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ABSTRACT

The research described in this thesis is based on novel analytical approaches to
develop new methods for determining psychoactive and therapeutic drugs in
biological matrices. All the analytical methods developed were according to Food
and Drug Administration (FDA) guidelines.

The first project involved development and validation of an analytical method for
quantification of psychoactive drug mephedrone and its two metabolites 4-
methylephedrine and 4-methylnorephedrine in human hair using liquid
chromatography tandem mass spectrometry (LC-MS/MS). Recent abuse of designer
drugs such as mephedrone has presented a requirement for sensitive, reliable and
reproducible analytical methods for the detection of these controlled drugs in
different matrices. Based on the similar structure of mephedrone to other
methcathinones and amphetamines, the study also proposed a similar metabolic
pathway for mephedrone. The method developed can be of great value for the future
detection of mephedrone and its two metabolites in human hair.

Having completed the above, another analytical method was developed capable of
detecting 0.6 ng/mg abacavir and tenofovir in human hair using LC-MS/MS. The
method was successfully validated for the intraday precision, interday precision, and
limit of detection, accuracy and extraction recovery. This is the first full report of a
method for the simultaneous determination of these two key antiretroviral drugs in
hair. The newly developed method is useful for future routine analysis of tenofovir
and abacavir in human hair and could be used in therapeutic drug monitoring and
adherence to medicines studies, which would be helpful in decision making
regarding treatment change in combination anti-retroviral therapies.

The last project focused on analysing dietary substances such as green and white tea,
fruit juices along with catechins present in tea and corticosteroids in order to
investigate potential inhibitory effects on the glucuronidation of P,- agonists
clenbuterol and formoterol. - agonists are frequently prescribed for the treatment of
asthma in athletes. Due to performance-enhancing effects, these P,- agonists have
been subjected to restrictions in sport. A glucuronidation method using human liver
microsomes (HLM) and uridine 5'-diphospho-glucuronosyltransferase (UGT2B17)
has been used. The study shows that common dietary products and the catechins
present in tea inhibit the glucuronidation activity of formoterol which effects/alters
the actual drug concentration when testing in human body/urine and may help in
masking formoterol misuse therefore having implications on current doping control

in sport.
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Chapter 1

CHAPTER 1

INTRODUCTION

1.1 Psychoactive drugs

Psychoactive drugs are chemical substances that primarily act upon the Central
Nervous System (CNS) by altering the brain function leading to temporary changes
to perception, behaviour, and consciousness. Recently, new classes of designer drugs
synthesised to mimic the effects of psychoactive drugs have become very popular
among drug users (1). These drugs can be referred to as “bath salts”, “plant feed” or
‘legal high’, a term given to chemicals, which possess psychoactive activity in
humans (2). In the last few years, buying legal highs from the Internet has become
common practice for drug users. This is, in part, due to their structural similarity to
controlled psychoactive substances such as phenethylamines and cathinones (3-5).
Among these designer drugs are the synthetic cathinones (1). Cathinone is a naturally
occurring beta-ketone amphetamine analogue that can be extracted from the leaves of
an African and Middle Eastern plant Cathaedulis or ‘Khat’ (3,6). The alkaloid
content of the fresh leaves is responsible for the psychoactive stimulating effects.
Alterations to the core chemical structure and functional group substitutions of the
parent cathinone compound has led to a large number of these synthetic cathinone
derivatives. Among these cathinone psychostimulants, mephedrone has gained most

popularity and is very commonly abused (1).
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1.1.1 Mephedrone
Mephedrone, sometimes referred to as ‘meow’, ‘mcat’ and ‘bubbles’ is a fB-
ketoamphetamine and has a structure similar to methcathinone, which in turn is the

N-methyl analogue of the natural product cathinone (4).

o 0 o
* _NH hd *
~
NH, HN_
Methcathinone Cathinone Mephedrone

In April 2010, it was specifically named and hence controlled under the Misuse of
Drugs Act 1971 as a Class B substance in the UK (7-9). It has also been banned in
the majority of other European countries (3).

The popularity of use of these psychoactive drugs has created a demand for sensitive,
robust and reliable analytical methods for their identification and quantification in
different matrices. Gas chromatography mass spectrometry (GC-MS) has routinely
been used for the detection of mephedrone in matrices such as blood and urine

(5.8,10).

1.1.2 Source

The major source for these designer drugs is the Internet and local dealers. But after
classification of the drug in the UK, there is a significant decrease in the number of
online selling websites of mephedrone (11). Although, some studies suggest that
after the legal classification of the drug, there is no significant effect on control and
availability of mephedrone as users have started buying the drug from street dealers
at double the price instead of buying it from the Internet. One study suggested that

after the restrictions by law within the UK, the demand of buying from local dealers
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has increased (11-13). These synthetic cathinones are available in pill, capsule as
well as in powder form. The change in legal status has also caused in an increase in

the price of these drugs including mephedrone (2).

1.1.3 Prevalence and administration routes

The main route of administration for these legal highs is nasal ingestion. For
mephedrone one of the ways is called “bombing” where it is wrapped in a cigarette
paper and swallowed. Other ways include rectal, gingival, inhalation, intramuscular
and intravenous injections. The use of mephedrone is more common in males than
females and is reported to be one of the most commonly abused psychotropic drugs
(2,7). A British crime survey showed that the prevalence of mephedrone is more
common in young people, aged 16-24 at 4.4%, which is similar to the prevalence of
cocaine and has been chosen as their favourite drug (11).

The effects of mephedrone are similar to those of cocaine, amphetamine and
MDMA. Users of this drug report the peak effect is usually after about 20 — 30

minutes and is followed by a strong urge for another dose (14).

1.1.4 Mechanism of action

Compared to its parent compound cathinone, mephedrone is a weak psychomotor
stimulant. Studies in rats showed that brain concentrations of dopamine after giving a
single dose of 3 mg/kg of mephedrone peaked in 20 minutes and returned to initial
conditions in 100-120 minutes. This rate when compared to MDMA and
amphetamine is much faster. When compared to MDMA mephedrone was less
potent at increasing serotonin concentrations in brain but caused a greater increased

in dopamine concentrations (2).
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1.1.5 Pharmacology and toxicity

Only a few studies have been carried out on laboratory animals, which show that
mephedrone affects the extracellular dopamine and serotonin in the nucleus
accumbens and enhances the two, which leads to locomotor activation (13).

In vitro studies on rat brain show that mephedrone is a non-selective substrate for
plasma membrane monoamine transporters. Mephedrone also induces transport-
mediated monoamine release through the reversal of normal transporter flux. In rats,
doses that stimulate locomotor activation also increase extracellular dopamine levels
in nucleus accumbens. Locomotor stimulant properties are dependent on increased
dopamine transmission (13). Mephedrone stimulates the release and uptake of
monoamine neurotransmitter (15). A recent study has suggested that mephedrone
displays lower selectivity to release dopamine and norepinephrine as compared to
methcathinone (16).

Due to the structural similarity between mephedrone and methyl cathinone, it is very
likely that mephedrone will have the same effects and could lead to neurotoxicity. A
recent detailed study in the structural similarities between mephedrone and other
psychoactive drugs showed that street mephedrone is a racemic mixture, which gives
rise to a possibility of its toxicity towards dopamine and serotonin neurons. This

could be the reason behind the number of death cases caused by this drug (17).

1.1.6 Metabolism of mephedrone

There is limited information available on the metabolism of mephedrone in humans.
As the structure of mephedrone is substantially similar to other psychoactive drugs
such as methcathinone and methamphetamine, one can tentatively propose a

metabolism of mephedrone on a similar basis. There are a number of different
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pathways by which this drug could be metabolised. The two metabolites analysed in
this study are 4-methylephedrine and 4-methylnorephedrine (10,18-21). More detail
about the nature, prevalence, pharmacology and toxicity of mephedrone has been
discussed in Chapter 3.

Due to recent abuse of these designer drugs, there is a requirement for sensitive,
reliable and reproducible methods for the detection of these controlled drugs in
different matrices. Therefore this thesis describes the development of a quantitative
method for the detection of mephedrone and its two metabolites in hair using LC-

MS/MS.

1.1.7 Aims of the study

Owing to the frequent use and popularity of psychoactive drugs such as mephedrone,
a requirement exists for sensitive and reliable analytical methods for the detection of
these compounds in biological samples other than blood and urine. The validity of
blood and urine analysis is dependent on the elimination half-life of the compound in
questién. A drug with a short elimination half-life is not likely to be detected for
more than a few days in either blood or urine. Therefore, urine and blood testing will
only provide a reliable answer for short-term recent exposure (22). Hair analysis has
the potential to reliably determine psychotropic drugs covering prolonged periods
depending on the length of hair analysed. Hence, this study presents the development
of a novel sensitive analytical method for quantification of mephedrone and its
metabolites 4-methylephedrine and 4-methylnorephedrine in human hair using LC-

MS/MS.
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1.2 Antiretroviral drugs

The very first antiretrovirals used against human immunodeficiency virus (HIV)
infection are nucleoside reverse transcriptase inhibitors (NRTIs). They prevent the
synthesis of viral deoxyribonucleic acid (DNA) by the reverse transcriptase enzyme
(23,24). The treatment usually comprises of two or three combination NRTIs for an
active antiretroviral therapy (23).

The major therapeutic families that are used for antiretroviral therapy comprise of a
combination of nucleotide reverse transciptase inhibitors (NtRTIs), NRTIs, non-

nucleoside reverse transcriptase inhibitors (NNRTIs) and protease inhibitors (PIs).

These are used as combination antiretroviral therapy (cART)/ighly active
antiretroviral therapy (HAART) for treating HIV. These act to inhibit multiple viral
targets and are the most recently approved integrase inhibitors used for antiretroviral
treatment for patients with viral resistance (25-27). The development of resistance to
these drugs when used in combination therapy is complex, with each class being

postulated to develop resistance at varying levels of adherence to therapy (25).

Abacavir and tenofovir are prodrugs that belong to these families. Tenofovir is a
nucleotide reverse transcriptase inhibitor and abacavir is a nucleoside reverse
transcriptase inhibitor and thus are key components of cART regimes. One of these
two drugs or both are co-administered with other NRTI’s and PI’s in the present
patients’ samples used in Chapter 4 (23,28). The effect of these drugs depends on the

degree of metabolic phosphorylation (29).

1.2.1 Therapeutic Drug Monitoring (TDM)
Compliance to medication is very important for improved clinical outcomes for a

range of conditions including tuberculosis (TB) infections and treating HIV patients

6
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(23,25,29-33). Therapeutic drug monitoring (TDM) has been used to aid
cART/HAART in order to check adherence, monitor viral resistance and to
individualise dose regimens (26,34). The major reasons for the failure of these
therapeutic drugs are the non-compliance to the treatment and resistance mutations to
these drugs. For anti-HIV treatments, a major reason for lower efficacy of these
drugs is non-compliance to the treatment associated with the development of drug
resistance (25). In this thesis, a quantitative method was developed for the above
HIV drugs in hair using LC-MS/MS in order to monitor patient’s compliance to
medical treatment and also to inform clinical practises where they can arrange
programmes that can help such patients to regularly follow their treatment.

Different analytical methods have been developed using a range of instrumentation
for the analysis of antiretroviral drugs. Amongst these, LC-MS/MS has gained an
increased popularity due to its high sensitivity, specificity and shorter analysis times
(34). LC-MS/MS is a very useful instrument and plays a major role in HIV TDM in
different matrices such as hair, plasma and urine (31,35). Due to the advantages
associated with this technique, LC-MS/MS is widely used for TDM of antifungals,

antidepressants, antibacterial and antivirals (31).

1.2.2 Mechanism of action

After metabolic phosphorylation to their monophosphate, diphosphate and
triphosphate forms of NRTIs, they interact with the substrate-binding site of the
enzyme. The triphosphate will act as a competitive inhibitor where it will inhibit
incorporation of the substrate into the growing DNA chain and will lead to the

termination of the chain (36).



Chapter 1

NtRTIs differentiate from the NRTIs in their phosphorylation steps. Compared to
NRTIs these only need two phosphorylation steps in order to convert to their active
form. Phosphorylation of tenofovir to its diphosphate acts as an obligate chain

terminator in the reverse transcriptase reaction (36).

1.2.3 Aims of the study

Past studies have shown quantification of antiretroviral drugs in matrices such as
plasma, which provides short-term information on the exposure to these medications.
Hair analysis provides information over a longer period of time and can help in better
predictive treatment outcomes of HIV therapy (37).

The aim of this study is to develop and validate an LC-MS/MS method for the
quantification of abacavir and tenofovir in human hair. This is a part of a larger
observational study and could help investigate the factors that may lead to

adherence/non-adherence to medical therapy in HIV patients (38).

1.3 B:- adrenoceptors and B, - agonists

In humans, the B — adrenoceptor is located on the arm of chromosome 5 and is a
member of 7 — transmembrane family of receptors. It is composed of 413 amino acid
residues. These adrenoceptors are subdivided into three categories i.e. B, B2 and B,
where the second category is for airway smooth muscles. § — adrenoceptors are
widely found in airway smooth muscle cells, lung epithelial and endothelial cells as
well as type II and mast cells (39).

Biologically active B;-agonists must consist of a substituted six-membered aromatic
ring, a hydroxyl group bonded to a f — carbon in the R configuration, a positively

charged nitrogen in the ethylamine side chain and a bulky substituent on the aliphatic
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nitrogen in order to have specificity for the B — adrenergic receptors. The
physiological activity of B, — agonists depends on its binding to the receptor at three
points i.e. B — hydroxyl group, aliphatic nitrogen and the aromatic ring as well as its

absorption, metabolism, distribution and elimination (40).

1.3.1 p ;- agonists in sports

Beta-2-agonists play a vital role in the management qf asthma for the athletes in
order for them to perform their respective sports. These B, — agonists, if misused, can
have doping effects that can both improve performance and have anabolic effects on
the muscles. Therefore, the World Anti-Doping Agency (WADA) has put restrictions
on the use of these f; — agonists. Long-acting beta-2-agonists such as clenbuterol and
formoterol have been forbidden or restricted for use in sports (41,42). Some of these
B2 — agonists can still be obtained for medical treatment by applying for Therapeutic
Use Exemption (TUE) process, where athletes can obtain approval to use a

prescribed prohibited substance for the treatment of any medical condition (43).

1.3.2 Clenbuterol

Clenbuterol is a potent B, — agonist and its main use is as tocolytic and
bronchodilator agent. Clenbuterol belongs to a family of compounds that were firstly
used for their anti-asthamatic properties (39,44). However, WADA prohibits its use
in sports due to its anabolic properties. Its administration could lead to other
physiological effects such as increase in muscular mass and decrease in the body fat.
The therapeutic use of clenbuterol is prohibited in humans but is illegally used as a
growth-promoting agent in farm animals owing to its anabolic effects and may pose a

potential risk for consumer health (44,45). Therefore use of B, — agonists are banned
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in the EU (45,46). Consumption of contaminated meat can lead to the detection of
clenbuterol in human urine samples, which can have very serious consequences for
athletes (44). It can also enhance aerobic capacity and stimulate the CNS as well as

blood pressure and oxygen transportation (39,44).

1.3.3 Mechanism of action

Clenbuterol is a sympathomimetic agent with specific affinity for the p » -
adrenoceptors with a prolonged bronchodilator activity. Pharmacokinetic studies in
humans showed a plasma half-life of about 35 hours (47). Other than bronchodilator
activity, two major contributions towards performance enhancement of clenbuterol
are rate of muscle growth and lipolysis. Though there are contradictions and specie
dependent responses between different studies carried out regarding its mode of
action, the above two advantages are what interests athletes the most (48). Studies on
rats have shown that clenbuterol causes increase in volume of skeletal, cardiac
muscle, rather than cell profileration (48). Having a balance of protein production
with protein degradation enhances the efficacy of muscle growth. Some studies have
proved that there is an increase in concentration of specific inhibitors of proteolytic

proteinases (48).

1.3.4 Formoterol

Formoterol is a long acting, potent selective B2 — agonist prescribed for inhalation
only. Compared to short acting B — agonists, this drug has a rapid onset of action
with a long duration of 12 hours. B; — agonists generally possess potential

performance enhancing activity (49,50). Owing to this, it is very beneficial for

10
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asthmatic athletes performing in endurance sports (41). For this reason formoterol
has been placed on the list of prohibited substances by WADA (51,52).

Structurally, formoterol ((RR)-(9/)-N-[2-hydroxy-5-[1-hydroxy-2-[[2-(4-
methoxypheny)-1-methylethyl]Jamino]ethyl]phenyl] formamide) is a phenyl
ethylamine derivative with one phenolic hydroxyl and one secondary amino group
(Table 2.1). It is marketed as racemate of RR + SS enantiomers, where RR is the

active form of the drug that has anti-bronchoconstrictor activity (42).

1.3.5 Mechanism of action

Inhalation of formoterol acts in the lung as a bronchodilator. The pharmacologic
effects includes stimulation of intracellular adenyl cyclase, enzyme that catalyzes the
conversion of adenosine triphosphate (ATP) to cyclic-3', 5'-adenosine
monophosphate (cyclic AMP) (53).

Increased cyclic AMP levels leads to relaxation of bronchial smooth muscle and
inhibition of release of mediators of immediate hypersensitivity from cells, especially
from mast cells. An in vitro study showed that formoterol is an inhibitor for the
release of mast cell mediators, such as histamine and leukotrienes, from the human
lung. Formoterol also inhibits histamine-induced plasma albumin extravasation in
anesthetized guinea pigs and inhibits allergen-induced eosinophil influx in dogs with

airway hyper-responsiveness (53).

1.3.6 Aims of the study
Recent studies revealed that green tea could suppress testosterone metabolism, in
vitro, by inhibiting a key enzyme UGT2B17, which may result in toxicity or false

negative doping tests. The final section of this thesis aims to investigate whether

11
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substances containing phenolic compounds such as green and white tea, fruit juices
and also the pharmaceutical products that are given along with these B, — agonists for
the treatment of asthma have an effect on the glucuronidation of clenbuterol and
formoterol and its implications for doping control (54).

Tea contains a number of polyphenol compounds including catechins. White tea has
shown remarkable activities in a range of enzyme assays pertaining to oxidative
damage and inflammation (54). Fruit juices are rich in different phenolic compounds
such as flavanols, flavan-3-ols, anthocyanins, hydroxycinnamates and some
catechins (55).

Corticosteroids are sometimes given with P2 — agonists as combination therapy for
the treatment of asthma (56). In recent years, the use of inhaled corticosteroids along
with B,- agonists as combination therapy has become more common in athletes (57).
Therefore, along with dietary components, we will investigate the effects of some
selected corticosteroids on the rate of glucuronidation.

Currently, there is no published literature for the inhibition of glucuronidation
activity of clenbuterol and formoterol using any dietary substance. Given the
inhibitory effects of green tea and catechins present in green tea on testosterone, it is
conceivable that green and white tea along with other dietary products (fruit juices),
and also catechins contained in tea and pharmaceutical products (corticosteroids)

could have an effect on the metabolism of clenbuterol and formoterol.

1.4 Hair analysis
Using hair analysis for the detection of drugs has been in practice for more than two
decades and has gained attention in several fields such as toxicology, forensic

science, clinical chemistry as well as doping control (58). It is popular due to its

12
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convenience of sample collection and storage, as it does not decompose like other

matrices such as fluids and tissues (58).

1.4.1 Hair physiology
Hair is considered as an annex of skin and originates from the hair follicle where
matrix cells form the germination centre (58). Hair consists of a hair shaft made up
of tightly compact cells; these are produced from follicles that are small sac-like
organs (59). These hair follicles are found 3-4 mm below the skin surface, where
blood capillaries surround the follicles. The hair follicles are associated with three
major glands i.e. apocrine, sebaceous (these two gland keeps the hair moist within
the skin surface) and sweat (keeps the hair moist above the skin surface) glands (58).
The inner core of the follicle is called the bulb where there is very fast cell division
(every 23-72 hours) (59). The major components of hair are keratins, which is a
fibrous protein, melanin and lipids. These matrix cells produce several layers of hair
shaft i.e. cuticle, cortex and medulla (58).
The volume of the cell in the bulb increases with time and become elongated and
starts to move up into the keratin consisting area. At this stage, the cells start to
produce melanin (pigmentation) and keratinize i.e. start enriching in sulphur-rich
proteins (keratins). The long fibres produced by keratin are bound together and
interlinked with other proteins forming disulphide bonds (-S-S) (59).
| The hair shaft consists of three different types of keratin rich cells as shown in Figure
1.1. The outer most layer is known as the cuticle and is responsible for protecting the
inner layers from external damages such as heat, light etc. The second layer is called

the cortex and is responsible for forming the hair shaft; this layer also contains the
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pigment granules that contain melanin. The inner layer is the medulla consisting of

medullar cells (59).

Medulla
3~ Cortex

Cuticle

Figure 1.1: Structure of human hair shaft (60)

1.4.2 Hair growth

Hair grows in three stages; the active growing stage known as the anagen, during
which the hair follicle is developed to produce hair. The second stage is the transition
stage, also known as the catagen, where the follicle bulb activity is halted and lastly
the resting stage called the telogen, after which another cycle starts (Figure 1.2). The
anagen stage for humans are 4-8 years, the catagen is several weeks and the telogen
4-6 months. The scalp hair growth rate is 0.6-1.4 cm per month. Hair from different
parts of the body has different growth rates and also depends on race, sex, age and

health (58,61).
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Activation

Telogen

Figure 1.2: Different stages of hair growth (61)
1.4.3 Drug incorporation
Drugs can get incorporated into the hair through various mechanisms depending on
their location and source. The three major factors affecting the incorporation of the
drugs into hair are its melanin content, drug lipophilicity and basicity, hair structure
as well as its colour. Few studies have shown that the drug concentration in
pigmented hair is much higher as compared to non-pigmented blonde or grey hair
after the same dosage had been given (58).
There are three major pathways that a drug can enter the hair as shown in Figure 1.3:

1. It can get incorporated actively or passively through the blood stream. As the
hair follicle has a good blood supply due to rapid cell division, it diffuses
across the cell membrane and enters the hair matrix (61).

2. There is a possibility of diffusion from sweat or other sebum secretions into
the growing or mature hair fibre, as the drugs and their metabolites can be
excreted in sweat (61).

3. Contamination from the external environment is also a very important drug
incorporation path (58). It can get incorporated externally from vapours or

powders into the mature hair fibre (61).

15
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itself. Another major aspect that influences the incorporation of the drugs is its
acidity and basicity. The matrix of hair is more acidic when compared to blood pH,
which is 7.4. Therefore the resulting pH gradient prefers convenient transfer of bases
as compared to the transfer of neutral and acidic molecules (58). The drugs can be
stably retained in the hair for a long time, but nevertheless can be affected if there are
any cosmetic treatments, such as bleaching, dyeing and other treatments are carried

out (58).

1.4.4 Hair digestion methods

The recovery of the incorporated drugs in the hair is a very crucial procedure for hair
analysis. In order to isolate these drugs from the hair matrix, it is necessary to either
digest the hair or use other extraction procedures. After a decontamination step, the
next step in hair analysis is the extraction of the drugs from the hair matrix. Different
extraction procedures have different recovery and suitability for the drugs as some
compounds can deteriorate under certain conditions. The typical extraction
procedures used for hair analysis include acidic extraction, alkaline digestion,

enzymatic digestion and solvent extraction.

Alkali Digestion — this applies to alkaline stable compounds such as amphetamines,

morphine and cannabinoids. The general procedure involves incubation of finely
cut/ground hair in 0.1~2.5 M sodium hydroxide (NaOH). The temperature is
normally set to 37 °C and pH and duration of the incubation often need to be
optimised. After adjusting the pH with acid, the aqueous solution is extracted with
solid phase extraction (SPE) or liquid-liquid extraction (LLE) (59,63). Another
similar protocol involves placing 2 mg of hair in a 10 mL glass tube and adding 0.5

mL of 1 M NaOH along with 20 pL internal standard. The contents of the tube are
17
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heated at 95 °C for 10 minutes in order to completely digest the hair. After the
contents are cooled down to room temperature, liquid-liquid extraction with 1-
chlorobutane is carried out. The organic layer is transferred to a separate glass tube
and is mixed with 3 drops of 2-propanol: concentrated hydrochloric acid (HCI) (10:1,

v/v), followed by evaporation and reconstitution of the sample (64).

Acidic extraction - this procedure involves taking 2 mg of hair and adding 1 mL of

methanol:5M hydrochloric acid (20:1, v/v) along with 20 uL of internal standard.
The contents of the tube are sonicated for 30 minutes and incubated overnight at
room temperature. The tubes are again sonicated for 30 minutes the following day
and supernatant is transferred to a separate glass tube and evaporated using nitrogen
gas at 45 °C. The residue is then reconstituted with 100 pL water:acetonitrile (9:1,
v/v) (64). Acidified methanol under ultra-sonication had been proved to give good
extraction recovery in hair for some drugs (59). Other protocols involve the
extraction of the drugs using 0.1~0.6 M HCI or 0.05 M sulphuric acid (H;SO,) at
room temperature or 37 °c overnight. After acid treatment, the solution is

neutralized, centrifuged and extracted with SPE (63).

