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Summary

The metabolism of absorbed xenobiotic compounds in humans results in a mixture
of target compounds applicable for analysis, trapped in complex biological
matrices. Gas chromatography-mass spectrometry (GC-MS) is a powerful analytical
technique that has been successfully applied in the analysis of volatile and semi-
volatile compounds from complex biological samples. This is due to the ability of
GC-MS to separate different sample constituents at trace levels while providing
accurate molecular structural information for the resolved compounds. The
complexity of biological specimens and their largely aqueous nature, combined
with the physicochemical properties of target analytes resulting from metabolism,
greatly precludes direct analysis of biosamples by GC-MS. Traditionally, highly
laborious and time consuming sample preparation procedures are performed to
isolate and chemically alter target analytes to attain suitable amenity for the
detection system. Furthermore, routine analytical procedures in clinical toxicology
laboratories are signified by short specimen turn-around times. The commonplace
use of GC-MS in modern-day laboratories still suffer from prolonged turn-around
times that result from both sample preparation steps and lengthy instrumental
analysis. Simplified and cost-effective analytical procedures capable of extracting
multiple analytes, with divergent functional groups, from biological matrices in a

timely manner are therefore required.

To address this issue, this work describes the development of validated extractive-
derivatization methods combined with fast GC-MS analysis for expedient and
accurate quantitation of different analytes in occupational monitoring and
workplace drug testing. Extractive alkylation of acidic analytes phenol, 0-cresol,
mandelic acid, hippuric acid, and (0-, m-, p-) methylhippuric acid for simultaneous
urinary bio-monitoring of occupational exposure to benzene, toluene, ethylbenzene,
and xylene, respectively, is performed. Extractive acylation for simultaneous
urinary confirmation of basic analytes amphetamine, methamphetamine,
norephedrine, methcathinone, ephedrine, methylenedioxyamphetamine (MDA),
methylenedioxymethamphetamine (MDMA), methylenedioxyethylamphetamine
(MDEA) and N-methyl-1-(3,4 methylenedioxyphenyl)-2-butanamine (MBDB) in
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workplace drug testing is performed. The successful combination of
abovementioned techniques alongside fast GC-MS allows increased sample
throughput and decreased turn-around time for routine analysis while maintaining
bioanalytical quantitative criteria, as required in a clinical toxicology laboratory

setting.
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Opsomming

Die metabolisme van geabsorbeerde xenobiotiese verbindings in die mens
produseer N mengsel van teiken-komponente geskik vir analise, maar wat
vasgevang 1s in komplekse biologiese matrikse. Gas chromatografie-massa
spektrometrie (GC-MS) is N] kragtige analitiese tegniek wat reeds suksevol toegepas
word vir die analise van vlugtige en semi-vlugtige verbindings vanuit komplekse
biologiese monsters. Dit is te danke aan die vermoé¢ van GC-MS om die
komponente van komplekse mengsels teen spoorvlak-konsentrasies te skei, met die
behoud van akkurate molekulére strukturele informasie vir geskeide komponente.
Die kompleksiteit van biologiese monsters en hul inherente waterige natuur, tesame
met die fisies-chemiese eienskappe van die teiken analiete wat uit metabolisme
voortspruit, verhoed grootliks die direkte analise van bio-monsters deur GC-MS.
Tradisioneel is arbeidsintensief en tydsame monster voorbereidings prosedures
gevolg om teiken-verbindings te isoleer van die matriks en chemies te verander, om
geskik te wees vir die analitiese deteksie sisteem. Verder word die roetine analitiese
prosedures in klinies toksikologiese laboratoriums gekenmerk deur kort analise
omdraai-tye. Die alledaagse gebruik van GC-MS in hedendaagse laboratoriums
gaan steeds gebuk onder verlengde omdraai-tye as gevolg van uitgerekte monster
voorbereidings prosedures asook lang instrumentele analises. Vereenvoudigde en
koste-effektiewe analitiese metodes met die vermo€ om menigte chemies-diverse

analiete te isoleer vanuit biologiese matrikse, word dus benodig.

