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Preface

The analytical toxicologist may be required to detect, identify, and in many cases measure a
wide variety of compounds in samples from almost any component of the body or in related
materials such as residues in syringes or in soil. Many difficulties may be encountered. The
analytes may include gases such as carbon monoxide, drugs, solvents, pesticides, metal salts, and
naturally occurring toxins. Some samples may be pure chemicals and others complex mixtures.
New drugs, pesticides, and other substances continually present novel challenges in analysis and
in the interpretation of results. The analyte might be an endogenous compound such as acetone,
or an exogenous compound such as a drug and/or metabolite(s) of the drug, whilst the sample
matrix may range from urine to bone.

Many biological samples contain muscle, connective tissue, and so forth, which may have to
be separated or degraded prior to the analysis, as well as a multitude of small and large molecular
weight compounds. The concentration of the analyte to be measured can range from g L~! (parts
per thousand) in the case of blood ethanol to wg L~! (parts per thousand million) in the case of
plasma digoxin. The stability of the analytes also varies considerably, ranging from a few minutes
for protease sensitive peptides and esters such as aspirin and heroin, to several years for some
other drugs and pesticides.

This book aims to give principles and practical information on the analysis of drugs, poisons
and other relevant analytes in biological specimens, particularly clinical and forensic specimens.
The material presented here is intended to cover part of the basic theoretical syllabus of the
Association for Clinical Biochemistry (ACB) pre-registration training course in Clinical Chem-
istry, subspecialty Analytical Toxicology (http://acb.org.uk/training/documents/grade A _tox.pdf,
accessed 20 April 2006). The book should also prove useful to other analytical toxicol-
ogy trainees and also to those undertaking preregistration training in Clinical Chemistry
(http://acb.org.uk/training/documents/grade A _biochem.pdf). As such, this volume extends the
scope of the World Health Organization (WHO) basic analytical toxicology manual (Flanagan,
et al. Basic Analytical Toxicology. WHO, Geneva: 1995), but is not intended to provide detailed
coverage such as that given in Clarke’s Analysis of Drugs and Poisons (Moffat, et al., eds. Edition
3. Pharmaceutical Press, London: 2004).

It has been assumed that the reader will be familiar with basic analytical laboratory operations.
Many of the topics discussed here (use of clinical specimens, samples and standards, sample pre-
treatment, TLC, UV/visible spectrophotometry, GLC, HPLC, etc.) are the subject of monographs
in the Analytical Chemistry by Open Learning (ACOL) series, and study of these volumes is rec-
ommended for those with a limited background in analytical chemistry. A distance learning course
in analytical chemistry is available (http://www.rsc.org/education/careersandCPD/acol.asp, ac-
cessed 3 August 2007).

A detailed basic text (Laboratory Skills Training Handbook. Bailey and Barwick, 2007) has
been produced under the Valid Analytical Measurement (VAM) programme. The VAM website
(http://www.vam.org.uk/home.asp, accessed 3 August 2007) details a number of related publica-
tions, many of which can be downloaded free of charge.
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PREFACE

The appendices to this book (incorporating a guide to interpreting analytical toxicology re-
sults, CAS registry numbers, a list of volatile compounds & conversion factors, and a glos-
sary of commonly-used terms) are available online, and can be accessed at www.wiley.com/
go/flanagantoxicology.

The authors and publishers would like to remind readers that web addresses cited in the text,
including those in the preface, are current and accurate as we go to press. However, we cannot
guarantee that cited resources or content will remain indefinitely at the exact addresses given.



Health and Safety

Care should be taken to ensure the safe handling of all chemical or biological materials, and par-
ticular attention should be given to the possible occurrence of allergy, infection, fire, explosion, or
poisoning (including transdermal absorption or inhalation of toxic vapours). Readers are expected
to consult local health and safety regulations and adhere to them.
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Nomenclature, Symbols
and Conventions

We have followed IUPAC nomenclature for chemical names except when Chemical Abstracts
nomenclature or trivial names are more readily understood. With regard to symbols we have
adopted the convention that variables and constants are italicized, but labels and mathe-
matical operators are not (IUPAC Compendium of Chemical Terminology, Edition 2, 1997;
http://www.iupac.org/publications/compendium/index.html, accessed 20 April 2006). Thus, for
example, the acid dissociation constant is written K,, a being a label to denote that it is an acid
dissociation constant. The notation for the negative logarithm of K, is pK,; p is a mathemat-
ical symbol and is not italicized. Where the subscript is a variable then it is italicized, so the
concentration at time ¢, is C,, but the concentration at time 0 is Cy. Note especially that relative
molecular mass (molecular weight, relative molar mass), ratio of the mass of an atom or molecule
to the unified atomic mass unit (u), is referred to throughout as M;. The unified atomic mass unit,
sometimes referred to as the dalton (Da), is defined as 1/12 of the mass of one atom of '*C.
The symbol amu for atomic mass unit can sometimes be found, particularly in older works. The
unified atomic mass unit is not a Systeme International (SI) unit of mass, although it is (only by
that name, and only with the symbol u) accepted for use with SI.

We have adopted the convention whereby square brackets [] used in figure legends, etc. denote
analyte concentration.

As to drugs and pesticides, we have used recommended International Nonproprietary Name
(rINN) or proposed International Nonproprietary Name (pINN) whenever possible. For drugs of
abuse, the most common chemical names or abbreviations have been used. It is worth noting that
for rINNSs, it is now general policy to use ‘f” for ‘ph’ (e.g. in sulfur), ‘t’ for ‘th’ (e.g. chlortalidone
not chlorthalidone) and ‘i’ for ‘y’ (mesilate not mesylate for methanesulfonate, for example).
However, so many subtle changes have been introduced in recent years that it is difficult to ensure
compliance with all such changes. Names that may be encountered include British Approved Name
(BAN), British Pharmacopoeia (BP) name, United States Adopted Name (USAN), United States
National Formulary (USNF) name, and United States Pharmacopoeia (USP) name. Where the
rINN is markedly different from common US usage, e.g. acetaminophen rather than paracetamol,
meperidine instead of pethidine, the alternative is given in parentheses at first use and in the index.

A useful source of information on drug and poison nomenclature is the Merck Index (Edition
14. O’Neil et al., eds. (2006) Merck & Co., Whitehouse Station, NJ); it should be noted that the
reference number of a particular compound (Merck Index number) changes with edition. Chem-
ical Abstracts Service (CAS) Registry Numbers (RN) provide a unique identifier for individual
compounds, but it is again important to be clear which numbers refers to salts, hydrates, race-
mates, etc. Similarly, when discussing dosages we have tried to be clear when referring to salts,
etc. and when to free bases or quaternary ammonium compounds.

We emphasize that cross-referral to an appropriate local or national formulary is mandatory
before any patient treatment is initiated or altered. Proprietary names must be approached with
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caution — the same name is sometimes used for different products in different countries (see:
http://www.fda.gov/oc/opacom/reports/confusingnames.html, accessed 20 April 2006).

The oxidation number of metals is given by, for example, iron(Il), but older terminology such
as ferrous and ferric iron for Fe?t and Fe3t, respectively, will be encountered, as discussed in
Chapter 11.



Amount Concentration and
Mass Concentration

In the UK and in other parts of Europe some laboratories report analytical toxicology data in
‘amount concentration’ using what have become known as SI molar units (nmol L™}, etc.), while
others, especially in the US, continue to use mass concentration [so-called ‘traditional’ units (mg
L', etc. or even mg dL~")]. Most published analytical toxicology and pharmacokinetic data are
presented in SI mass units per millilitre or per litre of the appropriate fluid [the preferred unit of
volume is the litre (L)], or units which are numerically equivalent in the case of aqueous solutions:

[parts per million] = pgg ' =pgem P = pgmL ' =mgL!' = mgdm > = gm™3

When preparing written statements for a court of law or other purpose outside the normal
reporting channels it is advisable to write out the whole unit of measurement in full (milligrams
per litre, for example). An exception to the above is carbon monoxide which is usually reported
as % carboxyhaemoglobin (% COHDb); the SI convention is that fractions of one should be used
rather than percentages, but this is generally ignored.

We have followed the recommendations of the UK NPIS/ACB (National Poisons Information
Service/Association for Clinical Biochemistry) for reporting analytical toxicology results and
have used the litre as the unit of volume and SI mass units except for lithium, methotrexate, and
thyroxine [NPIS/ACB (2002) Laboratory analyses for poisoned patients: joint position paper. Ann
Clin Biochem 39, 328-39]. More information on SI is available [see Flanagan R. J. (1995) SI
units — Common sense not dogma is needed. Br J Clin Pharmacol 39, 589-94].

Conversion from mass concentration (p) to amount concentration (c) (‘molar units’) and vice
versa is simple if the molar mass (M) of the compound of interest is known. Thus, using in the
example a compound with a molar mass of 151.2 g mol~':

c=p/M Forexample: (1 mol L~") = (151.2 gL™1)/(151.2 g mol™})
p=cM Forexample: (151.2gL™") = (I mol L™!) x (151.2 gmol™!)

However, such conversions always carry a risk of error. Especial care is needed in choosing the
correct M, if the drug is supplied as a salt, hydrate, etc. This can cause great discrepancies especially
if the contribution of the accompanying anion or cation is high. Most analytical measurements
are reported in terms of the free acid or base and not the salt (see Section 14.1.2).
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1 Analytical Toxicology: Overview

1.1 Introduction

Analytical toxicology is concerned with the detection, identification and measurement of drugs
and other foreign compounds (xenobiotics) and their metabolites in biological and related spec-
imens. The analytical toxicologist can play a useful role in the diagnosis, management and, in
some cases, the prevention of poisoning, but to do so a basic knowledge of clinical and forensic
toxicology is essential. Moreover the analyst must be able to communicate effectively with clin-
icians, pathologists, coroners, police and, possibly, others. In addition, a good understanding of
clinical chemistry, pharmacology and pharmacokinetics is desirable.

1.1.1 Historical development

The use of physicochemical techniques in the analysis of drugs and other poisons in body flu-
ids or tissues and related specimens has its origins in the development of forensic toxicology.
Important contributions came later from work to improve food safety and from occupational
toxicology.

The trial of Mary Blandy at Oxford in March 1752 for the murder of her father is the first
reported use of chemical tests to detect a poison, in this case arsenic, in a criminal trial (Mitchell,
1938; Watson, 2004). Mathieu Joseph Bonaventure Orfila (1787-1853) in Paris, following the
work of the physician Francois Emmanuel Fodéré (1764—-1835), divided poisons into six classes:
‘corrosives, astringents, acrids, stupifying or narcotics, narcotico-acrids and septics or putrefiants’
(Orfila, 1821), and pioneered systematic study of the role of chemical analysis in the diagnosis of
poisoning. This work was carried on by his pupils, notably Sir Robert Christison (1797-1882) in
Edinburgh, Alfred Swaine Taylor (1806—1880) at Guy’s Hospital in London (Coley, 1998), and
Jons Jacob Berzelius (1779-1848) in Sweden (Jones, 1998).

Plenck (1781) had observed that ‘the only certain sign of poisoning is the botanical character
of a vegetable poison or the chemical identification of a mineral poison found in the body’.
However, this was not accepted by British toxicologists, notably Christison, who held that the
medical probability, in conjunction with the general evidence, might be so strong that a diagnosis
of poisoning was undoubted. Nevertheless, given this caveat the importance of chemical tests in
confirming a suspicion of poisoning was clear and the partnership between clinical and analytical
(chemical) toxicology has developed over the last 250 years.

Sensitive and selective chemical methods for the detection of metallic poisons such as ar-
senic (Marsh, 1836), antimony, bismuth and mercury (Reinsch, 1841) in biological specimens
were introduced in the 1830s. Solvent extraction of alkaloids such as nicotine from biolog-
ical specimens to facilitate their detection and identification using chemical or physiological
tests was introduced by Stas in the 1850s, and developed into a systematic method for the ex-
traction of nonvolatile organic compounds from body fluids by Otto. By the late nineteenth
century, chemical and spectroscopic methods for the measurement of carbon monoxide and

1
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chemical methods for the measurement of ethanol in blood had also been developed (Niyogi,
1981).

Further relevant advances in chemical toxicology included the introduction of a colorimet-
ric technique for the measurement of barbiturates (1933) and the use of ammonium sulfate to
‘salt out’ alkaloids (1937). An alternative approach to the purification of basic drugs from bi-
ological specimens, the precipitation of protein with trichloroacetic acid followed by kaolin
adsorption and subsequent elution of the drugs of interest, was described in 1937, and sodium
tungstate protein precipitation was introduced in 1946. Florisil, a synthetic magnesium silicate,
was introduced in 1949 for the adsorption of basic drugs such as narcotics from biological spec-
imens in place of kaolin. Microdiffusion methods (Conway, 1947) were developed for volatile
analytes.

Major advances in analytical methodology followed the introduction and application of re-
fined physicochemical techniques such as spectrophotometry and chromatography in the late
1940s. In particular, ultraviolet (UV) and infrared (IR) spectrophotometry, together with visi-
ble spectrophotometry (colorimetry), and paper and ion-exchange column chromatography were
widely used. More recently, paper chromatography has been largely superseded by thin-layer
chromatography (TLC) as this latter technique offers advantages of speed of analysis and lower
detection limits. Improved instrumentation for UV spectrophotometry (including facilities for
derivative spectroscopy), spectrophotofluorimetry, atomic absorption spectrometry, anodic strip-
ping voltammetry, electrochemistry, X-ray diffraction, mass spectrometry, nuclear magnetic reso-
nance and neutron activation analysis has led to these techniques being widely applied to particular
problems.

Modern analytical toxicology

The last 25 years have seen many advances in methods for detecting, identifying and measur-
ing drugs and other poisons in biological fluids with consequent improvement in the scope and
reliability of analytical results. The value of certain emergency assays and their contribution to
therapeutic intervention has been clarified. Some such assays are performed for clinical pur-
poses, but have overt medicolegal implications and require a high degree of analytical reliability.
Examples include ‘brain death’ and child abuse screening, and instances of suspected iatrogenic
poisoning. In addition, demand for the measurement of plasma drug and sometimes metabolite
concentrations to aid treatment [therapeutic drug monitoring (TDM)], for drugs of abuse and
laxative/diuretic screening, and for laboratory analyses to monitor occupational exposure to cer-
tain chemicals, has increased.

Nowadays, a range of powerful analytical methods, typically chromatographic methods,
ligand immunoassays and other techniques (Table 1.1) are available to the analytical toxicol-
ogist. However, it remains impossible to look for all poisons in all samples at the sensitivity
required. It is vital therefore that the reason for any analysis is kept clearly in view. Although
the underlying principles remain the same in the different branches of analytical toxicology, the
nature and the amount of specimen available can vary widely, as may the time-scale over which
the result is required and the purpose for which the result is to be used. All these factors may, in
turn, influence the choice of method(s) for a particular analysis.

Gas—solid chromatography (GSC) and, more commonly, gas—liquid chromatography (GLC)
have made a notable contribution to both the qualitative and quantitative analysis of drugs
and other organic poisons, especially since the introduction of sensitive detectors such as the
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Table 1.1 Some methods for the analysis of drugs and other organic poisons in biological samples

Principle Technique
Chemical Colour test
Electrochemical Biosensors

Differential pulse polarography (DPP)
Spectrometric Mass spectrometry (MS), also known as mass fragmentography (MF)
Nuclear magnetic resonance (NMR)
Spectrophotofluorimetry (SPFM)
Ultraviolet/visible absorption spectrophotometry (UV/Vis)

Chromatographic Gas chromatography (GC), includes gas—solid chromatography (GSC) and
gas-liquid chromatography (GLC)

(High performance) liquid chromatography [(HP)LC]
(High performance) thin-layer chromatography [(HP)TLC]
Super(critical) fluid chromatography [S(C)FC]
Electrophoretic Capillary (zone) electrophoresis [C(Z)E]
Capillary electro-chromatography (CEC)
Micellar electrokinetic capillary chromatography (MECC)
Immunoassay Cloned enzyme donor immunoassay (CEDIA)
Enzyme linked immunosorbent assay (ELISA)
Enzyme multiplied immunoassay technique (EMIT)
Fluorescence polarization immunoassay (FPIA)
Latex agglutination tests (LAT)
Microparticle enzyme immunoassay (MEIA)
Radioimmunoassay (RIA)
Enzyme-based assay Alcohol dehydrogenase — ethanol

Aryl acylamide amidohydrolase — paracetamol

flame-ionization detector (FID) and the electron-capture detector (ECD). These detectors are
often complementary because the ECD shows a selective response to certain compounds or
derivatives of compounds, in practice those containing either a halogen or some other electroneg-
ative or ‘electron-capturing’ species such as a nitro moiety, while the FID responds to most
organic compounds. More recently, the introduction of nitrogen-selective detectors (NSD), also
known as alkali flame-ionization (AFID) and nitrogen—phosphorus (NPD) detectors, which show
an enhanced and selective response to compounds containing C—N bonds or phosphorus, further
extended the scope of GLC. However, the use of gas chromatography in combination with mass
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spectrometry (GC-MS), sometimes referred to as an example of a ‘hyphenated technique’, pro-
vides high sensitivity together with unparalleled selectivity and can identify unequivocally many
compounds using only nanogram quantities of material, and has largely supplanted the use of the
NPD, certainly as far as qualitative work is concerned.

High performance (originally high pressure) liquid chromatography (HPLC) has achieved wide
application in analytical toxicology since the early 1970s. Gases and very volatile solvents ex-
cepted, most analytes are amenable to analysis by HPLC or a variant of the basic procedure,
in contrast to GC, which is restricted to the analysis of compounds which are both stable and
volatile at temperatures up to approximately 350 °C. However, the use of HPLC in the qual-
itative analysis of drugs is restricted to a certain extent by the lack of a sensitive universal
detector analogous to the FID in GC, although a range of sensitive and reliable detectors [notably
UV absorption, fluorimetric, electrochemical (ED) and MS] of varying sensitivities and selec-
tivities are now available. In addition, fractions of column effluent corresponding to the chro-
matographic peaks of interest may be collected and analyzed off-line, for example, by immuno-
assay.

Immunoassays have also found wide application, whether radioimmunoassay (RIA) or more
recent variants, for example, enzyme-multiplied immunoassay technique (EMIT) and cloned
enzyme donor immunoassay (CEDIA), and are often highly sensitive. Enzyme-based assays, such
as that for paracetamol (acetaminophen), have also been described. However, all of these assays
have the disadvantage that antibodies, enzymes, or specific binding proteins have to be prepared
for each analyte or group of analytes before an analysis is possible. On the other hand, these
and similar assays may often be used directly in small volumes of aqueous media (‘homogenous
assay’), in contrast to chromatographic methods which often require some form of purification
procedure, for example, solvent extraction, prior to the analysis. Although, immunoassays can
be very sensitive, some may be poorly selective, that is the antibody may recognize several
structurally similar molecules. Sometimes this cross-reactivity can be exploited, as in screening
for classes of abused drugs such as opiates.

1.2.1 Drugs and pesticides

Capillary GC, often with MS detection, is widely used both in systematic toxicological analysis
(STA) and in the assay of specific analytes, although packed column GC may still find a place for
certain applications. HPLC, often nowadays in conjunction with MS, is used to analyze specific
compounds or groups of compounds, although STA procedures based on diode-array detectors
(DAD) and wavelength ratioing techniques are also used.

The problem in STA (poisons screening, drug screening, unknown screening) is simply to detect
reliably as wide a range of compounds as possible in as little sample (plasma/serum/whole blood,
urine, vitreous humour, stomach contents or vomit, or tissues) as possible at high sensitivity, but
with no false positives. Ideally some sample should be left to permit confirmation of the results
using another technique and also quantitation of any poison(s) present to aid clinical interpretation
of the results.

When screening for unknown substances it is important to adopt a systematic approach in
order to eliminate possible contenders and to ‘home in’ on the compound(s) present. STA can be
divided into three key stages (Figure 1.1). The aim of the sample preparation step is to retain all
the toxicologically important substances whilst removing potentially interfering sample matrix
components. Thus, as wide a range as possible of analytes of interest, including lipophilic and
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Figure 1.1 The three key steps in systematic toxicological analysis.

moderately polar, acidic, basic and neutral species, should be isolated. To increase the yield of
analyte(s), the sample may be treated with 3-glucuronidase/arylsulfatase to hydrolyze conjugated
metabolites.

The aim of the differentiation/detection step is identify the relevant compounds in the minimum
amount of time. This requires a combination of relatively nonspecific (‘universal’) assays with
highly specific methods. Immunoassays, particularly if the antibody has wide cross-reactivity, are
useful for identifying classes of drugs. TLC has the advantage that all the nonvolatile materials
in the extract remain on the plate, whereas with GC and HPLC there is always the possibility that
compounds have not been eluted from the column. Obviously, one analytical technique cannot
separate and identify all the possible compounds of interest; for example, only a finite number of
compounds can be resolved on a single TLC plate.

The ability of a given analytical method to identify a compound from a given set of test
compounds is known as the identification power. One approach in quantifying identification
power is the use of discriminating power (DP):

2M

DP=1— —
NN —-1)

(1.1)

where M is the number of pairs of compounds which are not resolved and N is the number of
compounds examined. The concept of discriminating power was introduced by Moffat et al. (1974)
with the aim of quantifying the ability of paper chromatography, TLC and GLC to give unequivocal
identification of unknowns. When this approach was applied to an investigation of the separation
of 34 neutral compounds in 15 TLC systems, it was shown that one system had the greatest DP
(0.75). However, by combining the results from two of the systems, the DP could be increased to
0.88 (Owen et al., 1978). As the identification power increases so the DP increases towards 1.0.

A second approach to define the identification power is the mean list length (MLL). A list
length is defined as the number of feasible candidates for a particular analytical parameter,
for example, the retention index in a GC system (Section 5.3). The average of all list lengths
gives the MLL for that set of compounds in that system. As in the example above, MLLs can
be calculated for a combination of systems. MLLs are >1.0, but will approach 1.0 as identi-
fication power increases. In both cases (DP and MLL), examination of a low number of test
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compounds will give an overestimation of the identification power of the method (Boone et al.,
1999).

The greater the number and range of techniques that are available to the analyst, the greater the
probability that unknown substance(s) will be identified correctly. Investigation of the responses
of various analytes to different detectors, for example FID/ECD, can provide valuable information
about the nature of a compound. HPLC-DAD not only provides spectral information, but also
can confirm peak purity via multiple scanning of an eluting peak (Section 8.8.3). Hyphenated
techniques such as GC-MS can provide robust analyte identification, particularly when combined
with computerized libraries of electron ionization (EI) fragmentation data that can be searched
rapidly to confirm compound identity. In addition, chemical ionization (CI) MS can be used to
obtain the M, of a substance.

Analytes may be chemically modified to improve their chromatographic properties or ‘de-
tectability’, but derivatization can also give useful qualitative information. One old, but classic,
example is the so-called ‘acetone-shift’ (reaction of acetone with a primary amine to give the cor-
responding Schiff’s base). Amfetamine, for example, reacts with acetone to form N -(1-methyl-
2-phenylethyl)propanimine (Figure 1.2).

CHj CHj

| Acetone | CHs
CHZ*CIJ*NHQ _— > CHQ*?*N:C\
H H CHs
(+)-Amfetamine N-(1-Methyl-2-phenylethyl)propanimine

Figure 1.2 Reaction of amfetamine with acetone.

The third step in STA is to compare the observed data with validated database information.
Clearly, databases used in compound identification need to be regularly updated, and must include
information on not only patent compounds, but also metabolites, common interferences, and
contaminants. It is important that the analytical techniques used in establishing such databases
are reproducible, both within and between laboratories.

1.2.2 Ethanol and other volatile substances

Enzymatic methods for blood ethanol using alcohol dehydrogenase with spectrophotometric mea-
surement of a coenzyme are available in kit form such as that available for the Abbott TDx/ADxX.
GC analysis of ethanol either by direct injection of blood or urine diluted with deionized water
(Curry et al., 1966), or by static headspace sampling (Machata, 1975), is also widely used, par-
ticularly in forensic work. GC is advantageous because methanol, 2-propanol and acetone may
be separated and measured simultaneously. Methanol poisoning from ingestion of synthetic alco-
holic drinks is one of the few causes of acute poisoning ‘epidemics’ and measurement of blood
methanol is important in confirming the diagnosis and in monitoring treatment.

More than 20 additional volatile compounds may be encountered in acute poisoning cases
arising, for example, from deliberate inhalation of vapour in order to become intoxicated [‘glue
sniffing’, solvent abuse, inhalant abuse, volatile substance abuse (VSA)]. Some of these volatile
compounds have metabolites that may be measured in urine in order to assess exposure, notably
hippuric and methylhippuric (toluric) acids (from toluene and the xylenes, respectively) and
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trichloroacetic acid (from trichloroethylene). However, most volatile substances are excreted
unchanged in exhaled air, and thus whole blood is the best sample in which to detect and identify
these compounds (Flanagan et al., 1990).

1.2.3 Trace elements and toxic metals

In order to help diagnose chronic poisoning, where elevations of only a few wg L~! (parts per
billion, ppb, i.e. parts per thousand million) of blood or serum can be important, good accu-
racy and reproducibility are essential (Braithwaite and Brown, 1988). Sample contamination
during collection (e.g. from sample tubes, or even from syringe needles in the case of chromium
and manganese) and within the laboratory itself can be serious sources of error. This applies
particularly to common elements such as lead and aluminium. Modern methods for measuring
toxic metals in biological materials (Table 1.2) vary enormously in terms of complexity, cost,
accuracy and sensitivity. Some techniques (isotope dilution MS, neutron activation analysis) are
in reality reference methods. Atomic absorption spectrometry with either flame or electrothermal
atomization using a graphite furnace has been employed widely, but is being superseded by induc-
tively coupled plasma-mass spectrometry (ICP-MS). In the case of serum iron, however, reliable
kits based on the formation of a coloured complex remain widely used in clinical chemistry.

Table 1.2 Methods for the analysis of toxic metals in biological materials

Technique Mode Variant
Electrochemical Potentiometric Ion selective electrodes
Coulometric (Differential pulse) polarography
Anodic/cathodic stripping voltametry
(A/CSV)*
Spectrophotometric Atomic emission (AE) Flame emission photometry (FEP)”
DC plasma

Inductively coupled plasma (ICP-AES)
Atomic absorption (AA) Flame

Hydride generation

Electrothermal

Cold vapour
X-Ray Fluorescence
Nuclear Neutron activation

Proton activation

Mass spectrometry Inductively coupled plasma (ICP-MS)

¢ Also known as potentiometric stripping analysis (PSA)
bNormally refers to the use of filters to select the emission wavelength — used mainly for potassium, lithium and sodium
assay
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ICP-MS is a multi-element technique that can detect and measure elements with detection
limits of wg L™! to ng L~'. Different isotopes of an element can also be measured. For some
elements, the relative abundance of the isotopes depends upon the source of the metal. Therefore,
by measuring the isotope ratios of an element such as lead in a sample from a chronically poisoned
patient with those found in material present in the patient’s immediate environment it may be
possible to localize the source of exposure (Delves and Campbell, 1988). Ethnic cosmetics such as
surma may contain from 0 to 80 % elemental lead as either the oxide or sulfide and such products
are important causes of lead poisoning. So-called ‘traditional’ medicines may also contain toxic
doses of salts of lead or other toxic metals (Braithwaite and Brown, 1988).

1.3 Provision of analytical toxicology services

The stages in processing analytical work if poisoning is suspected can be divided into preanalytical,
analytical and postanalytical phases (Table 1.3).

Table 1.3 Steps in undertaking an analytical toxicological investigation

Pre-analytical Obtain details of current (suspected) poisoning episode, including any
circumstantial evidence of poisoning, and the results of biochemical and
haematological investigations, if any. Also obtain the patient’s medical and
occupational history, if available, and ensure access to the appropriate sample(s)
Decide the priorities for the analysis

Analytical Perform the agreed analysis

Postanalytical Interpret the results in discussion with the physician looking after the patient or the
pathologist. Perform additional analyses, if indicated, using either the original
samples or further samples from the patient. Save any unused or residual samples in
case they are required for further tests

1.3.1 Samples and sampling

In analytical toxicology, clinical chemistry and related fields, the words ‘sample’ and ‘specimen’
are used to denote a portion of a body fluid, tissue, incubation medium, and so on obtained
under defined conditions. The samples encountered may range from relatively pure solutions of
a drug to a putrefying piece of tissue. Liquids, such as blood, saliva, urine and cerebrospinal
fluid (CSF), are generally easier to sample and to analyze than solids and semisolids, which
require homogenization or digestion prior to analysis. Blood plasma is used in clinical work if
quantitative measurements are needed in order to assess dosage or monitor treatment as in TDM.
Urine is commonly used in qualitative work such as drugs of abuse screening as collection is
noninvasive and the concentrations of many drugs and other poisons, and their metabolites, tend
to be higher than in blood, thereby facilitating analyte detection. Further aspects related to samples
and sampling are discussed in Chapter 2.

1.3.2 Choice of analytical method

In responding to a given analytical problem many factors must be considered (Peng and Chiou,
1990). It may seem self-evident that the method used should be appropriate for the intended
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analysis. In practice, the choice of method depends on several factors including: the circumstances
under which an analysis is requested (i.e. the question being asked), the sample to be analyzed, the
nature of the analyte (if known), the expected concentration of any analyte(s), the time available
for the analysis, the apparatus available, and the training and experience of the analyst.

The nature of the sample and the expected concentration of any analyte(s) are obvious influences
on the choice of method. It may be possible to measure the concentration of a known substance in a
relatively pure solution directly using a simple technique such as UV spectrophotometry. However,
if the sample is a piece of postmortem tissue such as liver then a wholly different approach will
be required. Typically, a representative portion of the tissue will have to be homogenized and the
analyte obtained in a relatively pure form by liquid-liquid solvent extraction of the homogenate
at an appropriate pH. Further purification or extract concentration steps may be needed prior to
instrumental analysis. In the case of organic poisons this will usually be by a chromatographic
method such as GC or HPLC because both qualitative and quantitative information can be obtained
during the course of the analysis. The choice of instrument may influence the choice of sample
preparation procedure, although this is not always the case.

For optically active (chiral) drugs (Table 1.4), the desired clinical activity often resides pre-
dominantly in one isomer. The other isomer may be pharmacologically inactive or have different
properties from its enantiomer, so administration of a racemate (a 50:50 mixture of enantiomers,
Table 1.5) is the same as giving different compounds as far as the body is concerned. The sup-
ply of optically active compounds as pure enantiomers (optical isomers) is sometimes indicated
by the name used (dexamfetamine, dextropropoxyphene, levorphanol), but this does not always
apply (hyoscine, morphine, physostigmine). Moreover, it is thought that up to 25 % of currently
used drugs are chiral and are supplied as racemates, usually without any indication of the fact.
Atropine is the approved name for (£)-hyoscinamine, for example. Whilst there are few clear
indications for providing chiral methodology for routine analytical toxicology at present, it should
be noted that chromatographic methods have made a major contribution to the development of
pharmacology and therapeutics by providing methods to separate enantiomers on a preparative
scale and in biological samples.

1.3.3 Method implementation and validation

Whatever method is used for a given analysis it must be validated, that is it must be shown to be
“fit for purpose’. Understanding method validation is clearly important not only when developing
a method, but also when implementing a method for routine use. A number of terms important in
understanding method validation are given in Table 1.6. A fundamental starting point in any assay
is obtaining certified pure reference material, or at least the best approximation to such material
that can be attained. When preparing primary standards, particular attention should be paid to the
M., of salts and their degree of hydration (water of crystallization). Analytical results are normally
reported in terms of free acid or base and not of a salt.

Obviously the method must possess adequate sensitivity for the task in hand. The limit of
sensitivity is a term often used to describe the limit of accurate measurement, but this is better
defined as the lower limit of quantification (LLoQ). The limit of detection (detection limit, ‘cut-off
value’) is a better term for limit of sensitivity.

Quantitative methods must also have good precision (reproducibility) and accuracy (the re-
sults must reflect the true concentration of the analyte). Selectivity (freedom from interference,
specificity) is important when a single species is to be measured, but broad specificity may be
useful when screening for the presence of a particular class of compounds as discussed above.
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Table 1.4 Summary of chiral nomenclature

Number of chiral centres

Nomenclature

Rotation of plane
polarized light

Fischer

Cahn—Ingold—Prelog (CIP)

If n = number of optical centres there will be 2" isomers. Molecules
with 2 optical centres can exist as four molecules: two diastereoisomers
(diasteromers), each consisting of two enantiomers, (i.e., there are two
pairs of enantiomers). The exception to this is if two molecules have a
plane of symmetry (a plane that divides a molecule into two parts, each a
mirror image of the other) and therefore cancel out their net optical
rotation. In such cases they are known as meso forms

Enantiomers possess a unique property in that they rotate
plane-polarized light in equal and opposite directions. This is the basis
of the (4+)/(—) or d/l notation, the former being preferred as it avoids
confusion with D/L, however it does not unequivocally distinguish
between enantiomers because some molecules may change rotation on
forming salts. The notation tells nothing about the absolute
configuration (i.e., the spatial arrangement) of the atoms

Rotates to the right: dextrorotatory (+ or d);
rotates to the left: levorotatory (— or 1).

The absolute stereochemistry in the Fischer notation gives the absolute
spatial arrangement by reference to D-glyceraldehyde. The letters D or
L are used (not to be confused with lower case d or 1). The Fischer
convention is still used for carbohydrates and amino acids. The original
choice of D-glyceraldehyde was arbitrary, but was proved correct by
X-ray crystallography

The CIP system is the definitive method of assigning absolute
configuration. The letters R and S indicate spatial arrangements as
follows:

1. Assign values to the substituent groups by highest atomic number?
2. Point the lowest value away

3. If the remainder go from high to low clockwise then R (rectus)

4. If the remainder go from high to low anticlockwise then S (sinister)
5. In case of a tie go to the next atoms along

The Fischer convention cannot be simply converted to the CIP system,

that is R does not always equate to D. All naturally occurring a-amino

acids in mammalian proteins are L. Using the CIP system, cysteine and
cystine are S the others, without sulfur, are R

“The rules are in fact more detailed: Highest atomic number > highest atomic mass > cis- prior to trans- > like pairs
(RR) or (SS) prior to unlike > lone pairs which are considered an atom of atomic number 0. [N.B. R* indicates a single
enantiomer obtained, but with unknown stereochemistry].
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Table 1.5 Some terms used in stereochemistry

Absolute stereochemistry The absolute spatial configuration of the atoms of a molecule

Chiral Hand-like, that is left- and right-handed mirror images

Enantiomer One mirror image form of a pair of optically active compounds

Epimers Optically active molecules with more than two chiral centres differing at

only one chiral centre

Epimerization Partial racemization of one chiral centre in a molecule with two or more
chiral centres

Diastereoisomers Structures with more than one chiral centre such that they are not mirror
images (enantiomers)

Inversion Conversion of one enantiomer to the other

Meso Optically inactive isomer in which the optical activity of chiral centres
are balanced

Racemate Equimolar mixture of both enantiomers of an optically active
compound
Racemization Conversion of a single enantiomer to a racemate

The recovery of the analyte, that is how much of the compound of interest is recovered from the
sample matrix during an extraction, for example, is important if sensitivity is limiting, but need
not be an issue if the LLoD, accuracy and precision of the assay are acceptable.

Ideally, whatever the methodology employed, quantitative assay calibration should be by anal-
ysis of standard solutions of each analyte (normally 6—8 concentrations across the calibration
range) prepared in the same matrix and analyzed as a batch along with the test samples. A graph
of response against analyte concentration should be prepared and used to calculate the analyte
concentration in the sample (so-called ‘external standard’ method).

Any quantitative analysis is a measurement and, in common with all measurements, has as-
sociated errors, both random and systematic. In chromatographic and other separation methods
the ‘internal standard’ method is often used to reduce the impact of systematic errors such as
variations in injection volume or evaporation of extraction solvent during the analysis. Thus, a
known amount of a second compound (the internal standard) that behaves similarly to the analyte
during the analysis, but elutes at a different place on the chromatogram or is otherwise detected
independently of the analyte is added at an appropriate stage in the analysis. Subsequently, the
detector response of the analyte relative to the response of the internal standard is plotted against
analyte concentration when constructing a calibration graph.

