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Abstract 

This thesis comprises of studies based on the broad field of forensic analysis and the 

development of methods which can be applied to different matrices. The initial 

studies focus on the forensic determination of psychoactive drugs in hair matrix 

using newly developed gas chromatography-mass spectrometry analytical methods. 

The second study focuses on the discrimination and matching of skid marks and 

rubber tyre analysis by using novel chemical analysis methods. This thesis reports 

the development and application of a series of innovative analytical methods: gas 

chromatography-mass spectrometry, inductively coupled plasma mass spectrometry, 

pyrolysis-gas chromatography-mass spectrometry and attenuated total reflection 

Fourier transform infrared spectroscopy. 

Gas Chromatography-Mass Spectrometric (GC-MS) methods for drug analysis 

routinely employ derivatising reagents. The aim of the first study was to develop a 

method for the analysis of two recreational drugs, delta-9-tetrahydrocannabinol (~9_ 

THC) and cocaine in hair samples using GC-MS, without prior derivatisation, thus 

allowing the sample to be analysed in its original form. Ten hair samples, that were 

positive to ELISA analysis for either ~9-THC and/or cocaine, were enzymatically 

digested, extracted and then analysed by gas chromatography-mass spectrometry. 

All samples measured contained ~ 9 -THC and one sample contained cocaine. The 

limits of detection (LOD) and quantification (LOQ) were 0.02 ng/mg & 0.05 ng/mg, 

respectively for cocaine and 0.015 ng/mg & 0.02 ng/mg, respectively for ~9-THC. 

The wide detection window. ease of direct analysis by GC-MS, lower detection 

limits of un-derivatised samples and the stability of drugs using this technique offers 

an improved method of analysis. 

This experiment has been designed to develop an immunological screening test 

followed by a GC-MS confirmation method for the simultaneous analysis of ~9_ 

THC, THC-COOH, , OH-THC, cocaine, Benzoylecgonine (BZ), amphetamine (AP), 

methamphetamine (MA), in human hair, thus avoiding the significant factors 

responsible for drug degradation by acid and alkali hydrolysis and to obtain optimal 

recovery conditions. Enzymatic hair digestion was used to hydrolyse 18 Turkish 
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samples using Proteinase K, Dithiothreitol and Tris HCI buffer. At the beginning, all 

18 samples tested screened positive on ELISA, though analysis by GC-MS indicated 

that only 2 samples were positive for 8,9_ THC and THC-COOH. Cross reaction lead 

to false positive results in the pre-screening step as a result of the degradation of the 

antibodies in the pre-coated ELISA microplate. 

Tyre rubber analysis 

Owing to an increase in the number of hit and run accidents, it is quite common for 

rubber traces to be left at the crime scene. The Forensic Scientist will have the task 

of analysing the tyre striation traces in order to identify the type of tyre involved in 

the accident. However, the tyre striations alone do not provide enough detail to show 

a high level of discrimination between different tyre manufacturers and individual 

models. In this study, Inductively Coupled Plasma Mass Spectrometry (lCP-MS), 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

and pyrolysis GC-MS methods were developed to enable greater discrimination 

between different tyre rubber samples. 

Seventy elements were screened for each sample by ICP-MS in both collision cell 

mode and reaction cell mode. ATR-FTIR analysis indicated a low intra-variability 

(analysis of similar tyres) which demonstrated high precision of the technique, and 

also showed a large inter-variability between different manufacturers and models, 

which supports their high potential as indicators to be used for discrimination 

between different tyres manufacturers and models. Principal Component Analysis 

(PCA) was utilised to distinguish between the different tyres. 
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Chapter 1 

Introduction 
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1.0 Illtrotiuttioll 

1.1 l'orl'll"ic to\irology 

Forensic analysis is the use of toxicology and other techniques such as analytical 

chemistry, pharmacology and clinical chemistry to help the investigation of any 

crime including murder, poisoning, accidents and the use of drugs of abuse. This 

information is useful not only in the legal context, but also to obtain an explanation 

as to what the results dictate, whether negative or positive, how can it be statistically 

studied and its effect on society. The analytical forensic investigation can be applied 

to different types of samples depending on the type of the matrix. The forensic 

toxicologist must take into consideration the circumstances of any investigation and 

also which matrices are used. The matrices can depend upon the nature of any legal 

investigation, and can vary from very small and easy to collect matrices, to very 

niche ones such as photos, oral fluid, bullet, paint, dried blood spots, DNA, hair, 

documents, powder, tyres skid marks etc, which have their own particular 

idiosyncrasies (1). The type of sample collected for the analytical use depends on the 

nature of the source. Samples can be categorised based on origin and composition 

(2). 

The analysis process will be determined based on the nature of the collected sample 

matrix. e.g. for the analysis of heroin in urine or blood the sample has to be collected 

and analysed (as frozen) within hours of the ingestion, while if it were hair samples it 

can be analysed differently within a longer analysis period, since the drugs will be 

metabolised differently in each matrix (hair, blood, etc.) (1,3). 
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A major aspect of forensic chemistry is the analytical concept that results in 

connecting the evidence to the criminal and thus a crime. Forensic testing for crime 

samples has become a useful diagnostic tool in determining the relationships and 

sometimes sequence of the crime case through a detailed analysis. For any analytical 

case, forensic analysts are often called to determine whether or not the evidence 

collected has an effect on the crime scene investigation. In order to make such 

evaluations, the Scenes of Crime Officer (SOCO) takes specimens to be submitted as 

evidence which can include blood, DNA, paint and anything else that can be 

associated with the scene. Nevertheless, analysis is dependent upon the type of 

evidence e.g. hair, blood, and the accessibility or availability of the evidence to be 

analysed and the sample size, which will determine the process of analysis and the 

technique to be used (4,5). 

1.2 Analytical techniques 

Forensic analysis is becoming increasingly sophisticated with the integration of the 

latest techniques in analytical chemistry and biology (2). Analytical methodologies 

face challenges in development and validation prior to the anal ysis of the pre

collected analytical and forensic samples. Moreover, the nature of the sample matrix 

and the technique used in the analysis presents a great challenge to analysts (6). The 

components of the matrices can have a big effect on the method sensitivity and 

reproducibility and thus can influence the analytical results (7,8). Careful methods of 
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sample preparation and choice of analytical technique coupled with the appropriate 

detector are the three important steps of method development. 

I .:{ III S t !"lIIllP n tat i 0 11 

There are a number of techniques used for the separation and detection of the 

psychoactive drugs and other stimulants from different matrices for analytical 

purposes. The most widely used techniques are chromatography and spectroscopy. A 

chromatographic method that utilises separation, identification, and quantitation of 

one or more closely-related components of mixtures for unknown analytes is gas 

chromatography-mass spectrometry (GC-MS). GC-MS is essentially two techniques 

coupled together, which comprise the so-called "tandem" or "hyphenated" technique. 

Chromatography is a separation method which relies on partition between two 

phases for separation (mobile and statiomu.-y phases), after which detection occurs in 

the mass spectrometer (MS). The stationary phase is chosen based on the affinity of 

the sample being analysed to each phase. Along with the gaseous mobile phase, the 

sample passes through a column containing a stationary phase. Separation is based 

on the vapour pressure and polarity of the components. The boiling point of a 

particular compound is related to its volatility. where the compound with the lowest 

boiling point (vaporise first) and lowest polarity will have the shortest retention time 

and vice versa. The greater the forces of attraction the higher the boiling point, or 

greater the polarity the higher the boiling point. Mass Spectrometry is a technique 

used to determine the identity of compounds (9). MS has a high capability and 

sensitivity for accurate and precise identification of the separated unknown samples 

eluting through the GC column (10). 
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1.4 (,a, chromatograph, -lila"" "Ill d rOllld r\ 

Gas chromatography-mass spectrometry is a technique to identify different 

substances within a test sample. Gas chromatography is a technique used in 

analytical chemistry for separating and analysing compounds. Mass spectrometry 

(MS) analysis can provide fragmentation of compounds thereby giving rise to 

various peaks. The highest mass peak usually corresponds to the atomic weight of 

the fragmented ion. In the mass spectrum. the peak corresponding to the compound's 

molecule is referred to as the molecular ion peak (M+) after the loss of electron and 

the most abundant peak in the spectrum is referred to the base peak (8+) (11). The 

results of interest are provided as GC chromatograms and mass spectra. GC can 

provide separation of a mixture of compounds based upon boiling points of 

components in the sample. so lower boiling points have a shorter elution time. The 

peaks presented in the GC spectra correlate with the elution of the compound from 

the column. The time taken for this compound to elute after entering the column is 

referred as the retention time (RT). Comparing the Rt of the compound of interest 

with Rt of a known compound as a reference can allow us to determine the unknown 

drug present in a hair sample (12). 

1.5 IOllisatioll 

The mass to charge ratio mlz of the ions is the determinant for identification. Ions are 

created in the GC- interface or ionisation chamber. after which the quadrupole 

magnetic mass analyser guides the analyte ions to the detector (10). For the mode of 
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detection, the MS can be set at single or multiple ions monitoring for the selection of 

the charged ions. In the interface, the gaseous volatile molecules are ionised under 

vacuum to ease this transition to the ionised phase. Electron impact, also known as 

Electron ionization (EI), is an ionization technique whereby electrons interact with 

the gaseous organic molecules to produce ions (13). Electron ionisation ionises the 

analytes either positively or negatively. The ionisation mode allows the loss of an 

electron or protonation (positive ion mode, the addition of a proton) or deprotonation 

(negative ion mode, subtraction of a proton) to the molecular ion to be created and 

detected (14). The majority of interfaces use the EI interface for high ionisation and 

simplicity reasons (15). 

In an EI ion source, ions are produced by electrons obtained from thermionic 

emission of a heated filament. The gaseous mobile phase containing the separated 

analyte atoms hits the electron filament in a perpendicular direction with energy of at 

least 70 e V. The high electron beam collides with neutral molecules causing a 

fluctuation in the electric field around the atoms leading to ionization and 

fragmentation (16). The ionized analytes are then focused and accelerated towards 

the MS quadropole, which analyses the charge to mass ratio of the selected ions that 

are going to be directed to the detector giving structural and molecular mass 

information of the sample. 

Mass spectrometry measures the charged samples with respect to their mass to 

charge ratio (mlz), where the samples are ionised by the loss or gain of an electron(s) 
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(14) . The quadrupole rna analy er is the mostly widely u ed rna analyser due to 

it efficiency, rigidity, and relative co t. The analyser is made up of four parallel 

cylindrical rod which are connected in parallel electrically. Due to the direct current 

and the radio frequency (RF) applied, the elected ion pass between the rods Fig. 

1.1. The e ion are focu ed and pa ed along the quadrupole rods to the detector. 

Other ion that have an un table trajectory will collide with the quadrupole rods. The 

control of the RF permit the selection of particular ion with a pecific m/z and also 

allow the in trument to can for a range of sample at different m/z value by 

cor.tinuou ly varying the applied voltage along the analysis run (17). 
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analy i will alway depend highly on the eparation. Many component in matrices 
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themselves can influence the result of the analysis, affecting assay sensitivity and 

reproducibil ity. 