Hierdie werk beskryf dus die ontwikkeling van valideerde ekstraksie-derivatiserings
tegnieke in kombinasie met vinnige GC-MS analise vir N klinies toksikologiese
laboratorium, met betrekking tot die akkurate kwantifisering van verskeie teiken-
verbindings soos genoodsaak deur beroeps gesondheids- en dwelmmonitering.
Gelyktydige ekstraksie en alkilering (ekstraktiewe-alkilering) van die suur-
funksionele verbindings fenol, 0-kresol, amandelsuur, hippuursuur, en (0-, m-, p-)
metielhippuursuur vir gesamentlike urinére bio-monitering van beroeps-
blootstelling aan benseen, tolueen, etielbenseen en xileen, respektiewelik, is
ontwikkel. Gelyktydige ekstraksie en asilering (ekstraktiewe-asilering) vir
gesamentlike urinére bevestiging van die basis-funksionele verbindings

amfetamien, metamfetamien, norefedrien, metkatinoon, efedrien, metileendioksie-
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amfetamien (MDA), metileendioksie-metamfetamien (MDMA), metileendioksie-
etielamfetamien (MDEA), en N-metiel-1-(3,4 metileendioksiefeniel)-2-butanamien
(MBDB) met betrekking tot beroeps-dwelmmonitering, is ontwikkel. Die
suksesvolle toepassing van bogenoemde tegnieke tesame met vinnige GC-MS lei
tot verhoogde monster-omset sowel as verkorte analise-omdraaitye, terwyl die
gevestigde kriteria vir kwantitatiewe bioanalitiese metodes streng nagevolg word.
Die metodes is voldoende vir roetine analitiese doeleindes in N moderne klinies

toksikologiese laboratorium.
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Chapter 1

INTRODUCTION: CLINICAL TOXICOLOGY
LABORATORY SETTING AND ANALYTICAL
REQUIREMENTS

1.1. Introduction

“Do not talk a little on many subjects, but much on a few.” (Pythagoras, 582 — 497 BC)

Mass spectrometry (MS) was developed from 1907 to 1919 by Thomson and
Aston to identify isotopes [1]. Beginning in the 1950°s, MS instruments became more
commercially available and found application in the determination of accurate
molecular mass and subsequent calculation of elemental composition of a wide variety
of organic compounds. Hyphenation of MS as detection system with a powerful
analytical technique such as gas chromatography (GC), which was able to separate
individual components of complex mixtures, was further propagated during the
following decades. The high sensitivity, specificity, and near-universal detection offered
by GC-MS for analyzing complex compositions of organic compounds such as those
found in bio-samples, was highly sought after. The great disadvantage leading up to the
1980°’s was however the high costs and complexity of the systems offered
commercially. The viable use of GC-MS instrumentation for routine analysis in a
clinical laboratory was realised with the eventual availability of inexpensive and robust
quadrupole mass selective detectors that could be maintained and easily handled by
trained operators. The advent of high performance fused-silica capillary GC columns
allowed GC-MS to become the most powerful method for separation, identification and
quantification of relatively apolar organic molecules isolated from complex matrices
such as biological samples. However, the single most important prerequisite for
successful GC-MS analysis remained sample preparation, as compounds of interest had

to be isolated from the matrix and presented in amenable form to the detection system

2].
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Nearly all substances that enter a living organism are biologically transformed to
some degree, according to the genetic make-up and physiological nature of the specific
organism [3]. This process of bio-transformation is known as metabolism and results in
compounds that the organism may readily absorb or excrete. Metabolism of foreign
compounds in the human body usually results in the conversion of a lipophilic
compound into a more polar, hydrophilic compound that is easier to excrete. The
excreted compound is termed a metabolite, and the structure is usually typified by
addition or creation of a functional chemical group compared to the initial absorbed
(parent) compound. Common metabolite functional groups are carboxyls (-COOH),
hydroxyls (-OH) and amines (-NH).

The wide variety of analytes with divergent functional groups and chemical
properties that arise from metabolism pose a great challenge in biological sample
preparation steps for GC-MS. Grouping metabolites with acidic (eg. -COOH, -OH),
neutral (eg. —OH) and basic (eg. —NH) functional moieties respectively, and applying a
suitable sample preparation procedure for GC-MS analysis, is a logical approach [4].
Cost-effective procedures capable of extracting multiple analytes in a timely manner are
therefore required to meet the analytical needs of a clinical toxicology laboratory that
largely employs GC-MS for quantitation of metabolites in biological matrices.