Solvent extraction — solvent extraction can also be used for some drugs such as

corticosteroids and antiretroviral drugs (65,66). A sample of 50 mg hair is incubated
with 1 mL methanol for 2 hours in an ultrasonic bath at +60 °C along with the
internal standard (65). Methanolic incubation under sonication is a commonly used
extraction process. In some protocols the hair specimen are incubated for around
16~18 hours or are left overnight at room temperature (67). The process then

involves centrifugation and transferring of the supernatant into a separate glass tube
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followed by evaporation using nitrogen gas or compressed air. The sample is then

reconstitution with methanol or acetonitrile.

Enzymatic Digestion — there are several enzymes that could be used to achieve

digestion of the hair. These include proteinase K, protease E and pS-
glucoronidase/arylsulfatase etc. They cause complete dissolution of the hair matrix
and hence can give very good recovery without any degradation of the drugs in
question (59,63). The procedure generally involves hydrolysis of 10-50 mg hair with
enzyme for 2 hours at 37~40 °C. The mixture is then centrifuged and the supernatant

is extracted using SPE or LLE (63).

1.4.5 General procedure for sample collection

Before sample collection ethical approval should be sought from the responsible
authority. The preferred collection area is the posterior vertex of the scalp and
should be cut as close to the skin as possible. While collecting the sample
information such as length and weight of the hair, assigned sample id etc. should be
taken down if possible. The samples can be stored under dry conditions at room
temperature. Decontamination of the collected samples prior to analysis is an integral
step in order to eliminate contamination. Prior to analysis hair should be finely

ground or cut into very small segments in order to expose the inner surface of the

hair matrix (58,67).
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1.4.6 Advantages of hair analysis

Urinalysis is commonly used to determine the presence of controlled drugs and their
metabolites. The disadvantage with urine and blood analysis is that the matrix effects
of these matrices are much greater than hair (62). Compared to urine and blood, hair
samples can provide information on the long-term history (from weeks to months) of
the individual’s intake of drugs depending on the pharmacokinetic properties of the
drug in question (68,69). Hair grows approximately half an inch per month which is
equivalent to approximately 1.2 cm a month, so one and a half inch of the hair
sample could give the history of individuals drug use of the previous 90 days
(58,61,70). Also, blood and urine samples for drugs such as mephedrone require
storage at -20 °C in the presence of preservatives until analysis (70). Compared to
blood or urine samples, collection, handling and storage of hair samples is much easy
(61).

Hair analysis is a very useful technique in investigating the history of drug use rather
than recent use. The time window is much wider (depending on the length of hair)
i.e. weeks to months as compared to blood and urinalysis, which only gives a time
window of hours to days (58). One useful technique being widely used is sectional
hair analysis, which can give a detailed history of drug use as hair keeps the
information trapped in for a long time. This could also help in Therapeutic Drug
Monitoring (TDM) by evaluating the compliance of the patients with their therapy
regime (59,71). Hair analysis is best suited to identify individuals with complete
absence rather than ascertaining the exact level of compliance. In addition, sample

collection is non-invasive, is easy to perform and prevent adulteration (59).
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1.4.7 Drawbacks of hair analysis

Where there are many advantages of hair analysis, there are few limitations
associated to this technique. Generally, hair analysis is not useful in the case of
single or very recent exposure of drug i.e. if the drug has been taken in the last two
weeks. This is due to the fact that it takes time for drug to reach and get incorporated
in hair, which is why the drug will not be detected if the hair testing is carried out
straight after the dose taken. Also, in the case of single dose of a drug there is a
possibility that drug might not reach the hair or the concentration in hair might be
very low for it to get detected (72).

In some cases accidental or environmental exposure may be a reason for the presence
of a particular drug in hair samples (72). The hair analysis results cannot distinguish
substances that have been deposited in hair (such as from hair care products, dust)
from the substances that might have been distributed into hair after the intake of that
particular drug (73). This inability to distinguish between exogenous contaminants
and endogenous can increase likelihood of false positive test results (74). Another
drawback is the use of hair dyes or other cosmetic procedures that may involve the
use of chemicals that can affect the incorporation of the drug or may affect the
already incorporated drugs (61).

In addition, hair analysis may require a high sensitivity that only selective
instrumentation can provide in order to achieve good analytical results. If the
sensitivity is poor the analytical method will not be able to detect the drug in
question. Compared to urine and blood, achieving a calibration in hair is more
difficult as hair is a solid heterogeneous matrix and requires spiking with the drug.
Spiked hair is not the same as using real samples where the drugs are incorporated

during hair growth. An alternative to this is the use of a standard material such as
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melanin. Also, contamination of hair is very easy due to its high surface to volume

ratio (67).

1.5 Chromatography Techniques

Gas chromatography (GC) is a very common technique for the analysis of
compounds as it provides faster results but many compounds cannot be analysed
using GC because of their volatility or thermal instability, where they decompose
under the conditions used. The advantage of liquid chromatography (LC) over GC is
that there are no limitations as far as the volatility and thermal stability of the
compound is concerned, therefore it is more suited for a wide variety of compounds
that are less stable such as proteins, nucleic acids, amino acids, dyes, polar lipids,

plant and animal metabolites etc. (75).

1.5.1 High-Performance Liquid Chromatography (HPLC)

HPLC is widely used for separation of many compounds (organic, inorganic,
biological compounds, polymers, chiral compounds) as well as analysing impurities,
volatile, non-volatile compounds. It is a very useful technique for qualitative and
quantitative methods and could also separate very closely related compounds (76).
There are many applications of HPLC such as; purification, analysing environmental
samples, quality control, measuring concentrations of certain compounds in
physiological samples and many others (76).

Chromatographic separation depends on the interactions between sample molecules
and the stationary phase. The main factors affecting the HPLC results is the
combination of the mobile phase, the size of the column and its packing, the flow-

rate of the mobile phase, column temperature etc. (75).
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The sample is separated into its individual components by distribution between a
fixed stationary phase and a mobile phase. Some compounds in the sample mixture
have a greater affinity for the stationary phase than the mobile phase and are retained
in the column longer. The compounds that are not retained as strongly in the column
are carried by the mobile phase down the column. The longer the column the more
opportunities there are for analyte to interact with the stationary phase and the greater
the separation (77).

Researchers aim to use smaller columns, higher flow rates and higher working
temperatures in order to increase the diffusion process of the analytes, but a problem
with pressure can occur. Concerning all these purposes an advanced technology has
been developed - Ultra High Performance Liquid Chromatography (UPLC). Both
HPLC and UPLC involve liquid chromatography used to separate the components
from mixtures. Two main properties that make UPLC more practical and more
popular are having high-quality small porous packing material and capability of high
pressures. In UPLC, particle sizes less than 2 um can be used allowing better
separation when compared to 5 pum particle size used in HPLC. The fundamental
principle of UPLC is governed by the Van Deemter equation (discussed in section
1.5.9.9). The equation confirms the relationship between linear velocity (flow-rate)
and plate height (column efficiency) (78).

Disadvantages associated with this technique include sample preparation, which is
sometimes required. Compounds may require longer analysis time in order to
separate, however good resolution is sometimes difficult to attain in complex
mixtures, and there may be problems with identification of some compounds in the

absence of relevant standards (76).
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1.5.2 Preparing the sample

Sample preparation involves various steps such as dissolving, diluting, different
extraction methods etc. The sample is injected as in a liquid form only and solid
samples are dissolved in solvents that will not interfere with the analysis and can be

used with the mobile phase as well as the stationary phase (76).

1.5.3 LC equipment

Modem LC equipment consists of integrated units that are capable of efficient
separation, good precision, are convenient to use and involve less labour. To produce
high quality separation of complex mixtures a combination of high efficiency

columns along with good quality equipment is very necessary (75).

1.5.4 Mobile phase reservoir

Modern LC equipment contains mobile phase reservoirs. The tubing inlet carrying
the solvent to the pump has a filter that prevents any particles going into the pump.
Degassing of the mobile phase helps prevent the formation of any bubbles that can
travel to the pump and detector hence leading to better chromatographic baseline.
The solvents used for mobile phase are usually HPLC grade in order to avoid as

many impurities as possible (75).

1.5.5 Column

The column is the stationary phase of a chromatographic system and plays a major
role in separation of the compounds. Many different columns are commercially
available in different lengths, bore sizes and packing materials. In order to achieve

the best separation, the use of the correct combination of column length, packing
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material along with the appropriate mobile phase is very important. These columns
are available in various dimensions, and include preparative, normal-bore, micro-
and mini-bore as well as capillary columns. Different packing materials and flow
rates can be used to achieve good separation. The most commonly used column
material is octadecyl-silica (ODS-silica), which contains C18 coating. Other columns
containing C1, C2, C4, C6, C8 and C22 packing material are also available. There
are several other packings available such as polymer-based etc.

Maintainance of the column can help prolong its life e.g. by flushing a column with
mobile phase following sample runs, also keeping it capped so it doesn’t dry out
when not in use. In addition, filtering of samples is essential and a guard column can

be used to avoid column blocking (79).

1.5.6 LCPump

The mobile phase is consistently pumped at a fixed flow rate through the system and
mixed (if required) by the pump (77). Several types of pumps are available
depending on suitability of the analysis e.g. constant flow-rate pumps and constant
pressure pumps (75). The most common pump used is the constant flow pump,
which usually consists of a pair of reciprocating pistons (76). High-pressure pumps
are necessary as LC columns are packed with small particles, which give a high
resistance to column flow. The main requirements for a pump are that it must have
chemical resistance to the mobile phase, have a pressure output of up to 5000 psi and
must be capable of producing reproducible flow-rate (75). Isocratic or gradient
elution can be used. Isocratic elution involves use of one solvent system whereas
gradient elution is for more complex samples and involves changing the strength of

mobile phase composition throughout the analysis (76).
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1.5.7 Autosampler

In modern LC equipment an autosampler is used, as it is capable of automatic
sampling and injection. It is very useful where large numbers of samples are
analysed on a routine basis. It also excludes the need of an operator; hence overnight
runs can be set on the instrument and is usually coupled to automatic data handling
systems. The sample tray can accommodate a large number of sample vials and the

temperature can also be controlled (75). The injection volume used could range from

1-100 uL depending on the sensitivity and the detector used (76).

1.5.8 Data Acquisition

Different softwares are used from different manufacturers; data acquisition and
analysis is usually carried out on a computer carrying the software connected to the
detector. These are used for routine purposes and offer method optimisation
parameters for qualitative and quantitative analyses. It plots the chromatogram upon
receiving an electronic signal.

Figure 1.4 below illustrates a schematic of a typical HPLC system.
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1.5.9.2 Voidvolume (vy)
Even if the analyte does not interact with the stationary phase it still has to travel
through this volume before it enters the detector. The volume of the liquid phase in

the column is called void volume (vy) (80).

1.5.9.3 Capacity factor (k)
The capacity factor can be defined as the time the analyte resides in the moving
mobile phase (through the column) and the time the analyte is retained on the
stationary phase. It is calculated by

k=tg-toty
where #; is the retention time of the analyte peak and ¢, is the retention time of
unretained peak
Capacity factor can be used to evaluate column efficiency. The longer the column

retains the analyte, the greater is the capacity factor (79,80).

1.5.9.4 Selectivity factor (o)
The selectivity can be described as the ability of the chromatographic system to
discriminate between different analytes. To achieve optimum selectivity for two
analytes, the value must be more than 1 (80).

a=kik;=tr,—to/tri =ty
where k; and k; are the respective retention factors.
Selectivity is dependent on the nature of the analytes and their interaction with the
stationary phase. Also the column packing material and mobile phase composition

can influence the selectivity factor (80).
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1.5.9.5 Resolution (Rs)
Resolution is the degree of separation of two components on the chromatograph. The
width of the chromatographic peak reflects the system band broadening and thus
efficiency. Resolution describes both efficiency and selectivity as it is described as
the ratio of the distance between two peaks on the average width of these peaks at
baseline. It can be measured by using the following equation (79,80).

Rs = (tg; — tr,)/0.5 (Wp; + wp))

Where #; is the retention time of the analyte peak, and wb is the peak width at base.

1.5.9.6 Column efficiency (N)
The efficiency is the measure of band broadening and the number of theoretical
plates (N) in the column. It can be calculated using the following equation.

N = 16(tr/wy)* = 5.54 (tx/w1)°
Where N is the number of theoretical plates, #z is the retention time, w; is the peak
width and wy; is the peak width at half height. Figure 1.5 shows a schemetic of the

efficiency measurements.
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A value of 1 indicates a perfect symmetry, anything <1.0 is fronting and >1.0 is
tailing. Peak tailing is a result of adsorption or extra column band broadening,
whereas peak fronting is typically caused by column over loading or chemical
reaction of the analyte during chromatography. For example many basic compounds
exhibit some peak tailing due to their polar interaction with residual acidic silanol

groups in silica-based columns (81).

1.5.9.8 Height Equivalent to a Theoretical Plate (HETP) or Plate Height (H)

The theoretical plate concept originates from the industrial distillation process where
a distillation column consisting of individual plates were used. A longer column
would have more plates and would give better separation. The height equivalent to a
theoretical plate (HETP) or plate height (H) is a measure of a column’s efficiency
and is expressed as:

HETP=L/N

The HETP is equal to the length of column (L) divided by the number of plates (N).
Columns packed with smaller particles are usually more efficient and have a higher

plate number (81).

1.5.9.9 Band Broadening

The Van Deemter Equation

Band broadening leads to poor chromatographic performance and reduces the
efficiency of the separation being carried out. Van Deemter equation describes this
phenomenon and the factors that contribute to band broadening. The equation

combines the individual sources of band broadening and represents them as the
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phase flow rates and using correct nuts and short tubing can minimise band

broadening (82).

¢) Mass Transfer (0)

The stationary phase material is porous and the mobile phase within the pores is
stagnant. The fact that the packing material is porous it allows a very large surface
area for separation. During migration through the column the analyte molecules are
constantly diffusing between the mobile phase and the stationary phase. Analyte
molecules entering the pore, and those that penetrate more deeply in the pore and
those that do not enter the pore will all have variation in the flow. These differences
in the depth of diffusion of analyte into the stationary phase results in a variable
delay in the diffusion back into the mobile phase. The deeper an analyte has diffused
in, the longer it will take to diffuse back into the mobile phase and slower the rate of
transfer compared with those that are close to the surface of stationary phase.
Reducing the size of the packing material packing size in order to make pores
shallower can minimise the band broadening. Also, using lower mobile phase flow
rates and heating the column can help minimising mass transfer as at higher
temperatures diffusion process is speeded up and the variation in elution time from
the particle pore is reduced (82). Figure 1.8 shows how different velocities of mobile

phase can affect the band broadening.
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1.6.1 UV Detector

UV-Vis examines the electronic transitions of molecules as a result of light
absorption in the UV-Vis region. There are three types of UV absorbance detectors
i.e. fixed-wavelength (does not allow change of wavelength), variable wavelength
(selection of operating wavelength) and photodiode array (PDA) (single wavelength,
range of wavelengths or entire spectrum).

The detector consists of a small flow cell, where the radiation beam of the UV/Vis
spectrometer is located. The mobile phase passes through this cell and upon detection
of UV-Vis absorbing solute generates a signal that is proportional to its concentration
(76). These light absorbing functional groups are called chromophores (76). An
electromagnetic field can interact with the electrons, which causes their excitation
and can lead them to move to a higher energy level, it can also excite the molecular
bonds that causes the vibration or rotation of their functional group. The intensity of
the signal decreases as the analyte travels through the flow cell upon absorption (83).

Absorbance is the logarithm of the ratio of the intensity of the incident light (Io) and
the light transmitted (I) (83). The Beer-Lambert law describes the absorption as a
function of concentration:

A=log (Iy)/1) = ecl

A = absorbance, ¢ = molar extinction coefficient, c=concentration of the analyte, | =

path length of the cell (76)

1.6.2 Mass Spectrometer (MS)

There are a number of detectors available that can be connected to HPLC, but among
these MS has gained popularity due to its versatility. The mass spectrometer even
though more expensive has many advantages associated to it compared to other

detectors. The LC on its own is a technique that is used for the separation of the
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compounds in a mixture. It can also be used to identify these compounds, however
the identification can only be determined depending on the retention time of a
compound. Identification of the compound can be made by running pure standards of
the compound in question and using exactly the same conditions. Sometimes, for
more complex mixtures, identification based on retention time is not sufficient as
more than one analyte in a mixture could have the same retention time. MS is very
useful in identifying the compound as it gives structural information as well as the
molecular weight of the compound (84). A mass spectrometer analyses by measuring
the gas phase molecules according to their mass-to-charge ratio (m/z). The charge is
produced by addition or loss of a proton, cations, anions or electrons (85). It is more
sensitive and is able to provide a full scan spectrum as compared to UV and other
detectors (84).
The main advantage of having MS connected to HPLC is that it separates as well as
identifies the compound in the same step. There are many advantages associated with
this technique such as:
* Selective detection of a variety of compounds and identification of
metabolites
* Separation and identification of a variety of compounds (non-volatile, organic
and inorganic compounds, thermally unstable compounds).
* Molecular weight determination, qualitative and quantitative analysis
* Analysis and confirmation of drugs, toxin and other exogenous and
endogenous compounds present in biological samples.
A few disadvantages associated with this technique are that co eluting isomers are
difficult to discriminate. In addition, the sample must be soluble in the electrospray

solvent (76,86).
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There are different types of mass analysers available such as the quadrupole mass
analyser, the quadrupole ion-trap mass analyser, and the time-of-flight mass analyser.
The quadrupole is ideal as it is able to do fast scanning and uses low voltages. The
quadrupole mass analyser has four rods and opposite pairs are connected electrically
and a voltage consisting of radiofrequency (RF) and direct-current (DC) components
is applied. Ions of a particular m/z follow a stable trajectory through the rods and
reach the detector when the voltage reaches a specific value; hence a mass spectrum

is produced (84).

1.6.3 Tandem Mass Spectrometry (MS-MS)

In tandem or hyphenated MS-MS, the ion of interest is isolated at one stage of mass
spectrometry and the second stage helps in finding out the relationship of the ion to
the one that had generated this particular ion.

A triple quadrupole is the most commonly used MS-MS device and consists of three
sets of quadrupoles (84). A quadrupole consists of four parallel rods with fixed DC
and alternative RF potential applied to it (85). lons are produced in the source and
are passed along the parallel array, under the influence of the fields (complex
trajectories). Some of these trajectories are unstable and due to infinite displacement
from the centre, ions are lost, for example, when colliding with an electrode. Only
ions of a specific mass-to-charge ratio (m/z) with stable trajectories reach the
detector as shown in Figure 1.9 (87). Altermating RF potential focuses ions of
different mass to charge ratio (m/z) on to the detector hence producing a mass

spectrum (85).
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(99). The choice of the stationary phase depends on the analyte in question as well as
the matrix that it is present in (100). There are different SPE procedures used
depending on the retention mechanism of the analyte in question and their extraction
from the matrix its present in. It is time consuming because often method
development is required in order to achieve ideal extraction of the analyte (93).

SPE cartridges are available with various packings mostly based on bonded silica
material with specific functional groups such as hydrocarbon chains of different
lengths mainly used in reversed phase SPE, amino groups for anion exchange and for
cation exchange carboxyl groups and sulfonic acid (93).

There are various SPE mechanisms such as normal-phase, reversed-phase and ion
exchange SPE. The steps involved in a typical SPE are conditioning of the stationary
phase such as Cg-silica with solvent such as methanol in order to activate the bonded
phase followed by washing of the cartridge with water. The crude sample is then
placed in the cartridge and the polar substances pass through easily whereas the other
components stick to the embedding. The column is then rinsed again to remove any
polar substances (impurities) left behind. Elution of the analyte is finally achieved by
solid-liquid extraction by washing the cartridge with desired solvent that is able to
elute the analyte that is retained on the stationary phase (99). SPE helps in removal of
unwanted matrix effects (99).

In normal phase SPE there is usually a polar analyte, a relatively non-polar matrix
and a polar stationary phase. The retention of the analyte in question is due to the
interactions between polar functional groups present in analyte and polar groups on
the sorbent surface. The elution of the analyte is achieved by using a solvent that is

more polar than the sample’s matrix (98).
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Ion exchange SPE is used for ionisable compounds where pH is very important to
consider; as the ionisation state of the compound has a very serious impact on its
retention and elution characteristics (93). The elution is carried out by a solution,
which has a specific pH in order to neutralise either the functional group of the
analyte or the stationary phase. Upon neutralisation of these, the binding electrostatic
forces are disturbed and the analyte is then eluted (98).

Reversed-phase SPE involves a polar sample matrix and hydrophobic silica based
stationary phase. The hydrophilic silanol groups are modified with hydrophobic alkyl
or aryl functional groups. The retention of the sample is due to attraction forces
between the carbon-hydrogen bonds in the analyte and the functional groups on the
silica surface. These hydrophobic attractions between the two are called dispersion or
van der Waals forces. A non-polar solvent is used to disrupt the packing in order to

elute the analyte (98).

1.7.2 Liquid-liquid extraction

This technique is simple and is based on two liquid phases that are immiscible. One
phase is aqueous, whereas second phase is an organic solvent such as hexane,
pentane, chloroform and many others. The bottom layer is the denser phase (100) and
solvents that are less dense than water will form the top layer. For extraction to occur
the analyte has to have favourable solubility in the organic phase. Some solvents are
somewhat soluble in each other and become saturated when mixed with each other
(101).

The procedure involves mixing the solution containing aqueous and organic layers,
which helps in creating a large interfacial area between the two layers, which enables

the mass transfer of analyte into the organic layer. The two phases can then be
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centrifuged and the organic layer can be separated (93). The choice of solvent
depends on the solubility of the analyte. For compounds that prefer to stay in

aqueous layer; more polar organic solvent can be used.

1.7.3 Protein precipitation

This technique is mainly used for removing unwanted proteins from biological
samples. The procedure involves adding a solvent such as acetonitrile or methanol or
strong acid or base to the biological samples leading to precipitation of these proteins
and other biological materials. The sample is then centrifuged and a pallet of protein
is formed which can be separated from the supernatant. The supemnatant is then dried
down and reconstituted with desired solvent or can be injected directly. The major
drawbacks of this technique are the lack of specificity and selectivity and hence

significant matrix effects and ion suppression can occur (102).

1.8 Validation method for LC-MS/MS analysis

Method validation is very necessary for analytical studies as it proves whether the
analytical method developed and employed for a specific analysis is acceptable for
use. One can follow Food and Drug Administration (FDA) guidelines to validate all
the parameters in the method (103). The results for method validation confirm the
quality and reliability of the method produced. Once the method and all the
parameters of the instrument are optimised, the next step is to validate this method
for its reliability, accuracy, precision, robustness, linearity, lower limit of
quantification, lower limit of detection and its reproducibility. Method re-validation
has to be carried out if there is a change in instrument or any change in conditions or

if there is a change in sample matrix e.g. if the column temperature used was 40 °C,
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if for some reason it is changed to higher or lower temperature, the method has to be

revalidated (104).

1.8.1 Reference standards

To develop a method for any compound on the chromatographic instruments, it is
very important to have an authenticated reference standard. It is a highly purified
compound that is well characterised and is used to spike samples in order to obtain
calibration. The reference standard used should either be same as ﬁhe analyte, where

this is not possible then it should be as a freebase or acid or salt or ester (103,105).

1.8.2 Internal standard (IS)

Use of internal standard is very essential in quantitative studies. It compensates for
common losses during analysis such as sample manipulation, variability caused by
autosampler, degradation etc. When the analyte and internal standard go through
same losses and same matrix effects, these two cancel when the ratio of IS to analyte
is calculated. The internal standard needs to have similar extraction charactertistics,
stability and detector response to the analyte, which is why the internal standard
should be physically and chemically similar to the analyte. Usually, an isotopically
labelled IS is used, other IS can be chemical isomers and analogues of the analyte in
question. The quantitation is based on the response ratio of the analyte to the
response ratio of internal standard. It is suitable for methods where the analyte has to
go through certain extraction steps. The concentration of the IS should be kept close

to the concentration of the analyte (105).
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1.8.3 Blanks

Matrices with no presence of analyte are referred to as blank samples. Blank samples
are crucially important for the validation of an analytical method as these give the
information on any interferences that might be encountered while analysing the

actual test samples (104).

1.8.4 Calibration curve

A calibration or standard curve consists of at least six standard points including lower
limit of quantification (LLOQ) and should be obtained for each analyte in the
sample. It represents the relationship between the instrument and known
concentrations of the analyte. It should be prepared in same manner as the actual
samples to be analysed i.e. by spiking the matrix with a known concentration of the
drug and extracting it in exactly the same way. The standard points of the
concentrations should be within the range expected for the study itself. It should
consist of a blank sample with no internal standard, another blank with internal
standard and at least six calibrants including LLOQ covering the range of calibration
curve (103). This could be achieved by diluting the stock solution over a range of
concentrations. The response for LLOQ should not deviate by more than 20% from
the actual concentration where as for other standards, it should not deviate by more

than 15%. At least four out of six standards should meet the above criteria (103).

1.8.5 Linearity and range
Linearity should be evaluated across the range of the method and is defined as
method’s ability to produce a response that is directly proportional to the

concentration of the analyte in the matrix and is determined graphically as well as
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mathematically. A regression line can be used to obtain mathematical data on the
degree of linearity. The ideal correlation coefficient of the linear regression should be
around 1 and the intercept should be 0. Where the intercept is significantly different
to 0, it should be shown that it has no effect on the accuracy of the method. The
range is the interval between the higher concentration and the lower concentration of

analyte in the sample with a suitable level of precision, accuracy and linearity (106).