Mass spectrometry analysis can be accomplished either by using the full mass scan 

mode or by selective ion monitoring (SrM), where a chosen number of masses are 

measured. The usual scan can last anywhere between 1 and 10 millisecond (ms) 

depending on the type of scan. These measurements and scans are plotted as the total 

ion current (TIC) Fig. 1.2. The TIC is a plot of the total number of ions in each MS 

scan plotted as intensity against time (19). Selected ion monitoring allows dwell 

times of masses to be increased and so precision and limits of detection are 

improved. 
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1.7 Pvrolysis GC-MS 

Rubber samples cannot be analysed in their normal form using a conventional GC

MS, because of their cross-linked structure and lack of volatility. Pyrolysis gas 

chromatography mass spectrometry (Py-GC-MS) is an analytical technique whereby 

the samples are flash heated to high temperatures until they decompose and are then 

separated by gas chromatography and detected using mass spectrometry (20). This 

method differs from the regular GC-MS technique in the way the samples are 

introduced onto the GC column and tlte type of mass spectral ions produced. 

Samples are simply prepared by choosing the right minimal amount (> Ig to avoid 

overfilling the liner), inserting it in a quartz chamber (which is surrounded by a 

platinum coil) and placing it into the pyrolysis unit, where the coil heats it. The 

samples are heated (600-1000 °C) in an almost oxygen-free chamber at a pre

determined rate; this allows the breakage of the bonds between the macromolecule 

structures resulting in smaller chemical molecules. The cleaved molecules are then 

swept to the GC-MS by the gas stream to be processed and analysed as for the 

normal GC-M sample (21), (22). 

I.B IlIdurtivl'ly coupled lllilSS spl'drollll'trv (ICP-MS) 

Inductively coupled plasma mass spectrometry (ICP-MS) was developed in 1971 at 

the University of Surrey, UK (23). It is an analytical technique that is widely used 

for elemental analysis of metals and other non-metals at concentrations as low as one 

part per trillion. This is achieved by the ionisation of the sample in the argon plasma 

torch and the separation and detection of the specific elements by mass spectrometry 
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(24). Thi technique ha several advantage over the other spectroscopic techniques 

e.g. ICP-MS ha a higher throughput than atomic ab orption and optical em is ion 

pectrometry, including graphite furnace atomic ab orption spectrometry (GFAAS) 

and ICP Atomic Emi ion Spectroscopy (ICP-AES); with the ability to handle 

different matrice due to it high pia rna temperature. 

The pIa rna ource is energi ed by heating the ga tream with a coil usmg an 

electrical ource. The ICP plasma source u ed in the analy is ha a neutral charge, 

with each po itive charge on an ion balanced by a free electron. The middle RF coil 

i surrounded by a ga tream pa sing through two outermost tubes made up of 

quartz. When a park hit the ga (which is usually argon), it produce a negative 

charge leading to the formation of the argon ions. The plasma flame temperature 

may range between 6000-10000 K. The argon ion are trapped in the 0 cillating RF 

field and collide with other argon atom forming an argon discharge or plasma. The 

liquid ampie i them injected into the nebulizer where the spray i formed. It i then 

vaporized by the high temperature and it gets ioni ed at the cone of the pIa ma 

ource Fig. 1.3 (24). 
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Once the ions of the specific elements are generated, they are then transferred to the 

mass spectrometer to be selected and then detected. The positively-charged 

electrostatic lens serves to align the positively-charged ion beam and focuses it into 

the entrance aperture of the mass spectrometer. The selected ions are separated on 

the basis of their mass-to-charge ratio and the detector gives a signal proportional to 

the concentration of the injected sample (26). 

1.9 AtlPnuatcd total rl'tlectall«' Fourier trallsform illfral"('d 

spectroscopy (ATR-FTIR) 

Attenuated total reflectance (ATR) is an analytical sampling technique which is 

combined with infrared (lR) spectroscopy for the direct quantitative and qualitative 

analysis of samples with little or no sample preparation. FfIR Fourier transform 

infrared spectroscopy (FfIR) is an infrared technique that instantaneously collects 

data from the sample over a wide spectral range, and this gives it the advantage over 

other narrow wavelength range continuous wave spectrometers. In contrast to regular 

IR (infrared) spectroscopy, samples don't need to be pressed into KBr discs prior to 

analysis to prevent then absorbing bands in the infrared spectrum. The most 

important advantage which can help in forensic investigation is that it's a non

destructive technique. ATR-FfIR spectral imaging has significant advantages 

compared to many other imaging methods for its ability to perform multiple analyses 

in a short time, its simplicity to operate and its ability to analyse a wide range of 

solids, liquids and gases (27). Applying pressure to the sample above the diamond 

slot is more than enough to achieve satisfactory results, which later can be identified 
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with the library search. The application of FfIR imaging to different ample has 

been presented in a number of publications (28)(29)(30). 

ATR-FfIR measures the changes in a totally internally reflected infrared beam when 

it comes into contact with a sample. This beam is directed onto the sample through a 

higher refractive index crystal than the sample itself. In the crystal, the reflectance 

of the rays creates an evanescent wave that reaches the applied sample surface. Some 

of the created evanescent wave is absorbed by the examined surface and the 

attenuated evanescent wave is passed back as a weaker reflected IR beam, which is 

detected and an IR pectrum i generated Fig. 1.4. 
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1.10 Background: Drugs ofahus(' 

Drug abuse is a serious burden to society contributing to detrimental public health 

and safety implications. The World Health Organisation (WHO) estimated that there 

were tens of millions of global consumers of illicit drugs in 2000, having greatest 

impact in developed countries (Europe, North America Australasia) in comparison to 

central and southern Africa (31). According to the World Drug Report 2008 by 

International Drug Policy Consortium (UNODC), there were an estimated 

190,750,000 million cannabis, 19,380,000 million cocaine and 52,900,000 million 

amphetamine abusers globally aged between 15-64 years (32). The annual 

prevalence of illicit drug abuse had risen by 69% for cannabis, 16% for 

amphetamines (AM) and methamphetamines (MA) and 6% for cocaine over the 

period of 1998 to 2000. Globally, cannabis remains the most widely consumed drug 

worldwide. North America is the largest cocaine market with close to 40% of the 

global cocaine usage population. The proliferation of MA abuse still continues to be 

a major concern in USA, Australasia, East Asia and South-East Asia. The ability of 

drugs to promote compulsive repetitive abuse is referred to as "drug dependence". 

Reinforcement and neuronal adaptation can contribute to the individual's inability to 

control drug intake and continuing drug abuse despite the negative consequences. 

For the majority of individuals, the abuse of psychoactive substances may be to 

experience pleasure or to avoid pain. For many, gaining psychoactive effects, 

intoxication or altered body image outweighs the known risks (33). 

Until this date, most of the drugs are analysed by urine testing. However, due to a 

small detection window, it is not possible to detect many drugs in urine after 48-72 

hours, since the majority drugs are excreted by then. This makes it difficult to detect 
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drugs by random testing or monitoring the improvement of any clinical study or even 

prove the use or non-use historically. Hair analysis can solve these problems by 

having the ability to record the history of drug usage. Just as important, it can be 

used as a confirmatory test, when the initial screening was carried out by enzyme

linked immunosorbent assay (ELISA), for example. Hair analysis with its large 

detection window helps to determine the history of the individual's drug usage prior 

to sampling. Hair can be sampled months after any usage, as long as the hair length 

covers the tested period of time. Hair samples are far less likely to be replaced by 

bogus hair samples and cannot be easily diluted. Since hair testing can have a wide 

detection window, it does not needs to be examined as frequently as urine or oral 

fluid analysis, which may prove to be a cost-effective method of detection and more 

ethical method. Lawyers can use hair analysis evidence in court cases to prove drug 

abuse or abstinence. Hair samples are easier to store, transport and safer to collect 

due to the non-invasiveness properties of sampling (Table 1.1). Hair analysis can be 

used to differentiate between a one-off use and any addictive behaviour (34)(35)(36). 
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l.lll>l'ledioll otdrugs ill It.lil 

Drug users can substitute and sometimes dilute the urine samples during sample 

collection under supervision or when supervision during collection is absent (43). 

One hair sample is able to provide the information of up to 6 combined urine 

samples due to the long detection period that hair strands can hold; also 4 yearly hair 

samples can give absolute confidence of total drug abstention (44). Studying the 

drug history, which hair analysis is able to provide can give numerous benefits and 

information about the abuser (39,44). 

l.ll Coraillc: hackgrolllld, dH'lIIi'tlry. ph.lrlllacology and 

pha rmdcoki netics 

Cocaine (benzoylmethylecgonine) is a crystalline alkaloid derived from the leaves of 

the shrub Erythroxylon coca, native to South America. The molecule of cocaine 

consists of a nitrogen (N) containing ring layered hydroxy salt (Rhs) and a six carbon 

phenyl ring, both vital for the drug's biologic activity (see Figure 1.5A) (45). Other 

features of the molecule include the ecgonine (ester-type molecule), a local 

anaesthetic which adds to cocaine's numbing effects. Coca leaves consist of 0.6-

1.8% w/w cocaine, containing 80% pure cocaine when initially extracted. The 

alkaloid is then converted to cocaine hydrochloride (HCl) and the sulfate (S04) salt. 

Cocaine HCl is polar and soluble in water and is therefore easily administered orally, 
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intranasally or via intravenous (IV) injection. However, its ability to transform back 

into the cocaine free base has increased health implications when smoked i.e. 'free 

base smoking' (34,45,46). Cocaine is an addictive central nervous system (CNS) 

stimulant that can be snorted, injected or smoked. Regardless of the different routes 

of administration, once absorbed and entered into blood circulation, cocaine is 

broken down via enzymes and rapidly eliminated with a half-life of 0.5-1.5 hours. 

The symptoms of euphoria, elation, mood elevation and fatigue suppression are 

exhibited through interactions with biogenic amine transporters (34,46)(31). 

1.1] Cocaine: Mechal1i~1ll of action 

The majority of behavioural and physiological actions of cocaine are thought to be 

due to its ability to inhibit the re-uptake of dopamine (DA), norephrine (NE) and 

serotonin (5-IIT). The stimulation of dopamine transmission in the limbic system is a 

fundamental property in the action of psycho stimulants such as cocaine. The system 

involves dopamine entering vesicles via amino acids present in our food (47). These 

amino acids are then converted to tyrosine via enzyme tyrosine hydroxylase. The 

tyrosine is then finally hydroxylated to L-Dopa fonning dopamine via dopamine 

decarboxylase. The dopamine is synthesized into vesicles to allow appropriate 

release into the synapse (38). Dopamine is pumped out of the synapse and stored into 

the vesicles via the dopamine transporter. Cocaine acts by binding to specific 

dopamine rich sites of the brain (VT A) and nucleus accumbens (38,48). Cocaine 

binds tightly to DATto prevent its re-uptake function, thereby causing dopamine to 

accumulate in the synaptic cleft. As a consequence of cocaine's action in the nucleus 

accumbens, there are elevated impulses activating the reward pathway. As a result of 
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this inhibition, there i a prolonged and enhanced po tsynaptic effect of 

dopaminergic signalling at dopamine receptors (38,48). Cocaine 's action on the 

nucleus accumbens cause increased impulses and activation of the reward y tern 

and hence produces and reinforces pleasurable and natural rewards (See Figure 

I.SC). The acute reinforcing effect of cocaine can lead to repetitive patterns of drug 

use and eventually addiction. The underlying explanation for addiction lies between 

compen atory adaptations in neural systems regulating autonomic and somatic 

functions, leading to physical dependence and withdrawal. 

