound will be retained on the
column more readily than the less strongly bound enantiomer. The interactions do not
have 1o be attractive forces but could equally well be repulsive forces: it is the total
effect that is the important factor.

Pirkle devised a series of chiral stationary phases based on this concept — the
three-point interaction — exemplified by the production of N-(3.5-dinitrobenzoyl)
amino acids. According to his theory such phases are appropriate for enantiomers
where there is an aromatic group adjacent to the chiral center. A large number of
these so-called Pirkle stationary phases have been prepared and have been success-
fully applied in the separation of enantiomers in biological fluids (Table 7.11).

7.8.4 INCLUSION COMPLEXES

Chiral environments can exist in stationary phases in the form of irregularly
shaped cavities, which may accommodate different molecules more effectively than
others according to their shape. Thus one enantiomer may fit more comfortably inio
the cavity than the other and its progress through the stationary phase will be
retarded. thereby effecting resolution of the enantiomers.

The best known of these types of stationary phases are the cyclodextrins (see
Figure 6.6). These are cyclic oligosaccharides composed of a-D-glucose units linked
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TABLE 7.11
Some Chiral Separations on Pirkle Columns

Compounds Column Reference

Glutethimide and 35DNBIleucine 873

4-hydroxymetabolites
Debrisoquine and the 35DNBphenylglycine 874

R/S metabolites
Sulfoxide metabolite Tyrosine derivative 875

of albendazole
Mefloquine Naphthylethylurea 876
Benzodiazepines (S)-N-(3.5-dinitrobenzoyl)phenylalanine 877
Naproxen o-Acid glycoprotein 878

{3-] 1(3.5-dinitrobenzamido)- 1.2.3.4-tetrahydrophenanthren- 879
2-yl|-propyldimethylsily | silica

Benzodiazepines HSA 880. 881

through the 1.4 position. the o-. B- and y-cyclodextrins containing six, seven and
eight glucose units, respectively. To prepare suitable stationary phases the toroidal
structure is attached to silica. with the hydrophobic cavity allowing a variety of
waler-soluble and insoluble solutes 10 enter. Because of the irregular shape of the
cavity, the phase can be used (o separate geometric isomers and structural isomers®?
and sugar anomers®®? as well as 1o separate enantiomers. Some separations using -
cyclodextrins as column material are shown in Table 7.12.

Cellulose is a highly crystalline polymer composed of chains of linked D-B3-
glucose units. Cavities exist within the structure of cellulose as the spaces between
the chains and because of the chiral nature of the glucose units. this cavity is able to
discriminate between presenting enantiomers. Cellulose was one of the first compo-
nents of analytical chromatography in the form of paper chromatography. Its prop-
erties make it ideal as a chiral stationary phase. However, the native forms of
cellulose are too mechanically fragile to be used with the usual pressures of HPLC.
To overcome this deficiency, triacetyl derivatives of cellulose were prepared with
some success.®® The advantages of such triacetylated cellulose phases are that they

TABLE 7.12
Separation of Enantiomers Using B-Cyclodextrin Columns

Enantiomeric pair Phase Reference
Atenolol B-Cyclodextrin derivative 884
Levomepromazine B-Cyclodextrin 885
[buprofen B-Cyclodextrin-diol phase silica 886
Lorazepam glucuronides B-Cyclodextrin 887
Nordiazepam glucuronides B-Cyclodextrin 887
Oxprenolol B-Cyclodextrin-, y-cyclodextrin-bonded phases 888

(Cyclobond L. Cyclobond II)
Temazepam glucuronides B-Cyclodextrin 887

Warfarin B-cyclodextrin 889
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TABLE 7.13
Separation of Enantiomers Using Cellulose Columns
Enantiomeric pair Phase Reference
Carazolol Chiralcel OD 892
Celiprolol Chiralcel OD 892
Cyclohexylaminoglutethimide  Cellulose-based chiral 893
Dihydropyridines Cellulose tris(3.5-dimethy|phenylcarbamate) 894
Felodipine Chiralcel OJ 895
Flurbiprofen Chiralcel OJ 896
Hydroxyoxcarbazepine Chiralcel OD 897
Ketamine Daicel CA-1 898
Manidipine Chiralcel OJ 899
Metoprolol Chiralcel OD (Daicel) 900
Mianserin Microcrystalline triacetate cellulose 901
Nimodipine Daicel OJ 902
Penbutolol Chiralcel OD 892
Propranolol Chiralcel OD 903
Tramadol Chiralpak AD. Chiralcel OD 904
Warfarin Chiralcel OC 905

are easy to prepare, the source is plentiful. they have a high loading capacity. they
are very discriminatory for chiral compounds, they have a broad applicability. and
they are very cheap.®®' Some applications are detailed in Table 7.13. Much of the
literature now describes the use of commercially available modified celluloses and
some of the more popular ones are listed in Table 7.14.

7.8.5 PROTEIN-BINDING FOR ENANTIOMERIC SEPARATION
Natural products, and especially proteins, occur in chiral forms and it is not
surprising that they have been exploited for their ability to bind enantiomers to
differing extents. Hence chromatographic columns have been prepared using drug
binding proteins such as o;-acid glycoprotein. A useful review on the use of protein-

TABLE 7.14
Some Commercially Available
Modified Cellulose Phases

Designation Modified Form

CTA Microcrystalline cellulose triacetate
CTB Microcrystalline cellulose tribenzoate
Chiralcel OA Cellulose triacetate

Chiralcel OB Cellulose tribenzoale

Chiralcel OC Cellulose trisphenylcarbamate

Chiralcel OD Cellulose tris(3.5-dimethylphenylcarbamate)
Chiralcel OG Cellulose tris(4-methylphenylcarbamate)
Chiralcel OJ Cellulose tris(4-methylbenzoate)

Chiralpak AD Amylose tris(3.5-dimethylphenylcarbamate)
Chiralpak AS Amylose (S)-o-methylbenzylcarbamate
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Drug Stationary phase Reference
B-Antagonists o, -acid glycoprotein 907
Acenocoumarol o,-acid glycoprotein 909
Betaxolol oD 910
Bupivacaine o,-acid glycoprolein 911
Cromakalim 912
Cyclophosphamide oD 913
Disopyramide 259.914.915
Disopyramide o, -acid glycoprotein 259.915
DN 2327 916
Doxazosin o,-acid glycoprotein 917
Fenoprofen 918
Flecainide Ovomucoid 919
Flurbiprofen Avidin. ovomucoid 920
Folinic acid HSA 921
Homochlorcyclizine Uliron ES-OVM 922
[buprofen Uliron ES OVM 923
[buprofen o,-acid glycoprotein 917
[buprofen Human serum albumin 908
Ifosfamide oD 913
Lorazepam Ovomucoid 924
Methadone 925
Midazolam metabolites Uliron ES-OVM 926
Naproxen 927
Phenprocoumon o,-acid glycoprotein 909
Pimobendan Sumichiral OA-4400 928
Pirarubicin Lichrocart SupersherRP 8 929
Pirarubicin Sumipax OA-25001 930
Propranolol Uliron ES-OVM 931
Propranolol Avidin. ovomucoid 920
Propranolo] Cellulose-tris(3.5-dimethylphenylcarbamate)  276. 932
{3-Blockers Ovomucoid. cellulase 933
Tiaprofenic acid Immobilized HSA 915
Trimipramine metabolites 934
Trofosfamide oD 913
Verapamil o,-acid glycoprotein 935
Warfarin Avidin. ovomucoid 920
Warfarin o,-acid glycoprotein 909

based commercially available chiral stationary phases — o-acid glycoprotein. BSA.
HSA. ovomucoid. trypsin, chymotrypsin has been published.’® Examples of separa-
tions on protein phases are shown in Table 7.15.

7.8.6 DERIVATIZATION WITH CHIRAL REAGENTS

An alternative to using special phases for the separation of enantiomers is to
follow the classical technique used by Pasteur®*® by reacting the enantiomeric mix-
tures with a chiral reagent to form diastereoisomers which can be separated by
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TABLE 7.16

Separation of Enantiomers on Achiral Columns After

Drug Derivatizing Agent Reference
Amlodipine (-)-Menthylchloroformate 937
Albuterol (salbutamol) 2.3.4.6-Tetra-O-aceryl-_-D-glucopyranosy| isothiocyanate 938
Atenolol (-)-Menthylchloroformate 939
Aminotetralin derivative R-(+)-_-Methylbenzylisocyanale 940
Amphetamine FMOC-L-proly! solid phase 941
Amphetamine Tetra-O-acetyl-B-D-glucopyranosyl 942
B-Blockers (-)-Camphanic acid (5)-(-)-1-phenylethylisocyanate 943

2.3.4.6-tetra-O-acetyl-B-D-glucopyranosy| isothiocyanate
Beclobric acid Amine of S-flunoxaprofen 944. 945
Betaxolol (+) or (-)-1-Naphthylethyl isocyanate 946, 947
CS 670 active metabolies 948
Etodolac (~)- _-Phenylethylamine 949, 950
Furprofen S(-)-1-Phenylethylamine 951
Ibuprofen R-(+)-_-Phenylethylamine 952
[buprofen (-)-2-|4-(1-Aminoethy|)phenyl}-6-methoxybenzoxazole 953
Labetalol (45-ct5)-5-1sothiocyanato-2.2-dimethyl-4-pbenyl- 1 .3- 954
dioxan
Metoprolol St+)-1-(1-Naphthyl)ethyl isocyanate 955
Naproxen 4-Nitro-.4-(N N-dimethylaminosulfonyl)-7-(3-aminopyr- 956
rolidin- 1-yl)-2.1.3-benzoxadiazole-4-(aminosulfonyl)-7-
(3-aminopyrrolidin- I-yh-2.1.3-benzoxadiazole
Methocarbamol (S)-(+)-1-(1-Naphthyethylisocyanate 957
Mexilitine N-Acetylcysteine 958
Propranolol §-2-Octanol 959
Pirprofen L-Leucinamide 960
Sotalol (-)-Menthylchloroformate 961
Sotalol S-(-)-_-Methylbenzylisocyanate 962
Tranylcypromine N-Acetylcysteine 963
Warfarin (-)-I-Menthyichloroformate 964

Formation of Diastereoisomers

conventional physicochemical means. including nonchiral chromatography. Some of
the enantiomers that have been separated in this way are listed in Table 7.16.

7.8.7 CHIRAL MOBILE PHASES

The chiral properties of the chromatographic system can be invested in the mobile
phase rather than the stationary phase. for example by including a chiral counter-ion
in ion-pair chromalography. as described in analyses for propafenone enantiomers,”
or by modification of the mobile phase with exclusion agents such as B-cyclodextrin,
which are used for analysis of tipredane.”® phenylthioproline,®® barbiturates.”” and
phenytoin.*® Hsie and Huang used prior purification on normal HPLC and automatic
transfer to a ligand-exchange column with subsequent chromatography using a chiral
mobile phase octyl-L-prolinamide®® for the analysis of phenytoin metabolites.

Mitchell and Clark®™ have recently investigated the separation of enantiometric
barbiturates using P-cyclodextrin in the mobile phase. with a view Lo establishing
structural relationships and chromatographic behavior.
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TABLE 7.17
Chiral Separations in Capillary Electrophoresis

Drug Chiral agent Reference
Bupivacaine Modified cyclodextrin buffers 973
Arylpropionic acids Maltodextrins 974
Cefalosporins Maltodextrins 974
Epinephrine Methyl-B-cyclodextrin 975
Amphetamines Micelles 976
Leucovorin B Bovine serum albumin 977
Clenbuterol Cyclodextrins as buffer additives 978
Picumetrol Cyclodextrins as buffer additives 978
Epinephrine Cyclodextrin 979
Isoprenaline Cyclodextrin 979
Tryptophan Proteins 980
Benzoin Proteins 980
Pindolol Proteins 980
Promethazine Proteins 980
Warfarin Proteins 980
Warfarin Polyimide Methyl-B-cyclodextrin 98|
B-Blockers Methy|-B-cyclodextrin 982
Chlorpheniramine Micelles. cyclodextrin 983

Valicheva et al.””" have described the use of an enantioselective enzyme,
cellobiohydrolase . as a binding protein added to the mobile phase to separate
enantiomers ol B-blockers.

7.8.8 CHIRAL DETECTION

Goodall et al.”” have described an interesting device 1o determine the ratio of R
and S isomers of ibuprofen in urine. The sample is analyzed and quantified for
ibuprofen in the usual way with the effluent from the column being monitored by
parallel UV and polarimetric detectors. The signal from the polarimetric detector. in
conjunction with the signal from the UV detector can be used to determine the ratio
and hence the amount of each isomer.

7.8.9 CAPILLARY ELECTROPHORESIS
Several groups have described successful separation and analysis of enantiomers
using capillary electrophoresis and these are summarized in Table 7.17.
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8.1 INTRODUCTION

The main topic of this chapter is the use of radioimmunoassay (RIA) for the
analysis of drugs; RIA being a special case of saturation analysis.
163
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There is an amusing story about how the medieval monks used the principles of
saturation analysis to determine the population of Paris. The analyst simply posi-
tioned himself on a street corner and counted the number of people passing as well
as the number of monks, who would of course be easily recognized by their distinc-
tive robes. The total number of monks in Paris would already be known from the
church records. and assuming that on a typical day the monks all roamed free in the
city. then the population was simply the number of people counted divided by the
number of monks counted and multiplied by the total monk population. For example,
the analyst could decide to count off the first 100 people he saw and count the number
of these wearing the priestly garb as being say, 3. If he already knew there were 300
monks in Paris, then the population of Paris would be calculated as 100 x 300 + 3
= 10.000.

For the more familiar analytical problem described in this book. saturation analy-
sis may be illustrated by the following example. Imagine a large bucket of water, the
volume of which we wish to measure. Add to the bucket a radioactive. water-soluble
compound which mixes completely with the water. Take a fixed-volume sample of
this water and measure its radioactivity content. The total volume of water in the
bucket will then be the volume of the sample multiplied by the amount of radioac-
tivity added. divided by the radioactivity of the sample.

The essential components of any saturation analysis. therefore, are a means of
labeling the drug molecule, a saturable compartment and a means of separating the
components in the saturated compartment, from those not in the compartment. A very
simple type of this assay is that described for the determination of methyl mercury,
using a substoichiometric reaction in the presence of a labeled mercury compound
and counting the activity of an organic extract.”®

For RIA. the saturable compartment is a specific antibody for the material to be
measured (the antigen). the label is generally a radiolabeled tracer of the same
substance. and the method of separation is simply by virtue of the fact that the
antigen-antibody complex is usually precipitated. leaving the uncomplexed entity in
solution.

RIA was first described by Yalow and Berson,” who extended their work on
insulin antibodies to devise a technique for quantitative analysis of the pancreatic
hormone. Insulin is a relatively large molecule and when injected into an animal
(human or laboratory) will cause the natural defense mechanism of the body to raise
antibodies against the foreign invader. The animal is then bled to provide serum
containing the antibodies which can be used as reagents in subsequent assays. If the
serum is rich in insulin antibodies, it can be diluted. usually with a physiological
buffer or blank serum to provide a large volume of reagent suitable for many
thousands of assays. To perform the analysis, the antiserum is chosen so that there
is only enough to react with a fraction ol the insulin in the unknown sample. The
radioactive tracer is usually insulin which has been labeled with '>I or '''l. In Yalow
and Berson’s original method, the insulin-antibody complex was separated from
unbound insulin by paper chromatoelectrophoresis. This was a time-consuming
procedure and when the technique became popular as an analytical method. the use
of a mild absorbent such as dextran-coated charcoal. replaced the paper
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chromatoelectrophoresis step. The final step was to measure the amount of radioac-
tivity in one or both of the separated phases. In constructing calibration curves using
known amounts of insulin added to control sample. the radioactivity was expressed
in suitable terms for plotting against the total amount of insulin in the system.

At about the same time that Yalow and Berson were developing RIA for insulin,
Ekins was describing a similar technique for the small molecule. thyroxine.”® In
Ekins® method. however. the reagent was the naturally occurring protein. thyroxine-
binding globulin: for the technique Ekins used the term saturation analysis. In the
early days of the development of saturation analysis. it was the field of endocrinology
that consistently led the way and the next few years saw the development of RIA for
growth hormone. follicle-stimulating hormone. and luteinizing hormone. as well as
a method for determining cortisol in plasma using another naturally occurring,
specific binding protein, corticosterone-binding globulin. or transcortin.®”

The use of corticosteroid-binding globulin enjoyed considerable popularity for the
assay of plasma or serum cortisol in the 1960s due to the ready availability of the
protein and the relatively simple apparatus needed to perform the assay. The method
could also be applied to synthetic steroid hormones such as prednisolone and it is
worth pointing out at this stage that the tracer need not be the same as the compound
being measured: it is only necessary that the tracer and the analyte compete for the
same binding sites on the protein.

The extension of such methods to drugs in general. however. was still hampered
by the fact that the competitive protein binding methods were limited to the naturally
occurring proteins: small molecules are generally not immunogenic and the reagent
for R1IA was not so easily prepared for drugs as it was for large molecules such as
the polypeptide hormones. The next major development was again in the endocrino-
logical field. where it had been shown that if a small molecule. such as testosterone,
was covalently linked to a large molecule. such as bovine serum albumin or polyl-
ysine, then antibodies could be raised to this compound that would also act as
antibodies to the small molecule alone. Although the first steps in this process were
reported for steroids in 1957.%%8 it was not until 1969 that steroid RIA methods really
began to find widespread acceptance afier Abraham prepared a conjugate of estradiol
and bovine serum albumin by linking the 17B-hydroxyl group. through a succinic
acid, to amino groups in the protein.”® The next few years saw a large number of
assays described for the steroid hormones using these techniques. One problem that
was soon recognized was that such antibodies prepared by this technique are rela-
tively lacking in specificity since one of the features of the steroid is effectively
masked in the complex and the resulting antibody will tend to react with compounds
and metabolites which have variations in their structure close to the group used for
linking to the protein. To overcome this problem of nonspecificity. it was often
necessary to partially purify biological samples prior to using the sensitivity of
detection afforded by the technique.

In order to enable antibodies of enhanced specificity to be prepared, the steroid
chemists introduced the idea of linking the steroid molecule through positions distal
1o the normal functional groups.”® and also by varying the length of the linking
bridge.*" This enabled the maximum exposure of total steroid molecule without
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losing the antigenic potential of being part of a large molecule. This philosophy of
antigen design 1o provide highly specific antisera is now routine procedure in the
field of drug RIA as exemplified in the development of an RIA for morphine. The
selection of the point of linkage will depend on the metabolites of the compound
expected 1o be present in the biological sample. Spector and Parker®? first used the
3-carboxymethyl derivative, but since this is actually carboxycodeine then it is not
surprising that the antibody so formed does not distinguish between morphine,
codeine, and heroin. In order to keep the 3-position free o contribute to the antigenic
specificity. 6-succiny] morphine was proposed. although there was still considerable
cross-reactivity with codeine and heroin, and also with morphine-3-glucuronide.”

The various aspects of the radioimmunassay of drugs are discussed in the follow-
ing sections. In addition. there are sections on saturation analysis techniques which
do not depend on an antibody response (receptor assays) and techniques utilizing
nonradiolabel techniques (fluorescence labeling, enzyme labeling).

8.2 RADIOIMMUNOASSAY OF DRUGS

8.2.1 SELECTION OF CONJUGATE

The first step in the total development of an RIA for drugs is to enlist the help of
a synthetic chemist. The problem is to link the drug molecule through a reactive group
1o a large protein such as bovine serum albumin. Other proteins, such as thyroglobulin
and chicken y-globulin have been used. but bovine serum albumin, which is obtainable
in large amounts, is commonly used as the carrier protein. The availability of free
amino and carboxylic acid groups on the protein suggests that a peptide bond is the
most suitable type of conjugate and it is therefore desirable to have the corresponding
function on the drug or hapten. as it is termed in immunological nomenclature. Thus,
conjugates can be directly prepared with drugs having a carboxylic acid function. such
as prostaglandins or lysergic acid. and with drugs having an amino function such as
amphetamines.” Suitable methods for such direct conjugation were described by
Erlanger et al..”® Halloran and Parker.”” and Korn et al.?®

Reactive hydroxyl groups in the drug molecule can be used to form conjugates.
This can be by direct reaction with phosgene to form the chlorocarbonate which can
then form amides with lysine residues of the albumin. using a Schotten-Baumann
reaction. Alternatively. the hydroxyl group can be reacted with succinic anhydride 1o
form the half ester with the free acid available for conjugation with lysine residues.
Reactive carbony! groups can also be utilized to form appropriate derivatives for
subsequent conjugation to protein.

Variations of these general procedures are used for individual drug assays. For
example, a reactive group can be produced in the terminal glucose residue of digoxin
by periodate oxidation and subsequent direct conjugation to albumin. or the whole
triose may be removed 1o reveal a reactive hydroxyl group. The various methods of
conjugation can be used 1o produce different bridge lengths and an optimal bridge
length of four carbon atoms (i.e.. succinic acid) has been suggested.”*

All these reactions. however. utilize functional groups already present in the
molecule, and masking such groups could well compromise the potential specificity
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of the assay. If possible, the linkage should be through a position which leaves the
maximum number of antigenic determinants exposed. For example. Castro et al.?"’
prepared conjugates for phenobarbilone by conjugation through a 4-aminobutyl
analog at position 5 and obtained antisera of high specific activity. For the develop-
ment of RIAs, however. such analogs are unlikely to be available in sufficient
quantities. In this area, it will be fruitful to consult with the originating chemist; it is
likely that a number of analogs of drugs will have been prepared as part of a series
and it possible that a suitable analog can be chosen for producing specific antibodies.
This is particularly so for the newer drugs. where the pharmaceutical company is well
versed in procedures for producing closely related compounds.

The final chemical parameter that appears important in the quality of the antisera
is the number of hapten residues linked to each protein molecule. This can be
anything from two or three up to nearly a hundred. There is some evidence to suggest
that the smaller the number, the more immunogenic is the conjugate. although James
and Jeffcoale®® suggest that the number of moles of steroid per mole of albumin has
little influence on the affinity or specificity of the resulting antisera. Robinson et
al..””" however, claimed that between 20 and 30 substitutions of drug residues per
molecule of bovine serum albumin produce the optimum immunogen. The position
of attachment on the protein molecule may also be important for specificity: an
antiserum for 9-desglycinamide-8-arginine vasopressin raised using site-specific
attachment of the drug to keyhole limpet hemocytanin was claimed to be more
specific than the serum raised against conventional drug-thyroglobulin conjugate.®®

8.2.2  RAISING ANTIBODIES

Once prepared. the haptlen-protein conjugate is injected into animals to raise
antibodies. The details of suitable procedures for raising antibodies are more properly
found in textbooks of immunology than in this type of book. However. it is sufficient
1o comment that the immune response is by no means predictable, and there is no
precise immunization schedule, nor any particular animal species that can be recom-
mended. [t is usual to inject animals, first with a primary dose of conjugate. normally
about 100 mg, and then with periodic booster injections 1o prolong exposure of the
animals to antigen. An immune response should appear in about 2 months. Animals
are bled and the serum is tested for the presence of antibodies to the hapten. If there
is a large response, then it will be necessary to dilute the serum: the measure of the
strength of the antisera is the degree of dilution necessary before a solution is
obtained which binds 50% of the test antigen. Although dilutions of several thousand
are common for RI1As of large proteins. as far as drugs are concerned. antisera with
dilutions of more than 2000 are rare. For this reason. larger animals, such as sheep
or goats, have found favor. because the bleeds will provide large volumes of reagent.
This becomes very important. not just for reasons of economy. but because every new
bleed has to be reassessed for specificity and titer, due to the irreproducible nature
of the immune response.

Although clear guidelines cannot be established for optimum antibody produc-
tion. normal immunological practice suggests that it is desirable to use an animal of
species and strain known 1o respond well, in good health, and not subject to other
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antigenic stimuli. So many factors are thought to contribute to the successful raising
of antibodies. and yel the testing is so tedious. that few detailed studies have been
carried out to elucidate any sort of clear rules.'0®

Commercial development of RIA. particularly for drugs in widespread use, means
that clinical chemistry screening or monitoring laboratories are rarely faced with the
problem of raising their own antisera. Nevertheless, the specificity of commercially
available material should be checked. especially if the laboratory adapts the material
for operations other than those intended in kit forms.'%!

A successful antibody to a particular drug or hapten raised by conventional
methods does not constitute a single chemical entity. but will comprise a range of
proteins having different characteristics of binding to the drug. This is the reason why
antisera may differ from rime to time. even when obtained from bleeds from the same
animal. It is possible to increase the specificity of the reagent by fractionation of the
antisera 10 produce the pure protein with a very specific response. Like all proteins,
this entity can also be cloned 1o produce a plentiful supply of antibody with a
consistent profile. Such monoclonal antibodies have been used in commercial kits to
ensure brand consistency. and to enable highly specific reagents (o be obtained. 0021004

8.2.3 THE RADIOLABEL

The early RIA techniques for protein hormones invariably used "'l and later '*]
as the radiolabel. This was because a sample of protein could be readily iodinated
without loss of immunoreactivity. and the jodine isotopes. being y-emitters. could
readily be counted in y-counters without recourse to liquid scintillation techniques.
However, iodinationation of drugs. which are small molecules. brings a considerable
change to the structure and properties of the drug molecule. and such a generally
iodinated tracer will be unsuitable. However. the iodine isotope can be used for small
molecules if the tracer can be made similar in structure to the conjugate used as the
antigen. For example. iodine or an iodine-containing small moiety such as iodophenyl.
can be introduced al the same position as the hapten is linked to the protein. Robinson
et al.” attempted this ploy using tyrosine methyl ester, histamine, and a copolymer
of glutamic acid. lysine. alanine. and tyrosine as the iodinatable tags but concluded
thal the resulting labeled complexes did not have an immunoreactivity comparable
with unmodified drugs and could not be used for RIA. Nevertheless. successful RIAs
for drugs have been described using the iodine label, mainly by incorporating the
label in the link in the carrier protein or in the protein itself, so the drug-protein
conjugate is also used as the tracer (Table 8.1).

The radiolabel that would be ideal for drug assays would be '“C. and such RIAs have
been described for diazepam.'®** methadone.'%?” and phenytoin.'®® Often this tracer is
prepared for use in metabolic studies and this isotopic form is. for our purposes,
identical to the unlabeled drug. Unfortunately. '“C-labels are limited in their specific
activity and when sufficient label is added to the test system for acceptable counting
statistics. the mass of added drug is large relative to the amount Lo be measured. For
these reasons. the label which has found the greatest acceptance for drug RIAs is
tritium. Tritiated drugs are. in fact. easier 1o prepare than '“C-labeled drugs because the
former can be obtained by tritiation of the original molecule. whereas the latter needs
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TABLE 8.1

Radioimmunoassay of Drugs Using Radioisotopes of
lodine to Label the Tracer

Analyte Nature of labeled tracer Reference
4-Acetamidobipheny! Tyramine-hemisuccinamido 1005
Barbiturates 3-lodobutyric acid 1006
Bencyclane lodo-4-Hydroxybencyclane 1007
Bromovinyluracil — 1008
Buprenorphine lodinated drug 1009
Bupropion lodinated drug 1010
Ceronapril lodinated drug 1011
Cyclosporin lodinated drug 1012
N’ .N’-Diacetyldibenzidine lodinated drug 1013
Dihydrodigoxin [odinated ribonuclease 1014
Epimethy liestosterone lodinated histamine-steroid conjugate 1015
Morphine [odinated drug 1001
Meobentine lodinated drug 1016
Nicergoline [odinated drug 1017
Penicillin Bovine serum albunin 1018
Phencyclidine lodinated drug 1019
Phenothiazines Tyrosine methylester 1020
Plicamycin lodinated drug 1021
Sodium chromoglycate Monotyramide 1022
Spiraprilate lodinated drug 1023
Vancomycin lodinated drug 1024
Zidovudine lodinated derivative 1025

169

original synthesis to incorporate the C atom. Tritiated molecules prepared in this way
are often unsuitable as a tracer in metabolic studies because the tritium may be
exchangeable, but this is seldom a problem with RIA methods. Tritium has a much
longer half-life than either "'l or '*1. and therefore. once prepared. has a long shelf-
life. RIAs using tritium have been developed for almost all types of drug (Table 8.2).
The main disadvantage of tritium and '“C is that. since they are B-emitters, liquid
scintillation techniques are needed for the measuring step.

8.24 OPTIMIZATION OF ASSAY

The heart of the RIA procedure is the incubation of the antiserum reagent. the tracer,
and the unknown. 1t is sensible to assume that the method will be most useful for
quantitative analysis if amounts of these three are present such that a small change in
the quantity of the unknown will produce a measurable change in the distribution of
radioactivity between the free and bound fractions. Figure 8.1 shows the simplest form
of plotting the relationship between the bound radiactivity and the absolute amount of
hapten present. In this idealized curve, the change in distribution is relatively small for
a tenfold increase in hapten concentration in the distribution of radioactivity as the
nonbound fraction increases: at the other extreme (i.e.. at low concentrations of hapten),
the actual measurement of the distribution becomes susceptible to small errors in
technique. Although various ways of plotting the binding curves have been proposed
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TABLE 8.2

The Analysis of Drugs in Biological Fluids, 2nd Edition

Drugs Analyzed by Radioimmunoassay Using Tritiated Ligands

Drug

Amphetamines
Pseudoephedrine
Angiotensin-converting enzyme
inhibitors
Spirapril
Zabicipril
Zabiciprilate
Antibiotics
Alacinomycin
Acyclovir
Fortimicins
Tetracycline
Vancomycin
Antihistamines
Terfenadine
Antihypertensives
Tiamenidine
Clonidine
Antineoplastics
Bruceantin
Cytarabine
Methotrexate
Vinblastine
Vincristine
Barbituates and anticonvulsants
Phenobarbitone
Phenytoin
[B-Antagonists
Acebutol
Diacetolol
Propranolol
Benzodiazepines
Chlordiazepoxide
Diazepam
Flunitrazepam
Oxazepam
Cannabinoids
d°-Tetrahydrocannabinol
Ergot alkaloids
Methylergometrine
Dihydroergotoxine
Cabergoline
H,-Antagonists
TG-41
Hyperglycemics
Gliclazide
Neuroleptics
Chlorpromazine
Fluphenazine
Haloperidol
Perphenazine

Ligand

Pseudoephedrine

Spirapril
Zabicipril
Zabiciprilate

Alacinomycin
Succinylacyclovir
Succinimidyl propionate
Tetracycline
Succinimidyl propionate

Terfenadine

Tiamenidine
Clonidine

Acetylbruceantin
Cytarabine
Methotrexate
Vinblastine
Vincristine

Phenobarbitone
Phenytoin

Acebutol
Diacetolol
Propranolol

Diazepam
Diazepam
Methylflunitrazepam
Diazepam

8-Tetrahydrocannabinol
Dihydromethylergometrine
Dihydroergocryptine
Cabergoline

N-Acetyl TG-41

Gliclazide

Chlorpromazine

Trifluoperazine
Haloperidol

Sensitivity

2.5ng

I ng ml'
| ng mi"!

| pmol

0.2 ng
20 ng ml™'
4 ng ml!

0.25 ng mf*!

10 pg ml"
10 pg

I ng ml'
1 ng ml'
55 mM

0.2 pmol
0.5 ng

10 pg
60 nm
0.12 pmol

2 ng m}-'
0.1 ng ml"'
0.15ng ml '
10 ng ml '

2ngml'
0.5 ng ml '
0.5 ng ml"'
12 pg ml"
3 ng ml!
0.1 ug ml"
0.75 ng
0.25 pg ml"'

I ng ml"!
0.25 ng ml

Reference

1029

1023
1030
1030

1031
1032
1033
1034
1024

1035

1036
1037

1038
1039
1040
1041
1041

1042
1043

1044
1044
1045

1046
1047
1048
1049

1050
1051
1051
1052
1053
1054
1055
1056

1057
1058
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TABLE 8.2 (continued)
Drugs Analyzed by Radioimmunoassay Using Tritiated Ligands
Drug Ligand Sensitivity Reference
Opiates
Alfentanil Alfentanil 50 pg 1059
Buprenorphine Buprenorphine 50 pg ml ' 1060
Hydrocodone Dihydromorphine 10 ng ml"! 1061
Hydromorphone Dihydromorphine 2.5 ng ml 1061
Methadone Methadone 3ng ml' 1062
Phencyclidine Phencyclidine 05ng ml' 1063
Sufentanil Sufentanil 0.5 ng ml' 1059
Parasympatholytics
Atropine Atropine 9 nm 1064
Hyoscamine Atropine 9 nm 1064
Prostaglandins
Prostacyclin 6-Oxoprostaglandin F,_ 1065
Steroids
Ethinylestradiol Ethinylestradiol 12.5 pg 1066
Flunisolide Flunisolide 20 pg ml"' 1067
Norgestrel Norgestrel 1068
Prednisolone Prednisolone 1069
Tricyclic antidepressants and
related compounds
Amitryptiline Nortryptiline | ng ml' 1055
Amitryptiline Amitryptiline | ng ml' 1070
Bupropion Bupropion 0.6 ng ml ' 1010
Clomipramine Clomipramine 0.2 ng ml' 1071
Desipramine Desipramine 1072
Doxepin Imipramine 2.5 ng ml' 1073
Imipramine Imipramine | ng ml-* 1070
Imipramine Desipramine 0.1 ng ml" 1055
Nomifensine Nomifensine 0.3 ng ml' 1074
Nortriptyline Nortriptyline I ng ml' 1055
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FIGURE 8.1 Simple plot of relationship between percentage binding and amount of added analyte in
saturation analysis.
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to help optimize the usable range of RIA, Ekins has pointed out that these are more
apparent than real and sophisticated computer routines are essential for full optimi-
zation of RLA.'97 In general, however. it is agreed that the RIA is best operated under
conditions where approximately half of the specifically bound radiolabel is dis-
placed. and the useable range should be of an order of magnitude that is above and
below the concentration of drug at which this happens. Concentrations outside this
range should be reassessed using diluted sample or reagent.