1.8.6 Selectivity

The ability of an analytical method to differentiate and quantify the analyte in the
presence of other components in the sample is referred to as selectivity. Selectivity
can be determined by analysing six blank samples at different concentration levels as
well as LLOQ for any interference such as the matrix effect. If there are more than
one analyte to be analysed then each component should be tested for the presence of

any interferences (103).

1.8.7 Specificity
Specificity is defined as the ability of an analytical method to distinguish the analyte

within the sample that contains other components as well.

1.8.8 Sensitivity
Sensitivity is defined as the ability of an analytical method to discriminate between
small changes and differences caused in the concentration of the analyte or its mass

(104). It is the change in signal per unit change in the concentration of analyte (93).
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1.8.9 Stability

Checking the stability of an analyte is very useful as many chemical compounds can
decompose under certain conditions. These conditions could be during the sample
preparation, storage conditions (e.g. temperature), matrix or the manufacturing
material used for the vials and sometimes UV light. Stability helps in determining the
time allowed between the sample collections till it has been analysed. The
experiment should consist of all the steps involved in the actual study that is from
collecting the samples to handling, to short or long term storage. The procedure
should include a freshly prepared stock solution and a set of samples should be
prepared from that in an appropriate solvent at known concentrations. The stock
solution of the analyte as well as the internal standard should be investigated at room
temperature for six hours and then the response of these should be compared to the
response of a freshly prepared stock solution. The stability is then determined by
calculating the % RSD (relative standard deviation) of the replicates that should not
exceed more than 20%. In addition to this, stability can also be determined by freeze
and thaw cycles. Three freeze and thaw cycles can be used and could be for short or
long-term stability. Three replicates of low and high concentration each can be stored
at required storage temperature and thawed after 24 hours at room temperature and
kept at this temperature based on how long it will be out in the actual study at this
temperature. If the sample is out for 4-24 hours it is considered as short-term stability
whereas for long term stability testing should be when the sample was first collected
and when the last analysis is carried out. The concentrations should be compared to
the concentrations of the standards from first day of the stability testing. In addition,

the stability of the analyte in question and the internal standard should also be
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investigated over the anticipated run time for the batch size in validation samples by

determining concentrations on the basis of original calibration standards (106).

1,.8.10 Accuracy

Accuracy is defined as closeness of the experimental value to the ‘true value’. The
true value could be the accepted reference value or could be a conventional true
value. There are several ways that accuracy of a method can be tested. One
alternative is to compare the results obtained from the current method with results
obtained from an established reference method (106). Samples with a known amount
of analyte should be analysed and the response should be compared to the response
produced by a standard and blank solution. The accuracy is then calculated as the
percentage of analyte recovered. Accuracy in this thesis was determined by analysing
quality control (QC) samples in replicates (six per concentration level) at three
concentration levels, equally distributed over the linear range. For accuracy, the
determined values are compared with the known concentration values (103).
According to FDA, the mean value for the calibrants should be within 15% of the
actual value and should be 20% for LLOQ. The deviation of the mean from the true

value is the measure of accuracy (103).

1.8.11 Precision

Precision is one of the important parameters of judging an analytical method and is
measured by monitoring the repeatability and reproducibility of an analytical method
(104). Precision is defined as closeness of the data values at difference
concentrations under the same conditions (105). Repeatability of the samples help in

measuring the variance in the method; smaller variance means better precision.
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Precision is usually referred to as standard deviation or RSD. RSD is the standard
deviation as a fraction of the mean (S/x) and, when multiplied by 100, it gives the %
relative standard deviation, which is a more reliable expression for precision.
Repeatability and reproducibility of the results are dependent on the range of analyte
concentrations to establish the estimate of a true value. Accuracy and precision are

the two main parameters that determine the error (104).

1.8.12 Recovery

Recovery is measured by spiking the matrix with a known concentration of the
analyte followed by extraction of the analyte and injecting it into the instrument. The
response produced can be compared to the response produced by injecting a
reference material dissolved in pure solvent (104). A comparison of a signal
produced by extracted to non-extracted pure analyte should be at three concentration

levels i.e. low, medium and high and should be able to represent 100% recovery.

1.8.13 Lower limit of detection

LLOD is the lowest possible concentration of the analyte that can be detected, but
not necessarily quantified, by the analytical method used. The peak or the response
for the LLOD should be at least two or three times higher than the baseline noise
level (104). It is generally referred to as signal to noise ratio and in this case it should
be 3:1 (93). The LLOD for a reference material dissolved in solvent and injected in
the instrument could be different to the spiked sample with same concentration. This
is because the baseline noise for extracted analyte from matrix could vary to the

baseline noise of the same concentration of the reference material (104,105). As
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LLOD is dependent on the signal to noise ratio, it can be improved by reducing the
baseline noise and hence enhancing the analyte signal (93).

Noise is the width of the baseline and there are different parameters that contribute
towards this such as detector electronics causing background fluctuations, pump
oscillations, dirty column and the baseline signal in the absence of the analyte. Noise
can be reduced by using high sensitivity detectors that have low noise and drift

characteristics and pumps with low pulsation (93).

1.8.14 Lower limit of quantification

LLOQ is defined as the lowest concentration of an analyte that an analytical
procedure is capable of quantifying within the limits of accuracy and precision. This
can be achieved by analysing known concentrations of the analyte and determining
the minimum level of concentrations that can be quantified accurately (106). The

signal to noise ratio for LLOQ should be 10:1 (93).

1.8.15 Robustness

It is defined as when a method remains unaffected by causing deliberate variations in
method parameters, hence proving the analytical method’s reliability. One can
examine the effect of deliberate changes in these parameters on an analytical method
and its results (106). It helps in identifying the effective variables in methods as one
can closely control them and in case of improvements to be made in the method these

specific parameters can be changed accordingly (104).
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1.9 Overall aims of this research project

To develop an analytical method for the detection of social drug mephedrone
and its two metabolites 4-methylephedrine and 4-methylnorephedrine using
LC-MS/MS

To apply this novel analytical method to human hair samples that were
collected as part of an independent study

To develop a method for simultaneous detection of two antiretroviral drugs
abacavir and tenofovir using LC-MS/MS

To apply the novel developed analytical method to human hair samples
donated by HIV positive patients

To develop a HPLC-UV method for the detection of B2-agonist in enzymatic
assay

To employ this method to investigate the inhibitory effects of dietary
products containing phenolic compounds (various teas and fruit juices) on the
glucuronidation activity of clenbuterol and formoterol

To also apply this method to investigate potential inhibitory effects of
catechins present in tea and corticosteroids on the glucuronidation activity of

the two B;-agonist clenbuterol and formoterol
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1.10 Preface

The work presented in this Ph.D thesis involves development and application of

novel analytical methods to detect social and antiviral drugs as well as B,-agonists

using LC-MS/MS and HPLC-UV, respectively. The following work is reported over

five Chapters.

Chapter one provides a general introduction and aims for the three projects
reported in this thesis

Chapter two provides detailed materials and methods employed in the three
reported projects

Chapter three reports the development and validation of an analytical method
for the detection of mephedrone and its two metabolires 4-methylephedrine
and 4-methylnorephedrine using LC-MS/MS. The Chapter also contains
application of the developed method to human hair

Chapter four details the development of novel analytical method for
simultaneous quantification of abacavir and tenofovir using LC-MS/MS and
its application to human hair

Chapter five represents method development of B;-agonist using HPLC-UV.
The Chapter also reports effects of dietary products (tea and fruit juices) and
catechins present in tea as well as corticosteroids on the glucuronidation
activity of clenbuterol and formoterol

The last part of this thesis provides the concluding remarks and information

on potential future work arising from this work

56



Chapter 2

CHAPTER 2

MATERIALS AND METHODS

This Chapter contains a detailed overview of all the chemicals and consumables used

along with the methodologies and instrumentations for all the three studies.

2.1 Chemicals and reagents

2.1.1 Reference materials

Mephedrone hydrochloride (1.0 mg/mL) (as free base) in methanol, mephedrone d3
hydrochloride (0.1 mg/mL) (as free base) in methanol, tenofovir (15 mg), abacavir
sulphate (5 mg), abacavir — d4 (1.0 mg) and clenbuterol hydrochloride (30 mg) were
purchased from LGC standards (Teddington, UK). Paracetamol, 4-methylephedrine
hydrochloride and 4-methylnorephedrine hydrochloride were synthesised at Kingston
University (London, UK). Formoterol fumarate dehydrate (10 mg) was purchased
from Sigma Aldrich (Dorset, UK). Figure 2.1 shows the structures and molecular

formulae for all the reference materials used along with their molecular weights.
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2.1.2 Solvents and other general chemicals

HPLC grade methanol (MeOH), acetonitrile (ACN), water, and hexane, reagent
grade ethyl acetate, ethanol, dichloromethane, chloroform and formic acid were all
purchased from Fisher Scientific UK Ltd (Loughborough, UK). Tris HCI buffer and
Cleland’s reagent were obtained from VWR (Lutterworth, UK). Proteinase K,
sodium hydroxide, hydrochloric acid, sodium hydrogen phosphate heptahydrate and
sodium phosphate monobasic dehydrate were purchased from Sigma Aldrich. Pooled
liver microsomes, UGT2B17, solution A (containing uridine -5’- diphosphoglucronic
acid) and solution B (containing MgCl,, Tris HCI (pH) 7.5 and alamathecin) were all
bought from Beckinson Dickinson (BD Biosciences, Oxford, UK). Commercially
available yunan white tea leaf (WTL) and silver dragon beard white tea (WT) were
purchased from Fortnum and Mason (London). Sencha Japanese green tea bags
(GT), ocean spray classic cranberry juice, Welch’s purple grape juice and Copella

Apple (cloudy) juice were all purchased from local supermarket (London).

2.1.3 Essential Consumables
All the essential consumables listed in Table 2.2 were bought from Agilent
(Stockport, UK), Fisher Scientific (Loughborough, UK), Capital Analytical (Leeds,

UK), Millipore (Watford, UK) and Biochemic Diagnostics, Inc (NY, USA).
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Table 2.2: List of all the consumable used in the three studies

Consumables

Description and Brand

SB-C18 column

Zorbax eclipse XDB-C18

column

Supelco C18

2.1 pm x 150 mm % 1.8 um, Agilent

2.1 pmx 150 mm x 1.8 um, Agilent

5 pm x 250 mm x 4.6 pm, Supelco

C18 SPE catridges

GV-65C SPE cartridges

Varian, Agilent

Biochemical Diagnostics

Syringe driven micro-filter

0.2 pm, PTFE membrane syringe filter, Millipore

0.45pum, PTFE membrane syringe filter,

Millipore

Silanised amber glassware

4 mL with PTFE lined screw caps, Sigma Aldrich

Silanised glass inserts

200 pL and 300 pL, Capital Analytical

Amber vials

Clear glass vials

1.5 mL with screw caps, Fisher Scientific

1.5 mL with screw caps, Fisher Scientific

Glass centrifuge tubes

10 mL with PTFE lined screw caps, Fisher

Scientific

2.2 Instruments

The instruments used for the studies were bought from Thermo Scientific

(Loughborough, Leicestershire, UK), Fritsch (Germany), PerkinElmer (Cambridge,

UK), SPEware Corporation (California, USA), Ideal Scientific (Ancaster, Toronto),

Jones Chromatography Ltd (Wales, UK) and Fisher Scientific (Loughborough, UK).

61




Chapter 2

Table 2.3: List of all the instruments used in all the three studies

Instruments used

Model and Brand

LC-MS/MS Accela UPLC pump, Thermoscientific
Triple Quadrupole TSQTM mass spectrometer, Thermo
Eclectro Corp, Thermoscientific
HPLC Pump (series 200), PerkinElmer
Autosampler (series 225), PerkinElmer
Diode array UV detector (series 200 EP), PerkinElmer
Centrifuge Heraeus Labofuge 400R, Thermoscientific
Ball mill Mini-mill pulverisette, Fritsch

SPE instrument

Cerex System 48 Pressure Processor, SPEware Corporation

Vortex mixer

ZX Wizard with infrared sensor, Fischer Scientific

pH meter Seven Easy S20, Mettler Toledo, Fischer Scientific
Sample Dri-block DB-3D, Technne, Fischer Scientific
concentrator

Column oven for

HPLC

Column oven, Jones Chromatography Ltd

Orbital Shaker

IKA - KS 130 Basic, Ideal Scientific
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Enzymatic digestion consisted of placing the finely cut hair segments (50 mg) in a
glass vial containing Cleland’s reagent (100 mg), enzyme proteinase K (15 mg) and
internal standard (100 pL). The mixture was finally incubated with Tris buffer (1
mL) for 2 hours at 37.5 °C with constant stirring using a water bath.

The third step of sample preparation involved transferring of the digested hair
mixture to glass centrifuge tubes in order to carry out LLE. For LLE different
organic solvents were used (Chapter 3), the contents of the tube were mixed using a
vortex mixer and centrifuged at 5 °C for 5 minutes at 1750 x g. The organic layer
was separated and placed in a separate glass tube and was dried using nitrogen gas
and reconstituted with 200 pL ACN and filtered using 0.2 pm, PTFE membrane

syringe driven filters.
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5 minutes at 1750 x g. In order to separate the organic layer, tubes containing the
mixture were place in the freezer (-20 °C) for about 15-20 minutes. After the aqueous
layer was frozen the organic layer was transferred in a separate glass tube and was
dried using compressed air. The samples were then reconstituted with 200 pL

acetonitrile: water and filtered using 0.2 um, PTFE membrane syringe filter (1:1) (37).
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24 Hair Specimen

The hair samples provided for the two studies were collected from the volunteers as
part of independent studies. The author did not participate in collecting the hair
samples for any of the two studies. The amount of hair collected ranged between 30
— 100 mg in weight and were cut close to the skin. Each sample collected was stored
in a separately labelled sealed paper envelopes. Both studies were carried out
according to the approved protocols of Kingston University Faculty Research Ethics

Committee (38,72,107).

2.4.1 Blank hair
Blank hair samples used in both studies were donated by two healthy individuals
with no history of any social drug intake. The hair samples were free from any

treatments such as dyeing, perming and bleaching.

2.4.2 Mephedrone hair samples
Hair samples for this study were obtained from 154 healthy volunteers (95 male, 59
females) after two higher education institutions provided the ethical approval. The

age range of the volunteers was from 18 to 56 years old (72,107).

2.4.3 HIV patient’s hair samples

Ethical consent was granted by the NHS (UK) National Research Ethics Service
(Ref. No. 09/H0712/86) for collecting the hair samples from HIV patients. Hair
samples were donated by 32 HIV positive patients undergoing combination therapies

at the time (38).
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2.5 Preparation of potential inhibitory products

2.5.1 T ea extracts

Tea samples used were all commercially available brands and consisted of green tea
leaf, white tea leaf and white tea stem, where tea (0.8 g) was ground using pestle and
mortar and the powder was dissolved in 40 mL of boiling water. After 5 minutes,
extracts were filtered using a 0.45 um PTFE membrane syringe filter. Tea extracts

were added to the reaction mixture at 10% v/v of the final volume.

2.5.2 Fruitjuices
Fruit juices used in the study (Chapter 5) were purple grape juice, cloudy apple and
cranberry juice. All the juices were filtered using a 0.45 pym PTFE membrane syringe

filter and added to the reaction mixture at 10% v/v of the final volume.

2.5.3 Catechins
Catechin gallate (CG), epicatechin (EC) and epigallocatechin gallate (EGCG) were
prepared by dissolving each sample in water. These catechins were added to the

reaction mixture by replacing the amount of water at the initial concentration of 1

mM.
2.5.4 Corticosteroids

Each corticosteroid was prepared by dissolving it in water and added to the reaction

mixture by replacing the amount of water, at the initial concentration of 2 mM.
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noise ratio) of > 3 (103), whereas, LLOQ is the lowest concentration for the
quantification of an analyte with the S/N of > 10.

Precision was validated at four different concentrations with six replicates each; on
consecutive three days. The four concentrations used were within the linear range
and was expressed by a relative standard deviation (RSD %). A low RSD indicates a
good precision and is defined as closeness of the analyte signals for the same
concentration repeatedly. According to FDA guidelines, the RSD should be + 15%
for all the concentrations within the linear range, whereas for LLOQ it’s + 20%
(103).

Accuracy was defined as the closeness between the theoretical value and the
calculated value under the same conditions. Theoretical value here refers to the
calculated area of the analyte when dissolved in a solvent, whereas calculated value
refers to the area calculated for the same concentration of the analyte after going
through the sample preparations step i.e. in the actual sample matrix. The RSD
percentage should be + 15% for all the concentrations within the linear range,
whereas for LLOQ its + 20%.

The method should be able to give a linear calibration curve in a given concentration
range. The ratio was calculated by dividing the response of the analyte by the
response of the internal standard. The regression coefficient, r, describes the
linearity of the equation. The closer it is to 1, the better the linearity.

Specificity was identified as absence of any matrix interfering peaks at the same
retention time as the analyte. It was investigated by treating a blank sample in exactly
the same manner as the actual samples in the absence of any analyte or internal
standard. Selectivity was determined in order to investigate if there are any

interfering peaks at the same retention time as the analytes (103). The robustness was
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defined as the reproducibility of the method without getting affected by any minor
variations that could be instrumental as well as external.

Extraction recovery was determined by spiking a blank with the known amount of
analyte and internal standard followed by extraction process and then comparing the
area to the area of the un-extracted sample containing the same concentration in the

solvent (103).
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CHAPTER 3

ANALYSIS OF MEPHEDRONE AND ITS

METABOLITES IN HUMAN HAIR USING

LC-MS/MS

3.1 Introduction

‘Legal high’ refers to chemicals that possess psychoactive activity in humans, and
are not subject to prohibition by law (7). Compared to other traditional psychoactive
drugs such as cocaine, phencyclidine, opiates, there is not much information
available in the literature about these emerging class of psychotropic drugs (15). Due
to the structural similarity of these legal highs to controlled psychoactive substances
such as phenethylamines and cathinones, it has become common practice for the

drug users to buy these legal highs from the Internet (3-5).

NH,
©/\/ NH,

Phenethylamine Cathinone
Mephedrone also known as ‘meow’, ‘mcat’ and ‘bubbles’ was initially available to
users and was the most widely experienced ‘legal high’ (7). It is a B-
ketoamphetamine and has close structural similarity to methcathinone, which in turn

is the N-methy! analogue of the natural product cathinone (4). Methcathinone, which
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is a Class B drug is also a cathinone derivative and is analogous to
methamphetamine. Mephedrone is a synthetic ring-substituted cathinone, very
similar to the phenethylamine family, differing only by a keto functional group at the
beta carbon. Mephedrone first synthesised in 1933, is a stimulant extracted from
Catha edulis and the leaves of this plant are chewed in Somali, Yemeni and
Ethiopian countries (17,108). The alkaloid content of the fresh leaves is responsible
for the psychoactive stimulating effects (3).

4
.

(0] 0
N » NH\ ©/\£/NH\
HN_

Mephedrone Methcathinone Methamphetamine
Mephedrone has been readily available on the European recreational drug market for
the past S years. The drug was initially drawn to attention in December 2008 after the
death of 18-year-old woman whose post mortem report-identified mephedrone (14).
Initially, it was legally available to users, but in April 2010 it was classed as a
controlled drug under the Misuse of Drugs Act 1971 as a Class B, Schedule 1
substance (7,8,109). Other brand names under which mephedrone is sold in the UK
are ‘plant feeder’ or ‘plant food’, whereas in the USA it is mostly named as ‘bath
salt’. It is available in powder form as well as in a form of tablet or capsule (11). The
use of mephedrone is more common in males than females and it is reported to be
one of the most commonly abused psychotropic drugs (7).

Drug designers produce these derivatives by modifying the functional groups of the
actual drugs or make changes to the substitutions and change the moieties of the
substances repeatedly (15). Synthesis of cathinone derivatives is carried out by

modifying cathinone, which is structurally very similar to amphetamine (14).
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3.1.1 Source

Cathinone derivatives are widely available from the common sources such as Internet
websites and are sold as bath salts and plant food with an indication “not suitable for
human consumption” to avoid any legal action against them (14). The most common
way to obtain mephedrone is from Internet and high street drug dealers. An Internet
survey shows that mephedrone is more common in UK compared to other European

countries. Studies show that it is the sixth most frequently used drug (11-13).

3.1.2 Mode of administration and dose

The most common way the users take mephedrone is by intranasal insufflation or
ingestion. The doses vary according to the route of administration and this, in turn,
affects the impact of experience. Nasal insufflation doses range from 25 mg to 75
mg, and the effect is very fast, with peak efficacy in less than half an hour and fading
rapidly thereafter (15). Ingestion doses range from 150 mg to 250 mg, the effect
onset is between 45 minutes and 2 hours, and the effects last for 2 to 4 hours.
According to the users, among all these routes of administration, intranasal dosing
has more impact with a strong desire for the next dose. Mephedrone has been the
cause of several deaths in Europe and USA (15).

The most common effects of mephedrone abuse are head rush, lack of concentration
and this can affect visual focus and memory loss. It could also cause nasal irritation,
can affect body temperature and can cause chest pain, nausea, vomiting and nose
bleed. In addition, some users have also reported tremors, elevated heart rate,
unusual behaviour, agitation, insomnia and hallucinations, sweating and could even

lead to death (5,11,13).
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3.1.3 Metabolism

In the scientific literature, there is limited information available on the metabolism of
mephedrone in humans. Pharmacokinetics studies in rats and humans suggest that
metabolism of mephedrone is very similar to ring substituted amphetamines (13). As
the structure of mephedrone is substantially similar to other psychoactive drugs such
as methcathinone and methamphetamine, one can tentatively propose a metabolism
of mephedrone on a similar basis. There are a number of different pathways by
which this drug could be metabolised.

In order to determine the presence of metabolites of the controlled drugs in humans,
urinalysis is the traditional technique used however it is often difficult to detect the
parent drug. In addition, the matrix effects for urine and blood are much greater than
hair (68).

The two metabolites analysed in this study are 4-methylephedrine and 4-
methylnorephedrine (8,19,21,62). The structures of mephedrone and its two

metabolites are depicted in Figure 3.1.

fo) 0
N

Mephedrone Mephedrone — D3
OH OH
4-methylephedrine 4-methylnorephedrine

Figure 3.1: Structures of mephedrone, 4-methylephedrine, 4-methylnorephedrine and

mephedrone — d3 (internal standard) with their chiral centre
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There has been very little research carried out on the metabolism of mephedrone.
Due to the structural similarities of mephedrone to methcathinones and
methamphetamines the metabolism of mephedrone has been proposed to follow a
similar pathway. The two metabolites analysed in this study could be postulated via
two different metabolic pathways. Both metabolites are produced by phase I
metabolic pathway (19,110). The pathway involves the reduction of the methylene
group and the second metabolite is formed by N-demethylation, thus forming a

primary amine as shown in Figure 3.2 (10,19,62).

Mephedrone 4-methylnorephedrine

H

0 0 ©
(a)
—_— —_—
HN_ NH, NH,

4-methylephedrine

QH
(b)

HN_
Figure 3.2: Proposed metabolism pathway for (a) mephedrone (b) 4-methylephedrine
(c) 4-methylnorephedrine (19,21,62)
However there is a possibility of other pathways for metabolism of mephedrone.
Some other metabolites that are deduced in another study are nor mephedrone, nor-
dihydromephedrone, hydroxytolyl mephedrone and nor-hydroxytolyl mephedrone
(10).
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The frequent use of these psychoactive drugs has created a demand for sensitive,
robust and reliable analytical methods for their identification and quantification in
different matrices. GC-MS has been the common analytical technique that has
routinely been used for the detection of mephedrone in matrices such as blood and
urine (5,6,61,68,69). In the recent years, studies have shown the use of liquid
chromatography mass spectroscopy (LC-MS) for analysing blood samples for the
detection of mephedrone (6,111). Compared to the common techniques such as urine
and blood analysis, hair analysis is a good method of providing information on long-
term history of the individual’s intake of controlled drugs depending on the
pharmacokinetic properties of the drug in question (68,69). In addition, blood and
urine samples require storage at -20 °C in the presence of preservatives until analysis,
for mephedrone (5,68).

The aim of the study was to develop and validate a sensitive and reproducible
analytical method for the quantitative analysis of mephedrone and its two metabolites
4-methylephedrine and 4 - normethylephedrine in human hair using liquid

chromatography — mass spectrometry.

3.2 Materials and methods

3.2.1 Hair specimen

Following ethical approval from two higher education institutions, hair samples were
obtained from 154 healthy volunteers (95 male, 59 females), as part of an
independent study (72). The age of the volunteers ranged between 18 to 56 years old.
Blank hair samples were donated by two healthy individuals with no history of any

intake of social drugs (72).
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3.2.2 Chemicals and consumables

HPLC grade methanol (MeOH), acetonitrile (ACN), water, and hexane, along with
reagent grade ethyl acetate, ethanol, dichloromethane, chloroform and formic acid
were all purchased from Fisher Scientific UK Ltd (Loughborough, UK). Tris HCI
buffer and Cleland’s reagent were obtained from VWR (Lutterworth, UK).
Proteinase K, sodium hydroxide, hydrochloric acid, sodium hydrogen phosphate
heptahydrate and sodium phosphate monobasic dehydrate were purchased from
Sigma Aldrich (Dorset, UK). The metabolites 4-methylephedrine hydrochloride and
4-methylnorephedrine hydrochloride were synthesised by borohydride reduction of
mephedrone and 4-methylcathinone respectively at Kingston University (London,
UK). Reference standards Mephedrone hydrochloride and mephedrone — d3
hydrochloride (internal standard) were purchased from LGC standards (Teddington,

UK).