A: Cocaine B:THC 

c: Methamphetamine D: Amphetamine 

FI !Are 1 0 .., I ct.1 r trLJcture ')1 A, (0 In!' B TH(, () All1ph{ tc IT' n d D M' mph 
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1.14 Backgroulld Oil (\,ITIIC) Delta-9 tl'trahvdroc(lIlIl.lhillol 

Cannabis is derived from cannabis sativa and originates from central Asia. It 

contains more than 60 unique compounds that are referred to as cannabinoids. The 

psychoactive properties of these compounds, patticulady the principle active 

ingredient ~-9 tetrahydrocannabinol (THC) account for repetitive cannabis use 

(34,45)(31). Cannabis exists in three preparations; marijuana a crude dried 

herbaceous preparation of cannabis sativa hashish, a resinous form and hash oil, a 

potent variation from hashish via distillation (31). 

The molecule of THC is extensively metabolized in the liver by cytochrome P450 

enzymes (CYP2C9, CYP2C19, and CYP3A4); the hydroxylation of THe leads to 

the primary production of active metabolites 11-hydroxy-~9 - tetrahydrocannabinol 

(ll-hydroxy-THC) and inactive metabolites 8 hydroxy-~9 - tetrahydrocannabinol 

(45). Subsequent oxidation results in the production of the main inactive metabolite 

(9-carboxy-THC). The inhaled route of administration may result in rising levels in 

blood plasma which later decline due to drug metabolism and accumulation. In 

contrast, oral consumption has a prolonged, but poorer absorption, thereby resulting 

in lower variable concentrations and reduced bioavailability of THC. The 

psychoactive effects of THC include enhanced sensory perceptions, elevated 

appetite, memory impairment, anxiety and paranoia. Besides the major risk to public 

health, cannabis has its therapeutic benefits in providing pain relief (49). There is 
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increasing interest in the use of cannabis for treatment of medical conditions 

including chemotherapy-induced nausea and vomiting in cancer patients (50). In 

fact, the widely available antiemetic Dronabinol (Marinol®); a synthetic form of 

active constituent !!-9 tetrahydrocannabinol is currently used in cancer patients (50). 

1.15 T H C: M ('cha n is III of ,Idin II 

Cannabinoids, such as THC have the ability to exhibit such effects via mimicking 

the action of endogenous endocannabinoids (anandamide and 2-

arachidonoylglycerol)(45). They exhibit their physiological effect by acting as 

agonists at the CB 1 cannabinoid receptors expressed in the brain ventral tegmental 

area (VTA, nucleus accumbens) or CB2 cannabinoid receptors expressed in 

peripheral tissues, principally the immune system. In the CNS, endocannabinoids 

have a role as retrograde messengers that inhibit neurotransmitters (DA, NA, 5HT, 

GABA) through stimulation of pre-synaptic CB 1 receptors on release from 

postsynaptic neurons (34). This raises intracellular Ca + levels causing the release of 

endocannabinoids and activation of pre-synaptic CB 1 receptors on the nerve terminal 

(Set! Figure 1.5A)(45). 

"t () Bad,grollnd: chemistry. ph.trm.lcolog\" ,lllti ph,lrllld(oldnt .. tics 

01 ,llIlph('t<llllilll'S (AM) <llId IIH'tl!,lIllpht,t.llllilll'S (I\L\) 

Amphetamine (N, a-methylbenzeneethanamine) is a parent compound of a family of 

synthetic psycho stimulants commonly produced in clandestine laboratories. The 
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molecule of AM consists of an asymmetric a-carbon atom giving rise to two 

enantiomers (- I-stereoisomer or + d-stereoisomer) (see Figure 1.5B). Being the 

parent compound, it can produce an extensive range of psychoactive derivatives 

[MA, MDA (3,4-methylenedioxyamphetamine) and MDMA (3,4-methylenedioxy

N-methylamphetamine)]. The phenyl ethylamine structure of AM is related to the 

neurotransmitters dopamine and serotonin, which may demonstrate the eNS 

stimulant effects. Oral administration may be associated with an approximately 1 

hour time lag, as a result of slow GI absorption, in contrast to the rapid and intense 

effects of the 'high' when inhaled or administered intravenously (31). The 

elimination half-life can range between 7 to 30 hours consequently leading to longer 

lasting effects from a single dose. Like cocaine, AM can provide feelings of 

heightened alertness, confidence, exhilaration and reduced fatigue. 

1.17 Mechanism of action of AM 

Amphetamine acts as indirect dopaminergic and nor-adrenergic agonist causing an 

increase in synaptic concentrations of dopamine (DA) like cocaine. However, it is 

unlike cocaine, which has the ability to simply block the action of dopamine active 

transporter (DAT), AM and MA enter the DA nerve terminal via DAT uptake. Once 

incorporated inside the nerve terminal, AM or MA enhance the release of DA from 

synaptic vesicles into the cytoplasm, leading to substantial increase in synaptic DA 

levels (Fig. 1.6) (51). 
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A) /19_ THC (Fig. 1.6A) exerts its effects by binding to CB 1 receptors present on pre

synaptic nerve terminals in the brain. This activates G-proteins and inhibits signal 

transduction pathways. G-proteins inhibit Nand P/Q-type voltage dependent Ca+ 

and Na+ channels and rectify K+ channels/ MAP Kinase signalling pathways to 

produce euphoric feelings. 

B) AM (Fig 1.6B) has the ability to modify the action of (DA) and (NA) in the brain 

by promoting the release of dopamine from nerve terminals by either binding to pre

synaptic membrane dopaminergic neurons or interaction with synaptic vesicles (51). 

AM can also exert its effects by inhibiting the degradation of dopamine via binding 

to MAO in dopaminergic nerves or by binding to DAT to transport free dopamine 

out of the nerve terminal. 

C) Cocaine (Fig 1.6C) acts on the 'brain's reward pathway' to modify dopamine 

levels by binding to OAT. This prevents the elimination of dopamine from the 

synaptic cleft and consequent degradation by MAO. Dopamine therefore remains in 

the synaptic cleft and free to bind to post-synaptic receptors, hence continuing the 

nerve impulses (51). 

1.1 H Traditional methods vs. hair alllllysi,> 

Over the last 20 years, hair testing has increasingly gained recognition in the 

investigation of chronic drug exposure. For decades, the estimation of drug use has 

relied upon urine analysis, although it has been well been accepted that its main 
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limitations include high evasion potential, reduced retrospective capability of 1-3 

days and lack of comparability with repeat samples. The limitations of urine can be 

improved through the use of hair as the testing medium. Hair analysis reduces the 

opportunity to evade or tamper with testing, unlike traditional methods (urine 

dilutions or abstention from drug prior to screening), Its advantages of providing an 

extensive drug history, larger surveillance window (weeks-months) and distinction 

between single or chronic exposures provides reliable and accurate results in 

comparison to traditional methods such as urine and blood (41,52,53) (37,54). 

In fact, hair analysis has shown beneficial gains in several forensic applications such 

as chronic poisoning, surveillance of addicts, post mortem examination and 

differentiation between drug consumers and dealers (54). The patterns, colours, 

textures, diameters and growth rates of hair can vary between gender and age. The 

cycle of growth can initiate with the active hair growth period (anagen phase) during 

which the follicle develops and hair is produced. The follicle enters a short transition 

stage (catagen), a phase of regression where follicle activity discontinues and dermal 

papilla contracts (55). The follicle finally enters the resting phase (telogen) where the 

hair shaft growth ends and hair can be easily pulled for analysis prior to 
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The affinity for sequestration in hair can vary among analytes; it appears certain 

drugs such as cocaine are tightly bound and stable in the hair for ionger time periods 

in comparison to drugs such as cannabinoids (THe), which are weakly incorporated 

or retained in the hair (54). Drugs and their metabolites enter the follicles via the 

circulatory system and are then absorbed into the keratinaceous matrix of the hair 

shaft during hair protein synthesis (Figure 1.0.7). The period of time in which drugs 

remain embedded in the hair may vary with different drugs. 
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1.19 Mechanisms of drug incorporation 

The precise mechanisms involved in incorporation of drugs into the hair are 

unknown, although several theories propose that the potential drug can enter hair 

from multiple sites via different mechanisms and periods of hair growth. This can be 

during formation of the shaft, (Fig.1.8) diffusion from blood to actively growing 

follicle, through external contaminations and via secretions of nearby apocrine or 

sebaceous glands (41). The incorporation of drugs into the hair matrix can be either 

through endogenous pathways, where the drug molecule passively diffuses from the 

systemic circulation into growing hair or through endogenous-exogenous pathway 

involving the absorption and transfer of drug molecules into the hair shaft via sweat, 

sebum or transdermal excretion (41). An alternative mechanism was proposed by 

Henderson et ai, 1998 who suggested that drugs may bind with sulphydryl

containing amino acid (cysteine) abundant in the hair, forming cross-linking S-S 

bonds (57)(40). The incorporation into the hair can be limited by the lipophilicity 

and basicity of the drug. Lipophilic molecules have the ability to penetrate 

membranes and diffuse through the concentration gradient in hair matrix cells, 

whereas hydrophilic molecules form an impermeable barrier (40). The pKa of the 

drug compound and pH of matrix cells are important factors for drug incorporation. 

Basic drugs accumulate in pigmented hair as a consequence of the lower pH in 

melanocytes and binding to melanin. Acidic drugs such as THC are found at very 

low concentrations in the hair due to their distribution equilibrium that is favoured 

towards acidic matrix cells (40). This theory was confirmed by Nakhara et ai, 1998 

who had investigated into the effects of drug incorporation in the hair of Dark

Agouti rats. The results of the study revealed a greater incorporation rate (lCR: ratio 
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of drug concentration in rat hair) compared to THe, which was 3,600 fold lower than 

cocaine (12). 
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Human hair grows at an average rate of 1 cm per month, and every hair stem ha its 

own blood supply through different capillaries that support the hair with the 

nece ary nutrient for it growth. Once any type of drug is inge ted; the drug is 

ab orbed into the blood ystem through the epithelial cell lining up the intestinal 

49 



wall and starts its circulation in the human body. Through the process of blood 

feeding the hair for growth Fig. 1.9, the hair takes the drug from the blood stream and 

incorporates it into the hair shaft. The hair remains for different periods in the hair 

shaft based on how often the hair is exposed to natural conditions and chemical 

reagents. But normally, 4 cm of hair should be enough to give the history of 4 

months drug abuse or absence (56)(41)(48,53). 