8.2.5 THE SEPARATION STEP

For traditional RIA. it is not possible to measure the bound and unbound label
directly and the two fractions normally have 10 be separated prior 1o using standard
counting techniques. Many separation techniques have been used including different
migration methods, such as paper chromatoelectrophoresis'®’ and gel filtration,'?”
absorption methods, such as charcoal'®® and silicates.'”™ fractional precipitation
with salts'®0 or organic solvents,'®' double antibody methods.'%? and solid phase
methods.'®* However. the most popular techniques for drug RIA are absorption
methods. solid phase methods, and the double antibody method. The method chosen
should be rapid enough to effect the separation without altering the competitive
equilibrium situation set up in the assay.

The use of activaled charcoal was introduced by Ekins®’ for separating free
thyroxin from the thyroxin bound to thyroid-binding globulin in the competitive
protein-binding assay for this hormone. The method was later applied to the RIA of
insulin.'%®* The charcoal absorbs small organic molecules. and the charcoal is readily
separated from the soluble fraction containing hapten bound to the antibodies by
centrifugation: the supernatant can then be counted for radioactive content. The
nature of the charcoal used needs to be well controlled and reproducible. Activated
charcoal with particle size up 10 60 pum is generally satisfactory.'®™ However,
untreated activated charcoal is usually 100 severe for direct use: it may bind the
antibody itself or strip the hapten from the antibody. To overcome this. Herbert et
al.'%% suggoested that the charcoal be coated with dextran of an appropriate molecular
weight 10 provide pores through which the free hapten will pass and be bound, but
will exclude the larger antibody-hapten complex.

In solid phase methods, the antibody is covalently bound to the inside ol the assay
tube.'% Afier the assay has been carried out up to the separation step, the supernatant
is simply poured off. leaving the bound label attached to the antibody on the tube. The
tube can then be counted directly for y-emitters, or after the addition of appropriate
scintillation fluid for B-emitters. Alternatively. the antibody may be linked to mag-
netizable particles which can be subsequently separated with a magnet from the
supernatant containing free hapten.'0”’

The notable exception Lo the need Lo separate the bound and unbound components
for RIA is by using a technique known as scintillation proximity assay.'®”%88 [n this
procedure. a reagent consisting of derivatized inorganic fluoromicrospheres based on
yttrium silicate, are impregnated with a fluorophore and coated with a second
antibody specific for the primary antibodies. Only the radioligand that is bound to the
secondary-primary complex is close enough to the fluoromicrospheres to provide
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FIGURE 8.2 Structures of (A) theophylline and (B) diphenhydramine.

energetical particles to activate the fluorescence for counting. A detailed evaluation
ol such a technique for the assay of low levels of ranitinide has been reported.'%%°

The antibody complex is usually larger than the antibody itself; for drug RIA.
however, the complex is still relatively small and remains in solution thus the
classical precipitation methods of immunology do not apply. But. if a second anti-
body which has been raised against the globulins of the animal in which the drug
antibody has been raised. is added. then the resulting precipitate can readily be
separated by decantation of the free fraction.'%’

8.2.6 SPECIAL PROBLEMS AND PITFALLS

In contrast to chromatographic. spectrophotometric. and many other methods de-
pending on well-understood physical phenomena. RIA and related saturation tech-
niques always have surprises for the unwary. It is this unpredictability that constitutes
a hazard in the development and use of RIA as an analytical tool. For some types of
assay. for example receptor assays and those using naturally occurring globulins such
as transcortin or thyroid-binding globulin, the unpredictability on the part of the binding
protein is perhaps less, because once the method of preparation is determined. the same
protein is always obtained. However, when antibodies are raised in individual animals
lo foreign haptens. there is no guarantee that the resulting antiserum will be consistent
in its binding characteristics. For this reason, large animals are desirable for raising
antibodies, because there is a large amount of consistent binding reagent available for
many thousands of reproducible assays. An alternative approach is to use antisera
obtained by pooling samples from a large number of animals. This approach may have
the effect of losing specificity. because the resulting pool will contain antibodies of
differing specificities. but at least such a serum should provide consistency.

An unpredictability that is met for immunoassay. competitive protein binding
assays. and receplor assays is the cross-reactivity of congeners, or sometimes totally
unrelated structures. It has been shown. for example that diphenhydramine interferes
with one RIA procedure for theophylline even though these two compounds have
quite different structures (Figure 8.2).>*' and hordenine has been shown to interfere
with some morphine immunoassays. '%°



174 The Analysis of Drugs in Biological Fluids. 2nd Edition

Interferences due to similar structures are more normal: it has been shown that
steroids in cord blood (including corticosteroids. progesterone, and testosterone) may
have digoxin-like immunoreactivity.'®' Likewise. phenylpropanolamine and ephe-
drine gave false positives in several immunoassay methods for amphetamines. !9
Tertiary amines may also cross-react in amphetamine-targeted assays.'®* Many
important drugs have structures which are based on the structures of natural hor-
mones. Antibodies raised to such haptens will often cross-react with their natural
counterparts. and this can obviously cause problems in the analysis of real samples.
Haak et al.'® investigated the characteristics of antisera raised against various
synthetic glucocorticoids and their results indicate that those synthetic compounds
more closely related 1o the natural glucocorticoids (prednisolone and 6B-methylpred-
nisolone) resulted in less specific antisera than those raised against the more heavily
substituted ones (i.e.. betamethasone, dexamethasone. beclamethasone, and
triamcinolone). The specificity of assays may also depend on the disease state of the
patient; for example, the applicability of digoxin immunoassay specificity for pa-
tients with chronic renal failure or hepatic cirrhosis has been questioned.'%

Use of cloned material has been proposed to increase the required specificity. for
example, in the Boehringer homogeneous assay for digoxin, which relies on the
competition between a digoxin-labeled peptide fragment of P-galactosidase and
digoxin for digoxin antibodies.'”® However, even monoclonal antibodies are no
guarantee against cross-reactivity in unusual circumstances such as in the assay of
cyclosporin in the plasma of cardiac allograft patients where endogenous material
peculiar to these patients cross-reacted to the exient of 36%. using a monoclonal
antibody raised against cyclosporin.'%”’

Because the RIA procedure is relatively simple (given the appropriate dispensing
and counting equipment), the technique is suitable for packaging into commercial
kits. This should give results which are reproducible from laboratory to laboratory
and also over a relatively long period. as the manufacturers will only market a kit
which has a large back-up in terms of reagents. Nevertheless, it is wise (o characterize
kits received from different manufacturers by carrying out appropriate control assays
prior to using them, and before changing suppliers.

In developing any original R1A for drugs, that checking for specificity must be
part of the evaluation process. Unfortunately, the reactivity of other compounds
cannot be generally predicted; hence. if it desired to perform the assay without any
pre-extraction, then the only recourse is 1o assess the cross-reactivity of individual
candidates. Even when this is done there is a potential misinterpretation if the
concentration of the various components is ill chosen. Thus it is necessary to test each
component over a range of concentrations or dilutions. Often during the development
of a drug, the nature and extent of metabolism is unknown and consequently it is
impossible Lo test the cross-reactivity of metabolites in a developed assay. In these
cases. it is desirable to have a reference method, of high specificity. which can gauge
the extent of cross-reaction of metabolites by carrying out parallel assays for a range
of time points following administration of the drug. Thus. a rather tedious, but
extremely specific assay for a novel sleep inducer was developed and used Lo assess
the specificity of two antisera prepared against the same compound.
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FIGURE 8.3 Determination of loprazolam in plasma of subjects receiving an oral dose (2 mg) of the
drug. using a specific HPLC-GCEC method and two RIA methods.

The plasma concentration time profiles obtained using the reference method and
using the two antisera in this study are shown in Figure 8.3. Antiserum 42 was raised
against a conjugate linked to the drug in a position which maximized exposure of the
antigenic determinates of the drug compared with the the congugate used for antise-
rum 47 (Figure 8.4).'67

The method most favored in specificity for reference is one involving chromatog-
raphy (usually gas chromatography or HPLC) followed by mass-spectrometry using
single-ion monitoring, as has been reported for opiates'®*'1° and ethynylestradiol.!'%®

An interesting but unforeseen problem occurred in one of the author’s own
laboratories in the use of a radioimmunoassay for a novel diuretic. The same
antiserum unaccountably gave differing results using different standard samples of
the same drug. even though the samples had passed strict chemical and chromato-
graphic quality control checks. The problem was finally tracked down to the presence
of a cross-reacting impurity, too minute to be detected by the quality control assays.
yet sufficiently immunoreactive to make the standard drug appear to be present in an
amount greater than the weighed value. This problem cannot be overcome by using
the same sample for dosing purposes as for calibration of the assay, because the
impurity would not necessarily follow the drug through all the bodily processes.

Similarly. a problem was encountered in the radioimmunoassay of a hyperglycemic
agent, where the radioimmunassay consistently gave twice the value for drug concen-
tration in the plasma over that given by the corresponding HPLC analysis. The usual
explanation is to write off the RIA method as being nonspecific. but the analyst
responsible for the development and evaluation of the method had given no indica-
tion of such dramatic interference by any metabolites or endogenous material. This
is a situation. known to all analysts. that generates much heart-searching, double
checking of readings and scouring of equations to locate this factor of 2. Several
years later, the author came to the conclusion that the answer was in the use of a
racemic drug. The plausible explanation is as follows: the drug was administered as



The Analysis of Drugs in Biological Fluids. 2nd Edirion

176

VY AQ wejozesdo| Jo uonBUILIAIAP ) 10§ Pasn sarpoqnue Suistes 10§ pasedaid saednfuos jo sampPnNg '8 TANOILA

10 / 10 /

H N¢o
o N= N°O vsg----0_  NT

N H
H € —
<wmllIIO\2/\\ IO /\\

H



Saturation Analysis: Radioimmunoassay and Other Ligand Assays 177

the racemate, but only one entaniomer (the immunoreactive one) appeared in the
plasma: the nonchiral HPLC assay gave the correct answer in that it would always
give the total of drug, whichever form it appeared in: the RIA method. however, was
essentially calibrated against half-strength standard and hence the signal in the
calibration was only half of what it should have been. thus resulting in the reported
RIA result being high by a factor of two.

The converse of this problem is to prepare chiral immunoassay reagents. How-
ever, the potential for using radioimmunoassays for chiral discrimination seems Lo
have been little utilized. even though McKay et al.''%" demonstrated frans vs. cis
discrimination for doxepin by raising antibodies to a bovine serum albumin conju-
gate of rrans-N-(2-carboxyethyl)desmethyldoxepin.

As detailed elsewhere, many drugs are administered as racemates and hence the
immunological properties of the enantiomers need to be assessed if RIA is 1o be
considered as an option for the analytical method. When drugs are administered as
racemates, an enantiospecific assay such as RIA may be desirable, as indicaled by
Woedtenborghs et al.''%? for the antihypertensive drug. nebivolol.

Another potential pitfall in radioimmunoassay is in the purity, both chemical and
radiochemical. of the tracer used. If there is a chemical impurity. then the same kind
ol problem can occur as described above: il the tracer is not radiochemically pure,
then the binding characteristics of the impurity may affect the assay.

8.2.7 APPLICATIONS OF RADIOIMMUNOASSAYS

Immunoassays find considerable application in forensic analysis. Consequently,
methods are developed for small samples. often collected under unfavorable condi-
tions. Thus, RIA methods have been developed for screening drugs of abuse using
blood samples spotted onto filter paper. dried and punched out into disks, as for
example in an assay for benzoylecgonine.'%*

8.3 IMMUNOASSAYS USING A NONISOTOPIC LABEL

Immunoassays were established techniques in biochemistry and clinical chemis-
try long before the advent of radioimmunoassay. and its enthusiastic adoption for
drug analysis. Some of the classical immunoassay techniques have found their way
into drug immunoassay such as the use of the latex nephelometric immunoassay of
theophylline in human serum,''% and in screening for drugs of abuse using the Roche
ONTRAK latex agglutination system.''® However the main advances in immunoas-
say have focused on new methods of labeling molecules so that expensive equipment
or hazardous radiolabels are not required.

8.3.1 FLUORESCENCE LABEL

In this technique, a labeled drug molecule is prepared by attaching a fluorescing
compound to it. The most popular compound for this procedure was originally
fuorescein and derivatives were prepared for tobramycin.''% propranolol.''"” mor-
phine,"'% digoxin,"'® digitoxin.”''® phenytoin,"""" gentamicin.'''? and procainamide.!'''?
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The immunoassay is performed in the usual way. separating bound drug from free
and measuring the fluorescence in the free fraction. Thus. for the assay for gentamicin
the double antibody method was used. For a number of drugs the absorption onto
magnetizable particles has been described and for tobramycin''% the technique was
to absorb the drug onto a dipstick.

The dau-TRAK Eclair System consists of competitive homogeneous radioim-
munoassays which are available for several different drugs of abuse (benzodiaz-
epines. cannabinoids) and which can be applied 1o urine with sensitivity values of
100 ng ml-".'

8.3.2 FLUORESCENCE POLARIZATION IMMUNOASSAY

The simple fluorescent labeling technique has been almost completely supplanted
by a variation proposed by Danliker et al."''> If a molecule is excited using polarized
light. then the emitted light will be polarized in the same plane as the excited light.
provided the molecule does not rotate in the time between excitation and emission.
In solution. the free rotation of the molecule reduces the polarization of the emitted
light and hence solutions do not usually exhibit fluorescence polarization. When
bound to macromolecules, however. the rotation is slowed and the fluorescence
remains polarized. When used in immunoassay. the fluorescent-labeled molecules
that are displaced from an antibody have reduced polarization fluorescence. Thus,
this method can be used without separating free and bound fractions. making the
technique much simpler to use or 10 automate. Such a technique is generally termed
a homogeneous immunoassay as opposed Lo heterogeneous assays where a separa-
tion step is required. A review of the technique described typical procedures for
gentamycin, phenytoin, phenobarbital. and theophylline.!’’®

The fluorescence polarization immunoassay technique has been shown to be
reliable and specific for screening urine samples for drugs of abuse. In particular. it
was claimed that herbal drinks could interfere with such assays. but this was refuted
by the analysis of 50 such preparations which showed no interference with either the
screening method using fluorescence polarization immunoassay or the confirmatory
TLC method:'""” however. this study did not appear 1o investigate the urine of herbal
tea drinkers. Table 8.3 lists a number of drugs for which fluorescence polarization
immunoassay techniques have been developed.

In the initial stages of development and introduction of nonisotopic immunoas-
says. the advantages promised by circumventing the use of radioactivity were to be
offset by the need 1o have relatively expensive specialized equipment instead of the
ubiquitous scintillation counter. Recently. however, laboratories carrying out large
numbers of assays have tended to commit their instruments 1o specific tasks, with the
result that dedicaled instruments were designed and marketed.

8.3.3 ENZYME LABEL
8.3.3.1 General Description

The enzyme-multiplied immunoassay technique commercially marketed by Syva
Corporation as EMIT Kits has proved a very popular method for the semiquantitative
analysis of drugs of abuse.''*® and has been extended 10 quantitative therapeutic drug
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TABLE 8.3
Analysis of Drugs in Biological Fluids by
Fluorescence Polarisation Immunoassay

Drug Reference
Amikacin 11181119
Amphetamines 1120
Amphetamines 1121
Benzodiazepines 1122
Carbamazepine 1119, 1123, 1124
Cocaine 1125
Cortisol L9
Cyclosporin 1126-1132
Digitoxin 1119
Digoxin 1119, 1133
Gentamicin 1118, 1119
Methotrexate 1134
Monoethylglycinexylidide 1135
Phenobarbitone 1119, 1124
Phenytoin 1136
Phenytoin 1119, 1124
Primidone 1119. 1124
Quinidine 1118
Teicoplanin 1137
Theophylline 1118, 1119, 1138
Thevetin B 1139
Tobramycin 1119
Valproic acid 1119, 1124
Vancomycin 1119

monitoring. In this procedure. the drug molecule is covalently linked to a stable
enzyme such as glucose-6-phosphate dehydrogenase to provide the tracer. When the
immunoassay procedure is carried out. the unbound tracer remains active, whereas
the bound tracer loses its enzyme activity. Hence, rather than a separation step. the
enzyme activity is measured after adding a suitable substrate. The sensitivity of the
standard enzyme labeled assays is of the order of pg ml-' rather than ng ml'. For
enzyme-labeled assays. the special reagents are the drug-enzyme complex and the
antiserum: for specific drugs. these and other standards are supplied in kit form.
Table 8.4 lists some of the procedures and their evaluation by comparison with other
analytical techniques. One great advantage of enzyme-labeled assays is that all the
steps of the assay can be performed in the same vessel, making it a homogeneous
assay. Thus the technique is very suitable for conversion into ready-made kits for
rapid use by nonlaboratory personnel.'*” 1149

Although some EMIT procedures have been developed to a high degree of
sophistication, the use of commercial kits may often be thought to be expensive and
the laboratory with economies in mind may often find it worthwhile to adapt the kits,
or to prepare their own bulk reagents to make the assay more economic to run. Thus,
a Scottish laboratory developed cost-effective immunoassays for amphetamines,
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TABLE 8.4
Some Enzyme-Multiplied Assays

Drug Enzyme Sensitivity Reference
Antiepileptic drugs  Glucose-6-phosphate dehydrogenase — 1141, 1142
Clenbuterol Alkaline phosphatase — 1143
Clenbuterol Horseradish peroxidase 0.2 ppb [ 144
Taxol Alkaline phosphatase 0.2 ng ml' 1145
Vinpocetine Alkaline phosphatase 0.1 ng ml* 1146

benzodiazepines. and methadone in urine by combining Syva EMIT reagents with a
centrifugal analyzer to make a 100-test kit stretch to 2470 samples''*® and a London
laboratory managed to cut the costs of assays to a few pennies by using in-house
reagents and alternative antibodies.!'! '15*

The development of monoclonal antibodies has already been mentioned in the
development of radioimmunoassays, and such reagents are equally applicable Lo
nonisotopic labels.'”* The Du Pont discrete clinical analyzer was used to assay
cyclosporin rapidly and specifically using a monoclonal antibody Lo cyclosporin.''>3
Sabate et al. have carried out a comparison of RIA. EMIT. and other procedures
for cyclosporin.'’® including use of monoclonal antibodies. Poklis et al.'"” de-
scribed the use of EMIT and monoclonal antibodies in the analysis of amphetamine
and methamphetamine. Some aspects of comparisons of EMIT methods with
others are shown in Table 8.5. Sometimes commercial kits may be improved if the
laboratory is prepared to commit the development time and effort necessary.''™
although this would seem to defeat the purpose of using the commercially available
materials.

Although most EMIT assays are claimed to be extremely sensitive and specific,
where they are being used for the detection of drugs of abuse. rather than in
pharmacokinetic studies. it is always wise to ensure back-up confirmatory tests are
available for positive samples. For example, Olsen el al.''” showed that metabolites
of chlorpromazine and brompheniramine may cause false positives in the urinary
assay of amphetamine using an EMIT kit.

A variation on the enzyme-labeled assay is to label the substrate as in the
substrate-labeled fluorescent immunoassay. a technique introduced by Burd et al.'?®
The drug is covalently linked to umbelliferyl-B-D-galactoside. When this complex is
attacked by B-galactosidase, it produces the fluorescing entity. umbelliferone-drug
complex (Figure 8.5). In the assay procedure, the umbelliferyl-B-D-galactoside-drug
molecule competes with unlabeled drug for binding sites on the antibody so that the
amount available for attack by B-galactosidase is proportional to the amount of the
unlabeled drug present. The rate of increase of fluorescence is simply measured to
determine the amount of drug in the sample. Substrate-labeled fluorescent immu-
noassay procedures have been described for gentamicin.'?® tobramycin,'>'
phenytoin.'** theophylline.'?** phenobarbitone,'”* and amikacin,'?% with commer-
cial kits usually available from Ames Laboratories.
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TABLE 8.5

Characteristics of EMIT Kits and Comparison With
Other Analytical Techniques

Analyte

Bencsodiazepines

Cannabinoids

Carbamazepine

Clenbuterol
Cyclosporin A

Disopyramide
Ethosuximide
Gentamicin

o-Hydroxytriazolam
Methotrexate

Morphine

Phenobarbitone

Phenytoin

Primidone

Procainamide

Quinidine

Theophylline
Valproic acid

Comparative
method

TLC
GC

GC-MS
HPLC
RIA.GC-MS
GC-MS

GC

HPLC

RIA
HPLC
HPLC
FPL. R1A
GC

GC

RIA
Microbiological
GC-MS
RIA
HPLC
GC

HPLC

Difference
spectroscopy

GC

HPLC

GC

GC

Spectrofluorimetry
HPLC

HPLC

HPLC

GC with FID
GC

HPLC

Comment on EMIT

Equivalent for screening

Frequently overestimates oxazepam and
nordiazepam

Excellent agreement

Good correlation

Detects metabolites and is preferred

Good agreement

Good agreement although epoxide may
interfere: no clinical significance

Epoxide may interfere but no clinically
significant differences

Good agreement

Good agreement

Good agreement

Good agreement

Good agreeement. r = 0.97

Interchangeable

r>095

r=0.95

More sensitive

Good correlation

Good correlation

Similar sensitivity but less precise and
accurate

Several drugs cross-react. r = 0.83

Correlated well

Good agreement. r = 0.95. methods
generally interchangeable. no clinically
significant difference

r = 0.94. p-hydroxy metabolite may
interfere

r > 0.95. methods generally inter-
changeable although values may be
falsely high in renal insufficiency

Good agreement with no clinically
significant differences

Correlated well in therapeutic range

Correlated well in therapeutic range.
r=0098

Values 25% higher due 10 cross-
reacting metabolites

r=0.985

Falsely elevated values

Good agreement

Satisfactory correlation

181

Reference

1140
1159, 1160

el
1160
1162
1163, 1164
I165-1168

1169-1171

1171
1173
1174
1175
1176, 1177
1178
1179
1180
1181
1182
1182
1183

1184, 1185
1186

1178, 1187-
1189

1184

1178, 1187-
1189

1178.1187.
1188

1190

1177, 1191

1192-1194

1195
1196
1197
1198
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FIGURE 8.5 Reactions involved in substrate-labeled fluorescence immunoassays. (A) Conversion of
nonfluorescent galactosyl-umbelliferone-drug (G-U-D) reagent to fluorescent umbelliferone-drug (U-D)
by B-galactosidase: (B) competitive reactions in an assay system.

8.3.3.2  Solid-Phase Enzyme Immunoassay

A development of the enzyme labeled technique was to immobilize the enzyme
on a solid support in the reaction vessel so that the complete assay can be carried out
by monitoring the solution. The method has been most highly developed in the range
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FIGURE 8.6 Free radical assay technique. (A} Signal obtained from a radical bound to immunoglobu-
lin: (B) signal obtained from a freely rotating radical.

of ELISA (enzyme-linked immunosorbent assays) kits. such as {or the screening with
GC-MS confirmation of the tranquilizer chlorprothixene administered in subtherapeutic
doses 10 horses.'? This assay actually used a commercially generic promazine kit
with cross-reactivity for chlorprothixene. ELISA kits have also been available for
delta-9 tetrahydrocannabinol,'?” papaverine,'?% isometamidium,'?®® tacrolimus,!2!0
medroxyprogesterone,'?!! cephalexin,'?!? and dimethindene.!?'3 ELISA procedures
using monoclonal antibodies have been developed for theophylline,'?'*!2!5 and for
thiabendazole.!?'®

As well as using the enzyme assays to assay pharmaceutical material, the method
has also been used to investigate the location of specific binding sites on the albumin
molecule. such as in the solid-phase competitive enzyme immunoassay using acetyl-
cholinesterase as the label to determine benzylpenicilloyl groups derived from peni-
cillin G by cleavage of the B-lactam ring.'?'"”

ELISA kits have been used to determine the presence of 3-agonists. clenbuterol,
and salbutamol (after hydroysis of the conjugate with B-glucuronidase) in bovine
urine. The ELISA kits comprised a microtiter plate coated with antirabbit IgG, anti-
B-agonist antibody. and salbutamol-horseradish peroxidase conjugate.''®

An enzyme immunoabsorbent assay has been used for clenbuterol in bovine liver
and urine, using hydroxyclenbuterol-alkaline phosphatase conjugate after solid-
phase extraction of urine on C g columns.'*3

8.3.4 SPIN LABEL

This technique was introduced by Leute et al.'?'? in 1971 for morphine and was
developed commercially by Syva as FRAT (free radical assay technique). A free
radical such as nitroxide in solution when examined in an electron spin resonance
spectrometer showed a simple three-line spectrum. This spectrum is seen even
when the radical is linked to a drug molecule. However. when the drug-radical
complex is bound 10 a large molecule such as immunoglobulin in a typical immu-
nological reaction, its rotation in solution is slowed and the spectrum becomes
considerably flatiened. Thus, in the absence of added drug. all the drug-radical
complex is bound and no sharp ESR signal is seen. With increasing amounts of
added drug, the complex is displaced from the antibody and the sharp signal
becomes apparent (Figure 8.6). For this technique, the major disadvantage was the
need for an electron spin resonance spectrometer, whereas most other displacement
methods were able to use standard spectromelers, scintillation counters, or fluorim-
eters. The technique does not appear to have been further developed, possibly
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because it offers no essential advantages over the more highly developed enzyme
or radioassays.

8.3.5 COLLOIDAL GOLD

The commercially available TRIAGE immunoassay system uses a competitive
reaction between a drug in a urine sample and the drug bound to colloidal gold for
a specific monoclonal antibody. Unreacted drug was recovered using a membrane-
bound antibody and examined for presence of a violel-colored band. In the absence
of unlabeled drug in the sample. all the colloidal gold labeled drug is bound and there
is no violet band. Thus the method is a rapid qualitative assay for drugs of abuse and
has been applied to the simultaneous screening of phencyclidine. benzodiazepines,
cocaine, amphetamines, tetrahydrocannabinol, opiates, and barbiturates in urine,'20-122!

84 IMMUNOASSAYS WITH OTHER METHODS

Immunoassays have been combined with other separation techniques with mixed
success. Hochhaus et al.'??* developed a selective HPLC-RIA for dexamethasone and
its prodrug dexamethasone-21-sulfobenzoate sodium in biological fluids: fractions
were collected then assayed by RIA with a detection limit of 0.5 ng ml-'. Detection
of cocaine using a flow immunosensor has been described.'?>* A column packed with
Sepharose 4B coated with antibenzoylecgogenine monoclonal antibody was used.
The sample in phosphate-buffered saline was passed through the column and the
displaced fluorophore labeled antigen was monitored at 520 nm (490-nm excitation)
with a claimed limit of detection of 5 ng ml".

Flow-injection electrochemical enzyme immunoassay was reported for theophyl-
line using a protein A immunoreactor and p-aminopheny| phosphate-p-aminophenol as
the detection system.'*** Ethinyloestradiol and norethindrone were determined by
radioimmunoassay following Sephadex LH-20 column chromatography:'*>* eluted
fractions were assayed by standard RIA procedures with a sensitivity of 10 pg ml-'.
Immunoaffinity chromatography combined with gas chromatography negative-ion
chemical-ionization mass spectrometry has been described for the confirmation of
flumethasone abuse in horses'??® with picogram amounts being detectable.

On-line immunochemical detection in liquid chromatography has been described
using fluorescein-labeled antibodies.'?”” The eluate is mixed with polyclonal
antidigoxigenin Fab labeled with fluorescein. next a column of immobilized digoxin
removes free antibodies, and then measurement is by fluorescence. Sensitivities of

200 fmol digoxin and 50 fmol digoxigenin were reported.
8.5 RADIORECEPTOR ASSAYS FOR DRUGS

The previous sections have described saturation analysis where the binding pro-
tein is biosynthesized directly as a specific reagent for a drug. Radioreceptor assays
are, in principle, identical with radioimmunoassays, the only difference is that the
proteins are derived from existing natural sources. One advantage of this situation is
that standard procedures can be developed for the preparation of the receptors, and
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TABLE 8.6
Radioreceptor Assays for Drugs

Drug Class Tracer Source Reference
Nuvenzepine Muscarinic | ‘H]Pirenzepine Rat cerebral cortex 1237
Timolol B-antagonist ['HYt-)-GCP-12177 Rat reticulocyte 1238

membrane
FK-506 Immunosuppressant [*H]Dihydro-FK-506 Calf thymus 1239
Flunitrazepam Benzdiazepine [ ‘H]Flumitrazepam Rat brain 1240
Mepirodine Calcium-channe! ['HIPN 200-110 Porcine coronary 1241, 1242
antagonists artery
Clobazam Benzodiazepines | 'H]Clobazam Mammalian brain 1243
Mifepristone Progesterone | 'H]16_-ethyl-21-hydroxy- Human myometrium 1244
19-norprogesterone
deoxycortone Corticosteroid | ‘HPrednisolone Human liver cytosol 1245

reproducibility from laboralory to laboratory is better. The first assays of this type
were the protein-binding assays described by Ekins'?® for thyroxine. and by Murphy?®’
for corticosteroids using proteins isolated from plasma. Specific proteins have also
been described for steroids.>2° adrenocorticotrophic hormone.'® opioid peptides.'>!
cyclic AMP."2*# and y-aminobutyric acid.'** Such receptors will also bind drugs of
closely related structure and assays have been developed using some of these
receptors. What was initially surprising was the discovery of receptors that appeared
10 bind specifically to synthetic compounds that appeared Lo have no counterpart in
natural systems, such as the receptors for diazepam.'** neuroleptics.'>* and B-
agonists and antagonists.'>* However. as more and more receptors are discovered by
the pharmacologists. it is evident that drugs which bind 1o the receptors. whether as
agonists or antagonists, do not necessarily have to resemble natural compounds in
their basic structure. One advantage of this line of research into new drugs is that
those very compounds that bind strongly to receptors can be readily assayed by
receptor methods. although it is essential. as always. to verify the specificity of such
assays before they can be used reliably for applications where specificity is a
prerequisite. Table 8.6 lists some of the radioreceptor assays that have been devel-
oped based on a number of recently characterized receptor preparations.

8.5.1 BENZODIAZEPINE RECEPTOR ASSAYS

The benzodiazepine receptor was first identified by Squires and Braestrup'**® and
by Mohler and Okada.'*” who showed that |*H|diazepam will bind 1o a specific
fraction isolated from mammalian brain tissues. As pharmacological actions are
assumed to occur at the molecular level. the sensitivity of assays using such receptors
should be high. and the specificity lies in the lact that drugs from other classes and
nonactive metabolites should not bind to the receptors. Hunt'?** evaluated the binding
of a number of benzodiazepines and their main metabolites to the membrane fraction
of rat cerebral cortex. The principal metabolites ol diazepam (N-desmethyldiazepam
and oxazepam) and clobazam (N-desmethylclobazam) exhibit similar binding to the
parent compound (Table 8.7). As the metabolites are themselves active. then it is
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TABLE 8.7
Displacement of [3H]Diazepam from Rat Brain Receptors by
Metabolites of Diazepam and Other Benzodiazepines!*¥

Concentration Required to
Displace 50% Label Under Standard

Compound Conditions (ug ml-"
Diazepam 7.1
N-Desmethyldiazepam 8.8
Oxazepam 20
Nitrazepam 10
Loprazolam 7.2
Clobazam 170
N-Desmethylclobazam 210

claimed that the assay will be useful in evaluating total benzodiazepine activity in
biological fluids. Mohler et al.'** and Braestrup et al.'**° have reported that the
ability of benzodiazepines to displace [‘H]|diazepam correlates well with their clini-
cally recommended doses. However, in a review of published data. Mennini and
Garattini'* concluded that no simple correlation exists between benzodiazepine
activity and in vivo occupancy and the complex pharmacological spectrum of activi-
ties that are evaluated. This is not surprising as binding to the receptor may have
agonist or antagonist properties. so that the activity can be rated positive or negative
for similar concentrations of slightly different structures. Nevertheless. the sensitiv-
ity of the assay is a useful addition to the range of methods available to the analyst.