1.3.4 Quality control and quality assurance

Once an analytical method has been validated and implemented it is important to be able to show
that the method continues to perform as intended. In qualitative work, known positive and negative
specimens should normally be analyzed at the same time as the test sample. A negative control
(‘blank’) helps to ensure that false positives (owing to, e.g. contaminated reagents or glassware)
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Table 1.6 Terms used when reporting method validation

Term

Notes

Accuracy

Calibration range

Coefficient of variation (CV)
Higher limit of quantification
(HLoQ)

Internal standard

Limit of detection (LoD)

Linearity

Lower limit of quantification

(LLoQ)

Precision

Relative standard deviation
(RSD)

Selectivity

Signal-to-noise (S/N) ratio

The difference between the measured value and the accepted (‘true’)
value

The range of concentrations between the highest and lowest calibration
standards. This should encompass the range of concentrations found in
the test samples

An obsolete term for RSD

The highest concentration that can be quantified. Not always quoted, but
important in assays with a clear upper ‘cut-off’, for example
immunoassays and fluorescence assays

A second compound, not the analyte, added at an appropriate stage in
the assay to correct for systematic errors in the analysis

The smallest amount of analyte that can be detected. Usually defined as
some multiple (e.g. 5) of the baseline noise (signal to noise ratio = 5) or
multiple of the SD of the blank signal

A definable and reproducible relationship between a physicochemical
measurement (e.g. UV absorption) and the concentration of the analyte.
Not necessarily a straight line

The lowest concentration that can be measured within defined limits.
Usually a concentration for which the precision and accuracy have been
set arbitrarily, for example RSD < 20 %

The scatter of measured values about a mean value

Usually quoted as RSD — within-assay and between-assay precision is
commonly given

The standard deviation of replicate measurements expressed as a
percentage of the mean value:

RSD = SD/Mean x 100 %
Useful when comparing precision at different concentrations
The ability to distinguish between the analyte and some other compound

Strictly, the response to the analyte divided by the amplitude of random
electronic noise of the detection system. In practice, the background
signal due to interfering compounds is often greater than the electronic
noise
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are not obtained. Equally, inclusion of a true positive serves to check that the reagents have been
prepared properly and have remained stable.

In quantitative work, assay performance is monitored by the systematic analysis of internal
quality control (IQC) samples, independently prepared standard solutions of known composition
prepared in the same matrix as the samples and not used in assay calibration. Plotting the results
for the IQC samples on a chart allows the day-to-day performance of the assay to be monitored and
gives warning of any problems as they arise. When new batches of calibration and IQC samples
are prepared it is prudent to ensure comparability of the results obtained with those given by an
earlier batch, or with the results obtained using external QC material.

Participation in appropriate external quality assessment (EQA) or proficiency testing (PT)
schemes is also important (Wilson, 2002). In such schemes, (sometimes lyophilized) plasma,
serum, whole blood, or urine specimens are sent to a number of participating laboratories. After
reconstitution in deionized water if appropriate, the specimens are analyzed as if they were real
samples and the results are reported before the true or target concentrations are made known.

1.4 Applications of analytical toxicology

Cases in which toxicological analyses are requested tend to fall into: (i) emergency and general
hospital toxicology, including ‘poisons screening’ and (ii) more specialized categories such as
forensic toxicology, screening for drugs of abuse, therapeutic drug monitoring (TDM) and occu-
pational/environmental toxicology. However there is considerable overlap between all of these
areas.

1.4.1 Clinical toxicology

The specialized nature of analytical toxicological investigations dictates that facilities are con-
centrated in centres that are often remote from the patient. Frequently routine clinical chemical
tests will be performed at one site, whilst more complex toxicological analysis will be performed
by a different department, possibly at a different location. The toxicology laboratory will usually
undertake a range of analyses in addition to emergency toxicology. Despite this, the importance
of direct liaison between the physician treating the patient and the analytical toxicologist cannot
be overemphasized. Ideally, this liaison should commence before any specimens are collected as
some analytes, toxic metals, for example, require special precautions in specimen collection (Sec-
tion 11.2). At the other extreme, residues of samples held in a clinical chemistry laboratory or by
other departments, for example in the emergency department (ED) refrigerator, can be invaluable
if the possibility of poisoning is raised in retrospect.

Nowadays, toxicology screening is normally performed using immunoassays and/or TLC and
temperature programmed capillary GC-MS. The concept of STA (Section 1.2.1) is valuable, but
sometimes overstates the case for absolute reproducibility of retention data. In real life many
factors (clinical and circumstantial evidence, availability of a particular poison, past medical
history, occupation, number of peaks present on the chromatogram, selective detector responses,
etc.) are considered before reporting results.

The range of analyses that can be offered by specialized laboratories, sometimes on an emer-
gency basis, usually encompasses several hundred poisons. ‘Poisons screens’ must use reasonable
amounts of commonly available samples (2030 mL urine, 2-5 mL plasma). If any tests are to in-
fluence immediate patient management, the (preliminary) results should be available within 2-3 h
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of receiving the specimens (1 h in the case of paracetamol). In some cases the presence of more
than one poison, for example, may complicate the analysis and examination of further specimens
from the patient may be required.

A quantitative analysis carried out on whole blood or plasma is usually needed to confirm
poisoning unequivocally, but this may not be possible if laboratory facilities are limited, or if the
compound is particularly difficult to measure. It is important to discuss the scope and limitations
of the tests performed with the clinician concerned and to maintain high standards of laboratory
practice, especially when performing tests on an emergency basis. It may be better to offer no result
rather than misleading data based on unreliable tests. Clinicians often treat poisoned patients on
the basis of suspicion and history rather than await the results of a laboratory test, but may change
their approach once they have the result. The treatment of paracetamol poisoning is an example.

Circumstantial evidence of the compound(s) involved in a poisoning episode is often ambiguous
and thus, on the rare occasions when an analysis for ‘poisons’ is indicated, it is advisable to perform
a ‘poisons screen’ routinely in all but the simplest cases. Similarly, the analysis should not end after
the first positive finding because additional, hitherto unsuspected compounds may be present. One
exception is provided by sublethal carbon monoxide poisoning, which can be difficult to diagnose
even if carboxyhaemoglobin measurements are available — circumstantial evidence of poisoning
may prove invaluable in such cases. Of course, a ‘positive’ result on a ‘poisons screen’ does not of
itself confirm poisoning because such a result may arise from incidental or occupational exposure
to the poison in question or the use of drugs in treatment.

Blood is often the easiest specimen to obtain from an unconscious patient and is needed for many
quantitative measurements. Urine is also a valuable specimen as drug or metabolite concentrations
tend to be higher than in blood and relatively large volumes are usually available. However, some
compounds, such as many benzodiazepines, are extensively metabolized prior to excretion and
then blood plasma is the specimen of choice for detecting the parent compound. Quantitative
measurements in urine are generally of little use in emergency toxicology. All poisons screens
have limitations (Wiley, 1991). Thus, of the drugs commonly used to treat depression, lithium
has to be looked for specifically, whilst those monoamine oxidase inhibitors (MAOIs) which
act irreversibly, such as phenelzine, have a prolonged action in the body even though plasma
concentrations are very low after overdosage. Any drug that is not bound to the enzyme may be
excreted rapidly and may be difficult to detect except in a urine specimen obtained soon after
the event. Tricyclic antidepressants are very lipophilic and thus urinary concentrations, even after
fatal poisoning, may be below the LLoD of the analytical method if death has occurred relatively
soon after the ingestion.

1.4.2 Forensic toxicology

Toxicological investigations of deaths (including fatal road traffic accidents) are often undertaken
if there is a possibility that drugs or other poisons may have been involved. These include instances
where deliberate poisoning, including self-poisoning, is a possibility, especially if death has
occurred in children or whilst in police custody, or when decomposition has taken place to such
an extent that it is difficult to glean much information as to the cause of death from a conventional
postmortem examination. Non-fatal incidents where toxicological investigations may be useful
include collapse whilst in custody, alleged offences under Road Traffic Acts involving ethanol or
other drugs, allegations of poisoning of relatives or pets, doping in sex offences and other cases
of assault. It may also be important to analyze samples from a suspect for the presence of drugs
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such as ethanol, which may have altered his or her perception or behaviour during the course of
a crime.

The specimens available may range from fresh blood to decomposing tissues recovered from a
partial skeleton, while the quantity available may range from a kilogram of liver to a dried blood-
stain. Breath analysis was introduced in the United Kingdom for the detection of the intoxicated
motorist in 1967, initially in the form of indicator tubes based on the reduction of potassium
dichromate and more recently in the form of evidential breath ethanol instruments. Difficult areas
still include screening for a wide range of compounds which could affect driving performance
in, say, 2 mL of whole blood while leaving sufficient sample for a quantitative measurement, and
detecting drugs used in sexual or other assaults (drug facilitated sexual assault, DFSA).

The primary role of the Coroner in England and Wales and of the Procurator Fiscal in Scotland
is to exclude criminal acts as a possible cause of death. The data derived from such courts
may be invaluable in monitoring the incidence of fatal poisoning. The importance of adequately
documenting all acute poisoning incidents both in the hospital notes and in the laboratory records
becomes clear when it is remembered that even an apparently trivial case may eventually be
reviewed in detail in a coroner’s court. Required documentation includes correctly recorded patient
and sample details, the date and time of collection of samples, details of physical examination,
nature and timing of treatment, particularly drug treatment, results of investigations (including
units), and conversations with poisons information services and the laboratory. The laboratory
should fully document all analyses and keep copies of all the reports issued. Samples should be
kept, appropriately stored, for example at —20 °C, until the conclusion of the case.

In assessing the evidence of the analytical toxicologist the courts are concerned especially
with the experience of the analyst, the origin and condition of the samples, and the analytical
methods used. The ability to prove continuous and proper custody of the specimen is important.
Normally, a minimum of two unrelated analytical methods should be employed before a tentative
identification is accepted. The results should be presented together with sufficient information to
ensure accurate interpretation of the findings by a coroner, magistrate, judge and/or jury. There
is always the possibility of an independent examination by a further expert instructed by another
party in the case.

1.4.3 Drug abuse screening

The value of blood, breath or urinary measurements in the diagnosis of ethanol abuse and in
monitoring abstinence is clear. Screening for drugs of abuse in urine is also valuable in monitoring
illicit drug taking in dependent patients and guards against prescribing controlled drugs for patients
who are not themselves drug dependent. Some substances disappear from biological samples
very rapidly and, depending on the time between administration and sample collection, the parent
compound may not be detectable. Sometimes, however, metabolite identification can be used to
demonstrate that a particular drug has been taken. Other samples, such as saliva (oral fluid) and
sweat, are being used increasingly to test for drugs of abuse. Analysis of hair, long used to assess
chronic exposure to toxic metals, can also provide a history of exposure to illicit drugs and other
organic poisons (Baumgartner et al., 1979; Kintz, 2004).

Testing for drugs of abuse may also be valuable in the psychiatric assessment of patients pre-
senting with no overt history of drug abuse. In addition, the diagnosis of maternal drug abuse,
either during pregnancy or postpartum, can be important in the management of the neonate. The
need for drug abuse screening of personnel in sensitive positions (armed forces, security services,
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pilots, drivers) or those applying for such positions (‘employment’ and ‘pre-employment’ screen-
ing, respectively), has become accepted in recent years. The detection of illicit or performance-
enhancing drug use in sport has also assumed importance. In animal sports the definition of an
illicit compound is much easier than in man and can include any substance not normally derived
from feedstuffs.

Urine is the specimen of choice in many cases, not only because the concentrations of the com-
pounds of interest tend to be higher than in blood, but also because it is by far the easiest specimen
to obtain, especially from patients likely to have damaged veins. Moreover, human urine presents
less of a hazard than blood to laboratory staff. The illicit drugs encountered most commonly in the
United Kingdom are opiates [mainly heroin (diacetylmorphine, diamorphine)], benzodiazepines,
cocaine, amfetamines including metamfetamine and methylenedioxymetamfetamine (MDMA,
‘ecstasy’) and cannabis. In the United States, abuse of cocaine either as the hydrochloride or as
the free base (‘crack’) is relatively common, and a range of additional compounds may also be
encountered, including dextropropoxyphene (propoxyphene), fentanyl and phencyclidine (PCP,
‘angel dust’).

The purity of ‘street’ drugs varies widely — heroin may be between 2 and 95 % pure, for exam-
ple. Overdosage, either with excessively pure ‘street’ drug or with drug ‘cut’ with a particularly
toxic compound, is a further cause of acute poisoning ‘epidemics’. Compounds such as atropine,
strychnine, lidocaine, chloroquine, quinine and barbiturates may be used to ‘cut’ street drugs.
Serious acute poisoning may occur if tolerance to heroin or methadone has been reduced through
abstinence. Methadone is widely used to treat opioid addiction, although buprenorphine is be-
coming more commonly employed in this role. Other opioids such as codeine, dihydrocodeine
and pethidine (meperidine) also occur.

The availability of a variety of immunoassay kits has proved invaluable, especially in employ-
ment and pre-employment screening when large numbers of negative results are to be expected
and high sensitivity is required. However, confirmation of positive results with MS linked either
to capillary GC or HPLC is essential. In clinical samples TLC can be used to resolve drugs such as
morphine from compounds such as codeine and pholcodine that are available in over-the-counter
preparations. TLC requires a minimum of apparatus and is generally cost effective. It is also
amenable to batch sample processing, but is labour intensive, analyte capacity is low, and interpre-
tation of results can be anything but straightforward. Capillary GC, GC-MS, or HPLC-MS is used
to detect and identify amfetamines, and increasingly to confirm TLC and immunoassay results.

Ingestion of laxatives and diuretics in order to produce weight loss is not uncommon and can be
difficult to diagnose. Collection of serial urine samples over several days is advisable. Detection
of the abuse of osmotic laxatives such as lactulose and bulk-formers such as bran is not possible
analytically. The covert ingestion or administration of anticoagulants is well documented but
difficult to diagnose.

1.4.4 Therapeutic drug monitoring (TDM)

The measurement of plasma concentrations of drugs given in therapy is useful in assessing ad-
herence and for compounds for which pharmacological effects cannot be assessed easily and
for which the margin between adequate dosage and overdosage is small (Hallworth and Wat-
son, 2007). The availability of a variety of immunoassay and other kits means that many TDM
assays can be performed more conveniently by such means than by chromatographic methods.
However, chromatographic assays are still important in the case of antipsychotic, antiretroviral
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and immunosuppressant drugs, for amiodarone, where it has proved impossible to produce an
antibody which does not cross react significantly with thyroxine and tri-iodothyronine, and in
general where active metabolites should be measured as well as the parent compound. Examples
include carbamazepine/carbamazepine-10,11-epoxide, clozapine/norclozapine, procainamide/N -
acetylprocainamide and amitriptyline/nortriptyline.

1.4.5 Occupational and environmental toxicology

The monitoring of occupational or environmental exposure to toxic substances is an important area.
Metal ions such as lead and also some organochlorine pesticides such as chlordane and dieldrin
have long half-lives in the body and thus accumulation can occur with prolonged exposure to
relatively low concentrations. The manufacture of drugs can also present a hazard to those involved
via dermal or inhalational absorption. The abuse of alcohol and of controlled drugs is of much
current concern in occupational medicine, especially as regards screening for drug or substance
abuse amongst potential employees and amongst, for example, operators of heavy machinery and
pilots, as discussed above.

Control of occupational exposure to toxic metals, volatile solvents and some other poisons is
an integral part of industrial hygiene and has been achieved, in part, by monitoring ambient air
concentrations of the compound(s) under investigation. However, an individual’s work pattern and
attention to safety procedures may greatly influence exposure and ‘biological effect’ monitoring,
where clinical chemical parameters such as blood zinc protoporphyrin are measured as an indicator
of lead exposure, is required practice in certain occupations. Not all poisons are amenable to
effect monitoring and so ‘biological’ monitoring is performed widely. This involves measuring
blood, urinary, or breath concentrations of a compound and possibly of its metabolites. The
American Conference of Governmental Industrial Hygienists (ACGIH) has set guidance values
for 38 substances in the United States (ACGIH, 2005), and the Deutsche Forschungsgemeinschaft
(DFG) in Germany has introduced values for 63 chemicals (DFG, 2005).

The investigation of the accidental release of chemicals into the workplace or into the environ-
ment (so-called chemical incidents) is a topic of current interest. Examples include the Bhopal
disaster in India when methyl isocyanate was released into the atmosphere and the Camelford
incident in the United Kingdom, in which aluminium sulfate was accidentally added to the local
drinking water supply. Toxicological analyses can be valuable, not only in providing evidence of
the nature and magnitude of an exposure, but also in demonstrating that no significant exposure
has occurred, thereby allaying public apprehension. Clearly, the early collection of appropriate
biological samples is essential. In the absence of information to the contrary it is wise to collect
10 mL whole blood (2 x 5 mL EDTA) and at least 25-50 mL urine (no preservative) from ex-
posed or possibly exposed individuals. The time and date of sampling and the patients’ full names
should be recorded on the samples and also on a separate record sheet. The samples should be
stored at either 4 °C or —20 °C until the appropriate analyses can be arranged. If the incident is
investigated in retrospect then samples may exist in a local hospital laboratory, for example.

One area which has been neglected somewhat is that of food-derived poisons. Botulinum toxin
and other toxins of microbiological origin are usually considered together with food poisoning.
Poisoning from other naturally occurring poisons, which include atropine from Atropa belladonna,
solanine from potatoes and cyanide from Cassava and from apple pips, also occurs (de Wolff,
2004). Here analysis of the foodstuff rather than biological samples can be more helpful in
establishing the diagnosis in individual patients. Acute pesticide poisoning sometimes occurs after
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ingestion of contaminated produce and again analysis of the foodstuff can be helpful (Stinson
etal., 1993). The increasing use of herbal or other ‘natural’ remedies is an area of especial concern.

1.5 Summary

It is impossible to divorce the study of the analytical methods used in performing toxicological
analysis on biological and related samples from the study of toxicology itself, especially clinical
and forensic toxicology. By the same token, the laboratory can do nothing to help in the diagnostic
process unless someone, be it a clinician, pathologist, or some other person, first suspects poisoning
and ensures that specimens are collected and sent for analysis. However, appropriate sample
collection and handling is not always straightforward and indeed is a subject in its own right.
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2 Sample Collection, Transport,
and Storage

2.1 Introduction

In analytical toxicology no matter how complex the equipment and careful the analysis, the results
may be rendered worthless if sample collection, transport, and storage have not been performed
with the analysis in mind. Thus, it is important to be familiar with the nature and stability of the
analyte(s), the nature of the sample matrix, and the circumstances under which the analysis is
to be performed. Proper documentation of the history of the sample (origin, mode of collection,
transport, storage, and the like) is essential.

The analyte concentration in the specimen is generally assumed to be representative of the
concentration in the particular fluid or tissue sampled. Whole blood, plasma (the fluid obtained
on centrifugation of anticoagulated whole blood), or serum (the fluid remaining when blood has
clotted) are widely used in clinical work. This is because not only is blood relatively easy to
collect, but also a quantitative analysis can often give useful information as to the magnitude of
exposure and hence the severity of poisoning. Excretions (exhaled air, urine) or secretions (saliva,
bile) are often less useful as regards interpretation of quantitative data, but can be very useful in
qualitative work.

Variations in bioanalytical measurements may be subject-dependent and reflect normal phys-
iological changes, whilst others may reflect sample collection and handling procedures (Table
2.1). Postmortem specimens are a special problem because, generally, information on the analyte
concentration in blood at the time of death is required. Postmortem blood concentrations may not
accurately reflect perimortem blood concentrations for several reasons. Haemolysis is common,
for example, whilst haemostasis may lead to changes in the cellular composition of the ‘blood’
being sampled. There is also the possibility of contamination during collection, for example, with
stomach contents, and of leakage of analyte from adjacent tissues. The leakage of intracellular
potassium into plasma, which begins soon after death, is such an example.

2.2 Clinical samples and sampling
2.2.1 Health and safety

Biological samples may contain infective agents and must be handled with care, especially if
originating from drug abusers, and must always be treated as if they are infective. The major
common risks are associated with tuberculosis, hepatitis B, and human immunodeficiency virus
(HIV). Urine is least likely to be infective. It is thought very likely that following solvent extraction
or other robust sample preparation procedures, infective agents will be inactivated, except for
variant Creutzfeldt-Jakob Disease (CJD), but in homogenous assays, such as immunoassays,
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Table 2.1 Types of variables affecting clinical samples

Variable

Example(s)

(i) Physiological
Age

Sex
Body weight

Recent food intake

Diet

Circadian variation

Menstrual cycle

Pregnancy

Psychological changes

Physiological changes

Drugs

Markers of bone turnover such as collagen cross-linkages are increased in child-
hood

Sex hormones
Urinary creatinine increases with muscle mass

Plasma glucose, triglycerides, and so on, increase after a normal meal. May delay
and/or reduce absorption of some drugs, but increase absorption of others

Malnutrition or fasting will reduce serum albumin, urea, and phosphate, amongst
other parameters

Some analytes (e.g. cortisol, iron) show diurnal changes in plasma concentration

Plasma concentrations of leutinizing hormone (LH), follicle stimulating hormone
(FSH), oestradiol and progesterone vary with the cycle

Plasma concentrations of human chorionic gonadotropin (HCG), oestradiol, and
other biochemicals vary throughout pregnancy

Venepuncture or hospitalization may increase plasma concentrations of stress-
related compounds such as catecholamines

Posture may affect measurements such as plasma aldosterone and albumin. Exer-
cise can change the blood concentrations of compounds such as lactate

Drug treatment may alter concentrations of some plasma constituents even in
apparently healthy subjects (e.g. trimethoprim increases serum creatinine)

(ii) Samplelanalyte variations

Incorrect specimen

Incorrect collection

Haemolysis

Cellular contamination

Incorrect/excessive
storage

Collection during an
infusion

Drug treatment

Value differences between plasma and serum, venous and arterial blood, random
and 24 h urine samples (e.g. potassium higher in serum than in plasma)

The absence of an appropriate enzyme inhibitor may allow continued enzyme
action such as catabolism of glucose or neuropeptides. Failure to acidify urine
will decrease urinary catecholamines. Collection into EDTA will decrease plasma
calcium. Contamination with ethanol, 2-propanol, or other alcohol used as a dis-
infectant prior to venepuncture may invalidate ethanol assay

Red cell lysis may lead to changes in plasma constituents, particularly potassium,
phosphate, and some enzymes and may interfere with the analytical method

The presence of platelets following incorrect centrifugation will apparently raise
plasma serotonin

Some compounds may oxidize even when frozen [e.g. formation of adrenochrome
from 5-hydroxyindoleacetic acid (5-HIAA)], or be subject to bacterial degradation
(e.g. amino acids in acidified urine)

Collection near to an infusion site will give misleading concentrations of the
compound being infused or dilute other blood constituents

Drugs or metabolites may interfere in the assay
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samples may continue to be infective after incubation, even though diluted. Indeed, incubation
may increase the titre of the infective agent.

Staff in regular contact with potentially infective materials must be properly trained in the safe
handling and disposal of biological samples. Such staff should be vaccinated against hepatitis
B, polio, tuberculosis, and tetanus and possibly other diseases in specific countries. Sample
handling should be performed with due attention to preventing droplets splashing into the eyes
and minimizing aerosol formation (wear eye protection, perform mixing and other procedures in
a fume cupboard or microbiological safety cabinet, always use either sealable centrifuge tubes or
a centrifuge with sealable rotors). Screw-capped sample tubes are preferable to those with push-in
stoppers as there is less risk of aerosol formation when opening the tube.

2.2.2 Clinical sample types

Clinical samples can be divided into: (i) blood and related fluids, (ii) body fluids other than blood,
(iii) excretory fluids/residues, and (iv) other clinical specimens (Table 2.2). A range of additional
specimens may be collected for toxicological purposes. Special precautions will be needed with
unstable analytes. Most compounds measured in urine can be considered stable for at least a few
hours at room temperature as the urine may already have been held at body temperature for some
time before it was voided.

2.2.2.1 Arterial blood

Arterial blood is normally collected by an experienced medical practitioner — it is a relatively
dangerous procedure — for the measurement of blood gases and is not usually submitted for toxi-
cological analysis. Capillary blood, which closely approximates to arterial blood, can be obtained
by pricking the heel, finger or ear lobe; this procedure is most often performed on small children.

2.2.2.2 Venous blood

Venous blood is obtained by venepuncture of (usually) the median cubital vein of an arm remote
from any infusion site. Either a hypodermic needle and syringe (1-50 mL) or a commercial
vacuum-sampling system such as a Vacutainer may be employed. A tourniquet can be used to
distend the vein prior to venepuncture, but should be released immediately prior to sampling.
For repeated sampling, a small cannula may be inserted into a vein in the arm or hand, which
allows venous access via a rubber septum. However, maintaining patency may be a problem, and
there may be risks of: (i) inducing haemolysis and (ii) of specimen contamination due to use of
anticoagulant solutions with such devices.

Following venepuncture, blood should be transferred into an appropriate container as soon as
practicable. Some basic analytes and quaternary ammonium compounds, for example tricyclic
antidepressants and paraquat, and aluminium bind to glass. Plastic tubes are thus preferred and
are also less likely to shatter than glass, especially if frozen. On the other hand, if volatile solvents
or anaesthetic gases, for example, are to be analyzed then glass is preferred if available (Section
2.3).

If blood has been collected into a syringe, it is essential that the syringe needle is removed
and the blood allowed to flow gently into the collection tube in order to prevent haemolysis. This
should be followed by gentle mixing to ensure contact with the anticoagulant if one is being used.
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Table 2.2 Some clinical sample types

Blood and related fluids

Blood (‘whole blood’) is the fluid that circulates through the arteries, capillaries and veins. The adult human
body contains some 5-6 litres of blood. It is composed of plasma and blood cells. Normally venous blood
is obtained (Section 2.2.2.1). If whole blood is to be analyzed, then the sample should be collected into an
appropriate anticoagulant, mixed, and then frozen in order to lyse the cells before the analysis [N.B. Occult
blood is altered blood found only in trace amounts particularly in faeces. It is not used as an analytical
sample]

Blood cells include red cells (erythrocytes) and white cells (lymphocytes, leucocytes, platelets, etc.). All
may be harvested from freshly collected blood with appropriate procedures (Section 2.2.2.4)

Cerebrospinal fluid (CSF) is a plasma ultrafiltrate (i.e. its composition is that of plasma except that high
M; proteins are absent) that surrounds the elements of the central nervous system (CNS). It is obtained by
lumbar puncture (needle aspiration from the spinal cord) and is usually collected into sterile tubes.

Cord blood is blood obtained from the umbilical cord at parturition. Normally venous cord blood is obtained
in order to reflect neonatal, as opposed to placental, blood. It may be possible to obtain plasma or serum
depending on the volume available

Plasma is the liquid portion of blood (Section 2.2.2.3)

Serum is the pale yellow fluid remaining when whole blood has clotted. Its composition is generally the
same as plasma except that fibrinogen and factors associated with the clotting process are absent (Section
2222)

Body fluids other than blood
Amniotic fluid is the fluid that surrounds the foetus in the amniotic sac
Aqueous humour is the watery fluid occupying the space between the cornea and the iris of the eye

Breast milk is the protein and fat-rich fluid produced by nursing mothers. The first expression of breast
milk (colostrum) is especially rich in protein

Gastric aspirate is an acidic aqueous fluid containing digestive enzymes, food, and so on, obtained by
aspiration from the stomach

Lympbh is a yellowish fluid derived from the lymph glands
Peritoneal fluid is the fluid that accumulates in the peritoneum

Saliva is the viscous, clear secretion of the mucous glands in the mouth. It is related in composition to
plasma, but also contains some digestive enzymes

Semen is produced by the testes and the prostate gland, and consists of seminal fluid, which may be obtained
from semen by centrifugation, and spermatozoa

Synovial fluid is the clear, viscous, lubricating liquid that fills the synovium (the membrane that surrounds
a joint and creates a protective sac)

Tears are the clear watery secretion of the tear ducts of the eye
Vaginal fluid is the viscous secretion of the vagina

Vitreous humour is the transparent, viscous fluid contained behind the lens in the eye
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Table 2.2 (Continued)

Excretory fluids/residues
Bile is the thick yellow-green fluid secreted by the liver via the gall bladder into the intestine

Exhaled (expired) air generally contains less oxygen and more carbon dioxide and water vapour than
ambient air, but may contain other volatile metabolic products

Faeces are the brown, semisolid residues of the digestive process (Section 2.2.2.7)
Sweat is the aqueous fluid excreted by the pores of the skin

Urine is the yellow/yellow-green fluid produced by the kidney. It consists mainly of water, salts, urea,
creatinine, and other metabolic products (Section 2.2.2.5)

Other samples
Bezoars are stones or concretions found in the alimentary tract of animals

Bronchoalveolar lavage (BAL) is obtained by washing the bronchi/alveoli with an appropriate solution
and aspirating the resulting fluid

Calculi (‘stones’) are hard crystalline deposits formed in various body cavities such as the kidney

Dialysis fluid (extracorporeal or peritoneal) is the fluid remaining or recovered after dialysis has been
performed

Gastric lavage is a specimen obtained by washing the stomach with an appropriate solution and aspirating
the resulting fluid

Hair (head, axilliary, or pubic) is sometimes used to assess recent exposure to poisons such as drugs or
heavy metals

Nails or nail clippings (finger or toe) are sometimes used to assess exposure to drugs or heavy metals
Nasal swabs are fluid collected onto cotton swabs from inside the nose

Oral fluid is a mixture of saliva, gingival crevicular fluid (fluid from the tooth/gum margin), cellular debris,
blood, mucus, food particles, and other material collected from the mouth

Stomach contents may be (i) gastric aspirate, (ii) gastric lavage, (iii) vomit, or (iv) the residue in the stomach
at autopsy (Section 2.2.2.6)

Stomach wash-out (SWO): see Gastric lavage

Tissue specimens are either obtained surgically or at postmortem. Tissue obtained from an aborted foetus
and/or placenta may sometimes be presented for analysis. A biopsy sample is a small sample of a tissue
obtained by a specialist sampling technique

Vomit reflects the composition of gastric aspirate

Even mild haemolysis will invalidate a serum iron or potassium assay, and may invalidate plasma
or serum assays for other analytes concentrated in red cells such as chlortalidone. Leaving plasma
or serum in contact with red cells can cause changes due to enzymatic activity or redistribution of
an analyte between cells and plasma. In general, plasma or serum should be separated from the
blood cells as soon as possible. If necessary, whole blood can be stored at -20 °C or below, but
freezing will lyse most cell types.
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Table 2.3 Anticoagulants for in vitro use

Anticoagulant Concentration (mL ™' blood) Comment

Lithium heparin 10-20 units General biochemistry

Sodium heparin 10-20 units General biochemistry

Sodium fluoride (with either 1-2 mg Glucose (inhibits glycolysis)

EDTA or oxalate) 6-10 mg General anticoagulant

Sodium citrate 3mg Clotting studies — not recommended for

other purposes as the aqueous solution
dilutes the specimen

EDTA 2 mg Haematology (stabilizes readily
oxidized compounds)

It is important to use serum or the anticoagulant recommended for a particular measurement
(Table 2.3) and not to substitute an alternative without careful consideration. Sodium citrate tubes
contain 0.5 or 1 mL of the anticoagulant in aqueous solution and so are unsuitable for quantitative
work. Furthermore, dilution of the sample may reduce the degree of plasma protein binding and
consequently the plasma:red cell distribution of the analyte. It should be ensured that lithium
heparin anticoagulant is not used if plasma lithium is to be measured. Heparin too has been
known to interfere in drug analysis.

2.2.2.3 Serum

When whole blood is allowed to stand (15 min, room temperature) in a plain tube (no anticoagulant)
a clot forms that will retract sufficiently to allow serum to be collected. For many analyses
serum is preferred to plasma because it produces less precipitate (of fibrin) on freezing and
thawing.

2.2.2.4 Plasma

Separation of plasma from anticoagulated whole blood normally requires centrifugation, as do
many of the phase separation procedures discussed in Chapter 3. The inter-relationship of cen-
trifuge rotor diameter, speed of centrifugation and relative centrifugal force (g-force) is set out in
Box 2.1. Swing-out rotors are preferred for separating liquid phases.

On centrifugation of anticoagulated whole blood (2000 g, 10 min, 2-8 °C if necessary), it will
separate into three layers: the bottom layer (normally 45 % or thereabouts by volume) consists
of red cells; a thin intermediate layer of white cells and platelets called the ‘buffy coat’ is the
next layer; and the upper, aqueous, straw-coloured layer is the plasma (about 50 % v/v). Provided
the analyte is stable, anticoagulated whole blood can be kept at room temperature or refrigerated
(2-8 °C) for two days or so before harvesting plasma.

More plasma than serum can be separated from whole blood. Some commercial tubes con-
tain agents such as plastic beads or a gel that sits at the interface between the cells and the
plasma to aid plasma collection. Gel separators have caused problems with some drug analyses



2.2 CLINICAL SAMPLES AND SAMPLING 27

Box 2.1 Calculating relative centrifugal force

¢ The relative centrifugal force (RCF, g) depends upon the speed of the centrifuge in
revolutions per minute (RPM) and the effective radius of rotation, r

e The radius of rotation varies along the length of the centrifuge tube

¢ RCF may be quoted as maximum, minimum or average

e Conversion tables and nomograms for each rotor are normally supplied by the
manufacturer of the centrifuge

e Modern centrifuges have the facility to set the RCF directly

e The RCF will be maximal at the bottom of the tube

e RPM for a required RCF can be calculated from:

RCF

RPM= | — ——
(1.118 x 10-6)r

where r is in mm
e RCF from RPM is given by:

RCF = (1.118 x 10~°)r(RPM)?

(Karppi et al., 2000; Berk et al., 2006), although reformulated gels have been claimed to have little
effect on therapeutic drug measurements (Bush et al., 2001). However, this work has not been
extended to other analytical toxicology tests and tubes containing gel separators are therefore best
avoided. The use of such tubes will invalidate many trace element analyses (Chapter 11) and may
impair analyses for solvents and other volatiles.

2.2.2.5 Blood cells

To collect erythrocytes, heparinized blood should be centrifuged (2000 g, 10 min), the plasma,
buffy coat and top 10 % of erythrocytes (mainly reticulocytes) removed, and the remaining ery-
throcytes carefully washed with isotonic, buffered saline to remove trapped plasma. The cells
may be used directly or frozen, either to cause haemolysis, or for storage. Platelets are usu-
ally isolated by the slow centrifugation (e.g. 300 g, 15 min) of anticoagulated whole blood to
yield platelet-rich plasma, which is recentrifuged (2000 g, 10 min) to harvest the platelets. Other
white blood cells are most commonly obtained by centrifugation through media of appropri-
ate density (according to the manufacturer’s instructions) or isolated by solid-phase antibody
techniques.

Erythrocyte:plasma distribution

If measurement of red cell:plasma distribution is to be performed, it is easier to add the analyte
to a portion of ‘blank’ heparinized whole blood and after allowing time for equilibration and
controlling the pH (the pH of blood tends to fall in vitro as oxygen is lost), to obtain plasma
from one portion of the blood and to freeze and thaw a second portion (to give haemolyzed
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whole blood) and compare the results. Admittedly this gives the plasma:whole blood ratio,
but it is technically far simpler than preparing washed erythrocytes. The analyte erythrocyte
concentration can be calculated if the haematocrit (the proportion of erythrocytes in blood) is
known:

_ Cg—Ce(1—-H)

Cg o

@2.1)

where Cg = erythrocyte concentration, Cg = whole blood concentration, Cp = plasma concen-
tration, and H = haematocrit.

2.2.2.6 Urine

Different urine specimens, for example random, early morning, end-of-shift, 24 hour, may be
collected in the course of metabolic or other studies. In metabolic studies, it is important to note the
time of the beginning and the end of the collection period so that the rate of urine production can be
calculated. A random urine sample is a midstream specimen — any preservative, such as 2 mol L~
hydrochloric acid is added afterwards. Fresh urine is yellow/yellow-green in colour, but on storage
in acidic solution the colour changes to yellow/brown and even to dark brown due to oxidation of
urobilinogen to urobilin. Crystals, particularly of uric acid and calcium oxalate, may form causing
turbidity.

When random, early morning, or end-of-shift specimens are collected, it is common practice
to relate certain analytical results to a ‘fixed’ urinary constituent such as creatinine, which is
considered to be excreted at a relatively constant rate in normal subjects. However, as creatinine
is derived from creatine, there are situations, such as muscle wasting or in bodybuilders dosing
with creatine, when this is not strictly true.

The concentrations of many drugs and metabolites, and of some endogenous constituents, will
remain the same in acidified urine for over a week at room temperature, and for up to a month at
2-8 °C. Unacidified urine undergoes microbiological attack and many changes occur, including
the complete loss of amino acids. For long-term storage acidified urine can be frozen (—20 °C),
but it may be necessary to centrifuge the sample to remove any precipitate formed during storage
prior to any analysis.

2.2.2.7 Stomach contents

This specimen encompasses vomit, gastric aspirate and gastric lavage fluid as well as the contents
of the stomach at postmortem. The nature of this sample can be very variable and additional
procedures such as homogenization followed by filtration and/or centrifugation may be required
to produce a liquid amenable to analysis.

2.2.2.8 Faeces

The analysis of faeces is rarely performed in clinical chemistry, but sometimes drug and possibly
metabolite analysis may be required in pharmacokinetic and metabolism studies. Analyses may
also be requested if, for example, the question of drug leakage from ingested packets of drug
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antemortem is raised. Unlike plasma, urine, and other fluid samples, faeces are not homogeneous,
and thus it is often necessary to analyze the whole sample or homogenize the whole sample and
prove that the fraction taken for analysis is representative of the whole. It may take more than a
day before an orally administered drug or a drug metabolite appears in faeces.

2.2.2.9 Tissues

2.3

Histology specimens are usually collected into a preservative such as formalin (aqueous formalde-
hyde solution). Such pretreatment must be borne in mind if toxicological analyses are re-
quested subsequently. Samples of tissue obtained postmortem are normally kept at 4 °C prior to
analysis.