3.2.3 Instrumentation

Analyses were performed on a Thermoscientific LC-MS/MS system consisting of an
Accela UPLC system (Thermo Scientific, UK Ltd, Loughborough, Leicestershire,
UK) coupled to a Triple Quadrupole TSQTM mass spectrometer (Thermo Electron
Corp, UK). The data acquisition software used was Xcaliber version 2.0. An Agilent
SB-C18 UPLC column (2.1 pm x 150 mm x 1.8 um) was purchased from Agilent
Technologies UK Ltd. (Wokingham, UK). Vortex mixer from Fischer Scientific
(Loughborough, UK) was used to shake the mixture. A Thermo Scientific
Centrifuge, Heraeus Labofuge 400R was used for separating the mixtures. Sample
concentrator, Dri-block DB-3D purchased from Fischer Scientific was used for the

evaporation of solvents using nitrogen gas.
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3.2.4 LC conditions

ACN and water were used as mobile phase solvents. A solvent gradient was used to
achieve the separation of compounds (Table 3.1). The column oven was used to
maintain the column temperature at 50°C and the auto sampler tray was set at 10 °C.
The flow rate of the mobile phase was 200 pL/min and the injection volume 3.0 pL.
An Agilent SB-C18 column (2.1 pm x 150 mm x 1.8 pm) with 0.2 um inline filter
was used to carry out analysis, in order to filter the particles coming from the mobile
phase and the sample matrix. A 50:50 mixture of ACN and water was used as needle
and syringe wash. Following LC conditions were used for the separation of the drugs
(Table 3.1).

Table 3.1: Chromatography conditions used for the separation of the compounds

LC run time (min) Acetonitrile (%) Water (%)
0 65 35
3 100 0
4 100 0
5 65 35
10 65 35

3.2.5 MS conditions

The mass spectrometer was operated in positive ionisation mode using ESI source.
The capillary temperature was maintained at 300 °C and a voltage of 4000 V was
employed. The collision pressure was kept at 1.5 mTorr. Nitrogen was used as the
source gas and also for the collision cell. This was operated in SRM mode to detect
precursor and product ions. The protonated molecules [M+H]" of the analytes were

used as precursor ions in order to achieve collision induced dissociation (CID). The
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quantification was carried out by using Quan browser using Xcalibur software,
which automatically integrates the peak area of the SRM transitions. The analytes’
retention time (RT), ion transitions and optimum collision energy required by the
precursor ions to produce the product ions are given in Table 3.2. The fragmentation
pathways of all the analytes are shown in Figure 3.4.

Table 3.2: Ion transitions, RT and collision energies used for the analysis of the
analytes and the internal standard

Compound (RT) Precursor Product ions Collision
min ions (m/z) (m/z) energy (eV)

Mephedrone 2.07 178.1 160.1 10

145.1 18
4-methylephedrine 1.93 180.2 147.2 19

1313 18

115.2 39
4-methylnorephedrine  1.85 166.2 131.2 14

115.2 33

90.79 24
Mephedrone — d3 1.98 181.2 163.2 17

148.2 20

3.2.6 Preparation of standards

The reference standard solution for mephedrone (1 mg/mL) in acetonitrile (ACN)
and the internal standard mephedrone — d3 were used as stock and were stored in a
freezer (- 20 °C). For 4-methylephedrine and 4-normethylephedrine, stock solutions
were prepared by weighing out the powder and dissolving it in MeOH to the

concentration of 1 mg/mL which were then stored in amber vials in a freezer (-20
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°C). Metabolites gave better sensitivity when dissolved in MeOH when compared to
dissolving it in ACN. Working standards of mephedrone, mephedrone — d3 and the
metabolites were prepared from the stock solutions at the concentration of 1 pg/mL
for the optimisation of the LC-MS/MS parameters. All the working solutions were
stored in glass vials in a fridge (4 °C). The calibrants for standard curve as neat and
in hair were prepared from stock solutions. The QC solutions were also prepared

from stock solution.

3.2.7 Hair digestion and extraction

a) Decontamination
Decontamination of the hair samples was carried out by rinsing with 2mL
dichloromethane for 2 minutes (twice) at room temperature. This step ensured the
removal of any contaminants from the surface of hair, which may interfere with the
analysis(72). Generally, the less polar the solvent, the less that solvent swells the hair
therefore is more difficult for the solvent to wash away the incorporated drug. After
decontamination, the hair samples were completely air dried before cutting into very

fine segments (ca.l mm length) using scissors.

b) Hair Digestion Methods

i) Alkali digestion
Initially, hair digestion was carried out by incubating the hair samples (50 mg) with 1
M sodium hydroxide solution (1 mL) at 95 °C for 10 minutes. After the samples were
cooled down to room temperature, the mixture was than neutralised by adding 1 M
hydrochloric acid (ca. 0.9 mL) followed by addition of 0.2 M phosphate buffer (2

mL), pH 7.0.
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ii) Enzymatic digestion

Alkali digestion led to the complete degradation of the analytes, mainly mephedrone.
It could be due to the high temperature at which the alkali digestion is carried out.
Other possible reason is pH of the solution when carrying out the digestion, as the
solution is only neutralised after the hair is completely digested at 95 °C. Hence,
enzymatic method was chosen alternatively to digest hair completely, which assures
the extraction of majority of the analytes.

Enzymatic digestion was carried out by placing the fine hair segments (50 mg) in a
glass vial containing Cleland’s reagent (100 mg) and enzyme Proteinase K (15 mg).
The internal standard mephedrone — d3 (100 pL) at 40 pg/mg was added to the
mixture. The mixture was finally incubated with Tris buffer (1 mL) for 2 hours at

37.5 °C with constant stirring using a water bath.

¢) Extraction
The digested hair mixture was then transferred to glass centrifuge tubes. For
mephedrone, hexane (3 mL) was added to the digested hair in order to carry out
liquid-liquid extraction. The contents were mixed for 2 minutes using a vortex mixer
and centrifuged at 5 °C for 5 minutes at 1750 x g. The supernatant organic layer was
separated and transferred into a glass tube. For 4-methylephedrine and 4-
normethylephedrine, a mixture of chloroform, ethanol and ethyl acetate (3 mL in
total) in the ratio of 3:1:1 (v/v/v) was used to carry out LLE. All the above steps used
for mephedrone were repeated. The bottom organic layer were separated and pooled
together in the same glass tube as used for mephedrone. The organic layer was then
dried using nitrogen gas and reconstituted with 200 pL acetonitrile by using a syringe

driven, 0.2 pm PTFE membrane filter.
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3.2.8 Method validation

Method validation was carried out in order to establish the sensitivity, specificity,
selectivity, linearity, LLOD, LLOQ, inter and intraday precision, accuracy and
percentage recoveries. FDA guidelines were followed for the validation of measuring
the analytes in hair matrix (103).

A blank hair sample was used as a negative control for the validation of mephedrone,
4-methylephedrine and 4-methylnorephedrine. This was confirmed by running the
blank hair sample on LC-MS/MS.

Any matrix effects were investigated by digesting and extracting blank hair samples
in the same manner as actual hair samples in the absence of any analyte or internal
standard. Selectivity was determined in order to investigate if there are any
interfering peaks at the same retention time as the analytes.

In order to construct a calibration curve, blank hair was spiked with known
concentrations of the analytes along with internal standard and put through the same
hair digestion and extraction process as used for the actual hair samples. The QC’s
and LLOQ were prepared in the same manner as calibrants at four different
concentrations within the linear range of the calibration curve. The linearity of the
curve was obtained by using linear regression analysis and by calculating the ratio of
known concentration of mephedrone and its two metabolites to the internal standard.
The ratio was calculated by dividing the peak area of the analyte by the peak area of
the internal standard. A calibration curve was constructed in the range of 5 pg/mg to
100 pg/mg for mephedrone and 10 pg/mg to 150 pg/mg for both 4-methylephedrine
and 4-methylnorephedrine. The internal standard mephedrone — d3 (100 pL) was
added to all the standards with a final concentration of 40 pg/mg. The quantified

precision for the calibrants was within £15% of the RSD, whereas for the LLOQ
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precision and accuracy was +20%. LLOQ was determined as the lowest quantified
concentration with an S/N ratio of at least 10, whereas LLOD was the lowest
detectable concentration with an S/N of 3.

Interday precision was calculated by measuring six replicates at four different known
concentrations on three consecutive days, whereas intraday precision was calculated
by calculating six replicates of each of the four known concentrations within one
day.

Accuracy was calculated by comparing the mean values calculated for the six
replicates of each four known concentrations with the actual value calculated for that
known concentration.

The extraction recovery was validated for mephedrone and its two metabolites at
three different concentrations using six replicates by comparing the extracted

samples with non- extracted samples.

3.3 Results and discussion

3.3.1 Validation results

Blank (control) hair that was analysed after decontamination with DCM and
extraction using the chromatographic conditions stated in section 3.2.4 gave no
chromatographic interferences due to the endogenous substances present in the hair.
The precision, accuracy and recoveries lie within the limits set by the FDA
guidelines (103). The detection and quantification of all the analytes and internal
standard was carried out according to their SRM transitions. The internal standard
was used to compensate for any loss the analytes may go through while carrying out
LLE or any unknown matrix effects or any variations in the instrumental response.

In order to get the optimum conditions and highest sensitivity possible, different LC
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Table 3.3: Precision and accuracy for intraday and interday of the three drugs at four
different concentrations

Compound Concentration Precision RSD (%) Accuracy %

(pg/mg)

Intraday  Interday

N=6+6+6 +6 N=18+18+18+18

Mephedrone 5 0.62 0.8 99.15
10 0.4 0.7 106.34
20 2.11 1.7 103.16
40 2.56 4.5 107.53
4-methylephedrine 10 0.6 0.9 114.59
20 0.75 0.7 110.76
50 0.8 4 107.02
100 4.92 34 98.52
4-methylnorephedrine 10 0.54 1.1 107.98
20 0.2 0.7 106.51
50 291 2 97.6
100 6.97 7.3 100.67
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Table 3.4: Extraction recoveries of the three drugs at three different concentrations

Compound Concentrat  Recovery (%) Regression Regression
-ion N=6+6+6 Coefficient equation
(pg/mg)
Mephedrone 5 90.36 +4.76 0.999 y=0.112x
20 110.37 + 6.33 +0.429
40 108.10 +5.03
4-methylephedrine 10 106.16 + 5.80 0.990 y=0.012x +
20 98.37 +8.60 0.033
100 101.87 +5.90
4-methylnorephedrine 10 100.23 +3.21 0.990 y =0.008x +
20 96.78 + 10.12 1.389
100 101.32+6.0

Figure 3.5 shows the calibration curves for mephedrone, 4-methylephedrine and 4-

methylnorephedrine in hair. The linearity for all three analytes was within the

quantification range.
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LLOD and LLOQ values for mephedrone were 2.5 pg/mg and 5 pg/mg respectively.
For 4-methylephedrine and 4-methylnorephedrine, the LLOD was S pg/mg and the
LLOQ 10 pg/mg. The signal to noise ratio for the LLOD and LLOQ are given in
Table 3.5.

Table 3.5: Signal to noise ratios (S/N) for the LLOD and LLOQ

S/N for LLOD S/N for LLOQ
Compound N=6 N=6
Mephedrone 7 11
4-methylephedrine 5 10
4-methylnorephedrine 4 10

Mephedrone was extracted using different solvents such as pentane, chloroform, and
mixture of chloroform, ethanol and ethyl acetate with different ratios including
(3:1:1, 2:1:1), but hexane gave the best results. For the metabolites, 4-
methylephedrine and 4-methylnorephedrine, hexane was not a good choice of a
solvent as the extraction recoveries were very poor. Pentane gave very similar results
with poor extraction recoveries. The mixture of chloroform, ethanol and ethyl acetate
(3:1:1) gave the best results. Hexane is not as polar as the mixture of solvents used
and as metabolites are more polar than the parent drug these tend to prefer to be
extracted with more polar solvents.

The LLE with the solvents used for the mephedrone and the metabolites enhanced
the purification of the solution and got rid of any unwanted components in the hair
matrix. Vortex mixing while carrying out LLE helped in maximum extraction of the

analytes.
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For extraction of mephedrone the top organic layer was decanted whereas for the
extraction of the two metabolites the bottom organic layer was decanted. When
separating the organic layer in extraction process it was ensured that there were no
drops of aqueous layer transferred along with the organic layer. Blank ACN was
injected after every two sample runs to avoid any contamination or carry over effects
of the column.

The analytical method gave reproducible and highly sensitive results for mephedrone
and 4-methylephedrine and 4-methylnorephedrine.

Figure 3.6 below shows LC-MS/MS chromatogram and CID spectra of mephedrone
and its two metabolites 4-methylephedrine and 4-methylnorephedrine in hair at

concentrations of 10 pg/mg, 20 pg/mg and 20 pg/mg respectively.
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3.3.2 Application to human hair

The method was applied to human hair samples that were collected from healthy
volunteers. Out of the 154 samples analysed, mephedrone was detected in only five
samples. However, the metabolites were not detected in any of the samples analysed.
In this study, the metabolites could not be detected in the hair samples. In general,
high polarity metabolites, which are destined to be excreted in urine, are difficult to
detect in hair. In contrast, the parent drugs are lipophilic and can become
incorporated into the hair (8). Due to that reason, sometimes it is difficult to detect
metabolites in hair, though they could travel and get incorporated in hair. Another
possible reason could be the sensitivity of the method to detect the metabolites. The
concentration of the metabolites in hair could be very low and therefore could not be
detected. However, owing to the method used for data and sample collection (72), it
is impossible to link admission of mephedrone use to individuals, or individual
samples. Out of five samples, mephedrone could be successfully quantified in only
one sample. It was found to be present at a concentration of 21.11 pg/mg. For the rest
of the four positive samples, mephedrone was present below the level of LLOQ, but
above the level of LLOD. Figure 3.7 shows the chromatogram and mass spectra of

the quantified positive sample.
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bleaching cannot affect the incorporation of the drug into hair. Thus, it can be used to
compliment urinalysis for identifying routine drug users (70).

The study is also affiliated with the investigation to estimate doping prevalence by
asking respondents to complete questionnaires. Hair analysis was employed to

validate these surveys (72).

3.4 Conclusion

The study describes a novel, rapid and replicable method for the quantitative analysis
of mephedrone and its two metabolites, 4-methylephedrine and 4-
methylnorephedrine, in human hair samples using LC-MS/MS. Only 50 mg hair was
needed for the analysis. Hair analysis is a non-invasive and human friendly
technique. The validated method shows that the method is reproducible and does not
require additional effort of derivatising samples as required for GC-MS/MS. The
method developed is quite sensitive with an LLOQ of 5 pg/mg for mephedrone and
10 pg/mg for its two metabolites. The absence of any interference on the
chromatograms shows that the method is highly selective with no matrix effects. The
method was successfully applied to the human hair and is suitable for the future
detection and quantification of mephedrone and its metabolites for the given

sensitivity in hair and could complement urine and blood analysis.
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CHAPTER 4

SIMULTANEOUS QUANTIFICATION OF
ANTIRETROVIRAL DRUGS ABACAVIR
AND TENOFOVIR IN HUMAN HAIR BY

LC-MS/MS

4.1 Introduction

4.1.1 Antiretroviral therapy

At present, there are three major therapeutic families that are being used in *“highly
active antiretroviral therapy” (HAART). Some are used in combination as
antiretroviral therapy (cART) or HAART for treating HIV. These comprise of a
combination of nucleoside reverse transcriptase inhibitors (NRTIs), non — nucleoside
reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs) and most recently
approved integrase inhibitors for the antiretroviral treatment for patients with viral
resistance. All these inhibitors act against multiple viral targets (25-27,29).
Nucleoside reverse transcriptase inhibitors (NRTIs) are the first antiretrovirals used
against HIV infection. Their role is to prevent the synthesis of viral DNA by the
reverse transcriptase enzyme (23,24).

Nucleoside/nucleotide reverse transcriptase inhibitors prevent replication by

inhibiting the synthesis of viral DNA by the reverse transcriptase. These compounds
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have to be phosphorylated at the intracellular level by endogenous kinases in order to
obtain the active triphosphate moieties. These active anabolites then competitively
inhibit the incorporation of endogenous nucleoside triphosphate by the viral reverse
transcriptase enzyme, therefore blocking the synthesis of new viral DNA strand(23)

Abacavir and tenofovir are prodrugs that belong to the NRTI’s family and need
metabolic activation. Tenofovir is a nucleotide reverse transcriptase inhibitor and
abacavir is a nucleoside reverse transcriptase inhibitor and thus are key components
of cART regimens. The effect of these drugs depends on the degree of metabolic
phosphorylation that they undergo and thus they need metabolic activation

(32,33,112).

4.1.2 Treatment adherence and compliance

There are many different clinical situations that require quantification of these
therapeutic drugs in patients, such as therapeutic drug monitoring (TDM), drug
interactions, patients with resistant genes and compliance testing (23,31). One of the
major reasons for the failure of these therapeutic drug treatments is the non-
compliance to the treatment with the development of drug resistance (25). The
development of resistance to these drugs when used in combination therapy is
complex, with each class being postulated to develop resistance at varying levels of
adherence to therapy (25). The combination therapy helps patients with adherence to
medication regimens and to improve the efficacy (113).

A major reason for the failure of anti-HIV treatment is the non-compliance or poor
adherence to the medication. Adherence to medication is especially important for
improved clinical outcomes for a range of conditions including tuberculosis (TB)

infections and treating HIV patients. This has led to intense interest in developing
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analytical methods to determine drug levels in patient samples (25,29-33).
Quantification of these NRTIs is very useful where a patient’s compliance to the
treatment needs to be monitored. The treatment usually comprises of a combination

of three or four different drugs for an active antiretroviral therapy (30).

4.1.3 Quantification of antiretroviral drugs using hair analysis

The quantification of these antiretroviral drugs is very important for monitoring of
HIV therapy. There have been many studies carried out in the past for the
measurement of these drugs in human plasma, but the drawback of this technique is
that it only provides short — term information on the exposure to these medications.
On the other hand, hair analysis provides information over a longer period (from
weeks to months), which could help in better predictive treatment outcomes of HIV
therapy and give information on efficacy and toxicity of these drugs. Also, compared
to blood or urine samples, hair samples are easy to collect and there are fewer
hazards associated when storing or handling these samples (37). Hair grows at
approximately 1 cm per month and can give the history of an individuals drug use of
the previous days e.g. 3 cm hair could give 90 days history of an individual’s drug
use (58,61,70).

To date, there has not been any published method for simultaneous quantification of
abacavir and tenofovir using hair analysis, as hair is more suitable for monitoring
individual’s repeated drug uptake over time (38). However, hair analysis has been
used for the quantitative and qualitative analysis of many different social drugs
(70,107). TDM has been used to aid cCART/HAART in order to check adherence,

monitor viral resistance and to individualise dose regimens (26,34).
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Due to its high sensitivity and specificity, LC-MS/MS has gained increased
popularity for analysis of many different drugs, including antiretroviral drugs (34).
LC-MS/MS is a very useful instrument and plays a major role in therapeutic drug
monitoring (TDM) in different matrices such as hair, plasma and urine. Due to the
advantages associated with this technique, it is widely used for TDM of antifungals,
antidepressants, antibacterials and antivirals (31).

Measurement of these drugs in plasma can be carried out by different analytical
techniques (114-116). Although a previous study reported a sensitive LC-MS/MS
method for the analysis of the anti-HIV drugs, efavirenz, lopinavir and ritonavir (37)
and tenofovir (23,29) in human hair, no hair-based method was available for the
simultaneous determination of the two key drugs used in this study, abacavir and
tenofovir. Depending on the antiretroviral therapy regimen prescribed to patients,
tenofovir and abacavir could be taken together along with other NRTI’s and PI’s or
could be taken separately in combination therapies with other antiretroviral drugs
(23,28).

This aim of this study is to develop a hair-based analytical method for two common
NRTTI's abacavir and tenofovir using LC-MS/MS. As one of the two drugs or in
some cases both of the drugs are co-administered with other NRTI’s and PI's in the
present patients (29). This is a component of a larger observational study, which has
the aim of investigating predictors of the adherence and non-adherence to prescribed

exercise and medication therapy in HIV seropositive patients (117).
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4.2 Materials and methods

4.2.1 Hair samples

Ethical consent for the broader clinical study on adherence was granted by the NHS
(UK) National Research Ethics Service (Ref. No. 09/H0712/86) which included hair
sampling and analyses (38). Thirty-two HIV positive patients undergoing
combination therapies donated the hair samples. All hair samples were stored in
paper envelopes at room temperature. A blank hair sample was obtained from one
healthy individual and was used to prepare calibrants and quality controls (QCs) in

order to validate the study.

4.2.2 Chemicals and consumables

Abacavir sulphate, tenofovir and abacavir — d4 (internal standard) were purchased
from LGC standards (Teddington, UK). HPLC grade methanol and reagent grade
hexane, ethyl acetate, ethanol, dichloromethane and formic acid were purchased from
Fisher Scientific UK Ltd (Loughborough, UK). Methyl fert-butyl ether, sodium
hydroxide, hydrochloric acid, trifluoroacetic acid, sodium phosphate dibasic
heptahydrate, sodium phosphate monobasic dihydrate and ammonium acetate
solution were purchased from Sigma Aldrich (Dorset, UK). Acetonitrile and water

were of LC-MS grade and were purchased from VWR (Lutterworth, UK).

4.2.3 Instrumentation

A Thermo Scientific LC-MS/MS system consisting of an Accela UPLC system
(Thermo Scientific, UK Ltd, Loughborough, Leicestershire, UK) coupled to a Triple
Quadrupole TSQ Quantum Access mass spectrometer (Thermo Electron Corp, UK)

was used. Varian C18 SPE cartridges and an Agilent zorbax eclipse XDB-C18
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column (2.1 pm x 150 mm x 1.8 pm) was purchased from Agilent Technologies UK
Ltd (Wokingham, UK). A Cerex System 48 Pressure Processor was used from
SPEware Corporation (California). GV-65C solid-phase extraction (SPE) cartridges
were purchased from biochemical diagnostics, Inc (NY, USA). A vortex mixer from
Fischer Scientific (Loughborough, UK) was wused. A Thermo Scientific
Centrifugation system, Heraecus Labofuge 400R was used for separating the
mixtures. A sample concentrator from Technne, Fischer Scientific (Loughborough,
UK) was used for the evaporation of solvents using compressed/nitrogen gas. A
Fritsch mini-mill ‘pulverisette 23° (Idar-Oberstein ,Germany) was used to pulverise

hair,

4.2.4 LC-MS/MS conditions

To achieve the optimum conditions for the analysis of tenofovir and abacavir; ACN
and water were used as mobile phase. The column temperature was maintained at 30
%C and the autosampler tray was set at 10 °C. The flow rate was kept at 200 uL/min
and the injection volume of 3.0 uL was used. ACN was used as needle and syringe

wash. The mobile phase composition and gradient conditions are given in Table 4.1.
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Table 4.1: Chromatography conditions (gradient elution) used for the separation of
the compounds

LC run time (min)  Acetonitrile (%) Water (%)
0 85 15
3 85 15
4 50 50
7 50 50
8 85 15
12 85 15

The mass spectrometer was set to electrospray ionization in positive ion mode. A
voltage of 4000 V was employed to the capillary. The collision pressure was kept at
0 mTorr and the capillary temperature was maintained at 300 °C. Nitrogen gas was
used as the source gas and also for the collision cell. The instrument was operated in

SRM.

4.2.5 Hair decontamination

Decontamination is essential for the hair samples in order to remove undesired
contaminants from the hair surface that may lead to interferences with the analysis.
The process involved rinsing hair samples with 2 mL of DCM twice for 2 minutes at
room temperature. The hair samples were then dried and pulverised into a fine

powder using a Fritsch mini-mill for 5 minutes.
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4.2.6 Extraction method
A number of extraction methods were examined for abacavir and tenofovir in order

to get the optimum extraction recovery.

4.2.6.1 Alkali digestion

Hair (50 mg) was placed in a glass vial with 1 M sodium hydroxide (NaOH) (1 mL)
at 95 °C. The mixture was incubated for 10 minutes where all the hair was dissolved.
The solution was then transferred to glass centrifuge tubes and was neutralised with
IM hydrochloric acid (HCl) (1 mL) and 0.2 M phosphate buffer (2 mL). The mixture

was vortex mixed for 2 minutes.

4.2.6.2 LLE

LLE was applied to the above hair mixture, where different solvents and their
mixtures were used such as hexane, and a mixture of chloroform: ethyl acetate:
ethanol 3:1:1 (v/v/v). The extraction solvent (3 mL) was added to the mixture and
was vortex mixed thoroughly for about 1 minute. The digested hair solutions were
centrifuged for 20 minutes at 3939 x g at 4 °C. The top layer was decanted for LLE
using hexane, whereas for the mixture of solvents, the bottom layer was decanted
using a pasteur pipette and placed in a separate glass test tube. The extracted samples
were then dried using nitrogen gas and reconstituted with 200 uL methanol and water

(1:1, v/v).