1.2. Scope of the work

In a clinical toxicology laboratory setting which endeavours to perform routine
analysis for industrial purposes, the highest sample load is expected to be received from
industries involved in occupational biomonitoring. Occupational exposure to volatile
organic compounds in industry is ubiquitous. Authorities thus enforce biomonitoring of
exposed individuals to ensure that the level of exposure does not exceed acceptable
levels above which health would be affected negatively. An extension of occupational
monitoring is so-called workplace drug testing. The same risks to individual health, co-
worker safety, as well as increased employer expenditure due to employee absenteeism,
traditionally associated with occupational exposure to harmful substances, is also linked
to illicit substance abuse [5]. Occupational monitoring is largely performed to protect
the individual employee’s health status, but also to assist employers in preventing

unnecessary costs associated with absenteeism and gross medical expenditure in cases

2
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of work-related disability. The selection of analytes to serve as example for multi-
analyte method development was therefore determined by the most common analysis
requests from various industries, combined with selection of analytes that represent the
general scope of metabolite formation (i.e. acidic to basic).

Routine analytical procedures in clinical toxicology laboratories are signified by
short specimen turn-around times. The commonplace use of GC-MS in modern-day
laboratories still suffer from prolonged turn-around times that result from both sample
preparation steps and lengthy instrumental analysis [6]. Batch-analysis alleviates
instrumental difficulties to a certain degree, as the analytical system can be kept stable
under specific conditions for a specific analysis type. Optimisation of GC instrumental
conditions are still required to achieve expedient analysis times. Multi-analyte
extraction and processing reduces time and labour involved in biological sample
preparation for GC-MS analysis. The present research involved the development of
validated extractive-derivatization methods combined with fast GC-MS analysis for
rapid and accurate quantitation of metabolites in urine as required in occupational
monitoring and workplace drug testing. Extractive alkylation of the acidic analytes
phenol, o-cresol, hippuric acid, and (o-, m-, p-) methylhippuric acid for simultaneous
urinary bio-monitoring of occupational exposure to benzene, toluene, ethylbenzene, and
xylene, respectively, was studied. Extractive acylation for simultaneous urinary
confirmation of basic analytes amphetamine, methamphetamine, norephedrine,
methcathinone, ephedrine, methylenedioxyamphetamine (MDA),
methylenedioxymethamphetamine (MDMA), methylenedioxyethylamphetamine
(MDEA) and N-methyl-1-(3,4 methylenedioxyphenyl)-2-butanamine (MBDB) in
workplace drug testing was studied.

The analytical approach to expedient quantification of compounds in a routine
clinical toxicology setting, exemplified by the aforementioned analytes, is detailed in
the current work as follow:

1. General theory and practise in analytical toxicology:

a. Chapter 2 - General principles of toxicology (metabolism, sampling etc.)

b. Chapter 3 - Analytical measurements (instrumentation, quantitative

requirements etc.)

c. Chapter 4 — Sample preparation (extraction methods and technical

considerations)

2. Specific applications in routine laboratory settings

CHAPTER 1



a. Chapter 5 — Extractive alkylation of acidic urinary analytes
b. Chapter 6 — Extractive acylation of basic urinary analytes
c. Chapter 7 - Conclusions and further considerations for routine clinical

toxicology laboratories
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Chapter 2

TOXICOLOGICAL PRINCIPLES: METABOLISM
AND OCCUPATIONAL BIOMONITORING

2.1. Introduction

“All substances are poisons: there is none which is not a poison. The right dose

differentiates a poison and a remedy.” (Paracelsus, 1493-1541)

This premise forms the central theme to the subject of toxicology. Xenobiotics
(Greek, xenos “foreign”; bios “life”’) can be defined as chemical substances that are
foreign to a biological system or specific living organism. The broad scope of
xenobiotics thus covers nearly all substances or compounds that a living organism
comes into contact with. The focus of toxicology is to seek deeper understanding of the
underlying mechanisms involved in the interaction between the biological system and
the xenobiotic: absorption characteristics, whether its effect is therapeutic or pathologic,
why this effect can be noted and to what extent (i.e. dose-response relationship). To gain
a clearer understanding of why “all substances are poisons”, the concept of homeostasis
must be grasped.