Guidelines for sample collection for analytical toxicology

Many analytical toxicology procedures require collection of blood, urine, stomach contents, and
‘scene residues’, that is, material such tablet bottles found at the scene of an incident (Table
2.4). Samples of other appropriate fluids and tissues should also be collected as detailed be-
low, especially when investigating deaths, but may not be required for analysis unless special
investigations are required or decomposition is advanced (Forrest, 1993; Skopp, 2004; Flanagan
et al., 2005). However, such samples should be retained (4 or —20 °C) in case they are needed.

Table 2.4 Sample requirements for general analytical toxicology

Sample Notes®

Whole blood or 10 mL (lithium heparin or EDTA tube — use fluoride/oxalate if ethanol suspected;
plastic tube if paraquat suspected; glass or plastic tube with minimal headspace if
carbon monoxide or other volatiles suspected)”

Plasma/serum 5 mL (send whole blood if volatiles, metals and some other compounds suspected —
see above and Table 11.1)

Urine¢ 20-50 mL (plain bottle, no preservative)

Gastric contents® 25-50 mL (plain bottle, no preservative)

Scene residues’ As appropriate

Other samples Vitreous humour (maximum available, collect separately from both eyes), bile

(2 mL) or liver (about 5 g) can substitute for urine in postmortem work. Other
tissues (brain, liver, kidney, lung, subcutaneous fat — 5 g) may also be valuable,
especially if organic solvents or other volatile poisons are suspected

“Smaller volumes may often be acceptable, for example in the case of young children

In postmortem work collect from femoral or other peripheral vein ensuring no contamination from central or cavity
blood — collect one portion into 2 % (w/v) sodium fluoride and another into a plain tube

“Normally the only sample that is required for drugs of abuse screening

4Sodium fluoride (2 %, wiv) should be added if ethanol is suspected and blood is not available

“Includes vomit, gastric lavage (stomach washout, first sample), etc.

/ Tablet bottles, drinks containers, aerosol canisters, and so on — pack entirely separately from biological samples, especially
if poisoning with volatiles is a possibility



30

2  SAMPLE COLLECTION, TRANSPORT, AND STORAGE

There are special considerations in sample collection and storage for metal/trace element analysis

(Chapter 11).

There is little information on drug distribution within solid tissues in man; collection of approx-
imately 5 g specimens from several sites in organs such as the brain is recommended if the whole
organ is available. For liver use the right lobe (Section 2.3.7). The advantages/disadvantages of
various specimens are detailed in Table 2.5. An example of a request form designed to accom-
pany specimens submitted for toxicological investigation has been provided (Flanagan et al.,

2005).

If poisoning is suspected, a 10 mL blood sample (lithium heparin or EDTA tube) should be
taken from an adult (proportionally less from a young child) as soon as possible, for example after

Table 2.5 Advantages and disadvantages of different sample types in analytical toxicology

Specimen

Advantage

Disadvantage

Comment

Blood (plasma/serum
or whole blood)

Urine

Gastric aspirate
(stomach contents,
stomach wash-out,
vomit, etc.)

Saliva/oral fluids

Hair/nails or nail
clippings

Exhaled air

Scene residues (tablet
bottles, aerosol cans,
etc. near patient)

Detect parent compound.
Interpretation of
quantitative data

Often large volume. High
concentrations of many
poisons

May contain large
amounts of poison,
particularly if ingested

Non-invasive. Qualitative
information on exposure
to many drugs

Usually available even if
decomposition advanced

Non-invasive. Large
volume available

May contain large
amounts of poison

Limited volume. Low
concentrations of
basic drugs and some
other poisons

Not always available.
Quantitative data not
often useful

If available, variable
sample. No use if
inhalation or injection

Variable sample
hence little use for
quantitative work.
Low concentrations
of many analytes

High sensitivity
needed. Only gives
exposure data for the
days/weeks/months
before death

Need live patient.
Analyte must be
volatile

May not have been
the poison taken

Interpretation of
quantitative results from
postmortem blood may
be difficult

Standard sample for
drugs of abuse screening

Ensure no cross
contamination of other
specimens during
transport/storage

Different pattern of
metabolites to blood or
urine for many analytes

Easy to store (room
temperature)

Mainly used to assess
ethanol ingestion and in
carbon monoxide
poisoning

Ensure no cross
contamination of
other specimens
during transport/
storage
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Table 2.5 (Continued)

Specimen Advantage Disadvantage Comment
Vitreous humour May be used instead of Limited volume but Analysis may be
urine if latter not available normally two valuable to help
specimens interpret postmortem
blood data
Additional tissues May contain large Interference in Analysis may be
(liver, brain, lung, amounts of poison. If analysis. Quantitative valuable to help
kidney, etc.) available then large data not always easy interpret postmortem
quantity to interpret blood data

admission to hospital. In addition, 2 mL of blood should be collected in a fluoride/oxalate tube if
ethanol is suspected. Note that tubes of this type for clinical use contain only about 0.1 % (w/v)
fluoride (Table 2.3), whereas about 2 % (w/v) fluoride (40 mg sodium fluoride per 2 mL blood)
is needed to inhibit fully microbial action in such specimens. Addition of fluoride also helps
to protect other labile drugs such as clonazepam, cocaine, and nitrazepam from degradation. If
possible, the retention of an unpreserved blood sample is advisable. The use of disinfectant swabs
containing alcohols should be avoided, as should heparin anticoagulant solutions that contain
phenolic preservatives.

Information recorded on the sample container at the time the sample is collected should include
the names (first and family or last name), patient/subject/animal number, the date and time of
collection, collection site, and the sample type (including a note of any preservative), and any
other appropriate information. The date and time of receipt of all specimens by the laboratory
should be recorded and a unique identifying number assigned in each case. The documentation
that should be provided with the samples is summarized in Box 2.2.

Box 2.2 Information that should accompany a request for general toxicological analysis

e Name, address and telephone number of clinician/pathologist and/or Coroner’s officer, and
address to which the report and invoice are to be sent. A postmortem (reference) number
may also be appropriate

e Circumstances of incident (including copy of sudden death report if available)

¢ Past medical history, including current or recent prescription medication, and details of
whether the patient suffered from any serious potentially infectious disease such as
hepatitis, tuberculosis, or HIV

e Information on the likely cause, and estimated time, of ingestion/death, and the nature and
quantity of any substance(s) implicated

e If the patient has been treated in hospital, a summary of the relevant hospital notes should
be supplied to include details of emergency treatment and drugs given, including drugs
given incidentally during investigative procedures

* Note of occupation/hobbies

e A copy of any preliminary pathology report, if available
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2.3.1 Sample collection and preservation

In general, biological specimens should be stored at 4 °C before transport to the laboratory.
Exceptions to this include hair and nail, which are stable at room temperature, and filter-paper
adsorbed dried blood, which is a convenient way of storing and transporting blood samples for
specified analyses if refrigerated transport and storage is not feasible (Croes et al., 1994). Dried
blood stains and other dried forensic specimens may, of course, be handled similarly (Hammond,
1981).

Each specimen bottle should be securely sealed to prevent leakage, and individually packaged
in separate plastic bags. Particular attention should be paid to the packaging of samples to be
transported by post or courier in order to comply with current health and safety regulations. Sample
volumes or amounts smaller than those indicated in Table 2.4 are often sufficient to complete the
analyses required. Submission of very small samples may, however, result in reduced sensitivity
and scope of the analyses undertaken, but nevertheless such samples should always be forwarded
to the laboratory. Any residual specimen should be kept at —20 °C or below until investigation
of the incident has been concluded.

In postmortem work, the use of disposable hard plastic (polystyrene) Sterilin tubes is rec-
ommended. If these are not available, then containers with secure closures appropriate to the
specimen volumes should be used. Some laboratories provide specimen containers for collecting
postmortem blood and urine specimens. It may be important to note if urine was obtained by use
of a catheter. Suitable packaging for sending specimens by post may also be supplied. When death
has occurred in hospital and poisoning is suspected, any residual antemortem specimens should
be obtained as a matter of urgency from the hospital pathology laboratory (not only chemical
pathology and haematology, but also immunology, transfusion medicine, and virology depart-
ments may be a source of such specimens) and submitted for toxicological analysis in addition
to postmortem specimens. Note that the availability of ante- or peri-mortem specimens does not
negate the need to collect postmortem specimens.

All organ and tissue samples, and any tablet bottles or scene residues, should be placed in sep-
arate containers to avoid any chance of cross contamination. Sampling through tissues containing
high concentrations of analyte may lead to contamination of the sample.

Sample integrity is of prime concern if there are medicolegal implications as evidence may
have to be produced in court. Precautions to ensure sample integrity include: (i) proper sample
labelling, (ii) use of tamper-proof containers, (iii) collection of samples such as hair, nail, and
femoral blood before opening the body, and (iv) proper accompanying documentation (chain-
of-custody documents, Section 2.4). Samples collected for clinical purposes (or even for the
coroner) are often not of ‘evidential’ quality, but such samples may be all that is available. DNA
testing may be used to establish the origin of samples where there has been concern over sample
Integrity.

2.3.2 Blood (for quantitative work)

In analytical toxicology, plasma or serum is normally used for quantitative assays. However, some
poisons such as carbon monoxide, cyanide and many other volatile organic compounds, lead and
other heavy metals, and some drugs, such as chlortalidone, are found primarily in or associated
with erythrocytes and thus haemolyzed whole blood should be used for such measurements.
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The space above the blood in the tube (‘headspace’) should be minimized if carbon monoxide,
solvents, or other volatiles are suspected.

Provided that the samples have been collected and stored correctly, there are usually no sig-
nificant differences in the concentrations of poisons between plasma and serum. However, if a
compound is not present to any extent within erythrocytes then using lysed whole blood will result
in approximately a two-fold dilution of the specimen. A heparinized or EDTA whole blood sam-
ple will give either whole blood, or plasma as appropriate. The immunosuppressives ciclosporin,
sirolimus, and tacrolimus are special cases because redistribution between plasma and erythro-
cytes begins once the sample has been collected and so the use of haemolyzed whole blood is
indicated for the measurement of these compounds.

In order to maximize the reliability of measurements performed on postmortem blood, it is
recommended that: (i) the interval between death and the postmortem examination is minimized,
(i1) the body/samples are stored at 4 °C before the examination/after collection, (iii) blood is
collected from two distinct peripheral sites, preferably the femoral veins, after tying off the vein
proximally to the site of sampling, and (iv) a preservative [about 2 % (w/v) fluoride] is added to
a portion of the blood sample/the sample from one vein, and to urine. The exact site of blood
sampling should be recorded, as should the time of sampling and (approximate) time of death if
known.

If sufficient sample is obtained, this should be divided between unpreserved and preserved
(fluoride) tubes, otherwise the entire sample should be preserved unless there is a possibility of
poisoning with fluoride or compounds giving rise to fluoride in vivo, such as fluoroacetate. If only
heart or cavity blood is available this should be clearly stated. The value of giving as full a clinical,
occupational, or circumstantial history as possible, together with a copy of the postmortem report,
if available, when submitting samples for analysis cannot be overemphasized. Not only might this
help target the analysis to likely poisons, but also the interpretation of any analytical results may
be greatly simplified.

2.3.3 Blood (for qualitative analysis)

Postmortem blood (about 20 mL) for qualitative analysis only should be taken from the heart
(preferably right atrium), inferior vena cava, or another convenient large vessel. The precise
sampling site must be recorded on the sample tube. The blood should be free-flowing.

2.3.4 Urine

Urine is useful for ‘poisons screening’ as it is often available in large volumes and may contain
higher concentrations of drugs or other poisons, or metabolites, than blood. The presence of
metabolites may sometimes assist identification of a poison if chromatographic techniques are
used. A 50 mL specimen from an adult, collected in a sealed, sterile container, is sufficient for most
purposes. No preservative should be added. The sample should be obtained as soon as poisoning
is suspected, ideally before any drug therapy has been initiated. However, some drugs, such as
the tricyclic antidepressants (amitriptyline, imipramine, etc.), cause urinary retention, and a very
early specimen may contain insignificant amounts of drug. Conversely, little poison may remain
in specimens taken many hours or days after exposure even though the patient may be very ill,
for example as in acute paracetamol poisoning.
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Table 2.6 Some possible causes of coloured urine

Colour Possible Cause

Yellow/brown Bilirubin, haemoglobin, myoglobin, porphyrins, urobilin

Anthrone derivatives (e.g. from aloin, aloe, cascara, senna, rhubarb, etc.)?,
bromsulfthalein®, carotenes, chloroquine, congo red”, cresol, flavins (yellow/green
fluorescence), fluorescein, mepacrine, methocarbamol (on standing), methyldopa
(on standing), nitrobenzene, nitrofurantoin, pamaquine, phenolphthalein®,
primaquine, quinine, santonin*

Red/brown Bilirubin, haemoglobin, myoglobin, porphyrins, urobilin

Aminophenazone, anisindione®, anthrone derivatives®, bromsulfthalein®,
cinchophen, congo red®, cresol, deferoxamine’, ethoxazene, furazolidone,
furazolium, levodopa (black on standing), methocarbamol, methyldopa, niridazole,
nitrobenzene, nitrofurantoin, phenacetin, phenazopyridine, phenindione,
phenolphthalein”, phenothiazines, phensuximide, phenytoin, pyrogallol,
rifampicin, salazosulfapyridine, santonin®, sulfamethoxazole, warfarin

Blue/green Bile, biliverdin, indican (on standing)

Acriflavine (green fluorescence), amitriptyline, azuresin, copper salts, ingido
carmine, indomethacin, methylene blue?, nitrofural, phenylsalicylate, resorcinol,
toluidine blue?, triamterene (blue fluorescence)

Black® Blood (on standing), homogentisic acid, indican (on standing), porphobilin

Cascara (on standing), levodopa (on standing), phenols including propofol,
pyrogallol, resorcinol, thymol

“pH dependent

bSometimes used to treat poisoning

“Some urinary bacteria possess an enzyme able to convert a tryptophan metabolite into a substance that interacts with
plastic of urine collection bags to produce indirubin (red) and indigo (blue) giving an intense purple/black colour.
Although dramatic, purple urine bag syndrome is harmless and disappears after treatment of the infection (Beunk
et al., 2006)

High concentrations of some drugs or metabolites can impart characteristic colours to urine
(Table 2.6). Strong smelling poisons such as camphor, ethchlorvynol, and methylsalicylate can
sometimes be recognized in urine because they are excreted, in part, unchanged. Acetone may
arise from metabolism of 2-propanol. Chronic therapy with sulfa-drugs such as a sulfonamide may
give rise to yellow or green/brown crystals in neutral or alkaline urine. Phenytoin, primidone, and
sultiame may give rise to crystals in urine following overdose. Characteristic colourless crystals of
calcium oxalate may form at neutral pH after ingestion of ethylene glycol, oxalic acid, or water-
soluble oxalates. Urine fluorescence may be due to fluorescein added to car antifreeze (often
contains ethylene glycol and/or methanol) and possibly to other products to aid leak detection.

For postmortem work, if possible, 2 x 25 mL urine samples should be collected in sterile plastic
containers, one with preservative (2 %, w/v fluoride). If only a small amount of urine is available,
all should be preserved with fluoride (but see note on fluoride poisoning above) in a plain 5 mL
plastic or glass tube. Boric acid or thiomersal [thimerosal; sodium 2-(ethylmercuriothio)benzoate]
containers should not be used because of sample contamination with borates and mercury,
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respectively. Urine specimens collected postmortem are valuable in screening for drugs or poi-
sons, particularly illicit drugs, and are often used for quantitative ethanol analysis to corroborate
the results of a blood analysis (Section 17.6.4.8).

2.3.5 Stomach contents

Stomach wash-out (gastric lavage) is rarely performed nowadays in treating acute poisoning.
However, if a sample of stomach contents is obtained soon after a poisoning episode, large
amounts of poison may be present while metabolites are usually absent. When investigating
possible poisoning, it is important to obtain the first sample of any lavage fluid because later
samples may be very dilute. A representative portion (about 50 mL) without preservative should
be taken for analysis. However, all stomach contents should be retained and the volume noted.
If the blood concentration is difficult to interpret, most notably in postmortem work, it can be
helpful to measure the amount of poison present in the stomach.

Stomach contents are especially useful if poison(s) which are not easy to measure reliably in
blood, such as cyanide, have been taken orally. However, great care is needed if cyanide salts or
phosphides, for example aluminium phosphide, are thought to have been ingested, particularly
on an empty stomach, because highly toxic hydrogen cyanide or phosphine gas may be released
due to reaction with stomach acid. Additionally, the presence of these and other volatile materials
can lead to cross contamination of other biological specimens unless due precautions are taken.

With stomach contents (and also scene residues — Section 2.3.14), characteristic colours
or smells (Table 2.7) may indicate a variety of substances. Many other compounds (e.g.

Table 2.7 Smells associated with particular poisons?

Smell Possible Cause

Almonds Cyanide

Cloves Oil of cloves

Fruity Alcohols (including ethanol), esters

Garlic Arsenic, phosphine

Mothballs Camphor or naphthalene

Nail-polish remover Acetone, butanone

Pears Chloral

Petrol Petroleum distillates (may be vehicle in pesticide formulation)
Phenolic (carbolic soap) Disinfectants, cresols, phenols

Shoe polish Nitrobenzene

Stale tobacco Nicotine

Sweet Chloroform and other halogenated hydrocarbons

“Care — specimens containing cyanides may give off hydrogen cyanide gas (prussic acid), especially if acidified — stomach
contents are often acidic. Not everyone can detect hydrogen cyanide by smell. Similarly sulfides evolve hydrogen sulfide
and phosphides evolve phosphine — the ability to smell hydrogen sulfide (rotten egg smell) is lost at higher concentrations
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ethchlorvynol, methyl salicylate, paraldehyde, phenelzine) also have distinctive smells. Very low
or high pH values may indicate ingestion of acids or alkali, while a green/blue colour suggests
the presence of iron or copper salts.

Examination using a polarizing microscope may reveal the presence of tablet or capsule debris.
Starch granules used as ‘filler’ in some tablets and capsules may be identified by microscopy
using crossed polarizing filters where they appear as bright grains marked with a dark Maltese
cross. If distinct tablets or capsules are observed, these should be placed in individual containers
(e.g. Sterilin tubes). Such items and any plant remains or specimens of plants thought to have
been ingested, should be examined separately. The local poisons information service or pharmacy
will normally have access to publications or other aids to the identification of legitimate and
sometimes illicit tablets/capsules by weight, markings, colour, shape, and possibly other physical
characteristics. Identification of such material by reference to a computerized product database
(Ramsey, 2004) may be possible.

2.3.6 Saliva/oral fluids

Whilst not normally considered in emergency clinical or postmortem work, there is much interest
in the collection of saliva or oral fluid from live individuals because collection is non-invasive and
reflects current drug or alcohol usage (Schramm et al., 1992a; Aps and Martens, 2005). However,
reliable saliva collection requires a co-operative individual and even then is not without problems.
Some drugs, medical conditions, or anxiety, for example, can inhibit saliva secretion and so the
specimen may not be available from all individuals at all times. Because saliva is a viscous fluid
it is less easily poured or pipetted than plasma or urine — routine dilution with aqueous collection
buffer is advocated by some authors to minimize this problem (Cozart collector). If dilution with
buffer is performed the dilution must be factored into any quantitative report. For qualitative work,
such as testing for drugs of abuse, oral fluid (Table 2.2) is normally collected. Oral fluid collection
for forensic purposes has the advantage that sampling can be carried out while the donor is under
observation, hence it is more difficult to adulterate or substitute the specimen (Spiehler, 2004).

Unstimulated normal human salivary glands do not secrete saliva. However, many stimuli will
cause salivation and even during sleep there is usually sufficient stimulation to elicit a very small
flow of saliva (typically 0.05 mL min~'). Spitting is usually sufficient to elicit a flow of saliva
of about 0.5 mL min~!. Although saliva may be collected from, for example, the parotid gland
by cannulation of the glandular duct, the collection of mixed whole saliva is normally the only
practical alternative.

In healthy subjects, gingival crevicular fluid may constitute up to 0.5 % of the volume of mixed
saliva: this proportion may be markedly increased in patients with gingivitis. Plasma exudate from
minor mouth abrasions may also contribute. Therefore, subjects should not brush their teeth or
practice other methods of oral hygiene for several hours before saliva is collected.

Chewing paraffin wax, Parafilm, rubber bands, pieces of PTFE or chewing gum will usually
elicit a salivary flow of 1-3 mL min~". Use of acid lemon drops or a few drops of 0.5 mol L~ citric
acid are amongst chemical stratagems adopted to stimulate salivary flow. The saliva should be
allowed to accumulate in the mouth until the desire to swallow occurs before being expelled into
the collection vessel. Obviously stimulating salivary flow can facilitate relatively large volume
collection in a short time. Moreover, the pH of physically stimulated saliva is about 7.4, whereas
the pH of unstimulated saliva shows a larger variability that may affect the secretion of weak acids
and bases. However, any physical or chemical stimulus used during the collection must not absorb
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or modify the compounds to be measured, nor must it introduce interfering factors into the assay
procedure. Paraffin wax and Parafilm, for example, may absorb highly lipophilic molecules, and
use of acidic stimulants such as citric acid can result in changes in salivary pH that can alter the
secretion rate of ionizable compounds.

2.3.6.1 Collection devices for saliva/oral fluids

In the Salivette (Sarstedt) a dental-cotton (polyester) roll is chewed for 3045 s with or without
further stimulation. The device is available with or without citrate. The saliva-soaked roll is placed
in a container and closed with a plastic stopper. The container is centrifuged (3 min, 1000 g) inside
a polystyrene tube. During centrifugation the saliva passes from the dental-cotton roll into the
lower part of the tube from whence it is collected. Cellular and other debris are retained at the
bottom of the tube in a small sink (Figure 2.1).

Stopper

Insert tube

Dental roll

Centrifuge tube

‘Sink’ to collect debris

Figure 2.1 Example of a sample collection device for saliva (Salivette, Sarstedt).

The advantage of the Salivette over many other devices is that it reliably absorbs a relatively
large volume of saliva (1.5 mL), although a disadvantage is that the dental cotton interferes with
some assays, such as that for testosterone (Dabbs, 1991). Another collection device (OraSure)
absorbs only 1.0 mL and, moreover, collects oral fluid rather than saliva as the collection pad is
placed between cheek and gums (Thieme et al., 1993).

Oral-diffusion-sink devices can be used to collect saliva ultrafiltrate (Wade, 1992). The device
contains an analyte ‘trap’ such as an insoluble (3-cyclodextrin and hence a concentration gradient
is maintained that promotes diffusion of the analyte from saliva into the device. Clearly this device
yields exposure data over a longer period than that achieved with conventional oral fluid collection,
but it has been used mainly for studies of hormone rather than drug secretion. Schramm et al.
(1990) have also developed an in situ device to collect saliva ultrafiltrate based on the principle of
an osmotic pump. Use of this device to measure salivary phenytoin and carbamazepine (Schramm
et al., 1991) and cotinine (Schramm et al., 1992b) has been described, but the method has not
gained widespread acceptance.
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A range of devices is used for oral fluid collection for testing for drugs of abuse and for alcohol
(Spiehler, 2004).

2.3.7 Sweat

Collection of sweat has been suggested as a means of testing for abused drugs. Sweat may be
collected as liquid perspiration or forehead wipes can be used (Kintz et al., 2000). Alternatively,
patches attached to the skin can be employed. Sweat collection is non-invasive and commercially
available sweat patches may be worn for an extended period of time (1014 days or so). Sweat
patches can detect drug use that occurred shortly before the patch was applied and whilst the
device remains in contact with the skin.

2.3.8 Exhaled air

Measurement of concentrations of volatile substances in exhaled (expired) air by infrared or other
devices is of course essential in roadside testing for ethanol and valuable in assessing exposure
to poisons such as carbon monoxide (Chapter 13). Direct MS of exhaled air can also detect many
compounds including volatile and possibly i.v. anaesthetics several days postexposure. However,
the use of these techniques is limited by the need to take breath directly from live subjects or
patients (Harrison et al., 2003). Similarly, collection of exhaled air into either an impervious
plastic (Tedlar or PTFE) bag, or via a special device (Figure 2.2) can facilitate the analysis of a
number of volatiles and metabolites via subsequent GC or GC-MS analysis.

End cap Valve

N O\

Push rod Piston Valve plug ~ Chamber

Figure 2.2 Example of a sample collection device for capturing breath samples for volatile solvent
analysis [reprinted from Dyne, D., Cocker, J. and Wilson, H.K. (1997) A novel device for capturing breath
samples for solvent analysis. Sci Total Environ, 199, 83-9, with permission from Elsevier].

2.3.9 Cerebrospinal fluid

Cerebrospinal fluid (CSF) collected via needle aspiration is sometimes used to assess exposure
to centrally acting drugs (Shen et al., 2004), and may be submitted for analysis if a possible drug
administration error is under investigation. As with vitreous humour and synovial fluid, CSF is nor-
mally within a relatively protected environment, and thus may also provide a valuable sample for
corroborative ethanol measurement, for example, in the event that other samples are not available.

2.3.10 Vitreous humour

Vitreous humour can sometimes be obtained even if a corpse has been extensively burnt or
damaged, if putrefaction is beginning to occur, or if samples such as urine are not available. This
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specimen may be especially useful when investigating diabetes- or insulin-related deaths, and
for the analysis of alcohols, digoxin, lithium, and some other compounds. Vitreous humour is
essentially a salt solution with very little protein, and thus any poisons or metabolites present can
often be extracted as though they were in solution in buffer. Samples should be collected from
each eye separately, and sodium fluoride preservative (2 %, w/v) added. Care must be taken during
sampling because use of excessive suction can cause a significant change in the concentration of
several analytes (Forrest, 1993), and there is always the possibility of postmortem change, as with
other postmortem samples. The presence of concurrent vitreous disease must also be considered
(Parsons et al., 2003). Vitreous samples may be replaced with isotonic sodium chloride for
cosmetic reasons.

2.3.11 Synovial fluid

Synovial fluid collected via needle aspiration has been used, for example, to assess the uptake of
nonsteroidal inflammatory drugs into their likely site of action (Day et al., 1999). As with CSF
and vitreous humour, collection of synovial fluid may also be helpful in the event of traumatic
death or extensive decomposition as it is a relatively protected environment.

2.3.12 Liver

Liver is easily collected postmortem and readily homogenized. It may contain large amounts
of drugs and metabolites, and may be the primary specimen submitted for analysis if blood is
not available. A portion (10-20 g) of unfixed (unpreserved) wet tissue should be collected. The
sample should be taken from the right lobe if possible to reduce the risk of contamination with
bile and because diffusion of poison from the stomach is less likely than in the left lobe (Pounder
et al., 1996a, 1996b). An analysis may, in some cases, help to establish whether acute or chronic
exposure has occurred, but sometimes the analysis can do little more than establish exposure in the
absence of reliable information to aid in the interpretation of quantitative results (Section 17.6).

2.3.13 Other tissues

Other tissue samples may be useful when investigating deaths where volatile substances such as
solvents or gases are implicated. Brain, subcutaneous fat, lung (apex), spleen, and kidney are the
most useful; 10-20 g wet weight of unfixed tissue should be collected into separate containers.
The specimen should be placed in a specimen jar or nylon bag (volatile substance abuse- or
anaesthetic-related deaths) and deep-frozen prior to transport to the laboratory, taking care not to
overfill sample containers (overfilled tubes may break when frozen).

Measurement of brain concentrations of certain poisons may be useful in specific instances, for
example such measurements are said to be helpful when investigating possible cocaine-related
deaths. Spleen is rich in erythrocytes and hence may provide a valuable alternative specimen in
which to measure carboxyhaemoglobin saturation if blood is not available (Vreman et al., 2006).

2.3.14 Insect larvae

Analysis of blowfly (Calliphora vicina) and other insect larvae that feed on rotting flesh may facil-
itate detection of many drugs originally present in human or animal tissues, although quantitative
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extrapolations are unreliable (Pounder, 1991; Tracqui et al., 2004). Pupae may be preserved for
years, but drug and metabolite concentrations in postfeeding and pupating larvae are much lower
than in feeding larvae, suggesting that the larvae metabolize and eliminate drugs during develop-
ment (Sadler et al., 1995; Campobasso et al., 2004). Metabolism of nordazepam to oxazepam by
blowfly larvae has been observed (Pien et al., 2004).

2.3.15 Keratinaceous tissues (hair and nail)

Many metal ions, drugs and their metabolites are sequestered in hair and nail as they are formed,
and are not metabolized further. These samples may be useful if chronic exposure is suspected, for
example in deaths related to drug abuse (particularly opiates and methadone) where establishing
recent drug use is very important, and for poisons that may have been eliminated from other
commonly sampled fluids and tissues before sample collection. Lidocaine, a common adulterant
in illicit heroin and cocaine, has been monitored in hair (Sporkert and Pragst, 2000). Hair may
also survive longer after burial than other tissues (Kintz, 2004). If a single exposure to a poison
is suspected, as in drug-facilitated sexual assault (DFSA, date rape), but the suspected agent is
not detected in blood or urine, waiting for 1-2 months for head hair to grow and then performing
segmental analysis may reveal the presence of the drug (Kintz et al., 2003).

Head hair (a bunch of hairs the thickness of a pencil, about 100-200 hairs) should
be either plucked or tied at the root end with cotton thread and then cut approximately 2 mm
from the scalp at the vertex posterior (crown) of the head (Box 2.3; Figure 2.3). Make sure the

Box 2.3 Protocol for collection of head hair for testing for illicit drugs

e The ideal sample is collected from the vertex (the crown) of the head by cutting
approximately 2 mm from the scalp

e Take a sample of hair about the thickness of a pencil (100-200 hairs)

e Pinch the hair tightly with the fingers and tie with cotton thread at the root end before
cutting

e Cut the sample as close as possible to the scalp, making sure the scissors are level with the
scalp

e Still holding the sample tightly, align the cut root ends of the sample and carefully place
flat on a piece of aluminium foil with the cut root ends projecting about 15 mm beyond the
end of the foil

e Mark the root end of the foil and fold the foil around the hair and pinch tightly to keep in
place

e Fold the foil again in half lengthwise

e Place the sample in a tamper-proof envelope. Complete and sign the request form, making
sure that the donor also signs if necessary. If there are special instructions that do not
appear on the form, but are felt relevant, make a note on a separate sheet and enclose with
the sample

scissors are level with the scalp and not at an angle. Tying with thread helps preserve the alignment
necessary for segmental analysis. The sample should be laid aligned in aluminium foil, with the
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Figure 2.3 Schematic of head hair collection.

proximal end clearly identified. Pubic or axilliary hair may be substituted if no head hair remains,
or if the head hair has been excessively bleached or permed.

Nail clippings may be used to monitor uptake of antifungal drugs such as itraconazole (Badcock
and Davies, 1990). In postmortem work, whole nails should be lifted from the fingers or toes. This
provides an even longer potential window for detecting exposure than hair. However, relatively
little is known about the mechanisms of uptake and retention or drugs and metabolites in nail. In
addition, the slower growth rate of nail, especially toe nail, as compared to hair makes segmental
analysis, and hence interpretation, more difficult (Drummer and Gerostamoulos, 2002).

2.3.16 Bone and bone marrow

Bone marrow may be useful in poison identification in exhumations where all soft tissue has
degenerated (Watterson, 2006). For nortriptyline, a bone marrow:blood ratio of 30 has been
demonstrated experimentally after five days of nortriptyline treatment (Winek et al., 1993). Bone
itself may be useful if chronic poisoning by arsenic or lead, for example, is suspected.

2.3.17 Injection sites
Possible injection sites should be excised, packed individually and labelled with the site of origin.
Appropriate ‘control’ material (i.e. from a site thought to not be an injection site) of similar
composition should be supplied separately.

2.3.18 ‘Scene residues’

Such material, which may include tablets, powders, syringes, infusion fluids, and so forth, may
give valuable information as to the poison(s) involved in an incident, and should be packaged
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separately from any biological samples. This is especially important if volatile compounds are
involved. If police attend a scene these materials may find their way to a forensic laboratory
rather than accompanying the patient. All items should be labelled and packed with care. Scene
residues may be particularly valuable in deaths involving medical, dental, veterinary, or nursing
personnel who may have access to agents that are difficult to detect once they have entered the
body. Investigation of deaths occurring during or shortly after anaesthesia should include the
analysis of the anaesthetic(s) used, including inhalational anaesthetics, in order to exclude an
administration error. Needles must be packaged within a suitable shield to minimize the risk of
injury to laboratory and other staff.

Sample transport and storage

It is usually advisable to contact the laboratory by telephone in advance to discuss urgent or
complicated cases. Most specimens, particularly blood and urine, may be sent by post if securely
packaged in compliance with current regulations. However, if legal action is likely to be taken
on the basis of the results, it is important to be able to guarantee the identity and integrity of the
specimen from when it was collected through to the reporting of the results. Thus, such samples
should be protected during transport by the use of tamper-evident seals and should, ideally, be
submitted in person to the laboratory by the coroner’s officer or other investigating personnel.
Chain of custody is a term used to refer to the process used to maintain and document the history
of the specimen (Box 2.4).

Box 2.4 Chain of custody documents

e Name of the individual collecting the specimen

e Name of each person or entity subsequently having custody of it, and details of how it has
been stored

e Dates/times the specimen was collected or transferred

e Specimen or postmortem number

e Name of the subject or deceased

e Brief description of the specimen

e Record of the condition of tamper-evident seals

Fully validated assays must include data on the stability of the analyte under specified storage
conditions. In the absence of other information, biological specimens should be stored at 2—-8 °C
prior to analysis, if possible, and ideally any specimen remaining after the analysis should be
kept at 2—8 °C for 3—4 weeks in case further analyses are required. In view of the medicolegal
implications of some poison cases (e.g. if it is not clear how the poison was administered or
if the patient dies) then any specimen remaining should be kept (preferably at —20 °C) until
investigation of the incident is concluded.

With regard to drugs, some compounds such as clonazepam, cocaine, nifedipine, nitrazepam,
thiol drugs, and many phenothiazines and their metabolites are unstable in biological sam-
ples at room temperature. Exposure to sunlight can cause up to 99 % loss of clonazepam in
serum after 1 h at room temperature. Covering the outside of the sample tube in aluminium
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foil is a simple precaution in such cases. N-Glucuronides such as nomifensine N-glucuronide
are unstable and may be present in plasma at high concentration; on decomposition the par-
ent compound is reformed. Some compounds unstable in whole blood or plasma are listed in
Table 2.8.

Table 2.8 Some drugs, metabolites and other poisons unstable in whole blood or plasma

Volatile Compound(s) Non-volatile Compound(s)

Aerosol propellants, anaesthetic Acyl glucuronide metabolites, amiodarone, bupropion,
gases, carbon monoxide, carbamate esters (physostigmine, pyridostigmine),
ethanol, ethchlorvynol, ciclosporin®, cyanide ion, 1,4-dihydropyridines
hydrogen cyanide, mercury, (nifedipine), esters (aspirin, benzocaine, cocaine,
methanol, nicotine, OP nerve diltiazem, heroin, methylphenidate,

agents, organic solvents, 6-monoacetylmorphine, pethidine, procaine,
paraldehyde, volatile nitrites suxamethonium), glyceryl trinitrate (GTN) and other
(‘amyl nitrite’, etc.) organic nitrites and nitrates, N-glucuronide metabolites

(nomifensine), insulin, proinsulin C-peptide, lysergic
acid diethylamide (LSD), nitrobenzodiazepines
(clonazepam, loprazolam, nitrazepam),
nitrophenylpyridines (nifedipine, nisoldipine),
olanzapine, N-oxide metabolites (nomifensine),
S-oxide metabolites, paracetamol (acetaminophen),
peroxides and other strong oxidizing agents,
phenelzine, phenothiazines”, quinol metabolites
(4-hydroxypropranolol), rifampicin, sirolimus®,
N-sulfate metabolites (minoxidil), tacrolimus®,
thalidomide, thiol- (sulfydryl)-containing drugs
(captopril), thiopental, zopiclone

“Redistributes between plasma and red cells on standing — use whole blood. ”Particularly those without an electron-
withdrawing substituent at the 2-position.

Solid sodium fluoride (2 %, w/v) may be added to inhibit microbial and some other degradative
enzymes as discussed above (Section 2.3). Esters (including carbamates and organophosphates)
may be rapidly hydrolyzed by plasma esterases, including cholinesterase. If physostigmine or
cocaine is to be measured accurately, the blood should be drawn into tubes containing an ex-
cess of neostigmine. Storage at —20 °C or below is recommended if the analysis cannot be
performed immediately and if the stability of the analyte is unknown. However, even this may
not be ideal because N- and S-oxides may be reduced to the parent compounds. Quinols such as
4-hydroxypropranolol and some sulfur-containing compounds such as olanzapine, on the other
hand, are readily oxidized and stabilization by addition of a reducing agent such as ascorbate
or sodium metabisulfite is necessary, but in the case of olanzapine, for example, there is the
possibility of reducing the N-oxide by such an addition.

Storage at —5 to —70 °C should be accompanied by basic precautions to preserve sample
integrity (Box 2.5). The requirements of the local ethics committee and other guidance on the
retention and storage of clinical samples must be complied with.