4.2.6.3 SPE
SPE was also applied instead of LLE with different SPE cartridges such as cation

exchange/non-ionic and C18. The method was adapted from previously published
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methods. The cartridges were preconditioned with methanol (3 mL) and 0.6 % TFA
(v/v in water) (3 mL). Digested hair solution (1 mL) was added to the cartridges and
these were rinsed twice with 0.6 % TFA (2 mL) followed by elution of the drugs
with methanol (2.5 mL). The solution was then evaporated using nitrogen gas and
reconstituted with water (200 pL) (118). A pressure processor was used in order to

balance the elution of the analytes from the cartridges.

4.2.6.4 Methanolic extraction

The above three ways of isolation of the drugs from hair matrix did not give good
extraction recovery. Methanolic extraction was used alternatively and was adapted
from a previous study where hair (50 mg) was placed in a borosilicate glass tube
containing methanol (1 mL) and 100 pL abacavir — d4 internal standard at a final
concentration of 0.15 ng/mg (37). The contents were vortex-mixed for 1 minute and
were agitated in an orbital shaker for 16 hours at room temperature overnight. The
mixture was then centrifuged at 4 °C for 15 minutes at 1750 x g and was then
evaporated using compressed air. Ammonium acetate (250 mM), pH 8.5 (1 mL) was
added to the tubes followed by addition of a mixture (3 mL) of methyl tert butyl
ether: ethyl acetate (1:1). The contents were vortex-mixed for 2 minutes and
centrifuged again at 4 °C for § minutes at 1750 x g. The samples were then placed in
the freezer (- 20 °C) for 15-20 minutes, in order to freeze the aqueous layer. The top
organic layer was transferred in a separate glass tube and dried using compressed air.
The samples were reconstituted with 200 uL acetonitrile: water and filtered with 0.2

um, PTFE membrane syringe filters (1:1) (37).

107



Chapter 4

4.2.7 Preparation of standard solutions

Stock solutions for abacavir and tenofovir were prepared by weighing out 1 mg of
each and dissolving it in MeOH (1 mL) to make up to the concentration of 1 mg/mL.
The stock solutions were stored in a freezer (- 20 °C) in amber glass vials. Working
standards of the two drugs were than prepared from stock solutions at the
concentration of 1 ug/mL and were stored in amber glass vials in a fridge (4 °C). The
same solution was used to optimise the LC-MS/MS parameters. The six calibrants
for the standard curve for the two drugs tenofovir and abacavir as neat were prepared
from stock solutions. The internal standard abacavir — d4 was added to all the
standards at a final concentration of (0.15 ng/mg hair). The QC’s and LOQ were

prepared in similar manner using separate stock solutions.

4.2.8 Method validation

The major parameters for the validation of the analytical method involve recovery,
specificity, linearity, sensitivity, stability, accuracy and precision. Both drugs were
analysed in hair and the method was validated for all the above parameters in
accordance with FDA guidelines (103).

The extraction recovery was validated for the two drugs by comparing the peak area
ratio of the internal standard versus the peak area ratio of the analyte of the extracted
samples of hair that was spiked with known concentration of the analytes with the
un-extracted samples at three different concentrations.

Selectivity was established to investigate any ghost peaks appearing at the same
retention time as the two analytes. This was achieved by extracting six replicates of
blank negative hair samples and analysing these. Matrix effects were examined by

spiking the extracted blank hair samples with the know amount of drug. The
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resulting peaks were compared to the peaks produced by analysing an un-extracted
standard sample containing same concentration of the drug. Here an un-extracted
sample is referred to a standard sample (in solvent) freshly prepared from stock
solution of the drug without going through any extraction process.

Six point calibration curves were constructed in hair in order to investigate the
linearity of the method. This was achieved by spiking the blank hair extract with
known concentrations of the analytes in the range of 0.12, 0.25, 0.5, 1.0, 2.0 and 4.0
ng/mg of drug/hair and with internal standard at a final concentration of 0.15 ng/mg
hair. QC’s were also prepared in exactly the same manner. The drugs were extracted
as mentioned in the method. The calibration curve was constructed by calculating
analyte to internal standard ratio against the known concentration added to each
calibrant. This is achieved by dividing the peak area for the analytes by peak area of
the internal standard. The range for QC’s and LLOQ were within the calibration
range and were validated at three different concentrations. The three sets of
calibration curves with their QC’s were prepared on three different days. Linear
regression was used to evaluate the linearity of the calibration curves for both drugs.
To investigate the interday and intraday precision, the analysis was carried out by
carrying out measurements of six replicates at four different known concentrations
on three consecutive days. Intraday precision was calculated by analysing six
replicates of each of the four known concentrations within one day. The mean values
for these six replicates were compared to the known concentrations. The precision
was validated by calculating the RSD % at each concentration level.

Accuracy was determined by comparing the mean values calculated for the six

replicates of each of the four known concentrations with the actual value calculated
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for that known concentration. Again, it was calculated within the day and on three
consecutive days.

The samples were kept in the freezer and stability tests of the two drugs were
performed by 3 freeze (at -20 °C) and thaw cycles of three replicates at three
different concentrations of QCs (1, 0.5 and 0.25 ng/mg). It was examined to see if

there are any variations in the results.

4.3 Results and discussion

4.3.1 Method optimisation

4.3.1.1 Chromatographic conditions optimisation

Initially methanol and water with (0.1%) formic acid were used as mobile phase to
examine the analysis of abacavir and tenofovir, which resulted in a high column
backpressure. Before adapting the LC method stated in Table 4.1, different gradient
and isocratic conditions were examined along with different flow rates. Acetonitrile
and water as mobile phase gave the optimum sensitivity. Above 200 pL/min of flow
rate resulted in poor peak shapes as shown in Figure 4.1, whereas a flow rate of 200

pL/min gave the best peak shape and sensitivity.
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the spray voltage, capillary temperature; skimmer offset voltage, sheath and auxiliary
gas pressure, mobile phase and its flow rate. The optimum spray voltage was kept at
4000 V for both drugs with the skimmer offset of 14 V. Sheath and auxiliary gas
pressures were 30 psi and 5 psi, respectively. The optimisation was carried out
initially by directly injecting 1 pg/mL solution prepared as standard for each drug
separately, in order to determine the precursor ion. A full scan mode was used for the
determination of precursor ions in the range of m/z 50 to 350, as both drugs had
molecular weights within this range. Once the precursor ion was determined through
direct injection, the drugs were then injected along with the mobile phase at a flow
rate of 200 pL/min. The precursor ions were determined for both drugs separately as
well as in a mixture.

In order to determine the product ions, the SRM mode was chosen on the instrument,
where the voltage is applied in the collision cell and the product ions are produced.
The product ions reach the third quadrupole where the ions are detected. Different
collision energy values were applied and collision pressure was set at 1.5 mTorr. The
efficiency of formation of products ions in MS/MS depends on the nature of the
collision gas, collision energy and collision gas pressure. By increasing the collision
energy and collision pressure, one can achieve greater production and intensity of
fragment ions. Increase in gas pressure leads to increase in the number of ions
produced under single-collision conditions and increasing the energy of deposition
into the parent ion leads to more fragmentation under multiple-collision conditions
(119,120).

The most abundant product ions seen were the m/z 191 for abacavir and m/z 176.1

for tenofovir. The internal standard abacavir — d4 was optimised in a similar manner
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4.3.3 Method validation results

The method was fully validated for several parameters including extraction recovery,
accuracy, sensitivity, linearity and intraday and interday precision was performed
according to FDA guidelines and was found to be within the set limits (103). All the

parameters validated are detailed below.

4.3.3.1 Extraction recovery

Sample preparation is one of the crucial stages of any bioanalytical procedure, which
includes making use of most reliable sample clean up and preparation procedures.
For this study, initially LLE was adapted to extract abacavir and tenofovir from
alkali digested human hair. Different extraction solvents were investigated. The LLE
using hexane and the mixture of chloroform: ethyl acetate: ethanol 3:1:1 (v/v/v)
showed good extraction recovery for abacavir of 103 % + 4.6 and 101 % + 1.69
respectively, however, tenofovir could not be extracted using this approach. This
could be due to the fact that hexane and the mixture of solvents used for LLE are
non-polar and because of the nature of tenofovir, it requires a polar solvent for
extraction. Extraction recovery is calculated by comparing the response of the mean
of extracted sample to the mean of un-extracted standard of the same concentration x
100. According to FDA guidelines the precision limit is + 15% for calculated
concentration values hence more than 100% of extraction recovery in some cases. As
alkali digestion is used for dissolving the hair and the procedure requires addition of
buffer to the solution, water miscible polar solvents such as methanol, ethanol or a
mixture of chloroform: ethyl acetate: ethanol 3:1:3 (v/v/v) were added however the
two layers were miscible with each other therefore, it was not possible to carry out

LLE using these solvents.
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Instead SPE was applied using Cerex System 48 Pressure Processor for balanced
clution of the analytes through the cartridge. SPE cartridges cation exchange/ non-
ionic and C18 were used to determine a good extraction recovery. The cartridges
were initially preconditioned with 3 mL of methanol and 0.6% of TFA (v/v in water)
(3 mL). The digested hair sample (I mL) was placed in the cartridge and was
allowed to run through the cartridge using pressure processor. These were then rinsed
with 0.6% TFA (v/v in water) (2 mL) and the elution of the drugs was carried out
with 2.5 mL of methanol. The extracted sample was then dried using nitrogen gas
and reconstituted with 200 pL of water. |

There was very poor extraction recovery for tenofovir, of about 9% + 26.25 for
cation exchange/non-ionic cartridge and 7% + 36.87 for C18 cartridge. The drug
was either not retained by the cartridge or eluted into the waste in the wash up step or
not eluted using the elution solvent. One way to investigate this was by injecting the
waste part of the sample after the clean-up procedure, but as the digestion method
involved NaOH, it was not possible as injecting any Na' into the instrument could
lead to the formation of adduct ions that could interfere with the analysis of the drugs
(121). The extraction of abacavir using cation exchange/non-ionic and C18 cartridges
gave recovery values of 84% + 5.78 and 96% + 16.80 respectively.

One way to improve the recovery for abacavir was to carry out the above LLE using
mixture of chloroform: ethyl acetate: ethanol 3:1:1 (v/v/v) and then applying the SPE
method using C18 cartridges to the same samples and pool together the organic
layers. The pooled organic layers were dried down and reconstituted with methanol
(200 pL). This approach was used due to the fact that different organic solvents were
used when carrying out LLE and SPE for extracting the two drugs. By carrying out

LLE and then applying SPE to the same digested sample using different solvents can
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help achieve maximum recovery possible. But LLE and SPE both extraction methods
gave poor extraction recovery for tenofovir so pooling the organic layers made no
improvements in recovering the drugs.

Finally, methanolic extraction was applied and afforded the best extraction recovery
results in comparison to the other extraction methods tested. This kind of technique
can extract entrapped drugs from hair without dissolving the hair (122). This
approach proved to be a reliable, less laborious and more economical alternative as
compared to LLE and SPE.

The extraction recoveries were determined at three different concentrations with six
replicates each. The mean extraction recovery data studied over the concentration
range are given in Table 4.2.

Table 4.2: The extraction recoveries for the two drugs at three different
concentrations

Compound Concentration (ng/mg) Absolute
Recovery (%)
N= 6+6+6
Abacavir 0.12 96.15 +11.67
0.50 108.16 +3.60
1.00 111.0 +4.02
Tenofovir 0.12 95.23+13.24
0.50 117.27 +10.82
1.00 99.09 +0.00

4.3.3.2 Specificity
The method was shown to be specific for tenofovir and abacavir. Specificity is the

ability of an analytical method to distinguish the analyte within the sample that
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4.3.3.3 Linearity

The calibration curves were shown to be linear over the concentration range of 0.12 —
4 ng/mg hair for both drugs (Figure 4.3). The regression coefficient (r*) for abacavir
and tenofovir were both 0.999 and the equations were (y 0.290504+3.74077*x), (y=
0.0224784+0.597258*x), respectively, showing the linearity of the method. The
calibration solutions contained the extracted hair samples with internal standard
abacavir — d4 (0.15 ng/mg hair). A blank solution containing the mobile phase was
run after every two injections in order to avoid any carry over effects or instrumental

contamination. The standard curves for abacavir and tenofovir in hair are shown in

figure 4.5.
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background noise. The LLOD was defined as lowest concentration that had the

signal to noise ratio against the background of at least 3.

Table 4.3: LLOD, LLOQ for the two drugs

Compound LLOD LLOQ

(ng/mg) (ng/mg)

Abacavir 0.06 0.12

Tenofovir 0.06 0.12

4.3.3.5 Accuracy and precision

Accuracy was validated for the method at four different concentration levels of
abacavir and tenofovir (0.12, 0.25, 0.50 and 1.00 ng/mg) using blank hair. The
accuracy was calculated by dividing the calculated mean amount of the drug by the
actual amount x 100. All the calculated values were within 15 % precision limit

(Table 4.4).

Accuracy = Calculated mean concentration of six replicates x 100
Actual concentration

It is possible to get accuracy values of more than 100%. This is because the mean of
calculated concentrations of six replicates is taken into account and according to
FDA guidelines the precision limit for this is + 15%. Therefore out of six replicates
there is a possibility of some calculated concentration values to be under or over (+
15) actual concentration value.

The precision was determined for both drugs abacavir and tenofovir at four different
concentrations for intraday and interday variations. The RSD% for intraday and
interday was calculated by taking in account the average for the replicates of each

concentration. The intraday precision was calculated by processing six separate
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replicates of each concentration within the day. For interday studies six replicates of
each concentration were determined on three consecutive days. For both intraday and
interday studies the RSD% calculated were within 15% precision. RSD% was
calculated by dividing the standard deviation by the mean of the replicates x 100.
The accuracy and precision for intraday and interday variations for each
concentration are given in Table 4.4.

Table 4.4: Intraday/interday precision and accuracies for the drugs at four different
concentrations

Compound Concentration Precision RSD (%) Interday

(ng/mg) Accuracy (%,
Intraday Interday

N=6+6+6+6 N=18+18+18+18

Abacavir 0.12 0.03 0.02 95.6
0.25 0.28 0.08 95.0
0.50 0.02 0.10 105.9
1.00 0.05 0.09 112.5
Tenofovir 0.12 0.07 0.04 94.8
0.25 0.01 0.02 105.0
0.50 0.01 0.04 107.3
1.00 0.02 0.10 110.7
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4.3.3.6 Stability

To determine the stability of abacavir and tenofovir, three freeze/thaw cycles were
evaluated. The samples were stored at - 20 °C and thawed to room temperature.
Three different concentrations with six replicates each were analysed on three
different days. The samples were compared to the analysed spiked samples freshly
prepared on the day for the same concentrations. Table 4.5 shows the stability data
for abacavir and tenofovir at three different concentrations on three different
occasions. Longer storage periods are possible but only three cycles were analysed
for this study. The data in Table 4.5 is the RSD % of the QCs and shows that the
three freeze/thaw cycles had no significant impact on the analysis. The results were
within the acceptance criteria of + 15% of their respective nominal values. Hence,
the samples could be freeze/thaw several times and not have any effect on the
analysis of the drugs.

Table 4.5: Stability results of tenofovir and abacavir

1 ng/mg (QCH) 0.5 ng/mg (QCM) 0.25 ng/mg (QCL)

Freeze /thaw cycles CV %
A T A T A
1 5.28 1.87 5.28 2.89 3.54 4.22
2 4.56 5.58 4.56 5.52 3.17 5.94
3 1.8 3.24 1.8 3.21 6 5.15
A = Abacavir

T = Tenofovir
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4.3.4 Application to patient’s hair

The hair samples that were quantitatively analysed for abacavir and tenofovir using
the above validated analytical method were obtained from 32 HIV positive patients.
Few of these patients provided multiple hair samples at different times. Based on
prescription data, 25 samples were expected to be positive for tenofovir, 5 for
abacavir and 2 for both drugs owing to change in treatment regime over the sampling
period.

Out of 32 samples, 22 samples were positive and were above the level of
quantification, these were 15/27 (55.5%) for tenofovir, 7/7 (100%) for abacavir.
However, 3 samples for tenofovir were above the limit of detection, but below the
limit of quantification. To summarise the above results, based on prescribed data,
the drugs were detectable for tenofovir and abacavir in 66.6% and 100% of expected
samples, which may reflect the adherence to medication. The levels of each drug
(where quantified) found in hair are represented in Figure 4.7 as a dot plot. The
chromatograms of one of the patients with a positive hair sample and their
concentrations are shown in Figure 4.6. The background noise is a little higher at
around 0-1 minute in case of abacavir. The sample was found to be positive for both
drugs. For some patients more then one hair samples were obtained at different point
in time. Some samples that were collected at earlier date were negative for the drugs
and same patients samples taken at a later date were positive. The reason for negative

results could be that the drug had not reached the hair at that point in time.
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technique for providing long-term history of the anti-HIV drugs’ intake.
Quantification of levels of anti-HIV drugs in hair may enhance our knowledge of
adherence to the treatments (25). This method may be a useful tool in order to
regulate the drug adherence of the patients and also to ascertain cases of drug
avoidance. To elucidate the information such as pharmacokinetic data; more work is
required. The validation data show that the method is rapid, highly sensitive, specific
and selective.

Due to the intra and inter - individual variations and a possible relationship between
the drug concentrations and its efficacy or toxicity, it is difficult to establish a
detailed TDM. Therefore, a complete adherence study would necessitate hair

sectioning in a longitudinal study, which is beyond the scope of this study (38).

4.4 Conclusion

To the best of author’s knowledge this is the first report on the simultaneous
quantification of tenofovir and abacavir in human hair. The newly developed
successfully validated analytical method is highly sensitive and reproducible and is
suitable for quantifying abacavir and tenofovir in human hair. The method only
required 50 mg of hair for analysis and was successfully applied to the HIV positive
patient’s hair and may be useful where drug compliance of the patients is monitored.
The method successfully identified the drugs in the hair sample.

In conclusion, a novel, fast and sensitive method has been developed with no matrix
effects and has been proven to be accurate and precise. The high precision, accuracy
and robustness make it suitable for future application of this method in clinical trials

and TDM. The method could also be used to compliment urinanalysis for the

quantification of these anti-HIV drugs.
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CHAPTER 5

EFFECTS OF DIETARY SUBSTANCES ON
THE GLUCURONIDATION OF B2-
AGONISTS AND ITS IMPLICATIONS FOR

DOPING CONTROL

5.1 Introduction

The medical commission of the I0C first introduced the list of prohibited substances
in sports in 1967, which has now been taken over and annually revised by WADA
(127). These substances are those that have potential performance enhancing effects
and/or are against the spirit of sport (127). For those athletes that have medical
conditions and require treatment can obtain Therapeutic Use Exemption (TUE) for
using these pharmacological products (127,128). In some cases, athletes tend to
misuse TUE by feigning medical conditions (127).

B2-agonists are widely used for the treatment of respiratory diseases such as asthma
(129). The prevalence of asthma is higher in athletes as compared to general
population (130). In UK, for athletes to obtain TUE for asthma, they need to prove
that they have a clinical need to use the asthma inhaler containing prohibited B,-
agonists. In addition, there is a requirement for lung function test results by athletes

that could be obtained from specific specialist asthma screening centres (43).
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Physical exercise may sometimes lead to exercise-induced asthma (EIA) and in order
to treat these asthmatic diseases athletes take P,-agonists. Use of P,-agonists is
prohibited in athletes however EIA athletes use this prior to exercise via TUE.
Studies show that in recent years the percentage of athletes taking these P-agonists
in Olympic games has increased (130). However, this is an arguable point whether it
is a real condition or if it’s a misuse of these drugs for performance enhancing
purposes (130).

Since drug metabolism is an enzymatic process, there are sometimes substances that
can lead to its inhibition and alter the drug glucuronidation within individuals. This
in return can lead to various situations such as an increase in plasma concentration of
the drug, decrease in the metabolite concentration and can also cause increased
toxicity (131). Several studies have shown that anti-inflammatory drugs, diclofenac
and ibuprofen, have shown to competitively inhibit the action of UGT2B15 and
UGT2B17 leading to a reduction in the rate of testosterone glucuronidation
(132,133).

In addition, studies have also shown that dietary components such as green and white
tea can inhibit the glucuronidation activity of UGTs and can have an effect on the
levels of drugs within individuals, which can lead to false doping results in sports
(133). Effect of dietary products on glucuronidation enzyme activity could in return
affect the rate of drug excretion and its bioavailability. In the light of previous studies
carried out on the inhibitory effects of dietary products on testosterone
glucuronidation, the aim of this study was to investigate the inhibitory effects of
dietary products containing phenolic compounds such as tea and fruit juices. Along
with dietary products, catechins present in tea and pharmaceutical products that are

taken along with B,-agonists (corticosteroids) were investigated for their potential
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effects on the glucuronidation activity of the PB;-agonists (134). In this study,
formoterol and clenbuterol were the two B;-agonists in question, where the potential
inhibitory effects of these dietary and pharmaceutical products on the

glucuronidation activity of the two drugs were investigated.

5.1.1 Drug metabolism

There are different organs such as liver, gut, lungs skin and kidneys that take part in
drug metabolism, but the major site for the drug metabolism is the liver. The
metabolism is the stage where endogenous compounds as well as drugs and
xenobiotics get converted into more hydrophilic compounds and get eliminated from
the body and their biological activity is terminated. Drug metabolism is carried out
by drug metabolising enzymes responsible for changing the chemical structure of
lipophilic compounds into more hydrophilic compounds, in order to eliminate and
detoxify these exogenous compounds from the body. These metabolic reactions are
divided into two phases i.e. Phase I and Phase Il reactions. The role of Phase I
metabolism is to prepare chemicals for Phase II metabolism, whereas Phase Il
metabolism is an actual detoxification step with excretion through urine and bile
(131,135,136). Phase I and Phase II enzymes are present in most of the tissues and
organs of the body and are there to protect the body from potential harm from these
xenobiotics (135). These Phase I and Phase Il enzymes are usually found in the

endoplasmic reticulum (ER) and cytosol (131,137).
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final products. Reactions performed by the microsomal mixed-function oxidase
system involve aromatic and/or aliphatic hydroxylation, epoxidation, N-dealkylation,
S-dealkylation, oxidative deamination, O-oxidation, S-oxidation as well as alcohol
oxidation (139).

Other oxidation reactions can be carried out by a number of enzymes in the body that
are not related to cytochrome P450. These enzymes include alcohol dehydrogenase,
aldehyde dehydrogenase, xanthine oxidase, amine oxidases, aromatases as well as

alkylhydrazine oxidase (139).

Reduction reactions

Reductive reactions can be catalysed by hepatic microsomal enzymes and usually
require NADPH and are generally inhibited by oxygen. Compounds that undergo
reduction process by hepatic microsomes are azo- and nitro- compounds, epoxides,

heterocyclic ring, halogenated hydrocarbons as well as some steroids (139).

Hydrolosis

This involves the cleavage of a bond in a molecule by the addition of water. Esters,

amides, hydrazides and carbamates can undergo hydrolysis by the help of various

enzymes (139).

5.1.1.2 Phase Il metabolism
Phase II enzymes are responsible for conjugating xenobiotic itself or its metabolite,
hence increasing its hydrophilicity (140,141). In this, a covalent bond is formed

between a functional group of parent compound or phase I metabolite and an
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endogenous substrate such as glucuronic acid, sulphate, acetate or an amino acid

(136).

Glucuronidation

It is the major phase II metabolism reaction. In this process, substrate is conjugated
to glucuronic acid (142). Glucuronidation is the most widespread conjugation
reaction due to the relative abundance of the co-factor for the reaction, UDP-
glucuronic acid and the nature of the enzyme, UDP-glucuronosyltransferase(139).
This glucuronide formation leads to inactivation of the drug by terminating its
pharmacological activity (143). Glucuronidation of the drugs helps inactivating the
drug and is responsible for the excretion of most pharmaceutical products (144).
Conjugation can occur at hydroxyl, carboxylic acid, amino and at carbon centers
giving B-glucuronide metabolites that are more polar (143). These glucuronides can
also be synthesised as these are needed in many research areas such as analytical
studies and can be used as reference materials. Another way of achieving
glucuronides synthesis is with the help of enzymes. Different kinds of enzyme
preparations can be used such as rat liver, human liver microsomes (HLM),
recombinant human Uridine S5'-diphospho-glucuronosyltransferase (UGTs) for
carrying out the glucuronide synthesis (143).