The structural and chemical properties of the drug along with the 

physicaVphysiological characteristics of an individual can influence drug 

incorporation (58). Hair colour is related to the melanin content and may vary 

between ethnic groups. Several studies have suggested variations in drug binding or 

differential incorporations of drugs in darker hair (black) compared to lighter hair 

(brown or blonde). Members of particular ethnic backgrounds with dominant 

phenotypes of dark hair (Africans, Asians and Hispanics) can have greater drug 

incorporation than those from the reference group (Caucasian) (58). A study by 

Henderson et aI, 1998 has confirmed this theory by revealing an increased 

incorporation rate (2.9 times) of cocaine into hair samples of non-Caucasian subjects 

in comparison to Caucasian subjects under identical experimental conditions (57). 

Later, in 2000, Kelly et al. investigated the effects of various hair colours (red, grey, 

blond, light brown, medium brown, dark brown and black) on drug (cocaine, AM, 

THC) distribution (59). The results of the controlled study revealed a greater 

percentage of cocaine in black hair samples in comparison to red, blonde and brown 

hair. The concentration of cocaine had significantly decreased in grey hair samples 

suggesting a strong influence of melanin content. However, contrary patterns were 

observed for AM and THC with relatively high concentration values in medium to 

dark brown hair opposed to black hair. Contributing factors i.e. drug type and 
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inten ity of u e had influenced the variation in a say values. Thi implies a potential 

for bias in drug testing among particular racial group ,thereby ugge ting inequity 

during doping control (59). 
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The tability of drug 10 hair can be affected by ultraviolet (UV) expo ure and 

chemical compo. ition of various co. metic treatments I.e. hair hleaching and 

permanent waving. Comparative tudies on bleached and dyed hair revealed a 30-

80% difference in drug concentrations for opiate and cocaine, implying there i a 

greater decrease in drug detection for bleached hair ample (54). The extent of hair 

damage al 0 influenced the tability i.e. the greater the hair i damaged, the larger 

the variations in drug concentration level. Re earch reveal the influence of 

cosmetic treatment on hair analysi to be bias ed towards false-negative result a 
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opposed to false positive results of darker hair (58). Jurado et ai, 1997 found a 

decrease in drug concentration subsequent to hair bleaching and waving. The 

hydrogen peroxide present in bleaching treatment had removed the hair colour 

thereby causing a loss of melanin granules. The reduced melanin content in bleached 

hair compared to unbleached hair consequently incorporates lower quantities of 

drugs (61). 

Although hair analysis has the advantages of distinguishing repeated drug use, 

several cases of tampering with tests are reported each year. In fact, several AM and 

MA abusers attempt to purposely reduce the AM and MA concentrations present in 

hair either through repeated hair washing (> 10 times) or hair dyeing. A recent study 

in 2010 by SK Baeck et al. had confirmed Lltis by investigating the effects of in-vitro 

repeated hair washing using shampoo and single hair dyeing in MA addicts in Korea 

(62). The quantitative results of the study showed MA and AM concentration ranges 

between (1.50-30.0 nglmg) for non-treated hair samples and ranges of (0.41-12.90 

nglmg) for hair samples repeatedly washed with liquid soaps or dyed using black, 

brown or yellow hair dye. There was a (16.7-32.8%) decline in drug concentration in 

hair samples repeatedly washed in comparison to a (22.2-41.9%) decline in single 

dyed hair samples (62). 

The differentiation between systemic and external contamination (Figure 1.0.10) for 

certain drugs such as cocaine, cannabis and heroin has been a frequent limitation for 

hair testing. Environmental contamination through passive smoking or drug handling 

has shown to contribute to the misinterpretation of results. Appropriate 

decontamination methods, detecting relevant metabolites and by placing threshold 
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values can potentially minimize misinterpretation. The concern of passive 

contamination of cannabis preparations containing THC still remains a problem. The 

diffusion of cannabis deposits into hair reduces the ability to distinguish between 

passive exposure and willing ingestion (63). A study was carried out to confirm 

whether cannabis smoke exposure had an influence in hair samples positive for 

cannabinoids (64). Natural hair strands has exposed to water, external contaminants 

(grease, sebum) or bleached/permed. The treated and untreated hair was exposed to 

cannabis smoke for 60 minutes and then decontaminated. GC-MS/MS analysis 

revealed elevated deposits of cannabinoids from cannabis smoke on untreated hair 

fibre samples in comparison to pre-treated hair samples. As a result, there was an 

increased risk of false positive test results when exposed to environmental cannabis 

smoke (64). 

The influence of sunlight and humidity on hair samples of cannabis users has been 

investigated by Skopp et al, 2000. The results revealed a rapid decline in 

concentrations of cannabis components (THC) after 8 weeks of exposure to sunlight 

and humidity (65-67). 
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Addiction to drug substances may arise from a combination of environmental and 

genetic factors. The increased genetic vulnerability to drug addiction has been 

supported by family, twin and adoption studies (68). The majority of clinical studies 

have revealed increased addiction and drug related disorders in first degree relatives 

of drugs addicts. Studies have also revealed significant correlations between drug 

disorders in adoptees and biological parents. These risks were significantly reduced 

in adoptees that had adoptive parents involved in substance abuse. Although several 

genetic studies have revealed and supported the role of genetic components in drug 

abuse vulnerability; data from monozygotic twin studies demonstrate the role of 

environmental factors in addictive disorders (68). Several molecular genetic studies 

have shown positive associations between polymorphisms of dopaminergic receptor 
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genes (DRD1, DRD2, DRD3 and DRD4). The involvement of Al allele of DRD2 

Taql polymorphisms in prolonged cocaine abusers and drug disorders has been 

reported in numerous studies (68). A study by Ebstein et ai, 1997 investigated the 

influence of dopaminergic system and D4 receptor expression in human brain 

regions involved in reward and mood; through examining drug seeking behaviour in 

124 volunteers. The study found 7-repeat allele of DRD4 exonic polymorphisms 

associated with drug abuse (68,69). Another study carried by Dlugos A, 2010 

revealed novel evidence of genetic variations in the fatty acid amide hydrolase 

(FAAH) gene associated with mood responses post AM administration (70). The 

findings of the study showed single nucleotide polymorphisms (SNP) (rs3766246) 

and (rs2295633) with higher reported stimulation in response to AM. The post-hoc 

anal ysis into the subcomponents of stimulation later revealed a significant greater 

decrease in fatigue after administration of AM in subjects possessing rs3766246 and 

rs2295633 SNP's in comparison to other genotypes (71). There was no significant 

association of any SNPs in the cocaine and AM regulated transcript (CARTPT) gene 

and susceptibility to cocaine dependence. The study did however manage to provide 

to scope for future studies with larger study groups of different populations with 

more comprehensive SNP coverage (71). 

1.20 Imlllullological ilnd <lIl,llvlit,d t('chlliqul'<'; 

Methods of hair analysis usually involve some preparatory techniques of 

decontamination, acid or base extraction and digestion. Traditional approaches 

involve screening the hair samples by performing immunoassays using commercially 

available kits (i.e. ELISA kits) (12). The efficacy of immunological screening 
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techniques allow rapid analysis of drug negative hair prior to using expensive and 

time consuming confirmatory analytical techniques. The ability of ELISA kits to 

wash away the background matrix before colour generation can make the method 

extremely sensitive. The kits are designed to provide estimated drug concentrations 

before conftrmation. Decisions on the positive or negative status of assays are 

determined through recommended cut-off concentrations. Positive samples from 

ELISA screening are subsequently confirmed via conventional analytical techniques. 

The most accepted technique for this purpose is gas chromatography mass 

spectrometry (GC-MS) due to the high speciftcity, sensitivity and selectivity that is 

necessary to detect analytes in keratin matrices (54). By meeting all the appropriate 

requirements, its use has increased for forensic, doping and clinical toxicological 

analyses. GC-MS is the most widely-used anaiytical technique for drugs of abuse, as 

it provides unambiguous identiftcation of compounds (55). In most cases of analysis, 

electron impact or positive and negative chemical ionization mass detection is 

adopted; but due to the high sensitivity required in hair analysis, this may not 

necessarily be achievable by using full scan mode. For simultaneous analysis of 

multiple drugs, GC-MS EI-SIM (selected ion monitoring) can be employed. 

1.2 t Tyres ruhher dll"lvsi ... 

In recent years, 5,844 collisions were attributed to "hit and run" incidents on London 

roads (72). Presently a forensic site investigation of any road traffic accident relies 

mostly on the visual and physical observation of the street tyre striation that is left 

behind at crime scenes. These skid marks are produced due to the friction between 
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the road surface and the rubber tread of the car tyres of the vehicle responsible or 

related to the accident. 

The tread rubber of the tyre is the major factor in this study, because it's the part 

which is in contact with the road surface. The purpose of this study was to look at 

the skid marks collected from the crime scene left by the tread friction with the 

tarmac surface after sudden vehicle braking e.g. by the suspected car responsible for 

the hit and run accident. The tyre' s skid marks are left on the solid road surface and 

do not usually shows the tyre tread pattern that could identify the suspected vehicle. 

However, the tyre mark will contain traces of the tyre. A method that allows 

successful chemical identification and matching of the tread marks of the car tyre 

rubber will increase the likelihood of identifying the car responsible for the accident. 

1.22 The components of tyre 

Tyres are not completely made of natural rubber, although rubber is the most 

important ingredient. The tread of a tyre has a variety of components that are used to 

manufacture the final product. The choice of ingredients is reliant on the balance 

between the engineering conditions, cost, and the physical properties of the final 

product (73). The main five substances are: the natural rubber, synthetic rubber 

(Styrene-butadiene co-polymer), silica, black carbon and textile along with many 

other compounds that may be added depending on the type of the "compound" that is 

desired. Natural rubber is the basic elastomer that is used in tyre manufacturing, 

followed by the synthetic rubber styrene-butadiene co-polymer. which is mixed with 

the natural rubber and used to lower the cost of using the natural rubber alone. Also 
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another type of polymer that is used in the fabrication of the tyre is polybutadiene, 

which is used as a synthetic rubber too. Silica is also added to high performance car 

tyre rubber to reduce the heat build-up properties of the tyre. Carbon black, which 

acts as a binder also forms a main component in the tyre manufacturing process, 

because it adds abrasion resistance and reinforcement characteristics to the tyre 

rubber. Reinforcement of the tyre shape and rigidity is through the textile (fabric) 

properties (74,75). 

The remaining constituents are present at much lower levels, these include different 

plasticisers, peptisers (rubber additive), and anti-oxidants that can be used in the tyre 

preparation. The variation in the formula used to manufacture the tyre rubber can 

vary between tyre producers, but can also differ between the same manufacturers. 

These differences can be used to discriminate between tyres from different 

manufacturers and tread rubber from the same maker. It is also likely that tyres from 

different manufacturers have very comparable formulations (76) (73). 