Hunt developed the radioreceptor for benzodiazepines to provide a useful general
method for active benzodiazepines and used it to evaluate the pharmacokinetics of
diazepam. nitrazepam. clobazam. and loprazolam in humans. For loprazolam. the
results were compared with a specific chromatographic method of similar sensitivity,
both to obtain a single dose profile (Figure 8.7) and a multiple dose profile (Figure
8.8). During the absorption phase. both techniques give closely similar serum con-
centrations with a peak of 8 10 9 ng ml-! between 2 and 3 h after a 2-mg oral dose.
At later times. after about 5 h. as presumably active metabolites appear. the
radioreceptor method gives higher concentrations than the chromatographic method.
This difference is maintained on multiple dosing over 8 days. The results indicate that
the presence of metabolites active in the receptor assay can make an important
contribution to the overall pharmacokinetic profile. Jochemsen et al.'*! carried out
a similar comparison of the radioreceptor assay for nitrazepam and triazolam with a
gas chromatographic method and reported good correlation.

Just as radioimmunoassay methods have their counterparts in nonisotopic meth-
ods, so have equivalent methods been used for receptor assays. Thus. Takeuchi
described a method for the assay of diazepam using the receptor isolated from cow
brain and a biotinylated conjugate.'*’ The same laboratory described an assay where
immobilized biotin and free biotin compete for the binding sites on avidin. permitting
the determination of benzodiazepines labeled with biotin: a well-defined dose—
resporise curve was obtained over the range | pM to | mM.!?* The determination of
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FIGURE 8.7 Plasma concentrations of loprazolam in plasma of a subject following a single dose (2 mg)
of the drug. as measured by a radiorecepior assay and a specific HPLC-GC method.

benzodiazepines in biological fluids using receplor assays has recently been re-
viewed. !>

8.5.2 NEUROLEPTIC RECEPTOR ASSAYS
The neuroleptics consist primarily of three classes of synthetic compounds: phe-
nothiazines, butyrophenones. and thioxanthenes (Figure 8.9).
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FIGURE 8.8 Plasma concentrations of loprazolam in plasma of a subject following once a day oral
doses (2 mg) of the drug. as measured by a radioreceptor assay and a specific HPLC-GC method.
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FIGURE 8.9  Structures of principal classes of neuroleptics. (A) Phenothiazine: (B) butyrophenone: (C)
thioxanthene.

In clinical use. neuroleptics are thought to exert their therapeutic actions by
blocking brain dopamine receptors and indeed [ 'H |haloperidol and | ‘H]spiroperidol
bind selectively to dopamine receptors in mammalian brain.'>**12% The bound la-
beled butyrophenones can be displaced by other neuroleptics in parallel with their
clinical potencies.'>'37 Creese and Snyder'** described an assay procedure for
neuroleptics based on their ability to compete with tritiated butyrophenone (haloperidol
or spiroperidol) for binding sites on membranes of the corpus striatum of rat. Assays
were carried out by standard procedures, with the free and bound being separated by
filtration, and then counting the label trapped on the filter paper. Using as little as 15
to 150 ul serum. the assay was suitable for serum concentrations of 10 to 240 uM
haloperidol. fluphenazine, trifluoperazine. chlorpromazine, and thioridazine. Results
obtained for haloperidol compared well with those using radioimmunoassay.

8.5.3 PROGESTERONE RECEPTOR

A human myometrium progesterone receptor has been used for determination of
the abortifacient mifepristone. The method utilizes competitive replacement of
['H]160-ethyl-21-hydroxy-19-norprogesterone, over a useful range of 10 to 120
pmol with a detection limit of 8.7 pmol.'?*}
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8.54 GLUCOCORTICOIDS

A partially purified receptor was isolated from human liver cytosol. In the assay
for glucocorticoids, the receptor was incubated with sample and !*H|prednisolone as
the tracer to be displaced. Separation was achieved using activated charcoal. Hydro-
cortisone. deoxycortone. 4-pregnene-|70.21-diol-3.20-dione. |7a-hydroxypro-
geslerone, corticosterone and B-hydroxyprogesterone all competed for the binding
siles.!?1

8.5.5 ACE INHIBITORS

Because angiotensin converting enzyme (ACE) inhibitors exert their effect by
binding reversibly to the enzyme, they can also be measured using the displacement
binding techniques. Fyhrquist et al.'>® developed such a method using a radioiodinated
inhibitor as the label and measuring its displacement from its binding to the enzyme
when analyte or sample was added. The method has been reported for the assay of
enalapril, lisinopril, cilazapril, and the active form of benazepril.'>>®
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9.1 INTRODUCTION

The numbers of analyses of drugs in biological fluids carried out in laboratories
throughout the world run into millions per year. The vast majority of these will
almost certainly fall into one of the major categories discussed in the preceding
chapters (i.e.. optical spectrometry, chromatography. or saturation analysis). Occa-
sionally, however, a particular technique. not applied to a wide range of compounds.
will nevertheless find its own particular applications. Some of these less-used meth-
ods may be old established, classical, analytical procedures that have been overshad-
owed by more modern methods and may yet be revived by modern supporting
technology. and some may themselves be relatively new developments not yet
accepted as widely applicable techniques. In this chapter, these less popular methods
will be briefly described. with an indication of their applicability.

9.2  MICROBIOLOGY

Microbiological methods of drug assay are among the few bioassays for drugs
where the biological effect rather than chemical or physicochemical properties of the
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drug was used to measure its concentration in unknown samples. Antibiotics inhibit
the growth of susceptible microorganisms. when the organisms have been inoculated
in a suitable growth medium. Their discovery has been ofien retold in the serendipitious
discovery ol penicillin by Alexander Fleming. when a mold on some unwashed petri
dishes was noticed 1o have a zone where the mold had ceased to grow. Further
experiments with the material causing the inhibition of growth. indicated that a
minimum concentration of the agent was required for the effect. and this concept of
minimum inhibitory concentration (MIC) is the basis of all microbiological assays.

9.2.1 DIFFUSION OR ZONE OF INHIBITION ASSAY

In the most popular form of microbiological assay. the solution under test is
spotied onto a uniform layer of suitable nutrient seeded with a microorganism which
is known to be sensitive to the drug being assayed. After an appropriate period of
incubation the layer is examined for growth of the organism: if the antibiotic is
presenl al concentrations greater than the MIC. then there will be a zone of inhibition
in the form of a clear ring around the spotted sample. By varying the concentration
of the spotted sample and comparing the diameters of the zones of inhibition with
those produced by a series of calibration standards. the concentration of the antibiotic
can be determined.

9.2.2 SERIAL DILUTION METHOD

In the serial dilution method of analysis. the sample is incubated in a liquid
nutrient conlaining viable microorganisms. As the organism multiplies. the solution
becomes cloudy and diluted samples of the test sample are used to find the dilution
at which this cloudiness is inhibited. and hence the concentration of antibiotic can be
determined from its known MIC value.

The microbiological method is. by definition. sensitive enough to detect the
lowest concentrations at which the compound is active. Even when novel and
extremely active compounds are discovered. the microbiological method will be
equal to the challenge. unlike the analysis of drugs by conventional chemical analy-
sis. where each step toward more active drugs results in a further advance being
required in sensitivity of measurement. However. microbiological methods do have
limitations as far as precision is concerned. The zone diameters in the zone diffusion
method are proportional to the logarithm of the antibiotic concentration. Hence a
large concentration change will be reflected in only a small change in the diameter.
which itself may not have very clearly defined boundaries.

The method can be made specific by the careful choice of organism. For example,
the antibiotic cefotaxime has been assayed using the microorganism Escherichia
coli. This organism is also susceptible to the metabolite desacetylcefotaxime. but a
strain of Proteus morganii was found that was sensitive to cefotaxime but not to the
metabolite and this could be successfully used for the elucidation of the pharmaco-
kinetics of the parent drug.'?®®

Some laboratories favor HPLC methods for microbiological drugs because they
are more rapid. and indeed if the result is required in a matter of hours. or even
minutes. then the standard microbiological methods will be inappropriate. For re-
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TABLE 9.1
Pharmacokinetics of Cephalosporins Determined Using
Microbiological Methods of Assay

Peak after
1-g dose Half-life
Drug Route Organism (ug ml- (min) Reference
Cefalexin oral Bacillus subuilis 40 50 1261
Cefalotin iv. im Bacillus subuilis — 87-11 1262
Cefalotin v Staphylococcus aureus — 60 1263
Cefamandole iv Bacillus subtilis — 54 1264
Cefatrizine im Bacillus subrilis 86 — 1261
Cefatrizine oral Bacillus subnlis 10 160 1261
Cefazoline iv. im Bacillus subnlis 39-44 — 1262
Cefazoline iv Staphvlococcus aureus — 96 1263
Cefotaxime v Klebsiella pneumoniae — 75 1265
Cefoxitin iv Staphylococcus aureus — 59 1266
Ceflezole im Bacillus subnlis 45 — 1267
Cephacetrile iv Staphvlococcus aureus — 54 1263
Cephapirine im Sarcina lutea 25 — 1268
Cephapirine iv Staphvlococcus aureus — 72 1263
Cephradine oral Bacillus subtilis 20-30 50 1269
Moxalactam v Escherichia coli 126 — 1270
Temocillin v Pseudomonas aeruginosa 200 360 1271
Ticarcillin iv Pseudomonas aeruginosa — — 1271

search and development use., however, elapsed time for a single assay may not be
important: it may be more useful to be able to perform very large numbers of
simultaneous assays and this can be done using microbiological methods on large
multiwell plales. automatic dispensing. and automated readers. Despite the limita-
tions on precision. microbiological assays have been used satisfactorily for
bioequivalence studies (Table 9.1).

An important point 1o note in relation to the analysis of antibiotics using micro-
biological methods is that plasma and serum are not inlerchangeable: certain antico-
agulants used in the preparation of plasma will interfere with the agar matrix in the
diffusion method. and it is recommended to use serum rather than plasma in such
assays.'?’?

The analysis of antibiotics in biological fuids was one of the earliest drug level
assays of therapeutic value and microbiological assay was the method of choice. The
prime reason for chosing such a method is that it measures the concentration of the
biologically active species. In fact. it is more correct Lo say that it measures the
potential biological effect, as due to protein binding and other effects. the standard
curves are not identical for protein-free matrices such as urine and protein-containing
matrices such as serum.'’”* The fact that metabolites that are also microbiologically
active will also be included in such measurements. may be considered either an
advantage or a disadvanlage. depending on the application. On the one hand. if the
investigator is trying to demonstrate an effect. for example a long-lived antibiotic
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action of a particular dosed drug. then the total antimicrobial activity is an appropri-
ale measurement. On the other hand. if the investigator wishes to demonstrate basic
pharmacokinetics of a new chemical entity. then. as is now recognized for all valid
pharmacokinetic work. a method that measures only a single chemical entity is
necessary. It is for this reason that for research purposes. HPLC has virtually replaced
microbiological assays.

9.3 ENZYME INHIBITION

The mechanism of action of drugs is now better understood. Many new drugs are
designed 1o have very specific actions at the molecular level. including binding to
specific proleins or enzymes.

9.3.1  ANGIOTENSIN CONVERTING ENZYME INHIBITORS

The first successful compound in this class of drugs (ACE inhibitors) was captopril,
and this was also the first drug to be measured using its ability to inhibit the enzyme
in vitro, by a 1:1 stoichiometric binding."?” In its simplest form, Reydel-Bax et al."?”
measured the plasma enzyme activity directly and compared this with suitable
controls; the circulating level of inhibitor was then assumed to be inversely propor-
tional 1o the activity. The method was made highly sensitive by measuring the
enzymic activity using radiolabeled substrate.

Most workers, however, measured the ability of the drug to inhibit the enzyme by
measuring the production of [‘H]hippuric acid from the substrate [’H|hip-
purylglycylglycine. The hippuric acid can be readily extracted from the incubation
system and the enzyme activity determined according to conventional methods.'?’
The method was used for other ACE inhibitors. including enalaprilat and the active
form of the prodrug. fosinopril.'”” Indeed. one feature of these methods is that only
the active forms of the drugs are measured.

Because ACE inhibitors exert their effect by binding reversibly 1o the enzyme.
these drugs can also be measured by displacement binding techniques as described
in Chapter 8. Fyrquist et al.'® developed such a method using a radioiodinated
inhibitor as the label and measuring its displacement from its binding to the enzyme
when analyte or sample was added. The method has been reported for the assay of
enalapril, lisinopril, cilazapril. and the active form of benazepril.”?”” A similar
radioinhibitor binding assay for lisinopril gave results comparable with radioimmu-
noassay methods.'?7

94 POLAROGRAPHY

Polarography is a branch of electrochemistry that is used to measure species,
organic or inorganic. which can be oxidized. or more commonly reduced. in solution
by an electric current (Table 9.2).

Classical electrochemical procedures do not have sufficient sensitivity for the
small concentrations of drugs in biological fluids and cannot normally be used
without prior purification and concentration. Methodological advances have, how-
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TABLE 9.2
Reducible Structures Used for the
Polarographic Determination of Drugs

Structure Example Reference
Cc=C Cephalosporins 1278
C-Ci Hexachlorophane 1279
C=0 Haloperidol 1280
C=N Benzodiazepines 1281
N-N Benzhydrylpiperazine 1282
N=N 4-Hydroxyazobenzene 1283
NO, Nitrazepam 1281
N-O Trimethoprim N-[-oxide 1284
C=S Thiobarbiturates 1285
5-0 Chlorpromazine S-oxide 1286

ever, enabled the development of polarographs with sufficient sensitivity to allow the
direct application of the technique to plasma and urine.

A typical configuration of an electrode assembly of a polarograph is shown in Figure
9.1 and the traces obtained using this assembly for the analysis of the benzodiazepine,
chlordiazepoxide, are shown in Figure 9.2. Chlordiazepoxide has three reducible bonds
(Figure 9.3) and hence shows three peaks in the polarographic scan. at —0.275, -0.006.
and —1.135 V under the conditions reported.'?®” The desmethyl metabolite has the same
three reducible double bonds and shows almost the identical three peaks. The second
metabolite, demoxepam. has only two reducible double bonds and hence shows only
two peaks in the scan. Because of the similar reducible groups in the parent compound
and in the metabolites it is not possible to measure the drug directly in the presence of

a a

‘ L

L

FIGURE 9.1 A typical configuration of a polarographic electrode assembly (a) nitrogen: (b) auxiliary
electrode: (¢) dropping mercury electrode: (d) saturated calomel electrode: (e) sample in electrolyte. (From
Hackman. A. R.. Brooks. M. A.. De Silva. J. A. F.. and Ma. T. S.. Analyt Chem.. 46. 1075. 1974,
Copyright (1974) American Chemical Society. With permission.)
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FIGURE 9.2 Differential pulse polarography of chlordiazepoxide. (From Hackman. A. R.. Brooks.
M. A.. De Silva. J. A. F.. and Ma. T. S.. Analyr Chem.. 46. 1075. 1974. Copyright (1974) American
Chemical Society. With permission.)

its metabolites. Following a single dose of chlordiazepoxide. the desmethyl metabolite
accounts for a large proportion of the circulating drug. whereas demoxepam is a very
minor constituent. However, on chronic administration, demoxepam. because of its
extended half-life. becomes an important constituent. Typical values for these three
compounds after steady state had been reached following daily 30-mg doses of
chlordiazepoxide were: chlordiazepoxide. 1.34 pg ml-'. desmethylchlordiazepoxide,
0.36 pug ml-': and demoxepam. 0.40 pg ml-'. For satisfactory analysis it was necessary
1o purify samples by thin-layer chromatography.'*®” Similarly, it was demonstrated that
differential pulse polarography could be used to measure levels of diazepam at concen-
trations of ~10 ng ml-', although specificity could only be achieved by differential
extraction procedures.'*® Nevertheless. the slight difference in polarographic param-
eters between parent compounds and their metabolites can be exploited using computer
techniques to enable complete analyses to be performed, without this separation.
The original method for the assay of chlordiazepoxide as described by Hackman
et al.'?®” was sufficiently sensitive for benzodiazepines administered at dose levels of

NHCHg

e

Cl —=N

FIGURE 9.3 Structure of chlordiazepoxide showing three reducible double bonds.
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TABLE 9.3
Analysis of Drugs in Biolgical Fluids Using Polarography

Drug Fluid Sensitivity Reference

Ceftriaxone Serum. urine 100 nm 1292

0.2 nm 1292
Cytarabine. Cytidine HPLC fractions — 1293
Daunorubicin Serum. plasma. urine 0.43 pM 1294

0.42 pM 1294
Doxyrubicin Serum. plasma. urine 043 uM 1294

0.42 uM 1294
5-Fluorouracil Serum — 1295
Lormetazepam Urine 400 ng ml"’ 1296
Paracetamol Plasma — 1297
Buprenorphine Plasma. urine 40 ng ml ' 1298

10 to 30 mg. and had a sensitivity of the order of 50 ng ml-' using 2 ml plasma. The
sensitivity of the general method was extended by using a polarographic microcell
with miniaturized electrodes (Princeton Applied Research Corporation) and applied
to the analysis of bromazepam in blood following a single oral dose of 3 mg."*% No
bromazepam metabolites are found in blood to any significant extent.'**® and hence
the method could be used directly without separation of metabolites. The limit of
sensitivity appeared to be about 10 ng ml-!. which is comparable with chromato-
graphic detection limits for this compound. In a comparative study with a sensitive
and specific gas-chromatographic method. a good agreement was found. confirming
the specificity of the polarographic method for bromazepam.

Compounds that do not contain appropriate reducible bonds. as listed in Table 9.2,
can be converted to appropriate derivatives. A widely used procedure in this field is
nitration of the aromatic nucleus.'' Nitration can be simply carried out by dissolving
the sample in concentrated nitric acid and removing the acid in a stream of oxygen-
free nitrogen at room temperature. The residue is dissolved in the appropriate
electrolyte for assay by differential pulse polarography. Specificity normally depends
on a prepurification step. but may also by achieved by some degree of selectivity in
the nitration reaction itself. Smyth and Smyth'**! also noted that nitrosation and
condensation to form hydrazones as useful methods of derivatization to compounds
suited to analysis by polarography.

Table 9.3 lists some of the more recent examples of the application of polarogra-
phy to the analysis of drugs in biological fluids without recourse to a chromato-
graphic step.

9.5 FLOW INJECTION ANALYSIS

Flow injection analysis is an analytical technique which emerged in the early
1970s and has attracted much theoretical and practical development. particularly in
pharmaceutical analysis where there is a demand for the monitoring of materials and
where the demands of sensitivity and specificity are not great. such as analysis of
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caffeine.'”* corticosteroids.' ', and codeine' ™' in tablets. The term was apparently
coined by Ruzicka and Hansen.'*® who. with Stewart.'*® were responsible for much
of the early development. Stewart’s review of the principles of the technique had the
revealing subtitle “New tool for old assays.” This gives a good indication of the
origins and applicability of the methods. that is. flow injection analysis draws on the
well-established methods of chemical analysis. but uses the new tool to automate and
miniaturize them for the more up-to-date requirements of speed and quantity. Re-
cently, Ruzicka'™ has reviewed the history and development of the technique and
shown that with the addition of modern computer-controlled procedures. the tech-
nique has undreamed of potential.

The technique itself is extremely simple to describe. A stream of reagent is
continuously monitored by a suitable detector. The sample ts injected into the stream
as a single “slug.” The analyte reacts with the reagent to form a new species which
is passed into the detector downstream of the injection point. For the successful
conversion of a standard chemical assay to a flow injection analysis there are three
crucial aspects: the injection, the control of dispersion. and the timing.

For injection of the sample, a reproducible. exact technique is needed. The actual
volume of injection is relatively unimportant but it must be the same for each
injection. For this reason, syringe injection through a septum'*** soon gave way (o
rotary or loop valves of the type used in liquid chromatography.''0>1%05.1306 The
sample is thus swept forward toward the detector. A certain amount of dispersion will
take place in the flow injection technique as opposed to the air-segmentation tech-
nique invented by Skeggs'*"” and familiar 1o clinical chemists as the Technicon
AutoAnalyzer. where the sample/reagent mixture is equivalent 10 a separaite test tube
or cuvette.

The important difference between the air-segmentation technique and flow injec-
tion analysis is that in the latter method the dispersion is allowed but controlled. The
theoretical aspects of this dispersion and its control by design of flow injection
analysis modules have been the subject of many publications.!>%08.130° With suit-
ably designed apparatus the typical display for flow analysis is a series of sharp,
almost symmetrical bell-shaped peaks (Figure 9.4). Analysis rates of greater than 600
samples per hour were reported by Tijssen'*'® who used 20 um bore coiled tubes 10
minimize dispersion.

Reproducible timing is the third important consideration in flow injection analy-
sis. The time between injection and detection is solely dependent on the pumping
speed. which can be altered to set the residence time as desired for dispersion and
reaction. Reproducible residence times can be obtained for long and very short times
as desired. This precise timing negates the need for reactions 1o go to completion. or
reach equilibrium. This advantage is beneficial when detection limits are not a
problem. In fact. the characteristic of most applications of flow injection analysis is
that they are automated versions of “bucket™ analysis. Thus the technique has never
really been whole-heartedly adopted by bioanalysts concerned with drugs in biologi-
cal fluids, despite its underdoubted capacity for high-throughput analysis.

Nevertheless, some of the techniques of flow injection analysis can find a useful
place in automated analysis in general. A case in point would be the ingenuous device
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FIGURE 9.4 Typical analytical output for flow injection analysis.

described in Karlberg and Thelander’s flow injection method for the determination
of caffeine in pharmaceutical preparations.'”” An aqueous phase containing the
caffeine is segmented with a regular pattern of an organic phase. The stream is
directed into a reaction coil where the resulting wall drag causes efficient mixing and
fast extraction of the caffeine into the organic phase. For separation of the phases, the
stream is passed into a T-piece, one leg of which is lined with Teflon fibers: the
organic phase passes preferentially down this leg and the aqueous phase runs down
the other to waste. Such devices could be applied to biological fluids where extrac-
tion of drug from biological fluids is necessary before assay.

Because of the extra demands of some sort of purification step for biological
fluids, the dividing line between flow injection analysis and automated liquid chro-
matography may become somewhat blurred. However, dividing lines in science are
lo be abhorred, and dividing lines in analytical chemistry are no exception. The
analyst should use all available tools to obtain the best possible analysis for the
problem at hand. A recent example of this mix of methods was typified in a paper
entitled “Flow injection fluorescence immunoassay for serum phenytoin using per-
fusion chromatography.”™ "' Flow injection immunosensors have also been used in
the assay of theophylline.'*?

9.7 ISOTOPE DILUTION ANALYSIS

Isotope dilution analysis is carried out as follows. A radiolabeled form of the
analyte is added to the sample and thoroughly mixed. The analyte is then separated
and purified by conventional techniques. such as chromatography and sometimes
culminating in crystallization of high-purity material. A sample of this material is
accurately weighed or quantified by other methods and counted for radioactive
content. From the specific activity of this purified material. the total amount in the
original sample can be calculated. The main utility of such a method is the accurate
measurement of reasonably large amounts of analyte in the original sample. Ad-
equate methods exist for quantitation of the purified material. This would not,
therefore appear to be a promising method for determination of drugs in biological
fluids at therapeutic concentrations. However. the technique can be useful in the
definitive identification of analyte by the process of purification Lo constant specific
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activity: if successive purifications result in decreasing specific activity, then this
would be an indication that the analyte does not have the same structure as the
radiolabeled material. An alternative to the final purification step of crystallization
is to use countercurrent extraction apparatus: successive tubes containing analyte and
radioactivity should have the same specific activity of analyte to confirm identity. An
extension of the use of countercurrent apparatus is to use radiochromatography and
check that the mass response is proportional to the radioactive response over the
whole of the observed chromatographic peak. The method has a further limitation.
however. if there is a significant isotope effect in the physicochemical purification
as can occur for tritium labeled drug in chromatographic procedures: thus '“C-labeled
drug. with less-likely isotope effects is preferred to tritium-labeled drug.

Although direct isotope dilution as described has limited application in the area
of drug analysis in biological fluids. it is extensively used in drug research using
radiolabeled drugs. in the form known as reversed isotope dilution. In this procedure,
the amount and identity of a radiolabeled entity in the sample is determined by adding
a relatively large amount of known compound to the sample and purifying it 1o
constant specific activity. The advantage of this application over the usual techniques
for confirming identity of a drug is that losses during the purification procedure are
automaticaly accounted for, and losses usually associated with manipulations at the
nanogram level will be minimized because relatively large amounts of carrier can be
added.

The method has been particularly useful in drug metabolism studies where it is
desirable 10 obtain quantitative values of a particular labeled species from a mixture
of radiolabeled drug and metabolites. The great advantage when the method is used
in this way is that the only requirement is a liquid scintillation counter. a supply of
authentic, crystalline material, and some skill in recrystallization techniques. Usu-
ally, the technique would be applied 1o estimate the parent drug, but it is equally
applicable 1o radiolabeled metabolites as long as authentic crystalline material is
available. The technique can be applied simultaneously to the analysis of several
compounds as long as adequate methods are available for separation of the compo-
nents: however, if the amount of sample to be analyzed is not a problem. then it
would appear more sensible (o carry out separate experiments for each putative
analyte. When used in the multiple mode. HPLC is very useful as the separation
method, as typified by the determination in biological fluids of ['“C|oxprenolol and
nine radiolabeled metabolites.''’* The carriers are ideal internal standards and the
method was suitable for determining the disposition and metabolism of oxprenolol
in a quantitative manner. which had not been possible by any of the previously
published methods.

9.7 ISOTOPE DERIVATIVE ANALYSIS

Just as drugs can be made more sensitive 1o spectrophotometric analysis (Chapter
4) or 10 specific types ol chromatographic detectors (Chapters 5 to 7). so they can be
rendered sensitive to radioactivity detectors by reaction with radiolabeled reagents.
For extremely sensitive analyses the label used needs to be of high specific activity
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because otherwise the amount of label introduced would be too small for accurate
counting in a reasonable time. Hence *H is more usual than '“C for this purpose and
a method has been described for the determination of desipramine in plasma by
derivatization with | *H]acetic anhydride."*'* Because the reagent needs to be present
in excess. the main problem in preparation of the sample is to remove other radio-
labeled components afier the reaction. One of the happy characteristics of the isotope
derivatization method, however, is that unlabeled carrier derivative can be added to
the sample after derivatization is complete and the relatively large amount of material
can be purified by the usual techniques (including recrystallization to constant
specific activity if necessary). Despite its elegance, however, the demands in modern
laboratories for rapid analysis and high sample-throughput have meant that this
method is rarely. if ever. used.

9.8 MASS SPECTROMETRY

Occasionally. a chromatographic method will be reported in the literature which
claims as proof of its specificity that the chromatogram contains no peaks other than
the peak due to the compound of interest. In the author’s view, this is an inappropriate
use of chromatography as a separation method because it is apparent that the detector
is only being used as a measuring device for a purified sample. A technique where
this situation becomes apparent is in GC-MS using single ion detection: if the
generated chromatogram does indeed show a single peak, then eliminating the
chromatographic column may be feasible. A number of authors have described such
assays using the extreme specificity of the mass spectrographic system. such as in the
analysis of quaternary ammonium compounds in human urine by direct-inlet elec-
tron-impact-ionization mass spectrometry.'*'> an isotope-dilution mass spectrometric
method for procaine determination''® and a screening method for the rapid detection
of barbiturates in serum by means of tandem mass spectrometry.'*"”

9.9 NUCLEAR MAGNETIC RESONANCE

Nuclear magnetic resonance spectroscopy is a powerful technique for examining
the behavior of suitable atomic nuclei in a magnetic field. In its most familiar form.
the technique separates signals due to single hydrogen nuclei depending on their
chemical situation in the molecule, and the signal is further split depending on the
immediate molecular environment of the hydrogen atom. Thus, Figure 9.5 shows the
NMR spectrum of ethanol; three main signals are shown corresponding to the three
types of hydrogen atom in the molecule: a hydrogen atom which is part of the methyl
group. a hydrogen atom which is part of a methylene group. and a hydrogen atom
which is part of a hydroxyl group. In this molecule. the methyl and methylene
hydrogens are affected by the proximity of the other group and the signal is further
subdivided. The methyl hydrogens are affected by two methylene hydrogens and are
therefore split into a characteristic triplet pattern, the signals being in the ratio [:2:1.
The methylene hydrogens are similarly affected by the proximity of three methyl
hydrogens and are split into a characteristic quartet, the signals being in the ratio
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FIGURE 9.5 NMR spectrum of ethanol.

1:3:3:1. Integrating the groups of signals shown gives the the relative number of each
type of hydrogen atom.

Most organic molecules contain hydrogen and will have a characteristic spectrum;
however, these spectra can be extremely complex and most of the signals will
overlap. Even for pure compounds the spectrum is difficult to interpret accurately and
for samples of biological origin the situation is even worse. Nevertheless, an organic
molecule can exhibit a single NMR signal that is characteristic of the molecule and
which can be distinguished from the myriad of other competing signals. This is well
illustrated in the work by Nicholson on the detection of endogenous compounds in
human urine, in such a way as to be able to diagnose many metabolic conditions
hitherto requiring months of conventional separation and spectral techniques.

This use of NMR has only been possible with the use of very high-field spectrom-
eters, by using sophisticated computer techniques to analyze complex patterns, and
by using ingenious sequences of magnetic radiation to distinguish the fine detail of
the atomic environment, and in some cases to eliminate the effect of the presence of
water and other organic solvents that might be present. In a work of this type it is
impossible to go into any detail on the technique and the reader should consult some
of the original references in this area.

The technique of studying endogenous materials in urine was extended to the
detection of drug metabolites. particularly where the drug was given in relatively
large doses. Such direct analyzes have been reported for elucidating, or confirming,
the metabolic patterns for oxpentifylline,'*'® paracetamol.'''® N-methylformamide
{an antitumor agent),’!%1320 for cephaloridine,'*?' and hydrazine (an industrial chemi-
cal and toxic metabolite of isoniazid).'3>> The technique shows particular promise
when coupled with liquid chromatography as was demonstrated for metabolism of
antipyrine®* and paracetamol.®* using stopped-flow techniques and transfer 1o the
NMR probe. NMR studies are not limited 10 examining the protons in drug sub-
stances; other nuclei can serve as useful probes, as exemplified by the elucidation of
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the metabolism of fluorine-containing compounds using '°F'3231325 and of nitrogen-
containing compounds using>N.!32¢

An interesting extension is to use deuterium-labeled compunds such as in the
method reported for N.N-dimethylformamide.'*?” The use of NMR in drug studies is
developing rapidly and some of the most powerful developments will occur in the
coupling of the technique to separation methods such as HPLC.
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10.1 INTRODUCTION

One of the most important considerations when deciding on the method of
analysis of drugs in biological fluids is the use to which the method is put. Chapter
| detailed the reasons for these investigations and it is apparent that the desirable
factors of precision, accuracy, sensitivity, specificity. speed. and ease of use will have
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different degrees of importance in the different situations. A procedure invoiving
extraction of large volumes of plasma followed by several chromatographic purifi-
cations is hardly suitable for emergency application in overdose cases. It will also be
valuable to consider the type of information to be obtained in relation to the expen-
diture involved. When absolute precision and sensitivity is vital to the outcome of a
study then an expensive analytical method could well be justified. On the other hand.
when the analytical values are of only peripheral interest to the main experiments,
then. if the analyses cannot be performed cheaply. one should reconsider the value
of including them in the protocol.

This chapter will discuss the selection. development. and evaluation of analytical
methods for the measurement of drugs in biological fluids. In order to present a
reasonably comprehensive treatment. the discussion will be biased toward methods
intended to be used for elucidation of pharmacokinetics of the drug. since this
application is probably the most demanding in analytical terms. and the discussion
should therefore allow all aspects to be covered.