44

2  SAMPLE COLLECTION, TRANSPORT, AND STORAGE

Box 2.5 Guidance on freezer storage of samples

e Do not freeze whole blood if plasma or serum is to be analyzed

e Ensure that labelling is waterproof

e Ensure tubes are tightly sealed and well filled, but do not overfill tubes, especially glass
tubes

e Do not keep too long to minimize freeze-drying effects

» Keep a record of freezer contents

e Keep a continuous record of freezer temperature (e.g. by use of the Tiny Talk data
logger: http://www.omniinstruments.co.uk/aquisition/Gemini/manbot.htm#TinyTalk,
accessed 15 July 2007)

e Fit an alarm in case of freezer failure

2.5 Common interferences

Plasticizers, particularly phthalates, may originate from plastic bags used to store transfusion
blood, infusion tubing, and from soft plastic closures for blood tubes. Such compounds are
often retained on reversed phase HPLC systems (Section 8.5.2) and show good absorption at
254 nm and below. Polyvinylchloride (PVC), for example, can contain up to 40 % (w/w) di-2-
ethylhexylphthalate and concentrations of this latter compound of up to about 0.5 g L~! have been
reported after storage of plasma in PVC bags for 14 days (Dine et al., 1991). A further considera-
tion is that postmortem specimens may contain putrefactive bases such as phenylethylamines and
indole, which may interfere in the analysis of amfetamines and other stimulants. Hexanal may
arise from breakdown of fatty acids. GC retention data and mass spectra of a number of plasticiz-
ers, pollutants, and other substances that may be encountered in toxicological analyses have been
reported (Pfleger er al., 2007). Modern blood-collection tubes may contain a range of additives
including surfactants, which may interfere in immunoassays, for example (Stankovic and Parmar,
2006).

Drugs may arise from unexpected sources including food and over-the-counter (OTC)
medicines. Quinine may originate from ingestion of tonic water, for example, caffeine from
caffeinated beverages (tea, coffee, cola) and some proprietary stimulants, chloroquine and re-
lated compounds from malaria prophylaxis, and pholcodine and other opiate analogues from
cough and cold cures. Morphine is a constituent of some antidiarrhoeal preparations. A caffeine
metabolite, paraxanthine, may be a problem in HPLC theophylline assays (Rowe et al., 1988).
Lidocaine-containing gel is commonly used as a lubricant during procedures such as bladder
catheterization or bronchoscopy, and measurable plasma concentrations of lidocaine and some
metabolites may be attained. The alkaloids emetine and cephaeline, and their metabolites, have
been detected in stomach contents, plasma, and in urine after syrup of ipecacuanha (ipecac) was
given to induce vomiting, especially in children, although this form of treatment is no longer
recommended practice.

Sedatives such as pethidine (meperidine) may be given prior to computerized tomographic
(CT) scans, lumbar puncture, or other investigations. Neuromuscular blocking agents such as
atracurium, which is metabolized to laudanosine, and vecuronium, may be encountered in samples
from patients undergoing mechanical ventilation. 1,3-Propanediol (propylene glycol) is used as
a vehicle in i.v. infusions. Benzoic acid, which is metabolized to hippuric acid, is used as a
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preservative in some drugs and foods. The antibiotic metronidazole is often encountered in samples
from hospitalized patients. lodinated hippuric acids are used as X-ray contrast media. Alcohols
may originate from skin cleansing swabs. Such compounds and also drugs given in emergencies,
anticonvulsants, for example, may not be recorded on record sheets. Some compounds or their
metabolites may have very long plasma half-lives. Chlorpromazine metabolites, for example,
have been reported in urine many months after stopping therapy.

Contamination with trace elements is a particularly difficult area (Chapter 11). Contamination
with volatiles, such as solvents used in the laboratory, must be guarded against if one of the
solvents in question is to be tested for in a biological or related sample. Glassware and other
items must be kept clean and tested regularly for contamination via internal quality control (IQC)
procedures.

Summary

Although not in the immediate control of the laboratory, every effort must be made to ensure
appropriate priority is given to sample collection and handling because if this is not done properly
all subsequent effort is wasted. Care in sample collection is especially important in postmortem
and overt medicolegal work, but even in clinical work effort in providing advance information
to clinicians and pathologists on sample requirements (site of collection, volume, addition of
sodium fluoride, etc.) and feedback on the problems that will arise when mistakes are made can
only prove beneficial.
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3 Sample Preparation

3.1 Introduction

Although in analytical toxicology simple colour tests (Section 4.2) and some immunoassays
and enzyme-based assays, for example, may often be performed directly upon the specimen
(homogenous assay), some form of treatment of the sample is normally necessary prior to the
analysis, even if this only consists of adding an internal standard. The complexity of the sample
preparation procedure used will depend to a large extent on the nature of the sample, the nature of
the drug or poison to be analyzed (including whether it is unstable or extensively metabolized),
whether a chromatographic method is to be used and, if so, the chosen method of detection.
Clearly all these are factors are interdependent (Figure 3.1).

SAMPLE SAMPLE PREPARATION CHROMATOGRAPHY
Analyte, metabolites > ‘Clean-up’ > (Chiefly selectivity)
(if any) and endogenous (Selectivity and concentration)
compounds

Direct analysis
(e.g. immunoassay)

DETECTION

> (Variable selectivity) <
Quantitation

Figure 3.1 Schematic diagram of the steps that may be involved in sample preparation.

Additional aims of sample preparation may be removal of insoluble residues and interfering
compounds, and sometimes concentration or even dilution of the analyte to adjust sensitivity (Box
3.1). Judicious choice of solvent extraction conditions, including pH-controlled back-extraction
of weak electrolytes into aqueous solution, sometimes followed by re-extraction into solvent,
can improve both selectivity and sensitivity (Smith, 2003). Traditionally sample preparation has
been performed beforehand (‘off-line’), but there is now much interest in performing the sample
preparation and analysis steps automatically (‘on-line’) to minimize errors and reduce (labour)
costs, especially in HPLC.

The method chosen for sample preparation depends on the overall analysis strategy. If the
analyte is thermally labile then GC is usually inappropriate, as is evaporation of an extraction
solvent at an elevated temperature. If the analyte concentration is high, or a particular assay is very
sensitive, then sample preparation may be minimal. On the other hand, trace analysis may require a
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Box 3.1 Aims of sample preparation

Achieve compatibility of analyte with the analytical system via:
¢ Solubilization/homogenization of solids/emulsions, etc.
¢ Disruption of protein binding
Addition of internal standard(s)
e Removal of insoluble residues/interfering compounds
e Concentration/dilution of analyte
e Stabilization, decomposition and/or derivatization of analyte to improve extraction,
chromatographic, and/or detection properties
Hydrolysis of conjugates

complex assay procedure with multiple concentration and clean-up steps. Urine and bile may con-
tain higher concentrations of compounds of interest and fewer insoluble residues than whole blood,
plasma or serum, and as a result sample preparation may sometimes be simplified. This being
said, providing the assay is ‘fit for purpose’ (Section 1.3.3), any method should be as technically
simple as possible, not only to minimize costs, but also to maximize reliability and reproducibility.

If the samples are for a routine assay or from a multicentre study that has generated hundreds of
samples, then throughput and reproducibility are important as well as accuracy, and time spent in
method optimization is justified. If a drug is to be measured only occasionally, then consideration
should be given to adapting a method used for a similar analyte, for example a GC method with
a change in column oven temperature, or an HPLC method with a change in eluent composition
or UV detector wavelength. If a method includes TLC or GC then liquid—liquid extraction (LLE)
should be considered. In addition, LLE is usually appropriate if derivatization is to be performed,
as many such reactions require the absence of water. Solid-phase extraction (SPE), on the other
hand, is often suitable for HPLC methods as the drug is usually eluted from the SPE cartridge with
a hydrophilic solvent compatible with an aqueous methanol or acetonitrile (i.e. reversed-phase)
HPLC eluent (Section 8.5.2). Some modes of sample preparation are listed in Box 3.2. Sample
preparation for metals/trace elements analysis is discussed in Chapter 11.

Box 3.2 Modes of sample preparation

(a) Solids/tissues
* Physical disruption (homogenization, sonication, heat/microwave)
e Chemical disruption (enzymes, acid/base)

(b) Liquids
e Direct analysis after off-line treatment (filtration, internal standard addition, protein

precipitation)

e Direct ‘on-line’ analysis
e Headspace analysis (also purge/trap, microdiffusion)
e Liquid-liquid extraction (LLE) (direct or via derivative formation)
e Solid phase extraction (SPE, also known as sorbent extraction, SE)
* Solid phase microextraction (SPME) of liquid or headspace
e Liquid phase microextraction (LPME)

e Supercritical fluid extraction (SFE) of solid matrix
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In plasma many drugs bind to albumin and many basic drugs also bind to oj-acid glycoprotein,
a cell-breakdown product with no known role in plasma. Protein-bound analytes must be released
during the course of the analysis if ‘total” (free + protein-bound) drug is to be measured. Analysis
of standard solutions of the analyte prepared in analyte-free plasma is a simple way of checking the
effect of protein binding on analyte recovery. Equilibrium dialysis or ultrafiltration may be used
to separate ‘free’ from bound drug thus allowing the ‘free fraction’ to be measured (Section 3.3).

It is important to prevent or, failing this, to understand any reactions occurring during sample
preparation. The cholinesterase inhibitor physostigmine, for example, is rapidly hydrolyzed if
extracted at pH 9.5 or above, whilst N-desmethylpropoxyphene (norpropoxyphene), the major
plasma metabolite of dextropropoxyphene, rearranges to an amide at pH 11 or above. Bupropion
decomposes under strongly basic conditions. Many N -oxides are reduced to the parent com-
pounds at pH 12 and above. HPLC has an advantage over GC in that the possibility of thermal
decomposition during the analysis is minimized, and refrigerated autosampler trays and analytical
columns may be used if decomposition at room temperature is a consideration.

The potential for loss of analyte during sample preparation such as adsorption onto the extraction
vessel must also be remembered. Other factors being equal, miniaturization and the use of the
minimum number of extract transfer steps will, in general, give the best recovery.

Plasma, serum and other fluids are normally sampled by pipetting, a positive displacement
pipette being used for particularly viscous fluids. Whole blood or postmortem blood is usually ana-
lyzed after freezing and thawing to disrupt erythrocyte membranes, sedimentation of cell debris be-
fore sampling being an option. As with other viscous fluids, use of a positive displacement pipette
is recommended, or alternatively specimens can be apportioned by weight. In some jurisdictions
blood ethanol in relation to driving a motor vehicle is defined by weight rather than by volume, for
example. If severe dehydration of a postmortem specimen is suspected, haemoglobin can be mea-
sured and the analytical result corrected to a ‘normal” haematocrit. Tissue specimens are normally
analyzed wet after removing any surface blood, by blotting gently with filter paper, for example.

3.2 Modes of sample preparation
3.2.1 Direct analysis/on-line sample preparation

Direct injection of blood after dilution with aqueous internal standard solution has been used for
many years in the GC analysis of ethanol and other low molecular weight volatile compounds
using columns packed with a porous polymer such as Chromosorb 101 or Porapak Q, or a modified
carbon black (Section 7.6.2.2). A large (5- or 10-fold) dilution with internal standard solution
is used to facilitate use of aqueous calibration standards and QA solutions; sensitivity is not a
problem. However, in general, GC and many HPLC assays require protein removal and/or LLE
or SPE prior to the analysis. This being said, a number of other approaches to the direct HPLC
analysis of plasma or serum have been investigated.

Internal surface reverse-phase (ISRP) chromatography is a form of restricted access media
(RAM) HPLC that uses column/eluent combinations which permit protein to elute without
precipitation whilst retaining and separating hydrophobic compounds (Hagestam and Pinkerton,
1985). However, the eluent pH has to be about 7 and the concentration of the organic component
has to be low to minimize the risk of protein precipitation (Section 8.5.2). Similar considerations
apply to the direct injection of plasma or serum onto unmodified silica HPLC columns. This latter
approach has been used in the analysis of some antimicrobial drugs and in other applications, but
has not found wide acceptance.
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Alternatively, one or more precolumns, containing appropriate stationary phases, may be placed
in-line with the analytical column. Computer controlled column switching of eluent flow between
the columns is a method of on-line sample preparation; usually, internal standard addition is
performed off-line beforehand. Such procedures have been investigated as part of automated
analytical sequences for basic drugs (Binder et al., 1989). More recent ideas include the use of
a restricted access media (RAM) extraction column to remove protein and other unwanted high
M, compounds [an initial methanol concentration of 5 % (v/v) is sufficient to release protein
bound analytes without causing protein precipitation] (Rbeida et al., 2004). In some cases a
second column packed with a mixed-mode stationary phase (MMP) is used to further purify the
analyte(s) and any internal standard prior to elution onto the analytical HPLC column (Georgi and
Boos, 2004). Another approach is to use a RAM extraction column in conjunction with so-called
‘turbulent flow’ chromatography (Thermo Fisher Scientific) to allow direct injection of plasma
(Vintiloiu et al., 2005)

A further approach (Automated Sequential Trace Enrichment of Dialysates, ASTED) was the
use of in-line microdialysis together with a trace-enrichment cartridge (TEC) prior to automated
analysis by conventional HPLC (Cooper et al., 1988). In the commercial development (Gilson),
typically drug protein binding was disrupted by appropriate pH and buffer selection prior to
the recipient stream passing to the TEC and then to the HPLC. This approach was particularly
attractive as the TEC did not become contaminated readily as the analyte has been ‘donated’ to the
dialysate stream. However, the capital cost was considerable, the recovery sometimes depended
on the sample matrix, and the instrument is no longer available commercially.

3.2.2 Protein preciptation

Despite attempts to introduce on-line systems for plasma or serum HPLC assays, generally off-
line sample preparation is used. Plasma protein precipitation with analysis of the supernatant
resulting after centrifugation is perhaps the simplest approach, the procedures used being derived
from sample preparation methods employed prior to UV/visible spectrophotometry as outlined
in Chapter 4. In some cases the supernatant is analyzed directly by HPLC or by LC-MS, whilst
in others further manipulation(s) such as LLE or SPE may be needed. The possibility of loss of
analyte(s) with the precipitate must be considered.

The efficiency of various plasma protein removal procedures has been compared (Table 3.1).
Other such mixtures include aqueous zinc sulfate (5 % w/v):methanol (100 + 43), 5-sulfosalicylic
acid (3.2 % w/v) in water:methanol (1 4 1) and methanol:acetonitrile (1 + 5). If strongly acidic
reagents are used, the analyte and any internal standard must be stable at low pH values. Brief
cooling to —20 °C before centrifugation may enhance protein precipitation. When evaluating
such a procedure it is always advisable to add a second portion of precipitation reagent to the
supernatant obtained initially to ensure that no protein remains in solution. Supernatant filtration
using a suitable system is a precaution sometimes adopted to minimize the risk of injecting
particles, but the possibilities of loss of analyte on the filter and of introducing contaminants must
be assessed for each assay.

Methanol containing 0.2 % (v/v) concentrated hydrochloric acid (2 volumes) when added to
plasma or serum (1 volume) followed by vortex-mixing and high-speed centrifugation (10 000 g
or so, 30 s) gives efficient protein precipitation (Flanagan and Ruprah, 1989). However, the
sensitivity is less than if it had been possible to inject the sample directly because of the three-fold
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Table 3.1 The effectiveness of some common protein removal procedures (Blanchard, 1981)

(i) Human plasma

Precipitant Precipitant (v/v) required to remove 99 % of protein
10 % (w/v) Trichloroacetic acid 0.2

6 % (w/w) Perchloric acid 0.7

Acetonitrile 1.3

Acetone 1.4

Ethanol 3.0

Methanol 4.0

Saturated ammonium sulfate about 3.0

Ultrafiltration not applicable”

Heat (80 °C) not applicable”

Dialysis not applicable‘

(i) Red cell extract!

Precipitant Precipitant (v/v) required to remove 97 % of protein
5 % (w/v) Trichloroacetic acid 4.5

10 % (w/v) Trichloroacetic acid 3.8

15 % (w/v) Trichloroacetic acid 3.3

“Provided there is no leakage ultrafiltration will remove 98 % of protein
>Only poor removal of protein (about 95 %, 10 min)

“Recipient stream is protein free, depends on membrane porosity
4Human red cells (initial protein content 311 g L™!)

dilution, and selectivity is dependent on the chromatographic separation and the selectivity of
detection because all solutes are injected. The high proportion of methanol in the supernatant
also means that it is not normally possible to inject more than 10-20 L onto the HPLC column
unless an eluent with a similarly high organic solvent content is being used, as unacceptable band
spreading will result (Section 5.4.2.3).

If an organic solvent is used as the protein precipitant, an increase in the amount of the ‘extract’
that may be injected, with consequent enhancement of sensitivity, may be achieved by transfer-
ring the supernatant to a clean tube and evaporating to dryness under a stream of compressed
air or nitrogen. This obviously takes time, but solvent:water mixtures are easier to evaporate
than water alone (azeotropic effect). Compounds such as potassium carbonate may be added to
plasma:organic solvent mixtures to ‘force’ an organic layer to form, thus simplifying extract con-
centration after removal. Evaporation to dryness may be necessary prior to some derivatization
reactions (Section 3.7).
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Box 3.3 Microdiffusion

e Simple means of purifying volatile analytes prior to colorimetric analysis

e Enclosed system: sample/standard and ‘releasing’ reagent added to opposite sides of outer
well, ‘trapping’ reagent added to inner well

e Contents of outer well mixed — released volatile product allowed to diffuse into ‘trapping’
solution

e Principal disadvantages:
— Diffusion cells may be difficult to obtain
— Time taken for diffusion to complete
— Limited to volatile analytes (room temperature)

3.2.3 Microdiffusion

Microdiffusion (Box 3.3) is a form of sample purification that relies on the liberation of a
volatile compound, for example hydrogen cyanide in the case of cyanide salts, from the test
solution held in one compartment of an enclosed system. The volatile compound is subse-
quently ‘trapped’ using an appropriate reagent (sodium hydroxide solution in the case of hy-
drogen cyanide) held in a separate compartment of the specially constructed (Conway) apparatus
(Figure 3.2).

Side View
Outer well Cover plate
Top View
1cm
—

Figure 3.2 Apparatus for volatile analytes: Conway microdiffusion.

The cells are normally allowed to stand for 2-5 h (room temperature) for the diffusion process
to be completed, but sometimes shorter incubation times can be used. The analyte concentration is
subsequently measured in a portion of the ‘trapping’ solution either spectrophotometrically, or by
visual comparison with standard solutions analyzed concurrently in separate cells. The Conway
apparatus may be made from glass, but polycarbonate must be used with fluorides as hydrogen
fluoride etches glass. Lightly smearing the cover with petroleum or silicone grease ensures an
air-tight seal. In order to carry out a quantitative assay at least eight cells are needed: ‘blank’
sample, a minimum of three calibrators, test sample (in duplicate) and positive control sample (in
duplicate). It is important to clean the diffusion apparatus carefully after use.
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Figure 3.3 Apparatus for volatile analytes: GC headspace vial.

3.2.4 Headspace and ‘purge-and-trap’ analysis

The principle underlying GC headspace analysis is that in a sealed vial at constant temperature
equilibrium is established between volatile components of a liquid or solid sample in the vial and
the gas phase above it — the ‘headspace’ (Figure 3.3). After allowing due time for equilibration
(normally 15 min or so) a portion of the headspace may be withdrawn via a rubber septum using
a gas-tight syringe and injected onto the GC column. Advantages of this method are that the
risk of contamination of the column with non-volatile residues is virtually eliminated and that
automation is relatively simple. An internal standard or other additive such as a matrix modifier
(e.g. a concentrated salt solution used to enhance partitioning of less volatile sample components
into the gas phase) may be added prior to the incubation, and quantitative analyses may be
performed after constructing a calibration graph. This technique is widely used in the analysis of
ethanol and other volatile substances in biological samples and in the pharmaceutical industry for
measuring solvent residues in tablets, amongst other applications.

Generally, headspace vials are available in sizes of 6, 10 and 20 mL — a vial large enough
to ensure an adequate headspace or phase ratio without excessive dilution of the components of
interest in the headspace should be used. The phase ratio should normally be at least 50 % of
the sample volume. Headspace vials may be round- or flat-bottomed. Round-bottomed vials are
stronger and may work more reliably with an autosampler. Round-bottomed vials also tend to
withstand higher pressures, and hence are more suited to work at elevated temperatures and if
derivatization is to be performed. Headspace vials must be correctly crimped — the cap should
not turn after application to the vial and septa suitable for the incubation temperature and the
analyte(s) must be used. Poor quality septa may ‘bleed’ (release volatile components into the
headspace), and, on the other hand, may adsorb analyte(s) from the headspace.

Sample preparation aims to maximize the concentration of volatile components in the headspace
and minimize unwanted contamination from other compounds in the sample. The equilibrium
distribution of an analyte between the sample phase and the gas phase in the vial is denoted by
the partition coefficient (K ):

K== 3.1)
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where Cj is the concentration of analyte in the sample phase and Cy is the concentration of analyte
in the gas phase. Thus, sensitivity is increased as K decreases, that is compounds that have low
K values will tend to partition more readily into the gas phase and have relatively low limits of
detection. An example of this is hexane in water: at 40 °C, hexane has a K value of 0.14 in an
air—water system. Conversely, compounds that have high K values partition less readily into the
gas phase and have relatively high limits of detection. For example, at 40 °C, ethanol has a K
value of 1355 in an air—water system (Table 3.2).

Table 3.2 Partition coefficients (K) of some common solvents in an
air-water system (40 °C)

Solvent K Solvent K
Cyclohexane 0.077 Butyl acetate 31.4
Hexane 0.14 Ethyl acetate 62.4
Tetrachloroethylene 1.48 Butanone 139.5
1,1,1-Trichloroethane 1.65 Butanol 647
0-Xylene 2.44 2-Propanol 825
Toluene 2.82 Ethanol 1355
Benzene 2.90 Dioxane 1618
Dichloromethane 5.65

K can be lowered by changing the incubation temperature or by changing the composition
of the sample matrix. In the case of ethanol in water, K can be lowered from 1355 to 328 by
raising the incubation temperature from 40 to 80 °C, although when measuring blood ethanol by
headspace GC, an incubation temperature of 60 °C or so is used to minimize injection of water
vapour.

K may also be changed by adding salts to the analyte matrix or by altering the phase ratio.
High salt concentrations in aqueous samples decrease the solubility of polar organic volatiles
and promote transfer into the headspace, that is give lower K values. However, the magnitude
of the salting-out effect is not the same for all compounds. Compounds with K values that are
already relatively low, for example, show very little change in K after adding a salt to an aqueous
sample. Generally, volatile polar compounds in polar matrices (aqueous samples) will experience
the largest shifts in K and have higher responses after the addition of a salt. Common substances
used to decrease matrix effects include ammonium chloride, ammonium sulfate, sodium chloride,
sodium citrate, sodium sulfate and potassium carbonate. A practical consideration is that it is not
easy to add reproducible amounts of solid substances to the vials.

K is also dependent on the phase ratio, 3, the relative volume of the headspace compared to
the volume of the sample in the sample vial:

_ Ve (3.2)
B=1 .
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where V; is the volume of sample phase and V, is the volume of gas phase. Sensitivity is increased
as 3 is minimized, that is lower values of 3 (larger sample sizes) will yield higher responses for
volatile compounds. However, changes in 3 will not always yield the increase in response needed
to improve sensitivity. When {3 is decreased by increasing sample size, compounds with high K
values partition less into the headspace compared to compounds with low K values and yield
correspondingly smaller changes in C,. Samples that contain compounds with high K values
need to be optimized to provide the lowest K value before changes are made in 3. Thus, partition
coefficients and phase ratios together determine the final concentration of volatile compounds in
the headspace.
The concentration of volatile compounds in the gas phase can be expressed as:

g_K+B

(3.3)

where Cy is the concentration of volatile analytes in the gas phase and Cy is the original concen-
tration of volatile analytes in the sample. Striving for the lowest values for both K and 8 will
result in higher concentrations of volatile analytes in the gas phase and therefore better sensitivity.

In addition to working with the partition coefficient (K ), the phase ratio (3) and derivatization
reactions, sensitivity in headspace GC can also be improved by simply increasing the size of the
headspace sample that is withdrawn from the sample vial for analysis. Increasing the sample size
also means that the amount of time it takes to transfer the sample to the column will increase in
proportion to the column volumetric flow rate. Sample size can be increased only to the point that
increases in peak width, caused by longer sample transfer times, do not affect chromatographic
separations.

Larger sample sizes and longer transfer times can be offset to an extent by using cryogenic
cooling and sample refocusing at the head of the GC column. In the ‘purge-and-trap’ method
volatile compounds are liberated from liquid samples or suspensions by bubbling with an inert
carrier gas such as nitrogen or helium and subsequently either condensed in a receiver cooled
usually with solid carbon dioxide, or adsorbed on a cartridge filled with a material such as Tenax-
GC (Section 7.3.1). Thermal desorption and other static headspace preconcentration techniques
have been reviewed (Kolb and Ettre, 1997).

3.2.5 Liquid-liquid extraction

Traditionally, purification of lipophilic analytes such as many centrally acting drugs has been
performed by extracting the biological sample with an inert, water-immiscible organic solvent at
an appropriate pH. Generally it is best to use the least polar solvent that will effectively extract
the analyte — selecting a solvent with too much ‘extracting power’ may reduce the selectivity
of the assay by promoting the extraction of interfering compounds. On the other hand, use of
solvents such as butyl acetate or methyl zert-butyl ether (MTBE) in poisons screening or in
generic methods prior to HPLC, for example, has the advantage that drugs of differing polarity
often can be analyzed using similar methodology. Properties of the ideal extraction solvent are
summarized in Box 3.4.

Some form of mechanical mixing of the aqueous and organic phases is normally necessary. Of
the methods available, vortex mixing is the quickest and the most efficient method for relatively
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Box 3.4 Properties of the ideal extraction solvent

e Good ‘extracting power’

e Low solubility in water

 Less dense than water

e Moderate volatility to facilitate removal by evaporation, but not so volatile as to evaporate
during sample preparation

Stable/inert (contains no added stabilizers)

e Low flammability

e Low toxicity (not only by inhalation, but also via dermal absorption)
¢ Inexpensive and readily available in required purity

e No UV absorption or electrochemical activity

* No response/deleterious effects on NPD/ECD/MS

small volumes. Rotary mixers capable of accepting tubes up to 30 mL volume are valuable for
performing relatively large volume extracts of plasma/serum, urine, or stomach contents, and serve
to minimize the risk of emulsion formation — vigorous shaking is unnecessary. Use of strongly
acidic or basic extraction conditions may also be a factor in promoting emulsion formation hence
more moderate conditions should be used whenever possible.

Centrifugation in a bench-top centrifuge capable of accepting test tubes of up to 30 mL volume
and attaining speeds of 2000-3000 rpm is normally effective in promoting phase separation such
that most of an organic extract can be removed. The centrifuge should have sealed buckets and
be ‘flash proof’ to minimize the risk of explosion from ignition of solvent vapour. Use of sealed
tubes and rotor units also serves to minimize the risks associated with centrifugation of potentially
infective specimens. Regular centrifuge cleaning and maintenance programmes are important.

The relative centrifugal force (RCF, g; Box 2.1) is not usually critical provided that sufficient
force is applied to achieve phase separation. Swing-out rotors are preferable to angled ones as this
ensures that the interface between the organic and aqueous phases is at right angles to the tube,
facilitating removal of the solvent. It is important that the tubes do not break or distort during
centrifugation. Thus, the exact RCF and time of centrifugation will depend on local factors, such
as the type of tube and the centrifuge being used. Plastic tubes and organic solvents may introduce
plasticizers and other contaminants. Use of high grade solvents is generally advisable.

After centrifugation, freezing the aqueous layer (—20 to —60 °C) in order to simplify phase
separation by pouring is advocated by some authors. Alternatively, the solvent extract may be
removed using a disposable Pasteur pipette.

Once the extract has been removed, the extraction solvent is often vaporized under a stream
of compressed air, or nitrogen if analyte oxidation is a concern, prior to reconstitution of the
dried extract in a suitable volume of an appropriate solvent. Back-extraction of acids or bases
into aqueous solution of appropriate pH can be used to remove neutral interferences. Concentra-
tion of the analyte to improve sensitivity can be achieved at the solvent evaporation stage and
extraction solvents such as ethyl acetate, with strong chromophores at lower UV wavelengths, or
dichloromethane, which would otherwise interfere with the HPLC or GC detector, can be used
and then removed. On the other hand, solvent evaporation is time consuming, interferences may
be concentrated, and relatively volatile analytes may be lost unless precautions are taken (e.g.
acidifying the extract to promote salt formation in the case of volatile bases such as amfetamine).
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It may also be necessary to add a basic compound to the reconstituting solvent in order to remove
adsorbed basic analytes from glass tubes.

Some commonly used extraction solvents are listed in Table 3.3. Mixtures of solvents may be
used for specific purposes. Dichloromethane:2-propanol (9 + 1) (RD > 1), for example, has long
been used to extract morphine and other opiates while mixtures such as dichloromethane:heptane
(1 + 1) (RD < 1) are useful if a chlorinated solvent is needed, but an upper layer is required to
simplify extract removal. Alternatively, inorganic salts can be added in sufficient quantity to the
aqueous phase to increase the density until the organic phase forms the upper layer. Care should
be taken when adding salts (e.g. to ‘salt out’ analytes or to adjust the pH) that the phases are not
inverted accidentally. A further complication is that some hydrochloride salts of basic drugs are
soluble in organic solvents, especially chlorinated solvents such as chloroform, dichloromethane
and chlorobutane. Sulfate and phosphate salts are much less soluble in organic solvents, hence
sulfuric acid is preferred if performing back-extraction into water as part of a sample preparation
procedure.

Table 3.3 Some widely used extraction solvents

UV Cut- Dielectric Solubility in
Solvent RD BPt(°C) off (nm) Flammable constant Polarity” water (g L™!)
Butyl acetate” 0.88 125 255 Yes 5.01 — 7.0
Chloroform* 1.49 61 245 No 4.81 4.4 8.0
Cyclohexane 0.78 81 210 Yes 2.03 0 0.0
1,2-Dichloroethane 1.25 83 230 Yes 10.65 3.7 8.7
Dichloromethane 1.32 40 235 Yes 8.93 34 13
Ethyl acetate” 0.90 77 255 Yes 6.02 4.3 83
Heptane 0.68 98 210 Yes 1.92 0 0.5
MTBE? 0.74 55 220 Yes 45 — 48
Petroleum ether? 0.65 40-60 210 Yes about 2 — 0.0
Toluene 0.87 111 285 Yes 2.38 2.3 0.53
2,2, 4-Trimethylpentane 0.69 99 210 Yes 1.9 0.4 0.0

@ According to Snyder (1974)  "Hydrogen acceptor  “Hydrogen donor ~ ?Boiling range 40-60 °C —mixture of pentanes,
hexanes, etc. — other boiling ranges available

The inhalational toxicity and other hazards associated with use of some solvents should not be
ignored. Benzene, for example, is a proven human carcinogen, whilst occupational exposure to
hexane or to 2-hexanone (butyl methyl ketone) is associated with the development of peripheral
neuropathy (Table 3.4). ‘Isohexane’ (Fisher Scientific), a mixture of hexane isomers contain-
ing less than 5 % (v/v) n-hexane, is a safer alternative to hexane itself. Ammonium hydroxide
too is unpleasant, if not overtly hazardous, and loss of ammonia from stored reagent may in
time render the reagent unreliable — use of buffers such as tris(hydroxymethyl) aminomethane
[tris(hydroxymethyl)methylamine, “Tris’] or sodium borate can give pH values in the 9-11 region
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Table 3.4 Especial hazards associated with the use of some solvents

Solvent Hazard

Benzene Human carcinogen

Carbon disulfide Neurotoxin

Carbon tetrachloride, chloroform (also 1,2- Hepatorenal toxins; known carcinogens

dichloropropane, 1,1,2,2-tetrachloroethane)

Dichloromethane Carboxyhaemoglobinaemia

Diethyl ether Highly flammable; may form explosive peroxides
Di-isopropyl ether May form explosive peroxides

Hexane, 2-hexanone Peripheral neurotoxins

Trichloroethylene Cardiotoxin

and has the advantage over phosphate buffers in that bacterial growth is inhibited, thus facilitating
longer-term storage at room temperature.

In general more ‘polar’ solvents will extract a larger number of compounds. Unfortunately,
‘polarity’ is not a simple property, but rather a composite of different physical characteristics,
including the ability to form hydrogen bonds, dipole moment, and dielectric constant. Alkanes do
not form hydrogen bonds, have little or no dipole moment and low dielectric constants, and are
nonpolar. Alcohols, which can form hydrogen bonds and have high dielectric constants, are polar
(Table 3.3). The nature of the analyte may contribute to the degree of extraction. Analytes that
can form hydrogen bonds, either as acceptor or donor, will be better extracted into solvents that
support such bonding. Alcohols such as 2-propanol or 3-methylbutanol (isoamyl alcohol) may be
added to aprotic solvents to encourage hydrogen bonding and thus to enhance the extraction of
relatively water-soluble analytes, and to reduce adsorption of basic drugs onto glassware.

Solvents are sometimes ranked in order of their ability to elute analytes in adsorption chro-
matography — an elutropic series. In TDM and in pharmacokinetic studies the least polar solvent
that will extract the compounds of interest should be used as this will generally give the cleanest
extracts. In drug screening, higher polarity extraction solvents should be chosen to increase the
likelihood of extracting a larger range of potential analytes.

Simple LLE with direct analysis of the extract has been used for many years prior to TLC or
GC (Figure 3.4). LLE has been replaced to a certain extent by SPE for HPLC sample preparation,
but a well-defined LLE system is robust and cost effective. HPLC eluents that use a high pro-
portion of an organic component also allow solvent extracts to be analyzed directly (Figure 3.5;
Section 8.8.2). Repeating dispensers fitted with gas-tight Luer-fitting glass syringes and stain-
less steel needles may be used for solvent and reagent additions. Use of clear glass test tubes
(60 x 5 mm i.d., Dreyer tubes) as extraction vessels simplifies extract removal via a fine-tipped
plastic Pasteur pipette and minimizes the risk of contamination with the aqueous phase. Use of a
high-speed centrifuge gives rapid phase separation and minimizes the problem that may be posed
by emulsion formation.

This microextraction approach is simple, inexpensive and suitable for emergency work, and
has been used for hundreds of thousands of analyses since it was introduced in the early 1970s.
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Sample or standard (50-500 pL) in Dreyer tube

Aqueous internal standard
solution (may include buffer)
(20-50 pL)

Aqueous buffer

> | < (50100 pL)

v
Vortex mix (5 s)

Extraction solvent
<+—— (often butyl acetate)
(50-100 pL)

v

Vortex mix (30 s)

.

Centrifuge (11,000 g, 3—4 min)

:

Take 1-2 pL extract for analysis

Figure 3.4 Flow diagrams exemplifying microextraction procedures prior to GC.

Sample or standard (20-200 pL) in Dreyer tube

Aqueous internal standard solution

(may include buffer) (20-50 pL) Aqueous buffer
< (50—100 pL)
‘Salting out’ reagents — — —p»

v
Vortex mix (5 s)
Extraction solvent

<«—— (usually methyl tert-butyl ether)
(200 pL)

Vortex mix (30 s)

.

Centrifuge (11,000 g, 3—4 min)

.

Take ~110 uL for analysis

Figure 3.5 Flow diagrams exemplifying microextraction procedures prior to HPLC.
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However, it is not amenable to automation and hence is labour intensive if large numbers of
samples are to be assayed. Moreover, care must be taken to minimize the risk of glass tubes
breaking in the centrifuge. The sample injection step, however, can be automated. For example,
extracts may be transferred to 0.5 mL (30 x 8 mm i.d.) capped disposable polypropylene tubes
in an appropriate autosampler tray.

As with headspace GC, ‘salting out’ relatively water-soluble analytes is a further possibility.
This relies on increasing the ionic strength of the aqueous phase thus encouraging partition of a
relatively water-soluble analyte into an immiscible organic solvent. Common substances used in
this way include ammonium chloride, ammonium sulfate, sodium chloride, sodium citrate, sodium
sulfate and potassium carbonate. However, with LLE caution is needed because an emulsion may
ensue if excess salt is added. The assay of atenolol in breast milk is an example when prior
extraction with MTBE can be used to remove lipophilic contaminants, before the addition of
sodium chloride to facilitate atenolol extraction into a second volume of MTBE (Flanagan ez al.,
1988).

If derivatization is to be performed then performing the extraction using a solvent that is
compatible with the derivatization reagent may eliminate the need for a solvent evaporation step.
A further consideration when choosing an extraction solvent is whether it is likely to interfere in
the analysis. It is difficult to remove all traces of solvent and even a small residual amount can
seriously affect the detection limit. Chlorinated solvents are best avoided, not only on safety and
environmental grounds, but also because they poison electron-capture detectors in GC. In addition,
some solvents may not be suitable because they would react with the analyte, for example a ketone
such as butanone (methyl ethyl ketone, MEK) will react with primary amines. Some solvents may
contain traces of decomposition products, for example phosgene in chlorinated hydrocarbons,
and aldehydes and ketones in alcohols.