The concept, first put forth by French physician and physiologist Claude
Bernard, of an organism requiring a constant internal milieu for sustainment of life
amidst an ever changing external environment, was later refined by American
physiologist Walter Cannon, coining the term homeostasis [1]. Homeostasis is the need
of an organism to remain in a certain baseline, or steady-state, regarding specific
physiological parameters. Simply put, it is the organism’s reaction to a stimulus to
remain in equilibrium. This can be equated with Le Chatelier’s principle in chemistry: a
system at equilibrium subjected to a stress will adjust to relieve the stress and restore
equilibrium. Failure to maintain homeostasis over a certain period of time disrupts
normal function, which may result in a diseased state or pathological condition.
Pathological reactions can generally be divided into two groups: those that originate

from failure of some internal physiological process (e.g. autoimmune disease) and those
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that originate from an outside source (e.g. physical trauma). Xenobiotics and their
possibly harmful effects to health fall in the latter category. It is clear to see why all
substances can be considered poisons, as all substances that enter the human body alter
homeostasis. A substance at a specific concentration that helps maintain homeostasis or
assists in returning to homeostasis from a pre-existing disrupted state may be considered
therapeutic. A substance at a specific concentration that only acts to disrupt homeostasis
and eventually elucidates a specific pathology is considered to be toxic.

Nearly all substances that enter a living organism are biologically transformed to
some degree, according to the genetic make-up and physiological nature of the specific
organism. A simple example is the digestion of foods, where complex macromolecules
are biologically transformed through specific physico-chemical processes into
monomeric constituents that are readily absorbed by the organism to facilitate the
continuation of its own life processes. Xenobiotics are also transformed in the same
manner to yield compounds that the organism may readily absorb or excrete. This
process of biotransformation is known as metabolism. In the present chapter, the general
metabolism of xenobiotics in the human body is discussed. Subsequently, the means of
how xenobiotics may enter the body, the basic toxicokinetic principles of absorption and
elimination, as well as theoretical methods to ascertain quantitative values that reflect
interaction between humans and a xenobiotic are also considered. These broader
principles are highlighted to facilitate understanding of the pre-analytical variables and
challenges faced in toxicology and related sub-fields such as occupational health
monitoring. The latter is of special significance, as the present study is chiefly
concerned with analytical approaches for occupational monitoring of:

1. Human exposure to specific chemical substances that fall in the larger class
of xenobiotic compounds known as aromatic hydrocarbons. Aromatic
hydrocarbons may also be grouped under the term volatile organic solvents,
which for the purposes of the present study are defined as “generic name for
a group of chemical compounds or mixtures which are liquid in the
temperature range of approximately 0-250 C. They are volatile and
relatively chemically inert. Solvents are used industrially to extract, dissolve
or suspend materials not soluble in water (e.g. fats, lipids, resins and
polymers)” [2]. Specifically, this work deals with exposure to benzene and

certain alkylated derivatives thereof: toluene (methylbenzene), xylene
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(dimethylbenzene) and ethylbenzene. Chapter 5 examines these substances
in greater detail.

2. Human ingestion of illicit substances that alter performance and /or pose a
significant health risk to the individual themselves or co-workers in the
performance of their daily tasks. Specifically, this work deals with abuse of
amphetamine and related analogs that are discussed in further detail in

Chapter 6.

2.2. Metabolism of xenobiotics

The first macromolecules that organized themselves into forms with the basic
attributes of life were faced with disruptive forces from the environment that threatened
their integrity. Compounds that interacted with these organisms and acted to disrupt the
delicate homeostatic balance that existed, forced the organism to develop a means of
dealing with this disruption if it were to stay viable. This probably occurred through
creation of a physical barrier such as a cell membrane, and manufacturing of molecules
capable of reacting with the disruptive compound in order to decrease its biological
activity. Glutathione is an example of such a molecule found in most mammals. It is a
potent nucleophile that reacts with numerous electrophilic compounds to reduce their
pharmacologic activity. This reduction in pharmacologic or biological activity is
commonly referred to as detoxication. A likely evolutionary step in forming protective
mechanisms may have been the development of macromolecular catalysts that were able
to chemically alter disruptive compounds. These catalysts may have been the first
detoxication enzymes, as evidence points to the occurrence of specific enzymes in both
animal and plant species ranging from simple, unicellular organisms to complex,
multicellular ones [3].

Many of the enzymes involved in xenobiotic metabolism are also involved in
metabolism of endogenous biochemical compounds. This has lead to the hypothesis that
these enzymes merely represent enzymes of normal anabolic and catabolic activity and
it is purely fortuitous that they also metabolise xenobiotics. A greater affinity for
endogenous substrate seemingly supports this. Factors that diminish confidence in this

hypothesis are the fact that numerous xenobiotic metabolising enzymes rapidly respond
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with increased activity to the presence of xenobiotics as well as environmental change
[1, 3, 4]. It also seems unlikely that enzymes involved in normal cellular metabolism
would evolve to metabolise the thousands of naturally occurring and synthetic
compounds that are foreign to organisms. The enzymes with 