For in vitro metabolic studies; microsomes are mostly derived from the liver; the
tissue is homogenized followed by fractionation by differential centrifugation. The
process involves removal of other denser substances such as mitochondria and nuclei
at a lower centrifugation force 10000 x g, where the enzymes are left in the

supernatant and are obtained at higher centrifugation force (142,145).
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Uridine 5'-diphospho-glucuronosyltransferase (UGTS):
UDP-glucuronosyltransferases (UGTs) are a superfamily of membrane-bound
enzymes found mainly in the liver that catalyse glucuronidation reactions. These
UGTs inactivate and convert dietary components, drugs, endogenous as well as
exogenous substances into hydrophilic glucuronides and help in elimination of these
substrates via urine or faeces (137,146). The human UGTs are classified into two
major families according to their amino acid sequence and gene structure; these are
UGT! and UGT2. UGTIA is located on chromosome 2 whereas UGT2 is found on
chromosome 4. These UGTs use UDP-glucuronic acid (UDPGIcA) as the co-
substrate and are found in the endoplasmic reticulum where 95% of polypeptide
chain including the catalytic part is located on the luminal side
(137,142,144,146,147). The active site of the UGTs resides in the lumen of ER and
causes in vitro ‘latency’ of enzymatic activity i.e. ER membrane forms a diffusional
barrier for substrates, cofactors and products which is why this barrier has to be
somehow disturbed/removed when carrying out microsomal incubation and hence
maximising the glucuronidation activity (142,143,148). UGT’s play a major role in
conjugation of metabolites from oxidation reaction, but in case of a suitable
electrophilic group, UGTs can also conjugate drugs directly without any former
oxidation steps (148).

The availability of these recombinant enzymes has enabled wide research in
metabolism studies. In addition, recombinant human UGTs have been expressed in
baculovirus-infected insect and mammalian cells and are used to study tissue specific
glucuronidation as well as to evaluate structure-function relationships of UGTs

(149).
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Other conjugation reactions other than glucuronidation are sulfation, methylation,
actylation, amino acid conjugation, glutathione conjugation as well as fatty acid
conjugation. All these reactions involve a diverse group of enzymes usually
involving a co-factor or substrate derivative that lead to water-soluble products

which can be excreted in bile or urine.

5.1.2 Clenbuterol

Clenbuterol is one of the most potent P2-agonists mainly used for the treatment of
respiratory diseases and has been misused in sports as an anabolic agent for
performance enhancing purposes (129,150). Therefore, it is placed in list of
prohibited substances published by WADA. Clenbuterol is classified as a Schedule 2
(part 2), Class C drug (151). A large amount of clenbuterol intake results in enhanced
protein synthesis and loss of body fat. Therefore, it is also misused in farm animals
like cattle in order to increase the meat mass and enhance lipolysis. Misuse of
clenbuterol has been very common in athletes and most recently in horse racing. Its
more common in body-builders, weight lifters and athletes, where there is more
requirement for muscle strength and increased lean body mass (152). Clenbuterol is
approved in USA for veterinary purposes in nonfood animals (153). Part of the
dosage is excreted as the parent compound that in return is dependent on the species,

the route of administration, and the dosage (147).

5.1.3 Formoterol
Formoterol is a highly potent .- adrenoceptor agonist. P- agonists are used
clinically for the treatment of asthma and chronic pulmonary disease. These drugs

along with corticosteroids have been used as combination inhalers (154,155). The
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major metabolism of this drug in human is mainly glucuronidation and is
stereoselective (154,156).

Due to their stimulating performance-enhancing effects, beta2-agonists have been
subjected to restrictions in sports (49,51). Besides its therapeutic activity, formoterol
has potential performance enhancing activity hence could be beneficial to athletes
(49). Studies have shown that it improves the muscle growth in animals (50).
Formoterol has been placed on the list of prohibited substance by WADA since 1992
(51,52). The therapeutic drug dose allowed for inhaled formoterol is maximum dose
of 54 ug over 24 hours (150). According to WADA, the presence of formoterol in
urine beyond 40 ng/mL is presumed not to be an intended therapeutic use of the
substance(150). Administration of formotoral by oral or parenteral route at very large
inhaled doses is forbidden due to its anabolic activity (51,150).

Formoterol is primarily metabolised to its glucuronides (144). UDP-
glucuronosyltransfertases (UGTs) are the biological catalysts of glucuronidation
reaction. The microsomal fractions prepared from liver, kidney and intestine show
higher activity for these UGTSs (157). Previous studies have shown that UGT2B17 is
the most active isozyme for the glucuronidation of (R, R)-Formoterol followed by

1A9, 2B7 and 1A1 in decreasing order of activity (144).
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Dietary products and selected corticosteroids will be added separately to the
incubation mixture, in order to investigate their inhibitory effects. The inhibition of
formoterol glucuronidation by any of these dietary substances could affect the actual
drug concentration when the urine is tested and thus may help in masking formoterol
misuse by athletes (133,134). The dietary products included green and white tea leaf,
white tea stem, selected catechins present in these tea samples, fruit juices (purple
grape, cranberry, apple). In this study pooled HLM and UGT2B17 are the main

enzymes used for the glucuronidation process.

5.2 Materials and Methods

5.2.1 Chemicals and consumables

Reference standards formoterol fumarate dihydrate (10 mg), cortisone,
hydrocortisone, dexamethasone, epigallocatechin gallate (EGCQG), catechin gallate
(CG), epicatechin (EC), saccharic acid 1,4-lactone, magnesium chloride, sodium
phosphate dibasic heptahydrate, sodium phosphate monobasic dihydrate and acetic
acid were purchased from Sigma—Aldrich (Poole, Dorset). Clenbuterol hydrochloride
(30 mg) was purchased from LGC standards (Teddington, UK). Pooled human liver
microsomes (HLMs), and UGT2B17 enzymes (as supersomes), were purchased from
Becton Dickinson (BD Biosciences, Oxford). Solution A containing urdine -5’-
diphosphoglucronic acid and solution B containing Tris HCl, magnesium chloride
and alamethicin were purchased as a UGT reaction mix from BD Biosciences. HPLC
grade methanol (MeOH), water and acetonitrile (ACN) were purchased from Fisher
Scientific (Loughborough). The tea samples used were a commercially available
silver dragon beard white tea (WT), yunan white tea leaf (WTL), sencha Japanese

green tea bags (GT). WT and WTL were purchased from Fortnum and Mason
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(London) and the GT was purchased from a local supermarket (London).
Paracetamol was synthesised at Kingston University (London, UK). Ocean spray
classic cranberry, Welch’s purple grape and Copella Apple (cloudy) was all

purchased from local supermarket (Sainsbury, London).

5.2.2 Enzymatic assay for glucuronidation of clenbuterol

This glucuronidation method was adapted from a previously published study that was
carried out on clenbuterol. The enzymatic assay contained 5 mM saccharic acid 1,4
lactone and MgCl,, 50 mM phosphate buffer (pH 7.4), 5 mM UDPGA, 5 mM MgCl,,
Human Liver Microsomes/ UGT enzymes (0.625 mg) and varying concentrations of
clenbuterol as dimethylsulfoxide solution (2% of the final reaction volume). The
sample volume was 250 pL. Control samples were prepared in the same manner as
enzymatic assay and the same concentration of clenbuterol was added but without
adding any enzyme. All samples were prepared in duplicates. The reaction mixture
was then incubated at 37 °C for 4 hours. After the first 2 hours an aliquot of 100 pL
was withdrawn and placed in a separate microtube. The reaction was terminated by
adding icecold ACN containing 6% acetic acid. The sample was then left on ice for 5
minutes followed by centrifugation (at 4 °C for 5 minutes at 3939 x g) and analysed
using HPLC-UV. The same procedure was followed for the last 2 hours of the

reaction (142,147).

5.2.3 Enzymatic assay for glucuronidation of the drugs
The glucuronidation of formoterol and clenbuterol was adapted from a previously
published literature using HLMs and UGT2B17 supersomes expressed in baculovirus

infected insect cells. The enzymatic assay contained 50 mM Tris-HCl buffer (pH
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7.5),2 mM UDPGA, 8 mM MgCl,, 25 pg/mL alamethicin and formoterol at various

concentrations. The final incubation volume was made up to 200 pL. with HPLC
grade water. After incubating the mixture for 5 minutes at 37 °C the reaction was
initiated by adding the HLM or UGT (1.2 mg/mL) protein. Aliquots of the incubated
reaction mixture were transferred after 90 and 180 minutes to a separate vessel and
the reaction was terminated by adding ice cold ACN containing 6% acetic acid and
100 pg/mL final concentration of IS to each. The mixture was then vortex mixed and
protein was precipitated by centrifugation (at 4 °C for 5 minutes at 3939 x g) and an
aliquot of the supernatant was analysed by HPLC-UV. The control samples were
prepared in the same manner with same concentration for the drug as used in the
actual reaction mixture but without adding any enzymatic protein (UGTs/HLM:s). All
the samples including controls were prepared in duplicates (144). Alamethicin and
other membrane-disrupting agents such as detergents help increase the
glucuronidation activity due to the greater access to the enzyme active site and

UDPGA.

5.2.4 Preparation of tea extracts, catechin, corticosteroid solutions and fruit
Juices

The dietary products, catechins and coricosteroids were added to the above
enzymatic assays as potential inhibitory agents for the glucuronidation of formoterol.
Tea extracts and catechins were prepared by adapting a previously used method
where tea samples were finely grounded manually (pestle and mortar) and 0.8 g of
each sample was dissolved in 40 mL of boiling water. The solution was then left for
5 minutes. Extracts were then filtered using a 0.45 um PTFE membrane syringe filter
(133).
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Catechin gallate (CG), epicatechin (EC) and epigallocatechin gallate (EGCG) were
prepared by dissolving each catechin in water, and adding it to the above-mentioned
enzymatic assay (section 5.2.3) at the initial concentration of 1 mM. The
corticosteroids were prepared similarly by dissolving each i.. cortisone,
hydrocortisone and dexamethasone in water to aid dissolution and adding it to the
reaction mixture at 2 mM concentration. Fruit juices were filtered using 0.45 pm

PTFE membrane syringe filter.

The above tea extracts, catechins, fruit juices and corticosteroids were added to the
incubation mixture by replacing the amount of water used in the assay. Catechins and
corticosteroids were added to the reaction vessel at 1 mM and 2 mM concentration,
respectively. Tea extracts and fruit juices were added to the reaction mixture at 10%
v/v of the final 0.2 mL reaction volume. Inititial starting concentration of formoterol
used was 1 mM. For the termination of the reaction, ice cold ACN (6% acetic acid)
containing IS at the final concentration of 100 ug/mL was used. The termination of
the reaction was conducted by taking out aliquot (70 uL) of the reaction mixture and
adding ice cold ACN (280 uL) for tea extract, corticosteroids and fruit juices where

as for catechins the volume of 700 uL was used.

5.2.5 Instrumentation

PerkinElmer HPLC system consisting of a pump (series 200) and autosampler (series
225); coupled to a diode array UV detector (series 200 EP) was used for the analysis.
A Supelco C18 column (5 pm x 250 mm x 4.6 mm) was used for the separation of
compounds.

HPLC was used to determine the remaining concentrations of the drug left after

stopping the glucuronidation reaction in order to work out how much drug has been
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glucuronidated as well as determining the inhibitory activity of the tea extracts,

catechins, corticosteroids and fruit juices.

5.2.5.1 LC conditions

The method was optimised by trying different LC conditions such as mobile phase
composition, column temperature and injection volume in order to obtain best
separation for the drug and internal standard. The optimum conditions and mobile
phase composition used for the separation are as follows:

Table 5.1: Chromatography conditions (gradient elution) used for the separation of
formoterol and internal standard (paracetamol)

LC run time (min) MeOH (%) Water with 0.1% Formic acid (%)

0.5 11.3 88.7
3.0 11.3 88.7
1.0 50.0 50.0
1.0 35.0 65.0
1.0 25.0 75.0
2.0 11.3 88.7
1.0 11.3 88.7

The column temperature was maintained at 40 °C and the flow rate was set at 1.35
mL/min. The injection volume was 10 pL and MeOH:H,O (50:50) was used as
syringe wash whereas the autosampler was maintained at room temperature.
Detection of formoterol and paracetamol was at 244 nm using a Perkin Elmer diode

array detector.
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5.2.6 Preparation of standard solutions

A stock solution for formoterol was prepared by weighing out 5 + 0.003 mg powder
and dissolving it in MeOH:H,O (50:50) at a concentration of S mg/mL where as for
clenbuterol, 30 + 0.003 mg was weighed and dissolved in H,O at a concentration of
30 mg/mL. A stock solution for the paracetamol internal standard was prepared by
dissolving 1 + 0.003 mg in 1 mL MeOH. All the prepared stock solutions were
stored in the freezer (- 20 °C) in glass vials. A calibration was prepared using the
above solution. QC samples were prepared similarly, but from separate stock
solutions. These calibration curve and QC samples prepared were used for spiking

negative control samples for method development and validation.

5.2.7 Method validation

Although a HPLC method was developed for clenbuterol it was not fully validated
according to FDA guidelines. This was due to the poor glucuronidation results for
clenbuterol and therefore the inhibitory effects of the dietary products could not be
investigated.

The performance of the analytical method for formoterol and paracetamol as internal
standards was validated following FDA guidelines for the stated parameters:
linearity, LLOD, LLOQ, accuracy, selectivity, interday precision and intraday
precision as well as recovery. The analysis for the drug and IS was carried out in
enzymatic assay. Drug free assay was used as blank and was analysed for any
interfering or ghost peaks. The calibrants were prepared by spiking the assay with a
known amount of formoterol and IS. QC samples were prepared similarly at three
known concentrations distributed over the linear range. All the calibration curves

prepared for validation were obtained by plotting the analyte to IS ratio against the
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known concentrations of analyte in each sample; this was obtained by dividing the
peak area of analyte by the peak area of IS. Linear regression analysis was performed
for evaluating the linearity of the method.

Accuracy of the method was determined by analysing six replicates of the QCs at
three different concentrations and comparing the mean calculated values with the
actual concentration values accordingly. Selectivity was investigated by preparing
the assay in replicates without any spiking of the drug or internal standard and
confirming the absence of any interference peaks at the same retention time as of the
drug and IS. Matrix effect was determined by spiking the incubated enzymatic assay
with the drug and IS and comparing it to the drug and IS as standard solution at the
same concentration.

A six point calibration curve was constructed by spiking the enzymatic assay with
known concentrations of the drug and IS. The linearity of the calibration curve was
determined by using a linear regression method. Measuring six replicates for the QCs
at each concentration level on the same day assessed intraday precision and the
interday precision was determined by analysing six replicates for each concentration
on three consecutive days. The precision was measured in terms of RSD % and the
limit was set at 15% for all the concentrations other than LLOQ where the precision
limit was 20%. The LLOQ was the lowest quantifiable amount of analyte with a S/N
> 10 and LLOD was the lowest detectable concentration level with a S/N > 3.
Recovery was determined by spiking the six replicates of enzymatic assay with the
drug and IS without addition of any protein at three different known concentration
levels and following the whole procedure of incubation. The mean was than

compared to the standard solutions prepared in MeOH at the same concentrations.
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known concentration of each calibrant. The regression coefficient (r°) stated in
Figure 5.6 was > 0.999 for each calibration curve and showed that the analytical
method was linear for formoterol. A blank solution containing the mobile phase was
run after every two injections in order to avoid any carry over effects or instrumental

contamination.
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The interday and intraday precision and accuracy results were also within the FDA
limit i.e. 15% precision. The precision was determined at four different known
concentrations. The RSD% was calculated by taking the average for the replicates of
each concentration and by processing six separate replicates of each concentration
within the day for intraday and six replicates of each concentration was determined
on three consecutive days for interday, accordingly.

Accuracy was also determined at four different known concentration levels and was
achieved by dividing the calculated mean amount of formoterol by the actual amount
of the drug and times by 100. Table 5.2 shows the precision RSD % and accuracy
values for formoterol.

Table 5.2: Precision and accuracy for intraday and interday for formoterol at four
different concentrations

Concentration Precision RSD (%) Accuracy %
(ng/mL) Intraday Interday
N=6+6+6 +6 N=18+18+18+18
20 0.64 1.1 99.7
50 2.49 2.7 103.5
100 13.54 11.5 100.0
250 13.57 133 103.3

Although there was no extraction process involved, the recoveries were still
measured by spiking the six replicates of enzymatic assay with a known amount of
drug and IS in the absence of enzymatic protein at three different known

concentration levels followed by the incubation process. After the analysis, the signal
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produced was compared to the signal produced by the standard solutions prepared in
MeOH at the same concentration.
Table 5.3: Recovery of formoterol at three different concentrations following the

incubation process without addition of any enzyme, LLOD and LLOQ values for
formoterol

Concentration Recovery (%)
(pg/mL) N= 6+6+6
50 106.02
100 95.01
250 103.61

LLOD and LLOQ values for formoterol are given in Table 5.4 were and the signal to

noise ratio was 5 and 10, respectively.

Table 5.4: LLOD and LLOQ values for formoterol

Concentration S/N
(pg/mL)
LLOD 10 5
LLOQ 20 10

5.3.2 Clenbuterol glucuronidation results

Previous studies have shown that clenbuterol glucuronide conjugates may be present
as minor metabolites. There have been reports on the O- and N- glucuronides of
clenbuterol in dog and calf urine (160,161). In this study, clenbuterol glucuronidation
was carried out by following two different literature methods, using human UGT

2B17 and HLMs (142). The choice of UGTs used was dependent on their availability

151



Chapter §

and previously published literature (142,144,147). UGT2B17 has shown good
enzymatic activities towards testosterone and previous studies have shown good
glucuronidation activities in liver microsomes of other animals, hence UGT2B17 and
HLMs were used for glucuronidation. (133,142). However, there was extremely low
glucuronidation activity found in case of clenbuterol and was not as good as could
have been expected. Based on data obtained by the experiments for the given UGTs
and HLM, it was difficult to predict the amount of glucuronidation achieved for
clenbuterol in this study due to the very low percentage. The best glucuronidation
activity was achieved with HLMs that was approx. 5%, which was considered very
low in the case of investigating inhibitory effects, as it would be very difficult to
distinguish between the actual glucuronidation and if there is any inhibition. In order
to investigate any inhibitory effect, first there needed to be enough glucuronidation
activity. Some studies have shown that the glucuronidation activity can be affected
by different factors such as alamethicin, UDPGA, buffer, concentration of the
detergent as well as pH (143,162). Glucuronidation of the drugs is also specie
dependant and there are major differences in their glucuronidation properties
between different species (142). As the aim of the investigation is based on
examining the inhibitory effects in terms of doping controls in athletes, only HLMs
were used for glucuronidation rather than using liver microsomes from other
animals.

In light of these poor results for glucuronidation of clenbuterol, it was decided not to
further investigate the inhibitory activities of different dietary products; beverages
and corticosteroid on the glucuronidation activity. Preliminary experiments were
performed to examine the glucuronidation activity of clenbuterol but due to very

poor results the HPLC method was not further validated.
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5.3.3 Formoterol glucuronidation results

Inhibitory effects on the glucuronidation of formoterol were investigated, as it is
another commonly used P,- agonists for the treatment of asthma. It was subjected to
the previously published glucuronidation method. Based on the previous data
UGT2B17 and HLMs were chosen and formoterol showed good affinity for both
enzymes (133,144).

Following the method described in section 5.2.3, formoterol was successfully
glucuronidated with HLMs and UGT2B17 about 33% and 25%, respeptively.
Compared to UGT2B17, pooled HLMs showed better glucuronidaton activities, this
could be due to the fact that pooled HLMs contain a wide variety of metabolic
enzymes. The glucuronidation was monitored by preparing a control at the same
known concentration level as the sample in the absence of any enzymatic protein.
The amount of protein was replaced by water and the peak area ratio of the control
was compared to the sample containing enzymatic protein, after the incubation. The
difference between the area ratio of the drug and IS corresponds to the
glucuronidation activity. As there was good glucuronidation activity achieved for
formoterol using UGT2B17 and pooled HLMs, the inhibitory effects of products in

question were investigated using same incubation method.
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The results shown in Figure 5.7 (al and a2) indicate that over 180 minutes white tea
stem was the most potent inhibitor and inhibited the glucuronidation of formoterol up
to 31% for HLMs and around 12% for UGT2B17. White tea leaf only inhibited about
28% for HLMs and less than 2% for UGT2B17, whereas green tea leaf showed better
result in case of UGT2B17, where the inhibition was around 7% and for HLMs it

was around 22%.

5.3.3.2 Inhibition using catechins

CG, EC and EGCG samples were added to the reaction mixture at 1 mM
concentration. In the case of catechins, the interfering peaks were larger which is
why the final solution was diluted further and then examined. Preliminary
experiments were conducted in order to optimise the right volume for the stopping
solution in order to eliminate the interfering peaks. For catechins, the reaction was
terminated by taking out an aliquot (70 uL) of the reaction mixture and adding 700
uL of ice cold ACN. This ensured that there were no interfering peaks.

For catechins, after 180 minutes of glucuronidation, EGCG gave the best results for
both HLMs and UGT2B17, where it inhibited 20% and about 8% of formoterol
glucuronidation, respectively as shown in Figure 5.7 (bl and b2). CG showed about
12% inhibition for HLMs, whereas for UGT2B17 CG and EC showed same results

i.e. below 7%. For HLMs, only about 8% inhibition was seen for EC.

5.3.3.3 Inhibition using corticosteroids
Corticosteroids are given to athletes with respiratory problems such as asthma in
conjunction with B.-agonists. It is useful to know whether these have any effect on

the metabolic activity of formoterol. Dexamethasone, cortisone and hydrocortisone
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were prepared similarly to catechins at the initial concentration of 1 mM. There were
no interfering peaks observed for any of the corticosteroids when examined using the
same HPLC conditions as used for formoterol. For both HLMs and UGT2B17, all
the three corticosteroids gave negative results except for dexamethasone and
cortisone in the case of HLMs, where only about 5% and below 1% inhibition was
observed as shown in Figure 5.7 (cl and c2). Otherwise, all the results were negative
with no inhibition at all and instead showed an increase in glucuronidation activity.

This study was carried out in light of the previous two studies where commonly used
dietary products such as green tea and red wine lead to a reduction in the
glucuronidation activity of testosterone (133,134). The results correspond to a
reduction of formoterol glucuronidation in the presence of the inhibitory product, at 1
mM initial formoterol concentration. All the samples including controls were
examined as duplicates and the results displayed in Figure 5.7. All the dietary
products and catechins showed reduction in glucuronidation activity apart from

corticosteroids, which showed an increase in glucuronidation activity.

5.3.3.4 Inhibition using fruit juices

Fruit juices were added into the reaction mixture in a similar way as for the tea
extracts. There were no interfering peaks found at the same retention time as the
drug. Figure 5.7 (d1 and d2) shows the inhibition of glucudonidation activity using
fruit juices. Purple grape juice showed about 12% and 8% inhibition of formoterol
glucuronidation for HLMs and UGT2B17, accordingly, followed by apple juice
where inhibition was about 8% and 4%. Cranberry juice showed about 4% and below
2% inhibition of glucuronidation activity for HLMs and UGT2B17, respectively. A

previous study showed that these juices contain different phenolic levels, where
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purple grape juice showed the highest levels of phenolic compounds followed by
apple and cranberry juices. The results obtained from this study showed the purple
grape juice was the most potent inhibitor of enzyme assisted glucuronidation activity
of formoterol (55).

Inhibitory effects of tea extracts, catechins and fruit juices can lead to alteration of
formoterol and its metabolite concentration within an athlete’s body, hence masking

the actual drug concentration. This can lead to false doping results and can hide the

B2- agonist misuse.

54 Conclusion

Formoterol is primarily eliminated through direct glucuronidation. Tea and fruit
juices are rich in phenolic compounds; this is likely to be the reason for reduction in
enzyme assisted glucuronidation activity of formoterol. Inhibitory effects of these
dietary products along with catechins and corticosteroids on the glucuronidation
activity of clenbuterol could not be investigated due to poor glucuronidation results
of the drug using HLMs and UGT2B17.

In conclusion, it has been found that daily dietary products such as tea and fruit
juices that contain phenolic compounds can inhibit formoterol glucuronidation over
time, hence altering the levels of the drug within the body and excretion of its
metabolites and hence can lead to false doping results. The inhibitory effects of each
tea extract, catechins and fruit juices on HLMs and UGT2B17 resulted in an
increased concentrations of remaining formoterol as compared to controls, hence the
decrease in their glucuronidation activity. On the other hand, corticosteroids used in
the study enhanced the glucuronidation activity of formoterol.

Further research is required to establish which of the flavonoids and phenolic

compounds in fruit juices are not substrates of these enzymes and lead to inhibition
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of glucuronidation. For clenbuterol, further optimisation of the glucuronidation
reaction is required to achieve better results. Also, developing a method for the
detection of formoterol glucuronides can help in determining exactly how much

glucuronide is produced over a certain time period.
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CONCLUDING REMARKS AND FUTURE WORK

To conclude, new highly sensitive, specific, reproducible and reliat;le analytical
methods have been developed under challenging conditions in order to detect
psychoactive and therapeutic drugs in complex matrices. The novel analytical
methods were validated according to FDA guidelines. Novel assays were developed
for quantifying mephedrone and its two metabolites 4-methylephedrine and 4-
methylnorephedrine in human hair using LC-MS/MS. The method was capable of
detecting mephedrone and its two metabolites by using only 50 mg of hair. In
addition, a possible metabolic pathway for mephedrone has also been proposed. The
method developed was successfully employed to analyse human hair samples for
detection of mephedrone and its metabolites. Amongst the 154 hair samples
analysed, five were confirmed to be positive for mephedrone. The method is suitable
for the future detection and quantification of mephedrone and its metabolites, thus
supporting various studies on psychoactive drug use. This research project also
reports novel analytical method for the simultaneous quantification of two anti-
retroviral drugs (tenofovir and abacavir) in human hair using LC-MS/MS. Again,
only 50 mg hair was required for the analysis. This specific project did not require a
hair digestion process, but instead used methanolic extraction which gave good drug
recoveries for both antiretroviral drugs. The easy sample preparation and fast
separation makes this assay highly suitable for TDM. The method was employed to

32 HIV patients’ hair samples. Quantification of these antiretroviral drugs can be
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useful for monitoring patient's compliance to the treatment and other clinical trials.
Both assays can complement urinalysis to determine individual’s drug use.