Every analyst has a favored method. When faced with a new drug for which an
analytical method is required. the tendency would be 10 think in terms of his favorite
technique. This approach may not be as narrow as it would first appear. It is unlikely
that a single analyst can keep at his fingertips all the the expertise for all the various
techniques. particularly where some of the more sophisticated modern procedures
such as nuclear magnetic resonance require continual hands-on expertise. Thus. it is
more likely. in a small laboratory. thorough excellence in a handful of techniques is
more fruitful than a passing acquaintance with a large number. [n the larger labora-
lory it is more feasible to cover a wide range of techniques. When the laboratory head
accepts thal there is a need to concentrate expertise in particular techniques it is
important 1o select those techniques in the light of the problem to be expected. Thus.
despite remarks in this and other chapters on the selection of the most suitable
method for particular applications. one should not ignore the fact that the expertise
available may dictate the choice of method. Even when a relatively simple assay may
be all that is required. the individual laboratory may decide to use a more sophisti-
cated technique that is up and running because this will be quicker. more convenient,
and indeed cheaper. than to try to set up a new method with which the analyst is
unfamiliar.

The next important consideration which may well dictate the method to be
developed is the sensitivity required: that is, the lowest concentrations which are
likely to be measured. When beginning the development of a new drug, this is often
unknown. Generally speaking. however, there should be some indication from the
projected dose. In the early phases of development mentioned in Chapter |. relatively
large doses of drug will be administered 1o animals and sensitivity requirements may
not be so demanding. However. if the drug is unexpectedly extensively metabolized,
then even with large doses the plasma and urine levels may be extremely low. If this
does turn out to be the case. then there may be a need to reconsider the development
program for that particular drug.

A useful diagram on the concentration range for which various techniques are
applicable has been developed by de Silva.'*”® An adaptation of this diagram is
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FIGURE 10.1 Applicability of various analytical methods used to analyze drugs in biological fluids.

presented in Figure 0.1, based on the discussions in earlier chapters. In addition, the
areas of probable application are also included. Some additional characteristics of
this diagram are worth pointing out. It may be hard to imagine now. but in 1950,
methods of analysis that measured drugs at the mg ml-' level were considered
sensitive. The requirements for sensitivity. and the analyst’s response to the chal-
lenge have changed by a factor of ten each decade since. As a result. at the beginning
of the 1990s, fg ml-' sensitivities were being claimed for some methods.

This drive toward ever-decreasing limits of detection in analytical chemistry has
gone from milligrams to micrograms to picograms and on to strange-sounding units
apparently named afier the lesser known members of the Marx Brothers. Thus the
sequence after pico- (107?) is femto- (10-3), atto- (107'3). ... yocto (10-2*). The most
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sensitive detector yel developed appears to be the laser-induced fluorescence detector
for sulforhodamine 101. which. in conjunction with capillary electrophoresis chro-
matography. can detect 10 yoctomoles of analyte. or six molecules.''>®

The type of drug has also changed over this time scale. from large-dose antibiotics
with a relatively broad application to very small doses of highly specific drugs. much
closer to the natural biological molecule: to obtain sensitivities required for such new
entities. methods relying on their biological activity have once again become neces-
sary. Nevertheless. these type of compounds are unlikely to replace all new drugs
developed and the chemical and physicochemical methods which have served so well
in the past will be with us for a while yel.

One of the first practical steps in the development of a new method is 10 examine
the known chemical characteristics of the drug. In the pharmaceutical industry. a
useful first move is to 1o consult with the chemist who first synthesized the com-
pound. Often, the chemist will have considerable structural information on the drug
including NMR and mass spectra. which may seem irrelevant to our immediate
needs. However, the chemist should also have ultraviolet spectra. which may be
useful as an assay in its own right, or may serve as the detection system in some sort
of chromatography. The synthetic chemist will certainly have some thin-layer chro-
matography data and although such data will have been compiled with a view 1o
separating precursors, side products and degradation products from the compound of
interest. the same systems may be useful in the separation and detection of metabo-
lites. Apart from the analytical data the chemist may have. more importantly. he
should have valuable information on the compound’s stability and may even be
aware of unusual reactions leading to specific colored or fluorescent degradation
products. The chemist will be able to point to specific functional groups with unusual
activity. or to steric hindrances preventing what would seem an obvious derivative
from forming. An example of this can be seen in the analysis of a series of B-agonists
and antagonists. The relatively unhindered amines and hydroxyl groups of propranolol.
labetalol. and atenolol are readily derivatized with trifluoroacetic anhydride. How-
ever, when a similar method was applied to penbutolol. the derivatives proved
extremely unstable and although a method could be carried out with extreme care, it
did not have the robustness of the method applicable to other compounds of the series
(Figure 10.2).

10.2 ANALYTICAL PROFILE

Having made sure that the potentially rich source of material from the synthetic
chemist is not ignored. the nex1 step is to compile a full analytical profile. Although
the experienced analytical chemist may be able 10 predict the particular analytical
features that will be useful, from the structure, and hence will select the most likely
method at an early stage. it is always useful to take a systematic approach to the
preparation of an analytical profile. This should include spectra for the characteriza-
tion of the compound (NMR, mass spectrometry, infra red) for completion, particu-
larly in these days of strict quality control and attention to good laboratory practice,
where the analyst must be sure he is dealing with the correct structure as proposed
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by the originating chemist. The series of publications on analytical profiles of drug
substances is a useful guide to the analytical data that should be included in an
analytical profile: Table 10.1 shows a typical contents list. This series of publications
may also serve as a starting point for the development of methods. although for the
most part the series is more concerned with pharmaceutical analysis rather than
analysis of biological fluids.

The analytical profile so compiled should not be limited to the unchanged drug but
should be developed with attention given 1o the usual methods used for highly
sensitive and selective detection. This can be illustrated by the following consider-
ations for some of the main sections of the profile.

10.2.1 PHYSICOCHEMICAL CHARACTERISTICS

The analyst should have a thorough understanding of the physicochemical char-
acteristics of the drug being studied. These will include solubility in a variety of
solvents. pK, values of ionizable compounds (which will lead to solubility—pH
relations). molecular weight and. of increasing importance, whether the drug exists
in optically active forms.
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TABLE 10.1
Analytical Profile

Physicochemical characteristics
Ultraviolet-visible spectrometry
Fluorescence spectrum

Thin-layer chromatography
High-pressure liquid chromatography
Gas chromatography

Mass spectrometry

Nuclear magnetic resonance
Solubility

10.2.2 ULTRAVIOLET-VISIBLE SPECTROMETRY

Does the compound have inherent high optical absorption? The spectrum should
be examined even at wavelengths close to the normal cut-off of 200 nm. Although
absorption at such low wavelengths will not be useful in developing a direct method
because so many other compounds will also absorb in this region. it may be useful
in conjunction with HPLC if a suitably transparent mobile phase is used. Can the
spectrum be influenced by a change in pH? Any such change can be useful in
increasing the absorption. and hence increasing sensitivity. Can a characteristic
spectrum be produced by application of energy such as heat or strong short wave-
length ultraviolet irradiation? Such devices may lead to very characteristic spectra,
but often the ultraviolet absorbing species may be unknown and specificity may be
unproved. In general. absorption spectra are little changed by metabolism (and any
change is likely to be an increase in molar absorbtivity rather than elimination of
absorption). and hence absorption methods are only specific for unmetabolized
drugs. or if a specific extraction step is applied.

10.2.3 FLUORESCENCE SPECTRUM

All compounds which absorb light will have some fluorescence. as explained in
Chapter 4: fluorescence can be induced in many drugs by the application of strong
shortwave irradiation. Fluorescent derivatives can be made by appropriate coupling
with such reagents as dansyl chloride or fluorescamine. The ease of formation of such
derivatives and their stability should be considered. Metabolism can markedly alter
fluorescence characteristics. and although there are many examples where fluores-
cence methods have been subsequently shown to be nonspecific because of fluores-
cent melabolites (spironolactone. triamterene). by understanding the underlying
principles. it is possible to devise very specific fluorescence methods.

10.2.4 THIN-LAYER CHROMATOGRAPHY

As mentioned. the chemist who synthesized the drug will have much data on TLC
of the drug and closely related compounds, including their detection by a range of
spray reagents. The specificity of some of these spray reagents may suggest colori-
metric assays in their own right. In the analytical profile being compiled. it is useful
1o supplement the data of the chemist with Ry values for analogues and potential
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metabolites. as well as degradation products. Naturally the chromatographic process
will confer considerable specificity on a potential method. but quantitative detection
systems in TLC have not had the wide acceptability of other forms of chromatogra-
phy. For plasma analysis. TLC is rarely sensitive enough: however, the sensitivity
demands for urine analysis are generally less and the cheapness. versatility. and
robustness of some densitometers make TLC attractive for screening urine samples
for evidence of drugs of abuse.

10.2.5 HIGH-PRESSURE LIQUID CHROMATOGRAPHY

A variety of HPLC systems should be included in the analytical profile. The best
system for analysis of drugs in biological fluids is likely to be a reversed-phase
system, with its best chance of sharp, well-resolved peaks. Most metabolites of
drugs are more polar than the parent compound and hence will be eluted first from
the reversed-phase systems. Hence the conditions can be optimized to obtain short
analysis times for the parent drug. without the need to elute late-running metabo-
lites. The potential of utilizing any pH effects should not be missed in considering
HPL.C systems. nor should the possibility of using ion-pair chromatography. These
physicochemical effects may be very useful in solving the problems of difficult
separations.

Derivatives are little used in HPLC. except in the special cases of forming highly
colored or fluorescent compounds just prior to detection as for example in amino acid
analyzers. Thus an exhaustive list of retention times of standard derivatives is not
particularly useful for the HPLC section of an analytical profile.

10.2.6 GAS CHROMATOGRAPHY

A simple analytical profile will concentrate on systems which give retention times
of 510 10 min on at least two phases: (1) a nonpolar phase such as OV-1. and (2) a
selective phase such as OV-101. However, for analysis of drugs in biological Muids,
as opposed to pharmaceutical analysis. there is no need to limit the profile to the drug
itself, and the retention characteristics of easily formed derivatives are useful. This
is particularly important where the parent drug is itself not amenable to gas chroma-
lography. The emergence of HPLC as a potent analytical tool. has to a large extent,
reduced the need for the analyst to go to extraordinary lengths to make derivatives
of nonvolatile or labile compounds that will survive the high temperatures used in gas
chromatography. Nevertheless, the commercial development of gas chromatography
has produced troublefree instruments which are easily automated, with very high
separation efficiencies so that, where appropriate. gas chromatography is still a
suitable choice for general methods of analysis of drugs in biological fluids.

The chromatographic step provides most of the specificity in this type of analysis
and the analytical profile should reflect this by indicating the separation of similar
compounds, or of compounds that are expected to be present in the sample. The
detector used will be the primary determinant of absolute sensitivity of the analysis
and again it is useful to indicate the limits of sensitivity using the different detectors.
If a gas chromatographic system cannot be developed for the drug or a simple
derivative, then the bulk of further development is likely to fall on HPLC.



212 The Analysis of Drugs in Biological Fluids. 2nd Edition

10.2.7 MASS SPECTROMETRY

The mass spectrum of the compound should be established under standard con-
ditions. Mass spectrometry probably made its first appearance in the analysis of
drugs in biological (luids as a device for characterizing highly purified metabolites,
and then as a very specific delector. only used for evaluating the specificity of
simpler, routine procedures. However. the use of selective ion monitoring (even
without chromatography) and the use of tandem mass spectrometry has indicated that
the specificiry of mass spectrometry may be a viable method of analysis. Different
types of ionization procedures as well as different derivatives may be used to increase
the specific ion yield and if possible the spectra from such methods should be
collected into the analytical profile.

10.2.8 NUCLEAR MAGNETIC RESONANCE

Only a few years ago. the use of nuclear magnetic resonance (NMR) as a
technique for the analysis of drugs in biological fluids would have been derided. Like
mass spectrometry. it may have occasionally been used 1o characterize metabolites,
although the amount of metabolite usually isolated would rarely be sufficient for the
instruments available. NMR spectra are notoriously subject to modification by other
components of the sample and all these features suggest that NMR would be
unsuitable for analysis of biological samples. Nevertheless, as described elsewhere,
with modern high-field instruments, computer techniques. and a greater understand-
ing of NMR spectroscopy. the use of NMR is gaining ground and preliminary NMR
studies should now be included at this early stage.

10.2.9 SOLUBILITY

The solubility of the drug in a range of solvents should be determined because it
will aid in the selection of the best extraction method. The optimum solvent is one
that extracts all, or at least a large proportion. of the drug but does not extract
endogenous compounds or metabolites. The importance of a high efficiency in the
extraction step is not merely to obtain the maximum amount of material for measure-
ment: if the extraction is low. then the variability is high with a consequent poor
precision of the method. The pH of the solution from which weak acids and weak
bases is extracted is important. By using judicious changes of pH and appropriate
solvents. specific extraction sequences can be devised. and it is useful to construct
a pH solubility profile (Figure [0.3). The pH solubility profile shows the solubility
of the drug. determined by a suitable method. plotted against the pH. usually over the
range of 1 to 12. In Figure 10.3. the concentration of drug in an organic phase in
equilibrium with a suitable buffer is shown. plotted against the pH of the buffer. At
pH values greater than approximately 4.5, most of the drug will be extracted by the
organic phase. A suitable procedure would therefore be to buffer the sample to pH
4. wash with extracting solvent, adjust the pH to 5. and then extract the drug with the
same solvent.

At this stage of development the availability of a radiolabeled form of the drug
may prove invaluable for determining such profiles very rapidly. particularly if the
experiments need Lo be carried out for very low concentrations. However, there are
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FIGURE 10.3  pH solubility profile of a model drug. The drug is partitioned berween an organic solvent
and the appropriate buffer: the amount of drug in the organic phase is determined and plotted against pH.

certain dangers in using radiolabel, particularly at extremes of pH. where the drug
may be unstable and the observed radioactivity may be due to degraded species.

10.3 SELECTION OF A METHOD

10.3.1 EXTRACTION CONDITIONS

The theory of extraction conditions. based on lipophilicity and the ionization of
weak acids and weak bases is well established. and optimum conditions for the
extraction of a particular drug from buffered biological fluids can be predicted from
these physicochemical properties. However, the analyst is usually presented with the
need Lo exclude endogenous material or metabolites as well as to extract the relevant
analyte and the optimum conditions are not readily predictable. Although one ap-
proach would be to systematically investigate a host of extraction conditions. a
number of workers have devised schemes whereby a limited number of experiments
are required to find the best conditions.' 0134

Law and Weir! **2 devised a set of 13 basic solutes with controlled pK,. logP. and
plasma protein binding characteristics and concluded that no one set of extraction
conditions could be obtained using reversed phase liquid-solid procedures. Casa et
al.'? used liquid chromatography using C ¢ phases to predict extraction conditions
for the selective isolation of benzodiazepines from biological fluids using C,4 Sep-
Pak cartridges.

From the analytical profile so far reviewed we should have a good idea of a
probable separation-end point combination. For example. an HPLC system with
fluorescence detection. and a scheme for efficient extraction of drug with minimal
interferring coextractants may be indicated. The next step is to apply the combined
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sleps to biological fluids, both native fluids and fluids which have had drug sub-
stances added al the appropriate concentration. If the results appear promising (i.c.,
a chromatogram is produced with no peak corresponding to drug is obtained for the
blank samples and a clear single additional peak appears in the samples containing
added drug). then the range of metabolites. either expected or known. should be
examined. It may be possible to exclude metabolite interference by the extraction
step. by the chromatographic separation, or by the detection mode.

At this point we are assuming that the development is running smoothly. How-
ever. complications will almost certainly occur. For example. the drug may be
unexpectedly difficult to extract from plasma because of very strong protein binding,
and denaturation of the sample may may be additionally necessary. This may lead (o
undesirable absorption of the drug onto the precipitated protein. Endogenous com-
pounds may refuse to be separated from the drug either by extraction or by chroma-
lography and it may be necessary to reinvestigate the chromatographic systems for
the particular application, or to use detectors with greater specificity, such as single-
ion mass spectrometric monitoring.

Once a satisfactory system has been established. it is then necessary to look at the
quantitation. Even though the most efficient method of extraction would be chosen
in the development of the method. it is unlikely that recovery will be 100% at all
stages of the process. To properly quantify drug it is necessary to correct for any
losses. One procedure would be 1o calculate the overall efficiency from a parallel
blank sample to which has been added a known amount of drug and use the recovery
of drug in this sample to correct all values determined in the same batch. The success
of this approach depends on a very reproducible technique, a situation which has
become viable recently with the use of automated equipment and robotics. Reproduc-
ibility of extraction methods can be aided by taking aliquots for transfer operations
rather than attempting to transfer total solvent phases. Although the absolute recov-
ery of analyte may be reduced in this way. provided the distribution of drug into the
required phase is close to 100%. the method will not suffer from variability as would
happen if partitioning was low.

10.3.2 THE USE OF AN INTERNAL STANDARD

The use of an internal standard is a powerful technique for ensuring quantitative
analysis, particularly for chromatographic methods where reproducibility of sample
application is difficult, and where the analyst has a clear picture of the variation from
one analysis to the next. There are some dissenting views on the desirability of using
internal standards. but on the whole, when properly used. the internal standard
method fulfills the claims made.

Although there is sometimes confusion in the literature on the meaning of internal
standard, the generally accepted definition is that it is a compound similar in chemi-
cal structure to that being analyzed. which is added at a known concentration to the
sample prior to analysis; this standard is measured al the end point and its percentage
recovery applied to correct the end point value for the drug being analyzed.

For the simplest and least controversial application, the internal standard is
added to the final extract immediately prior to the injection of the sample into a
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chromatograph. This procedure merely allows the analyst to calculate what fraction
of the final sample is injected. Thus, the only requirements for this internal
standard is that it should be soluble in the injection solvent and should have
appropriate chromatographic properties for the system being used. Nevertheless,
even when used in this limited way. the properties of the internal standard need 10
be considered more carefully. including the possibility of differential volatilization
of the components of small samples. It is for such reasons that even when used as
a purely chromatographic internal standard, the chosen compound should have
properties closely matching those of the analyte. Thus, the analyst should beware
of using the same internal standard for all his analyses irrespective of the structure
and properties of the target compounds. Steroids should not. for example be used
as internal standards for benzodiazepines. however attractive the chromatographic
parameters may appear.

At the other extreme. the internal standard is added to the original biological
sample (blood. plasma, urine. bile) and taken through the entire extraction. transfer,
and derivatization procedures as well as the final chromatographic separation and
end point measurement. Used in this way. the requirements for an internal standard
become more demanding. with the demands increasing as the various steps become
more uncertain in their outcome. The internal standard used in this way will almost
certainly be a closely related structural analog with physicochemical properties close
10 those of the analyte. Such properties will include partitioning behavior between
aqueous and organic phases at relevant pH values. general stability in all conditions
used. extent of conversion to derivatives and extent of absorption to glassware: in
particular. similar protein-binding properties may be a crucial factor in considering
the appropriateness of an analog used as an internal standard. if the sample is not to
be denatured during the analytical procedure.

An internal standard. with its potential to correct for large differences in recovery,
does not absolve the analyst from the need to optimize the various steps. but should
be used to minimize the inevitable small variations that will occur between analyses.
If an internal standard is proposed. it is essential to show its use is valid by carrying
oul appropriate experiments, and indeed to monitor its use as the method widens in
application. For example. the perfect internal standard in volunteer studies may be
distorted by comedicated drugs in clinical samples.

Although the principle of the internal standard suggests that both drug and internal
standard are quantified and the concentration of the former is determined from the
recovery of the latter, in practice the analyst will measure the ratio of the responses
of the two compounds in the analytical system and will quantify the analyte by
reference 1o a calibration curve. For chromatographic methods, the measurement of
response is most often the peak height. the peak area, or the corresponding electroni-
cally integrated signal.

Initial experiments to show the validity of using an internal standard will obvi-
ously include the construction of a calibration line where the response ratio is plotted
against the amount of analyte added to the calibration samples. The absolute amount
of internal standard does nol need to be known: instead it is the ratio of response that
is important. Further validation experiments should be carried out to establish that
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there is no change in relative recovery of the compounds at very high or very low
concentrations of analyte.

It is important to be aware of the factors which can cause the recovery ratios to be
critically dependenli on extraction conditions. One of these is pH. The pH will have
been chosen to obtain the best separation of analyte from other compounds and the
analyst may have chosen a very precise pH for these conditions. based on the pH-
partion profile shown in Figure 10.3. However, in the enthusiasm to pick the best pH.
the analyst may chose a pH on the part of the curve where the solubility is most
dependent on the pH: if the corresponding curve for the internal siandard is only
slightly different from that of the analyte (Figure 10.4), then at the pH chosen for
extraction. the recovery ratio will depend highly on slight variations in this pH. In this
instance. it would be better 10 choose a pH where a slight change in pH is not so critical.
Starkey et al.'# have provided a similar illustration of the effect of pH on the extraction
of amiodarone. its desethyl metabolite. and an internal standard L 8040 (Figure 10.5).
Although these authors note that the internal standard had similar extraction character-
istics and similar spectra to the analytes. their published illustration indicates that the
internal standard was extracied more efficiently than the analytes at pH values greater
than 6. and less efficiently at pH values less than 6: thus the chosen pH is very critical
if the internal standard is 1o perform its function of correcting for extraction losses.

If a chemical transformation is to be performed as part ol the analytical procedure,
the internal standard should undergo the same transformation. so that the similarities
between analyte and standard are maintained throughout the analysis. However, if
the reaction itself is nol quantitative, then the problems of reproducibility as men-
tioned for quantitative extraction need to be solved: the change in rate for one
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FIGURE 10.5 Structures of amiodarone. its desethyl metabolite. and a proposed internal standard L
8040.

compound might not be the same change in rate for the other. when conditions are
slightly different. A good example exists in a general method proposed for benzodi-
azepines. In this method. the benzodiazepine is converted by acid hydrolysis to the
corresponding benzophenone. a simpler, more stable compound. readily analyzed by
gas chromatography. For an internal standard, one of the other plentiful benzodiaz-
epines may be chosen (provided it does not hydrolyze to the same benzophenone).
but both hydrolyses should be highly efficient under the same conditions for success-
ful use of the internal standard.

Derivatization is perhaps just another form of chemical transformation and such
derivatizations should be checked just as rigorously as for chemical transformations.
The unquestioned acceptance of many siandard derivatization reagents may not be
justified. particularly when steric hindrance can begin to play a part in the reaction,
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such as the poor derivatization that was mel with for penbutolol compared with other
similar B-antagonists.

The internal standard should reflect changes in sensitivity of the end point. If the
chromatographic column deteriorates with use and poorer peak shapes result, then
both compounds should be affected in the same way. and if the detector loses
sensitivity then both compounds should be equally affected. This is not because the
quantification will be subject 1o change — the daily recalibration should take care of
any day to day corrections needed — but because such changes that become neces-
sary may nol be using the optimum conditions for the assay. For example. the amount
ol internal standard may have to be increased beyond the concentrations used during
evaluation of the method. 1o maintain comparable detector signals as the sensitivity
of the internal standard falls.

Apart from these considerations on the relative behavior of the drug and its
internal standard. several points need to be considered regarding the selection of the
internal standard itself. In the chromatographic step the internal standard should
achieve base-line separation from the drug and from endogenous compounds and
metabolites that may survive the extraction procedure. In developing the method this
aspect can be taken into consideration: however, the problems are more likely to arise
in the application of the method 10 real samples. especially pathological samples
when compounds may be present which do not occur in normal subjects. If the
existence of these compounds results in extra peaks in the chromatogram. but this is
not recognized. there may be an overestimate of the internal standard and consequent
underestimate of the analyte. even though the chromatographic characteristics of the
analyte are unaffected. In addition. the presence of the internal standard may prevent
useful observations to be made on the presence of unexpected metabolites.

In the pharmaceutical industry when an analytical method is being developed for
a new chemical entity the choice of internal standard is eased by the availability of
suitable analogs and homologs prepared in the same series of compounds for phar-
macological evaluation. Thus. once again the medicinal chemist should be
consulted on the availability ol such compounds and their properties. The chemist
will not only have several suitable compounds already made. but may even be willing
to synthesize new structures to order.

The structure should be chosen with care. The previous remarks relate to the
structure which will give a suitable internal standard provided there are no interfering
factors in the chromatogram. However. some apparently suitable structures may be
metabolites of the drug in question and should be avoided. Such structures would
include desmethyl compounds. amines replacing nitro groups. and phenols.
Dehalogenated aromatic compounds should also be avoided. The possibility that the
internal standard itself may degrade to the analyte should also be considered. As
previously stated. the exact concentration of the inlernal standard need not be known,
provided the same amount is added to all calibration samples and experimental
samples: however. the discipline of adding known amounts on all occasions enables
proper interassay comparisons over extended periods and ensures that the analyst
remains in control.
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104 EVALUATION OF A METHOD

10.4.1 INTRODUCTION

Evaluation must be done for the species being studied in toxicology and metabo-
lism studies because of the potential of other interfering compounds in some species,
and the differences in metabolism. which can be quite dramatic.

Thus far. one should have a good idea of the final method. and a detailed standard
operating procedure can be written for the analysis. It is now necessary 1o evaluate the
method according to the well-established criteria of precision. accuracy. sensitivity,
and specificity. Due to space limitations and a desire 1o avoid possible repetition, a
published method for the analysis of a new drug in biological fluids will seldom have
detailed evaluations. However, this is not 1o say that the evaluation should be limited
to the apparent standards reported in the literature. For internal use it is essential that
there is a thorough understanding by the analyst of all factors of the analysis and this
can only be obtained by a detailed evaluation: when using a literature method. the
analyst needs some indication of the performance characteristics of a method. particu-
larly if a choice has L0 be made among a number of literature methods. If sufficient
information is given in the published or in-house literature, then valid choices can be
made, without the expensive exercise of setting up and characterizing the methods in
one’s own laboratory. Unfortunately. however, there is no complete agreement in the
literature on the meaning and definition of some of the terms used to characterize a
method. Even in the same laboratory. different analysts may have different views on
how to express these characteristics. The following discussion is an attempt to describe
the philosophy of the necessary evaluations: for more rigorous treatment of these
subjects. the reader should consult the literature referred to below.

The terms precision and accuracy are often lumped together in the literature
followed by a discussion of standard deviations, means. regression lines. and so forth,
without actually defining either term. The novice would be forgiven for assuming the
two terms are synonymous, or at least too closely related to discuss separately. It is
as well to clarify the distinction between them before embarking on further discus-
sion. De Ridder'*** defines accuracy as the closeness of the measured value to the true
value, whereas precision is the the variation within replicate measurements. More
vividly the difference can be illustrated by a robot on a production line that consis-
tently drills holes in exactly the same place on a piece of work (precision) but does
it consistently in the wrong place (precision without accuracy).

10.4.2 PRECISION

The precision of a method describes the agreement between replicate measure-
ments. It has been suggested that the numerical value to describe this characteristic
of a method should be referred to as imprecision. so that a high value would reflect
high imprecision (bad) and a low value would reflect low imprecision (good). The
imprecision then would be measured as the standard deviation or coefficient of
variation of the results in a set of replicate measurements. The mean value and
number of replicates must be stated as well as the design of the study. that is whether
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we are talking about within-day or between-day imprecision. The most meaningful
value is the between-day precision because it is most relevant to the routine labora-
tory. The author recommends setting up a series of six concentrations of the drug in
the biological fluid over the expected concentration range. Samples of each concen-
tration should then be analyzed on six separate occasions (in effect constructing daily
calibration lines). The standard deviation (SD). or imprecision, is then calculated at
each concentration as:

J\;zi()('_/\’)-7
Vo=

SD = (1)

where . is the found value. x is the mean value, and » is the number of replicates —
in this case. six. If the imprecision is expressed as a percentage (that is, the coefficient
of variation) then the imprecision can be directly compared for the different concen-
trations. [n many cases, the coefficient of variation can be correlated with the mean
value: the coefficient of variation becoming larger as the mean concentration falls.
It will then be useful to divide the imprecision into two components: one independent
of the concentration and one dependent on the concentration. Thus, the SD value can
be expressed in the form of

SD = (a + bx) ng m!"! (2)

where @ and b are constants. When x is a high concentration, then a has little effect
on the value of SD: when x is small. then a becomes the main lactor in determining
the SD value. If a is close to x. then the coefficient of variation will be unacceptable,
which is one way 10 assess the limit of detection as discussed below.

Imprecision is not an absolute characteristic of a method. but rather depends on
the skill and expertise of the individual analyst. as well as the reliability of the
equipment. As more and more laboratories become fully automated. the imprecision
of many procedures will be better and better. Despite the best endeavors of evaluation
and advisory groups. the term “imprecision™ has not really caught on among analysts
and the use of “precision™ is still very much the norm.

104.3 ACCURACY

The previous discussion on imprecision. although using samples prepared with
differing concentrations of drug. does not use the known values, but only the found
values in the calculation of imprecision. Accuracy is the agreement between the best
estimate of a quantity and its true value. For the reasons stated above in the discussion
on imprecision, the numerical value of the parameter is. strictly speaking. the inaccu-
racy. Thus any method should aim at an inaccuracy of zero. The inaccuracy can be
calculated from the comparison of the mean values found in the exercise described
above with the known values. This value is often referred Lo as the bias of the method
and, if found to be constant, should be investigated and eliminated. Strictly speaking
the estimate of inaccuracy can only be made if the true value is known. Some workers
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define a true value as one obtained by adding weighed amounts of material 1o control
biological fluids; others maintain that an absolute reference method must exist which
can be applied to the same samples. On consideration it will be realized that the use of
samples containing added drugs in known amounts is just another calibration line, and
one is forced to conclude that we are merely comparing two such calibration lines; there
is no guarantee that the analyst making up the samples for accuracy is any more skilled
in this activity than the analyst preparing his own calibration samples. Accordingly. the
author has concluded that the accuracy should be staled as that assured by the use of
a calibration line constructed by taking samples containing known amount of drug
through the entire process.

10.4.4 SPECIFICITY

A factor which may indeed affect the accuracy when measuring real samples is
the interference by endogenous compounds or metabolites. This comes under the
special heading of specificity. Specificity is the ability of the analytical method to
determine solely the component it purports to measure and to remain unaffected by
the presence of other substances. Taken in isolation, this could mean that the
analytical method should be tested in the presence of suspected interfering factors.
As a first step this means checking that there is zero response in all analyses where
drug is known not to be present. For chromatographic systems this means there is no
peak at the retention time of the drug being tested in the system chosen. When the
method is used in early volunteer trials, the extent and nature of metabolism should
be considered in assessing any interference by metabolites. In such studies, metabo-
lites will be well separated from parent drug. and indeed this separation is often the
only criterion used as evidence of metabolism. Accordingly. in those relatively few
instances when metabolite and drug have the same relention time. it is good 1o have
a separate check on the identity of the component giving the response. For GC assays
this can be done relatively easily using mass spectrometry of the eluted component,
provided that there is sufficient material, and by comparing the spectrum both
quantitatively and qualitatively with an authentic standard. This approach is also now
feasible for HPLC. even for the most-used chromatographic systems containing
aqueous mobile phases.

When the analytical method is used in clinical trials. where concomitani therapy
and even diet is less stringently controlled than in volunteer studies. then there is a
potential for interference from other drugs (and their metabolites) and unexpected
dietary components. It is an impossible task to test in advance for all such possible
interfering substances, and it is wiser to restrict these tests to a limited number of
drugs which may be expected to be prescribed. and then to keep a careful watch on
possible reasons for unexpected analytical results.

10.4.5 LIMIT OF DETECTION

Because most drugs developed today are administered in very small doses. the
analyst is continually being challenged 1o devise methods of detection and measure-
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TABLE 10.2
Determination of a Drug Following Its Addition
in Known Amounts to Human Plasma

Drug added Drug found + SD Coefficient of variation

(ng ml-") (ng ml-', n=6) (%)
0.5 0.9+ 0.6 67
1.0 1.5+ 1.0 67
2.6 35t 1.7 50
5.1 4.9+ 09 19

10.3 98+ 14 14

25.6 240 £ 3.3 14

51.4 50.1 £+ 49 9.7
103 104 £ 3 3.1
258 271t 32 12
508 525 £ 50 9.6
1023 1109 £ (1] 10

ment of very small concentrations of drug. As explained in Chapter 1. for pharma-
cokinetic studies. it is at the low level of drug that the quantitation becomes extremely
important. Thus the limit of detection obtained using a particular method is of prime
importance in such studies. Many reports use the term sensitivity for this parameter;
however, sensitivity is also used to describe the slope of a concentration—response
line (i.e., a measure of how sensitive the end point is to the change in concentration).
Thus the author recommends that the term limit of detection is more appropriate in
this context. Of all the parameters used to characterize a method. it is probably the
one that has the most varied treatment from analysts, so that a statement that ““the
sensitivity is.x ng ml-',” should only be accepted in the context of the definition given
by the author of that particular paper or its description.