I.L~ TIll' ditll'I'l'nt layers ot Cdr lyres 

l.l4 Tn'(ul 

The tread is the thickest part of the tyre which comes into contact with the road 

surface. It covers the first outer layer to provide the traction and protect the inner 

sides of the tyre. This layer needs to be more stable than the first layer to give it the 

needed protection. Grooves are a necessity to allow water to escape to the edges in 

an effort to avoid hydroplaning as seen in Fig. 1.11. The way the tread shape is 
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de igned i ba ed on different criteria; either to minimize tyre road urface friction 

noise levels and to meet specific product market positions, or it is based on the 

environment of the road that the car will be driven on . Tread void and ofter rubber 

are for better traction but may wear quickly, while wintery weather needs a higher 

void ratio to channel away the mud and water thu providing a better gripping 

performance (77). 
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The va t majority (80%) of the vehicle which were reported for cau mg the 

colli ion in hit and run accidents were car and out of these 55% were vehicles 

driving traight ahead before being engaged in the accident (72). This means that 

there i an inc rea ed chance of leaving a skid as the driver could see the obstacle in 

hi !her path before colli ion and may have tried to brake hard. 
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Hit and run accidents are not the only location for the presence of tyre marks (78). 

Under sudden braking circumstances, the tyre may not rotate correctly, as it scrubs 

against the surface of the road. The quantity of skid tyre rubber that is left on the 

road surface is usually determined by many factors; the speed of the vehicle, the 

characteristic and condition of the tyre, the condition of the road surface (tarmac, 

cement, etc), the circumstances around the car tyre and the temperature of the tyres. 

The car rubber skid mark residue will take the shape of a black striation presenting 

the width of each tyre of the vehicle and the direction that it was travelling towards 

and also the pace of the vehicle. These traces, either at a car collision or a crime 

scene determine its source and can importantly assist the forensic scientist to connect 

the vehicle to the scene. Physical features, the figurative measurement of the traces 

and the distances between the striations left by the voids and grooves of the tread can 

also be used to support the determination of the trace e.g. the distances between the 

tyres traces can be used to help determine its origin by linking the actions to the track 

or the wheelbase of the alleged vehicle (79). A system was developed to avoid the 

bias of subjective measurements of the grooves, divisions and measurement of the 

characteristics of the tyre skid mark, taking into account the difficulties linked to the 

roadway surface (80). In addition, it can be difficult or impossible to distinguish by 

measurement, the pattern of the tread of the selected tyres when not all the traces of 

the car tyres are visible or the quality of the skid marks are completely lost during 

the abrasion process. Moreover, the striation shape will be deformed if the tyre 

friction is perpendicular to the standard travel direction, resulting in unusable 

physical features (78)(81). 
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In Greater London, in 2004, there were a total of 4,898 victims of which 19 were 

fatality cases, 499 seriously injured and 4,380 slightly injured Fig. 1.12. These 

incidents represented 14% of all road traffic casualties in Greater London in 2004 

(72). Due to these statistic, it's very important not only to visually identify the 

previous skid mark characteristics, but also to identify the car responsible for the 

collision. In situations where the tyre striation cannot be distinguished and matched 

with the specific tyre, the patterned rubber that has been scrubbed from the tyre to 

the road may provide evidence as to the real identity of the vehicle. The rubber skid 

marks that are left on the road surfaces are not all rubber polymers and are also made 

up of the raw components used to manufacture the tyre tread (73)(81). 

Casualties in Greater London in 2004 
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The raw constituents of the car tyre debris on the road surface can be used for 

physical testing and can playa role in confirmatory chemical analysis. The physical 

properties of the tyre have no effects on the chemical approach which can be 

processed independently. There are many types of chemical testing which can be 

used in the analysis of the trace samples. These samples are collected from the 

suspected tyre tread and also from trace skid mark on the road surface for later 

possible matching and/or discrimination. The stored samples are analysed chemically 

based on their chemical formulation (78-83). 

The comparison between the chemical components (concentration, ratio, presence 

etc) of the skid mark and the suspected car tyres can help to link the automobile to 

the crime scene. It has been proposed here that chemical analysis may not be an 

alternative method to visual physical testing at the crime scene, but could be used in 

a complementary fashion to physical examination to help confirm the results 

proposed. 

Several papers have investigated forensic chemical analysis of vehicle tyres using 

different techniques; mainly pyrolysis GC-MS (73,82,83). This study developed a 

validated ATR-FfIR and ICP-MS methods to be used in the identification and 

matching of tyre analysis. For the latter, the results of the analysis were based on the 

calculated percentage and contents of the chemical compounds and elements of the 

rubber and the trace mark. Line Gueissaz, stated in his study "Tire traces

Discrimination and classification of pyrolysis-GCIMS profiles", that the previous 

methods were optimised without bearing in mind the repeatability of the results. 
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Also, assessment of the intra and inter-variation regarding the variables used as 

discriminant features was absent from some studies. Inconsistencies were detected in 

further studies between the tyres and the trace chromatograms (83). These variations 

were then described "by the fact that the braking process bums the tyre". In this 

study, principle component analysis (PCA) technique was used to compare the 

results, leading to grouping of tyres and trace samples. The pyrolysis process is not 

new; it has been applied in the past too, however, this research has revealed the 

advantages and weaknesses of Py GC-MS not only to distinguish but also match 

between tyre samples. 

The present study of the chemical analysis of trace components in tyres offers a 

reasonable and robust framework to help to statistically relate a tyre trace to its 

source on the basis of chemical profiles obtained by many chemical analysis 

techniques. Most of the previous studies (including this study) focused on the tread 

analysis and its homogeneity across the whole tread area and the differentiation 

between tyres of similar and different manufacturers. Intravariability (variation 

within the tyre components) and intervariability (variation between the analysed 

tyres) are the statistical data that needs to be assessed and compared to reach the 

highest differentiation and/or matching levels (73,76,80,80,81). 

The Department for Transport Highways Economics report found that the average 

cost of all road user casualties and the cost to the public of the losses resulting from 

63 



hit and run accidents in Greater London in 2004 was estimated to be around £0.5 

million per day. This study demonstrates the potential, of the combined analysis 

using ATR-FfIR. Py GC-MS and ICP-MS with physical properties measurements 

for forensic purposes and evaluation of tyre rubbers and associated skid marks. 
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Chapter 2 

Materials and Methods 
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J.O Introduction 

The following chapter describes in detail the steps that were followed in each 

method and the materials used for all the studies. The consumables and chemicals 

substances were purchased from VWR (Leicestershire, England), Fisher Scientific 

(Loughborough, England), Sigma Aldrich (Poole, England), LGC Standards 

(Teddington, England), Agilent technologies (Stockport, England), and Millipore 

(Watford, England). 
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1.1 Instl'llll1e nts 

TablE' 0 1 tnstrUI"'lE'nts USE'd 

GC-MS Agilent 5890 series II gas chromatograph (GC) 5971 

Mass spectrometer (MSD) 

-- ...... ---
GC-MS Agilent 7890A (GC), 5975C XL (MSD) 

---
Pyrolyser CDS Analytical Pyroprobe Series 5200 

ICP-MS AGILENT Technology Agilent 7700 

Centrifuge Thermo Scientific Labofuge 400 R 

machine 

---
ATR-FTIR Thermo Scientific Nicolet IDS 

Microplate reader Varian Cary 50 

-----
pH meter Mettler Toledo Seven Easy S20 

-----/ 

Ball mill Fritsch Mini-mill Pulverisette 23 

Sample Techne Dri-block DB-3D 

concentrator 

Vortex Fi!'her Brann lX Wizard 
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1.2 CUllslIlllClhles lI~t'd 

Tclble 02: (o.,sumdbles u E'd 

BP-XS 30 m x 0.25 mm x 0.25 Ilm SGE Forte Capillary 
l,w,lD column 

Liner SGE 

I Quartz tubes Flame with quartz wool SGE 
I GC Liner Split / Splitless with double SGE 

taper 

I Salanised glass inserts 200 III Capital Analytical 

Salanised Amder 4 ml with PTFE lines screw Sigma Aldrich 
glassware caps 
~ 

I Glass Bottle 300 mL Wheaton 

Glass centrifuge tubes 10 ml with PTFE lined Fisher Scientific 
screw caps 

----4 

Plastic centrifuge tubes 15 ml Polyethylene Fisher Scientific 
teraphthalate 

- • 
Plastic centrifuge tubes 50 ml Polyethylene Fisher Scientific 

teraphthalate ... 
Plastic centrifuge tubes 50 mL PP VWR 

Glass vials 10 ml Fisher Scientific --- J 

The following chemical were used in the experiments. All standard mixtures were 

prepared u ing high grade and pure solvents. The purity of the standards and their 

manufacturers are iisted in Tabie 0.3. 
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Table 0 '3 SolvE'nts u, d 

Trace metal VWR 

69% lab grade Fisher Scientific 

lab grade Fisher Scientific 

HPLC Sigma Aldrich 

HPlC Sigma Aldrich 

Chromasolv for HPLC Sigma Aldrich 

Chromasolv for HPlC Sigma Aldrich 

Chromasolv for HPLC Sigma Aldrich 

Chromasolv for HPLC Sigma Aldrich 

Chromasolv for GC Sigma Aldrich 

Chromasolv for HPlC Sigma Aldrich 

69 



Table 0 4 Gener",1 ehe'TlIt",I, 

Enzyme from Lyophilized Sigma Aldrich 

Tritirachium album powder, 

BioUltra, ~30 

units/mg 

protein 

Tris HCI buffer Laboratory Sigma Aldrich 

Cleland's reagent Laboratory VWR 

1401534/ 1 kg Analytical Sigma Aldrich 

1397813/500 mL Analytical Sigma Aldrich 

1445623/ 250 mg Analytical Sigma Aldrich 

BCBB7743/1 kg Analytical Sigma Aldrich 

109K1414V/ 100 mg Bioreagant Sigma Aldrich 
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T.1b eO') StandcHd drugs 

1 mg/ mL (lmL) 

1 mgj mL (lmL) 

100 ~g/ mL (lmL) 

100 ~g/ mL (lmL) 

1 mg/ mL (lmL) 

1 mgj mL (lmL) 

1 mg/ mL (lmL) 

1 mgj mL (100mL) in 

nitric acid 

LGC Standards 

LGC Standards 

LGC Standards 

LGC Standards 

LGC Standards 

LGC Standards 

LGC Standards 

VWR 
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1.3 Human hair samples 

The aim of this study was to develop a specific, sensitive and reproducible method to 

detect and quantify the presence of delta-9-tetrahydrocannabinol (~9-THC), cocaine, 

amphetamine (AM) and methamphetamine (MA) in human hair from European 

participants. The hair samples were initially screened using ELISA; all samples 

shown to be positive were then further quantified and confirmed using GC-MSIMS. 

This robust quantitative method has the ability to detect low concentrations of ~ 9_ 

THC, cocaine, AM and MA. In this study, the objective was to establish and validate 

a GC-MSIMS method for the determination of AM and MA in human hair using an 

appropriate derivatisation technique. 