This research project also explored the influence of dietary substances, catechins and
corticosteroids on the concentration level of B,-agonists, in vitro, using HPLC-UV. It
was observed that green and white tea had an effect on the glucuronidation of
formoterol using HLM and UGT2B17. Fruit juices and catechins also showed some
inhibition in the glucuronidation activity, whereas corticosteroids accelerated the
glucuronidation process of formoterol. The inhibitory effects of these products could
not be tested for clenbuterol due to unsuccessful glucuronidation. The method was
useful for future doping control in sport as altering the glucuronidation activity of

formoterol can mask the actual concentration in human body and urine.

Future work

Future work could involve method development for simultaneous detection of
mephedrone and its metabolites in different matrices such as blood and urine using
LC-MS/MS. In addition, further research needs to be carried out on the metabolic
pattern of mephedrone, in vitro. The method could also be extended for detection of
other psychoactive drugs of the same category.

It would be advantageous to develop analytical methods for the simultaneous
detection of abacavir and tenofovir in different matrices with enhanced sensitivity,
which could be very useful in monitoring drug compliance. Also, close monitoring of
the relationship between drug intake and levels in hair by sectioning the hair over the
course of certain time periods could be carried out to facilitate a complete

longitudinal adherence study.
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Future work could also involve improved optimisation of the glucuronidation process
for clenbuterol in order to investigate the potential inhibitory effects of tea, fruit
juices, catechins and corticosteroids on the glucuronidation activity. Also, additional
dietary products that are rich in phenolic compounds could be analysed to investigate
any potential inhibitory effects. Other UGTSs could also be investigated to achieve
better glucuronidation activity for formoterol and clenbuterol, hence investigating
any potential inhibition of the glucuronidation activity of these f,-agonists using
potential inhibitory products. Developing a method for detecting the glucuronides of
both drugs could help in determining how much glucuronide of the respective drug is
produced in a particular time period and could help in glucuronidation process

optimisation.
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Background

Outcome based evaluation of interventions, which play a
central role in public health prevention, need to show
the effect the policy or intervention makes at the public
level. Whilst a plethora of literature focuses on evaluat-
ing various social marketing campaigns that tackle pub-
lic health and safety issues such as drug use, health
compromising lifestyle choices, unprotected or risky sex-
ual behaviour, or unsafe driving practices, tend to rely
on self reports, regardless of whether or not they were
conducted in laboratory or field settings [1-3]. The
issues that may hinder an evaluation of any health pro-
motion [4] are further complicated by the influence of
social desirability that may cast doubt over the validity
of self-reported information when to the study topic
relates to socially sensitive behaviour [5]. In addition to
public health concerns where obtaining accurate infor-
mation on drug use is vital in establishing the need for
and to evaluate preventive measures or intervention
strategies, policy makers in public service utilities and
law enforcement agencies also require the most accurate
estimates of the problematic behavioural choices as pos-
sible in order to make informed choices.

The need to obtain the maximum intelligence on
health related behaviours stems from the necessity to
develop and deploy optimal intervention measures to
counteract consistent failures to attain acceptable levels
of behaviour across a wide range of health practices.
These range from adherence to medication, resistance
to addiction, avoidance of exploration of social drug use
through to uptake of illegal and health damaging perfor-
mance enhancement agents. The immense health, finan-
cial and social consequences of enhancing these health
related behaviours has led to decades of investigation
into improved approaches to obtain accurate data on
sensitive personal behaviours.

Investigating the epidemiology of socially sensitive or
transgressive behaviours such as illicit drug use,
unhealthy weight management practices, risky beha-
viour, cheating, doping or non-adherence to prescribed
medication or treatment, is hindered by respondents
evasively answering questions about sensitive behaviours
[6]. A recent research programme provides further evi-
dence for self-protective strategic responding, even
under anonymous answer conditions [7-9]. Conse-
quently, much effort has been made to develop reliable
methods to collect valid epidemiological data in these
sensitive behavioural domains.

Approaches range from techniques such as the Bogus
Pipeline [10] to providing incentives for honest answers
such as the Bayesian Truth Serum (BTS) [11]. Whilst
the Bogus Pipeline has been used for decades and accu-
mulated reasonable evidence that the BPL shifts self-
reports toward veracity [12], the BTS approach is
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relatively new and in need for further refinements
[13,14]. Based on empirical evidence, Barrage and Lee
[13] also suggest that to be effective, respondents may
need to have a positive experience with and trust in the
BTS method, which can lead to respondents learning
how to maximise their incentives and therefore their
answers might be biased towards maximum income at
the expense of telling the truth. Although these methods
possess the potential to overcome to an extent, self-pro-
tective response bias by either evoking fear of exposure
of lying or providing financial gain for truthfulness, their
feasibility in self-administered epidemiological scale stu-
dies appears to be compromised. An alternative
approach has made notable progress in collecting data
on sensitive behaviours through the development of
indirect methods using randomisation or deliberate
uncertainty to provide respondent protection over and
above ensuring anonymity [6].

The concept behind randomised response models
(collectively termed RRT) rests on introducing a rando-
mising element to the survey question by using some
device (e.g. by rolling a dice, flipping a coin or picking a
card) which determines how the respondent should
answer [15]. Since the researcher has no control over
this randomising device, answers cannot be directly
traced back to any particular individual, which in turn
heightens the respondents’ sense of increased protection.
A common characteristic of RRTs is that to obtain use-
ful data on the sensitive question, the technique requires
respondents to answer directly, in some form, the sensi-
tive question. By contrast, non-random models (NRM)
do not require a direct answer as they rely on implicit
uncertainty rendering impossible the link between an
individual and the sensitive behaviour. Whilst NRMs
build on combining the sensitive question with unre-
lated innocuous questions, some RRTs also incorporate
innocuous questions where the population prevalence
may or may not be known. When population prevalence
needs to be established, it requires an independent sam-
ple randomly selected from the same population,

Randomised response models

The RRT aims to elicit sensitive, embarrassing or com-
promising information that may portray respondents
unfavourably. The common characteristic of the RRT is
that sensitive behaviour estimation can only be made at
the aggregated population level. The method is based on
the principle introduced by Warner [16] using a spinner
as a randomising device to gauge the proportion of the
sample with a compromising behaviour. The method
assumed that any person in a sample is either charac-
terised by the behaviour (group A) or is not (group B).
The respondents, hidden from the interviewer, were
asked to use the spinner which either landed on group
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A or on group B and answer with a simple ‘yes’ or ‘no’
depending on whether the spinner pointed to the group
he/she belonged to. Whilst the outcome of the spinner
exercise for each individual was not known to the inter-
viewer, hence protecting the individual, the chance that
a spinner points to group A or B was known (p and 1-
P). Thus compared to the observed pattern of ‘yes' and
‘no’ answers Warner was able to determine the propor-
tion of respondents in the sample admitting the sensi-
tive behaviour.

Subsequent adaptations of the RRT have covered a
wide range of sensitive issues along with numerous
attempts to refine the approach [15]. Among the wide
array of models, the Forced Alternative/Response model,
used only when the sensitive question is presented [16],
has been found to be one of the most efficient variants
of Warner’s original conception [17]. Recently the RRT
method has been expanded to multi-item scales and
tested with male date rape attitude [18)] and alcohol
abuse [19]. The extension of the RRT to multi-item
scales allows its application to psychological measures
such as attitudes toward sensitive issues. This approach
can be expanded to areas where honest responding
might be compromised by self-protective lying, for
example illegal substance dependence, domestic vio-
lence, disordered eating or cheating and doping use in
sport.

Non-randomised methods

Research has shown that whilst respondents understand
the reason behind the use of the RRT approach in sur-
veys, they generally find it obtrusive and favour simpler
approaches [20]. Contrary to the RRT, non-random
models present a more straightforward approach that
provides protection by asking the number or combina-
tion of behaviours respondents are engaged in rather
than asking about each behaviour in turn.

The non-randomised model (NRM) has received
increased attention lately. A recent review [21] showed
that NRMs appear to successfully address many of the
limitations typically associated with RRTs such as the
need for a randomisation device which often requires
interviewers; forcing participants to say ‘yes’ to an
embarrassing question when their honest answer would
be the opposite or requiring a direct answer to the same
question. Contrary to the RRT, in the NRM every parti-
cipant is required to answer the research question in an
evasive way. The fact that a response is required to the
research question can help participants to feel that they
have made a contribution by volunteering to take part
in the research whereas with many RRT variations, a
significant proportion of respondents are simply
instructed to ignore the research question and just say
‘yes’ or ‘no’. Owing to this characteristic, NRMs can also
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be more efficient with comparable or even increased
privacy protection levels.

Alternative approaches have been progressively devel-
oped which preclude the need for the randomising
device. These include an item count method [22], later
termed the ‘item count technique’ [19] and later the
‘unmatched count technique’ [23]. In a similar concept
to the unrelated question (UQ) method [16,24], item
counts (IC) utilise a simple response task whilst embed-
ding the sensitive question in a list of innocuous ques-
tions. In place of the randomising device the
experimental group receives all questions with instruc-
tion and are asked to indicate only the number of affir-
mative answers. As a control sample is required to
establish the population prevalence of the innocuous
questions, respondents are randomly assigned to one of
two groups (experimental and control), where the con-
trol sample receives the identical list of questions minus
the sensitive question. The mean number of ‘yes’
responses are compared between the two groups.
Assuming that the innocuous behaviour is equally mani-
fest in both groups, the difference between the observed
proportion of ‘yes’ answers must be due to the presence
of the sensitive question in one of the groups and not
the other.

Using prior knowledge of the population prevalence
for an innocuous question, has led to the development
of a number of competing techniques over the past five
years. In these models, the innocuous question is out-
side the researcher’s control, independent of the
research question but the population prevalence is
already established such as birth month or season, geo-
graphical location for the person or a family member.
The Triangular Model (TM) and the Crosswise Model
(CWM) use a combination of a sensitive and an innocu-
ous question with known population prevalence [25].
The question and answer options are then placed in a 2
x 2 contingency table where two ‘quadrants’ relate to
the innocuous questions are with known population
prevalence (e.g. 3/12 and 9/12 if someone’s birth month
is used as the innocuous question). The other two quad-
rants represent the binomial response options to the
sensitive question. In the TM respondents are asked to
indicate whether they belong to the No-No quadrant or
any of the other three quadrants (Yes-No, Yes-Yes or
No-Yes). The CWM asks people to indicate whether
they belong to any of the mixed categories (Yes-No and
No-Yes) which only reveals that one of the two state-
ments is true but which one remains hidden. Similarly,
the Hidden Sensitivity (HS) model for two sensitive
questions with binary outcomes using one quadrant
such as season for birthday or geographic location (e.g.
South/West/North/East, East/West side of a river or any
criteria that creates meaningful and useable groups)
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[26]. In this technique two response pathways are pro-
vided. Respondents are required to either answer truth-
fully or are forced to an option for the non-sensitive
question (e.g. about birth date or place of living) based
on their answers to the two sensitive behaviours. The
drawback of this technique is that only those who
belong to the category of not having a sensitive beha-
viour (0,0) are asked to answer the innocuous question
honestly, whereas others (0,1; 1,0; 1,1) are forced to
select an answer for the innocuous question based on
their sensitive behaviour. Therefore, people admitting to
a sensitive behaviour (or both) are protected by the true
answers of those who do not have a sensitive behaviour
to declare. The advantage of the HS model over the Tri-
angular or Crosswise models is that HS allows two sen-
sitive questions to be simultaneously investigated [27].

Other models such as the Unmatched Count Techni-
que (UCT) [28] or the Cross-Based Method (CBM) and
the Double Cross-based Method (DCBM) [29] work
with unknown population prevalence. The common
characteristic of these models is that an independent
sample randomly drawn from the same population is
required to establish the prevalence rate for the innocu-
ous questions in order to estimate the prevalence rate
for the sensitive question. The UCT [28] contains two
parallel questionnaires with several innocuous questions
but only one version of the questionnaire features the
sensitive questions. The total number of endorsed
answers is calculated for each version independently,
and then compared. The difference between the two
sample means indicates the proportion of the respon-
dents who endorsed the sensitive question.

Currently, studies comparing the performance of the
item count method to other NRM or RRT models, or
direct self-reports, are inconclusive. Coutts and Jann
[28] found that the UCT outperformed the RRT coun-
terparts in assessing many sensitive behavioural
domains. By contrast, Tsuchiya et al. [30], using a web-
based survey, compared the item counts to direct self
reports and concluded the item count technique yielded
lower numbers of endorsed behaviour. However, Tsu-
chiya’s [30] list of behaviours contained items to which
over-reporting can reasonably be expected (e.g. donating
blood), which might have skewed upwards the total
numbers of reported behaviours in direct self-reports.
Where differences were found between self-reports and
item counts (using CBM and shoplifting) the differences
were explained by the sample demographic. The largest
difference was found among the middle-aged, domiciled
in urban areas and highly-educated (e.g. in or completed
tertiary education) female respondents [30].

Practical issues
Constraints of each approach were associated with
whether or not the population prevalence used for the
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non-sensitive questions was known. When this informa-
tion is not available, the research requires an indepen-
dent sample of significant size to establish this, parallel
to collecting a sample to answer the research question
about some sensitive issue. Furthermore, the chosen
probability that requires respondents to answer truth-
fully determines the proportion of the sample that is
directly useable to answer the research question. Finally,
the actual prevalence rate of the target behaviour also
has an effect on the minimum required sample size.

Investigating the efficiency of the RRT, Lensvelt-
Mulders et al. [17] compared five RRT methods and
found the Forced Response method and a special from
of the Unrelated Question design the most efficient
requiring about 2.2 times the sample size required of a
direct self-report method. Sample sizes for the Cross-
wise model were estimated for a number of combina-
tions of power and population prevalence [31] where
estimates for minimum required sample sizes ranged
between 2.5 and 19.3 times the sample size required for
direct questioning surveys. Based on these simulations,
the Crosswise model’s efficiency compared favourably to
Warner’s [32] model.

An alternative way to think about efficiency is to con-
sider the proportion of the population sample solely
used to provide an estimate of the population preva-
lence for the non-sensitive questions. This ‘waste’, which
accompanies most models, is the acceptable efficiency
cost of providing the added anonymity. The proportion
of the sample inefficiency ranges between 25% and 75%,
depending on the research design. Consequently, in
order to achieve a sample size with sufficient statistical
power for meaningful analysis there is a requirement for
more extensive data collection than in a typical survey.

Aims

The recent change in legal status (in the UK) of the
drug Mephedrone provided an opportunity to explore a
novel approach to data collection on a sensitive issue.
Mephedrone is a central nervous system stimulant that
produces effects similar to amphetamines. It produces a
euphoric effect, and has been reported to increase
empathy, stimulation and mental clarity, but can lead to
adverse effects such as nasal irritation, tachycardia and
restlessness [33]. Although limiting in scope (i.e. we
asked about the use of one specific drug), Mephedrone
was a topical choice at the time of the study’s concep-
tion as it had been reclassified as a Schedule 1 Class B
drug on April 16™ 2010 [34], making it unlawful to pos-
sess, produce, and/or distribute without licence and car-
rying a five year prison sentence for possession and up
to 14 years for producing, selling or distributing. The
ban generated considerable debate, with some expres-
sing discontent about the hastened reaction and the



Petréczi et al. Substance Abuse Treatment, Prevention, and Policy 2011, 6:20

httpy//www.substanceabusepolicy.com/content/6/1/20

generic ban [35] along with a concern that the ban may
not stop Mephedrone use, but could make the demand
and supply clandestine, leading to unintended conse-
quences from the addition of toxic excipients (through
“cutting” or chemical by-products) and thus present an
even greater danger to health [36]. In spite of the new
legislation, internet retailers appear to have continued to
sell products under different brand names that contain,
albeit unlabelled, Mephedrone-like substances [37]. This
case is a good illustration of the situation when the
change in regulation could (and should) have been sup-
ported with at least an estimation of what proportion of
the population uses Mephedrone and is at risk.

Recent inter-disciplinary approaches to estimating
doping prevalence in sporting sub-populations has led
to advances in estimation through improved efficiencies
[38]. The current study aimed to develop and test a new
research tool for use at the epidemiological scale. To
achieve this aim, a fuzzy response model, Single Sample
Count (SSC), was proposed.

Methods

The study utilised a mixed design questionnaire method
with chemical analysis of hair samples collected from
the questionnaire respondents. This approach has been
successfully employed in research investigating social
cognitive factors in prohibited performance enhancing
and illicit drug use [7.8].

To establish validity and reliability, the SSC was com-
pared to an established RRT model, the Forced
Response (FR), estimating Mephedrone use in a three-
month period preceding the data collection. Estimations
from both SSC and FR were then corroborated with
qualitative hair analysis. Ethical approval was obtained
from the two HEIs’ Research Ethics Committees. Data
were collected in two sites: a rural area in north Wales
(51.3% of the surveys; 92.8% of the hair samples) and a
metropolitan area in England (48.7%) from 318 volun-
teers (mean age 22.69 + 5.87, 59.1% male). Of the 153
hair samples, 95 (61.7%) were donated by males. The
majority of the data (91.5% of the questionnaires and
92.2% of the hair samples) were collected in May-June
2010, capturing the period in which Mephedrone has
become a controlled substance in the UK. The remain-
ing samples were collected up to February 2011.

Measures

Along with the newly developed SSC, the questionnaire
consisted of an established RRT, the Forced Response
model {16], incorporated into the questionnaire in alter-
nating order to mitigate any potential learning or prim-
ing effect, and always separated by four single questions
evaluating the respondents’ understandings and social
projection of Mephedrone among a student population.
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To establish prevalence of recent use, the sensitive ques-
tion asked respondents to indicate whether they have
used Mephedrone in the last three months. One-hun-
dred and fifty-three (48.43%) of the questionnaire
respondents were asked to provide a hair sample for
Mephedrone analysis to determine the drug’s use over
approximately three months prior to the study survey.
Forced Response model

The FR method has been shown to be one of the most
efficient designs [15,17) and was consequently consid-
ered suitable as a validation tool for the new method.
This variation of the FR [39] requires a pair of ordinary
D6 dice. Respondents were instructed to shake the die
in an opaque container in order to hide the score from
all other observers and then to answer the following
question ‘Have you used Mephedrone in the previous
three months? (Yes/No)’ according to the outcome. If
the combined score from the two dice is

¢ 2 - 4 = ignore the question and tick the ‘Yes’

« 11, 12 = ignore the question and tick ‘No’

« 5-10 = answer the question truthfully by ticking
either ‘Yes' or ‘No’

As for scores 5-10 there are more variations (27/36)
for suitable dice outcome than for scores 2-4 (6/36) or
11 and 12 (3/36), theoretically 75% of the respondents
were instructed, by chance, to answer the target
research question honestly.

Additional questions

In addition, three questions were included to gauge
directly reported opinion, belief about health hazards
and social projection. The questions were:

« In your opinion, should Mephedrone be a con-
trolled substance? (Yes/No)

o What percentage of students in the UK do you
think use Mephedrone (0% = nobody, 100% = every-
body)? (Yes/No)

« On a scale of 1 (not harmful at all) to 10 (very
harmful), how harmful do you think Mephedrone is
for your health?

These questions were also used to establish that the
two samples collected at different locations differed
significantly.

Analyses

Statistical analyses

Prevalence rates for the last three months were esti-
mated using model specific formulae (detailed below).
Testing sample means against the pre-set value was per-
formed using single sample t-tests. The 95%CI for the
binomial distribution was calculated using the Wilson
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interval. Simulations for establishing the required sam-
ple size for the SSC model were performed using vary-
ing levels of prevalence rates. Statistical analyses were
performed using PASW 18.0, R and Minitab.

Hair analysis

Hair samples were screened for the presence of Mephe-
drone using a qualitative method developed in-house,
Liquid Chromatography-Tandem Mass Spectrometry
(LC-MS/MS). Sample preparation included enzymatic
digestion to preserve the drug and liquid-liquid extrac-
tion as detailed below. All solvents/chemicals apart from
Mephedrone and Mephedrone -d3 were of analytical or
general purpose reagent grade and purchased from
Sigma-Aldrich UK Ltd (Gillingham, Dorset, UK).
Mephedrone and Mephedrone-d3 were purchased from
LGC Ltd, (Teddington, Middlesex, UK). Mephedrone-
d3, the triply deuterated form is used as a standard
reference for mass spectrometric measurements.

Hair digestion Hair (50 mg) was cut into fine segments
and Cleland’s Reagent (100 mg) was added followed by
the addition of the enzyme Proteinase K (15 mg). Inter-
nal standard Mephedrone-d3 (100 uL) with 5 ng total
concentration was added to the mixture and finally
incubated with Tris buffer (1 mL) for 2 hours at 37.5°C
with constant stirring.

Liquid Liquid Extraction (LLE) The digested hair solu-
tion was then placed in a centrifuge tube for Liquid-
liquid extraction with hexane (3 mL). The contents of
the tube were mixed using a vortex mixer and centri-
fuged for 5 min at 1750 x g. The top layer was decanted
using Pasteur pipettes and placed in a glass test tube.
The extracted samples were dried completely with nitro-
gen gas and reconstituted with 100 L acetonitrile.
Qualitative analysis Qualitative analysis was carried
out using a Thermoscientific liquid chromatography -
tandem mass spectrometry (LC-MS/MS) system (Fisher
Scientific UK Ltd, Loughborough, Leicestershire, UK).
Three microlitres of reconstituted sample solution were
injected into an Agilent SB-C18 column (Agilent Tech-
nologies UK Ltd, Wokingham, Berkshire, UK), (main-
tained at 45°C) for analysis. Acetonitrile (with 0.1% v/v
formic acid) and water were used as mobile phase sol-
vents. Total flow rate through the column was 200 pL/

Table 1 LC-MS Methods for Mephedrone-d3
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min. The LC mobile phase gradient composition is
detailed in Table 1.

The mass spectrometer was operated in selective reac-
tion monitoring (SRM) mode to confirm the presence of
Mephedrone. One precursor > two product ion transi-
tions for Mephedrone (m/z = 178.1 > 160.1, 145.1) and
Mephedrone-d3 (m/z = 181.2 > 163.2, 148.2) were mon-
itored for qualitative analysis. The retention times for
Mephedrone and Mephedrone-d3 were found to be 1.68
and 1.92 minutes, respectively. The calibration curve of
Mephedrone was found to be linear in the range 1 ng/
mL to 80 ng/mL (Lower limit of detection 0.5 ng/mL).
Qualitative analysis of 154 hair samples was carried out
using this calibration curve. Blank (control) hair without
any Mephedrone was analysed to detect any artefact
peaks that might elute at the same retention time or
have similar isobaric transitions and thus lead to false
results. However, no such interferences were observed.
Thus, retention time and the most abundant SRM tran-
sitions were used to qualitatively determine the presence
of Mephedrone.

Sampling
Respondents completed either version of the question in
randomly allocated order, separated by three questions
soliciting responses to social projection and opinions to
the target drug. Participants were recruited at universi-
ties and social spaces such as clubs and sport grounds
outside the higher education institutions in the UK.
Respondents were approached by a data collector (two
in total, one in each study region). The participation
was voluntary. Participants who provided hair samples
received a small monetary compensation (value of £5)
for any inconvenience incurred in completing the sur-
vey. A hair sample was requested from each respondent
upon completion of the questionnaire survey. Approxi-
mately half of the respondents provided usable hair
samples. The exclusion criteria included treated (e.g.
dyed or permed) or too short hair (less than 3 c¢m).
Over 80% of the hair samples were dark in colour. The
different sample sizes are owing to 70 volunteers receiv-
ing a 4-question (four innocuous questions only) version
for the Single Sample Count (data not shown).

LC run time (min) Acetonitrile in presence of (0.1% Formic acid) Water (%)
0 60 40
3 100 0
4 100 0
5 60 40
10 60 40

Retention time (min) Lower Limit of Detection (ng)
192 0.5

Flow rate (ul/min)
200 30 45

Injection volume (uL) Column Temperature (°C)
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Results

Results from the survey

Using the full dataset (n = 318), no gender*region inter-
action effect was observed in social projection (F(1,310)
= 1.547, p = 0.211; partial eta® = 0.004) or in perceived
harm (F(1,308) = 1.242, p = 0.266; partial eta® = 0.005).
Participants in the metropolitan area gave significantly
higher estimates for others using Mephedrone (F(1,310)
= 16.90, p < 0.001) but no difference was evidenced by
gender (F(1,310) = 0.506, p = 0.478; Cohen’s d = 0.100).
The main effect for gender and region in perceived
harm was significant (F(1,308) = 5.237, p = 0.023; F
(1,308) = 5.000, p = 0.026, respectively). The slight dis-
crepancies in sample sizes are due to missing values.
Means and standard deviations by area and gender are
shown in Table 2. The opinion regarding the legal status
of Mephedrone overwhelmingly favoured control
(81.7%), independent of area (Fisher’s Exact Test =
2.104, p = 0.370) but not of gender (Fisher’s Exact Test
= 7.731, p = 0.011), with the preference for non-control
of Mephedrone being higher amongst males (21.8%),
compared to 11.6% amongst females.