A popular definition is that the sensitivity of the method is the smallest single
result which with a stated probability (usually 95%) can be distinguished from a
sujtable blank. The limit may be a concentration or an amount. and defines the point
at which the quantitation becomes just feasible. If no blank exists. it is defined as the
concentration or amount for which the estimated imprecision generally becomes
greater than a given limit. Using this latter approach. the limit of detection can be
assessed from the values obtained in assessing the imprecision. This is illustrated in
Table 10.2. The values in this table are from a real evaluation and serve to illustrate
that experimental error is not an intrinsic property of a method with the coefficient
of variation changing smoothly with concentration. If a coefficient of variation of
20% is the maximum acceptable level of imprecision. then the limit of detection can
be simply stated as 5 ng ml-! in this particular example. There are other. more
elaborate. ways to calculate the limit of detection. but in practice the value decided
on is always a rounded up number and the methods described here are adequate.

The limit of detection described here is the lowest level which can be quantified
with adequate imprecision: levels below this may well be distinguishable from zero
but would be reported as not detectable using the above definitions.
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10.5 APPLICATION AND DOCUMENTATION

10.5.1 APPLICATION

The acid test of any analytical method comes when it is applied 1o real samples.
No method can claim Lo have been developed and evaluated until it has been applied.
This is to say that the performance criteria achieved are in fact acceptable for the
purpose for which they are developed. In applying a method in a real study. one is
usually faced with analyzing more than just a handful of samples and often with a
limited time scale and insufficient material to have two or more attempts at the
analysis. At this stage we become aware of the robustness of the method. and this will
determine the acceptlance of the method. Allied 1o the robustness of the method is the
sheer practicality. Considerable ingenuity may go into developing a specific method
with a low limit of detection, but if the manipulations place too great of demands on
the analyst then there may be strong resistance to ils acceptance as a routine
analytical method. In my experience. when a large number of samples needs (o be
analyzed. the robustness of a method should be actively considered at the develop-
rent slages.

10.5.2 DOCUMENTATION

Finally. any method should be fully documented. Not only may important deci-
sions be made on the results of an analysis. but registration of new drugs may require
full documentation of the points already raised in this chapter on development and
evaluation. Thus there are generally two sorts of documents required. In one docu-
ment. the practical details of the final method should be presented in such a way that
a laboratory technician can carry out the analysis. It is not necessary to give the
rationale of the method. or the instructions in greater detail than would normally be
found in the scientific literature. The second document. which may incorporate the
first in some detail. should be the definitive method report to which a subsequent
researcher can refer (o answer any queries on the method. Such a detailed report will
probably exist only in the documentation of a method developed for pharmaceutical
research but should be made available to outside researchers. A typical layout for
documentation of such a method is detailed in Table 10.3.

10.5.3 PUBLICATION OF AN ANALYTICAL METHOD

One indication of acceptance of a new analytical method is that it should be
published in a reputable scientific journal. Not all methods are published this way.
however, with in-house developments ol new methods for investigational drugs often
confined to the archives of drug companies or to the official documents submitted to
regulatory bodies. Thus perusal of the analytical literature may reveal few methods
originating from industrial laboratories and many more from academic departments.
This is rather paradoxical as it is probable that the methods in the industrial labora-
lories are most likely to be those most thoroughly evaluated. whereas many from
academic departments may be published through the “*publish or perish™ imperative
and are often methods developed from equipment or expertise available rather than
from the most appropriate resources. When a candidate drug reaches advanced stages
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TABLE 10.3
Analytical Method Report

Introduction and general stailement of problem to include sensitivity expected
Detailed description of proposed method
Development of method

Extraction conditions

Stability of drug in solvents

Selection of chromatography systems

Selection of detection system
Evaluation of method

Recovery during method

Precision (imprecision)

Accuracy (inaccuracy)

Specificity

Sensitvity
Application

of development or when it is in clinical use and needs therapeutic monitoring, then
it is in the drug company’s own interest to ensure that the most appropriate method
is made available to researchers investigating that drug. At this stage publication in
a widely circulated and readily available learned journal becomes desirable.

The first consideration in writing a paper for publication is that the author must
have something new to say. Having something new is not always obvious for
analytical methods of new drugs as the method may merely be an application of
recognized principles without any new principles being put forward or tested. Thus
one should chose a journal with this in mind.

The next most important consideration in writing a paper is to consider the style
and requirements of the journal to which it will be submitted. If the author would give
one piece of advice on successfully submitting research work [or publication. that
advice would be 10 read the section “Instructions to Authors.”™ Not only will you
please the editor, but, providing the content is acceptable. then the passage of the
paper through the publishing process will be smoother. with fewer mistakes being
introduced as the editorial staff attempts to bring the paper into the general style of
the journal.

For analytical method papers. the guidelines given above for documentation are
generally useful. There is one very important section that must be included for
publishing methods in most journals and that is that there must be a strong indication
that the method has been successfully used. The literature is. unfortunately. full of
delails of methods purporting to be for the determination of drugs in biological fluids.
which give no applications, and which may never appear again in the scientific
literature as having been applied. Some of these methods may have been developed
in isolation using standard drugs added to biological fluids. or even to buffered
solutions, and the real problems (required sensitivity may be underestimated. me-
tabolites may interfere) had not been appreciated until the experimental samples were
received. The method is then modified so that the final applied method is no longer
the one originally published.
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11.1 INTRODUCTION

Quality control in the analysis of drugs in biological fluids can cover a wide range
of activities, or may be merely concerned with the analytical procedure in the
measuring laboratory. In the extreme case of the former view, Scales'** stated that
quality control] begins with the administration of the compound and does not end until
the report is signed. Thus the analyst should be involved in such aspects as study
design. integrity of administration. state of animals or volunteers. methods of sample
collection. and preparation, storage. and dispatch of samples. Scales gives an enter-
taining. if at times worrying. description of the many mistakes that can occur even
before the analyst receives the samples. In addition. he advocates that the analyst
should only develop beautiful methods and not waste time on analysis of samples that
are so suspect as to make any interpretation meaningless. Though a tongue-in-cheek
conclusion. the serious point is that the most elegant analytical work and sophistica-
tion of pharmacokinetic interpretation is indeed valueless if the connection between
the result and the original experiment is suspect. It is an unfortunate corollary that
where a series of analytical results are uninterpretable (or perhaps do not conform to
the kineticist’s preconceived ideas). the blame will inevitably fall on the unfortunate
analyst whose best efforts will be disregarded.

There was a time when the analyst could devote all his quality control efforts on
the more immediate aspects of his work, which are discussed below under the
headings of internal and external quality control. However. the realization of the
effect of extraneous factors on the concentrations of drugs in biological fluids
coupled with increasing demands of regulatory authorities has made the analyst
much more aware and involved in these other factors. as discussed under the heading
of good laboratory practice.

225
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11.2  INTERNAL QUALITY CONTROL

Qualiry control. in the sense of controlling the quality of the analysis. begins in
the setting up and evaluation of the method to ensure that the method itself is
designed to give precise and accurate measurements. Internal quality control has
been defined as the long-term and continuing assessment of imprecision of an assay
with the object of minimizing intralaboratory variation. In the initial development of
a method. a rough guide to the imprecision can be expected 1o be obtained. although
generally the number of samples assayed and the timespan allowable means that it
is only a rough guide. A reasonable approach is to analyze a range of samples (up (o
six different concentrations) on six separate occasions. In a perfect world. the
standard deviations obtained will be absolutely related to each concentration and will
be reproduced each time the experiment is repeated. Ln reality. the values quoted are
those found for those particular analyses carried out on a particular day; the hope is
that they will be representative of any future analysis. but at this stage they should
only be used to indicate that the method achieves acceptable precision. The continu-
ing quality control aspect is to ensure that the imprecision does not fall outside these
acceptable limits.

The first step in ensuring the quality of an analytical method is to establish that
any standards — either for calibration or for quality control — are correctly made up.
I1is particularly useful to run an ultraviolet spectrum of stock solutions of drugs. This
guards against a weighing or diluting error in the firsi stages of standard preparation.
For quality control purposes. these validated stock solutions are added to suitable
large pools of plasma or urine to prepare pools of at least three different concentra-
tions 1o cover the expected range of measured concentrations.

The quality control samples are then supplied to the analyst carrying out the
relevant study and at least one of each concentration included in each batch of
analyses. It is not necessary. or even practical. to “blind™ such quality control
samples because the analyst would quickly discover which level each sample
represents and the nominal value has to be revealed for his own quality control
records: new quality control samples for each batch of analyses would place an
unnecessary burden on the laboratory’s resources for making up so many different
quality control samples.

The practice of adding known amounts of drug to blank biological (luid as
described above to obtain quality controls may be criticized on the grounds that such
samples are unlike real samples in that they contain pure drug and no metabolites.
However, the author believes this criticism is unwarranted and arises from an
idealistic point of view of analytical work. In real samples. the ratio of drug to
metabolites is infinitely variable over the time course of a typical pharmacokinetic
experiment and there will be no sample that could be considered appropriate for such
ideal quality control purposes. As far as interference by metabolites is concerned. this
should have been evaluated in the initial development of the method. An overriding
advantage in using samples containing added amounts of drug is that the true value
(assuming competent weighing and dispensing) is known and hence the control
analyses give information on accuracy as well as precision.
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When a new analysl is starting a particular assay. these control samples can be
used as a practice ground 10 ensure that the analyst can produce acceptable precise
and accurate analyses. before embarking on the analysis of valuable sample from an
expensive trial. A good analyst will need only one of these trials 1o establish his
credentials. Less experienced analysts may be unable to obtain adequate precision or
accuracy when meeting a particular procedure for the first time. In such a case. where
the method had previously worked acceptably. then the analytical supervisor should
beware of embarking on experiments to “find out what is wrong with the method™:
it could be that the less experienced analyst is on the steep portion of a learning curve
and repeated runs of the same procedure will be more fruitful in improving the results
than a myriad of different procedures — none of which will reinforce experience with
the officially accepted method.

In using quality control data. the values obtained are used to decide whether the
analysis of a particular batch can be accepted or rejected. This means that the criteria
for acceptance or rejection must be decided in advance. One approach, and that
favored by clinical chemists. is 1o evaluate each set of quality control results in terms
of standard deviations. This necessilales knowledge of the standard deviation of the
method. A typical rationale would be to reject the analyses for a particular batch if
all the quality control values were more than two standard deviations from the mean
in the same direction. However. the author believes that such an approach has two
main drawbacks: (1) the required precision may not be as great as that demanded by
the quality control criteria and perfectly acceptable results for the purpose of the
analysis may be rejected; and (2) the established standard deviation is not an intrinsic
characteristic of the method. but is a characteristic of the analyst. A logical approach
would follow that each analyst would set up his own standard deviation for the
method. This would mean that analysts of different ability working on the same
project would, by definition. reject the same proportion of their analyses. with results
that would be rejected by the better analyst being accepted by the less experienced
analyst. This situation would be unacceptable, and it would be better 10 set accep-
tance criteria on a percentage basis and in relation 10 the needs of the assay. rather
than on a standard deviation. The fact that some analysts of exceptional ability may
routinely return precisions much better than the acceptable limits should be a cause
for celebration rather than concern.

A typical quality control chart is shown in Figure |1.1. The values found at the
specified levels are plotied for each batch and inspected for acceptance or rejection
of each batch of results. In the chart shown. limits of = 10% of the known quality
control values are used. One quality control sample at each concentration is analyzed
per batch. Results of any baich of analyses are rejected if three or more quality
control results are outside the 10% limit in the same direction, or two or more quality
control results are outside the 20% limit in the same direction.

Results need not be rejected, but corrective measures to the procedure must be
taken if two successive values of the same quality control specimen are outside the
20% limit in the same direction. or seven successive values for the same quality
control specimen are above. or are below. or are on. the mean value. A thorough
discussion of this type of quality control chart has been presented by Mullins.'*"
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FIGURE I1.1 Quality control results for the analysis of 10 successive batches for the analysis of a drug
in human plasma.

An alternative sometimes used as an internal quality control procedure is to
provide the analyst with duplicate samples of some of the experimental samples as
a separate, coded. series. The results from these samples are then compared with the
reported results for their counterparts. This procedure cannot be used on its own as
a quality control device. This is because evaluation must wait until the code is broken
and by then it is often too late to repeat batches of analyses, and procedures which
identify serious faults in analyses early on must be used. The analysis of such
duplicate samples has its greatest value in what may be termed quality reassurance:
when controversial values are reporied. good agreement between paired samples
following breaking of the code will have more effect in reassuring the sponsor that
the values are real — never mind the skill and reputation of the analyst. This is rather
like the instant video replays that will show that the cricket or baseball umpire is more
often right than wrong!

The complete quality control data, including data from rejected batches of analyses
should be maintained for subsequent evaluation. Over a sufficient period an accurate
figure for between-day precision can be obtained from these records. Table 1.1 is
a detailed analysis of such records from a number of analysts carrying out the same
assays. The values obtained by one analyst show a much narrower distribution about
the mean than those obtained by the others. In addition. the means obtained by two
analysts were different and also statistically different. The interesting point is that all
the series of results were perfectly acceptable in analytical terms yet the differences
were detectable. Less experienced analysts would display wider distributions and the
differences would not be detectable: it is ironic that in this instance of very competent
analysts, the detected differences may even cast doubt on the analytical values.
whereas values from less competent analysts would be indistinguishable and there-
fore more readily accepted.
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TABLE 11.1

229

Quality Control Results From a Number of Analysts Analyzing the
Same Compound in Plasma

Mean, standard deviation, and number of analyses

Study Analyst QC1 QC2 QC3 QC4
I A 40.6 £ 4.6 (21) 254 + 14.5(25) S11+26.7 (18) 1026 + 52.6 (23)
B 38.1 £ 7.7(35) 242 £ 16.0 (31) 510 £ 40.8 (31) 1015 + 56.7 (30)
(1 C 38.1 £ 1.5(3) 257 £ 10.3(3) 547 £ 27.0 (3) 997 + 274 (3)
1 C 39.5£25(12) 266 £ 15.5 (13) 526 £ 299 (13) 1062 £ 83.0 (1)
v D 40.1 £ 4.3 (1) 257 £ 17.1 (11) 533+ 33511 1121 2 119 (13)
E 41.7 144 (13) 260 £ 14.9 (13) 529 £ 36.5(13) 1103 £ 78.3(13)
\Y E 40.4 + 3.3 (13) 261 £ 12.5(13) 512 £228(13) 1055 £ 109 (13)
V1 F 40.1 £ 7.3 (2) 249 £ 9.5(2) 5321742 1047 + 16.3 (2)
G 438 +4.9(19) 279 £ 21.1 (17) 552 +24.5 (14) 1093 £ 83.3 (17)

Nominal value 424 265 530 1060

It is often of interest to the analyst. and lo those researchers making use of the
analysts’ services, 10 know what level of precision is usually achieved. and is usually
acceptable Lo the scientific community at large. The acceptable figure is not the value
claimed by the analyst in his pristine publication. but rather the value obtained in
routine application. The figure is not the one stipulated by the clinician or
pharmacokineticist as the one that he needs o attain significance in his particular
experiment but rather the one obtained in practice, and any imprecision or inaccuracy
must be accepted into the study design just like any other variable in a scientific
experiment. In fact, although the imprecision of the analysis is sometimes much
greater than professional analysts may be prepared to admit. this imprecision may be
insignificant compared with the biological observations with which the analytical
parameters are being correlated. In a detailed discussion of quality control in drug
assays. Burnett and Ayers'**® published a number of interesting tables which indi-
cated that the coefficient of variation for routine analyses of a number of anticonvulsants
is approximately 10%.

11.3 EXTERNAL QUALITY CONTROL

Burnett and Ayers''*® recommend that any laboratory engaged in the analysis of
drugs. whether as a routine service or as part of a research project. join an external
assessment scheme in addition to establishing its own internal quality control proce-
dures. For research projects with new chemical entities the opportunity to join an
external assessment scheme is limited. but it is a wise precaution for the originating
laboratory to be aware of other laboratories which may become involved in such
analyses: the originating laboratory should take the initiative in developing such a
scheme. Contract laboratories. particularly academic laboratories earning extra funds
by taking on collaborative trials. may wish to develop their own methods and often
considerable effort is expended in sorting out the tangles of discrepant results. It is
certainly true that where the results of ring trials have been published, there may be
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considerable differences among laboratories analyzing the same samples."*" For
antiepileptic drugs.'“%** the wide variation in reported results for the same sample
prompted the establishment of several external assessment schemes for these drugs.
and schemes have also been established for other classes of drugs where the thera-
peutic level is crucial in controlled therapy.!*-!ie4.1343

Unlike internal quality control schemes. external schemes cannot be used for
deciding on acceptance or rejection of results because there is usually a substantial
time interval before the results are known. In general. participants in such a scheme
should have the opportunity to assess their performance in relation to others rather
than to use the scheme 10 control their own results. Thus the reports to the partici-
pating laboratories should include the number of results used in the calculation. the
mean, the standard deviation, the true value as originally prepared. and the participant’s
own values.

To some extent, participants do not need to be told if their position in the results
charts is pleasing or gives cause for concern. However, a number of methods have
been outlined for giving performance indexes. The BARTSCONTROL index for
antiepileptic drugs has been described in some detail."**® The index is based on
ranking the reported results in terms of the differences of individual results from the
mean value reported. However, this type of index compares the individual perfor-
mance with the overall performance of the group. so that a poor overall performance
will tend to increase the acceptability of individual poor performers and rejection of
the single laboratory with excellent results. This index and other methods of assess-
ing performance are further discussed by Burnett and Ayers.'** and recently by
Wilson et al.'*®

A special case of external quality control is when the analytical method has been
developed in-house by the pharmaceutical company and the analysis of routine
samples is carried out by a contract laboratory. Simmonds and Wood'*’ have
delailed the special problems involved in this situation and have emphasized the
importance of a troublefree. robust assay being developed in house. while at the same
time recognizing that the performance of the assay need only meet the standards of
precision and accuracy demanded by the experimental protocol. and not by the
potential of the method. The purist might argue that the assay should be as precise
and accurate as possible in all circumstances, but the purist does not have a drug to
develop: that is. the purpose of the exercise. not the production of beautiful analytical
results. However, once this philosophy has been accepted then the clinical pharma-
cologists and pharmacokineticists must not use such results for other purposes. and
then when finding them wanting. declare them null and void.

The conclusions of Simmonds and Wood on their experience in obtaining the best
results from outside contract laboratories are shown in Table 11.2. Some of these
conclusions reflect the points the author has already made in the preceding discussion.

11.4 GOOD LABORATORY PRACTICE

The early 1970s were a time of uvpheaval in the American politics and in the
American drug industry. However, whereas the sensational events of the Watergate
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TABLE 11.2
Obtaining the Best Results From Outside Contract Laboratories'>*

Contract out only those methods for which there is experience in the principal laboratory
Simplify. sacrificing sensitivity for robustness if necessary

Consider the work a collaborative effort

Establish agreed protocol. ensure lines of communication

Sel specifications but leave room for scientific judgment

Define what is meant by valid data

Check qualirty control data as generated and look for trends. not being overconcerned with
random variations

Setting up the method is of prime importance and needs full evaluation

9. Deliver good laboratory practice with good science. not slavish attention to administration
10. Remember the aim of quality control is 1o back up scientific judgment and therefore need only
meet a reasonable quality standard.

~N N B LN —

*

affair have receded into history as a rather bizarre episode. the ramifications of the
upheaval in the drug industry were more permanent and the resulting legislation and
regulatory measures are still found in laboratories throughout the world. Just like the
Walergate affair, the series of events leading to the initiation of good Laboratory
Practice regulations began with a relatively minor event. This event was when the
American pharmaceutical company. G. D. Searle, reported to the Food and Drug
Administration (FDA) some discrepancies in one of their toxicity studies in relation
lo their drug metronidazole. This drug for certain protozoal infections had been on
the market for many years. Searle maintained that the changes in their reports did not
affect the overall estimate of the safety of the drug and that they were merely putting
their house in order. Indeed. nothing since has suggested any particular toxicity
problem with this drug. The FDA is the government-appointed body in the United
States which is responsible for the regulation of drugs. The discrepancies reported by
Searle were not automatically accepted by the authorities and a thorough investiga-
tion was carried out by the FDA into Searle’s records in their Chicago laboratories.
In addition to investigating the records of metronidazole. the FDA took the oppor-
tunity to investigate all aspects of Searle’s toxicological operations. The first public
events in the Searle saga occurred on July 10th 1975, when the Kennedy hearings into
the Searle laboratories were launched. To the American public. it must have seemed
like another example of the amoral state of big business in general and the pharma-
ceutical industry in particular.

Without underestimating the seriousness of the findings against Searle. however,
the more discerning and less hysterical observer would recognize that many of the
errors coming to light were the result of carelessness rather than any attempt at fraud
or malpractice on behalf of the company or its employees. This can be demonstrated
by the type of errors that were uncovered. For example, in some toxicology studies
involving long-term dosing of rats, some animals were noted Lo have died during the
study but the same number apparently completed the study as had started it. This
would seem to indicate carelessness on the part of the scientist or technician compil-
ing the report. and also on the part of management reading and checking it. Similar
discrepancies, such as observations of tumors in some animals on some days. but
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nonobservation subsequently, again is indicative of carelessness or uninformed
observation. The FDA investigations into Searle were eventually published in No-
vember 1976.'¥ The opening statement of the report reads:

At the heart of the FDA’s regulatory process is its ability to rely on the integrity
of the basic safety data submitted by sponsors of regulated products. Our
investigation clearly demonstrated that in the G. D. Searle company we now
have no basis for such reliance.

The conclusion was even more damning in its particulars:

There was total disregard by Searle technical personnel of a number of impor-
tant aspects of their work. Too little importance was placed on the significance
of the studies they were conducting. they did not adhere 1o the research
protocol and there was not enough accurate observations of the appropriate
parameters made. The observations that were made. failed in their documen-
tation and there were no signatures or dates on the records of these observa-
tions. The need 1o assure the accuracy of the data transcribed from original
documents to final reports and the need to assure proper and accurate admin-
istration of the product under test, along with observations of proper laboratory
work. animal husbandry. and data management procedures was not carried out.

The investigations and findings did not begin and end with Searle. The FDA made
the assumption that if these findings applied to Searle. then they could. and probably
would. also apply to any other organization involved in the same sort of work. and
especially those laboratories carrying out scientific testing for profit. Thus. enormous
resources were devoted to monitoring programs for all such testing facilities in the
United States where safety of drugs was al issue. The FDA's worst fears were
apparently realized when two contract research establishments were shown to be so
deficient in their adherence to the truth that their cases were sent to the Grand Jury.
The sins of these contract laboralories. however, were quite different from those of
Searle. Whereas Searle was doubtless guilty of much careless and sloppy work. the
contract laboratories were apparently seeking shortcuts to completing lucrative con-
tracts for pharmaceutical companies. One of the contract laboratories was unable to
produce anything other than summary reports on the work they claimed to have done
and in fact were sued by the sponsoring laboratory. Syntex. for damage done to their
anti-inflammatory drug, naprosyn, when it was revealed that the work carried out was
invalid. if not fictitious. A detailed investigation by the FDA into this case revealed
that 30 out of 30 rodent toxicity tests showed sufficient flaws to be declared invalid.
Another contract laboratory was indicted for allegedly deceiving its clients over at
least an 18-month period. This affair concluded with jail sentences for a number of
the contracting laboratory’s senior personnel.

All this upheaval in the field of 1oxicological testing designed to prove the safery
ol drugs caused greal consternation both in the industry and in the offices of the
regulatory authorities. As far as the industry was concerned, the individual compa-
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nies were forced to look at their own operations 1o ensure they were not guilty of
sloppy procedures in investigating their own drugs and those companies with studies
contracied to the convicled contract laboratories found much of their safety data
useless. Other contract testing facilities also came under close scrutiny, but the lesson
for the pharmaceutical industry should have been 1o tighten up their own procedures
and to supervise contract work. The FDA. however. was not content to allow the
industry to look to its own efficiency and safety. but perhaps elated by its success in
uncovering the Searle deficiencies and the criminal activities at the contract houses,
concluded that the safety of drugs was too importanl to be left 10 the industry: the
FDA maintained that the deficiencies and criminal activities so [ar discovered were
just the tip of an iceberg. and proclaimed the principles of Good Laboratory Practice
(GLP). These principles were subsequently developed as regulations but later modi-
fied as guidelines. The force of the principles of GLP, however, whether regulations
or guidelines. was that any studies submitted to the FDA to support safety of new
pharmaceuticals that did not comply with GLP would not be accepted. GLP. there-
fore. did not just apply to the United States. as because of the size of the United States
market. the FDA was virtually able 1o dictate the conduct of toxicological and other
studies around the world.

The application of GLP to all aspects of safety testing of drugs means the analyst
comes under scrutiny in several important areas. The most obvious aspect is in the
analysis of samples from animals in toxicity studies. For valid toxicology studies. it
is essential that animals indeed receive the drug. and. as discussed in Chapter |. one
way of checking that animals are receiving and absorbing the test drug. is to analyze
plasma samples for its presence. Hence the analyst will receive samples from such
studies and the analytical procedures will themselves come under scrutiny.

It has so far been a matter of considerable debate whether drug metabolism and
animal pharmacokinetic studies come under GLP guidelines. It is probably true that
most pharmaceutical companies are apprehensive at any extension of GLP bureau-
cracy into aspects of research and development other than those for which they were
originally defined. and indeed the view that preclinical pharmacokinetic and metabo-
lism studies come under GLP has not gone unchallenged: at the 1990 Drug Informa-
tion Symposium on “International Harmonization on Nonclinical Drug Safety Re-
quirements™ mixed opinions were voiced.!%1%0

Many companies looked to the FDA for a ruling on whether such studies should
be included. At first. the FDA seemed to indicate that they would not be included,
but it is hard to reconcile this interpretation with the statement that all aspects of
safety testing should be included in the GLP guidelines. It is certain that such studies
are indeed part of the safety testing procedure. Certainly one of the stated objectives
of drug metabolism studies is to compare different test species with humans in order
to help select the appropriate species for further toxicity testing. Apart from the
comparison studies. the study of metabolism and pharmacokinetics in animals has
safety implications in its own right. For example. the metabolism of a drug to a
known toxic agent in one animal species will surely halt its development just as
would a toxic effect itself. An unacceptably long half-life may also terminate devel-
opment, as the potential for accumulation of the drug would certainly be undesirable.
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Animal studies are used not merely in this negative sense to weed out potentially
dangerous drugs. They are also used to define the conditions of safe usage of the drug
in humans. Such studies include bioavailability (exlent of absorption. dose-depen-
dence, absorption-time profile. intersubject variation. food effects. formulation ef-
fects). effect of multiple dosing (enzyme induction, accumulation), interactions with
coadministered drugs (kinetics and metabolic). effects of disease (renal or hepatic
impairment) or age and sex. Some of these studies are frequently performed in
humans but obviously come under the heading of safety testing in animals when
animals are used as test models. These considerartions indicate quite clearly that drug
metabolism and pharmacokinetics studies in animals are part of safety testing and
hence any work in this area should be carried out according to GLP — and this
includes analytical work — if the studies are to be presented to the FDA or other
regulatory bodies in support of the registration of a drug.

So far, the discussion has been as applied to preclinical safety studies. However,
it would be difficult to operate two different codes of behavior in a laboratory that
carries out analyses for human studies and animal studies. The promulgation of Good
Clinical Practice, and the FDA’s Bioavailability and Bioequivalence Guidelines
(Table 11.3) have effectively brought about the encompassing of all analytical
studies on biological materials into the GLP system. Thus, like it or not. GLP is now
an integral and necessary consideration in any laboratory carrying out analyses of
drugs in biological fluids and the procedures. methods. quality control. and documen-
tation of such a laboratory must be closely monitored.

Good laboratory practice (without the capital letters) is of course the natural
working pattern of all conscientious laboratory workers. and one approach that could
have been taken would have been 10 have a system ol accredited laboratories: the
laboratory would be established as an accepted laboratory based on its facilities and
the professional qualifications of its staff. This approach was considered by the FDA
but rejected in favor of a system whereby laboratories would have to establish
systems in line with GLP concepts laid down by the FDA: all studies intended for
submission 1o these authorities would have to comply with these laid down proce-
dures and moreover the laboratory would have to establish procedures to show that
the studies had been carried out in accordance with Good Laboratory Practice. Thus
rather than have a system depending on professional integrity. the authority preferred
one based on procedural control. Nevertheless. it must be said that the implementa-
tion of GLP has certainly brought benefits in helping point out deficiencies in some
working practices.

Although the GLP Regulations, or Guidelines. have been published. the details are
more appropriate to toxicological testing laboratories, and do not transfer easily to an
analytical laboratory. A more useful document to follow, to enable the analytical
laboratory to comply with the FDA’s thinking is the manual used by the inspectors
involved in the Biopharmaceutical Analytical Testing Compliance Program. This
manual, available through the Freedom of Information Act. is in the form of instruc-
tions or questions which the inspecting officer would consider in his report. The first
edition of this book'*™' contained a detailed description of the relevant parts of the
manual, and a regulatory view covering the same ground has also been published.'*
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TABLE 11.3
Recent Food and Drug Administration Bioavailabilty
and Bioequivalence Guidelines

Drafi Guidance for the Performance ol a Bioequivalence Study for Antifungal Products 1990

Bioavailability Policies and Guidelines 1993

Guidance for Carbidopa and Levodopa Tablets /n Vivo Bioequivalence Testing and /n Virro
Dissolution Testing 1992

Guidance for Cimetidine Tablets /» Vivo Bioequivalence Studies and /n Virro Dissolution 1992
Testing

Guidance for Conjugated Estrogens Tablets /n Vivo Bioequivalence Studies and /n Virro 1191
Dissolution Testing

Various Comments Regarding Bioequivalence Study Guidance for Conjugated Estrogens 1990

Interim Guidance: Topical Corticosteroids /n Vivo Bioequivalency and /n Virro Release 1992
Methods

Guidance for Diflunisal Tablets /n Vivo Bioequivalence Studies and /n Virro Dissolution 1992
Testing

Guidance for Diltiazem HCI1 Tablets /n Vivo Bioequivalence Studies and /n Vitro Dissolution 1992
Testing

Guidance for Indapamide Tablets /n Vivo Bioequivalence Studies and /n Vitro Dissolution 1993
Testing

Guidance for Metoprolol Tartrate Tablets /n Vivo Bioequivalence Studies and /n Virro 1992
Dissolution Testing

Guidance for Nadolol Tablets /n Vivo Bioequivalence Studies and /n Vitro Dissolution 1992
Testing

Guidance for Naproxen Tablets /n Vivo Bioequivalence Studies and /n Vitro Dissolution 1992
Testing

Guidance for Nortryptiline HC1 Tablets /n Vivo Bioequivalence Studies and /n Vitro 1992
Dissolution Testing

Guidance for Piroxicam Tablets /nz Vivo Bioequivalence Studies and /n Virro Dissolution 1992
Testing

Guidance for Ranitidine Hydrochloride Tablets /# Vivo Bioequivalence Studies and /n Vitro 1993
Dissolution Testing

Guidance on Statistical Procedures for Bioequivalence Studies Using a Standard 1992
Two-Treatment Crossover Design

Guidance for Terfenadine Tablets /n Vivo Bioequivalence Studies and /n Vitro Dissolution 1992
Testing

Guidance on Triazolam /n Vivo Bioequivalence Studies and /n Virro Dissolution Testing 1992

Analytical chemistry has long been recognized as a very skilled science. and
analytical chemists have justly 1aken great pride in their reputation. However, the
foregoing discussion has indicated that a high reputation is not sufficient either to
ensure the correctness of the results or to provide acceptable records to the regulatory
authorities. The correct application of quality control procedures is now recognized
as an integral and necessary part of the analytical function. No self-respecting analyst
would now issue results without the procedures outlined in this chapter. The quality
control aspects described here are procedures that have been developed and are
applied 1o improve the quality of the assays undertaken. Good Laboratory Practice,
on the other hand, is a system imposed from the outside. and while it has brought
attention to the possible shortcomings of laboratory work. has meant greater bureau-
cracy which does little to add 1o the quality of the analysis. In my own experience,
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a particular standard operating procedure was called into question by an inspector
because the writien procedure did not state that the tops were placed on the extraction
tubes after the solvent was added and before they were shaken in a a rotary shaker.
Recently. an instrument manufacturer declared it would no longer be providing
servicing for a particular chromatographic model which they no longer made. and
that this would mean assays performed on such an instrument would be invalid as far
as GLP was concerned.