Antioxidants such as hydroquinone or pyrogallol are added to some ethers to limit the formation
of explosive peroxides. Antioxidants are highly electroactive molecules that may react with the
analyte and will adversely affect ED methods in HPLC, particularly if the antioxidant has been
concentrated by evaporation of extraction solvent. Diethyl ether is highly volatile and flammable,
and is best avoided. Ethanol is frequently added to stabilize chlorinated solvents such as chloroform
and dichloromethane, and may react with derivatizing agents. Even ethanol stabilization may not
prevent decomposition (Cone et al., 1982). HPLC-grade dichloromethane is available with pentene
as stabilizer.

Butyl acetate (Rutherford, 1977) and MTBE (Flanagan et al., 1988; Flanagan et al., 2001)
give efficient extraction of many drugs and metabolites from plasma at an appropriate pH
and form the upper layer thus simplifying extract removal for analysis. These solvents do not
interfere in NPD, in ECD, or in MS and the extracts are generally suitable for direct analysis on
compatible systems, except that butyl acetate cannot be used directly with HPLC-UV (MTBE
has a relatively low UV cut-off, 215 nm). Unlike other ethers, such as diethyl and di-isopropyl,
MTBE does not form peroxides at ambient temperature and thus additives such as quinones are
unnecessary.

A simple procedure developed to measure the antipsychotic olanzapine in plasma at the con-
centrations attained during chronic treatment with this drug has been described (Flanagan et al.,
2001). Ascorbate can be added with the aim of stabilizing olanzapine during the extraction if this
is thought necessary. This relatively simple scheme can be applied to the extraction of many other
basic drugs prior to GC or HPLC assay, and has the advantage of concentrating the analyte prior
to injection, thus maximizing sensitivity.
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3.2.5.1 Theory of pH-controlled liquid—liquid extraction

The extraction of a weak acid or base into an organic solvent is a function of the pH of the aqueous
solution, the pK, of the analyte, and the partition coefficient describing the distribution of the ana-
lyte between the solvent and water. Under ideal conditions, the fraction extracted, F, is given by:

F =1+ Vi /(Vorg -APC)]™" (3.4)

where V,q and V, are the volumes of the aqueous and organic phases, respectively, and APC
is the apparent partition coefficient of the analyte. The APC is a function of the true partition
coefficient, TPC (i.e. the partition coefficient of the non-ionized, extracted form). For a base this
becomes:

TPC = [1 + 10PK=PH] . ApC (3.5)
and for an acid:
TPC = [1 + 10PH-PKI] . ApPC (3.6)

Thus, the fraction extracted can be calculated from knowledge of pH, pK, and TPC.

The data of Figure 3.6 have been derived for five imaginary bases (pK, = 8.0) with differing
lipophilicities (TPC = 0.1-1000) by combining Equations (3.4) and (3.5). The fraction ionized
was calculated from the Henderson—Hasselbalch equation:

pH = pK, + log[acid]/[base] 3.7
(broken lines, Figure 3.6). The predicted extraction is influenced by the total partition coefficient

(TPC), as well as the volume ratio of organic to aqueous phase. For the base with TPC = 1, the
maximum that can be extracted is 50 %, even when the base is completely non-ionized. The degree

(a) Organic:aqueous 1 + 1 (b) Organic:aqueous 10 + 1

100 1.0 100+ 1.0
T
QO
754 75 2
= - o
& 1000 =
9 o
o} i 100 B S
5 50 0.5 50 0.5 <
g =3
i 8
254 254 Q

0 T T T 0.0 0 0.0

2 4 6 8 10 12 2 12
Buffer pH Buffer pH

Figure 3.6 Simulated extraction curves for bases (pK, = 8.0) with solvent:water partition coefficients
of 0.1, 1, 10, 100 and 1000: (a) with equal volumes of aqueous and organic phases, (b) with 10-fold increase
in volume of organic phase.
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of extraction of this base could be increased by using a higher volume of organic phase relative to
the aqueous one, for example 10:1 [Figure 3.6(b)]. However, there are practical limits to the extent
to which this can be done; in the case of the base with TPC = 0.1 it is only 50 % extracted with a
10-fold increase in the volume of organic solvent and under these circumstances, a solvent with
more ‘extracting power’ should be evaluated. The extraction of the base with TPC = 10 can be
increased by increasing the volume of the organic phase. The most lipophilic base (TPC = 1000)
is almost completely extracted, even when it is 99 % ionized, at pH 6. Furthermore, such a
compound will require low pH buffers to ensure complete back-extraction, particularly into a
relatively small volume of aqueous phase.

Typically, the extraction pH should be approximately 2 units more (or less, in the case of acids)
than the pK, of the analyte when extracting relatively polar compounds. Under these conditions
the analyte will be <1 % ionized, and, as can be seen from Figure 3.6, there is little to be gained
from adjusting the pH to more than 2 units above the pK, for any of the compounds. Use of more
extreme pH values increases the risk of decomposing the analyte. The simulated curves of Figure
3.6 predict that very lipophilic compounds can be extracted from aqueous solutions even when
they are largely ionized in the aqueous phase and this is borne out in practice. Imipramine, for
example, can be extracted from pH 7 buffer even though it is >99.6 % ionized at this pH. The
more polar imipramine metabolites require higher pH values (i.e. less ionization of the analyte)
to promote efficient extraction (Figure 3.7). This is due partly to the higher pK, and partly to the
reduced partition coefficient. In the case of the phenolic metabolite of imipramine, the extraction
efficiency falls at pH values above 10 as ionization of the phenol is promoted. Clearly, where
metabolites or congeners are a consideration, the extraction pH may need to be a compromise; in
this example, pH 10 would be optimum for all the compounds.

100 =

50—

Extracted (%)

0 T T T |
0 2 4 6 8 10 12 14
Buffer pH

Figure 3.7 Extraction of imipramine (¢, pK, 9.5), desipramine (A, pK, 10.2), didesmethylimpramine
(M, pK, 9.8) and 2-hydroxyimipramine (o, pK, 9.5 and 10.7) from aqueous buffer into heptane with pH.

Strong acids have low pK, values, whilst the converse is true for strong bases (Table 3.5). It
is not possible from the pK, alone to know whether a compound is an acid or a base. Indeed,
for some complex compounds with several ionizable groups, pK, values have been measured,
but it has not proved possible to assign them unequivocally. Assignment is normally on the basis
of the chemical groups present and the salts that the compound forms, for example thiopental
(pK, = 7.6) must be an acid because it is available as the sodium salt. Comparison with related
compounds may help in understanding how a molecule ionizes, for example nordazepam has two
ionizable groups, but diazepam has only one.
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Table 3.5 Some pK, values of acidic, basic and amphoteric compounds

Compound Acid Base Compound Acid Base
Amoxicillin 24 9.6 7.4 Lidocaine 7.9
Amfetamine 9.8 Pethidine (meperidine) 8.7
Aspirin 35 Morphine 9.9 8.0
Chloramphenicol ~ 11.0 Naproxen 4.2

Clozapine 3.7 7.6 Nordazepam 12.0 3.5
Cocaine 8.6 Paracetamol 9.5

2,4-D 2.7 Phenytoin 8.3

Debrisoquine 11.9  Salicylic acid 3.0 13.4

Diazepam 33 Sulfadimidine 7.7

Fluphenazine 3.9 8.1 Warfarin 5.0

Although knowledge of the pK, may be helpful in choosing a pH at which to perform an
extraction, some literature values may be misleading. The quoted pK, of chloramphenicol,
11.03 (http://www.daylight.com/meetings/emug00/Sayle/pkapredict.html, accessed 30 Decem-
ber 2005), is very different from the value of 5.5 given elsewhere (Reynolds, 1993). Chloram-
phenicol, an amide, is expected to be a very weak acid and a pK, of 11 is consistent with this.
An explanation for this huge discrepancy (>300,000-fold difference in ionization constant) is that
the lower value is for the ionization of the carboxylic acid group in the chloramphenicol ester,
chloramphenicol sodium succinate. Similarly, pK, values for medazepam of 4.4 (25 °C) (Barrett
etal., 1973) and 6.2 (37 °C) (le Petit, 1976) have been described. The difference is too large to be
ascribed to a difference in temperature and because the partitioning characteristics of medazepam
were inconsistent with a value of 4.4, the pK, was re-evaluated and found to be 6.3 at 25 °C
(Whelpton, 1989).

Other discrepancies and errors in pK, may arise from the way in which these have been
measured. The pK, values of weak electrolytes that show marked spectral (UV) shifts as a
function of pH and are moderately soluble in aqueous buffers, are relatively easy to measure,
whereas for lipophilic compounds it may be necessary to use limiting aqueous solubility methods
(Green, 1967). It may be possible to titrate water-soluble compounds, but values from nonaqueous
titrations, even when the results have been extrapolated to zero organic solvent concentration,
should be used with caution. Furthermore, when measuring pK, values in alkaline buffers, special
care is needed to exclude carbon dioxide and to use pH electrodes which have been designed to
give accurate readings at high pH values.

When the pK, is uncertain then this can be derived from iterative curve fitting of the experimental
data (APC versus pH) to Equations (3.5) or (3.6) to solve for TPC and pK, (Whelpton, 2004).
The APC values of [*H]-morphine as a function of pH were measured and the data [Figure 3.8(a)]
fitted to the equations described above using Graph Pad Prism v3, to give TPC = 0.62, pK,1 =
7.77, pK,2 = 9.69 (solid line). The experimental data, as percent extracted, and the fitted line, are
shown in Figure 3.8(b). The advantage of this approach is that once the parameters are known,
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Figure 3.8 Partitioning of [*H]-morphine between buffer and an equal volume of toluene:butanol (9 +
1): (a) APC versus pH (®) and the fitted data (solid line), (b) proportion extracted (%) versus pH (®).
Comparison of predicted (broken line) and actual extraction assayed by HPLC (o) for a 10:1 volume ratio
of organic solvent:aqueous phase.

the extraction recoveries can be predicted for any organic:aqueous volume ratios at any pH value.
The agreement between the predicted curve for an organic:aqueous ratio of 10 + 1 (broken line)
with experimental (HPLC) data for extraction of morphine using such a ratio of phases was good
[Figure 3.8(b)]. A day of experimentation allows optimization of extraction pH, solvent volume,
and pH required for back-extraction into a predefined volume of the aqueous phase. If a method is
to be modified, the effect of a change in experimental conditions can be calculated in a few minutes.

3.2.5.2 lon-pair extraction

Tonized lipophilic analytes can be extracted into organic solvents providing an ion of the opposite
charge (counter ion) is extracted to maintain electrostatic neutrality. For a cation, C ;('1, being
extracted as an ion-pair with a suitable anion, A;q’

Ch+ Ay =CAog (3.8)
the distribution ratio, D¢, is given by:
Dc = [CAu)/[C] = EcalAg] (3.9)

where Ecy is the equilibrium constant. Thus, the distribution is a function not only of the nature
of the analyte and the extraction solvent, but also of the nature and concentration of the counter
ion. Partitioning can be further affected by introducing a substance with which the analyte is able
to complex. This makes ion-pair extraction versatile, but also complicated (Schill, 1976). Sodium
octylsulfate is one of the ion-pairing agents advocated, but precipitation of plasma protein with
acetonitrile and evaporation to dryness of the acetonitrile extract was required before addition of
the ion-pairing agent in one such method (Hoogewijs and Massart, 1984).

Ion-pair extraction may be used with SPE (Section 3.2.6), employment of alkyl-modified or
strong cation (SCX) or anion (SAX) exchange-modified silica stationary phases resulting in
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a simplified approach to that achieved with LLE per se. As an example, Lukaszewski (1985)
used ion-pairing with potassium iodide to extract the quaternary ammonium compound paraquat
from 5 mL urine into chloroform:propanol (4 + 1) prior to pyrolysis GC, but prewashing with
ammoniacal dichloromethane:propanol (4 + 1) was required, and the extracted paraquat had to be
taken up in water, washed several times with diethyl ether, and finally the water evaporated before
reconstitution in ethanol. In contrast, Gill et al. (1983) simply added alkalinized urine (1 mL) to
pretreated octadecylsilyl-modified silica SPE cartridges, and after washing with water and then
with methanol, eluted paraquat with acidified methanol (5 mL), evaporated the extract to dryness,
and analyzed a portion of the residue using HPLC.

It is worth noting that aberrant partitioning in LLE can sometimes be explained by unintentional
ion-pair extraction, the counter ions originating from the buffer or biological matrix. Therefore,
unless ion-pair extraction is required, solvents that promote ion-pair extraction are best avoided.
Chloroform, dichloromethane, ethyl acetate and 4-methyl-2-pentanone (methyl isobutyl ketone,
MIBK) have been used as solvents for ion-pair extraction. Hydrocarbons are less likely to extract
ion-pairs than solvents that are hydrogen donors, such as chloroform and alcohols. If ion-pairing
is suspected then addition of a different counter ion (e.g. bromide or iodide) will change the degree
of extraction.

An indication of the lipophilicity of a compound can be obtained from log P values, where P is
the octanol:water partition coefficient. However, P is sometimes difficult to measure accurately,
particularly when log P > 3. For very lipophilic acids or bases it may be necessary to measure the
partitioning between a buffer and octanol, the pH and the volume of the buffer being chosen so that
approximately 50 % of the compound is extracted (partitioned). The partition coefficient of the
unionized species (P) is calculated from knowledge of the buffer pH and analyte pK,. Many log
P values are not experimental values, but have been calculated from the chemical formula. The
starting point for such calculations is a structurally similar molecule whose log Pvalue is known,
and then increments (‘pi’) are added or subtracted for various substituents. This approach requires
that the initial choice is suitable, and there are sometimes discrepancies between calculated and
measured values. Note that P values are for partitioning between water and octanol. Some quoted
‘log P’ values have been measured at pH 7.4, and are nowadays referred to as log D values.

3.2.5.3 Liquid-liquid extraction columns

LLE can be facilitated and/or automated by the use of polypropylene columns containing di-
atomaceous earth as a solid support for the aqueous phase. These should not be confused with
SPE columns (Section 3.2.6) as the aqueous sample is retained in the column matrix and the
extracting solvent (RD > 1) allowed to run through the column. A wide variety of LLE extraction
columns is available, including 96 well-plates (ISOLUTE HM-N, IST, Argonaut Technologies.
http://www.biotage.com/DynPage.aspx?id=2390, accessed 1 January 2006). Columns such as
Tox-Elut have been widely used in preparing urine extracts for drug screening. An advantage of
this approach is that a wide range of basic compounds, including morphine, and also weak acids
such as barbiturates, can be extracted in a single step (Box 3.5).

3.2.6 Solid-phase extraction

Extraction of compounds by adsorption onto solid materials such as activated charcoal, Florisil,
or ion-exchange resins followed by washing with water and elution of compounds of interest
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Box 3.5 Tox-Elut columns for TLC sample preparation

e LLE using prebuffered diatomaceous earth columns has advantages of simplicity and can
extract acids, bases, neutral and amphoteric compounds (including morphine) in one step
e Use 20 mL Tox-Elut, pH 9 (Varian — www.varianinc.com)
e Add 20 mL urine followed by 30 mL dichloromethane:2-propanol (9 + 1). Evaporate
extract to dryness (compressed air or nitrogen), and reconstitute in 0.1 mL methanol
e Disadvantages:
— Cost of extraction tubes (but save time)
— Lose some of selectivity of acid/base extracts, but use multiple spotting/developing
solvents/detection reagents

using methanol, for example, is not a new idea. However, use of siliceous or other materials
with relatively close particle size distribution (15 to 100 wm) in disposable plastic syringe barrels
permits sequential extraction, clean-up, and finally reproducible elution of drugs and other analytes
atrelatively low pressures. A range of barrel geometries, reservoir volumes, bed sizes and materials
(glass columns, stainless steel frits) are available. Samples may be loaded using positive pressure
(e.g. from a syringe), by drawing through with a vacuum, or by centrifugation using a swing-out
rotor system.

Advantages of SPE are that batch processing can be simplified and that the extracts may contain
fewer interfering compounds than with LLE. A further feature when screening for unknowns is
that a range of analytes can be extracted either sequentially, or simultaneously. However, SPE
columns are relatively expensive and it may not be possible to retain very water-soluble analytes
such as zwitterions and quaternary ammonium compounds, on bonded-phase columns unless there
are residual silanol groups available for ionic interaction. Problems with SPE of physostigmine
(Box 3.6) were traced to a batch of cyanopropyl columns that had a higher carbon loading than
usual, resulting in masking of the silanol groups. In many cases simple LLE with an appropriate
solvent can be used to purify a lipophilic compound more quickly than with SPE. On the other
hand, analyte concentration may often be achieved more easily with SPE than with LLE, while

Box 3.6 Solid-phase extraction of physostigmine in plasma for HPLC
(Hurst and Whelpton, 1989)

Method

e Affix Bond-Elut CN column (100 mg, 1 mL; Varian) to vacuum manifold and wash with
(i) methanol (2 x 1 mL), (ii) purified water (2 x 1 mL) and (iii) 0.1 mol L~" dipotassium
hydrogen orthophosphate, pH 9.2 (1 mL)

e Centrifuge plasma sample (1000 g, 5 min) and add 0.5 mL to column

e Wash with purified water (3 x 1 mL) and centrifuge (500 g, 1 min) to remove excess water

* Add methanol (50 wL) and centrifuge (500 g, 1 min)

e Fit Luer needle to column and elute with minimum volume (typically 250 L) methanol
into appropriate centrifuge tubes during centrifugation (500 g, 2 min)

e Cap tubes, vortex-mix (5 s), centrifuge (12,000 g, 3 min), and inject 100 wL extract onto
the HPLC column
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use of SPE columns to concentrate an analyte from a solvent extract may provide a quicker and
possibly safer alternative to solvent evaporation. In this context it is helpful if the volume used in
the final elution step is as small as possible.

The commonest SPE mode used is reversed-phase with Cg or Cg materials. Recoveries exceed-
ing 95 % with correspondingly low RSDs are possible, and subnanogram quantities of analyte
may be assayed. Frequently, the compounds of interest can be eluted in a small volume of fluid.
Even if the resulting eluate contains interfering substances, the reduced sample volume allows
easier sample handling during any subsequent purification steps.

SPE is particularly useful for drugs and other poisons that are difficult to extract by LLE, for
example quaternary ammonium compounds (pyridostigmine, (+)-tubocurarine, paraquat), and
other hydrophilic compounds such as glucuronides. Because ionized molecules can be isolated
by SPE, it is possible to develop methods that do not require such extreme pH values as required
by LLE, which makes SPE suitable for isolating drugs that are not stable under extremes of pH.
Furthermore, it should be possible to perform SPE in an inert atmosphere by using syringes to
load and elute samples, or nitrogen to provide positive pressure to SPE columns to facilitate
elution. Once the analyte has been retained, a range of clean-up procedures may be used. For
reversed-phase materials, water may remove residual hydrophilic materials, including proteins
and buffer. Water—organic solvent mixtures may be used to remove interferences. If the minimum
volume of solvent is used to elute the analyte then further sample concentration prior to analysis
may be unnecessary (Figure 3.9).

1. Condition 2. Application 3. Retention 4. Rinse 5. Elution

Analyte and some
interferences retained

0 =

Typically, methanol/ Some interferences Unwanted compounds Analyte eluted,
water/buffer treatment not retained (interferences and interferences
to prepare the column metabolites) eluted retained

Key: m Analyte O A e Various matrix interferences possibly including metabolites and other drugs

Figure 3.9 Schematic diagram of a solid-phase extraction procedure.

In addition to unmodified silica, a range of bonded-phase materials analogous to those used as
HPLC packings is available (Table 3.6). Columns packed with alkyl-modified materials are used
most frequently. The stationary phase is attached by reaction of the appropriate chlorosilane with
a surface silanol moiety on the base silica under anhydrous conditions in the same way as with
HPLC packings and bonded capillary GC columns (Figure 3.10).
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Table 3.6 Some alkylsilyl-modified silica column packings for use in SPE and HPLC

Bonded Phase Name Bonded Phase Name
—(CH,;)17CH3 n-Octadecyl —(CH;)3NH, Aminopropyl

(ODS, Cis)
—(CH,),CH3; n-Octyl (Cg)  —(CH,);CN Cyanopropyl, nitrile (CN)
—(CH,)sCHj3 n-Hexyl (Cs) —CH,COOH Carboxymethyl (WCX)
—CH,CH; Ethyl (C,) —(CH2)3—I%(CH3)3 Trimethylaminopropyl (SAX)
—CH; Methyl (C;)  —(CH,)3-N(CH,CH3), Diethylaminopropyl (WAX)

: Phenyl : Cyclohexyl
S}
—(CH
—(CH,);0CH,CHOH ( 2)3@SO3
| Diol 4-Sulfophenylpropyl (SCX)

CH,OH

Q S
_/Sl_OH + C18H37Si(CH3)ZC| e —/Si—O—?i—C18H37 + HCI
) 0]
] ] CHs
—Si— —Si—

Figure 3.10 Reaction of chlorodimethyloctadecylsilane with silica.

Generally, the bonded phase is linked to a surface silanol moiety via a silyloxy bond (Si—O-Si).
However, different manufacturers use different base silicas, different bonding chemistries and
different phase loadings, and it is thus not surprising that their products sometimes give very
different results when used in a particular analysis, even though the bonded phase is ostensibly
the same. The realization that interactions with residual silanol groups play an important, and
sometimes subtle, role in many SPE methods, has resulted in manufacturers offering a greater
choice of phases, with popular columns being available in ‘end capped’ (i.e. trimethylchlorosilane-
treated to minimize residual silanols) and ‘non-end capped’ versions.

Phenylboronic acid (PBA)-based SPE columns (Figure 3.11) are unusual in that the analytes are
retained by covalent bonding. The boronate moiety has a high specificity for 1,2- or 1,3-aliphatic,
1,2-aromatic or cis-1,2-alicyclic diols such as catechols, nucleic acids, some low M, proteins, and
carbohydrates. Retention is by formation of 5- or 6-membered ring phenylboronates under neutral
or basic conditions. PBA columns have proved to be effective in the isolation of catecholamines
from biological fluids and for the separation of RNA from DNA. Elution is achieved under acidic
conditions, for example using methanolic hydrochloric acid. PBA columns have been used to
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|
—Si=CHCHZCH,—N
H
B(OH),

Figure 3.11 Bonding of phenylboronic acid in SPE columns.

extract the antiviral drug ribavirin from serum prior to HPLC assay (Svensson et al., 2000), and
have also been evaluated for glucuronide extraction from urine (Tugnait et al., 1991). The columns
are expensive, but can be reused.

So-called ‘mixed-mode’ columns exploit two or more retention mechanisms to bring about
the desired result. The use of nonpolar and ion-exchange modifiers on one column, for example,
allows efficient clean-up to remove nonpolar impurities without the risk of prematurely eluting
the compounds of interest. Using a strong cation exchange (SCX)-modified phase to retain a basic
drug allows washing with methanol to remove interferences, prior to analyte elution with alkaline
ethyl acetate. Adoption of 96-well plate technology and robotics increases off-line throughput.
The compatibility of SPE materials with HPLC systems means that on-line extraction prior to
liquid chromatography is an effective option for high throughput analysis.

Despite much effort, the development of SPE extraction protocols remains largely empirical
(Van Horne, 1985). Indeed, different protocols may be required for urine, plasma and whole
blood. Haemolyzed whole blood can be assayed after centrifugation to remove cell debris, but
postmortem blood may require dilution in buffer or analyte-free plasma before application to the
column. Little work has been done on SPE for tissue digests except in the case of hair digests.

The steps in developing protocols for physostigmine assay (Box 3.6) have been described
(Hurst and Whelpton, 1989). The method can be used with minor modification for the analysis
of whole blood or urine. A number of protocols for other analyses (tocainide and mexiletine,
amiodarone and desethylamiodarone, diazepam and metabolites, ciclosporin, acid/neutral/basic
drugs, A9—carboxytetrahydrocannabinol) have been detailed (Harkey, 1989). A procedure for
extracting acidic and neutral, and basic drugs from urine designed for use with GC is given in
Box 3.7.

SPE is not without its practical difficulties (Whelpton and Hurst, 1988). Particles in the sample
may cause blockage —itis advisable to filter or centrifuge samples (after any pH adjustment) before
they are applied to the SPE column. A white gelatinous precipitate is often formed when urine is
made alkaline, so methods in which buffer and sample are both added to the column reservoirs
are best avoided. Note that because of the trace enrichment capabilities of SPE, dilution of the
sample before addition to the column is a practical option if this minimizes the risk of blockage.
Impurities in deionized water and in buffer solutions may be retained, so it is important to use
high purity materials. Sometimes it is helpful to purify reagents and other elution solvents by
filtration through suitable SPE columns before use.

Recoveries in SPE may differ, not only between sample types, but also within a sample type.
With some drugs, recoveries from urine may be affected by the nature of the specimen, con-
centrated samples having a higher content of salts that can act as counter ions in SPE. Reduced
recoveries with plasma or serum may be indicative of plasma protein binding competing with
binding to the solid phase. For example, the retention of buprenorphine from plasma on C;g SPE
columns was 33, 90 and 95 %, at flow rates of 10, 1 and 0.1 mL min~!, respectively. When an
aqueous solution of buprenorphine hydrochloride was applied to the column, the recovery was
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Box 3.7 SPE of drugs from urine prior to GC (Harkey, 1989)

Method

* Add 5 mL urine to 2 mL phosphate buffer (0.1 mol L~!, pH 6.0) in a glass test tube and
adjust to pH 5.5-6.5 using 0.1 mol L~! aqueous sodium hydroxide or 1 mol L~! aqueous
acetic acid

e Insert SPE column (Clean-Screen, Worldwide Monitoring Corporation, Morrisville, USA)
into vacuum manifold and wash with 1 mL methanol and 1 mL phosphate buffer
(0.1 mol L1, pH 6.0)

e Attach an 8 mL fritted reservoir to the top of the extraction column and add urine. Gently
dry column under vacuum

e Wash with 1 mL phosphate buffer (0.1 mol L~', pH 6.0) followed by 0.5 mL aqueous
acetic acid (1 mol L™")

e Dry column under vacuum (5 min) and wash with 1 mL heptane. Elute acidic and neutral
drugs with 4 x 1 mL dichloromethane

» Evaporate eluate to dryness under a stream of nitrogen (30—40 °C). Reconstitute extract in
0.1 mL ethyl acetate and inject 1-2 p.L into the GC column

e Wash columns with methanol (1 mL) and elute basic drugs with 2 mL methanolic
ammonium hydroxide (2 % v/v)

e Add 3 mL deionized water and 0.2—0.3 mL dichloromethane to eluate. Vortex-mix (15 s)
and inject 1-2 pL of the dichloromethane layer onto the GC column

>97 %, irrespective of the flow rate. Increasing the capacity of the column, reducing the flow rate
to allow equilibration with the solid phase, disrupting protein binding, for example by adding a
small amount of ethanol or diluting the sample, say, 10-fold with water, may be necessary. An
alternative approach to avoiding variable recoveries due to protein binding is to combine LLE
and SPE (Whelpton et al., 1990).

The AASP (Advanced Automated Sample Processor) was a dedicated automated SPE extraction
system (Varian), but is no longer available. However, an automated system, which can be used
with most SPE columns (Automatic Sample Preparation with Extraction Columns, ASPEC; Chen
et al., 1993) is still manufactured (Gilson).

Molecularly imprinted polymers (MIPs) — an approach referred to as ‘predetermined selecti-
vity’ — have been developed. Once polymerized, if high assay sensitivity is to be achieved the
template molecule must be removed from the polymer by extensive washing, otherwise there is
the danger of residual template molecule interfering in the assay. It has been suggested that a
homologue of the drug to be analyzed should be used as the template molecule and, providing
drug and homologue can be separated in a subsequent chromatographic procedure, then leaching
of traces of template from the column will not be a problem. However, if such an approach works,
then the specificity of the MIP must be questioned. A further problem is that retention by MIPs is
affected by the nature of the incubation medium. It is possible to have MIPs custom synthesized
and, although this requires an initial outlay, the added specificity when coupled with large numbers
of samples to be analyzed, may make this approach cost effective (Andersson, 2000). Other
specialized approaches include the use of antibodies bound to SPE columns (immunoaffinity
SPE) (Stevenson, 2000).
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3.2.7 Solid-phase microextraction

Solid-phase microextraction (SPME), initially introduced for the analysis of environmental sam-
ples, has been used increasingly for the extraction of drugs and other lipophilic analytes from
biological matrices either directly, or after derivatization (Furton et al., 2000; Lord and Pawliszyn,
2000a; Mills and Walker, 2000). In its simplest form, a spring-loaded solid probe [originally a
fused silica fibre; Figure 3.12(a)] coated with a polymer film is inserted through a septum into a vial
containing the sample (usually aqueous liquid or headspace), and after an appropriate period (nor-
mally 20-30 min) the fibre is retracted [Figure 3.12(b)]. Analyte or derivatized analyte partitions
between the sample and the liquid phase supported on the fibre, usually polydimethylsiloxane

(@)
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Plunger retaining
screw

Hub-viewing
window

Adjustable needle
guide/depth gauge

Fibre- o
attachment Septum-piercing
needle needle
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(b) 1. Pierce 2. Insert fibre 3. Retract
septum of into sample fibre and
sample vial and allow to withdraw

equilibrate

ﬂ
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—» or
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v

Figure 3.12 Solid-phase microextraction: (a) spring-loaded solid probe coated with a polymer film, (b)
mode of use of the probe.
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Table 3.7 Some SPME liquid phases that may be useful in analytical toxicology

Fibre coating Application

7 pm PDMS Higher M, compounds
30 wm PDMS Intermediate M, compounds
100 pm PDMS Volatiles and other low M; compounds

85 wm Polyacrylate Polar semivolatile compounds
65 wm PDMS/PDVB

65 or 70 p.m Carbowax/PDVB
50/30 wm PDVB/Carboxen
75 or 85 wm Carboxen/PDMS

50 pm/30 wm PDVB/Carboxen/PDMS

Volatiles, amines and nitroaromatics
Alcohols and other polar compounds
Range of volatilities

Gases and other low M, compounds

Semi-volatile compounds

(PDMS), PDMS-polydivinylbenzene (PDVB), polyacrylate or other adsorbent material (Table
3.7, Figure 3.13). Some form of agitation is needed with liquid samples. As an alternative a
magnetic stir-bar sealed in glass and coated with PDMS can be used.

Unlike LLE, the aim is not to extract all the analyte from the sample, as SPME is an equilibrium
extraction process; indeed the analyte concentration of the sample may be little affected if only a
very small proportion of analyte is removed. Subsequently, extracted analytes are either thermally
desorbed in the case of GC/GC-MS, or injected via a modified sample loop in the case of HPLC.
Loaded probes may be sealed for transport to the laboratory. An added advantage is that there is
no injection solvent.

Obvious attractions of SPME are that no extraction solvents are required and all the material
that is extracted by the probe may be analyzed directly. The probe may be reconditioned and
reused 50-100 times. Metal SPME fibres are now available (Supelco). These are more robust and

TR
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W >:o Polyacrylate —Si—0—| Polydimethylsiloxane (PDMS)
O CHs
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R
— - n
H H 0o
Polydivinylbenzene —O—Cli—é— Polyethylene
(PDVB) - glycol (PEG)
H H H H
— n

Figure 3.13 Structures of some SPME absorbents. Carboxen (Supelco) is a carbonaceous resin.
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are said to give longer life than the fused silica fibres used originally. The problem of variation in
extraction conditions has been addressed by preloading of the extraction phase with an internal
standard, and then measuring both analyte uptake and internal standard loss from the extraction
phase (Wang et al., 2005).

In headspace SPME the distribution of the analyte between the three phases is given by:

CoVs = CVi 4 CXV, + CV; (3.10)

where Cy is the initial concentration of the analyte, C°, C° and C° are the equilibrium concen-
trations of the analyte in the headspace, solution and fibre coating, respectively, and Vj,, V; and
Vt are the volumes of the headspace, solution and fibre coating, respectively. If the fibre is placed
in the solution then the headspace term is omitted.

When acids or bases are extracted it is normally necessary to buffer the pH to increase the
proportion of non-ionized drug to optimize the extraction. Salting out may be employed to in-
crease the proportion of drug extracted. Differences in the ionic strength of urine samples may
lead to variable recovery unless the samples are brought to similar ionic strength by adding salt.
Increasing the temperature usually reduces the time to reach equilibrium, but may also reduce
the amount extracted. Potential disadvantages include competition between drug and endoge-
nous compounds for the fibre, particularly when the mechanism is adsorption rather than parti-
tioning.

A well-chosen internal standard (preferably isotopically labelled if using MS detection, Chapter
10) may be required to ensure that the method is sufficiently robust. It is important to define the time
required for equilibrium, and protein binding is likely to have more of an effect on recovery than
when practically all the analyte is extracted into an organic phase as in LLE. Plasma protein binding
not only reduces the amount of analyte extracted, but also increases the time for equilibration
(Lord and Pawliszyn, 2000b; Figure 3.14).
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Figure 3.14 Equilibration time profile for SPME of lidocaine from plasma after buffering 1:1 to pH
9.5 (a) with and (b) without deproteinization. The solid lines represent the least-squares fit to: Peak area =
Maximum Peak area [1 — exp(—k¢?)] (redrawn from Koster EH, Wemes C, Morsink JB, de Jong GJ. Deter-
mination of lidocaine in plasma by direct solid-phase microextraction combined with gas chromatography.
J Chromatogr B, 2000; 739: 175-82, with permission from Elsevier).
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When the data of Figure 3.14 are fitted to exponential curves:
X = Xl — exp(—kt)] (3.11)

where: X, is the amount extracted at time ¢, X, is the maximum amount that can be extracted at
equilibrium and k is the first-order rate constant, then the half-lives (derived from fy 5 = 0.693/k)
with, and without deproteination, are 6.1 and 13.8 min, respectively. Because >95 % X,, is
attained in five half-lives, then with deproteination equilibration was reached in approximately
30 min, whereas to reach the same degree of equilibration in the non-deproteinated sample would
take 70 min. If the time for desorption and analysis is similar to, or longer than, the time required
for extraction, then one sample can be extracted while the previous one is being analyzed.

Single-drop microextraction (SDME) using a nonvolatile or immiscible solvent and thin-film
microextraction using PDMS sheet are further variants on the microextraction theme. Each has
unique features (Dietz et al., 2006). Notably, the use of thin PDMS membranes has advantages
of faster and more sensitive extraction when compared with conventional thick-film formats
(Bruheim et al., 2003).

3.2.8 Liquid-phase microextraction

In liquid-phase microextraction (LPME), analytes are extracted from biological samples such as
whole blood or plasma (0.1-4 mL) into an acceptor solution contained in the lumen of a disposable
porous hollow fibre (polypropylene tubing crimped at one end) supported in a sealed glass vial
(Pedersen-Bjergaard and Rasmussen, 2005; Figure 3.15). Internal standardization can be used as
with LLE and direct GC, HPLC, or CE analysis of the acceptor solution eliminates further extract
handling. For GC, the tubing is prewashed with acetone and extraction is into a water-immiscible
solvent such as dodecyl acetate, dihexyl ether, or octanol (10-50 nL) contained in the lumen of the
tube. Conventional pH manipulation of the sample can be used if necessary and extraction times

(a) Liquid-liquid (b) lon-trapping
extraction basic analytes
Pipette tip
Glass vial

with screw cap

Acceptor solution__| Donor solution '
(organic solvent) (alkaline buffered) | Acceptor solu_t|oa
(aqueous acid)

Donor solution

(sample)
\ Porous fibre
Porous hollow impregnated with
fibre organic solvent

Figure 3.15 Schematic of two modes of liquid-phase microextraction (LPME).
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are 1545 min, not a problem for batch analysis as only mild shaking is needed. Because of: (i)
the high analyte capacity of the acceptor liquid and (ii) the substantial phase ratio difference that
can be achieved, analyte enrichment of 10-200-fold is feasible (Rasmussen et al., 2000; Basheer
etal.,2004).

For HPLC or CE, prewashing is not used, and the extraction conditions can be further ma-
nipulated by impregnating the tubing with immiscible solvent and then placing an appropriate
aqueous acceptor solution in the lumen — analyte trapping can then be achieved [Figure 3.15(b)]
by an analogous mechanism to that by which basic drugs appear in stomach contents after i.v.
injection (Section 15.3.1.2). Even ion-pairing of polar analytes with trapping of ionized species in
buffer (Ho et al., 2005) and electrokinetic migration (Pedersen-Bjergaard and Rasmussen, 2006)
have been demonstrated.

3.2.9 Supercritical fluid extraction

Above a certain temperature (7.) and pressure (P.), a vapour does not exist as a gas, a solid
or a liquid, but as a supercritical fluid (Figure 3.16). These fluids have densities, diffusivities
and solvent strengths similar to liquids, but viscosities comparable to gases, which means mass
transfer is faster and extraction times are reduced compared with liquids. Use of supercritical
fluids in sample preparation has advantages of mild conditions, no thermal degradation of analyte
and that the solvent readily evaporates after extraction. It is ideal for powdered samples such as
soils, plant material and hair, but is generally unsuitable for liquid or wet matrices unless the
sample is adsorbed on, for example, silica gel prior to the extraction. Moreover, the cost of the
equipment is high (Smith, 1999).

Supercritical
Solid Liquid fluid
PC
1
9 1
> 1
? '
o 1
a Gas .
1
Temperature

Figure 3.16 Phase diagram for a fluid.