For the ELISA screening process of this study, hair samples were obtained from 180 

European participants (l08 males, 72 females, 62% athletes) aged 18- 53 years, the 

process of collection and identification was conducted by a previous study carried at 

Kingston University, School of Pharmacy and Chemistry by Nawed Deshmukh, Iltaf 

Hussain, James Barker, Andrea Petroczi, Declan P. Naughton (41, 42). The positive 

results from this screening process were further analysed for ~9-THC detection using 

GC-MSIMS. Blank hair samples were obtained from healthy, non-abusing 

volunteers from the UK. 

The participants answered a questionnaire (39) regarding their exposure to 

psychoactive drugs during their career. Samples were collected from the posterior 

vertex (41). This was used because variation during growth of hair is less likely 

within the posterior cortex. The hair number in this area is more constant and is less 

affected by differences in age and/or sex. A minimum of 50 mg of hair was collected 

of each hair sample. They were fresh, untreated or processed with any chemical 
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treatment. The samples were individually sealed in paper envelopes, labelled and 

stored in a dry place prior to analysis (39). 

Initially in the first hair analysis study, a batch of 10 hair samples was selected from 

athletes from a large sample group. Bigger batches of hair were pre-screened for a 

wider range of drugs using competitive binding ELISA to be able to narrow the 

following GC-MS confirmatory chemical analysis. As a result of the GC-MS 

confirmation test, 10 hair samples were chosen based on the presence of any traces 

of psychoactive drugs after the ELISA screening. The positive ten hair samples that 

were known positives for either L\9-THC and/or cocaine, were decontaminated, 

enzymatically digested, extracted and then analysed by GC-MS (see method in 

section 2.6). 

The second hair analysis study has been designed to develop an immunological 

screening test followed by a GC-MS confirmation method for the simultaneous 

analysis of L\9-THC, THC-COOH, OH-THe, cocaine, Benzoylecgoninc (HZ), 

amphetamine (AP), methamphetamine (MA), MDA, MDMA, Ketamine and 

Ephedrine in human hair. Samples were obtained from 18 male Turkish athletes. The 

samples, data and questionnaires were collected by Ihsan Sari and Andrea Petroczi at 

Kingston University. All the 18 samples were pre-screened by ELISA. The results 

are discussed within Chapter 4 as there was an unexpected high percentage of 

positive results for L\9-THC and cocaine. 

The findings were then correlated with the participants' self-reported questionnaire, 

to verify them. The leftover samples were stored for further analytical studies. 

Experiments were carried according to the previous protocols established and 
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approved by the Kingston University Ethics Committee of the Faculty of Science, 

Engineering and Computing. 

I.... \ldhodolot!-' 

The first two studies of this project mainly involved the development of optimised 

methods for the analysis of recreational drugs and other drugs in hair samples using 

GC-MS, without prior derivatisation, thus allowing the sample to be re-analysed in 

its original fonn. A decontamination and enzymatic digestion technique were also 

developed prior to the hair confinnatory step Figure 0.1. 
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1.5 Hair ~al1lple preparation 

After each hair sample (50 mg) wa removed from the paper envelope, it was then 

prepared for the analy i phase. The preparation stage started by decontaminating 

each hair strand through washing with dichloromethane (3 mL), then it was stirred 

using a rotatory vortex mixer for 2 minutes; thi step was repeated 3 times. Thi 

cleanse the hair strand from contaminants such as colouring, ebum, shampoo, etc., 
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which may interfere with the analysis and could cause false results. The advantage of 

OCM is that it is an aprotic solvent (a solvent that will dissolve many salts, but lack 

an acidic hydrogen) and will not cause the hair strands to swell (41). Any swelling 

that could occur will increase the possibility that drugs which are incorporated inside 

the hair shaft could become lost. After the decontamination step, the hair samples 

were neutralised with de ionised water (01) water (3 mL) and moved to glass vials 

where the digestion was carried out. The hair was left to dry at room temperature in a 

closed environment to avoid any contamination from the surrounding environment. 

After decontamination, the hair samples were pulverised to ca. 0.5 mm long 

segments by hand scissors or ball pulveriser. 50 mg of hair was weighed in separate 

10 mL glass vials on a 5 decimal places calibrated balance. Two types of hair 

digestion method were used in this project, alkaline digestion and enzymatic 

digestion. 

l,fl Hair digl' ... lilln and n.lradillll 

Hair segments (50 mg) were accurately weighed and incubated with 1M sodium 

hydroxide (1 mL) at 95°C for no longer than 15 minutes (until a brown solution 

appeared) (Figure 0.2a). Incubation at temperatures greater than 95°C and longer 

than 15 minutes can potentially lead to drug degradation (14). Later, a more accurate 

enzymatic hair digestion method was used to lower the risk of drug degradation. The 

method involved weighing 20 mg of decontaminated hair samples which were then 

cut into even smaller segments «1 mm). Subsequently, orr (VWR, UK) (50 mg), 

Proteinase K (Pro K) (Sigma Aldrich, UK) (15 mg) and Tris buffer (pH 7.5) (Sigma 
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Aldrich) (lmL) were added to hair segments. The preparation was then incubated at 

35-38°C for a duration of 1 hour 30 min. The rationale for the e temperature ranges 

arises primarily due to the fact that temperature of >38°C can destroy enzyme and 

temperatures <38°C may not be effective for digestion. The digested hair samples 

(homogenate) were then purified by liquid-liquid extraction using pentane (see 

Figure 0.2B). This was conducted by adding pentane (4 mL) to the homogenate, 

mixing the contents gently using a vortex mixer for 1 min and then centrifuging for 

10 minutes at 3000 RPM (1750 x g) using Labofuge 400R centrifuge manufactured 

by Thermo Scientific, UK. Organic and aqueous layers were produced after 

separation; the organic layer of interest wa then transferred into a new glass tube 

and the remaining aqueous layer was discarded (Figure 0.2). The organic layer was 

then dried through a stream of nitrogen gas at 50°C and finally reconstituted with 40 

f-tl acetonitrile. 

B c 
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1. 7 I', tr.lctioll method using (3: I: 1) t'h lorotorlll, etha nol and l'lhyl 

.lcet.lte 
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An alternative extraction method employed three reagent. in ratio of 3: 1: 1 

(chloroform: ethanol: ethyl acetate). The neutralized homogenate po t dige tion wa 

tran ferred into a large centrifuge tube. Chloroform (150 mL), ethanol (50 mL) and 

ethyl acetate (50 mL) were tran felTed into the tube. The mixture wa then vortex 

mixed for 1 minute and then centrifuged at 3000 RPM (1750 x g) for approximately 

10 minute. Once the mixture wa centrifuged, the clear layer at the bottom of the 

tube (Figure 0.3) wa removed using a syringe pipette and trans felTed into a fre h 

gla tube, the re t wa di carded. 

F 'U 0 ~ p~ 0 '."d"E' of thE' E'x t rdct.Of'l pr d Jr In (11 1) ch rrl rr" th Inol 1 ld ethy' 1 r>t It 

1.R Enzym~ltic digestion VS . dige~ti()11 u iug NaOU 

A comparative method to determine the effectivene of the two dige tion methods 

wa canied out. The method involved preparing two et of vial containing 50 mg 

of hair egment. Hair ample in Vial One were dige ted u ing 1M NaOH (1 mL). 

Hair ample in Vial Two were digested u ing the enzymatic digestion method u ing 

DTT (lOa mg), Proteina e K enzyme from Tritirachium Album (lyophilized powder, 
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BioUltra, ~30 units/mg protein) in a ratio of L mg hair: 1 mg enzyme; followed by 

(lOa mg) Cleland ' s reagent (OTT) and Tris HCI buffer (l mL) Figure 0.4. Both hair 

sample contained 25 !J.l of internal tandard (THC-D3 , cocaine-D3) and were spiked 

with 25 !J.1 of drug (250 ng/mL). Two eparate water bath were et; one at 95°C for 

Hair Sample 1 and the other at 35-38 °C for Hair Sample 2. After the incubation, the 

digested samples were neutralized with phosphate buffer (1 mL) and HCI (l mL). 

Both samples were centrifuged at 3000 RPM (1750 x g). The separated organic layer 

was then reconstituted with hexane (lOa mL) for cocaine samples and ethyl acetate 

(100 mL) for 6 9-THC and AM samples. 

S Hair (50 mg) 
decontamination 
,lnd cut I 

Hair digestion 

1'1 urc> 0 4 ~ .Jre 2 4 En1vm It (h r d ", r tr I t 0n and (,(/'1/1 dndly prot' >' 
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1.9 IllllllllnologiLti and <1Il<lIytic.II techniques 

Methods of hair analysis usually involve some preparatory techniques of 

decontamination, acid or base extraction and digestion. Traditional approaches 

involve screening the hair samples by performing immunoassays using commercially 

available kits (i.e. ELISA kits) (12,35). The efficacy of immunological screening 

techniques allow rapid analysis of drug negative hair prior to using expensive and 

time consuming analytical techniques. The ability of ELISA kits to wash away the 

background matrix before colour generation can make the method extremely 

sensitive. The kits were designed to provide estimated drug concentrations before 

confirmation. Decisions on the positive or negative status of assays were determined 

through recommended cut-off concentrations (84). Positive samples from ELISA 

screening were subsequently confirmed via conventional analytical techniques. The 

most popular technique for this purpose is gas chromatography - mass spectrometry 

(GC-MS) due to the high specificity, sensitivity and selectivity that is necessary to 

detect analytes in keratin matrices. GC-MS is the most widely used analytical 

technique for drugs of abuse, as it provides unambiguous identification of 

compounds. In most cases of analysis, electron impact or positive and negative 

chemical ionization mass detection is adopted; but due to the high sensitivity 

required, hair analysis may not necessarily be achievable using full scan mode. For 

simultaneous analysis of multiple drugs GC-MS EI-SIM (selected ion monitoring) 

can be employed (85-89). By meeting all the appropriate requirements, its use has 

increased for forensic and clinical toxicological analyses. 
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1.10 Enzyml' linlH'd I 111 111 lInosorlll'llt assay (ELlS,') ~lTl'l'llilig 

For ELISA screening, an enzymatic digestion method was conducted. The 

homogenate was neutralized with 1 mL hydrochloric acid (HCL) and diluted with 

EIA buffer (l: 1 v/v). ELISA screening works on the competition between the drug 

(~9-THC, cocaine, AM and AM) and the Horseradish peroxidase (HRP) enzyme 

conjugate for the limited number of antibody sites present on a pre-coated 

microplate. Initially, hair samples were added to the wells followed by the HRP

enzyme conjugate and then the mixture incubated for 45 minutes. During incubation, 

competition between the drug (hair) and drug-enzyme conjugate for specific binding 

sites on a micro plate takes place. Unbound dmg was thoroughly removed, by 

washing the plate (3 times) using a buffer supplied with the kit. 3,3',5,5'

Tetramethylbenzidine TMB substrate was added to detect bound drug-enzyme 

conjugate, allowing colour development after 30 minutes. The degree of colour 

development was directly proportional to amount of drug present in the hair sample 

(Figure 0.5) for qualitative analysis. The absorbance of each well was measured 

using a micro plate reader at 450 nm. The calibration curve was prepared by spiking 

blank hair samples with known concentrations of selected drug (~9-THC, Cocaine, 

AM and MA). The calibration curve was used to determine the concentration of drug 

present in the hair samples. Hair samples that had shown positive results following 

the ELISA screening were further quantified using GC-MSIMS (90). 
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Figure 0.5 represent the sample (red) which wa added to each well followed by the 

enzyme conjugate (blue). During incubation, competition for the specific binding 

site on the micro plate take place. The olution wa washed with buffer to remove 

the unbound drug. TMB ubstrate was added to detect bound drug-enzyme. 