Despite my sadness at this turn of events, we have to accept that the discipline of
GLP as a bureaucratic necessity 1o further the cause of drug development or even in
monitoring of drugs of abuse'*? is here to stay. This is well recognized by pharma-
ceutical companies, who prefer to follow the trend as the cheaper alternative to
presenting a rational argument, much as many toxicological tests are still carried out,
even when they are known to be of doubtful scientific worth. The discussions in this
chapter result in a suggested scheme probably now followed in one way or another
by all those developing and applying methods for analysis of drugs in biological
fluids.

The method is devised by a development scientist and evaluated for precision,
accuracy. sensitivity, and specificity. The method is written up in full detail and this
is the official analytical method. A standard operating procedure is written, which
gives the full practical details on how 1o carry out the analysis. A series of quality
control samples is prepared. preferably by a skilled person outside the routine
applications laboratory. Any new analyst taking up the method is provided with the
standard operating procedure and should carry out a number of assays using quality
control specimens to establish his ability to perform the analysis.

On satisfactory completion of the trial runs. the analyst is provided with the
appropriate study protocol for the samples to be analyzed. The analyses are then
carried out exactly according to the standard operating procedure and the protocol,
including appropriate quality control. and calibration samples with each batch. All
raw data and notebooks are checked and signed by the analyst and supervisor where
appropriate. At the conclusion of the study all these data are archived and the
analytical report issued.

The full documentation of the analytical studies should be contained in only three
officially reported documents: the method report, the standard operating procedure,
and the analytical report. These documents must contain sufficient references so all
statements can be traced back to the properly archived raw data.

If these procedures are followed, then the analytical laboratory can be satisfied
that it has provided an efficient and professional contribution to the particular study.
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12.1 INTRODUCTION

The analysis of drugs in biological fluids as described in previous chapters in this
book has discussed the reasons for such analyses, the available techniques for
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determining drugs. particularly at low concentrations. and some of the good labora-
tory practices that are necessary for ensuring the validity of the data collected.
However. most analysts recognize that the analytical process itself is a very practical
operation, as illustrated in a recent survey on inter- and intralaboratory sources of
variation for a variety of analytical techniques.'™* Despite the increasing amount of
standard laboratory equipment and instrumentation that can now be installed in an
analytical laboratory, the importance of individual expertise and preferences is
continually underlined by the almost inevitable failure of one laboratory to replicate
exactly the analytica] method developed in another. In principle. it should be possible
1o write standard operating procedures and instrument specifications in such detail
that such replication is obtained. yet there will still be steps that analysts perform,
almost by instinct. that may not be written into the procedures. This chapter will
attempt to gather together many of the tricks of the trade that may sometimes appear
as part of a method description. but are more often applied to solve a particular
problem with a particular sample. Alternatively. they may even be found to be
necessary in one laboratory but not in another. and as such should be considered as
useful. but not essential, elaborations in particular circumstances. Some of the
procedures described below will be “generally known.™ and some will be attributable
10 the ingenuity of individuals. The author has given references where possible. but
apologizes to those anonymous innovators whom he has not been able 1o credit. A
rich source of material. however. is often found in the discussion sections of reports
on analytical symposia or meetings. One such source is the series of books on the
Analytical Forum held at Surrey University biennially since 1975.!%% 1'% The author
firmly believes that every bioanalyst should read these volumes. including even the
early ones from cover to cover: he may be dismayed at the problems encountered. but
he will also be considerably enlightened. Attending the Forum is even better. The
author has unashamedly plundered these volumes. but has used his own conference
notes to help compile the rest of this chapter.

The author must emphasize that many of the procedures mentioned should be
regarded as hints to solve a particular problem and should not be considered rec-
ommendations in general. Rather like Rubik’s Cube, you may find that a small
operation to correct one problem will play havoc with parts of the assay apparently
well divorced from the proposed adjustment. If your development time is unlimited.
you may eventually be able 1o try all possible combinations to achieve the perfect
method.

122 STORAGE OF SAMPLES

The traditional view of an analyst is that of one who takes your sample and then
tells you what is in it and how much. The history of the sample may be considered
irrelevant to the analysis. However. the recognition that the analyst is usually an
expert in the make-up of complex matrices. means that it is most important that he
is aware of any unusual conditions under which a sample is taken and stored. The
analyst must be aware of any potential for prelaboratory error.'**® a point reinforced
by the so-called Good Laboratory Practice guidelines promulgated by a number of
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regulatory authorities, and should be in a position to minimize these errors by giving
appropriate advice. Thus when a laboratory offers a particular assay, it should issue
instructions for collection, storage, and transport. and the development of the method
should include appropriate investigations. In laboratories which are close to the
source of samples, such as in the bioanalytical laboratory engaged in pharmacoki-
netic studies in the pharmaceutical industry. tight control over these aspects can be
achieved. However, as the pharmaceutical research departments are less keen to
commit skilled analytical staff to routine analyses more of these studies are being
contracted out: in such cases the company needs to have well-developed guidelines
and quality control procedures'*’ to ensure the contract laboratory performs the
analyses as competently as the in-house analytical laboratory. Such matters as
stability at various temperatures and in various fluids are readily assessed but it is the
less obvious pitfalls that are to be discussed here.

Methodological problems already arising during the collection of blood for assay
of metriphonate and dichlorvos have been pointed out.'’®"*" The former rapidly
breaks down to the latter in blood samples but this can be prevented by direct
acidification with phosphoric acid. Another possibly unrecognized problem in col-
lection of samples may arise when the concentration of drug is rapidly changing and
the results are to be used in pharmacokinetic analysis as exemplified for the analysis
of lidocaine in sheep blood following a bolus injection.”

One immediate problem with ester-type drugs is the presence of serum esterases
(Chapter 2). If these enzymes are active against the drug the presence of sodium
fluoride in the sample tube as an anticoagulant will also inhibit the esterases. as for
example in an assay for erythromycin propionate.' % Adam'*? recommends a fluo-
ride concentration of 5 mg ml ! for this purpose rather than the usually supplied | mg
mi-', when intended as an anticoagulant alone. Brogan et al.”*’® have suggested that
sodium fluoride is essential in inhibiting the degradation of cocaine in blood samples.
Similarly. failure to consider the effects of pseudoesterases has confused research on
the metabolism of cocaine in humans.'*"!!*"?

The decomposition of diamorphine (heroin) in plasma has been studied in some
detail. The drug is rapidly deacetylated in aqueous solution at alkaline pH to form 6-
monoacetylmorphine and further deacetylated to form morphine.'7*!* Barrett et
al."'” suggested that the degradation by serum esterases takes place even at 4°C and
recommended immediate freezing of collected plasma and liquid-liquid extraction to
prevent misleading analyses in the study of heroin pharmacokinetics.

The most usual procedure for ensuring the stability of drugs on storage is to deep
freeze samples as soon as possible after collection. This is not without problems,
however. The problems can begin as soon as freezing starts. as pointed out by
Scales'"7¢ and described as the apple jack effect: that is, the drug is concentrated in
the first few drops to freeze and hence will remain at the surface and be susceptible
to oxidation. Thus it might be necessary to stipulate that freezing should be carried
out while gently swirling the sample tube.

Once frozen. the drug may still not be safe from decomposition. Recently,
Edmonds and Nierenberg''"” reanalyzed samples that had been stored at =70°C for
5 years for the retinol, d-o-tocopherol and B-carotene and concluded that in samples
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FIGURE 12.1 Oxidation of apomorphine to a quinone.

from some patients. clinically important changes in concentration had occurred.
although after 5 years this would hardly matter to the patient. Apomorphine, like
most catechols (Figure 12.1). is prone to oxidation to quinones. even when stored at
-15°C unless ascorbic acid is added as an antioxidant.'””® The presence ol antioxi-
dants can have the reverse effect. however, and there have been reports on the
reduction of N-oxide metabolites of chlorpromazine reverting to the parent com-
pound on storage of samples containing antioxidants.'*!*% Indomethacin has also
been reported o be unstable in the deep freeze.'™' One consequence of freezing
samples is that the protein in plasma or serum samples may become denatured to an
exlent which depends on the temperature:'*? this may have more subtle conse-
quences in the subsequent analysis. for example. by releasing bound drug in assay
methods where the free drug only is measured.

Some authors report apparent instability of drugs in deep frozen conditions:
however, instability is not aJways distinguishable from loss of sample by other routes
and it is wise to establish that there are confirmatory breakdown products present
belore assuming that the deep freeze conditions are inappropriate for the safe storage
of samples containing a particular drug. Thus. de Silva'*®® prefers 1o confirm the
claim of instability by listing the appearance of unnamed drug and the appearance of
a decomposition product with the passage of time.

An interesting phenomenon has been described in experiments 10 determine the
stability of hydralazine on storage at -20°C: hydralazine added to plasma and
stored at this temperature was apparently very unstable probably being converted
10 the pyruvic acid hydrazone, yet plasma samples in pharmacokinetic studies
could be repeatedly frozen and thawed and still return the same apparent hydralazine
content.”® This discrepancy was put down to the presence of metabolites which
were readily hydrolyzed to hydralazine in the assay. but were not degraded on
storage.!*®

Problems can also arise when the sample is thawed prior 1o analysis. As the
sample is thawed. there may be localized concentration effects and the sample should
be shaken gently to minimize such effects.'’®> The sample must then be confirmed
to be homogeneous before taking aliquots for further analysis. This is a notorious
problem, particularly (or large urine samples. when impatient and careless laboratory
workers may take samples of semithawed urine. with the consequent error in the final
result. On thawing. enzymes that have been dormant during storage may be reacti-
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vated and hence thawed samples should be processed as soon as possible on thawing.
However. the enthusiasm for rapid thawing may mean warming the sample to too
high a temperature with the danger of both decomposition of the analyte or even
raising the temperature for optimum activity of any enzymes that may be present.

12.3 EFFECTS OF PRESERVATIVES

Sodium metabisulfite is a commonly used preservative for urine samples; how-
ever, it may also have an inhibitory effect on enzymic hydrolysis of conjugates as has
been demonstrated for its effect on sulfatases used in the enzymic hydrolysis of 4-
hydroxyantipyrine sulfoconjugate.' ®°

124 EXTRACTION

For partial purification of biological fluids containing drugs. the most widely used
procedure is still extraction into an organic solvent. It is not the purpose of this
chapter to discuss the theory of the best choice of extractions, the details ol which
can be found elsewhere: however. the general points to be observed should be noted.
The drug needs to be in the un-ionized form to be extractable by the organic solvent
from aqueous solution. Hence the pH of the aqueous phase needs to be adjusted to
ensure that this is so for ionizable drugs. A standard scheme for extraction of drugs
for toxicological screening.' ¥ although based on extraction from pH-adjusted aque-
ous phases. is inappropriate when considering analysis for known drugs.!*%1%% and
it is desirable to optimize the pH for a specific drug. This may be done by measuring
the pK, and selecting the pH on theoretical grounds. The second important parameter
for extraction of drugs from aqueous phases is the nature of the organic solvent.
Highly lipophilic compounds will be readily extracted by nonpolar solvents such as
hexane (see Chapter 2 for the table of solvent polarity ), whereas drugs containing, for
example. hydroxyl groups, will require correspondingly more polar solvents.

Thus, on paper. the optimum conditions for drug extraction can be selected.
ensuring efficient extraction of drug consistent with low extraction of other materials.
However, in practice. other factors will determine the choice of conditions in a
particular laboratory as discussed below. These factors mostly relate 1o ease of
handling, although the chemistry of the solvents is aJso importiant. and the use of
internal standards may also be a consideration.

In the extraction step. the density of the extracting solvent with respect to the
aqueous phase may be a consideration. Thus, if traditional separating funnels are
used. then the extracting solvent may be chosen to be heavier than water. so that the
phase containing the drug can be run off first without contamination from the upper
phase: if the separation of phases is carried out in centrifuge tubes — as is more often
the case for batch operation of large numbers of samples — then it may be more
convenient to have the organic phase as the upper layer which can then be removed
by aspiration without disturbing the aqueous layer. Of course. these arguments can
be reversed. depending on which phase is to be discarded or retained for further
processing. There is no firm rule on this matter: some individuals may pre(er 1o carry
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out all their washing and extraction operations in a single tube, while others prefer
1o transfer phases 1o clean tubes for the subsequent steps.

A solvent may be selected for its volatility. so that it is easily evaporated in a
subsequent concentration step. The most obvious contender for this rule would be
diethyl ether. but too high a volatility can be a problem if the sample is not kept cold,
for example. during centrifugation. and ether is not favored for quantitative work
without an internal standard. The rule of thumb that the extracting solvent should be
just polar enough to extract the drug of interest is usually followed. the choice being
made by trial and error. Whelpton and Curry'*° described a systematic separation of
fluphenazine from its metabolites using the principle of least polarity combined with
pH considerations. The more polar solvents will. it should be noted. be partially
miscible with water and therefore the apparent organic phase will contain a large
amount of water and hence water-soluble material. The consequences of this is that
it is possible for water-soluble conjugates of drugs to be transferred into the organic
phase. If they are subsequently hydrolyzed this will lead to erroneously high levels
of parent drug. Similarly. protein may be transferred and this could have undesirable
consequences for chromatographic columns. To some extent this can be obviated by
using a small amount of a very polar solvent such as amyl alcohol bulked up with
hexane. The extraction properties of the drug are thus conserved. but with little
carryover of the aqueous phase. It is interesting to note the perceived role of amyl
alcohol in different laboratories using it as an additive with organic solvents of low
polarity. Some workers use it merely to prevent absorption of drugs onto glassware
and assume the extracting property resides totally in the main organic solvent. The
importance of the alcohol as an extractant in its own right was illustrated by Curry
and Whelpton'*®' on the one hand and Bailey and Guba'** on the other. Reid.'**
however. has pointed out that in the United Kingdom. “amyl alcohol™ is mainly 3-
methylbutan-1-ol with some 2-methylbutan-1-ol. whereas U.S. laboratories would
describe this solvent as isoamyl alcohol.

The chemical properties of extracting [luids can give rise to unwanted effects.
These may be of two types: the chemical reactions of the solvent itself and the
insiduous breakdown products they may contain. Some chemical properties may be
lairly obvious. but just the same, they are often overlooked. Primary amines such as
ethylamine will react with ketones and aldehydes to form Schiff’s bases. and con-
versely ketones used as extracting solvents. such as methylbutylketone. will react
with drugs containing primary amines. In some instances the reaction may go
unrecognized and the drug may be unknowingly (but still acceptably) assayed as the
derivative. This phenomenon may often be at the root of puzzling chromatographic
results when the nature of the extracting solvent is altered. This is well illustrated in
Curry's'*" procedure for chlorpromazine. Isoamyl alcohol used for extraction of
chlorpromazine contains isovaleraldehyde as an impurity, which reacts spontane-
ously with primary amines such as didemethylchlorpromazine: this product then
separates very efficiently from chiorpromazine and the monodesmethyl metabolite.
In the absence of isovaleraldehyde. the separation of the two metabolites is very poor.
As Curry put it: “We used bad isoamyl alcohol without knowing it.” Less obvious
is the formation of hemiketals between ketones and alcohols. especially if traces of
acids are present to catalyze the reaction.



Pitfalls and Practical Solutions 243

Ethyl acetate is a popular extracting solvent because of its high polarity, cheap-
ness. and volatility. However, at pH values greater than 9.0 and at normal laboratory
temperatures it may be hydrolyzed to acetic acid and ethanol. This has a dual
consequence: the pH of the sample may unwittingly be lower than needed and the
alcohol will modify the polarity of the extracting solvent. Scales'** has noted that if
ethyl acetate must be used as an extracting solvent at elevaled pH values then low
temperatures (2 10 10°C) and short extraction times may be successful.

Apart from impurities in solvents such as amyl alcohol mentioned above, impu-
rities may arise from decomposition of the solvent. On exposure to air, chloroform
and dichloromethane degrade 1o the extremely reactive phosgene. It is for this reason
that commercially supplied chloroform contains a stabilizer such as ethanol. This
may lead to the presence of ethylchloroformate which has been shown 1o be instru-
mental in the conversion of norcodeine to norcodeine carbamate.'*> This proved a
parallel 10 Curry’s experience with chlorpromazine, norcodeine only being measur-
able in the gas chromatographic method because of its conversion o the carbamate.
The occurrence of carbamalte derivatives has also been noted when tricyclic antide-
pressants are extracted with chloroform not containing ethanol as a preservative.''%

Phosgene can be removed from chloroform before use by the simple expedient of
washing the solvent with water. and ethanol can be removed if desired by passing the
solvent through a column of alumina. a device that can also be used to remove
peroxides from ether. The latter procedure is particularly recommended because of
the safety hazard when large volumes of ether are to be reduced in volume, and also
10 prevent oxidation of extracted drugs. Needless to say. such purified solvents
should be used immediately before the decomposition from which the ethanol is
affording protection sets in.

The occurrence of cyanogen chloride as an impurity in dichloromethane has also
been reported to lead to artifactual “metabolites™ in drug studies.'*” A metabolite of
Wy 23699. on extraction with this solvent containing cyanogen chloride. readily
formed the cyano derivative (Figure 12.2).

In order 1o encourage partitioning of ionic compounds into organic phases. some
workers saturate the aqueous phase with various salts. usually ammonium sulfate.
Other desirable effects of doing this are 10 reduce the occurrence of emulsions, to
ensure that otherwise miscible solvents (acetonitrile®' or 2-propanol' **®) form sepa-
rate layers. or to convert a heavier than water organic phase into a floating one as
described by Leppard and Reid'*° for an ether-chloroform mixture.

In working with large numbers of samples, the analyst is attracted by any device
that will enable him to reduce the volumes of solvent necessary for extraction.
Classical extraction procedures are generally recognized as inappropriate for meth-
ods designed for individual drugs. Thus Campbell' *® and Reid’ ®® both suggest that
Jackson's'% figure for organic volumes of ten times those of the aqueous sample is
unnecessary. Extraction ratios of as low as 1:50 and 1:10 are claimed to be adequate
for efficient extraction,' 891401

Similarly, the times required for extraction are often unnecessarily long'*’ and
“appear lo coincide strongly with the gustatorial habits of a particular laboratory.™
Campbell'*® reported a 300-s extraction of fenfluramine (90% after 5 sec) from pH-
adjusted plasma with chloroform. Apparently. short, not 100 vigorous, extractions

1402
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FIGURE 12.2 Reaction of cyanogen chloride with a metabolite of Wy 23699.

may be more successful in producing clean extracts than long violent encounters with
the extracting solvent.

12.5 SEPARATING THE LAYERS

Because of the general necessity (and desirability) of working with small volumes
of solvent, it is not usual to use classical separating funnels for separating the layers.
most operations being carried out in small test tubes or centrifuge tubes. As men-
tioned previously, the analyst can to some extent control the situation so that he is
discarding either the upper or lower phase according to taste. If the layers are
separated cleanly and he wishes to discard the top layer and continue working with
the lower layer. then the simplest procedure is to remove the top layer with a Pasteur
pipet with a very fine tip. To minimize disturbance of the interface, a curved tip can
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FIGURE 12.3 Use of a vacuum line for rapid removal of an upper solvent layer.

be used as shown in Figure 12.3. [n dealing with large numbers of samples. the
Pasteur pipet can be connected to a vacuum line. with a suitable trap and the top
layers in batches of tubes removed rapidly in sequence. A batch of 20, for instance,
could be processed in a few minutes. Removing the top layer in this way should cause
no carryover from one sample to the next. If the top layer is to be retained. then the
Pasteur pipet connected to a vacuum line is not so convenient and the bottom layer
may need to be removed by hand pipetting. However, the complete removal of a
lower layer is difficult by this method and it would be better 10 transfer the upper
layer (or an aliquot of the upper layer) to a clean tube for further processing. A
quantitative transfer can be achieved if the top phase is sufficiently mobile and the
bottom phase is sufficiently viscous. by simple decantation. This can be aided when
the lower phase is an aqueous phase. by standing the tubes in an acetone-dry ice bath:
the lower layer freezes and the top layer is readily poured off. If this technique is
used, the usual evaluation of the complete method must be carried out to ensure that
the partition characteristics remain favorable at the lower temperature. An interfacial
emulsion, usually undesirable in separation science. may actually be of practical help
in restraining a lower layer. when the top layer is being poured off. provided
quantitative aspects are otherwise provided for: that is, internal standards are used,
or fixed volumes of sample are taken.

On occasion it may be necessary for the lower layer to be transferred to a fresh
tube — for example, when the top layer is also 10 be retained for further processing
— and the Pasteur pipet method is used for transferring the lower layer in the
presence of the upper layer. The experienced analyst will know that the bulb of the
Pasteur pipet need not be fully squeezed until the pipet is in place. to expel the small
amount of upper phase which will have entered the lower few millimeters of the pipet
as il penetrates the upper layer: the even more experienced analyst will know how
to exert just the amount of pressure to prevent ingress in the first place.
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FIGURE 12.4 Novel device for the rapid separation of layers in solvent extraction procedures. (A)
sovents placed in lower unit: (B) solvents forced through channel and mixed: (C) upper unit withdrawn
and layers allowed to separate: (D) upper layer taken into upper unit: (E) upper layer poured off. retaining
lower layer.

An interesting device has been described as an alternative to separating flasks. The
device is shown schematically in Figure (2.4, and basically consists of a separating
tube fitted with a hollow plunger connected to the main chamber via a narrow
channel. The phases to be mixed and separated are placed in the test tube. As the
plunger is depressed, both liquids are forced upward through the channel into the
plunger, being thoroughly mixed in the process. The plunger is then slowly with-
drawn until the interface is exactly at the top of the connecting channel: the upper
layer can then be poured off — the capillary effect ensuring that the lower phase
remains in place.

Although it is possible to extract drugs from aqueous solution with small amounts
of organic solvent, this does give rise to difficulties in handling such small volumes.
De Bree'“® demonstrated how 50 ul of iso-octane can be used to extract analytes
from 2 ml of plasma. As illustrated in Figure 12.5., a simple manipulation using a
cone-terminated capillary, made from a Pasteur pipet. enlarges the organic layer
thickness from 2 to about 20 mm. Thereby even 20 Ul may be taken easily from a 50
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FIGURE 12.5 Simple device for transferring entire upper phase when only a small amount of the
solvent is required for extraction. (a) Cut-off Pasteur pipet: (b pipet filled with upper phase: (c)syringe
for withdrawal of upper phase.

ul sample extract. The technique can be used for solvents heavier than water. such
as chloroform, by saturating the aqueous phase with potassium carbonate.

Phase separation papers have been suggested. but appear 1o have been little used
in drug analysis. although they can be very convenient. The mixture is simply poured
through the paper in a traditional filter funnel. the aqueous phase being barred from
filtration by the hydrophobic paper. The paper will eventually become wetted and
therefore should not be left in position too long. Such papers may be more suitable
for removing the last traces of an aqueous layer, although it should be noted that
ordinary cellulose paper may form the same function. However, falsely negative
urine drug assay results have been shown to be due 1o filtration by the loss of drugs
by adsorption to the filters (polyvinylidene fluoride). polysulfone. cellulose acetate
and nylon filters. and centrifugation is recommended instead.'#%

The discussion so far has assumed that the layers have already separated into two
clean layers. Natural gravity and the immiscibility of the solvents will. it is hoped,
ensure that this happens, some systems settling more quickly than others. Some
workers accelerate the natural processes by centrifugation as a routine step. Even if
there is an apparent rapid separation of phases on standing, it is still often worthwhile
to introduce this centrifugation step, as microdroplets of organic phase may still
remain in the aqueous phase. being seen as a slight opalescence.

The most common difficulty in the separation of phases is the formation of
persistent emulsions. Emulsions are caused when small globules of one phase in a
two-phase mixture are allowed to form; vigorous shaking will break the phase into
small globules and if the surface tension is low. the globules will persist. Thus,
persistent emulsions occur where vigorous extraction is performed in the presence of
proteins. soaps. or detergents. Centrifugation, as mentioned above, is often the most
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successful method of breaking emulsions. but a number of other techniques have
been proposed. including successive freezing and thawing, filtration. touching with
a glass rod. saturating the aqueous layer with salt. and the addition of a small amount
of alcohol. Addition of alcohol to some samples that form emulsions is undesirable
if reproducibility of extraction is to be maintained. Most workers would agree that,
rather than introduce stages to break up emulsions, it is better to design methods
where the emulsions are prevented from occurring. Thus it is now well recognized
that gently stirring. shaking. tumbling. or rolling of samples is better than vigorous
extraction procedures; in my experience, extraction tubes gently tumbled at 20
rotations per minute does not cause intractable emulsions when buffered plasma
samples are extracted with mosl organic solvents.

12.6 DRYING THE ORGANIC PHASE

Once separated from the organic phase. it may be necessary to ensure that the
organic phase is free of water. The presence of water in this phase can be critical, but
has received little attention. If the solvent is to be evaporated 1o dryness. the last
droplets of water will entail more forcing conditions than necessary for the solvent
alone: at the end of the drying step the drug will be out of solution and. if supplemen-
lary heal is being used. decomposition will be likely. Some workers will add a few
drops of ethanol to help in this final evaporation of the last traces of water. but this
may provide perfect conditions for the formation of ketals as described above.

The final residue may also contain mineral acids or alkalis and these can have even
more disastrous consequences for the drug. Direct injection of organic phases into
HPLC columns may produce anomolous results due to transient changes in mobile
phase composition if the organic phase contains unknown amounts of water. In gas
chromatography. the injection of salts or water-soluble proteins in the organic phase
may lead 1o undesirable deposits at the top of the column, or the water itself may
contribute to the stripping of the stationary phase.

It is sometimes desirable to carry out chemical derivatization in the organic
extracl. for example the use of acylation of amines or alcohols prior to gas chroma-
tography. The different rates of acylation in different solvents for the heptafluoro-
butyrylation of the sterically hindered amine terodiline is probably partially due to
different water contents of the organic solvent.'*®

Traces of walter can be removed from organic phase by the adding a pinch of
anhydrous sodium sulfate. Even visible amounts of water can be mopped up by this
reagent and the dried solvent can be readily poured off, the hydrated salt sticking in
clumps to the sides of the vessel. Alternatively the organic extract can be simply
filtered through anhydrous sodium; if there are only trace amounts of water. simply
passing the phase through dry filter paper will be adequate with less potential of
losing drug by adsorption to the solid salt. For example, calcium chloride added to
the extract was shown 1o cause loss of oxprenolol in an assay for this compound.'*®
Immediate storage of dried-down samples in a desiccator is recommended 10 remove
last traces of waler or lo preserve the anhydrous condition of samples. Reid"”
suggests thal silica gel. rather than phosphorous pentoxide, should be used as a
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desiccant: the latter reagent will overdry the atmosphere and cause volatilization of
drug from the sample. A similar effect may also be noted in freeze-drying proce-
dures: during the process of freeze-drying the sample will remain cold. but if the
process is allowed 1o continue after the water has been removed. the temperature of
the sample will rise 10 ambient and loss of sample may occur.'*%3

12.7 EVAPORATING TO DRYNESS

In searching for methods of measuring drugs at the limit of sensitivity. it is often
necessary lo evaporate extracts to dryness in order Lo reconstitute them into small
volumes for total transfer to chromatography columns or plates. It is the evaporation
1o dryness stage that can be the cause of loss of sample. the most common routes being
bumping of the solvent. adsorption onto glassware. and volatilization of the drug. The
resulting variations in analytical recovery will be reflected in poor calibration lines and
poor reproducibility of results as detailed for tricyclic antidepressants in particu-
lar.'“0% 411 Sonsalla et al.'""? described conditions necessary to reduce this variability by
using silanized glassware, evaporating solvents at 40°C. removing drug residues
promptly and using two internal standards for losses that occur prior 1o chromatogra-
phy. The use of internal standards is a well-respected technique lor accounting for small
variations in recovery ol drug through an extraction procedure. but 1o rely on internal
standards to correct for wide variations would not be good analytical practice. Wide
variations must be investigated and appropriate action taken to improve recoveries.

On the small scale usually required for drug extractions. it is unlikely that rotary
evaporators will be utilized. Almost all laboratories will evaporate solvent from a
warmed test tube or centrifuge tube in a stream of dry nitrogen. For warming the
tubes. a water bath. roughly thermostatted. may be used. although a heated aluminum
block with appropriately drilled holes for reception of test tubes is very convenient.
The now less commonly used hot sand bath does have the great merit that tubes can
be placed to any depth depending on the degree of heating required. and supporting
apparatus is not required. Evaporation with any of these healing arrangements is
usually with the aid of disposable Pasteur pipets or stainless steel needles connected
to a gas cylinder via a manifold for batches of tubes: the analyst must beware of
contamination from one batch 10 the next if the nitrogen jets (pipets or needles) are
not replaced or thoroughly cleaned between batches.

Loss of sample or part of sample by sudden bumping of the solvent is something
most analysts will be reluctant to admit to. although the occasional annotation ““lost
sample™ is ofien due 1o this cause. Low heat and a genlle stream of nitrogen may not
be sufficient to stop bumping of solvent. particularly if the extract is free of particu-
late marter — and hopefully it should be at this stage! It may be useful to add a single
antibumping stone to each tube. accepting some risk of adsorption ol analyte onto the
stone. The gentle stream of nitrogen will help maintain the reflux effect of condens-
ing solvent on the upper. cooled part of the tubes washing analyte down the sides and
concentrating the residue in the bottom of the tubes. This is in contrast o the
enthusiastic blasting off of solvent with high flow rates and consequent spreading of
the residue over a larger area.
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Careful handling of apparatus. however. will not solve the problem of loss of small
amounts of drug in analytical procedures. This is the phenomenon of adsorption (and
hence loss) onto surfaces. particularly glass surfaces. This problem can arise when the
drug is in dilute solution in a nonpolar solvent but is even more serious at the
evaporation 10 dryness stage. The simplest way to overcome this adsorption is 1o
include a polar solvent in the procedure. either as an additive 1o the extracting solvent
or immediately prior to evaporation. The most common reagents for this purpose are
amy| alcohols or ethanol. Reid"!* suggests adding 2% ethanol. James and Wilson'!
describe the addition of 0.1 ml of 5% propylene glycol in the evaporation of extracts
containing aldosterone. In this case the propylene glycol remains in the tube after
extracting solvent (dichloromethane-methanol) has been evaporated and holds the
aldosterone in solution. preventing adsorption onto the glassware.

Adsorption losses can be prevented by pretreatment of extraction tubes with
ethanol or by coating them with a thin layer of Teflon or by silanization. Reid'*?
requests that authors distinguish between silanization and siliconization. the former
being formation of chemically bonded silyl groups. the latter being physical adsorp-
tion of silicone compounds onto active sites and hence reducing adsorption of drugs.
A typical siliconization is carried out merely by rinsing the glassware in a (%
solution of trimethylchlorosilane in toluene, followed by drying at 100°C for 30 min.
Silanization on the other hand uses an active reagent with an appropriate catalyst.
Thus in a typical silanization, the glassware is treated with an aqueous solution of 1%
siliclad and two drops of concentrate ammonium hydroxide for 3 min. followed by
copious washing with water.!!* Silanization provides greater resistance 1o hydrolysis
than mere siliconization.'*®

Not all authors agree that silanization is the best treatment for glassware. For
example. Schill'"'” has noted a greater loss of dimethylprotriptyline when silanized
tubes are used compared with acid-washed glassware. Reid also suggests that chro-
mic acid washing of unscratched glassware may be quite adequate for the analysis
of chlorpromazine metabolites.'**

If coating of the glassware. in any form. is considered undesirable. then adsorbed
drug can always be washed off with hot methanol as described in an assay for
surfactants in blood."'® [n a TLC assay for muzolimine. the extract was spotted
directly onto the TLC plate rather than risk adsorption onto glassware in the usual
drying down steps.'*!® Adsorption of some drugs can be minimized by adding large
amounts of other drugs as carriers: for example, amitriptyline and its metabolites
were successfully analyzed by adding maprotiline as a carrier 1o minimize adsorption
onto glassware. 41

Natural volatility of small molecules with low boiling points, such as ethambutol.'
valproic acid.'*?" and salicylic acid,'“?? can be a cause of loss in the evaporation slage
due 10 volatilization. The problem was solved in the case of salicylic acid by using
extra-long tubes (15 cm long in fact) when loss of compound was reduced to less than
2%, even when the samples were left for as long as 30 min after they were dry."**
The volatilization of ethambutol was prevented by adding a few drops of | M HCl
prior 10 evaporation of the chloroform extracts: the compound in the form of the
hydrochloride salt is nonvolatile.'**® The corresponding situation with valproic acid

420
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was tackled by the conversion of this acid to the potassium salt prior to the evapo-
ration of the solvent.'*?! The conversion of organic bases or acids 1o the nonvolatile
salts is a general method to avoid loss of volatile compounds — acetic acid being a
useful milder reagent for organic bases. and piperidine being suitable for organic
acids.'> On the other hand. derivatization of involatile drugs 10 more volatile
derivatives is often performed to make them more amenable to gas chromatography
or mass spectrometry; in purifying these derivatives, this very volatility can cause
loss of analyte.'*?