Most supercritical fluid extraction (SFE) processes are quite simple. A sample is placed in
the extraction thimble and supercritical fluid is pumped through the thimble (Figure 3.17). The
extracted analytes are trapped as the fluid flows through a restricting nozzle. The fluid is vented
from the collection trap, allowing the solvent to either escape or be recompressed for future use.
In reality the process is a leaching operation, but it is commonly referred to as extraction. Carbon
dioxide is normally the supercritical fluid of choice as it is inexpensive, nontoxic (although
an asphyxiant gas), available with high purity and has a low critical temperature (31.3 °C).
Typical operating conditions with supercritical carbon dioxide are 28,000 kPa (4000 psi) and
50°C.
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Figure 3.17 Supercritical fluid extraction.

The dominant factors that govern the SFE of an analyte are the solubility of the analyte in
the fluid, the mass transfer kinetics of the analyte from the matrix to the fluid, and interactions
between the fluid and the matrix. Altering the properties of the solvent system can change the
extraction efficiency. Temperature and pressure are important influences. For example, raising
the pressure increases the density of the fluid and often increases solubility. Obviously changing
the solvent may provide different solvent properties. Supercritical water gives different extraction
efficiencies as compared to ethylene or carbon dioxide. Anhydrous ammonia is different again.
Adding a small amount of a second material (cosolvent) such as a small amount of methanol to
carbon dioxide enhances the solubility of hydrophilic compounds. Addition of hydrogen chloride
or ammonia renders the fluid acidic or basic, respectively.

Interfacing SFE to HPLC is not easy, but interfacing with GC is simple with use of a focus-
ing trap, and with TLC the fluid can be sprayed onto the plate. SFE has been used to extract
opiates (Edder et al., 1994), and cocaine and benzoylecgonine (Morrison et al., 1998) from hair
prior to GC-MS. SFE followed by GC-MS has also been used to extract methylenedioxyamfe-
tamine (MDA), methylenedioxymetamfetamine (MDMA) and methylenedioxyethylamfetamine
(MDEA) from hair. Mephentermine was the internal standard (Allen and Oliver, 2000). SFE has
been used to extract barbiturates from plasma (Spell et al., 1998).

3.2.10 Accelerated solvent extraction

Accelerated solvent extraction (ASE), also known as subcritical fluid extraction, uses organic
solvents under high pressures and at elevated temperatures (normally 100—140 °C) in an automated
system similar to that used in SFE (Figure 3.18). Microwave-assisted extraction is similar except

Load cell Heat and Static Flush with Purge with
and fill with pressurize extractlon fresh solvent nitrogen
solvent (5 min) (5 min) (30 s) (1-2 min)

I

Extract ready
(12-14 min

total)

Figure 3.18 Outline of accelerated solvent extraction (ASE).
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that microwave heating replaces a conventional oven. Solid samples are placed in the extraction
vessel and brought to operating pressure by pumping solvent or a mixture of solvents into the
vessel. The vessel is heated to the desired temperature and when the pressure in the vessel reaches
a preset value, a pneumatic valve opens and allows the extract to be transferred to the liquid trap
(Figure 3.19). Fresh solvent can be pumped into the extraction vessel and the process repeated if
necessary.

Purge
valve

Pump — (
<«+— Nitrogen

I—— Extraction cell

Solvents Oven (conventional Static
or microwave) valve

Collection vial

Figure 3.19 Schematic diagram of apparatus for accelerated solvent extraction.

ASE can be useful because supercritical carbon dioxide does not possess the solvent strength
needed to extract efficiently some polar analytes from complex matrices even after adding mod-
ifiers such as methanol. In addition, ASE uses less solvent than conventional Soxhlet extraction
techniques and is faster. The higher temperatures used also make it easier for the solvent to over-
come intermolecular interactions of the analyte and matrix effects, but of course this could be a
disadvantage with a labile analyte. ASE is not a selective extraction technique, however, and is
essentially confined to solid matrices. There may also be a problem with loss of more volatile
analytes when the extract is being transferred to the collection trap. Another disadvantage is
there are no instruments currently available that can be interfaced directly to a chromatographic
system.

Measurement of non-bound plasma concentrations

It is sometimes necessary to measure the concentration of non-bound (‘free’) drug in plasma or
serum, usually as part of TDM of drugs such as phenytoin. The plasma ‘free fraction’ is often in
equilibrium with saliva, but equilibrium with the cerebrospinal fluid (CSF) concentration requires
that the drug is able to cross the blood—brain barrier. For strongly (>90 %) plasma protein-bound
analytes, ‘free’ plasma, saliva and CSF concentrations are often very low and thus ‘free’ plasma
and CSF drug measurements are challenging and require high-sensitivity analytical methods,
especially as sample volume is often limited.

Spectroscopic methods have been used to investigate the interactions between ligands and
dilute solutions of purified proteins, but for plasma, bound and non-bound drug are separated
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normally by ultrafiltration or equilibrium dialysis and the concentration of the analyte in each
fraction measured independently. There are a number of issues to be borne in mind when planning
and conducting plasma protein binding studies (Box 3.8). Most methods perturb binding to some
extent. SPME of plasma or serum can be used to measure non-bound drug directly providing the
proportion extracted is small and does not perturb the binding (Lord and Pawliszyn, 2000b). The
problem of proteins leaking though the membrane applies to both ultrafiltration and equilibrium
dialysis and should be monitored by protein assay.

Box 3.8 Measurement of plasma protein binding

(a) Ultrafiltration
e Relatively quick
e Change in protein concentration
e Adsorption of the analyte onto the apparatus
e Protein leakage
(b) Equilibrium dialysis
* Often slow to reach equilibrium
e Decomposition of the analyte and microbial growth
e Adsorption of the analyte onto the dialysis membrane
e Protein leakage
e Dilution of the sample

For highly protein-bound drugs, measuring the non-bound drug concentration presents an
analytical challenge. For some drugs, immunoassays may be sensitive enough for routine analysis
of the non-bound fraction and kits are commercially available that contain suitable calibrators for
quantifying the total and non-bound concentrations. As phenytoin is approximately 90 % bound
in plasma the concentration of the calibrators for the free drug need only be an order of magnitude
less than the calibrators for measuring the total concentration. There is some doubt as to whether
all the antibodies that are offered by some suppliers are specific enough for the purpose (Roberts
et al., 2001). However, for drugs that are >99 % bound it may not be possible to obtain accurate
concentrations using standard laboratory methods given that analyte and protein concentrations
must be those attained under physiological conditions. Under these conditions it may be necessary
to use radiolabelled drug. A very small quantity of high specific-activity labelled drug is added
to plasma, incubated to ensure equilibration with non-labelled analyte, and the free and bound
fractions are then separated for radioactive counting, usually by liquid scintillation spectrometry
(Section 12.2.3.1). Clearly, this approach is more suited to a research laboratory.

3.3.1 Ultrafiltration

Several ultrafiltration devices are available commercially. The filtration membranes used are made
from a variety of materials and have M, cut-offs in the range M, = 10,000-30,000. Most devices are
designed to be centrifuged to provide the filtration pressure. Ultrafiltration should not be confused
with ultracentrifugation in which protein-bound and ‘free’ analyte can be separated as layers, often
with the aid of a density gradient. This latter technique is particularly useful for investigating
binding to lipoproteins which can be separated as layers floating on the surface of plasma, the
density of which has been adjusted with potassium bromide (Michael-Titus ef al., 1995).
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Ultrafiltration is more convenient and quicker than equilibrium dialysis, but the protein concen-
tration in the retentate increases during filtration, potentially increasing the proportion of analyte
bound. To minimize this problem as small a volume of ultrafiltrate should be collected as prac-
ticable, and the volume of retentate made up with an appropriate buffer solution periodically
during centrifugation. Binding of the analyte to the filtration membrane (common with many
lipophilic drugs) will reduce the concentration in the filtrate. Control experiments to ascertain the
magnitude of this problem should be conducted. It is good practice to collect serial samples of
filtrate for analysis to ensure that the sample is representative of the non-bound concentration.
Some filtration membranes need to be soaked in water or buffer before use and as a result the first
ultrafiltrate collection(s) may be markedly dilute.

3.3.2 Equilibrium dialysis

Equilibrium dialysis is the ‘gold standard’ for protein binding studies. However, it is not without
problems. The time for equilibration can be several hours, during which there may be microbial
growth, particularly with plasma at 37 °C, possibly leading to changes in protein and analyte
concentrations and analyte binding. If an antibiotic is added it cannot be assumed that it does not
interfere with the binding. An advantage of dialysis is that the problem of adsorption of analyte to
the membrane and apparatus is largely overcome by measuring the concentrations on either side
of the membrane. Adsorption will reduce the concentrations in the donor and recipient (dialysate)
solutions, but at equilibrium the non-bound concentration in solution will be the same on either
side of the membrane [Figure 3.20(a)]. Thus, it is possible to calculate the fraction bound or free
and to relate this to the initial plasma concentration of the analyte.

Equilibrium dialysis cells [Figure 3.20(b)] are often home-made using Perspex or similar
material, or simply consist of cellulose dialysis tubing (Visking tubing) tied at both ends, floating
in buffer solution [Figure 3.20(c)]. The cells have the advantage that both sides of the membrane
can be sampled periodically to test for equilibration. Visking tubing (1 cm wide when flat) should
be soaked in buffer until it is soft, cut into suitable lengths and a double knot tied at one end.
Plasma (0.5-1 mL) is pipetted into the tubing, which is sealed with a second double knot, ensuring
that there is an air bubble to aid mixing. The simple expedient of using double knots reduces the
likelihood of protein leakage. The dialysis tubes should be briefly rinsed with buffer to remove
any excess sample, dried with a tissue and placed in tubes (such as screw-capped glass tubes)
containing buffer. The capped tubes are gently shaken until the non-bound drug has equilibrated
across the membrane, as ascertained by serial sampling of the buffer solution. The dialysis sack
is removed and cut open for sampling, a process facilitated by supporting the sack in a glass test
tube of appropriate dimensions [Figure 3.20(c)].

On the protein side of the membrane there is bound and non-bound analyte so the concentration
is the total concentration, C, and that on the buffer side is the non-bound or free concentration,
Ct, so the fraction free is:

. concentration in dialysate buffer (Cy)
Fraction free = — - (3.12)
concentration in dialysis sac (Cy)

The protein-bound concentration is (C; — Cy) and so the fraction bound, 3 is:

G —=Cy

B cl

(3.13)
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Figure 3.20 Diagrammatic representation of equilibrium dialysis: (a) equilibration of a drug either side
of a dialysis membrane, (b) dialysis cell and (c) using Visking tubing. Analyte, but not protein or protein-
bound analyte, diffuses through the dialysis membrane until the nonbound concentrations on either side of
the dialysis membrane are equal.

Because of analyte being transferred to the dialysate and possibly lost by adsorption to the
apparatus, C, is not the same as the initial plasma concentration. However, provided that the
fraction bound does not markedly change with changes in total concentration, then the non-bound
concentration in the original plasma sample can be derived from Equation (3.13).

Hydrolysis of conjugated metabolites

Cleavage of conjugates is an important step in toxicological analysis, especially of urine. Many
drugs and metabolites (e.g. benzodiazepines, laxatives, opiates and steroids) are excreted in urine
and in bile predominantly as conjugates with D-glucuronic acid or with sulfate, or sometimes with
both. Whilst sulfates are esters, glucuronides may be ethers (acetals), esters (acylals), or N- or
S-glucuronides.
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In order to maximize sensitivity in drug/poison screening, and, if appropriate, in order to
measure such conjugates indirectly, that is in conjunction with independent measurement of
unconjugated analyte, either selective or non-selective hydrolysis of the sample can be undertaken
prior to further sample processing. In quantitative work, calibration or QC samples containing
the conjugate of interest should be carried through the chosen procedure in order to monitor the
efficiency of hydrolysis.

Incubation with strong mineral acid, such as an equal volume of 5 mol L~! hydrochloric acid
(15-30 min, 100 °C at atmospheric pressure, or in a microwave or pressure cooker), is cheap
and gives rapid, but non-selective, hydrolysis of conjugates. Use of a domestic microwave is
potentially hazardous, but commercial instruments offering temperature control are available
(Milestone Scientific). Quartz hydrolysis vessels used as inserts are said to abolish the risk of
memory effects from adsorption of analytes onto the PTFE vessels supplied with the instrument.
All strong acid hydrolysis procedures are likely to introduce additional, hitherto unseen com-
pounds into sample extracts even if due care is taken to ensure effective neutralization/buffering
during sample preparation. Destruction of labile analytes as well as conjugates may be advanta-
geous as in the colour test for urine paracetamol (Section 4.2), but may lead to impaired selec-
tivity as in the hydrolysis of certain benzodiazepines to 5-chloro-2-methylaminobenzophenone
(Section 6.5).

In contrast, incubation with 3-glucuronidase (EC 3.2.1.31) and/or arylsulfatase (EC 3.1.6.1)
(15 h, 35 °C) can give selective hydrolysis of conjugates under relatively mild conditions. Gen-
erally cleaner extracts result, but the incubation time is longer (usually overnight), there may
be matrix effects from the enzyme solution (Meatherall, 1994), and the enzyme preparations are
relatively expensive. There is a range of enzymes available. Those from Escherichia coli or bovine
liver lack arylsulfatase and therefore preparations of the digestive juice of Helix pomatia, which
contain both enzymes, are widely used. 3-Glucuronidase and arylsulfatase from Patella vulgata
are also marketed. The enzymes exhibit maximum activities at different pH values. The optimal
pH for the H. pomatia enzyme is pH 4.5 whilst that for E. coli is about 6.8. Furthermore, the
H. pomatia enzyme can be incubated at temperatures up to 45 °C, which can reduce the incu-
bation time markedly. Some temperature-tolerant preparations allow incubation up to 60 °C (2 h
incubation).

Control experiments should be performed to ensure that the incubation conditions are op-
timum with regard to the degree of hydrolysis and stability of the analytes. It should also be
borne in mind that prolonged incubation of potentially infective samples may increase the titre
of the infective agent. Finally, note that B-glucuronidase is specific for 3-D-glucuronides and
some glucuronides rearrange during incubation, and therefore cannot be hydrolyzed enzymati-
cally.

There have been many attempts to prepare immobilized enzyme preparations, including prepa-
rations for on-line cleavage of conjugates in pre- or post-column reactors in HPLC. The use of
columns packed with purified glucuronidase and arylsulfatase co-immobilized on an agarose gel
matrix in the hydrolysis of conjugates in urine has been reported (Figure 3.21). Even the rela-
tively stable conjugates of morphine could be completely hydrolyzed within 60 min in authentic
urine samples. Matrix effects and effects of high concentrations of paracetamol conjugates, for
example, were minimal as a large excess of each enzyme was used. The columns could be reused
at least 70 times if rinsed with methanol:acetate buffer (2 + 8), and were stable on storage for at
least 12 weeks.
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Figure 3.21 Apparatus for the cleavage of conjugates with immobilized glucuronidase and sulfatase
columns. Modified after Toennes and Maurer (1999), by permission of the American Association for Clinical
Chemistry.

Extraction of drugs from tissues

Conventionally measurements in portions of organs such as liver and brain have been performed
via mechanical homogenization using a polytetrafluorethylene (PTFE)-in-glass homogenizer,
and/or acid digestion on, say, 5 g wet weight of tissue prior to solvent extraction at an appropriate
pH. Other tissues such as lung or muscle generally require use of a cutting or mincing action.
However, digestion (12—16 h, room temperature) of small amounts (say 100 mg) of tissue with
collagenase, protease, or lipase often gives much improved recovery when compared to con-
ventional procedures and has the advantage that, once the digest has been prepared, analogous
methodology and calibration standards to those used with plasma can be employed (Osselton
et al., 1977; de Groot and Wubs, 1987). It is obviously important to ensure that the enzymatic
hydrolysis does not destroy the analyte(s), hydrolyze metabolites to reform the analyte(s), or
introduce other interferences. An internal standard can be added to the homogenization buffer or
at a later stage.

Various enzyme-based digestion procedures have been reviewed (Shankar et al., 1987). Al-
though papain gave the highest recoveries of added drug from liver homogenate, Subtilisin A
gave similar recoveries for most compounds. Moreover, only a short incubation time (1 h) was
required (Table 3.8). A procedure developed to measure lidocaine in tissue specimens after treat-
ment with Subtilisin A using a longer digestion period prior to HPLC analysis of a solvent extract
of the digest is outlined in Box 3.9. There has been tentative interest in using ASE (Section 3.2.9)
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Table 3.8 Recovery of added drug from liver homogenate by various digestion procedures (Shankar

etal., 1987)
Recovery (%)

Drug Papain Subtilisin A Neutrase Trypsin Acid hydrolysis Stas-Otto
Chlordiazepoxide 96 60 58 40 56 47
Chlorpromazine 76 67 62 50 47 38
Diazepam 90 80 87 71 66 41
Diphenhydramine 67 57 61 54 39 —
Imipramine 78 82 81 55 54 34
Nitrazepam 80 74 38 57 52 49
Oxazepam 92 85 66 63 73 64
Promethazine 88 61 54 50 44 32

Box 3.9 Subtilisin A digestion for HPLC of lidocaine in tissue (Monkman et al., 1989)

Reagent

Method

Lyophilized subtilisin A (Novo Nordisk, Windsor, UK) (2 g L™') in sodium dihydrogen
orthophosphate/disodium hydrogen orthophosphate buffer (7 mmol L~!, pH 7.4).

Dissect as out 100 mg wet weight portions of tissue, remove excess fluid on filter paper,
add tissue to preweighed 10 mL tapered glass tubes and record the exact weights

Add 2 g L~! subtilisin A (1.0 mL), seal the tubes with ground-glass stoppers, and incubate
in a water bath (50 °C, 12—16 h)

Cool the tubes, vortex-mix (5 s), transfer 0.2 mL portions to 60 x 5 mm i.d. glass tube
(Dreyer tube)

Add 20 pL Tris buffer (2 mol L=, pH 11.0) and 20 pL internal standard solution

(3 mg L~! aqueous bupivacaine) and vortex-mix (5 s)

Add methyl tert-butyl ether (MTBE) (200 nL) and vortex-mix (30 s)

Centrifuge (11,000 g, 3 min)

Inject 100 pL of the MTBE extract onto the HPLC column

in the analysis of drugs and other poisons in tissues and related samples (Coopman et al., 1998;
Abend et al., 2003).

3.5.1 Hair analysis for drugs and organic poisons

Human hair consists of protein (65-95 %, mainly keratin), water (15-35 %) and lipid (1-9 %)
together with some trace components including trace elements and heavy metals (Chapter 11).
Drugs and metabolites are incorporated in the structure of hair as it is synthesized in the hair follicle,
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but may also arise due to diffusion from skin and sebum, an oily secretion of the sebaceous glands
that helps to preserve the flexibility of hair. It is important to be able to differentiate compounds
incorporated into hair that arise from within the body from substances that may contaminate the
hair once it has grown away from the skin. Thus, after measurement of the length of the hair sample
and segmentation if required (normally segments no less than 10 mm in length are used), most
hair analysis protocols incorporate a decontamination step prior to the actual analysis (Box 3.10).

Box 3.10 Steps in the analysis of drugs and metabolites in hair

Pre-analytical

e Decontamination with detergents such as shampoos, surgical scrubbing solutions,
surfactants [0.1 % sodium dodecylsulfate (SDS) for example]; phosphate buffer; organic
solvents such as acetone, diethyl ether, methanol, ethanol, dichloromethane, hexane, or
pentane (various volumes, various contact times)

e Analysis of washings to monitor removal of any surface contamination

e Measurement of length from scalp/body end and segmentation if required

e Accurate weighing of dried hair segments and fragmentation (fine cutting, ball mill)

Sample preparation

e For immunoassay
¢ Incubation in aqueous buffer

e For GC-MS, HPLC-MS, HPLC-MS-MS
¢ Incubation with internal standard solution, and
e Incubation in acidic or basic aqueous solution, and LLE, SPE, or SPME, with

derivatization if necessary, or
e Incubation in organic solvent (often dichloromethane, methanol or acidified methanol)
and LLE, SPE, or SPME, with derivatization if necessary, or

¢ Enzyme digestion and LLE, SPE, or SPME, with derivatization if necessary

Assay calibration and reporting results

e Incubate ‘blank’ hair with known amounts of analyte across the anticipated concentration
range

e Calculation of results (e.g. wg g~ 'hair)

Generally, a single washing step is used, although a second identical wash is sometimes per-
formed. If external contamination is found by analyzing the initial washings, repeated wash-
ing/analysis cycles may demonstrate that any surface contamination has been removed prior to
the actual analysis. It has been suggested that the analyte concentration in the hair after washing
should show a 10-fold increase over the concentration in the last wash for a positive result to be
accepted (Baumgartner and Hill, 1992).

After the washing stages, the dried hair or hair segments may be chopped finely with a razor
blade or pulverized in a ball mill prior to solubilization of drug and any metabolite(s) remaining
in the hair. The choice of sample preparation procedure and the precise conditions used (such
as the pH and the molarity of aqueous incubation solutions, and the duration and temperature
of incubation) depends on: (i) the analyte(s) and (ii) the analysis system to be used (RIA, GC-
MS, etc.) (Box 3.10). If the sample is incubated in sodium hydroxide solution solubilization
of the hair is complete, but compounds such as cocaine and 6-monoacetylmorphine (6-MAM)
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will be hydrolyzed. Alternatively, incubation in hydrochloric acid (0.1 mol L~! for 16 h at room
temperature, 45 °C, or 56 °C; 0.6 mol L~! for 30 min at 120 °C) will minimize loss of such
analytes (Cirimele et al., 1996.

Use of enzymatic digestion with, for example, proteinase K (Offidani et al., 1993), Biopurase
(Fujii et al., 1996) or B-glucuronidase/arylsulfatase (Moeller et al., 1993), is a further option.
Extraction with organic solvent has involved incubation in an ultrasound bath (45 °C, 6 h or so)
and has the advantage that GC-MS or derivatizaton followed by GC-MS can be carried out directly
following solvent evaporation. Hydrolysis of labile analytes is minimal. Use of HPLC-MS-MS
can simplify sample preparation even further.

Detection of drug metabolite(s) in hair that cannot be explained by surface contamination or
hydrolysis of surface contaminants provides evidence that positive findings have arisen as a result
of systemic exposure (Cone et al., 1991). Cocaethylene and norcocaine are examples, but there is
still debate as to the problems posed by external contamination, particularly for ‘crack’ (cocaine
free base), cannabis and heroin when smoked. It has been suggested that it is not possible to remove
contamination from such sources by conventional washing procedures (Blank and Kidwell, 1995).
Similarly, seepage from a corpse may contaminate hair and of course may also contain metabolites.

The use of SFE in hair analysis was discussed above (Section 3.2.8). Even if SFE does permit
rapid and efficient extraction of drugs and metabolites, all the considerations as to prewashing, seg-
mentation, internal standard addition, derivatization for GC-MS, and assay calibration (‘spiked’
hair), still remain (Box 3.11).

Box 3.11 SFE of amfetamines in hair prior to GC-MS (Allen and Oliver, 2000)

e Wash hair sequentially with 2 x (i) sodium dodecyl sulfate solution, (ii) dichloromethane,
(i11) methanol and (iv) deionized water

e Sonicate (15 min, room temperature) and dry (room temperature)

e Cut finely and weigh 50 mg portions into analysis vials

 Add methanol (3 mL) and internal standard solution (mephentermine, 1 mg L~! in
methanol) to the vial and seal

e Prepare calibration standards by adding a methanolic solution of the appropriate analyte
(10 g g~ ! hair) to analyte-free hair before sealing the vial

¢ Sonicate (15 min) and leave vials open for the methanol to evaporate (12—16 h, room
temperature)

e SFE extraction solvent dichloromethane:2-propanol (90 + 10) pumped at 10 % in 90 %
carbon dioxide, flow-rate 2 mL min~!

e SFE dynamic extraction mode (260 bar, 70 °C, 30 min)

e Add 50 pL pentafluoropropionic anhydride:ethyl acetate (1 + 1) to the dried SFE extract

Derivatization

Generally derivatization should be avoided as it adds an extra step or steps to the analytical proce-
dure and thus may increase the possibility of error. This being said, in GC derivative formation is
performed to achieve satisfactory chromatography, to improve the detection characteristics of an
analyte and sometimes to provide additional evidence of compound identity. Derivatization may
be used to shorten or lengthen the retention time as required, and also to permit the separation
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Box 3.12 Summary of reasons for derivatization in GC

e To improve resolution and reduce tailing of polar compounds (-OH, -COOH, —-NH,, —-SH
and other functional groups) and thereby increase sensitivity and selectivity

* To adjust retention and thereby improve resolution

e To facilitate enantiomer resolution

* To analyze relatively nonvolatile compounds

¢ To increase detectability by introducing detector-specific moieties (e.g. -COCF;)

e To improve stability of compounds (e.g. in mass fragmentation)

e To confirm analyte identity

of enantiomers (Box 3.12). In HPLC, derivative formation, although sometimes used to stabilize
an analyte, is seldom needed to achieve satisfactory chromatography except when performed to
permit the separation of enantiomers. Derivatization is thus used mainly to enhance the selectivity
and sensitivity of detection (Talwar et al., 1999).

The choice of reagent and hence the reaction conditions will be based on the functional group
to be derivatized, the presence of other functional or labile groups in the molecule, and the reason
for performing the derivatization. Generally, three types of reactions are performed, viz. silylation,
acylation and alkylation. In GC, silylation generally reduces retention, whereas acylation usually
increases retention. The order of elution for derivatives of a homologous series will be the same
as the underivatised parent compounds.

Aspects of derivatization have been reviewed (Blau and Halket, 1993). An obvious factor is
that the analyte must be amenable to derivatization. It is also important that any internal standard
undergoes the same derivatization reaction as the analyte. Use of a stable isotope-labelled internal
standard in MS work is ideal (Section 10.7). The derivatization reaction may be carried out during
the extraction or other sample preparation procedure, on a dried residue, in an autosampler vial,
on a SPME fibre in a headspace vial, or after injection onto the GC column (‘on-column’), and
indeed post-column in HPLC. If derivatization is to be performed prior to the injection, then the
reaction needs to be rapid and quantitative, as otherwise problems may arise in assessing the
optimum reaction time.

There may be a number of confounding issues: (i) the need to remove excess derivatizing
agent; (ii) the risk of decomposition of the analyte, the derivatizing agent, or other reagents, and
of the derivative itself; and (iii) the risk of interference in the assay by contaminants, breakdown
products, or reaction by-products. ‘On-column’ derivatization in GC may not suffer from these
drawbacks and has the advantage that the analyte and derivatizing reagent can be injected directly.
However, the analyte may not be amenable to this technique. Finally, care must be taken to
ensure that artefacts such as acetylation of morphine to 6-monoacetylmorphine or diamorphine,
or decomposition of diamorphine or 6-monoacetylmorphine to morphine, do not occur during, or
as a result of, the derivatization process used (Kushnir et al., 1999).

Derivatization for GC, for HPLC, and for MS is discussed further in Chapters 7, 8 and 10.

Summary

Guidelines for sample preparation in analytical toxicology are summarized in Table 3.9. The
myriad of different approaches to analytical toxicology problems might seem at first sight
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Table 3.9 Guidelines for sample preparation

Aim to

Avoid

® Keep the analysis as simple as possible
* Use high quality reagents, solvents, etc.

® Understand the clinical pharmacology,
metabolism and toxicology of the analyte

¢ Use the smallest sample possible compatible
with the required sensitivity/selectivity

® Increase sample size/injection volume to
increase sensitivity if needed

® Use external standards in colour tests,
UV/Visible spectrophotometry and TLC, and

® Unnecessary additives (e.g. preservatives)

® Use of internal standards if these reduce
precision

® Hazardous solvents and, if possible,
toxic/hazardous reagents

¢ Using more sample than is needed

¢ Using an extraction solvent that is too
‘powerful” for the application

¢ Using unnecessary extremes of heat or pH

* SPE if LLE is satisfactory

internal standards in GC, HPLC and MS
® Developing oversensitive methods

confusing, but with experience and in the knowledge of the instrumentation and expertise avail-
able in a particular centre, then certain standard approaches to similar problems will soon be
developed. Those given here reflect personal experience.

Other approaches, which bring together a number of the themes developed above include those
described for STA in urine and plasma, respectively. The hydrolysis of only a portion of a urine
specimen removes the risk of destroying acid-labile analytes whilst enhancing the likelihood of
detecting compounds principally excreted as conjugates or other acid-labile metabolites (Box
3.13). The solvent mixture has very high ‘extracting power’ and with this even relatively water-
soluble analytes such as morphine will be extracted — similarly the extraction pH optimizes
the extraction of any phenols by ensuring the highest proportion of the unionized, extractable
form. The formation of acetylated derivatives to ensure reasonable GC behaviour by use of acetic
anhydride requires catalysis to ensure a good yield of the derivatives of interest. Pyridine, although
toxic, has the advantage over non-toxic catalysts such as N-methylimidazole in that it is volatile
and can be removed by evaporation together with excess acetic anhydride prior to GC-MS analysis.

Box 3.13 Sample preparation for systematic qualitative toxicological analysis in urine by
GC-MS (Theobald et al., 2005)

* Reflux portion of urine (2.5 mL) for 15 min with 12 mol L~" hydrochloric acid (1 mL)

e Add 2.3 mol L~! aqueous ammonium sulfate (2 mL) + 10 mol L~! aqueous sodium
hydroxide (1.5 mL) to give a pH of 8-9

¢ Add to unhydrolyzed portion of urine (2.5 mL) and extract with 5 mL
dichloromethane:2-propanol:ethyl acetate (1 + 1 + 3)

e Evaporate to dryness (reduced pressure, 70 °C) and treat with 0.1 mL acetic anhydride:
pyridine (3 4 2) (5 min, microwave 440 W)

e Evaporate to dryness (reduced pressure, 70 °C) and reconstitute in 100 wL. methanol
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The approach advocated for plasma is inherently more complicated than that for urine because:
(i) plasma protein is present, (ii) analyte concentrations are often much lower and (iii) quantitation
is required (if possible) and hence more analytical options are needed (Box 3.14). Sodium sulfate
is used to increase the ionic strength of the aqueous phase in the simple extraction thus enhancing
extractability of the analytes, whilst the sequential neutral and basic extractions are used to enhance
the range of compounds extracted. The use of diethyl ether is not generally recommended now
on health and safety grounds.

Box 3.14 Sample preparation for systematic toxicological analysis in plasma by GC-MS
and/or HPLC-ACPI

(a) General procedure for GC-MS (underivatized) and HPLC-MS-APCI (Maurer et al., 2002)

e To plasma (1 mL) add 0.1 mL methanolic [?H]-trimipramine (10 mg L™!) and 5 mL
saturated aqueous sodium sulfate

e Extract with 5 mL diethyl ether:ethyl acetate (1 4 1) and centrifuge

e Transfer extract to pear-shaped flask and add 0.5 mL aqueous sodium hydroxide
(1 mol L~") to aqueous phase

o Re-extract with 5 mL diethyl ether:ethyl acetate (1 4 1) and centrifuge

e Evaporate combined extracts to dryness and reconstitute in methanol (0.1 mL)

e For LC-MS evaporate portion (50 wL) of methanolic extract to dryness and take up in
acetonitrile (50 L)

(b) High-sensitivity procedure for HPLC-MS-APCI (Maurer et al., 2004)

e To plasma (0.5 mL) add 2 mL purified water, 0.05 mL methanolic >H-trimipramine
(10 mg L") and mix (rotary mixer, 15 s)

e Pre-condition SPE columns (Isolute Confirm HCX 130 mg, 3 mL) with methanol
(1 mL) and purified water (1 mL)

e Load sample mixture onto SPE column and wash with purified water (1 mL),
10 mmol L' aqueous hydrochloric acid (1 mL) and methanol (2 mL)

* Dry under vacuum and elute into autosampler vials with 1.5 mL methanol:aqueous
ammonium hydroxide (RD 0.88) (98 + 2)

e Evaporate to dryness under nitrogen (56 °C) and reconstitute in methanol (50 L)

The Confirm HCX mixed-mode (reversed-phase Cg and SCX) SPE column was used because
this gave very clean extracts, even from haemolyzed blood samples. Assay development time is
likely to have been greater than with the LLE procedure, and although the established procedure
is elegant, the number of steps involved and the cost of the columns must be borne in mind when
deciding to use SPE.
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4 Colour Tests, and
Spectrophotometric and
Luminescence Techniques

4.1 Introduction

The use of colour tests in analytical toxicology has its origins in inorganic qualitative analysis.
Some simple colour tests for poisons still find a place under certain circumstances, but chro-
mogenic reactions are most valuable when used in the visualization of developed TLC plates.
UV/visible absorption and spectrophotofluorimetry were also amongst the early techniques ap-
plied in qualitative and quantitative toxicological analyses, and whilst still used in their own
right, these techniques now also find great application as detection systems in HPLC. UV spec-
trophotometry is also important for monitoring reaction rates in immunoassays or in monitoring
NAD/NADH- or NADP/NADPH-linked enzyme reactions. Atomic absorption and emission spec-
trophotometry and other spectroscopic techniques remain important in trace element and toxic
metal analysis (Chapter 11).

4.1.1 Historical development

Conjugated organic compounds absorb UV (190-400 nm) or visible (400-700 nm) light — the
greater the degree of conjugation the greater the degree of absorption at longer wavelengths.
Thus, highly conjugated compounds such as (3-carotene and haemoglobin absorb in the visible
part of the spectrum and are coloured. Less conjugated aromatic compounds absorb in the UV
region of the spectrum. Observation of colour, either native or after chemical treatment, may give
useful qualitative information. However, major advances followed fundamental discoveries in
spectroscopy, the study of the absorption of electromagnetic radiation by chemical compounds,
and spectrometry, the quantitative study of this phenomenon.

The absorbance of light by materials was first explored by the German mathematician Johann
Heinrich Lambert (1728—1777) who discovered that for monochromatic radiation (in practice ra-
diation of a narrow band of wavelengths) the amount of light absorbed was directly proportional to
the path length of the light through the material and was independent of the intensity of the incident
light. The German astronomer Wilhelm Beer (1797-1850) expanded this work and found that, for
dilute solutions, there was a linear relationship between analyte concentration and absorbance.

The clinical chemist Henry Bence Jones (1813—1873) used an emission spectroscope to detect
lithium in urine and in other tissues including lenses removed from the eyes of cataract patients
(Jones, 1865a, 1865b) and, working with August Dupré (1835-1907), used fluorescence analysis
to detect quinine in blood and other tissues (Jones and Dupré, 1866). Samples were extracted
with dilute sulfuric acid, which was made alkaline with sodium hydroxide and extracted with

95



96

4.2

4 COLOUR TESTS, AND SPECTROPHOTOMETRIC AND LUMINESCENCE TECHNIQUES

diethyl ether. The ether was left to evaporate and the residue dissolved in sulfuric acid prior
to fluorescence measurement using an induction spark as the light source. As this extraction
failed to remove background fluorescence, control samples were taken through the procedure for
comparison with samples from treated guinea pigs.

The introduction of the first commercially-available UV spectrophotometer, the Beckman DU,
by Arnold O. Beckman (1900-2004), the inventor of the pH meter, and Howard H. Cary (1908—
1991) extended the useable wavelength range from the visible into the UV region allowing many
more compounds to be detected and measured (Cary and Beckman, 1941). The impetus for the
development of this instrument was military interest in vitamin A, a colourless breakdown product
of B-carotene. However, groups such as that led by Bernard B. Brodie (1907-1989) went on to
use the instrument to develop quantitative assays for many drugs. Brodie established some of the
basic rules for the successful measurement of drugs and other poisons in biological specimens
(Brodie et al., 1947), many of which are still applicable today.

As with the development of practical UV spectrophotometers, military interest, this time in
antimalarial drugs, also encouraged progress in spectrophotofluorimetry. Brodie and Sidney Uden-
friend (1918-2001) used a simple Coleman filter fluorimeter to quantify quinacrine in plasma,
but it was clear that if the excitation wavelength could be varied many more molecules could
be analyzed using this technique. Robert L. Bowman (1916-1995) developed the first double
monochromator spectrophotofluorimeter, which, with the collaboration of the America Instru-
ment Company, was exhibited at the 1956 Pittsburgh Analytical Instrument Conference as the
AMINCO-Bowman SPF (Udenfriend, 1995).

Colour tests

Many drugs and other poisons give characteristic colours with appropriate reagents if present in
sufficient amounts, and in the absence of interfering compounds. A few of these tests are, for
practical purposes, specific, but usually compounds containing similar functional groups will also
react, and thus interference from other poisons, metabolites or contaminants is to be expected.
Further complications are that colour description is very subjective, even in people with normal
colour vision, while the colours produced usually vary in intensity or hue with concentration, and
may be unstable. Recording the results of the tests is impossible without photography (Box 4.1).