Development takes place (yellow) after 30 minutes to determine the amount of drug 

present. Finally, ab orbance reading of each well were taken at 450 nm. 

1.11 Del"ivatisation method 

Diluted hydrochloric acid ::::: 0.1 M (20 fll) (to prevent AP and MA from evaporating) 

wa added to 5 mL of the extracted olution, and was evaporated at 500°C under a 

nitrogen trcam. Ethyl acetate (150 flL) wa added with the dcrivutising reagent 

(TFAA) (150 flL) to the ample in a crimped vial, and then incubated to derivati e 

for 30 min at 70°C; the reaction mixture wa then evaporated and reconstituted with 

ethyl acetate (60 mL). 1 mL wa injected into GC/MS ystem for the confirmation 

analy i of amphetamines and methamphetamine drug classes. 
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1.1 I. I Dl'rivalio;atioll procedurt': Idt'lll ili(.llioll 01 !\M .11111 i\J,\ 

1. I 1.1. 1 /HctllO(/ (Jill' 

Samples were derivatised using two methods, firstly using BSTFA with 1% v/v 

Trimethylchlorosilicane (TMCS) and ethyl acetate. For comparison, the sample was 

then derivatised using MSTFA and catalysts (ammonia and merceptoethanol). 

Method One with BSTFA, 50 J.1L of sample was transferred into fresh glass vial and 

dried under nitrogen gas. The dried extract was then reconstituted with ethyl acetate 

(50 J.1L) and BSTFA (50 J.1L) with 1% v/v TMCS. The 100 J.1L solution was then 

heated at 80°C for 30 minutes with a secured cap. The sample was cooled for GC

MS/MS analysis. In the second method with MSTFA, 50 J.11 of sample was dried 

under nitrogen gas and kept aside. Ammonium iodide (5 mg) was accurately 

weighed into a vial, MSTFA (1 mL) was added and the mixture was then heated at 

80°C for 30 minutes (observation: yellow solution). After 30 minutes, 

merceptoethanol (5 J.11) was added to the mixture (observation: transparent solution). 

Finally, the previously prepared dried extract was then reconstituted with MSTFA 

and heated at 80°C for 30 minutes (92). 

1.11.1 2 /Het/wd two 

For the final method of derivatisation, ethyl acetate (100 mL) and derivatising agent 

(TFAA) (100 mL) was added to the glass vial of the dried sample. The mixture was 

then incubated for 30 minutes at 70°C. The sample was cooled, evaporated and then 

reconstituted with 60 J.1L ethyl acetate. Method Two was the final method used with 
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the addition of low concentration (10% volume of HCl) to prevent AM and MA 

evaporation. 

1.1 1.2 Exlrdftion 

Two liquid-liquid extraction method were u ed: 

1- For hair that was obtained from the Turki h, /19-THC and Cocaine samples, 

extraction wa achieved by the addition of a 6 ml pentane layer, followed by 

centrifugation for 10 min at 3,500 rpm. The supernatant was separated off to 

te t tube with the addition of 1 % HCL (20 f.ll) to prevent evaporation of 

drug, then the olution wa evaporated and the dried re idue wa 

recon tituted with hexane (60 f.ll) Figure 0.6. After this step, Ll)e ample was 

ready to be injected into the GC-MS without any derivatisation. 

2- . A mixture of chloroform, ethanol and ethyl acetate (3: 1: 1 v/v) was used 

in tead of pentane for the extraction of amphetamine and methamphetamine. 

But in thi case, the supernatant had to be discarded and the lower layer had 

to be tran ferred into te t tube . 1 % HCl in DI water (20 f.ll) was added to the 
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mixture to prevent the evaporation of the analytes and then wa reconstituted 

with the derivatisation reagent for the derivatisation step Figure 0.7. 

FI ure 0 I . llE of .. 11.11r sample Lo~lng .. mixture of solvents 

1.12 GC-MS analysi\ 

1-3 ~l of each sample were injected in the GC-MS (Figure 0.8) taking into 

COli ideratioll the volume of the injection liner and vapour volume of each solvent. 

Several steps were taken to improve the detection limits. 

Increasing the voltage of the multiplier made a big difference although it 

increa ed the noise level and the base line, but it wa till more effective. 

Using pulsed $plitles injection rather than split or just splitlevs injection 

allowed the injection system to put more pressure in the liner thu 

pushing more sample through the column, therefore more sample i being 

injected and detected by the MS (this tep played a major role in the 

analy i ). 

Increasing gas flow rate and pressure flow rate from 8 psi, which was 

mostly u ed in the other tudies, to 24 psi in some cases to give a much 
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better peak shape and en itivity, which gave the opportunity to have a 

higher ignal to noi e ratio and detection of lower concentration . 

Digestion, extraction and use of GC-MS in addition to the choice of suitable solvents 

and a temperature program helped in enhancing the en itivity and achieving lower 

limit of detection. 
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To be fit for the intended purpose, the method must meet certain validation 

characteri tic. The performance of all the methods that were described In this 

project were validated according to the Food and Drug Admini tration (FDA) 

guideline for different ets of parameter such as: lower limit of detection (LLOD), 

lower limit of quantification (LLOQ), linearity, accuracy, intravariability (intra-day 

precision), intervariability (inter-day preci ion), extraction recovery for each 
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substance and selectivity. For each method development and validation, a negative 

control sample representing the blank matrix was used. The calibration curves and 

quality control checks were prepared by spiking the blank matrix of each sample 

with a known concentration of the target analyte and internal standard (IS). Plotting 

of the calibration curves were obtained by calculation of the ratio of the IS against 

the known spiked concentration of the analyte in each standard. This ratio was 

attained by dividing the area under the peak of each of the analytes by the area of the 

peak of the IS. Some of the data were processed by MS Excel™ and others using the 

HP GC-MS bespoke analysis software. Linear regression was the method used to 

detennine whether the numerical results quantifying hypothesized relationships 

between variables were acceptable as descriptions of the data. 

1.13.1.1 fum, U.OQ lIIlll HUJQ 

By definition, the limit of detection (LOD) is the lowest quantity of a substance that 

can be distinguished in a sample from the blank sample, but not necessarily 

quantified, with a signal to noise ratio of three. The lower limit of quanti tat ion 

(LLOQ) and tipper limit of detection (ULOQ) are the lowest and the highest points 

of analyte concentration of the calibration curve that that can be quantified with 

acceptable precision and accuracy (94). 
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1.1 r l.l. ;lccl/uICI' ol/(/precisio/l 

Although the two words precision and accuracy can be synonymous in colloquial 

use, they are deliberately contrasted in the context of the scientific method. The FDA 

regulations of accuracy validation stated that the results of the validated samples 

should be within the limit of 15% difference, and up to 20% when it comes to 

LLOQ. The level of accuracy and precision was detennined based on the 

calculations of the analysis results of the quality controls which was fonned by 

assessing the results from 18 successive samples divided into 3 groups of six 

standard points. For the detennination of accuracy, the spiked samples were 

compared to known samples. The accuracy level was monitored by how close was 

the level of the known samples to the analysed spiked samples (95). 

Precision, or as it can be called reproducibility or repeatability, by definition is the 

degree to which repetitive quantities under same conditions show unchanged results 

(95). Precision was divided into future interday variability (repeatability in 3 

consecutive days) and intraday variability (repeatability in the same run day). The 

inter and intraday precision was evaluated by the calculation of the SD and the RSD 

of the repeated results in comparison with the mean of the repeated runs. The results 

according to the FDA guidelines should not be exceeding 15% difference when it 

comes to high limit of detection (HLOD) and medium limit of detection (MLOD), 

but it was accepted to be extended to 20% for the lower limit of detection (LLOQ) 

(96). 
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I. U. I.{ Selectivity 

The International Union of Pure and Applied Chemistry (lUPAC) has expressed the 

view that "Specificity is the ultimate of Selectivity' and defined selectivity of a 

method by the degree to which the analytical of the determination of a particular 

analyte(s) in a composite mixture can be achieved without intervention from other 

components in the matrix. If the response level is distinguishable from the 

component of the matrix, this method can be identified as selective (97)(98). 

The selectivity of this analytical method was established by providing data to prove 

the absence of interference peaks at the same retention time of the analyte and IS(s) 

with regard to degradation analytes, impurities and the matrix interference. 

The selectivity of chromatographic and spectroscopic methods may be assessed by 

inspection of peak homogeneity. To avoid any interference, the analyte peak(s) was 

not overlapping to more than one component; thus leading to suppressing or 

enhancing of the intensity of the analyte and/or IS. The determination of the level of 

interference was evaluated by extracting the matrix and th~n spiking it with a known 

amount of the analyte and then comparing it with the analytical results of the same 

neat sample. 

% interference = (Conn - CORm) I CORn X 100 (99) 

Equation 1: percent interference of the hair matrix on the analysis. 
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Where Conn is the concentration response of the neat sample, and Conm is the 

response of the matrix spiked sample. 

1.1 J.t A PCrCetltll.l/eS extractio/l U'COl'ell' 

Percentage extraction recovery was detennined by comparing a spiked matrix to a 

standard of the same concentration. The spiked negative control sample matrix with 

the analytes and IS are extracted with the validated extraction method and followed 

by comparing the peak area ratio of spiked matrix analyte to IS with the neat 

standards solutions of analyte and IS of the same known concentration (96). 

1.14 Tyre study 

1.15 Tyre rubber samples 

Tyre rubber samples for this project were obtained from different global tyre 

manufacturers for analysis using three different analytical techniques (lCP-MS, 

ATR-FfIR, and Pyrolysis GC-MS). Different tyres sizes for different vehicles were 

used to replicate the widest range of cars on Britain's roads. All the collected 

samples were sanlpled from second hand tyres which had been fitted to a car and had 

been on British roads previously. Each tyre rubber sample consisted of 

approximately three fragments of the tyre tread Figure 0.9. These samples were 

collected from different areas of the tyre tread. The skid sample masses were 

approximately between 6-20 mg, the samples when collected were untreated with 

any type of solvent and decontaminated afterwards, based on the methodology of the 

technique used. Tyre rubber was cut into smaller samples to be weighed afterwards 

on an accurate five digits balance (::::: 100 mg each). The rubber fragment, in a similar 
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way to the kid mark residues sampling, was cho en from the inner end of the tread 

area, which i in direct friction with the road. To replicate the cenario of a real kid 

mark undertaken by a car on the road, the friction that occurs whilst a vehicle i 

braking wa carried out by rotating a rig at a con tant speed and an abra ive sheet 

wa brought into contact with the tyre during the rotation period. Thi method was 

repeated for each tyre taking in consideration the wapping of the plastic leeve. Thi 

process resulted in a tiny amount of residue which is usually produced by any tyre 

skidding. The tyre's rubber and the kid mark sample were then tored in pia tic 

tube crew capped with a lid in a dry place. 
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Figure 0 9 . lyres used In the study 

From the available 57 tyre sample, only 21 tyre samples of different size and 

manufacturers were chosen to be analysed for the determination of the chemical 

contents u ing different technique as discu ed on Chapter 5. The other samples 

were used in the experimentation and development of the methodology of each 

technique for the analy L of the 21 samples. Since the ICP-MS and Pyrolysis GC

MS techniques are destructive methods, ATR-FfIR was performed fir t. 