Higher estimation of prevalence by participants in the
metropolitan area is likely to be due to them holding dif-
ferent descriptive norms arising from the person’s social
context. Declared drug use among the active population
(16-59) in England and Wales is consistently around
twice as high in males than females and higher preva-
lence rates have been documented for urban compared
to rural areas in last year’s usage; with a similar but
slightly more ambiguous trend for the 16-24 age group
[40-42]. Biased social projection is one of the most intri-
guing areas in social cognition research. On the one
hand, it suggests that the repeatedly observed association
between self-reported behaviour or personality character-
istics is explained by an egocentric bias (i.e. finding com-
fort in false consensus) [43], which is in keeping with the
Bayesian approach [11)]. On the other hand, particularly

Table 2 Social projection (0: nobody - 100%: everybody)
and perceived harm (1: not harmful at all - 10: very
harmful)

Area
Rural Metropolitan ALL
Social Male 2800 3551 ¢ 3145 +
projection 23.690 23.231 2317
Female 2656 + 4068 + 3379 +
20.780 22.898 22926
ALL 2745 + 3774 £
22572 23.155
Health risk Male 587 £2415 671 £1912 626+ 2139
Female 673 £1968 701 +2303 687 +2139
ALL 620 + 2286 684 + 2083
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regarding the chosen sensitive and/or transgressive beha-
viours, it is suggested that the distorted perception of
what eventually leads to a behavioural choice is congru-
ent with this perception [44,45]. Conversely, recent
research provides evidence showing that the prediction
of population prevalence relates to the behaviour or char-
acteristics the respondents wish to project about them-
selves, but not the actual behaviour [46,47].

Age was significantly negatively related, with the pre-
valence estimate (Spearman’s r = -.150, p = 0.01) sug-
gesting that younger people consider Mephedrone to be
more prevalent. This is in line with the notion that
Mephedrone is a drug for the young [33]. The correla-
tion between age and the belief that Mephedrone was
harmful was positive and significant (Spearman’s r =
190, p = 0.001). As regional differences were not signifi-
cant, the data from the two collection sites was com-
bined and treated as one unified sample for future
analyses.

Estimation using the Forced Response model

Subsequent to completing the questionnaire, the preva-
lence rate for Mephedrone use, using the formula sug-
gested by Tourengeau & Yan [6] was calculated as
follows:

A—Nl
2

P=

where:

m = probability that the respondent is forced to say
yes'

n, = probability that the respondent is forced to
answer a sensitive question honestly

A = observed percent that responded ‘yes’

From the dice instructions, we see that 7; = 1 out of 6
and m, = 3 out of 4. There were 74 'yes’ responses out
of 318 total, thus

74/318 — 1/6

= (0.0881
3/4

p =

The estimated prevalence rate for Mephedrone is

8.81%. The variance and standard error of this estimator
are calculated as:

(=%
Var(ﬁ) = —,5(72)7)-

74/318(1 — 74/318)

3 = 0.000998
318(3/4)

Var(p) =

SE = 4/0.000998 = 0.034159
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A 95% CI for the prevalence rate of Mephedrone
would be the estimated prevalence rate + the product of
the z,/, value and the standard error: 1.96 x 0.034159 =
0.061925, yielding the 95% CI of 0.026175 and 0.150025.
Thus, the prevalence rate as determined by the Forced
Response model with a standard error of 0.034159 and a
95% confidence interval of (0.02611, 0.14999) is esti-
mated to be between 2.6% and 15.0%.

Hair analysis
Among the available 154 hair samples, the presence of
Mephedrone was found in six samples giving a 3.9%
positive rate. As the quantity of substance potentially
used and time of exposure is not known, it is plausible
that the actual positive rate is higher than 3.9%. It is
likely that the hair analysis would only capture 3 months
preceding drug use and could not detect a single expo-
sure, nor any use that might have taken place in the
immediate two weeks preceding the sample collection
during which the hair is still in the scalp. Thus this per-
iod is considered as a ‘blind period’ for hair analysis.
Combining these positive samples with known use
from the questionnaire where respondents accidentally
give away this information by either answering each
question on the Single Sample Count/Unmatched list
five or answered each question on the same individually,
the prevalence rate rises to 5.7% (9/157). Two of the
nine known positive cases overlap between analytical
and questionnaire results.

The simplified SSC algorithm

The fuzzy response SSC model is a new method and
uses known population prevalence to estimate the pro-
portion of affirmative answers to the sensitive question.
As such, it is a simplified and more economical version
of the Unmatched List Count using only one (experi-
mental) sample. In order to avoid the need for a control
sample (which inevitably leads to 50% loss of the sam-
ple), we embedded the target sensitive question into a
set of four questions with 50-50 probability and bench-
marked the sum of the number of observed ‘yes’
responses against the expected sum of the number of
‘yes’ responses for the four questions.

The benchmark questions were:

+ My birthday is in the first 6 months (January -
June) of the year.

* My house number is an even number.

+ The last digit of my phone number is even

+ My mother’s birthday falls between July and
December

The probability of a ‘yes’ answer to each of the four
questions is therefore 50%, the expected average (sum of
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the number of ‘yes’ responses divided by the total num-
ber of responses) is two. Any upward deviation from
this benchmark figure is the estimated proportion of
‘yes’ answers to the target question.

The target research question was:

o I have taken Mephedrone at least once in the pre-
vious three months

Respondents were instructed to indicate only the total
number of their affirmative answers to the five questions
without revealing which ones.

Based on the nature of the four non-sensitive ques-
tions, it was assumed that the population distribution
for each question follows a binomial distribution, thus
the distribution of the total number of ‘yes’ responses
for non-sensitive questions is B(4%k, 0.5) where k is the
sample size. In other word, the probability of an honest
‘yes’ response to each of the four non-sensitive questions
is 50%. Assuming that there are equal numbers of ‘yes’
and ‘no’ responses to each of these four non-sensitive
questions, it is possible to calculate the expected value
of responses for the baseline non-sensitive questions:

E[response] = 4 x [0.5(1)] = 2

Thus, if the probability distributions are exactly the
same for all non-sensitive questions individually
(assumed to be 0.5 in this case), the mean response for
the four non-sensitive questions is expected to equal
two, thus obtaining a mean response value greater than
two is the indication of the estimated prevalence rate
for the sensitive question. The prevalence rate estima-
tion is calculated as:

d=(Aln)-2

where d is the estimated population distribution of the
‘yes’ answers to the sensitive question, 4 is the observed
number of ‘yes' answers; and # is the sample size. The
observed probability distribution of the number of ‘yes’
answers is shown in Table 3.

The three-month prevalence rate and 95%ClI for
Mephedrone use, using the SSC method, was calculated
as follows:

The observed number of ‘yes’ answers is derived from
the sum of two random variables with distribution of B
(4°237, 0.5) and B(237, d), where d is the population
distribution of the sensitive key question and 237 was
the number of respondents in the sample. The observed
number of ‘yes’ answers in the sample was 469.

Whilst the distribution of the sum of these two ran-
dom variables is unknown, we can make use of the nor-
mal approximation for a binomial distribution. A rule of
thumb is that the normal approximation is applicable if
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Table 3 Observed probability distribution of X = the
number of ‘yes’ answers

X Observed P(X)
0 0.063
1 0270
2 0376
3 0215
4 0.068
5 0.008

np > 5and n*(1-p) > 5, d > 0.021 and d < 0.979, where
n and p are the distribution of the two binomial para-
meters. The normal approximation is derived as mean =
np and variance = n*p*(1-p). Thus B(4*237, 0.5) is
approximately the same as N(2*237, 237) and B(237, d)
is N(237*d, 237*d*(1-d)). Since the maximum likelihood
approximation of the mean of the normal distribution is
the sample mean, 237*(d+2) = 469, hence d =
-0.021097. Note that the estimated d is negative, since
the observed number of ‘yes’ responses (469) is less than
the expected number of ‘yes’ responses for the non-sen-
sitive questions (474). This does not mean that the pre-
valence rate for Mephedrone is negative, only that the
random fluctuations in the sample were too large and
mask the expected upward bias in the number of
observed ‘yes’ responses. We can nevertheless calculate
the 95%Cl for d, which is 469 + Z(0.95)*V(237*(1+d*(1-
d))), where Z(0.95) = 1.959964. Thus 95%CI is d +
0.12731334 = -0.021097 + 0.12731334 = 0, 0.099634.
Therefore the estimated prevalence rate for Mephedrone
use is between 0 and 10.0%.

T-test statistics indicated that the mean score (1.9789,
95%CI 1.85, 2.11) obtained on the SSC did not differ
significantly from 2, thus there was no evidence that the
prevalence rate for Mephedrone use in the population
would differ significantly from zero (t(236) = -0.3113, p
= 0.7558, Cohen’s d = 0.041). This non-significant test
result can be explained by the relatively small sample
size. Notably, the sample prevalence was estimated to be
between 0 and 10%.

The above calculation holds if the probability distribu-
tion of answers to each baseline question is equal (e.g.
50/50 in all 4 cases), thus we can assume that the sum
of the binomial distributions is also binomial. However,
the sum of the binomials is not necessarily binomial if
the probabilities vary among the questions. Therefore, in
such cases the normal approximation is calculated indi-
vidually for each question before the probabilities from
the baseline questions are added together, as we know
that the sum of the normal distributions also follows
normal distribution.
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SSC algorithm taking the divergence from the 50/50
distribution into consideration

In order to test whether the estimation from the simpli-
fied SSC algorithm differs significantly from the estima-
tion that takes the observed likely distribution for the 4
innocuous questions into consideration, we calculated d
in a two-step process.

Firstly, we assumed that the probabilities of the innoc-
uous binomial variables are not the same, so we esti-
mated the probability distribution for each baseline
question independently. In order to calculate the prob-
abilities of the 4 innocuous binomial questions, we used
the following datasets. For distribution of house and
phone numbers, we used 7,500,000 UK residential data
(usable dataset for house numbers: n = 6,859,957 and
for phone numbers: n = 6,895,960) purchased from a
commercial provider, whereas for birthdays, we used
anonym datasets from two UK universities (n = 495,870
and n = 11,157). For the subsequent analysis, we used
the large UK university dataset (n = 495,870) for birth-
days. Details are presented in Table 4.

House numbers (including apartment/flat number in
the absence of house number) were split as 3,405,322
even (p = 0.4964057) and 3,454,635 (p = 0.5035943) odd
numbers. 0.5 (t = -18.828, df = 6859956, p-value < 2.2¢-
16, 95% CI: 0.4960316, 0.4967799). Among the listed
phone numbers, the last digit of the phone number was
an even number in 3,429,497 cases (p = 0.4973197) with
3,466,463 last digits being an odd number (p =
0.5026803). The probability of a birthday falling on the
first half of the year was p = 0.5004075 (247,447 cases)
vs. 248,423 (p = 0.499016) birthdays registered for the
second half of the year. Single sample t-test statistic
testing Hy: p = 0.5 for the 4 innocuous questions are as
follows.

1. My birthday is in the first 6 months (January -
June) of the year (t = -1.386, df = 495869, p =
0.1657; with estimated probability of 0.4990159 (95%
ClI = 0.4976242, 0.5004075)

2. My house number is an even number (t =
-18.6633, df = 6952970, p < 0.001; with estimated
probability of 0.49646115 (95% CI = 0.4960895,
0.4968328)

3. The last digit of my phone number is even (t =
-14.077, df = 6895959, p < 0.001); with estimated
probability of 0.4973197 (95% CI = 0.496946,
0.4976929)

4. My mother’s birthday falls between July and
December (t = 1.386, df = 495869, p = 0.165); with
estimated probability of 0.5009841 (95% CI:
0.4995925, 0.5023758)
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Table 4 Birthday distributions
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Frequency count Probability Frequency count Probability
Birthday on/in®
odd/even days 245269 0509872 235,771 0490128
first half (up to and including the 15th)/second half of the month 239,157 0497167 241,883 0.502833
first half/second half of the year 232,666 0483673 248,374 0516327
odd/even numbered months 242,683 0.504497 238,357 0495503
Birthday on/in®
odd/even days 253438 0511098 242,432 0488902
first half (up to and including the 15th)/second half of the month 247927 0.499984 247,943 0500016
first half/second half of the year 247,447 0499016 248423 0500984
Odd/even numbered months 251,226 0.506637 244,644 0493363
Birthday on/in®
odd/even days 5739 0514386 5418 04856144
first haif (up to and including the 15th)/second half of the month 5562 0.498521 5,595 0501479
first haif/second half of the year 5606 0502465 5,551 0497535
Odd/even numbered months 5731 0513669 5426 0486331

*US life insurance application data (n = 481,040)
buk university registration data (n = 495,870)
UK university registration data (n = 11,157)

Therefore, we used these empirically derived probabil-
ities to approximate normal distribution.

The number of ‘yes’ answers for the

1** question is binomial, B(k, 0.4990159) — N
(k*0.4990159, k*0.4990159*0.5009841)

2" question is binomial, B(k, 0.4964611) - N
(k*0.4964611, k*0.4964611*0.5035389)

3rd question is binomial, B(k, 0.4973197) —» N
(k*0.4973197, k*0.4973197*0.5026803)

4™ question is binomial, B(k, 0.5009841) — N
(k*0.5009841, k*0.4990159*0.5009841)

Sensitive question is binomial, B(k, d) - N(k*d, k*d*
(1-d))

Therefore, by adding these approximations together,
the distribution of the ‘yes’ answers are

N (k* (1.9937808 + d), k* (0.999978355 +d* (1 —d)))

The Mephedrone dataset contained 469 ‘yes’ answers
from 237 respondents, therefore k = 237, and 237*
(1.9937808+d) = 469, thus d = -0.0148779. The 95%Cls
for the number of ‘yes’ answers with the above esti-
mated mean and variance are439.0453 and 498.9547,
thus d is between -0.1412 and 0.1115. Consequently, d
(the estimated prevalence of Mephedrone use) is,
indeed, between 0% and 11%, which is in keeping with
the estimation we received using the simple algorithm
with assumed p = 0.5 for ‘yes’ answers in all baseline
non-sensitive questions. Therefore, applying the princi-
ples of Occam’s razor, the simple algorithm should
prevail.

Triangulating the SSC with the FR and hair
analysis

The single most useful aspect of the hair analysis was to
provide evidence that the sample prevalence of Mephe-
drone use was higher than zero. Figure 1 shows the
combination of information available from the sample
on Mephedrone use including an objective chemical
analysis based on the presence of the drug in hair, acci-
dental exposure via direct self-reports and two estimates
representing two different indirect models. Combining
these prevalence rates and estimates, we can conclude
that the prevalence of Mephedrone use in the sample
ranges between 5.7% and 15.0%. The two models yielded
similar estimates with the FR up to 15% and the new
SSC up to 10%. The close proximity of these estimates
provides evidence that supports the validity of the new
SSC model.

Implementation

Practical issues relating to the indirect estimation meth-
ods are i) the chance of exposure, ii) minimum and
optimal sample sizes required to achieve a desirable
power, iii) efficiency and iv) potential to eliminate or
detect noncompliance. This section discusses these in
the context of implementing the SSC approach.

Potential exposure

One notable drawback of the Single Sample Count
model (as well as for the Unmatched List) is the sce-
nario in which a respondent happens to have ‘yes’
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Table 10 Minimum required sample size as a function of
standard error (SE) with 95% confidence interval,

Standard error (SE)  Percentage points (1.96SE) Minimum n
(0.05) +0.0980 178
(0.04) +0.0784 278
(0.03) +0.0588 494
(0.02) +0.0392 1112
(0.01) +0.0196 4445

deviate from 95%CI for smaller sample sizes because of
the discrete nature of the events.

Efficiency

Unlike other RRT/NR models, the Singe Sample Count
model uses every single response in the sample to esti-
mate the prevalence rate for the sensitive question. As
the population distribution is known a priori, there is
no need to generate an independent sample from the
same population to establish population prevalence.
Thus the SSC model comes with no waste of any pro-
portion of the sample. This aspect is unique among the
RRT/NRM models.

Non-compliance

The key driver for improving the random response and
non-random models has been the hope that such tech-
niques will be able to eliminate socially desirable
responses. Social desirability (SD) is a known confound-
ing factor in self reported research design, stemming
from either the research tool or the person but equally
resulting in dishonest responses [48,49)].

Contrary to this desire, overwhelming evidence
demonstrates that RRT/NRM are not cheating free
[50,51]. Béckenholt et al. [51] used two separate meth-
ods, namely the Forced response and Kuk’s [52] rather
complicated card colour naming technique. Both
demonstrated that accounting for non-compliance bias
doubled the estimated prevalence. This finding is in-line
with a medication non-adherence study that showed
that almost half of the respondents did not follow the
questionnaire instructions thus considerably distorting
the prevalence rate without correcting for cheating [53].
This study used a variation of the forced response
model linked to a rather low percentage when respon-
dents have to answer honestly. The instructions were
that if the respondent’s father’s birthday occurred in
January or February then a truthful answer was
requested, with a forced ‘yes’ for all other months.
Therefore only 16.7% (2/12) of the respondents were
asked to answer the sensitive question.

Self-protective no saying (SPN) is a known pattern in
which respondents say ‘no’ without considering the
instructions or truth. Considerable effort has been made
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to estimate the effect of dishonesty or correct for such
effects [54-60]. Triggers for noncompliance could be the
forced ‘yes’ answers in situations when respondents do
not identify themselves with the discriminating beha-
viour; or complicated instructions which respondents
are unable or unwilling to follow [51,61].

At this stage, we do not have data to ascertain what
proportion of the responses on the SSC might have
been affected by dishonest answering. Nonetheless, SSC
does not offer an obvious self-protective response option
as respondents who wish to deceive in their answers
may simply chose entering zero, or any other number
that is less than their true response would be. The
somewhat higher estimate received using the SSC com-
pared to the FR suggests that the SSC might be less
affected by self-protective responding. Qualitative feed-
back received during data collection supports this
assumption. Upon prompting for feedback in one group,
respondents felt that they are more protected under the
SSC model because as they phrased it: they “didn’t
really have to answer the sensitive question”, This is, by
design, was not the case in the FR model where depend-
ing on the outcome of the dice roll, 75% of the respon-
dents were asked to answer the sensitive question.

Potential innocuous questions

The SSC method builds on the innocuous question
where the population distribution is assumed to be
approximately close to 50/50. Such questions could be
related to the last digits of a phone number, possibly
house numbers or postcodes (even though these may
vary from country to country), as well as birthdays,
Selection of the most appropriate question must be
informed by the research design, taking the target
sample characteristics into consideration. Below, we
present statistics derived from worldwide empirical
data (n = 1,379), a publicly available dataset on birth-
days (n = 481,040) and birthday data extracted from a
UK university database (n = 495,870) to assist this
process.

Empirical data were collected via Amazon Mechanical
Turk in May-June 2011, with the Human Intelligence
Tasks (HITs) made accessible worldwide to those with
at least a 80% HITSs acceptance rate [62]. The majority
of the information was provided by people in India
(59.2%), followed by the USA (28.4%), Canada (1.5%),
Pakistan (1.1%) and the UK (1.0%). The remaining 51
countries contributed to a total of 8.8%. House numbers
were odd numbers in 50.8%, whereas the last digits of
the phone numbers were odd numbers in 48.6% of all
records. Our results showed that more people prefer
odd numbers for a lucky number (65.6%). The day of
the birthday being odd occurred in 51.10% of the
sample.
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The publicly available birthday dataset was collected
by Roy Murphy based on insurance policy applications
to a Life Insurance Company between 1981 and 1994
http://www.panix.com/~murphy/bday.html and over 500
thousand birthdays captured in the internal information
management system of two UK universities. The overall
distribution of the birthdays in all three available data-
sets is remarkably similar to another database containing
over 135 million records http://anybirthday.com/.

Using Roy Murphy’s insurance application data, the
results suggest that the ‘first half vs. second half of the
month’ appears to give the closest split to 50/50, fol-
lowed by the ‘odd/even numbered month’. The analysis
of two UK university population datasets of 495,870 and
11,157 birthdays provided further evidence that in the
large dataset ‘first half vs. second half of the month’ lead
to a closest split to 50/50, with the next closest distribu-
tion to 50/50 was the ‘first vs. second half of the year’
with the smaller dataset (n = 11,157) showing the oppo-
site positions for the top two places. Frequency counts
and probability distributions for birthdays falling on odd
vs. even days and months; first vs. second half or the
month and years, independently, are reported in Table
4.

Discussion

The overarching advantage of both randomised response
and non-random models is that they provide greater
respondent anonymity protection as question responses
cannot be traced to the individual. This anonymity also
removes any ethical or legal obligation from the inter-
viewer to act upon sensitive information disclosed to
them as part of the research process.

Further advantages of the SSC method are:

+ The model is simple to administer, offering a self-
administration option without any sense of
deception.

+ The SSC model reduces the complexity in instruc-
tions and places low cognitive demands upon
respondents.

+ Unlike the FR model, SSC asks each respondent to
answer, in a fuzzy way, the (sensitive) research ques-
tion and hence improves the face validity of the
research tool.

« Unlike other RRT/NR models, the SSC avoids a
forced ‘yes’ response, which can be off-putting for
people whose honest answer would normally be ‘no’
to the sensitive question. Also, respondents are not
required to answer the sensitive question directly.

¢ In the SSC model, no obvious self protective strat-
egy is present (e.g. self-protective ‘no’ saying), thus
this approach can overcome the ‘self protective no’
bias.
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The challenges with the SSC model arise from finding
a suitable set of baseline questions where the population
prevalence and distribution is known to be 50-50% and
adequately addressing the chance of potential exposure.
There is a small but existing chance that someone
encounters a situation in which the answer would be
revealing. This is not only a problem for the newly pro-
posed Single Sample Count but also affects the classic
Unmatched Count technique. The potential of exposure
can be mitigated by either increasing the number of
baseline questions to reduce the likelihood of having
affirmative answers to all baseline questions or by offer-
ing different sets of baseline questions. This latter
approach requires computerised administration or per-
sonal interviews.

This study would have further benefited from an
increased sample size as confidence intervals were lim-
ited to the upper bounds. Further studies are required
to improve the evidence base for testing the methodolo-
gical validity and reliability. The sample size was con-
fined by a number of specific criteria. The focus of the
study was restricted to the use of a single substance
(Mephedrone), which on the one hand held the advan-
tage of requiring a single screening in hair, but on the
other placed limits on the study for two reasons. Firstly,
the population prevalence rate of illicit substance use
was low because the study restricted itself to a specific
substance. As the method for detecting Mephedrone in
human hair is newly developed, it is not yet known
what consumed quantity of the drug signals a positive
analytical result, or how natural hair colour, sex or eth-
nicity, for instance, might affect the deposition of the
drug in human hair. However, hair analysis may provide
the ultimate gold standard for validating the SSC
approach for substance use. If such is the case, then
careful consideration must be accorded to the research
design to ensure effective synergy between social, analy-
tical and statistical approaches. It is important that the
sensitive question considers the limitations imposed by
the hair analysis. For example, some drugs deposit into
hair with more ease than others and stay longer. Acci-
dental or environmental exposure may be a contributing
factor in explaining the presence of a given drug in hair
samples. Hair analysis is normally not suitable to detect
single or very recent (i.e. last two weeks) exposure - but
if research remit requires knowledge of these aspects
then urinalysis may be a viable alternative. The time-
frame afforded by the selected biochemical analysis
must be carefully matched in the question. Exploring
these issues is beyond the scope of this paper.

Secondly, whilst the hair analysis component was use-
ful to prove that the sample prevalence is larger than
zero, its labour and costs implications placed limits on
the sample size. We have compensated for this
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limitation with simulations to calculate the required
sample sizes. The SSC model should also be tested
investigating other discriminating behaviours with differ-
ing expected prevalence rates. If dishonest response pat-
terns are known, prevalence estimation could
incorporate a statistical correction component to
account for this bias. Further refinement of the SSC
model could include two variations where the sensitive
question is positively (e.g. ‘I have used drugs’ or ‘I do
take my medications’) or negatively framed (e.g. ‘1 have
never used drugs’ or ‘I do not take my medications’) to
test whether giving confirmation, albeit indirect, of the
desired or undesired behaviour has an effect on the
results.

The research design could also benefit in some cases
from the inclusion of a priming task to investigate
whether or not the indirect approach and the additional
protection afforded by the fuzzy response mode itself
generates the maximum achievable admission of the dis-
criminating behaviour. Alternatively, lie detector Implicit
Associations Tests (e.g. [63,64]) could be combined with
the SSC models for contrasting and comparing preva-
lence rates obtained via different methods from the
same sample.

Conclusion

The major advantage of the Single Sample Count
method over other models such as the Forced Response
model is rooted in its simplicity, equal face validity for
each respondent, simple calculations and maximum use
of the data. This elegantly simple, quick and cost effec-
tive method can be successfully employed in public
health research aiming to establish the epidemiology of
potentially compromising behaviours. Notwithstanding,
this approach, akin to other randomised and non-ran-
dom models, is suitable to establish group level
prevalence.
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