Box 4.1 Colour tests

e Very quick/cheap: add reagent(s) and observe colour

e Usually homogenous assay — apart from some immunoassays most other toxicology tests
require some form of sample pretreatment

e Mainly useful for urine/gastric contents/scene residues

e Usually carried out in clear glass test tubes, but a white, glazed tile is better (uniform
background; uses less reagent)

e Must always analyze a reagent blank and positive control with samples

e Subjective — people vary in how they perceive/describe colours; also colour may vary in
intensity

e Enormous range of tests available, but most have poor selectivity
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The reagents for these homogenous assays typically contain strong acids or alkalis or use
potentially hazardous organic chemicals. Appropriate safety precautions must be observed. Many
tests can be performed satisfactorily in clear glass test tubes. However, the use of a ‘spotting’
tile (a white glazed porcelain tile with a number of shallow depressions or wells in its surface)
gives a uniform background against which to assess any colours produced and also minimizes
the volumes of reagents and sample used. Colour tests feature prominently in the IPCS Basic
Analytical Toxicology manual (Flanagan et al., 1995) where common problems and sources of
interference in particular tests are emphasized. The colours given by some commonly used tests
are also illustrated. Badcock (2000) and Jeffery (2004) have listed some further tests.

When performing colour tests it is always important to analyze concurrently with the test
sample:

1. A ‘reagentblank’, thatis an appropriate sample, that is known not to contain the compound(s)
of interest. If the test is to be performed on urine then ‘blank’ (analyte-free) urine should be
used, otherwise deionized water is generally adequate.

2. A known positive sample at an appropriate concentration. If the test is to be performed on
urine, then ideally urine from a patient or volunteer known to have taken the compound in
question should be used. However, this is not always practicable and then ‘spiked’ urine
(‘blank’ urine to which has been added a known amount of the compound under analysis)
should be used.

Colour tests are useful in that a minimum of equipment and expertise is required. However, the
reagent has to be available and stable. Sensitivity is limited and the tests are usually applicable
only to urine and/or other samples containing relatively large amounts of poison, such as stomach
contents. It is possible to extract the poison and apply the colour test to the residue, though this
is rarely done for biological fluids. False negatives are a risk even when a test is used for its
intended purpose in appropriate samples. Positive results with poisons such as paracetamol or
paraquat serve to indicate the need for a quantitative measurement in plasma. Other tests such as
the Forrest test for imipramine-type compounds and the FPN test for phenothiazines (Table 4.1)
are less useful and only indicate the need for confirmatory chromatographic analysis. These same
reagents can be utilized as location agents following TLC and some have been developed for use
in quantitative measurements.

Sometimes the analytical toxicology laboratory will be asked to identify pharmaceutical dosage
forms (tablets, etc.) or plant material either intact or in stomach contents. The World Health Organi-
zation (WHO) (1986, 1991, 1998) has produced a series of manuals giving details of simple colour
tests to confirm the identity of pharmaceutical preparations and more recently herbal medicines.
These tests are aimed at confirming the identity of formulations, many of which have low intrinsic
toxicity, prior to clinical use and a range of reagents is needed in order to perform the tests.

UV/visible spectrophotometry

When a compound is irradiated with electromagnetic radiation of an appropriate wavelength it
will absorb energy. This absorbed energy may be emitted as radiation at a less energetic (longer)
wavelength (fluorescence or phosphorescence), dissipated as heat, or give rise to a photochemical
reaction. Gamma- and X-rays occupy the short wavelength (high energy) region of the spectrum.
Ultraviolet (UV), visible, infrared and microwave radiations come next and finally, radio waves.
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Table 4.1 Some commonly used colour tests [see Flanagan et al. (1995) for further details]

Limit of Additional compounds
Test Analyte(s) Fluid sensitivity (mg L™")  detected
0-Cresol/ Paracetamol Urine 14 Aniline,” benorylate,
ammonia ethylenediamine,” nitrobenzene,”
phenacetin
Diphenylamine  Oxidizing Gastric 10 Bromates, chlorates, iodates,
agents contents? nitrates, nitrites, peroxides
Dithionite Paraquat (blue)  Urine® 1 —
Diquat 5
(yellow-green)
Diphenylamine  Ethchlorvynol ~ Urine 1 —
Forrest Imipramine Urine 25 Clomipramine, desipramine,
trimipramine
FPN/ Phenothiazines ~ Urine 25¢ —
Fujiwara Trichloro- Urine 1" Chloral hydrate, chloroform,
compounds dichloralphenazone,
trichloroethylene, triclofos
Trinder’s’ Salicylates Plasma 10 Aloxiprin,” aminosalicylate,
Urine aspirin,” benorylate,”
Gastric methylsalicylate,” salicylamide”
contents?

@As p-aminophenol; ? After metabolism or hydrolysis; “From aminophylline, for example; _dlncludes vomit, stomach
wash-out, scene residues and similar samples; “Can be used on plasma in severe cases; I Ferric chloride/perchloric

acid/nitric acid; 8 As chlorpromazine; h As trichloroacetate; | Ketones interfere

The absorption of the different types of radiation produces different effects. UV and visible light
excite electrons from their ground state to higher energy (excited) states. Wavelengths (\) of
maximum absorbance are denoted \.x. Infrared radiation (IR) induces molecular (bond) vibra-
tions, whilst microwaves are used to induce electron spin transformations in electron spin reso-
nance spectroscopy (ESR). Nuclear magnetic resonance (NMR) spectroscopy uses wavelengths
between those of radio and television waves to detect nuclear electron spin flips.

4.3.1 The Beer—-Lambert law

In UV/visible spectrometry, the analyte absorbs some of the incident light energy as a result of

electrons in molecules being excited to higher energy levels.
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If the incident light intensity is /o and the transmitted light energy is 7, then transmission
T is:

T—] 4.1)
=1 .

The law that governs the relationship between the intensity of light entering and leaving a cell is the
Beer—Lambert Law. This states that, for a solution of an absorbing solute in a transparent solvent,
the fraction of the incident light absorbed is proportional to the number of solute molecules in the
light path (Beer’s Law) and the path length (Lambert’s Law):

I
Absorbance = log (70> =€ech 4.2)

where /) is the incident light intensity, / is the transmitted light intensity, ¢ the solute concentration
(mol L), € is the molar absorptivity, previously known as the extinction coefficient (L cm™!
mol~'), and b is the path length (cm).

The molar absorptivity is a fundamental property of the analyte, but it also depends on tem-
perature, wavelength and solvent. Absorbance (A) is linearly related to both solute concentration
and path length for dilute solutions only. In older textbooks it was known as optical density (OD)
or extinction (E), but these terms are now obsolete. The specific absorbance (A4, 1cm) is the
absorbance of a 1 % (w/v) solution of the solute in a 1 cm path length cell, and is usually written
in the shortened form A]. There are a number of reasons why deviations from the Beer-Lambert
Law may become apparent (Box 4.2).

Box 4.2 Beer—Lambert Law: Factors causing non-linearity

e Analyte concentration
— At high concentrations (>0.01 mol L™!) electrostatic interactions between species
reduces absorbance
— Refractive index changes at high analyte concentration
e Interactions/decomposition
Analyte dissociates/associates or reacts with solvent
Particles in light path
— Phosphorescence or fluorescence in the sample
— Oxygen absorption becomes limiting at wavelengths below about 205 nm
e Instrumental
— Polychromatic (not monochromatic) incident light. The incident slit is of finite width,
and thus the incident light is of more than one wavelength. Because € varies with
wavelength, this leads to deviations in Beer’s Law. For a given slit width the variation in
€ will be greater on the slope of an absorption peak than at a maximum, hence the effect
is reduced by performing the measurement at Ap,x
— The effect of stray light from reflected radiation in the monochromator reaching the exit
slit becomes more apparent at higher absorbance
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4.3.2 Instrumentation

Spectrophotometers can be divided into two basic types: single beam or double beam. The simplest
of the single beam designs (Figure 4.1) are often referred to as colorimeters when their operation is
limited to the visible region of the electromagnetic spectrum. The light source in such instruments
is a tungsten filament lamp and the analytical wavelength is selected using a suitably coloured
filter. The light beam passes through the sample cuvette held in a light-tight sample chamber
and the transmitted light intensity is measured with a photocell. After amplification the signal
is monitored with a meter. Early colorimeters were calibrated in linear transmission, absorbance
being superimposed as a logarithmic scale on the meter.

Shutter
I Photocell
Tungsten
lamp H
O H Amplifier
Wavelength Sample or
filter reference cuvette Meter

Figure 4.1 The basic components of a single beam colorimeter or UV spectrophotometer.

To measure the absorbance of a sample solution:

¢ Select the wavelength
e Close the shutter and adjust the meter to zero transmission

e Place the reference cuvette in the sample chamber and adjust the meter to 100 % transmission
(zero absorbance)

* Replace the reference cuvette with the sample cuvette and record the absorbance.

The introduction of hydrogen (later deuterium) lamps and monochromators (quartz prisms or
diffraction gratings) extended the useable wavelength range into the UV region. Tungsten—halogen
filament lamps, in which the presence of a small amount of iodine assists in redepositing vaporized
tungsten onto the filament thus prolonging lamp life, are also useable into the far UV.

Single-beam spectrophotometers have the advantage of high energy and good signal-to-noise
ratios, and are suitable for quantitative measurements at a single wavelength. Spectra can be
obtained manually, but at each wavelength the zero and 100 % transmission must be set as detailed
above, making the process tedious in the extreme — the relatively complex absorption spectrum
of benzene would take a skilled operator an entire day’s concentrated effort to produce. Double-
beam spectrophotometers overcome this problem by automatically compensating for differences
in incident light intensities during the scan.

In optical-null instruments the light beam is split into sample and reference beams by a rotating
semicircular mirror (often referred to as the beam chopper or simply ‘chopper’). The beams, which
consist of pulses of light that are out of phase, are directed through the sample or reference com-
partments and then recombined before being directed to a single photomultiplier tube (Figure 4.2).
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Chart recorder

Servomotor

=( ):I Null
(Balance)

Tungsten Deuterium
lamp lamp
( Reference Attenuator ,/ v
Siits ! cell (comb) e ____. Photomultiplier
~
| | ~
. ' B
I Sample
Diffraction grating cell
(Motion coupled IC.hopper '
to chart recorder) Semi-circular mirror

Figure 4.2 Diagram of a typical optical-null double-beam spectrophotometer.

When the absorbances in the sample and reference beams are identical, then the photomultiplier
tube ‘sees’ a continuous beam of light. However, if the sample has a higher absorbance than
the reference sample, the beam is no longer continuous, but stepped. The optical-null circuitry
drives a servomotor that moves an attenuator (comb) into the reference beam until the signals are
balanced and the movement of the attenuator is recorded as the spectrum. Wavelength accuracy
is maintained by linking the recorder movement with the monochromator movement. At high
absorbance (A = 2), transmission is 1 % and little, if any, light reaches the detector, the recorder
pen becomes ‘dead’, and no readings can be made. The UV cut-off values of some common
solvents are shown in Table 3.5.

Modern double-beam instruments use two photomultiplier tubes and ratio the signals. However,
background electrical noise can be limiting at high absorbance values, so like the optical-null
instruments, no measurements can be made under these circumstances. Modern single-beam
instruments use microprocessors, so that background scans can be stored and subtracted from the
sample data.

In a diode array detector (DAD, Figure 4.3) the detector is a linear array, typically 3-7 cm
long, of over 1000 diodes (in modern instruments the wavelength resolution is of the order of
1 nm per diode, wavelength accuracy 41 nm and sensitivity better than 10~* au). Light from
the source passes through the sample to a diffraction grating, which disperses the beam onto the
array; each diode records the absorbance at a defined wavelength. Thus, a spectrum is recorded
almost instantaneously, which makes the diode array detector particularly useful for HPLC, as
several spectra can be scanned across an eluting peak.

With all types of spectrophotometer it is important to ensure that the monochromator is aligned
correctly. This can be checked by observing the absorbance maxima (A, ) of a known reference



102 4 COLOUR TESTS, AND SPECTROPHOTOMETRIC AND LUMINESCENCE TECHNIQUES

Diode array detector

Source

Sample Diffraction
Lens cell grating

Figure 4.3 Diagram of a linear diode array detector.

solution or material. A holmium oxide glass filter, for example, has major peaks at a number of
important wavelengths (241.5, 279.4, 287.5, 287.5, 333.7, 360.9, 418.4, 453.2, 536.2 and 637.5
nm). A simple method of checking photometric accuracy is to measure the absorbance of an acidic
potassium dichromate solution (Flanagan et al., 1995).

It is important that the cuvettes used in the spectrophotometer are of the correct specification
and that they are scrupulously clean. Traditionally, glass cells were used for measurements in
the visible region (>400 nm), and fused silica or quartz cells were used for UV work (190-400
nm). However, disposable plastic cells are available for working from 220-900 nm. Normally,
cells of 1 cm path length are employed, but 2 or 4 cm path length cells can sometimes be used to
enhance sensitivity. Cells for spectrophotometry usually have two optical faces and two ground
or ribbed faces, and should be handled by the ground or ribbed faces only. The optical faces may
be wiped with a soft cloth or photographic lens tissue if necessary. Samples should be introduced
with the aid of a suitable pipette, taking care not to scratch the inside surface of the cell. Quartz
cells should be marked, for example on a ground face, to ensure that they are always placed in
the spectrophotometer in the same orientation. After use such cells should be cleaned carefully
and allowed to dry.

Double-beam spectrophotometers have the advantage that ‘background’ absorbance from
reagents, solvents and so on, can be allowed for by including a ‘blank’ (analyte-free) extract
in the reference position. Normally an extract of ‘blank’ plasma or serum will be used to provide
the solution used in the reference cell, but purified water may be used in certain assays. A matched
pair of cells is necessary for use in double-beam instruments. When filled with identical solutions,
the absorbance readings should be within 1 %. Pairs of matched cells may be purchased and
should be stored together in a dust-free environment.

4.3.2.1 Derivative spectrophotometry

Rather than plotting absorbance against wavelength, a plot of the first (or higher derivative) versus
wavelength can reveal spectral detail that would otherwise be lost:
a'A  d's
v oav”

(4.3)

where 7 is the order of the derivative [the other symbols are as defined for Equation (4.2)]. Because
sensitivity is dependent on the rate of change of € (de/d\) rather than € itself, the technique is
suited to analytes with sharp absorbance peaks. Consequently when the analyte signal is difficult
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to quantify because of interferences, as is often the case with extracts of biological samples,
derivative spectrophotometry may be advantageous, particularly when the width of the overlapping
peak is greater than twice the width of the analyte peak. Generally, the peak-to-peak heights
are proportional to the concentration of the analyte. Note, however, that spectral information
tends to degrade with increasing order of derivative, particularly when the spectrum is poorly
defined (noisy) to start with, and there is also an obvious increase in the cost of more complex
instruments.

Derivative spectra can be obtained using electronic circuits to convert the analogue absorbance
(zero-order) signal to the derivative of the appropriate order, or digital signals can be transformed
mathematically. A third method for first-order spectra is to use wavelength modulation. Scanning
the spectrum with alternate beams from two monochromators, with wavelengths set 2-3 nm apart,
will produce something very close to the derivative spectrum (AA is approximately the slope at
the particular wavelength).

The use of derivative spectrophotometry has been shown to improve the specificity and sensi-
tivity of the dithionite method for paraquat (Figure 4.4), but, in the main, derivative spectropho-
tometry has not been adopted widely, possibly because of the rapid growth of HPLC.
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Figure 4.4 Zero-order, second- and fourth-derivative spectra of paraquat after dithionite reduction.
Redrawn from Fell, A.F., Jarvie, D.R. and Stewart, M.J. (1981) Analysis for paraquat by second- and fourth-
derivative spectroscopy. Clin Chem, 27, 286-92, by permission of the American Association for Clinical
Chemistry.
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4.3.3 Spectrophotometric assays

Spectrophotometry may be used in both qualitative and quantitative work. However, one of the
major problems in attempting to apply spectrophotometry per se to complex matrices is that it is
not an inherently selective technique. Most endogenous compounds absorb in the UV, if not in
the visible part of the spectrum, and even those with low molar absorptivities may be present in
such excess compared to the concentration of the analyte that selectivity and hence sensitivity is
a problem.

While spectrophotometric assays generally lack selectivity, some information as to the purity of
asample extract may often be obtained by examining the UV absorption spectrum using a scanning
spectrophotometer; manual scanning can be performed on simpler instruments. UV spectra of
extracts of urine, stomach contents or scene residues can give useful qualitative information, and
can be used as an adjunct to more specific and sensitive drug screening procedures, although even
here if a HPLC-DAD system is in use in a laboratory it may well be easier to use such a system, at
least in the first instance. UV absorption spectra of many compounds of interest are given in Moffat
et al. (2004), but care is needed to ensure that the pH/solvent combination employed is the same
as that used to produce the reference spectrum. Wavelength scanning at different pH values can
be useful in identifying the constituents of tablets. Some aspects of the use of spectrophotometry
in analytical toxicology are summarized in Box 4.3.

Box 4.3 Visible and UV Spectrophotometry

Visible spectrophotometry (colorimetry)

* Visible spectrophotometry the first really reliable quantitative method used for drug/
metabolite analysis in blood

e Aim is to perform a chromogenic reaction directly in a sample with minimum treatment
— Can use protein precipitation or microdiffusion

e Problems:
— Relatively few analytes undergo convenient chromogenic reactions
— Relatively poor selectivity/sensitivity (interference from metabolites/other drugs)

UV spectrophotometry

e Double-beam spectrophotometers or linear diode array instruments give the most reliable
results

e Can perform UV spectrometry directly on sample extracts
— Care: use silica or appropriate plastic cuvettes
— Generally poor selectivity

e Use of double-beam scanning instruments (210—400 nm) or linear diode arrays can aid in
analyte identification
— Many poisons have either a poorly defined UV absorption spectrum or do not absorb in

the UV, although compounds that have characteristic spectra can be readily identified

— Always likelihood of interference if more than one drug/metabolite present
— Complex spectra may be resolved using derivative spectrophotometry

e UV spectrophotometry finds greatest application as detector in HPLC, monitoring reaction
rate in immunoassays or in NAD/NADH- or NADP/NADPH-linked enzyme-based assays




4.3 UV/VISIBLE SPECTROPHOTOMETRY 105

It may be possible with techniques such as protein precipitation, solvent extraction, possibly
with back-extraction at an appropriate pH, or microdiffusion, to develop a spectrophotometric
assay for a particular analyte in a particular biological fluid. Concentration of the analyte into a
smaller volume during solvent extraction, for example, may give adequate sensitivity provided
there are no interfering contaminants. This being said, many spectrophotometric methods suffer
from interference from metabolites to a greater or lesser extent. Other drugs are further potential
sources of interference. These may have been prescribed or obtained over-the-counter, and may be
chemically unrelated to the analyte, although chemically related compounds and any metabolites
are more likely to interfere. Compounds from the same pharmacological class as the analyte may
be co-prescribed and may be chemically similar to the analyte, hence metabolism, extraction,
derivatization and absorbance spectra are all likely to be similar.

Historically, UV methods for measuring 5,5’-disubstituted barbiturates in plasma or urine were
based on the fact that these compounds show markedly different absorption at different pH values
(Figure 4.5). Measurements at pH 10 and pH 14, for example, were advocated in order to provide
selectivity over salicylates and sulfonamides (Broughton, 1956), and differentiation in long- and
short-acting barbiturates was described by repeating the measurements after alkaline hydrolysis
under controlled conditions. However, even then numerous interferences and anomalies became
apparent (Broughton, 1963; Tompsett, 1969).
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Figure 4.5 UV Spectrum of barbital (50 mg L) in aqueous buffers.

Although spectrophotometric methods often suffer from a lack of selectivity when metabolites
are present, this is not always the case. Of three spectrophotometric methods for paracetamol that
were compared with HPLC, two methods that included a hydrolysis step (paracetamol is mainly
metabolized by glucuronide and sulfate conjugation) overestimated the true concentration of
parent drug by up to sevenfold. However, the third method, based on the relatively specific nitration
of paracetamol, gave values that were in good agreement with HPLC (Stewart et al., 1979). Thus,
despite the cautions listed above, quantitative spectrophotometry can be used successfully when
an analyte is present at relatively high concentrations, when a characteristic colour reaction can
be employed or when the analyte can be isolated in relatively pure form prior to the analysis, as
illustrated in the further examples below.



106 4 COLOUR TESTS, AND SPECTROPHOTOMETRIC AND LUMINESCENCE TECHNIQUES
4.3.3.1 Salicylates in plasma or urine

The principle of this test (Box 4.4) is the colour which often develops when phenols are treated
with a ferric iron [iron(III)] salt. Different phenols give a range of colours, salicylate producing a
purple-red colour. Plasma proteins are precipitated with mercuric chloride [mercury(II) chloride]
so that the colour in the supernatant can be measured directly. The mercuric chloride may be
omitted if only urine samples are to be assayed. Any interference from colour in the sample is
reduced by the large dilution incorporated in the procedure.

Box 4.4 Measurement of salicylates in plasma or urine

Reagents

e Trinder’s reagent [mercuric chloride (10 g) + 1 mol L~! hydrochloric acid (12 mL) +
iron(II) nitrate nonahydrate [Fe(NO3)3-9H,0] (4 g) in 200 mL deionized water]

« Calibration solutions containing salicylic acid (0, 200, 400 and 800 mg L") in deionized
water. Store at 4 °C

Method

e Add Trinder’s Reagent (5 mL) to plasma/serum or calibration solution (1 mL)

e Vortex-mix (30 s) and centrifuge (3000 rpm, 10 min)

e Measure the absorbance of the supernatant layer (double-beam spectrophotometer, 540
nm) against plasma ‘blank’

e Construct graph of absorbance versus salicylate concentration in the calibrators, and
calculate the plasma salicylate concentration

* Limit of quantification: 50 mg L~! salicylate

4.3.3.2 Carboxyhaemoglobin (COHb) in whole blood

The half-life of COHb in blood is usually very short, especially if oxygen is given, so COHb assays
are rarely indicated clinically. However, spectrophotometric COHb assay is simple if potentially
interfering oxygenated haemoglobin is removed (Box 4.5). Haemoglobin is normally present in
blood as deoxygenated (HHb) and oxygenated (O,Hb) forms together with a small amount of

Box 4.5 Measurement of carboxyhaemoglobin

Method
e Add 25 mL 0.1 % (v/v) ammonium hydroxide to 0.2 mL blood
— Portion A — saturate with pure CO
— Portion B — saturate with oxygen to dissociate COHb
— Portion C — test sample
e Add sodium dithionite, mix and read absorbance at 500—600 nm versus reagent blank
e Measure absorbance at 540 (COHb max), and 579 nm (isobestic point) and calculate the
ratio Asso/As79 for A, B and C
e Calculate % COHb saturation




4.3 UV/VISIBLE SPECTROPHOTOMETRY 107

methaemoglobin (MetHDb), that is to say oxidized haemoglobin, in which the iron is present as
iron(II) (Fe**). In the assay, oxyhaemoglobin, which has a spectrum similar to that of COHb
and MetHb are reduced to HHb with sodium dithionite. COHb is unaffected and hence retains
its characteristic spectrum, which can be measured spectrophotometrically. Absorbance readings
are made at 579 nm (the isobestic point, i.e. the wavelength at which both HHb and COHb
have the same absorbance) and 540 nm, the wavelength where the difference in absorbance,
Acoub — Aump, 18 greatest (Figure 4.6). Note how the 100 % and 0 % COHb values are obtained
by treating portions of the sample with either carbon monoxide or oxygen, respectively. Commer-
cial systems such as the IL 682 Co-Oximeter, http://www.gmi-inc.com/Products/IL682Coox.htm
(accessed 20 December 2005) are available and aim to compensate for the presence of other
haemoglobin species such as sulfhaemoglobin in blood obtained postmortem (Mayes, 1993;
Widdop, 2002).

579 nm
1.25- 540 nm Isobestic
point
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% 0.75- - --- Saturated COHb (A)
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Figure 4.6 Measurement of carboxyhaemoglobin (note the wavelength expansion between 560—
580 nm).

4.3.3.3 Cyanide in whole blood by microdiffusion

Cyanide ion is present in blood mainly in erythrocytes, hence whole blood is used in cyanide
assay, but care has to be taken to avoid interference from thiocyanate present largely in plasma.
Cyanide ion is non-volatile at room temperature, but is converted into volatile hydrogen cyanide
under acidic conditions; thiocyanate is unaffected. If acidification of a biological sample such
as blood containing cyanide is performed in a Conway microdiffusion cell (Section 3.2.3), the
hydrogen cyanide that is released can be trapped in alkali as cyanide ion in the centre well.
Reaction with 3-nitrobenzaldehyde/1,2-dinitrobenzene gives a coloured product that can be re-
moved from the cell and the intensity of the colour measured spectrophotometrically, using the
mixture from the ‘blank’ analysis in the reference position (Box 4.6). Assay calibration is by
analysis of standard sodium or potassium cyanide solutions analyzed in separate cells (Mayes,
1993).
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Box 4.6 Cyanide by microdiffusion

Method

e Place 3.6 mol L~! sulfuric acid (1 mL) in Conway outer well

e Place sample, blank, or standard (0.5 mL) at opposite side of outer well

e Place 0.5 mL of 3-nitrobenzaldehyde solution 4 0.5 mL of 1,2-dinitrobenzene solution
(both 0.05 mol L~ in 2-methoxyethanol) 4 0.1 mL aqueous sodium hydroxide (0.5 mol
L") in the centre well

¢ Seal the cell, gently mix the contents of the outer well, and allow to stand (20 min, room
temperature)

e Add 1 mL aqueous methanol (1 + 1) to the centre well, transfer contents to
spectrophotometer cells and measure absorbance (560 nm)

4.3.3.4 Colorimetric measurement of sulfonamides

This assay is based on the Bratton—Marshall reaction undergone by primary aromatic amines.
After protein precipitation with trichloroacetic acid (TCA), sulfadimidine (sulfamethazine) is
diazotized using sodium nitrite and coupled with N -naphthylethylenediamine (NED). Excess
nitrite ion has to be removed by reaction with ammonium sulfamate before NED is added. N-
acetylsulfadimidine, which does not react with nitrite, is measured as sulfadimidine after acid
hydrolysis. This method can be used to assess acetylator status (Section 17.2.1) and is convenient
and inexpensive when large numbers of samples are to be assayed; it is not necessary to use
N -acetylsulfadimidine calibration standards. HPLC offers greater precision, however (Whelpton
etal., 1981).

4.4 Luminescence

The term luminescence is applied to the phenomenon whereby light is emitted when ‘excited’
molecules return to a lower energy, ground state. The three major subdivisions of luminescence are
fluorescence, phosphorescence and chemiluminescence. With fluorescence and phosphorescence,
molecules are excited by absorption either of incident electromagnetic radiation (light), which is
then re-emitted (usually as light of a longer wavelength), or by heat, such as via a flame, as in
flame emission photometry (Chapter 11), respectively. Chemiluminescence, as its name implies,
results when light is emitted from molecules excited as a result of a chemical reaction at ambient
or near ambient temperatures without the introduction or generation of heat.

4.4.1 Fluorescence and phosphorescence

When molecules absorb light, the energy from the light is transferred to the electrons in the
molecules so that the molecules are promoted from the lower energy, ground state, to a higher
energy, excited state. The molecules usually remain in the excited state for a very short period
of time before they return to the ground state. As the molecules return to the lower energy state
they must lose energy. Most molecules lose this energy in the form of molecular vibration by
dissipation as heat, but some molecules lose some of this energy via the emission of light. The
emitted light is usually of a longer (less energetic) wavelength than that of the absorbed light. This
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is because excited molecules lose some of the absorbed energy by radiationless transitions, such
as collisions with other molecules, or the electrons return to higher energy levels in the ground
state, and so the energy of the emitted light is correspondingly less.

Fluorescence is the term used when light is emitted almost instantaneously, usually within 10~°
or 10712 s of the energy being absorbed. Resonance fluorescence describes the situation when the
frequency of the emitted light is the same as the absorbed light.

Phosphorescence occurs when an excited electron in the singlet state (paired electrons having
opposite spin) crosses to a triplet state (paired electrons having the same spin). These transitions
are known as ‘forbidden transitions’ because their probability is so low. The electron must return
to the excited singlet state before it can return to the singlet ground state and emits light as it
does so, and thus phosphorescence is much longer lived than fluorescence, usually of the order
of several seconds. Phosphorescence assays are not widely used in analytical toxicology, one
problem being the need on occasions to cool the samples with liquid nitrogen (77 K) (Hadley
etal., 1974), although here has been recent interest in kinetic phosphorescence assays for uranium
in biological samples (Ejnik et al., 2000).

4.4.1.1 |Intensity of fluorescence and quantum yield

The fraction of excited molecules that emit light is the quantum yield or quantum efficiency (&)
of fluorescence. Highly fluorescent molecules will have quantum yields approaching 1. For dilute
solutions, the intensity of the fluorescence, Iy, is a function of ¢, the absorbance, and the intensity
of the incident light, /. The absorbance is given by Beer’s Law so:

Iy = 2.3Iy(ech)d 4.4)

From Equation (4.4), it is clear that the size of the signal is proportional to the intensity of the
incident light as well as the concentration of the analyte, ¢, and as a consequence, the fluorescence,
unlike absorbance, is ‘relative’ and not absolute. The concentration of an analyte cannot be
calculated from the fluorescent intensity in the way that it can be calculated from absorbance and
molar absorptivity in spectrophotometry. Analyte sample concentrations must always be obtained
by comparison with the analyte concentrations of standard solutions. Fluorescence is reported as
‘relative intensity’ or ‘fluorescence (arbitrary units)’.

Equation (4.4) only holds true for dilute solutions. Quenching, caused by absorption of the
incident or emitted light by other compounds, or by the analyte itself (internal absorption), reduces
fluorescent efficiency, as does quenching caused by molecular interactions (collisions) leading to
non-radiative relaxation of excited molecules to the ground state. A very important consequence
of quenching is that as the concentration of analyte is increased, the intensity of the fluorescence
will reach a maximum and then decline. Thus, it is possible for two samples, one dilute and one
concentrated, to show the same degree of fluorescence. If a high degree of quenching is suspected,
the sample should be diluted and re-assayed.

Fluorescence is usually reduced at increased temperatures (increased number of collisions) and
is often pH dependent. The ionized and non-ionized forms of a weak electrolyte may both be
fluorescent, but it is rare for both species to have the same quantum efficiency. Barbiturates, for
example, fluoresce in 0.1 mol L~! sodium hydroxide. At this pH these compounds are ionized
and have strong absorptions at approximately 255 nm (Figure 4.5). Phenols such as catechol,
however, fluoresce when unionized, that is under acidic conditions (Miles and Schenk, 1973).
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44.1.2 Instrumentation

Although in fluorescence the emitted light is non-directional, it is measured at right angles to the
excitation beam to minimize the amount of incident light reaching the detector (Figure 4.7). Some
instruments have both excitation and emission filters, or the instrument may have a combination
of a diffraction grating and a filter, or, as in the more expensive instruments, there may be two
diffraction gratings.

Source
Detector

Sample
cuvette

Excitation
monochromator

Emission
monochromator

Figure 4.7 Diagram of a double-grating spectrophotofluorimeter (based on the AMINCO-Bowman
design).

Xenon lamps are popular as they have high energy output between 350-1000 nm and so are
useful general-purpose light sources. Xenon lamps can be used down to 200 nm, but the light
intensity is about an order of magnitude lower at this wavelength and for some applications, a
deuterium lamp, or even a mercury lamp when the intense line at 254 nm can be used, may be
better. Halogen lamps may be used for excitation in the visible region. Because the intensity of
the fluorescence is dependent on the intensity of the incident light [Equation (4.4)] it is important
in any report to state the type of lamp used. High intensity xenon lamps may be pulsed to reduce
the risk of photodecomposition of an analyte.

Sample cuvettes may be square or circular in cross section. The square ones have four optical
faces and so these should be handled carefully by the top and not where the light beams pass
through them. Although sample holders are often designed to take 1 cm square cuvettes, the area
over which the measurements are made is defined by the width of the emission slits, and smaller
cuvettes may be used without any loss of fluorescent signal; indeed smaller path length cells have
the advantage that there will be less loss of light due to absorption.

Because the incident light intensity is generally much higher than the intensity of the emitted
light, scattering of light from particles in the sample solution can seriously affect assay sensitivity.
Thus, good analytical technique is important in high sensitivity fluorescence assays. Also, the
more similar the excitation and emission wavelengths, the more likely it is that incident light will
interfere with the emission signal. The use of dual diffraction gratings and narrow slit widths will
reduce this problem.
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An indication of the excitation wavelength for a particular analyte can be deduced from the UV
spectrum. If the excitation wavelength is set to an absorption peak then the emission wavelength
can be scanned until the emission maximum is found. With the emission monochromator set to
its Amax, the excitation monochromator can then be scanned to locate the exact excitation Apax.
The excitation and emission spectra will now be maximal and equal (Figure 4.8).

A max = 340 nm Amax = 390 nm
A max max

Fluorescence (arbitrary units)

[ 1 l |
200 450 300 600

Excitation wavelength (nm) Emission wavelength (nm)

Figure 4.8 Excitation and emission spectra of quinine (1 mg L™!) in deionized water.
4.4.1.3 Fluorescence assays

Fluorimetry gives enhanced sensitivity over spectrophotometric methods for those drugs that are
naturally fluorescent. Generally sensitivity is increased by 1 or 2 orders of magnitude because:
(i) only a limited number of drugs and other poisons possess natural fluorescence and (ii) both
excitation and emission wavelengths can be varied. High quantum efficiencies are associated
with compounds that have low energy m* —  transitions — these include conjugated aromatic
compounds (generally the more rigid the structure, the greater the fluorescence). The substitution
of an alkyloxy moiety on an aromatic ring usually gives rise to fluorescent properties. Substi-
tution of electron-withdrawing groups (carbonyl, carboxylate, nitro), however, usually reduces
the intensity of any fluorescence. Drugs with good fluorophores include several antimalarials and
tetracycline antibiotics, propranolol and alkaloids such as ergometrine, LSD and physostigmine
(Figure 4.9).

If an analyte does not posses native fluorescence, derivatization to a fluorescent product may
be possible if the analyte possesses a reactive (functional) group amenable to chemical reaction.
A number of fluorigenic reagents are available, including dansyl chloride and fluorescamine. 1,2-
Phthalic dicarboxaldehyde (o-phthaldialdhyde, OPA) is particularly useful for primary amines
and has been used to enhance detectability in HPLC (Section 8.7.1).

As an example of a fluorescence assay, quinine and its stereoisomer quinidine exhibit strong
natural fluorescence under neutral or acidic conditions. Both drugs are relatively lipophilic and
thus solvent extraction can be used to separate the parent compounds from fluorescent polar
metabolites, notably the 3-hydroxy metabolite, and this forms the basis of sensitive fluorescence
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Figure 4.9 Some compounds that exhibit natural fluorescence.

assays such as that for plasma quinine (Box 4.7). However, commercial quinine and quinidine
can contain up to 10 % (w/w) of the respective dihydro derivatives, which have similar extraction
and fluorescence properties to the parent compounds, and thus even the combination of solvent
extraction and spectrophotofluorimetry is not totally selective in this case. A chromatographic
method such as HPLC with fluorescence detection is therefore needed to resolve the dihydro
analogues of quinine and quinidine, and hence permit selective measurement.

Box 4.7 Fluorescence assay for plasma quinine (Hall et al., 1973)

Method

* Add analyte-free plasma, sample or standard solution (0.5 mL) to a stoppered glass
centrifuge tube, and add 0.1 mol L~! sodium hydroxide solution (1 mL) and toluene (5 mL)

e Rotary mix (5 min) and centrifuge (3000 rpm, 10 min; bench centrifuge)

e Transfer 4 mL supernatant to a second glass tube and add 5 mL sulfuric acid (0.05 mol L~")

e Rotary mix (5 min) and centrifuge (3000 rpm, 10 min; bench centrifuge)

e Discard the toluene layer (supernatant) and measure by spectrophotofluorimetry
(excitation 350 nm, emission 450 nm)

4.4.2 Chemiluminescence

One of the most widely known examples of chemiluminescence is the light given out by fire-
flies. Firefly luciferase, an enzyme from the North American firefly, Photinus pyralis, which is
commonly used in laboratory work, catalyzes the oxidation of D-luciferin with hydrolysis of ATP
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and emission of light. When the quantity of ATP is limiting, the light emitted is proportional to
the amount of ATP present and this forms the basis of chemiluminescent ATP assays. Commonly,
it is oxidation of a suitable species that produces an excited state, which decays to the ground
state with emission of light. Although chemiluminescence assays are not as widely applicable
as spectrophotometric ones, the increased sensitivity (10—100 times) over other luminescence
methods and the simple instrumentation required, make them attractive when high sensitivity is
needed. Such assays are being used to increase the sensitivities of immunoassays (Chapter 12).
Chemiluminescence HPLC detectors are also available (Section 8.3.3).

Luminol (5-amino-2,3-dihydrophthalazine-1,4-dione) is often used in chemiluminescent assays
as it can be oxidized by perborate, permanganate, hypochlorite and iodine, but the most useful
reaction is that with hydrogen peroxide (Figure 4.10). When excited 3-aminophthalate decays it
emits intense blue light (425 nm). Several enzyme-catalyzed reactions produce hydrogen peroxide
and so luminol chemiluminescence can be used to monitor such reactions, including enzyme im-
munoassays (Chapter 12). The reaction can be catalyzed by metals, including iron in haemoglobin,
and this forms the basis of using luminol/hydrogen peroxide spray to detect blood stains.