128 SAMPLE PREPARATION

Some of the procedures mentioned above are applicable on the normal laboratory
analytical scale. One of the features of ultramicro analysis is the need 1o keep the
addition of any chemicals or solvents 10 a minimum and many workers have endeav-
ored 10 devise microsystems of analysis. These procedures also have the intrinsic
merit of being relatively rapid. For example Bonato and Lanchote devised a proce-
dure for differential extraction of drugs and metabolites from apolar compounds
(thought 10 be detrimenial 1o reverse-phase columns) using partitioning between
hexane and the mobile phase before analysis and claimed longer column life as a
result.'*>* Salting out solvent extraction for preconcentration of benzalkonium chlo-
ride prior to high-performance liquid chromatography has also been claimed to
increase concentration tenfold.'*** Van der Vlis et al. also claimed on-line trace
enrichment of doxorubicin on iron(I1l)-loaded 8-hydroxyquinoline-bonded silica.'??

129 EXTRACTION CARTRIDGES

Many of the problems associated with solvent extraction and subsequent removal
of large amounts of organic solvent can be minimized by using solid phase extraction
techniques. One of the earliest versions of such a technique was simply to fill a
Pasteur pipet with silica gel over a glass-wool plug and add the sample to the top of
this mini-column. Unwanted components were eluted with a solvent of low polarity
and the material of interest was eluted with a small amount of the mos| appropriate
solvent. Homemade versions of this apparatus would suffer from irreproducibility.
mainly derived from the amount and activity of the silica gel; additionally. for
variable samples such as urine, the sample itsell could affect the properties of the
column. With the rise of HPLC and the production of stationary phases with tailor-
made properties, these phases were also utilized as the material for these extraction
columns (Table 12.1). It was only a short step then 1o the design of complete systems
of ready-made columns and solvent and buffer sequences to optimize the purification
and quantitative extraction of analytes. Some columns have been developed for
specific applications, such as the phenylboronic acid phases for catecholamine
separations. However, apparently similar columns from different manufacturers may
well have different properties toward a particular analyte.'?8

The use of such commercial cartridges can be extremely time-saving compared
with traditional liquid-liquid extraction, but the sample matrix may have unlooked
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Examples of the Use of Pre-Extraction Cartridges in the

The Analysis of Drugs in Biological Fluids. 2nd Edition

TABLE 12.1

Analysis of Drugs in Biological Fluids

Method of
Drug Sample Cartridge Analysis References
Amiloride Plasma Bond Elut C, HPLC 1433
Amiodarone Serum C» column HPLC 1434
Antipyrine Urine C.. HPLC 1435
Cefaclor Serum Bond Elut C Capillary HPLC 819
Chlorzoxazone Plasma C. HPLC 1436
Cocaine Brain X-TrackT HPLC 1437
Codeine Plasma Bond Elut Certify DB-5 GC 1438
Dextromethorphan Urine Bond Elut Pheny! HPLC 1439
Diazepam Plasma Bond Elut C HPLC 1440
Dosxorubicin Serum Bond Elu C, HPLC 1441
Epirubicin Serum Bond Elut C, HPLC 1441
Ethacrynic acid Urine Extra-Sep C,, HPLC 1442
Flecainide Serum Varian C,, membrane HPLC 1443
Fluconazole Serum Bond Elut C,, HPLC 1444
Fluticasone Plasma C. RIA 1445
Hydrocodone Plasma Bond Elut Certify DB-5 GC 1438
Hydromorphone Plasma Bond Elut Certify DB-5 GC 1438
Indomethacin Plasma Bond Elut Phenyl HPLC 1446
Isosorbide dinstrate Plasma Bakerbond C- 18 OV 17/QF-1 GC 1447
Meprobamate Serum. plasma  Extra-Sep C, 3% OV-17 GC 1448
Methadone Plasma C,. Sep Pah HPLC 1449
Mexiletine Serum Varian C,, membrane HPLC 1443
Morphine Plasma Bond Elur Cerufy DB-5 GC 1438
Morphine Plasma Bond Elut C,, HPLC 1450
Oxazepam Urine Bond Elut C, HPLC 767
Oxcarbazepine Plasma Bond Elut C,, HPLC 1451
Oxiracetam Plasma Phenyboronic acid HPLC 1452
Oxycodone Plasma Bond Elut Certify DB-5 GC 1438
Oxyphenbutazone Plasma Bond Elut Phenyl HPLC 1446
Pentoxifylline Plasma SPE HPLC 1453
Pentoxifylline Serum Separcol SI C HPI GC 1454
Phenylbutazone Plasma Bond Elui Phenyl HPLC 1446
Probenicid Urine Bond Elut C, HPLC 1455
Propranolol Plasma Bond Elut PBA — 1456
Suxibuzone Plasma Bond Elut Phenyl HPLC 1446

for effects on their performance. Urine would usually be expected to be the simplest
fluid for this type of extraction. but because of the larger amounts of sample usually
necessary. the extraction profile may be poorer, with poorer recoveries. Whelpton
and Hurst.”** in a discussion of their experience with Bond Elut columns, claim that
whole blood can be analyzed successfully if the cells are disrupted first. Neverthe-
less. other authors suggest that serum samples are better than plasma samples. as the
fibrin particle remaining in the plasma may block the cartridges. altering flow rates
and reproducibility.'¢*
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Because of the greater variety of phases that can be used for solid phase extraction.
and the variety of solvents. buffers and other solutions that can be used in the elution
sequences. the technique of solid-phase extraction is considerably more versatile
than traditional methods. but the corollary of this is that the analyst must be well
informed on the mechanism of all the interactions and secondary interactions if he
is to maintain proper control of the separations. However, because of the ready
analysis of drugs by HPLC. it is possible to use HPLC retention data (o predict the
behavior of drugs on extraction cartridges which use the same stationary phase, as
described by Casas et al."**-'**? for benzodiazepines. Those authors suggested that in
general. C, phases are besl for benzodiazepines in extracting fewer extraneous peaks
from urine and plasma than Cq or C¢."*"

The logical development to the use of chromatographic-type columns as concentrat-
ing devices was Lo include such columns in the chromatographic system and o
incorporate the complele elution sequence into an automated system using appropriate
column swilching techniques. Examples of such commercially available systems are
the Advanced Automation Sample Preparation (AASP) from Waters Associates. used
for example in a method for the determination of mitoxantrone in serum of cancer
patients.'” and the Automatic Sample Preparation with Extraction Columns (ASPEC)
from Gilson, used for example, 10 analyze carbamazepine in plasma.'**® Chen et al.'**
have carried out a thorough evaluation of the ASPEC system for drug screening of
plasma or urine in combination with Clean Screen DAU columns followed by gas
chromatographic analysis. The use of mini-columns combined with detailed study of
elution schemes has been reporied with successful schemes developed for a number of
drugs and their metabolites in serum, plasma. saliva. and urine."'*®"

Although not strictly an extraction cartridge. dialysis units have been used for
sample pretreatment and included in-line with liquid chromatography systems. For
example. Van de Merbel et al. described such a system for the analysis of benzodi-
azepines in plasma. In this method 100 pi plasma was dialyzed for 7.6 min against
a chosen acceptor at a {low rate of 3 ml min-'. then concentrated in a more conven-
tional precolumn before analysis by HPLC. Andresen et al.'**" also used a predialysis
step for the HPLC analysis of pholcodine in human plasma and in whole blood.

12.10 SOURCES OF CONTAMINANTS

[n the context of this discussion. a contaminant is an undesirable substance
introduced into the sample in the course of processing il. as opposed to the so-called
endogenous contaminants which more properly are part of the analytical problem. As
true contaminants are introduced by the analytical process. it will be more fruitful to
find their source and take the appropriate steps to eliminate them rather than to
incorporate special sleps into the analytical method. However. a contaminant in one
procedure will not necessarily be a contaminant in another. Thus solvents supplied
as spectroscopically pure may well contain nonabsorbing species that will affect
chromatographic properties. A particular contaminant eluting from [ilter paper, tri-
iso-butyl phosphate."*? is more serious in subsequent gas chromatographic proce-
dures when a thermionic detector is used than when using other types of detectors.



254 The Analysis of Drugs in Biological Fluids. 2nd Edition

The introduction of contaminants can occur al the very beginning with the specimen
collection tubes. For blood samples there will invariably be some type of coagulant. In
an analysis of frusemide in plasma by HPLC. the type of anticoagulant used was critical
for subsequent analysis. It was found that heparin used as an anticoagulant caused
interfering peaks in the chromatogram. which were not observed when EDTA was
used. When sodium oxalate was used. interfering peaks were observed with an ultra-
violet detector bul not with a fluorescence detector. It is apparent that. at least in the
case of oxalate. the peaks are not derived directly from the anticoagulant but arise as
an indirect consequence. for example. by aiding the extraction ol organic matter from
containers. stoppers. and tubing used in the extraction apparatus.

Laboratory workers and their habits may be a source of contamination. either by
contact with fingers leading to excess amounts of natural products in the sample oreven
by fibers from paper tissues: fibers from lab coats with optical brighteners may have
deleterious effects on fluorescence assays.'“? Other contaminations from the labora-
lory will include barrier creams, bench polishes. perfumes and cosmetics. greases,
plastics, rubber bungs and tubing. oil from air lines, filter papers, and glass wool.'%%*
The occurrence of organic material leached out of plastic ware is not surprising; more
surprising. however, is the apparent leaching out of organics from plastic tubing used
lo carry nitrogen, yet this has been reported by several groups. One such contaminant
was identified as tributyl aconitate'®> which potentially will interfere in both gas
chromatographic and HPLC assays. Hooper and Smith!*® found interferences due to
bis-(2-ethylhexyl)phthalate as a spurious peak in their gas chromatographic assay for
oxprenolol, but were able to eliminate it by using PTFE tubing instead of PVC in the
nitrogen line. On the other hand. Feyerabend and Russell™®” found an unidentified
contaminant due to rubber tubing and eliminated it by switching to PVC.

It may be expected in these days of throwaway laboratory ware that contamina-
tions of samples during processing would be less of a problem. Not so. unfortunately.
as the factory-fresh equipment is often the biggest source of contaminants and will
ofien need prewashing even before its first use. Even labor-saving devices such as
cartridges for extracting biological samples will often contain elutable phthalates.
fatry acids. alcohols. and resins.'*%8

The point regarding most of these contaminants is that they are preventable if the
source is known. Mass spectroscopy is a very useful tool for tracking down contami-
nants of manmade origin. [n several laboratories'*” the mass spectrum of isolated
material is checked with standard spectra in relevant collections: the identified
compound can then be looked up in reference books such as the Merck Index. or the
manufacturer can be contacted 10 obtain lists of products likely to contain the
material. This is a more satisfactory procedure than the tedious chore of attempting
to find the source by extracting everything in the laboratory.

Phthalate esters and other plasticisers seem to be everywhere. and their complete
elimination from the laboratory environment may not be possible because they are
still used so extensively. One such source that has been studied and well documented
is the stopper of Vacutainer tubes, manufactured by Becton-Dickinson. Much of the
documentation in the literature refers 1o the “Vacutainer effect™ and it is as well to
clarify the use of this term. The problem was not due merely to leaching out of
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organic malterial from stoppers. such as has been described for the analysis of
A%tetrahydrocannabinol'*®® or frusemide:'“”® the phenomenon was more subtle and
more interesting than that. hence the bestowal of the special name. The term Vacutainer
effect should be reserved for the phenomenon observed by Cotham and Shand™”! for
propranolol. In their report it was shown that spuriously low levels of propranolol
were measured in plasma when the blood had been in contact with Vacutainer
stoppers. The explanation was that the plasticiser, tris(2-butoxyethyl)phosphate.'47!-1472
leached from the stoppers. causing displacement of drugs from plasma protein.
particularly o-1-glycoprotein, and consequent redistribution into erythrocytes: the
overall effect was to lower the 1otal fraction in the separated plasma or serum. The
effect was noted for propranolol,”” alprenolol.'** quinidine.’*™ lidocaine,'""’
meperidine.'*’ chlorpromazine,'*”” other phenothiazines'*” and tricyclic antidepres-
sants.'*7*1%80 The effect was mainly noted with Vacutainers as marketed by Becton-
Dickinson: however, once these tubes had been implicated. the manufacturers made
strenuous efforts to recall tubes containing the offending plasticiser. The subsequent
types of Vacutainer were free of this problem.'*8' Hopefully the problem is now of
only historic interest, but it is still an effect which should be checked if blood comes
into contact with stoppers or similar material prior to separation of plasma.'*%

The presence of phthalates may also contribute to altered extraction behavior of
drugs. Westerlund and Nilsson'*83 showed that mono-2-ethylhexylphthalate. a deg-
radation product of the plasticiser di-(2-ethylhexyl)-phthalate can form ion-pair
adducts with norzimelidine. This phenomenon may explain the often puzzling greater
efficiency of extraction of drugs from plasma when the plasma has been in contact
with plastic containers,'*#

12.11 FORMATION OF ARTIFACTS

A problem the analyst often has to deal with is the formation of artifacts of drugs
which subsequently result in false measurements in biological Muids. This artifactual
formation may result in decreased levels of drug, increased levels of drug. or
misidentification of metabolites.

The problem of artifactual formation can be greatest in forensic toxicology or in
screening methods, where it is necessary 1o use fairly forcing conditions to take in
a wide spectrum of possible compounds. Thus, the conditions routinely used in
analytical toxicology have been shown to convert clofibric acid to the amide.'*3> The
effects ol phosgene in chloroform or dichloromethane used for extraction have
already been mentioned as a cause of artifactual formation of carbamates of tricyclic
antidepressants.'*’

Increased levels of drug are most ofien caused by reversion of metabolites to
parent compound during the analytical process. This phenomenon is most common
for labile conjugates such as N-conjugated glucuronides.'** The phenomenon of
glucuronide stability has been studied in some detail for the anti-inflammatory drug
isoxepac.'™

The main metabolite of isoxepac in urine is the 1-O-acyl glucuronide with only
small amounts of free isoxepac. On standing. there is some hydrolysis to free
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isoxepac as well as conversion of the original conjugate to other conjugates. Thus.
the value of an assay of free isoxepac is doubtful due to the unknown degree of
artifactual conversion. If the conjugates are converted 1o the parent compound in an
atiempt to determine “total”™ isoxepac. further complications arise because the rear-
ranged conjugates have been found to resisit the usual enzymes used for cleaving
conjugates and again false and variable levels of 1otal isoxepac in urine would be
found. It is recommended that analysis for total isoxepac. and for similar carboxylic
acid nonsteroidal anti-inflammatories. should be performed following mild alkaline
hydrolysis. which has been found to hydrolyze all conjugales Lo the parent com-
pound.”® Similar phenomena have been noted for other ester glucuronides such as
ketoprofen. naproxen. and probenicid.'*®” The pH-dependent transformation ob-
served for isoxepac may be similar to the pH-dependent transacylation of the 1-O-
acyl glucuronide of bilirubin to give 2-. 3-. and 4-O-acyl isomers."** In the case ol
probenicid. -, 2-. 3-. and 4-O-acylglucuronides have been isolated.'** Both
transacylation and formation of o- and B-furanoside and o-pyranoside forms of the
ester glucuronide of clofibric acid'*'“°! have been proposed (Figure 12.6).

Samples containing N-oxides and S-oxides of chlorpromazine have been shown
1o have increased levels of parent compounds on storage. displaying an unusual
reduction reaction.'™ N-oxides in general are easily converted to the parent com-
pounds on gas chromatography and often subsequent GC-MS lends unwarranted
weight Lo the interpretation. since the oxygen function is easily lost in injection ports
of GC and MS equipment.'"”* Promethazine sulfoxide shows similar behavior on gas
chromatography. '

Metabolites are often misidentified. especially when vigorous conditions are used
to isolate them in the analytical procedure. For this reason. carefully controlled
collection procedures are of great importance in deflinitive experiments designed 10
elucidate the metabolic pathways of foreign compounds. An example is furosemide
where the assumed major metabolite. 4-chlorosulfamoyl anthranilic acid. is now
accepted to be an artifact formed during the isolation.

A particular type of artifact formation is in the racemization. or inversion of
optically active compounds. Some drugs are considered 1o racemize so easily that it is
accepted that nonchiral methods are adequale to measure their levels in biological
fluids. However. where the racemate is dosed and it is desired to follow the true
concentration of the separate enantiomers. then it is essential to ensure no artifactual
racemization occurs. either in the extraction procedure or in the derivatization. Wright
and Jamali'® studied the potential of derivatization with ethylchlorformate for stere-
ochemical conversion during the process of preparing diastereoisomers of several anti-
inflammatory drugs with R-(+)-_-phenylethylamine or L-leucinamide. Although they
concluded that conversion could occur, the degree of conversion was small enough in
the assay conditions not to contribute a significant error o the results.

One of the most common (orcing techniques in drug analysis is in the volatiliza-
tion that is necessary for gas chromatography. This was a particular problem during
the early days of development of the technique. where the injection port ofien acted
as a very active catalytic surface. Even recently, a false positive for methamphtamine.
using a very specific GC-MS method was reported to be due to conversion of
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ephedrine or pseudoephedrine present in the sample.'*® The problem can be over-
come using prior periodate oxidation to destroy ephedrine or pseudoephedrine.

12.12 QUANTITATION

The formal aspects of evaluation of analytical methods have been discussed in
Chapter 10. and for quantitation the use of calibration lines derived from processing
blank samples with added analyte is common. However. not all laboratories follow
the same procedure for constructing and using calibration curves for their assays. It
would appear that once a straight line relationship has been established for a given
response to the presence of drug, then the quantitation should follow by reference 1o
the response from a known amount of analyte. However. at the levels of uncertainty
that accompany sophisticated trace analyses. it has been customary to construct a
calibration line over a concentration range. The problem arises when such a calibra-
tion line is recognized as a straight line but the points are scatiered about the line.
Many laboratories will draw the regression line of the points plotted (and the use of
computer packages makes this easy to do) and then assume the straight line relation-
ship for further calculations. The first rule of the use of any calibration line. however,
is that the line must not be used for any concentrations outside the range used for
constructing the calibration line. Dell"* has discussed the problems of trying to use
regression lines for quantitation over the wide range of concentrations expected in
pharmacokinetic studies and the use of weighting to improve the quantitation. Dell
suggested that weighting procedures will always lead to improved quantification for
the critical low concentrations. Burrows'*” has described a computer program which
simulates variations in sample and calibration concentrations 1o illustrate the conse-
quences of various calibration routines and to assist in the selection and optimization
of appropriate calibration procedures.

12.13 AUTOMATION

12.13.1 INTRODUCTION

For drug analysis. the preparation step. though no more inherently complex than
that used for an individual clinical chemistry parameter, nevertheless needs to be
considered separately for each new compound. The analytical step requires more
sophisticated equipment such as gas chromatography or HPLC. and the measured
value often covers a one hundred- or even a one million-fold dynamic range.
necessitating complex calculating and reporting systems. Thus. these considerations
have led to the development of automated devices for the preparation of samples. for
automatic injection into suitable chromatographic sysiems, and for computing and
reporting integrators. There has also been a burgeoning in total data processing and
reporting known as laboratory information management systems (LIMS). The main
development has been along the lines of the robot chemist. Some of the following
discussion will review the more successful robot chemists as well as the more
imaginative development using automated devices that do not reproduce human
manipulations and also indicale ways in which the computers are used. not as rapid
adding machines, but as unique components of the analytical instruments.
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12.13.2 COMPUTERS AND THE ANALYSIS OF DRUGS

In the last decade. computers have had a considerable impact on the analysis of
drugs in biological fluids. Some of this impact was predictable once the computer
revolution was underway. but some aspects of computing have had their impact in
enabling the analyst 1o do procedures that would not be possible without immense
computing power, in particular the newer aspects of nuclear magnetic resonance and
the broader field of chemometrics.

In the discussions on the various techniques available for the determination of
drugs in biological f{luids, the emphasis has been almost entirely on the inherent
capabilities of the method: litile attention has been given to the requirements of the
analytical method in practice. In practice. one of the essential features of any
analytical method is the throughput of samples. In analytical chemistry there is a long
history of attempts to automate methods. Such attempts have generally been so
successful that the calibration and documentation of the results has often outstripped
the capacity of a single analyst 10 cope. An essential development is in automatic
printers. and. in the past decade. sophisticated computer programs to keep up with the
flow of results and achieve the scientists dream — the conversion of data into
information and information into knowledge.

With a few honorable exceptions. the tendency in efforts 1o automate analytical
methods has been to construct a robot chemist: that is. the inventor puts together all
the actions of the traditional chemist to replicate the actions of pipetting. diluting.
shaking. and pouring. and applying these mechanised devices 1o carrying out analy-
ses by the traditional methods. The first edition of this book suggested that it would
be brave 1o make predictions in the fast-developing fields of analysis and only
louched on the appearance of robots in the analytical chemistry laboratory. The
robots envisaged were similar to those used in heavy manufacturing industries. such
as automobile construction, scaled down for the more delicate manipulations of test
tubes and chromatography syringes. The most successful type of robot has been
developed by Zymark.'**® This system consists of a robot arm placed in a central
position with access to a number of stations and its movements controlled by a
programmable computer. The entire procedure is designed to mimic the movements
of a human operator. with the ability to change the type of tool required from a hand-
parking station. The stations in the system can incjude sets of syringes of different
capacities for precise delivery of solvents or reagents. balances, centrifuges. and test
tube racks. A complete robotic system requires complete access and custom-de-
signed laboratories ought 1o be considering circular islands rather than conventional
rectangular benches against walls.

12.13.3 AUTOANALYZER

The imaginative analyst should not be constrained to devizing systems that merely
mimic the human capabilities. An example of this more imaginative approach is in the
development of the AutoAnalyzer™ (the trademark of the Technicon Corporation) by
Skeggs.""" In this procedure. the samples are set up in a train of tiny reaction vessels,
separated by air bubbles. The samples then flow through various mixing. separating,
and reaction devices in sequence, each device being designed to process the flowing
segments presented 10 it in rapid succession rather than the separate vessels that would
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FIGURE 12.7 Column assembly for the automated chromatography of biological fluids. (From Barlow.
G.B..inTrace Organic Sample Handling. Reid. E.. Ed.. Ellis Horwood. Chichester. 1981, 227. Copyright
(1981) Ellis Horwood Limited. With permission.)

be handled by the robot chemist. The Skeggs system was designed and developed for
the clinical chemistry laboratory. and early applications concentrated on the chemistry
of the system. generally because most such analyses measured parameters within
reasonably narrow limits and the end step was relatively straightforward and constant
(UV absorption. flame photometry). The final result was usually read out as a single
figure which could be readily interpreted by the physician.

12.13.4 INDIVIDUAL UNITS FOR AUTOMATION
12.13.4.1 Column Chromatography Preparation Units

A system ol ion-exchange columns has been reported for the automatic prepara-
tion of samples prior to estimation by appropriate end points or as part of a Technicon
AutoAnalyzer System.'** The essence of the design of this equipment is shown in
Figure 12.7. In the six-column version shown here. the column assembly is sand-
wiched between the feed assembly and waste/collector assembly. the interface con-
sisting of flat discs able to move in close contact. Each column is subjected to various
steps in the usual chromatographic procedure. that is. prewash, load with sample,
elution with the selected sequence of solvents. and regeneration. The device was
successfully used to separate a number of endogenous compounds from urine,
including creatinine. xanthurenic acid, kynurenic acid. amino acids. and polyamines.
Preparation rates of up to 60 samples per hour were reported and potentially such a
system can be used for any small column chromatographic work where the column
packing can be regenerated.

Pacha and Eckert'*™ also described the use of absorption columns placed in
automatically controlled sequences of solvent elutions and were able to include
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automatic chemistry for making fluorescent derivatives and subsequent assay by
fluorimetry. as in their assay for thioridazine in pig plasma by reaction with KMnO,
to enhance its fluorescence. For the analysis of other drugs. purification was achieved
by adsorption onto charcoal or XAD-2 resins. prior to analysis.

12.13.4.2 Solvent Extraction

Solvent extraction devices were included in the Technicon AutoAnalyzer sytem,
and can be used 1o prepare samples for drug analysis. In a typical unit. the liquid sample
and the organic extractant are delivered together by a peristaltic pump into a mixing
coil. often packed with glass ballotini: in a subsequent step the layers are allowed 10
stratify and either layer can be resampled for further manipulation. Although the
sample-to-extractant ratio can be varied within the limits normally applying to such
operations. the maximum concentration factor consistent with good operation is nor-
mally about 3:1.*%" Alternative methods of automatic solvent separators have been
developed for AutoAnalyzer systems and for flow injection techniques.

12.13.4.3 Evaporation Units

Another device was developed by Technicon for its Fast-LC system: this was
referred 1o as Evaporation to Dryness Module (EDM). Samples extracted into a
volatile solvent are placed on a moving. chemically inert belt which is passed through
a vacuum or is subjected to a current of air. The solvent hence evaporates and the
sample can be redissolved in a different solvent.

12.13.4.4 TLC Spotters

Analysis of drugs by thin-layer chromatography is potentially the (echnique which
could allow the best simultaneous analyses. However. the spotting of the samples
onlo the plate is the most difficult to reproduce manually because of the skill required
1o apply small spots without disturbing the fragile layer. In the usual manual tech-
nique. a small portion of the sample is taken up into a line capillary or a Pasteur pipet
and then the tip of the capillary is touched onto the thin-layer surface. The sample
is transferred to the absorbent by capillary action and if the sample is warmed at the
same time. then the solvent will evaporate rapidly before the sample spreads. The
procedure is repeated unti! all or most of the sample has been applied. This stop-go
sequence allows the sample to be applied as a compact spot. The procedure then has
1o be repeated for all samples in the batch as well as for calibration standards or
quality controls, and it can be seen that this would be extremely tedious. especially
if large volumes of extract are required for analysis. An automatic TLC applicator has
been designed which almost exactly mimics the manual procedure. but has the merit
of doing so reproducibly.'s? In the original version of the instrument.>®* the sample
was picked up by stainless steel loops in precise volumes of | ul which then were
rotated through an arc 1o the thin-layer plate to make gentle contact. The movement
back to the pick-up position could be interrupted for sufficient time to allow the
solvent to evaporate from the plate. In the later version the stainless steel loops were
replaced by glass capillaries.
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FIGURE 12.8 An automatic sampling device for gas chromatograpby. Sample is applied in solution to
stainless-steel gauze cylinders and the solvent evaporated. Electromagnets keep the individual gauze
cylinders in position until released by switching of the individual elecrotromagnets.

12.13.4.5 Application of Samples to HPLC or Gas Chromatography

The popularity of both HPLC and gas chromatography and their resultant com-
mercial development have ensured that many systems have been developed for
automatic injection of samples into the chromatograph. One of the earliest automated
devices for gas chromatography is shown in Figure 12.8. Samples in solution were
applied to stainless steel meshes in shallow Teflon wells and the solvent evaporated.
The Teflon repelled the solvent and ensured that the last traces were evaporated from
the mesh. The wire meshes were then placed in a glass tube and held in place by
electromagnets and the tube was mounted over the head of the chromatographic
column. The power to the individual electromagnets was switched off at preset times
allowing the meshes to fall onto the top of the column. This device allowed analysis
of samples without any solvent interference.

Most of the other early automated devices for chromatography exactly followed
the manual procedures; a glass syringe with a stainless steel needle is thoroughly
washed by repeated filling and emptying with the solvent, then the sample is taken
up in a measured volume and injected through a septum as close as possible to the
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FIGURE 12,9 Loop-injector with 6-port valve. (A) run: (B) load: (C) inject and run.

head of the column. The sequence is then repeated for the next sample after a suitable
interval.

An alternative injection system utilizes the loop injector as typified in an HPLC
system in Figure 12.9. In this system. in the normal mode. the mobile phase flows
through the sampling needle and onto the column. In the load position, the 6-port
valve directs the main flow directly onto the column and the injection needle is
isolated so that it can perform the loading operation by drawing up a measured
sample. In the injection position. the sample is pushed back through the needle and
onlo the column: during the analytical step. the needle is automatically cleaned for
the next injection. The measuring syringe is never in contact with the sample.

Switching valves such as those shown here have been heavily utilized in HPLC
for making the maximum use of guard columns or for incorporating solid-phase
extraction columns into automated systems. An example is shown in Figure 12.10.
The sample, preferably unprocessed plasma or urine. is injected into the extraction
cartridge with the solvent flowing through the cartridge to waste. During this phase.
the bulk of the endogenous material is eluted from the column while the analytical
column is subjected only to pure mobile phase supplied directly from the solvent
reservoir. After a preset time the analyte is eluted from the cartridge in the reverse
direction onto the analytical column and chromatography proceeds in the normal
way. On completion of the analytical phase, the switching valve is reset to the
injection mode and the next sample is injected. In this sequence of switching,
material that is strongly retained on the column is not eluted onto the analytical
column because of the reverse (low technique. although such material will accumu-
late on the extraction cartridge and may affect subsequent performance.
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FIGURE 12.10 Switching valve assembly for including an extraction cartridge in an automated HPLC
system. (A) Sample load and pre-column wash: (B) sample inject onto precolumn only: (C) elute from
precolumn and analysis: (a) injection valve: (b)precolumn for extraction: (¢) switching valve: (d) analyti-
cal column.

Switching valves may also be used after the chromatographic column. such as in
heart-cutting procedures where the most concentrated part of the sample is collected
for further processing. as described, for example by Lecaillon et al. for metoprolol
and oxiracetam.'"™ These column-switching techniques in turn have benefited con-
siderably by the use of computer control.

12.13.5 CHROMATOGRAPHIC METHODS

Many authors report fully automated chromatographic procedures for drug analy-
sis. but closer investigation may reveal that the automation is limited to injection and
data processing: sample preparation. ofien the most tedious and labor-intensive part
of the whole system. is still necessary by manual means. The use of cartridges has
been mentioned for the preparation of samples for subsequent analysis. and the
logical step of interfacing such devices with chromalographic systems has been
successfully applied. Because the sample preparation using cartridges invariable
resulls in the sample as a solution. HPLC has benefitted most by direct interface. The
various steps ol loading. washing. eluting. and regenerating stages for the cartridge
can be carried out by swilching valves under computer control. and the same
methodology can be used for diverting the appropriate effluent to the analytical
column. Methods for a large number of drugs have been developed using these
column switching methods to allow direct injection of biological fluids into the
integrated system (Table 12.2).

12.13.6 CENTRIFUGAL ANALYZERS
Most of the devices described in this section deal sequentially with samples for
analysis. Thus if there are a large number of samples. the complete analysis will take
a correspondingly longer time, and systems that could deal with many samples simul-
taneously were attractive in routine clinical chemistry or drug analysis laboratories.
[n the 1960s. Anderson introduced the concept of “fast analyzers™ where all
operations lake place in a very short time preferably processing many samples in
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TABLE 12.2
Column Switching Analyses

Drug Starting material Reference
Alprazolam Dried column extract 1505
Ceftibuten Buffered plasma 1506
Clozapine Dried column extract 1507
Buprenorphine Plasma 1298
Methotrexate Urine 1508
Cefotiam Plasma 1509
lvermectin Bovine plasma 1510
Amitriptyline Plasma. serum 1511, 1512
Nortriptyline Plasma. serum 15111512
Furosemide Plasma 1513
Carboplatin Plasma ultrafiltrate 1514
Terbutaline Deproteinized plasma 1515
Bambuterol Deproteinized plasma 1515

parallel.”'® This was made possible by the invention of methods for dispensing,
transferring. mixing, and measuring the absorbance of a large number of samples
over very short time intervals. By including standards in the parallel analyses it was
possible to make measurements before reactions had gone to completion. The objec-
tives were realized by incorporating the analytical system into a centrifuge rotor,
thereby enabling (1) accurate measurement of volume using centrifugal force 1o fill,
debubble. and level menisci accurately in small vessels: (2) quantitative transfer of
fTuids using centrifugal force: and (3) rapid measurement of absorbance of a large
number of samples by rotating them rapidly past a beam of light. Figure 12.11
illustrates one of the simpler devices for transferring a measured volume of {luid from
an unmeasured sample into a cuvette. Anderson has described a number of ingenious
devices for other analytical procedures. all of which can be carried out simulta-
neously on a large number of samples depending on the number of places on the rotor
head. In a typical analysis using the centrifugal analyzer the absorbancies of all
reception cuvettes are displayed simultaneously on a visual display unit and a
computer is used to perform appropriate calculations and report results.