O * 0
Base ° °
II\IH o catalyst o) 1) .
+ HOp ——— E— +
NH
O@ o@
NHz O NH, O NH, O
Luminol 3-Aminophthalate

(excited state)

Figure 4.10 Chemiluminescent reaction of luminol with hydrogen peroxide.

The luminol system can be used to quantify those ions that catalyze the reaction (e.g. Fe’* and
Cu?*) as the luminescence is proportional to the concentration of the ions. Enhancers such as
p-iodophenol can increase the light intensity by as much as 2500 times and the light is emitted
as a prolonged glow, facilitating measurements which may be made several minutes after the
reaction has been initiated (Kricka et al., 1987).

Chemiluminescent reactions can be direct, as illustrated by luminol, or indirect via an energy
transfer system as exemplified by peroxyoxalate derivatives. Oxidation of peroxyoxalate produces
excited intermediates, such as 1,2-dioxetanedione (Figure 4.11), that react with a fluorophore,
which may be the analyte or a fluorescent derivative of the analyte.
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bis(2,4,6-Trichlorophenyl)oxalate 1,2-Dioxetanedione
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Figure 4.11 Hydrogen peroxide oxidation of TCPO.
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Electrochemiluminescence represents a further refinement that is being used increasingly, par-
ticularly with the tris(2,2'-bipyridyl)-ruthenium(III) system (Li ez al., 2003). Reduction gives an
excited complex, which decays with the emission of light:

Ru(bpy)i" + reductant — [RU(bpy)ng]* o

where bpy = 2,2'-bipyridine. Greenway and Dolman (1999) used electrochemically generated
tris(2,2’-bipyridyl)-ruthenium(III) to measure some tricyclic antidepressants and phenothiazines.
Tris(2,2’-bipyridyl)—ruthenium(II) and the analyte were electrochemically oxidized simultane-
ously, the product of the latter acting as the reductant in the chemiluminescence reaction.
Oxidation of some analytes may generate chemiluminescent products. Acidic potassium per-
manganate has been used to detect several drugs including morphine (Abbott et al., 1986).

44.2.1 Instrumentation

A basic luminometer is very simple, consisting of a light-tight box in which to place the sample tube
and a photomultiplier tube (Figure 4.12). There is no external light source and no need for filters
or monochromators, although these may be included in more complex instruments. Refinements
might include a mirror behind the sample-tube holder, an injection port so that reagents to start
the reaction may be added, and a magnetic stirrer. Replacing the sample tube with a coil of PTFE
tubing in front of the photomultiplier tube converts the basic system into one that can be used either
for flow injection analysis, or as an HPLC detector. Each chemical event emits one photon of light.
During the course of the reaction the photomultiplier tube and electronic circuitry ‘count’ the num-
ber of flashes and so the output is a numerical count, although with some instruments the signal can
be integrated to give a curve in amanner analogous to radioactivity HPLC detectors. Luminometers
that will read 96-well format microplates are available. Because the instrumental requirements are
so simple, portable versions are also available for use in environmental applications, for example.

Lid with injection port

To counter
Rubber septum /
Sample tube Photomultiplier tube
Light-tight box

Figure 4.12 A simple luminometer.

4.4.2.2 Chemiluminescence assays

To improve selectivity, chemiluminescence assays are usually combined with a separation tech-
nique such as chromatography or capillary electrophoresis, or with an immunoassay. The original
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flow injection analysis (FIA) of morphine (Abbott et al., 1986) was subsequently modified by
adding an HPLC step (Abbott et al., 1987). Detection cells consisting of molecular imprinted poly-
mers (MIP) in glass tubes have also been used. Such an approach was used to detect morphine,
which was trapped on the MIP and potential interferences were washed off, before permanganate
was added to induce chemiluminescence (He et al., 2005).

Enzyme reactions have been used to impart selectivity. The acetylcholine assay in which acetyl-
choline is hydrolyzed to choline with acetylcholinesterase, and the choline oxidized to betaine and
hydrogen peroxide, with the latter being measured via the luminol system described above, is an
example (Israél and Lesbats, 1982). Several variations of this approach have appeared including
construction of immobilized enzyme reactors for HPLC detection of acetylcholine. Although
these can be used with luminol and a chemiluminescence detector, electrochemical detection of
the hydrogen peroxide at platinum electrodes is a viable alternative (Flanagan et al., 2005).

Chemiluminescence is important in specific detectors such as the flame photometric detector
(Section 7.2.2.6), for the detection of sulfur and phosphorus, and the chemiluminescent nitrogen
detector (Section 8.3.4).

Summary

UV/visible spectrophotometry, spectrophotofluorimetry and chemiluminescence are valuable
techniques in analytical toxicology, both in their own right and when used in conjunction with
other techniques such as HPLC and immunoassay. Modern microprocessor-controlled spectropho-
tometers offer many advantages over older single- and double-beam instruments. These include,
not only increased stability and sensitivity, but also background correction to facilitate spectral
scanning. Nevertheless, with the possible exceptions of HPLC-DAD systems in assessing peak
homogeneity and in STA, and FTIR in the GC of solvents and other volatiles, spectral scanning
has been largely superseded in STA by GC-MS. With the exception of the urine tests for parac-
etamol and paraquat, colour tests too have been largely superseded, although such tests may still
be valuable if used with due caution when other methods are not available.
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S Introduction to Chromatography
and Capillary Electrophoresis

5.1 General introduction

Chromatography and electrophoresis are separation methods. Normally, a mixture is applied in
solution as a narrow initial zone or bolus to an appropriate stationary phase or, in the case of
electrophoresis, a column or gel containing an electrolyte. In chromatography, a suitable flow-
ing mobile phase or eluent is introduced to the mixture, or eluent flow is otherwise initiated
and the components of the mixture are separated by differential physiochemical interaction with
the stationary and mobile phases. The stationary phase may be a porous solid such as silica
gel (adsorption chromatography), or an immiscible or nonvolatile liquid held on a suitable solid
support (partition chromatography). The technique has many similarities to SPE (Section 3.2.6),
which in some ways can be viewed as preparative chromatography. In electrophoresis an elec-
trical potential is applied and separation is by movement of ionized species to the appropriate
electrode.

5.1.1 Historical development

The father of chromatography is recognized as the Russian botanist M.S. Tswett (1872—1919).
He stated that ‘chromatography is a method in which the components of a mixture are separated
on an adsorbent column in a flowing system’. In his original experiments (1903), Tswett packed
a fine powder such as sucrose into a glass tube to produce a column of the desired height. After
extracting green and yellow chloroplast pigments from leaves and transferring them to petroleum
ether, he poured a small volume of the extract onto the column. When the pigments had formed
a narrow initial band at the top of the adsorbent, fresh solvent (petroleum ether) was added
and pressure applied to the top of the column. As the solvent flowed through the column the
individual pigments moved at different rates and were eventually separated from each other. The
key features of Tswett’s technique were the application of the mixture as a narrow initial zone
and the development of the chromatogram by application of fresh solvent. Others had employed
procedures based on the phenomena of adsorption or partition, but these lacked Tswett’s critical
development step and therefore did not yield effective resolution of mixtures.

Amongst many subsequent developments, those of A.J.P. Martin (1910-2002) and R.L.M.
Synge (1914-1994), who were awarded the 1952 Nobel Prize in Chemistry for the discovery
of partition chromatography (Martin and Synge, 1941), and of A.T. James and A.J.P. Martin,
who developed gas—liquid partition chromatography (James and Martin, 1952), stand out (Adlard,
2003). Further important work lay in the development of sensitive detectors for GC. The flame-
ionization detector (FID) responds to most organic compounds, whilst the electron-capture
detector (ECD) shows an enhanced and selective response to compounds containing strong
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electronegative moieties such as halogen atoms or nitro groups. The nitrogen—phosphorus de-
tector (NPD), also known as the alkali flame-ionization detector (AFID), shows an enhanced and
selective response to compounds containing C—N bonds or phosphorus.

In 1948 the Swedish analyst A.W.K. Tiselius (1902—1971) was awarded the Nobel Prize in
Chemistry for his pioneering work in developing electrophoresis. Capillary electrophoresis (CE)
was pioneered by Hjerten, who had built tube electrophoresis units by 1959 and went on to
demonstrate that free-flowing electrophoresis in capillary tubes with UV detection was feasible.
Jorgenson and Lukacs (1981) developed the first truly useful CE instrument and showed that it
had exceptional resolution. More recently, capillary electrophoresis and related techniques have
been used in the analysis of drugs and other poisons.

Chromatography and electrophoresis have developed into a range of modes including paper
chromatography (PC), thin-layer chromatography (TLC), ion-exchange chromatography,
gel-permeation chromatography (GPC, also known as size-exclusion chromatography, SEC),
affinity chromatography, gas chromatography (GC), supercritical-fluid chromatography (SFC),
high-performance liquid chromatography (HPLC), capillary electrophoresis (CE, also known as
capillary zone electrophoresis, CZE), and capillary electrochromatography (CEC). CE and CEC
are hybrid techniques wherein eluent flow is produced by electro-osmosis.

In the 1950s there was great emphasis on the development of TLC methods. At the same time,
research in liquid chromatography led to the development of various amino-acid analyzers. These
analyzers used columns made of styrene/divinylbenzene polymers that were derivatized to make
strong cation-exchange (SCX) materials. After gradient elution (changing the eluent composition
with time in a defined way), the column eluate was mixed with ninhydrin, heated and passed
through a spectrophotometric cell and the absorbance monitored (570 nm). The analysis of one
sample could take 2 days.

In PC and TLC, techniques that are sometimes referred to as planar chromatography or de-
velopment chromatography, solutions of the analytes are usually applied as small discrete spots
or bands. The application solvent is evaporated before the edge of the paper sheet or strip, or
thin-layer plate, is placed in the liquid mobile phase, which is drawn along the sheet or plate
(the stationary phase) by capillary action. Several analyses may be performed in parallel. All the
analytes are detected (normally visualized) at the end of the development process.

In most other forms of chromatography, a sample (or sample extract) is either added to the
eluent, which may be a gas, a liquid or a supercritical fluid, such as carbon dioxide, or placed on a
support material or otherwise concentrated before the eluent is introduced. The eluent containing
the analyte and other components of the sample/sample extract is then allowed or made to flow
through or past a stationary phase supported within a column. The mobile and stationary phases
are chosen such that different components of the sample have different affinities for each phase.
A component that has poor affinity for the stationary phase will pass through the column quite
quickly, and vice versa. As a result of these differences in mobility, sample components become
separated as they travel through the column. This process is called elution chromatography and
analytes are detected sequentially as they elute from the column. In both development and elution
chromatography sample transport is by continuous addition of mobile phase. Various modifi-
cations of these techniques are possible, for example development of a TLC plate in a second
dimension using a different mobile phase.

There has been continuous development in many branches of chromatography and in CE since
the 1960s, particularly in materials and in the refinement of instrumentation that has resulted in
the efficient, reliable and sensitive analytical methods that form the backbone of modern routine
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laboratory analysis (Ettre, 2002; Issaq, 2002; Grob and Barry, 2004). Manufacturers’ catalogues
and web sites often contain up-to-date information on newer products, although important ex-
perimental details may be lacking. Chromatograms, for example, may have been obtained using
pure compounds and/or concentrated solutions may have been injected; in some cases the actual
amount injected and the detector sensitivity may not be stated. As well as the formal scientific
literature, the trend to publications sponsored by manufacturers or funded from advertising has
produced some useful free magazines; LC GC is probably the best of these.

Theoretical aspects of chromatography

Chromatographic theory was studied by Wilson (1940), who discussed the quantitative aspects
of chromatography in terms of diffusion, rate of adsorption, and isotherm nonlinearity. The first
comprehensive mathematical treatment describing column performance (using the height equiv-
alent to a theoretical plate, HETP), in terms of stationary phase particle size and diffusion, was
presented by Martin (1949). However, it was van Deemter et al. (1956) who developed the rate
theory to describe the separation processes following on from earlier work of Lapidus and Ad-
munson. Giddings and Eyring (1955) first looked at the dynamic theory of chromatography and,
from the 1960s onward, examined many aspects of GC and general chromatography theory. A
compendium of terms related to chromatography and associated areas, LLE, for example, is
available (IUPAC, 1997).

In the simplest forms of GC and of HPLC, the stationary phase is simply a rigid material
packed within a column through which the eluent flows, but more usually the stationary phase is
coated or bonded directly to a column, or to particles of a rigid support material packed within
the column. In the mid 1960s, discussion of the parallels between LC and GC suggested that
use of smaller particles in HPLC would lead to better efficiency, hence greater speed of analysis,
and thus better sensitivity/selectivity. The problem with columns packed with larger particles
was the slow mass transfer of the analyte molecules into and out of the pores of the stationary
material. Packings made with smaller particles were thus investigated to improve resolution. A
range of suitably small particle size packings based on 10 wm average particle size silica gels
(sized with air classification techniques) were soon introduced, and work began on how best to
pack these small particles to give efficient columns. Organosilane bonding technologies were also
introduced.

5.2.1 Analyte phase distribution

The components of a mixture become distributed between the stationary and mobile phases as
they are transported through the stationary phase in the fluid mobile phase. Differences between
their distribution coefficients (Kp) result in separation:

KD :Cs/cm (51)

where Cj is the molar concentration of a component in the stationary phase, and Cy, is the molar
concentration of the same component in the mobile phase. In development chromatography the
distance moved by the analyte in relation to the distance moved by the eluent (‘solvent front’) is
called the retention fraction (Rp). In elution chromatography the time between sample injection
and an analyte peak reaching a detector at the end of the column is termed the retention time (#g).



120

5 INTRODUCTION TO CHROMATOGRAPHY AND CAPILLARY ELECTROPHORESIS

Detector response

Time

Figure 5.1 Elution chromatography: retention time.

The time taken for the mobile phase itself to pass through the column is called ty; (Figure 5.1). In
HPLC, multiplying the retention time by the eluent flow rate (which can usually be considered
to be constant) gives the retention volumes, Vy and Vg. Vi is known as the void volume of the
column and is the volume of solvent that surrounds the packing material. Because gases are much
more compressible than liquids, the average flow rate in a GC column is less than the flow rate
measured at the column outlet and the corrected retention volume is given by:

o 3[(PR/PY 1
VR = > [7(&/130)3 — 11| VR 5.2)

where P; and P, are the inlet and outlet pressures, respectively. A different correction is required
if the flow rate is measured at the column inlet rather than the outlet.

The term retention factor (k, sometimes called capacity factor, k') is often used to describe the
migration rate of an analyte on a column. The retention factor for analyte A is defined as:

R — 1
kp = =M (5.3)
M

Because analyte migration is defined in terms of the number of column volumes, this parameter
is independent of column geometry and flow rate. One problem, though, is that it may be very
difficult to measure #y accurately — a small error here can give large errors in k especially with
very short columns. In GC, #y is normally taken as the first deviation of the baseline post-
injection (it is assumed that some air gets into the system at the time of injection hence this is
known as the ‘air peak’), whilst in HPLC with UV detection the first deviation of the baseline
following the injection of a small quantity of non-retained solvent such as acetone is used as the f;
marker.

Accurate measurement of fg, on the other hand, may be difficult with asymmetric peaks. If
k < 1, accurate measurement of /g may be difficult, and the analyte peak may be lost in the solvent
front that is often seen with biological extracts. On the other hand, values of k > 20 are usually
associated with long retention times and broad peaks — temperature programming in GC (gradient
elution in HPLC) is one way of sharpening late-eluting peaks and thereby extending the range of
analytes that can be detected/measured in a given analysis. Ideally, in isocratic (constant eluent
composition) HPLC and isothermal (constant column temperature) GC & should be in the range
2-5 or thereabouts.
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5.2.2 Column efficiency

To obtain optimal sensitivity and selectivity, sharp, symmetrical peaks (so-called because of their
appearance on a recording device) are the goal in elution chromatography, whilst small, discrete
spots or bands are the aim in development chromatography. Analyte peaks or bands that move most
quickly in a chromatographic system tend to be sharper than those that elute later because there
is less time for zone broadening (Section 5.2.3). The extent of zone broadening determines the
efficiency of a column for a given analyte under the analytical conditions used. For any meaningful
comparison to be made between two columns, efficiency must be measured with the same analyte
under the same conditions. Efficiency can be expressed either as the number of theoretical plates
or plate number (N ), or by the height equivalent of a theoretical plate (HETP, or just H). The
theoretical plate model of chromatography postulates that the column contains a large number
of separate layers or plates, a concept based on bubble-cap fractionation columns, in which the
greater the number of plates in a given length, the greater the separation (Figure 5.2). Separate
equilibration of the sample between the stationary and mobile phases is said to occur at each plate.

Bubble cap
Plate l
(tray)
\\ 'ﬁ‘ III lnl .
A
Rising vapour Plate height
(HETP)
i lﬁl 'n‘ 'ﬁ‘ v
Returning
liquid

Figure 5.2 Schematic representation of a fractionating column showing the concept of plate height.

The width of a chromatographic peak is influenced by a number of random processes, each of
which has its own variance, and so an ideal chromatographic peak will be of Gaussian shape with
a variance, o2, equal to the sum of the total variances (Figure 5.3). There are two main ways to
calculate N. The first is to estimate the ‘peak width’ (W, = 40) by constructing tangents to the
points of inflexion. The plate number is:

2
IR
N =16 <—) (5.4)
Wy
A more practical method is to use the width of the peak at half the peak height (Wys = 2.3550)

SO:

N =554 (R ’ 5.5
_s. (W—) (5.5)

0.5
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Figure 5.3 Chromatographic efficiency: measurement of HETP.

The advantage of HETP or H is that it is independent of column length. If the length of the
column is L cm, then:

H=L/N (5.6)

An efficient column will have a small value of H. Efficiency can also be expressed as plates per
metre:
100N

Platesm™! = 6.7
L

5.2.3 Zone broadening

The plate model assumes that analyte equilibration between the stationary phase and the mobile
phase is virtually instantaneous. A more realistic description of the chromatographic process
takes account of the time needed for analyte equilibration between the phases. The shape of a
chromatographic peak is affected by the rate of elution, but it is also affected by the different paths
available to solute molecules as they travel between particles of stationary phase. Considering the
various mechanisms which contribute to band broadening gives the van Deemter equation (van
Deemter et al., 1956):

H=A+B/u+Cu (5.8)

where u is the average linear velocity of the mobile phase and A, B and C are factors that contribute
to band broadening.

5.2.3.1 Multiple path and eddy diffusion

Analyte molecules take different paths through the column at random. This will cause broadening
of the solute band, because different paths are of different lengths. The spreading is proportional
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to the particle size (diameter = d,) and is independent of the mobile phase velocity. Van Deemter
introduced a constant (2\) to account for the inhomogeneity and quality of the packing so his
expression for the multipath term contribution was:

A = 2\d, 5.9
For an ideally packed column, A = d,, thatis A = 0.5.

5.2.3.2 Longitudinal diffusion

Considering a band of analyte in a column, the concentration will be lower at the edges of the
band than at the centre because the analyte diffuses out from the centre to the edges. The greater
the amount of time that the band is in the column, the greater will be the diffusion and hence
the band broadening. High eluent velocities will decrease the effect of longitudinal diffusion by
reducing the time the analyte is in the column, that is the contribution to H caused by longitudinal
diffusion is inversely proportional to #. Because the van Deemter equation was derived for packed
column GC, the longitudinal diffusion in the stationary phase was negligible compared to that in
the gas phase, so:

B =2yD,, (5.10)

Dy, is the diffusivity of the analyte in the mobile phase, and vy a correction factor for the geometry
of the packing, which must affect the diffusional path.

5.2.3.3 Resistance to mass transfer

The analyte takes time to equilibrate between the phases. If the eluent velocity is high and the
analyte has a strong affinity for the stationary phase, then the analyte in the eluent will move ahead
of the analyte in the stationary phase giving band broadening. The higher the eluent velocity, the
larger will be the band broadening. The term used by van Deemter was:

8k  d>

C=——— 5 5.11
m2(1 + k)2 Dy (5-11)

where Dy is the diffusivity of the analyte in the stationary phase and d; is the thickness of the
film of stationary phase. Again, because eddies in the eluent aid mixing, the resistance to mass
transfer in the mobile phase was considered negligible and ignored.

Thus, the van Deemter equation can be written:

M=oy + YPm 8k &
= —U
P u w2(1 + k)% D,

(5.12)

Despite the fact that the van Deemter equation was derived for packed column GC, the terms
illustrate the importance of:

* particle size (smaller particles give greater efficiency)

e the thickness of the stationary phase (thinner films give greater efficiency)

e cluent velocity.
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If the van Deemter equation is to be used to explain chromatographic behaviour in HPLC, then
a term for the resistance to mass transfer in the eluent must be included. Like the resistance to
mass flow in the stationary phase, this is inversely proportional to #, and so the general form of
the equation, although more complex, is the same as Equation (5.8). Van Deemter plots, in which
HETP is plotted against eluent velocity, are very useful in ensuring that the mobile phase flow-rate
is optimal (Figure 5.4).

Optimum flow rate
(Minimum HETP)

Resistance to
mass transfer

HETP

<@ Sy Eddy diffusion
Longitudinal diffusion

Average mobile phase velocity, u

Figure 5.4 Chromatographic efficiency: effect of mobile phase velocity on HETP.

It is important to consider the effects of column diameter on the linear flow rate. If the column
diameter is reduced by half then the flow rate (mL min~!) must be reduced to one quarter to
maintain the original linear flow.

The Golay equation was formulated to describe dispersion in open tubular or capillary columns
(Golay, 1958). Because there is no multipath term, it takes the form:

H=B/u+Cu (5.13)
For a column of internal radius, r, it is:
2Dy (14 6k + 11K>)r2 K32
H = 5.14
» 240+ 2Dy 6+ 2K2D. " (5-14)

where K is the distribution coefficient of the analyte between the stationary and mobile phases.
Whereas the size of the packing is a major contributor to band broadening in packed columns,
it is clear that for capillary columns the resistance to mass transfer terms are proportional to the
square of the radius.

The Giddings equation was derived using a random walk model and takes the general
form:

A B

M=TvEm ™" e
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Unlike the van Deemter equation, this becomes zero when there is no eluent flow, but as the flow
increases the term E/u will tend to zero and the equation then takes the same form as the van
Deemter equation.

The Knox equation is an empirically derived equation applicable to HPLC (Done et al., 1973)
and simpler than that of Giddings. H is replaced by the reduced plate height, &, which equals
H /d, (i.e. the plate height in terms of the particle size):

B
h=Av+=4+Cv (5.16)
1%

and v is the reduced velocity and equals ud,/Dy,. The coefficient A normally ranges from 0.2-1.7
and decreases with increasing homogeneity of the packing. B ranges from 1.6-1.8 and C ranges
from 0.05 to 0.03. Usually 4 has a minimum value of 2-3 atv = 2-3,soin HPLC, H = 2-3 d, at
the optimum. For example, if a 3 wm average particle size stationary phase is used, the optimum
H is 6-9 pm, and in the case of a column 25 cm in length, the theoretical plate number that should
be obtained is about 40,000.

5.2.4 Extra-column contributions to zone broadening

Three factors should be taken into consideration: (i) sample volume, (ii) detector volume and
(iii) the connecting tubing between the injection value and the column, and the column and the
detector. Band spreading due to the first two is proportional to their respective volumes. Generally,
therefore, the volume injected should be kept as small as practicable. If detectors are connected
in series the detector with the largest internal cell (swept) volume should be placed last whenever
possible. The internal diameter (d) of the connecting tubing can have a major effect, as spreading
is proportional to d*. Narrow-bore PTFE tubing is generally suitable for post-column connections
in HPLC.

5.2.5 Temperature programming and gradient elution

Another practically important variable in LC and, to an extent in GC, is ‘peak capacity’, that is
the number of peaks that can be represented on a chromatogram. A typical packed HPLC column
with N = 5000 plates yields a peak capacity between 17 for values of k from 0.2-2 and about
50 for k values from 0.5-20. However, when the sample contains a large number of analytes of
differing volatilities or polarities, then temperature programming (GC) or gradient elution (LC)
will be required. Isothermal or isocratic analysis of such a mixture would not only require very
long run times, but also the late-eluting peaks would be so wide that they would be ‘lost’ in the
baseline noise of the chromatogram. With temperature programming, the analytes are condensed
in a tight band at the top of the column and only begin to migrate when the temperature is high
enough, that is some analytes are being separated whilst others are stationary. Thus, the time a
particular analyte is actually moving in the column is similar to that of any other analyte and
so the band spreading due to longitudinal diffusion (normally proportional to 73) is very much
reduced for later eluting peaks. The same principle applies to gradient elution LC, but in this case
it is the eluent composition that is modified.
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5.2.6 Selectivity

The column selectivity factor, o, describes the separation of two species (A and B) on the column.
When calculating the selectivity factor, A always elutes before B, that is « is always > 1.

= (5.17)

(03

Although «a describes the separation of band centres, it does not take into account peak width.
Another measure of separation is provided by resolution (R):

_ 2[(tR)B — (1R)Al

R= (5.18)
Wa + Wp

where W = baseline peak width. Baseline resolution is attained when R = 1.5 (Figure 5.5).
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Figure 5.5 Effect of efficiency on resolution of A and B. Values calculated using ks = 10,0 = 1.2; N
calculated for peak B.

It is also useful to relate resolution to the number of theoretical plates (V), the selectivity factor
(o) and the retention factors (k) of the two solutes.

R:ﬁ(‘)‘_l)< L ) (5.19)
4 Ua J\st1

To obtain good resolution, all three terms of Equation (5.19) must be maximized. Increasing N by
lengthening the column will cause some increase in band broadening. Alternatively, N can be in-
creased by decreasing the size of the stationary phase particles, but there are practical limits to this
because use of smaller particles increases the pressure needed to maintain eluent flow. In GC espe-
cially this is self-limiting as increased gas pressure simply compresses the mobile phase. This is the
great theoretical advantage of CE and CEC as eluent flow is not dependent on eluent inlet pressure.

An alternative measure of column efficiency is provided by the separation number (Trennzahl,
TZ), which is calculated thus (Kaiser, 1976a, 1976b):

IRy — IR,

A S ——
Wo.s, + Wos,

1 (5.20)
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TZ represents the number of peaks that can be inserted between the peaks of two consecutive
hydrocarbon homologues in a chromatogram and is related to resolution:

z— & 4 5.21)
T 1.18 ’

Separation number is very useful in temperature programming in GC and gradient programming
in LC where conventional (isothermal or isocratic) measures of column efficiency cannot be used.
If TZ = 0 an additional peak will not fit between the two peaks of interest, if 7Z = 1 one peak
will fit, and so on.

On a practical level, chromatographic separations can often be improved by changing the
column temperature (mainly GC) or the eluent composition (LC). The selectivity factor, a, can
also be manipulated to improve separations. Sometimes changing the composition of the stationary
phase (mainly GC, but also LC) or using eluent additives such as a species that complexes with
one of the analytes in the stationary phase are effective in improving resolution and/or peak shape.

It is important to understand that matrix components or other analytes may affect separations.
In TLC co-extracted sample components, for example, may influence the analysis if present at
much higher concentrations than other analyte(s). In GLC, HPLC and CE the injection solvent,
or the injection volume in the case of headspace GC, or indeed the presence of other analytes in
high concentrations, may alter the retention characteristics of other components of a mixture.

5.2.7 Peak asymmetry

The ideal chromatographic peak will be a perfect Gaussian shape, reflecting the additive combi-
nation of the random motions of the analyte in the system. In practice symmetrical peaks are not
obtained, and their deviation from that of a true Gaussian peak — the peak asymmetry — can be
measured and compared. To do this, the peak is usually measured as shown in Figure 5.6.

|
>

Peak height, h
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Figure 5.6 Measurement of peak asymmetry.

Here, AC and CB are measured at 10 % of the total peak height (/) above the baseline, and the
asymmetry factor, Ay, is calculated thus:

As = CB (5.22)
*TAC '
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A Gaussian peak will have A equal to unity. Tailing peaks, usually caused by adsorption of
analyte to the ‘reactive sites’ on the column or column walls, will produce A values greater than
1. Fronting peaks, often a result of overloading the column with analyte or eluent flow through
channels within the column, will have A; < 1. Peak shape can be considered poor if As exceeds
1.5-2, depending on the type of analysis and the conditions used, due to its impact on the resolution
of components and the likely error in the measurement of retention times. Fronting peaks lead to
an overestimate of the true retention time, whilst tailing gives an underestimate of the retention
time compared with that of a Gaussian peak.

Measurement of analyte retention

Retention factors (k), absolute retention times (volumes) and retention times relative to the reten-
tion of a given compound (internal standard) can be useful ways of recording retention data in GC.
However, the Kovats retention index (Kovats, 1961) provides a method of recording retention data
that is independent of eluent flow rate, column length, phase loading and operating temperature.
Moreover, accurate measurement of ¢ is not required. Straight-chain (normal) hydrocarbons are
assigned an index of 100 x the number of carbon atoms in the molecule (e.g. decane = 1000). The
retention index of a given analyte at a given column temperature is then calculated by difference
from the retention indices of the normal alkanes eluting before and after the analyte (Supelco,
1997). Retention indices can also be calculated from data generated on a temperature program by
applying the following formula during individual ramps of the program (van den Dool and Kratz,
1963; Lee and Taylor, 1982):

IR. —
RI, = 100z + 100 — R (5.23)

ZR(:H) - tR:

where: RI, = retention index of x, z = n-alkane with z carbon atoms eluting before x, g, =
retention time of X, fr, = retention time of z and #g(.+1) = retention time of n-alkane with z 4 1
carbon atoms eluting after x.

A practical problem in the use of retention index data in GC is that normal hydrocarbons show
no response on selective detectors such as ECD or NPD (Section 7.2.2) and do not give particularly
good responses on MS, hence attempts have been made to construct retention index schemes based
on, for example, trialkylamines (Watts and Simonick, 1987) or nitroalkanes (Aderjan and Bogusz,
1988). However, in practice, alkylamines are not pleasant compounds to work with and such
schemes found little favour, an effluent splitter system to an FID being used to give hydrocarbon
responses if needed. A detailed discussion of the use of relative retention time and GC retention
index data in analytical toxicology is given by Huizer (1991). The analysis of a selected group
of compounds structurally similar to the analytes, but with known retention index values, has
been proposed as a way of correcting for systematic errors in retention index measurements of
unknowns (Franke et al., 1993).

Many attempts have been made to develop a suitable retention index system for HPLC using,
for example, homologous series of alcohols, ketones or nitroalkanes (Bogusz et al., 1988; Smith,
1995), but in practice such methods offer no advantage over retention factors and other simpler
ways of expressing retention in HPLC.
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5.4 Summary

Chromatographic techniques, notably GC and HPLC, and to an extent TLC, are of unrivalled
importance in analytical toxicology as discussed in the following chapters, but must be used
with due care and attention to detail if reliable results are to be obtained. An appreciation of
the theoretical aspects of chromatography as presented here is important in making best use
of the resolving power of these systems. However, SFC, once widely advocated for a variety
of applications, has been largely discarded. Capillary electrophoretic techniques too, whilst of
value in pharmaceutical QC and in separating enantiomers on an analytical scale, as discussed in
Chapter 9, at present have neither the sensitivity nor the mechanical strength to provide a robust
system for trace analysis.
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6 Thin-Layer Chromatography

6.1 Introduction

Thin-layer chromatography (TLC) involves the movement by capillary action of a liquid phase
(generally an organic solvent) through a thin, uniform layer of stationary phase (usually hydrated
silica gel, SiO;) held on a rigid or semirigid support, normally a glass, aluminium or plastic sheet
or ‘plate’ (Poole, 2004). TLC is relatively inexpensive and simple to perform, although a fume
cupboard or hood is normally needed, particularly if plates are sprayed rather than being dipped
to visualize the analytes. TLC can be a powerful qualitative technique when used together with
some form of sample pretreatment such as LLE (Section 3.2.5). However, some separations can
be difficult to reproduce, even when they are performed in the same laboratory. The interpretation
of results can also be very difficult, especially if several drugs and/or metabolites are present
(Box 6.1).

Box 6.1 Application of TLC in analytical toxicology

¢ Robust qualitative technique

e Batch analysis — many extracts can be analyzed together

e Primarily used for urine, although extracts of other samples can be analyzed

e Non-destructive: can usually recover analyte if plate not treated with visualization reagent
e Does not require complex equipment (but needs fume cupboard or hood)

Relatively low sample capacity — chromatographic system easily overloaded

e Quantitative measurements are possible using densitometric scanning

TLC of solvent extracts of urine, stomach contents or scene residues is widely used in poison
‘screening’ procedures and is also recommended for the detection and identification of a number
of specific compounds and groups of compounds. In some respects, TLC is an extension of the
colour tests discussed in Section 4.1 as the colours formed with various reagents form the basis
of compound identification. However, incorporation of: (i) a solvent extraction and concentration
step and (ii) a chromatographic step enhances both sensitivity and selectivity. If required, unreacted
zones (i.e. zones not treated with a visualization reagent), can be removed and prepared for GC,
HPLC or MS analysis.

Generally, it is unwise to rely solely on TLC without corroboration of the results by GC, for
example. This is because the resolving power of TLC is limited and the interpretation of the
chromatograms obtained is, to an extent, subjective (Ojanperd, 1992). This being said, high-
performance TLC (HPTLC) has superior resolving power as compared to conventional TLC
(Section 6.8), and the combination of efficient chromatography with colour visualization confers
good selectivity. Quantitative work is feasible with a densitometric scanner.
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Itis important to note that many spray reagents used in analyte visualization are extremely toxic
and spraying should always be carried out in a suitable fume cupboard or hood. Furthermore, drift
from spaying can leave residues on the walls of the cupboard, so lining the cupboard is to be rec-
ommended to facilitate periodic cleaning. Disposal of sprayed TLC plates must also be undertaken
with due care after recording the results. Some practical points are summarized in Box 6.2.

Box 6.2 Practical aspects of TLC in analytical toxicology

e Difficult to obtain reliable TLC plates — pretest a plate from every batch purchased

e Difficult to automate

e If developing solvent uses ammonium hydroxide, concentrated ammonia (RD 0.88, 28 %
w/v) must be used; loss of ammonia from reused solvent is a frequent cause of poor results

e Use ‘saturated” TLC tanks to obtain reproducible results

e Must score columns on large plates for good results

e Many spray reagents are very toxic — care!!

Preparation of thin-layer plates

On a standard TLC plate, the stationary phase is normally a uniform film (0.25 mm thick) of silica
gel (20 wm average particle size). The usual size of the plate is 20 x 20 cm, although smaller
sizes may be used. Plates incorporating a fluorescent indicator are available so that UV absorbing
compounds can be located as dark spots on a fluorescent background prior to spraying with
visualization reagents, if required. Prior soaking of the plate in methanolic potassium hydroxide
and drying may improve the chromatography of some basic compounds when using certain solvent
systems, but generally addition of concentrated ammonium hydroxide (RD 0.88) to the mobile
phase has the same effect.

TLC plates can be prepared in the laboratory from silica gel containing an appropriate binding
agent (silica gel G contains gypsum —hydrated calcium sulfate — as binding agent) by using a simple
slurry-spreading apparatus. It is important to ensure that the glass plates (usually 20 x 20 x 0.5
cm) are clean and free from grease before use. The silica gel is mixed with twice its own weight
of water to form a slurry, which is then quickly applied to the glass plate using a commercially
available spreader to form a film about 0.25 mm thick. Additives such as a fluorescent indicator may
be included if required. The plates should be dried in air and should be kept free of moisture prior
to use. The quality of such ‘home-made’ TLC plates should be carefully monitored; activation (i.e.
heating at 100 °C for 30 min before use) may be helpful in maintaining performance. Preparing
TLC plates by dipping glass plates into a slurry of silica with subsequent drying gives very variable
results and is not to be recommended.

Home-made plates generally give silica layers that are much more fragile than those of
commercially available plates. In addition, chromatographic performance tends to be much less
reproducible with home-made plates. Experience suggests that it is best to standardize on a par-
ticular brand of commercially available plates, such as Silica gel 60 F,s4 (E. Merck, Darmstadt,
Germany). However, even with commercial plates batch-to-batch variations in retention, and also
in sensitivity with certain analyte—spray reagent combinations, may be encountered.
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Sample application

Some commercially available plates are supplied with a special adsorbent layer to simplify appli-
cation of the sample. Normally, however, the sample is loaded directly onto the silica gel layer.
The plate should be prepared by marking the origin by drawing a light pencil line at least 2 cm
from the bottom of the plate — care should be taken not to disturb the silica surface in any way. A
line should then be drawn on the plate 10 cm above the origin to indicate the optimum position of
the solvent front; other distances may be used if required. It is advisable when using 20 x 20 cm
plates to score columns approximately 2 cm wide vertically up the plate leaving scored margins
on either side of the plate to minimize ‘edge effects’ as discussed below.

The samples and any standards should be applied at the origin in the appropriate columns.
Sample loading should be performed carefully using a micropipette or syringe so as to form
‘spots’ no more than 5 mm in diameter. If larger spots are produced then resolution will be
impaired when the chromatogram is developed. The volume of solvent applied should be kept to
a minimum; typically 5-10 pL of solution containing about 10 pg of analyte is suitable. Samp