Centrifugal analyzers found most favor in clinical chemistry laboratories where
the same routine analyses would be expected to be carried out for the foreseeable
future. and the fairly expensive investment could be seen to be worthwhile. As far
as drug analyses go. the technique has been used more in monitoring laboratories. for
example. for drugs of abuse rather than pharmacokinetic studies where the more
traditional methods would suffice for the relatively small number of samples to be
analyzed in separate studies.

However. there is some potential for centrifugal analyzers in radioimmunoasays or
in enzyme immunoassays where the techniques and reagents may be essentially the
same for assays of different drugs. One of the attractive advantages of adapting such
methods for immunoassays is that the analyses can be carried out on a small scale and
therefore there is an economy in the use of expensive reagents and solvents. Thus, an
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FIGURE 12.11 Diagram of the use of reorienting measuring chamber to measure and transfer a liquid.
Centrifugal force is from left to right. (A) Unmeasured sample is placed in depression with rotor at rest:
(B) during rotation the liquid flows into the measuring vessel. fills it. and excess fluid is drained off below:
(C) at rest. the tube is trned so the open end is positioned nexi to the cuvette. The tube is small enough
so that its contents are retained by the capillary and do not run out in the absence of centrifugal force: (D)
during centrifugation the contents are quantitatively transferred into a cuvetie held in a cuvette rotor.
(From Anderson. N. J.. Am. J Clin. Pathol . 778. 53. 1970. Copyright (1970) J. P. Lippincott Co. With
permission.)

adaptation of the Centrifichem analyzer for the assay of theophylline. phenobarbital.
phenytoin, carbamazepine, primidone, ethosuximide. and gentamicin used sample
volumes of 3 pl and total cuvetie volumes of 210 pl. The imprecision was less than
1.5% with drug recoveries of between 90 and 105% over the calibration range used. It
was claimed that 600 tests could be carried out with a 100-test kit as normally provided.
Table 12.3 summarizes a number of drug assays using centrifugal analyzers.

12.13.7 COMPUTER ANALYSIS OF ROTARY TLC

One of the main features of the centrifugal analyzers is that many assays are
performed in parallel. To perform many HPLC or GC analyses in parallel would
require arrays of identical columns and possibly the same number of detectors. This
approach for achieving high throughput of samples would be extremely costly. Using
TLC methods, however, the problem of multiple columns does not arise: usually up
to 20 chromatograms can be accommodated on a single plate.

In the first edition of this work, the author speculated on the advantages of
adopting the centrifugal approach to TLC analysis. Since those first speculations,
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TABLE 12.3
Analysis of Drugs Using Centrifugal Analyzers

Drug Analyzer Method Reference
N-Acetylprocainamide  Multistat EMIT 1517
N-Acetylprocainamide  Centrifichem EMIT 1517
Amphetamine Gemsaec EIA 1518
Barbiturates Gemsaec EIA 1518. 1519
Barbiturates Centrifichem EMIT 1517. 1520, 152}
Barbiturates Mini-CFA EIA 1522
Barbiturates Multistat EMIT 1517
Barbiturates Rotochem EMIT 1523
Carbamazepine Centrifichem EMIT 1517, 1521
Carbamazepine Multistat EMIT 1517
Carbamazepine Rotochem EMIT 1523
Dilantin Multistat EMIT 1517
Dilantin Centrifichem EMIT 1517
Disopyramide Multistat EMIT 1517
Disopyramide Centrifichem EMIT 1517
Methadone Gemsaec EIA 1518
Mysoline Multistat EMIT 1517
Mysoline Centrifichem EMIT 1517
Opiates Gemsaec EIA 1518
Phenytoin Mini-CFA EIA 1522
Phenytoin Rotochem EMIT 1523
Phenytoin Centrifichem EMIT 1520
Primidone Gemsaec EIA 1519
Procainamide Multistat EMIT 1517
Procainamide Centrifichem EMIT 1517
Quinidine Multistat EMIT 1517
Quinidine Centrifichem EMIT 1517
Theophylline Centrifichem EMIT 1517, 1521
Theophylline Multistat EMIT 1517
Theophylline Gemsaec EIA 1519
Tobramycin Multistat EMIT 1517
Tobramycin Centrifichem EMIT 1517

such rotary TLC methods have been described. where the centrifugal force is the
means of movement of the solvent rather than the usual capillary effect. The other
suggestion in this context which was made in the first edition has not been taken up,
but I think it is worthwhile to enlarge on the idea here. It is envisaged that 12 samples
could be spotted in a ring about the center of the plate and mobile-phase is delivered
into the center of the ring so that 12 radial chromatograms are developed on the same
plate.

Essentially, the device would include a single detector mounted near the edge of
the rotating plate. rather like the playing head of a compact disc player, with a laser
light source and a collector. The reflected (or transmitted) light from the plate is
sampled once in each radial channel per revolution and digitized for storage in a
computer. The stored chromatogram would have the form of an HPLC or GC
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chromatogram rather than a scanned TLC plate. The 12 chromatograms on each plate
could contain suitable standards for quantilation, or it may be possible to carry out
a complete pharmacokinetic analysis for a single subject on the one analytical plate.
with the computer performing all the necessary calculations. making use of any
clinical data that may also be added to the computer file. The scheme is illustrated
in Figure 12.12. Development of such a device is probably limited for biological
fuids because of the requirements of sensitivity. but it may find a use in stability
studies of pharmaceuticals or other materials. where the detection method does noi
need to be so sensitive.

The use of laser beams in this system would be analogous to the compact disc
technology for miniaturizing disc players. It is striking that the revolution in electron-
ics has hardly touched the hardware for analytical tools — a point made by Brinkman
et al.'"™ in an excellent review of the possibilities in this area. This paper and a
subsequent one from the same laboratory'>** show the way forward. I would expecl
that it will be in this sort of miniaturization that the next major advances in practical
analytical techniques will be found.
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A

Absorption chromatography, 107, 109

Accuracy of method, 205, 219-221

Acetaminophen, 8, 84-85, 144, 151

Acetonitrile, 4041

Acetylation polymorphism, 11

Acetylsalicylic acid, 8, 80

Achiral columns, 160

Acidic reagents for protein precipitation, 40

Activated charcoal, 172

Adsorption, 250

Alcohol, 5

Alkali-flame detector, 129-130

Amikacin, 8

Amino acid analyzers, 147

Amphetamines, 149, 160, 166, 170

Ampicillin, 98

Angiotensin-converting enzyme, 170

Angiotensin-converting enzyme inhibitors. 189,

194

Anti-inflammatories, 48

Antiarthritic drugs. 61

Antibiotics, 170

Anticancer drugs, 75

Anticonvulsants, 122

Antiepileptic drugs, 230

Antigen-antibody complex. 164

Antihistamines, 114, 170

Application, 113-117, 223
metabolism studies, 113-114
qualitative screening, 13
quantitative analysis, 114—117

Aqueous humor, 48

Aqueous solvents, 38

Area under the concentration-time curve (AUC),

27-28

Aromatic amines. 50, 56-57

Array detectors, 145-146

Artifacts, formation of, 255-258

Aspirin, 32, 100

AutoAnalyzer, 259-260

Automation, 258-269

Auxochromes, 80

B

B-Antagonists, 6, 114, 170
B-Lactams
Barbiturates, 108, 114, 120, 122, 170
BARTSCONTROL index, 230
Benzodiazepine receptor assays, 185-187
Benzodiazepines, 7, 120, 170, 185187,
215-217
Bile, 45-46
Biological fluids, analysis of drugs in
aqueous humor, 48
aqueous solvents for preparing, 38
bile, 45-46
blood, 38-39
centrifugal analyzers, analysis of drugs by,
267
cerebrospinal fluid, 45
chemical ionization-mass spectromeiry,
analysis of drugs by, 134
chiral GC, analysis of drugs by, 137
colorimetric assays, analysis of drugs by, 86
disrupting. 37
electron-capture detector, analysis of drugs
by. 127-128
extraction cartridges. analysis of drugs in,
252
fluorescence. analysis of drugs by, 148
fluorescence polarization, analysis of drugs
by, 179
gas chromatography, analysis of drugs by,
124, 127, 129, 131-134, 137
gas chromatography-mass spectrometry,
analysis of drugs by, 133
high-performence liquid chromatography,
analysis of drugs by, 144, 146, 148—
149, 153, 155, 157-161
mass spectrometry, analysis of drugs by, 131,
153
milk, 45
mobile phases, analysis of drugs by. 144
paper chromatography, analysis of drugs by,
108
plasma and serum, 39-43
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polarization immunoassay, analysis of drugs
by. 179

polarography, analysis of drugs by, 197

pre-extraction cartridges, use in analysis of
drugs, 252

prepurification of, 43

proteolytic enzymes, use of, 41

radioreceptor assay, analysis of drugs by, 185

reasons for, 1-33

radioimmunoassay, analysis of drugs by,
170-171

screening assays, analysis of drugs by, 146

solvents, order of polarity of, 39

special problems with, 35-66

stationary phases, analysis of drugs by, 124

supercritical fluid chromatography, analysis
of drugs by, 155

synovial fluid, 48

thin-layer chromatography, analysis of drugs

by, 116

urine, 43-45
Blister fluid, 48
Blood, 36. 38-39

anticoagulating agents. 39

composition of, 46

erythrocytes, 38
Bonded stationary phases, 141
Boron trifluoride-methanol reagent. 121
Bouguer-Lambert-Beer principles. 79
Bovine serum albumin, 165-167
Bratton-Marshall reagent, 117
Breast milk. human, 45
Butaperazine, 97

C

Caunnabinoids. 114, 170
Capillary chromatography, 155
Capillary columns, 126, 134
Capillary electrophoresis, 144, 153-154, 161
chiral separations in, 161
Carbamazepine, 8, 84
Cardiac glycosides, |14
CASSANDRA, 108
Cellulose, 157
Cellulose phases, modified, 158
Centrifugal analyzers, 264-267
analysis of drugs by, 267
Cephalosporins, 195
pharmacokinetics of, 193
Cerebrospinal fluid. 36, 45
Chelation, 100
Chemical ionization, 152
Chemical ionization-mass spectrometry, 134

analysis of drugs in biological fluids by, 134

Chiral counter-ion, 160
Chiral detection, 161
Chiral GC, 135-137
analysis of drugs in biological fluids by. 137
chiral stationary phases, 135
cyclodextrins, 135-136
electron-capture detection of enantiomers, 35
enantiomers of suprofen, 135
Chiral HPLC, 155-161
capillary electrophoresis, 161
chiral detection, 161
chiral mobile phases, 160-161
chiral stationary phases, 156
derivatization with chiral reagents. 159160
inclusion complexes, 156-158
protein binding for enantiomeric separation,
158-159
synthetic custom-designed columns, 156
Chiral mobile phases, 160-161
Chiral reagents, 155
Chiral stationary phases, 156
Chiral TLC, 112
Chiralcel OD, 158
Chirality, 69-73
B-lactams, 69
drug enantiomers, 71-72
high-performance liquid chromatography
(HPLC), 69, 73, 75-76
ibuprofen, 70
propranolol, 70
racemates, 69-73
selective analytical methods, 70
steroids, 69
Chloramphenicol, 8
Chromosorbs, 126
Cimetidine, 129
Circular TLC, 112
Clinical testing. 1617, 29-33
first-pass effect, 17
phase L. 16~17, 33
phase II, 29-33
accumulation, 30
aspirin, 32
compliance, 31-33
isoxepac, 32
populations, 31
sustained-release drug, 29
tolerance testing, 16
Clobazam, 60, 78-79, 123, 185-186
Coadministered drugs, 93
Cocaine, 149
Codeine, 166
Colloidal gold, 184
Colorimetric assays for drugs in biological
fluids, 86
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Colorimetric measurements, 84-88
9-chloroacridine, 88
acetaminophen, 84-85
aromatic aldehydes, 88
colorimetric assays for drugs in biological
fluids, 86
colorimetric tests for drug substances, 85
Folin-Ciocalteau reagent, 88
isoniazid, 88-90
phenylbutazone, 84
procainamide, 87
Colorimetric tests for drug substances, 85
Colorimetry, 84
Column chromatography preparation units,
260-261
Column packings. 140-143
Combination drugs, 62-64
Competitive protein-binding assay. 165, 172-173
Complexation, 154
Compliance, 31-33
Computers, in analysis of drugs, 259
Conjugate hydrolysis. 38
Conjugate selection, 166167
amphetamines, 166—167
bovine serum albumin, 166167
lysergic acid, 166-167
prostaglandins, 166—167
Schotten-Baumann reaction, 166—167
Conjugates, 68—69
analysis of, 69
Contaminants, sources of, 253-255
Coprescribed drugs. 61
Corticosteroids, 108, 114, 185
Corticosterone-binding globulin, 165
Critical micelle concentration (CMC). 143-144
Cross-reaction of metabolites. 174
Cyclodextrins, 156-157
Cyclosporin, 141, 148

D

Dansyl chloride, 148, 210
Dansyl reagents, 102-104
Degradation, 62—65
Derivative spectroscopy, 91-93

first derivative, 92

second derivative, 92
Derivatives for UV detection, 146-147
Derivatization, 110, 147

postcolumn, 147

precolumn, 147
Derivatization with chiral reagents, 159-160
Detectors

electron capture, 126129

flame ionization, 126
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HPLC
electrochemical. 150-151
fluorescence. 147-150
mass spectrometry, [51-152
ultraviolet absorption, 145-147
mass spectrometry, 130-134
nitrogen specific. 129-130
Dexamethasone, 149
Dextran-coated charcoal, 164
Diastereoisomers, 155, 159-160
Diazepam, 185-186
Diazomethane, 121
Difference spectra, 88-91
Differential pulse polarography, 196-197
Diffusion or zone of inhibition assay, 192
Digitoxin, 8
Digoxin, 7, 8, 174
Disopyramide, 8
Disrupting biological samples, 37
Documentation, 223
Dropping mercury electrode, 150
Drug abuse, 5
alcohol, 5
marijuana, 5
tobacco, 5
Drug analysis in biological fluids, methods for
analytical profile, 208-212
application, 223
centrifugal analyzers, 267
chemical ionization-mass spectrometry, 134
chiral GC, 137
colorimetric assays. 86
documentation, 223
electron-capture detector, 127-128
evaluation of, 219-222
extraction cartridges, 252
fluorescence, 148
fluorescence polarization, 179
fluorescence spectrum, 210
gas chromatography, 124, 127, 129, 131-134,
137, 211
gas chromatography-mass spectrometry, 133
high-performance liquid chromatography,
144, 146, 148-149, 153, 155, 157-16!
mass spectrometry, 131, 153, 211
mobile phases, 144
nuclear magnetic resonance, 212
physicochemical characteristics, 209
polarization immunoassay, 179
polarography, 197
pre-extraction cartridges, 252
publication of, 223-224
radioimmunoassay, 170-171
radioreceptor assay, 185
screening assays, 146



346 The Analysis of Drugs in Biological Fluids, 2nd Edition

selection of, 213-218
solubility, 212
stationary phases, 124
supercritical fluid chromatography, 155
thin-layer chromatography, 116, 211
ultraviolet-visible spectrometry, 209
Drug interference, 61
Drug metabolism, 49
studies, 145
Drug metabolites, 48-61
phase I, 49-54
hydrolysis, 54
oxidation, 49-53
reduction, 54
phase II, 55-59
acetylation, 56-59
glucuronidation, 55
sulfation, 56
Drug monitoring, therapeutic, 6-8, 33
benzodiazepines, 7
digoxin, 7
drugs considered useful for, 8
metabolic capacity, 7
phenytoin, 7
radioimmunoassay, 7
therapeutic ratios, 7
Drug structures, special problems in, 67-76
Drug-hydroxylating enzymes, 8

E

Electrochemical detector, 150~ 15}
determination of drugs by, 151
Electron-capture detector, 126129
analysis of drugs in biological fluids by, 127
determination of underivatized drugs in
biological fluids by, 128
formation of halogenated derivatives of
drugs, 129
Emission spectrum, 94
EMIT kits, 178-181, 267
characteristics of, 181
Emulsions, 247
Enantiomers
resolution of, 155
separation of, 157-160
on achiral columns, 160
on protein phases, 159
protein binding for, 158-159
using B-cyclodextrin columns, 157
using cellulose columns, 158
with chiral reagents, 159-160
Enantioselective enzyme, 161
Enzymes
hydrolysis, 40

inhibition, 194
labeling, 166, 178-183
Ergot alkaloids, |14, 170
ESR signal, 183
Estrogens, 114
Ethosuximide, 8
Evaporating to dryness, 249-251
Evaporation units, 261
Excitation spectrum, 94
External quality control, 229-230
Extracting solvent, 38-39
Extraction, 213-214, 241-244, 251-253
cartridges, 251-253
analysis of drugs in biological fluids by, 252
conditions, 213-214

F

First-pass effect, 17
Flame-ionization detector (FID), 121, 126
Flecainide, 97-98
Flow injection
analysis, 197-199
electrochemical enzyme immunoassay, 184
fluorescence immunoassay, 199
Fluorescamine, 101102, 148, 154, 210
derivatization, 154
Fluorescence, 95, 147-150, 166, 177-179, 210
analysis of drugs in biological fluids by, 148
in solution, quantum yields of, 95
labeling, 166
polarization, 178
analysis of drugs in biological fluids by, 179
spectrum, 210
Fluorescent derivatives, formation of, 149
Fluorescent ion-pair reagents, 149
Fluorescent reagents, coupling to, 101-104
dansyl, 102-104
fluorescamine, 101-102
Fluorimetry. 93—104
direct measurements, 96-98
butaperazine, 97
flecainide, 97-98
furosemide, 97
imipramine, 97
lysergic acid diethylamide (LSD), 98
propranolol, 97
quinine, 97
temafloxacin, 98
triamterene, 97
fluorescent reagents, coupling to, 101-104
induced fluorescence, 98—100
principles of, 93-96
Fluram, 101
Follicle-stimulating hormone, 165
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Food and Drug Administration (FDA), 231-236
bioavailability and bioequivalence guidelines.
235
Forensic toxicology, 2-4, 33
chromatography, 3
infrared spectrometry, 3
mass spectrometry, 3
screening test, 3
spot tests, 3
Formulation development, 28-29, 33
FRAT (free radical assay technique), 183
Furosemide, 97

G

Gas chromatography (GC), 119-137. 181, 211,
262-263, 266-267
analysis of drugs in biological fluid by, 124,
127, 129, 131-134, 137
chiral GC. 135-137
detectors, 126135
electron capture, 126-129
flame ionization, 126
mass spectrometry, 130-134
nitrogen specific, 129-130
preparation of samples for, 121-123
stationary phases, 123-126
Gas chromatography-mass spectrometry (GC-
MS), 131-135
analysis of drugs in biological fluids by, 133
stable isotopes in, 133
Gas-solid chromatography, 119
Gel filtration, 172
Gentamicin, 8
Geometric isomers, 157
Glucocorticoids, 174, 189
Glucuronic acid, 55-57
acetylation, 56-57
sulfation, 56
Glucuronidation, 55
Good laboratory practices, 225, 230-236, 238
Growth hormone, 165

H

Half-life, 21, 28-29
Hapten-protein conjugate, 167
Henderson-Hasselbach equation, 47
Heroin, 166, 239
High-performance liquid chromatography
(HPLC), 91, 139-161, 175, 177. 181,
211, 252, 254, 262-263, 266267
and NMR, 152-153
analysis of drugs in biological fluids by, 144,
146, 148-149, 153, 155, 157-161
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capillary electrophoresis, 153-154
column packings. 140-143
detectors, 145-152
electrochemical, 150-151
fluorescence, 147-150
mass spectrometry, 151-152
ultraviolet absorption, 145-147
development of, 139-140
mobile phases, 143~145
supercritical fluid chromatography, 154-155
HPLC-mass spectrometer, 152
HPLC-RIA, 184
Hydrolysis, 54
Hyperglycemics, 170

Ibuprofen, 70, 160, 161

Ibuprofen piconol. 62

Imipramine, 8, 97

Immunoassays using a nonisotopic label, 177184
colloidal gold, 184
enzyme label, 178-183
fluorescence label, 177-178
fluorescence polarization, 178
solid-phase enzyme, 182-183
spin label, 183-184

Inclusion complexes, 156-158

Induced fluorescence. 98-101
chemically induced, 98-99
induced by irradiation, 99-101

Inert support, 119

Infrared spectrometry, 3

Insulin antibodies, 164

Internal quality control, 226-229

Internal standards, 241, 249
use of, 214-218

lodine radioisotopes of, 169

lon-pair chromatography, 160

lon-pairing, 143

lonizable drugs, 140

Isocyclosporins, 148

Isotope derivative analysis, 200-201

Isotope dilution analysis, 199-200

K

Kanamycin, 8

L

Laboratory information management systems
(LIMS), 258

Laser vaporization, 152

Laser-induced fluorescence, 147
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Latex nephelometric immunoassay, 177
Layers, separating, 244-248

Lignocaine, 8

Limit of detection, 221-222

Loprazolam, 175-176, 186

Lysergic acid, 166167

Lysergic acid diethylamide (LLSD), 98, 114

M

Macrolide antibiotics, 121
Marijuana. 5
Mass spectrometry, 3, 121, 130-134, 151-153.
175, 201, 212
analysis of drugs in biological fluids by, 131,
132, 153
Metabolic capacity, 7, 9
Metabolic phenotyping, 154
Metabolic polymorphism, 9-10
Metabolism, 17-19, 33, 113-114
absorption, 18
active metabolites, 18
bioavailability, 19
chemical transformation, 18
distribution, 18
elimination, 18
first-pass effect, 18, 20
mass spectrometry, 18
metabolic pathways, 18
nuclear magnetic resonance, 18
studies, TLC analysis in, 113-114
Metabolites, significance of, 59-60
clobazam, 60
drug-metabolizing enzymes, 60
fluorescence assay, 59
labile conjugates, 59
triamterene, 59
Metal chelation, 38
Metastable conformers, 40
Methyldopa, 99
Methyltestosterone, 76
Micelle chromatography, 144
Micelles, 143144, 154
Microbiology, 191-194
diffusion or zone of inhibition assay, 192
serial dilution method, 192-194
Milk, 45
Minimum inhibitory concentration (MIC), 192
Mobile phases, 143-145
analysis of drugs in plasma or serum by, 144
critical micelle concentration (CMC),
143-144
ion-pairing, 143
pH of the aqueous phase, 143

Molecular sieves, 154

Monoclonal antibodies, 168, 174, 180
Morphine, 166

Multiple diode, 145-146

N

N-Methyl derivatives, 122

Narcotic analgesics, |14

Neuroleptic receptor assays, 187—188

Neuroleptics, 170, 185

Nitrogen-specific detector, 129130

Nonsteroidal anti-inflammatories, 152, 256

Nuclear magnetic resonance (NMR), 152153,
201-203, 212

O

Opiates, 114, 171
Optimization of RIA, 169, 172
Organic molecules, small, 67-73
chirality, 69-73
conjugates, 68-69
esters, 67
examples of, 68
lipids, 68
prodrugs, 67
steroids, 67
uncharged, 68
used as drugs, 68
weak acids, 68
weak bases, 68
Organic phase, drying. 248-249
Oov-1, 124
Overdosage, 4-5, 33
elimination characteristics, 4
glutethimide, 4
Overpressured layer chromatography, 112
Oxidation, 49-53
aromatic amines, 50
aromatic compounds, 49-50
aromatic ethers, 52
loprazolam, 52
mescaline, 53
6-methylpurine, 52
of alcohols, 50
pentifylline, 49-51
phenothiazine, 53
primary amines, 50
prontosil, 54
sulfanilamide, 52
tertiary amines, 50
thiobarbital, 53
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P Pharmacology, 12-14, 33
absorption, 12-13
antibiotics, 13
antidepressants, 13
catecholamine uptake, 13
distribution, 12
elimination, 12
immunoassays, 13
receptor assays, 13-14

LY Phase [ metabolites, 49-54

Pentfmfyllme, 125 Phase [l metabolites, 55-59

Pept}des, 73~75 glucuronidation, 55

Peptidoglycans, 74 Phenobarbital, 8

Perchloric acid, 4041 Phenobarbitone, 122

PeStiCideS_~. 114 Phenothiazines, |14
pH solubility profile, 216 Phenotyping, 9-11

Pharmacodynarpics, 33 Phenylboronic acid phases, 251
Pharmacogenencs, 8-1 l,.33 Phenylbutazone, 84
acetylation polymorphism, 11 Phenytoin. 8, 42, 46, 122, 144, 199
acet)./lator.phenoty pe, 11 Phosphorous-halogen detector, 129130
debrisoquine, 8-10 Physicochemical characteristics, 209-210

desipramine, 8 ) Pirkle columns, chiral separations on, 157
drug-hydroxylating enzymes, 8 Pirkle stationary phases, 156

ecstasy (methylenedioxymethamphetamine), Planar chromatography, 105-117
) 9 Plasma and serum, 39-43

environmental factors, 8 acetonitrile. 40—41
4-hydroxy(#ebrfsoqume, 8 acidic reagents for protein precipitation, 40
hydroxylation index, 9 C-18 bonded phases, 43
metabolic capacity, 9 composition of. 46
metabolic polymorphism, 9-10 denaturation. 41

hdrUgS subject t(l), 10 enzyme hydrolysis, 40
p enotypl}r:g, 9-1 ion-exchange resins, 43-44
polym.orp ism, 9-10 metastable conformers, 40
sparteine, 8 microbiological assays, 39

Pharmacokinetics, 20-28, 33 organic solvents, 40
absorption, 20-25 o perchloric acid, 40-41
area under the concentration-time curve phenytoin, 42
(AUC), 27-28 precipitation, 41

B_A.SIC program, 26 protein binding, 42
biliary excretion, 24 protein bound, 39
bioavailability, 28 protein denaturation, 42-43
bioequivalence studies, 28-29 proteolytic enzymes, 4041
distribution, 20, 23-24 screening procedures, 40
ellmu.latlon, 21-24 specific esterases, 43
half—llfe., 21,28-29 trichloroacetic acid, 4041
hydraulic model, 24-25 ultrafiltration, 42
invasion, 22 Polarimetric detector, 161
limits of detection, 26 Polarographic detector, 150

Paper chromatoelectrophoresis, 164-165, 172
Paper chromatography, [06—-108
analysis of drugs in biological fluids by, 108
drug screening for barbiturates, 107-108
Paracetamol metabolites, 153
Parasympatholytics, 171
Partition chromatography, 107, 109
Partition system, 142

pharlmfaélodyngglics, 20 Polarography, 194-197
fenal tatlore, analysis of drugs in biological fluids by, 195,
repeat dosing, 24 197

spreadsheet method, 26 Polymorphism, 9-10
systemic circulation, 22 Polypeptides [52
transformation, 20 Porapaks 12Y6
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Postcolumn acidification, 150
Postcolumn oxidation, 149
Postcolumn reaction coil, 150
Precision of method, 205, 219-220
Preservatives, effects of, 241
Procainamide, 8, 87, 144
Prodrugs, 74-75

active products of, 75
Progesterone receptor, 188
Propranolol, 70, 97
Prostaglandins, 166, 171
Protein binding, 158-159
Protein denaturation, 38
Protein drugs, 73-75
Proteolytic enzymes, 4041
Publication of an analytical method, 223-224
Pyrolysis, 121

Q

Quality control, 225-236
external, 229-230
good laboratory practice, 225, 230-236
internal, 226-229

Quantitation, 258

Quaternary amines, 114

Quinidine, 8

Quinine, 97

R

Racemates, 69-73, 112
Radial compression chromatographic columns,
142
Radiochromatogram, 113
Radioimmunoassay (R1A) of drugs, 166177
analysis, 170-171
applications of, 177
optimization of assay, 169, 172
raising antibodies, 167-168
selection of conjugate, 166—167
special problems and pitfalls, 173-177
the radiolabel, 168-169
the separation step, 172-173
Radioimmunoassays, 163—169
Radiolabels, 168-169
14C, 168
1251, 168-169
1311, 168-169
Radioreceptor assays for drugs, 184-189
angiotensin converting enzyme inhibitors, 189
benzodiazepine, 185-187
glucocorticoids, 189
neuroleptic, 187-188
progesterone, 188

Raising antibodies, 167-168
hapten-protein conjugate, 167

Reaction detectors, 150

Receptor assays, 166, 173

Reduction, 54

Refractive index detector, 145

Resolution, increasing, in TLC, 111-112

Reversed-phase chromatography, 140-143

Reversed-phase ion-pair chromatography, 112

Reversed-phase ion-pairing liquid
chromatography, 149

Reversed-phase liquid chromatography, 145, 147

Rotary TLC, 266-268

Rotating filter disk, 146

Rotation planar chromatography, 112

S

Safety considerations, 65-66
Salicylates, 108, 114
Saliva, 46-48
composition of, 46
pH of, 47
phenytoin, 46
relationship to blood concentration, 46
Sample preparation, 251
Samples, storage of, 238~241
Saturation analysis, 163-189, 165
other ligand assays. 177-189
radioimmunoassay, 166—177
Schiff’s bases, 123. 129
Schotten-Baumann reaction, 166
Scintillation proximity assay, 172
Screening assays, 145-146
analysis of drugs in biological fluids by, 146
Screening methods, by HPLC, 145
Screening test. 3
Selection of a method, 213-218
Separation step for RIA, 172-173
Serial dilution, 192-194
Serum esterases, 62
Silanization, 250
Silica gel, 248
Solid-phase enzyme immunoassay, 182-183
Solubility, 212-213
Solvent extraction, 251, 261
Specificity of method, 205, 219, 221
Spectrophotometry, 78-93
absorption characteristics of functional
groups, 83
acetylsalicylic acid, 80
auxochromes, 80
Bouguer-Lambert-Beer principles, 79
clobazam, 78-79
colorimetric measurement, 84-88
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derivative spectroscopy, 91-93
difference spectra, 88-91
direct measurements, 78-83
tolbutamide, 80
ultraviolet absorbance of drugs, 81-82
UV-visible absorption spectrum. 79-80
Spin label, 183-184
Sport, drugs in, 5-6
B-antagonist, 6
gas chromatography-mass spectrometry, 6
screening analyses. 6
substances prohibited. 6
Spot tests, 3
Spray reagents, used for visualizing drugs on
TLC plates, 115
Standard operating procedures, 238
Stationary phases, 123-126
analysis of drugs in biological fluids by, 124
bleeding, 123
Steroid sex hormones, 146
Steroids, 69, 120, 171, 174
Substrate-labeled fluorescent immunoassay, 180,
182
Sulfa drugs, 152
Sulfonamides, 56-57, 114, 142
Supercritical fluid chromatography. 153-155
analysis of drugs in biological fluids by, 155
Synovial fluid, 48
Synthetic custom-designed columns. 156

T

Tandem mass spectrometry, 201

Temafloxacin, 98

Testosterone. 165

Theophylline, 8

Therapeutic ratios, 7

Thermospray, 152

Thin-layer chromatographic (TLC), 116
analysis of, 116

Thin-layer chromatography (TLC), 109-117,

181, 210-211, 261, 266-268

analysis of drugs in biological fluids by, 116
chiral TLC, 112
increasing resolution, 111-112
overpressured layer chromatography, 112
rotation planar chromatography, 112
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Three-point theory, 156
Thyroxine-binding globulin, 165
TLC plates, 140
TLC screening, 113-114
TLC spotters. 261
Tobacco, 5
Tobramycin, 8
Toxicological screening, 151
Toxicology, 1416, 33
acute toxicity, 4
chronic toxicity, 14-15
drug-metabolizing enzymes, 14
half-life, 15
LDy, 14
radioimmunoassay, 15
steady-state concentrations, 15
toxicokinetics, 16
Triamterene, 97
Trichloroacetic acid, 40-41
Tricyclic antidepressants, 171, 249
Tricyclic compounds, 120
Trimethylsilylating reagents, 122
Trimethylchlorosilane, 141
Tritiated ligands, 170-171
Two-dimensional chromatography, 109-110

U

Ultraviolet absorption, 78-83, 145-147
detector, 145-147
Ultraviolet reaction coil, 150
Ultraviolet-visible spectrometry, 209-210
Urine, 36, 4345
antacids, 44
caffeine in, levels of, 44
creatinine content. 44
method of sampling, 45

A%

Valproic acid, 250
Variable wavelength detector, 145

w

Water-soluble conjugate, 49
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