1.16 'ample collection 

For the tyre experiment, sample were collected from around 57 second-hand British 

car tyres. The tyre that were used were of different sizes in width and diameter and 

thickness. Second hand tyres were chosen to try to replicate everyday representative 

skid mark from a car suddenly braking. All the tyre details were recorded: name, 

model, date of manufacture, production location, size and part number. 
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All the sampled tyres were EU legal tyres; tyres of a good thread thickness (> 3 mm) 

were sampled to avoid the interference of the metal layer under the thread level and 

the other tyre components. Several samples were collected from each tread for 

validation purposes. A minimum of 3 grams of each tread was cut using a 

decontaminated razor. The blade was changed between the collection of each sample 

to avoid cross contamination. All the collected samples were untreated with any type 

of chemicals. Samples were then decontaminated with 5 mL OCM and 200 mL 01 

water to get rid of the road surface contaminant (such as oils, tarmac, dust etc ... ) and 

then dried under a gentle stream of nitrogen. 

The size and the shape of the samples analysed by pyrolysis may have an impact on 

the repeatability of the results (100-103). The size effect factors cannot be controlled 

for the tyre traces and were expected to present variation in shape and thickness. 

This required an accurate weighing of the samples prior to the analysis. The overall 

size of the trace particles was expected to be around (4 mm (L) x 2 mm (W) x 1 mm 

(0» for the ATR-FfIR analysis. To ensure an optimal comparison in pyrolysis 

analysis, the tyre samples were cut into fragments of approximately the same size, 

but of different shape and thickness weighing between 100-200 Jlg. For ICP-MS 

anal ysis, all the rubber samples were weighed on a 5 digits balance to the same 

accurate mass (100 mg). 

t.1 L.1 1~('pnJ(llIdi()1l of lyre skid Ill.lrks 

The tyres (as described previously) were mounted on a rotating rig system. Skid 

marks were collected by reproducing a replica of a car braking under friction 

between the tyre and the road surface; these were performed on dry abrasive sheets. 
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The tyre trace ample were collected during the rotation of the rig at the same speed 

for all the tyre ample. The collection of the fragments wa. performed by applying a 

plate of plastic ju t under the rotating wheel. Plastic heet were used throughout the 

tudy to reduce background contamination. For each te t, the collection plastic plate 

wa changed to avoid cro contamination between different tyres Figure 0.10. 

To en ure that the abra ive heet had no effect on the chemical analy i , a triplicate 

control sample was analysed with the same conditions as the tyre samples without 

showing any interference when compared to the pure control analysi re ults . 

• . . • • '. . 
fj • , • 

Figur 0 10 Rubber dnd skid marks scl'TIple 

1.16 l StOJ',lge 

All the collected ample were stored in plastic tube crew capped with a lid in a 

dry place to avoid contamination and oxidation with the urrounding lab chemicals. 

Approximately 3-4 gram of each raw tyre rubber ample were collected before 

imulating friction, wherea due to the mall amount of kid mark removable from 

the urface, only 10 mg for each skid mark produced were collected Figure 0.11. 
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1.17 Hubhe .. digestion 

In order to prepare the rubber sample and kid marks for the ICP-MS analysis, 

amples had to be dige ted before the injection in the rcp sy tern. Rubber amples 

were decontaminated, and then LOa mg of the rubber amples were weighed and 

tored in glass vial (vials were pre-treated treated overnight in 50% nitric acid 

(HN03) in DI water to avoid cro contamination). Samples were then digested and 

metal trace nitric acid (5 mL) wa added to the ve sel (CEM Buckingham, UK). 

Ve~sels were then ·ecured with the relief valve and fitted with a lid . The lill needed 

to be completely tight to top the los of any of the ample by evaporation. 

Advanced ensor technology for ve el recognition, a temperature control and 

MARS microwave wa u ed in the dige tion proce (Buckingham, UK). The 

dige tion method wa optimi ed to get the best degradation result (104) . The 

heating cycle, which lasted in total for 27 minute, was altered to fit the amples' 

phy ical and chemical characteristics. Heating started at room temperature and then 

95 



increased to 400 W for 10 minutes at the rate of 100% and held there for 2 min and 

then increased to 800 W for another 10 minute at the rate of 80% and then topped 

to cool down for 5 min. The starting rate wa lower than the second rate to try to 

avoid pre sure and temperature building up, which can affect the continuation of the 

econd heating program step. Samples were then allowed to cool for an extra 5 min 

at room temperature, resulting in a very light green colour Figure 0.12. Opening the 

microwave vessels was performed in a fume ventilation system to avoid toxic 

nitrogen oxide fumes that were usually produced during digestion. After digestion, 

the solution wa made up to 50.00 mL with de-ionized water (tubes were soaked 

overnight with 20% nitric acid in DI water). Sample and skid marks were 

centrifuged at 3,500 rpm for 10 min to avoid blocking the ICP system tubes, then the 

top layer of liquid wa moved after the precipitate has settled to a new sampling tube 

by decantation, to be analysed on ICP-MS Figure 0.13 . The total time required for 

the olution ICP-MS analysis, including sample preparation, microwave digestion 

and ICP-MS analysis for 1 ample in 5 replicates was -2.5 h. 

f gu D n 'VIAR'i X m row v ... .J ed r t'l , .. bb r d t \t,,, .J'1t1 tht> d tt d • I"p 
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Figure 0 13 Digested tyr rubber s,lmpl(' 

1. 18 Instrullle 11 ta tion 

Three different in truments were u ed for the tyre rubb(!r analysis. Pyrolysis GC-MS, 

ATR-FfIR and ICP-MS. Figure 0.14 repre ent the photograph of pyrolyser u ed in 

the project. 

1.19 Pyr()lysi~ gelS chromatography 111<1\S spectrollwtl'Y (Gt MS) 

Pyroly is analysi wa achieved with a resistively-heated filament (platinum coil). 

The pyroly er interface temperature was at a constant 60°C Figure 0.14. The quartz 

tube that were used in thi tudy were baked at 1250°C to avoid cro s 

contamination. The pyrolysi wa carried out using a Pyroprobe Series 5200 

embedded with oftware (5000 DCI) version 1.62 from CDS Analytical, Inc. An 

AGILENT Technology 7560 gas chromatograph, in combination with an AGILENT 

5860 XL EIICr MSD Triple Axi Detector rna spectrometer operating in electron 
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impact ionisation (EI) mode using helium carrier gas with a flow rate of 1.4 mUmin 

was used for detection. The analytical column for the GC was a BP-X5 SGE Forte 

capillary column (Victoria, Australia) (30 m x 0.25 mm x 0.25 ~m l,w,ID) (5% 

phenyl polysilphenylene- iloxane). The injector was at a stable temperature of 

280°C. Split injection wa performed for a purge time of 0.5 min with a split ratio of 

53.6, a split flow rate of 75 mUmin and an initial pulse pressure of 20.4 PSI. 

The GC oven temperature for the analy is of the rubber amples was programmed to 

tart at 45°C, held for 6.5 min, then increased to 150°C at 5°C/min, held for 5 min, to 

a final tep of 335°C at 70°C/min, held for 3 min to clean the column. Full scan 

mode was used in the MS method to detect all separated compounds. Analysis was 

performed using an Enhanced Data Analy i MSD enhanced Chemstation version 

E.02.00.493 from Agilent Technologie and then identified with the NIST 2008 

ma s spectra library. 

Figur 0 14 pyr')ly r Witt> Pyroprobr> C; rr ~ <;200 (DS l'lllyt· 11 In 
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1.20 Inductively coupled plasma mass pectrolll e try (I( P-MS) 

ICP-MS system manufactured by AGILENT Technology (Agilent 7700) 111 

combination with Agilent's Octopole Reaction Sy tern (ORS3) cell was used. Its 

high-temperature plasma was connected to a ASX-500 random access X,Y type 

autosampler (Agilent Ltd., California, USA) operating in a plasma of argon ga in 

both collision mode and reaction mode. The injection needle between samples was 

rinsed with DI water and 2% nitric acid in Dr water. The standard analytes were 

measured in increasing calibration concentrations; mUltiple replicates (n=5) of 

digested spiked amples Figure 0.15. 

.. _-

F g j 0 15 AGILENT Tt'c.hnl.llugy (A lEnt nOD) ndllL+ v Iy c.oupl d fll,,, • J"fl t 01 try (I P MC;, 

1.2 t Attc lluclt ed tOldl rcH c rt.m cc rourh.' r tr.ln slOl Ill inlr.lred 

"pl'(' troscopy (ATH -I IH) 

99 



Thermo Scientific Nicolet ID5 ATR-FTIR spectrometer was equipped with 

deuterated triglycine sulfate (DTGS) KBr detector, and diamond single-reflection 

crystal. The number of scans was 8 and the resolution was 8 in % transmittance 

mode, scan ranged between 600-4000 cm-', and the optical velocity was of 0.4747 

cm/sec. 

Tyre samples were analysed under a reflective beam of infrared, which was then 

absorbed by the detector and the processed by OMNIC analysis software. The 

background was subtracted from each analysis to decrease the interference levels. 
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Chapter 3 

Quantification of Underivatised A9-THC 
and Cocaine in Human hair 
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3.0 Introduction 

The United Nation's Office on Drugs and Crimes (UNODC) and the World 

Health Organisation (WHO), in 2009, estimated that 149-272 million people used 

psychoactive substances at least once in the past 12 months (32)(105). The most 

commonly used substance was cannabis (between 125 and 203 million people) 

Figure 3.1, followed by amphetamine type stimulants, opioids and cocaine (32). 

Cannabis and cocaine analyses by GC-MS are two of the most frequently used drug 

assays (106,107). Research in analytical sciences has shown a sustained effort to 

develop methods with improved sensitivity and to facilitate fast, reliable and cost 

effective methods to identify users. The specific reasons behind the need for 

detection range from current risk to self and others, to future non-compliance (108). 

These individually lead to different detection windows. For example, authorities 

often require evidence of abstinence from drugs before re-granting driving licence 

(109,110), allowing child custody (111), returning to workplace (112,113) or 

licensing to practice (114). In these cases, the detection window stretches beyond 

the most recent consumption. The drug detection window is one of the main 

analytical challenges, since most drugs can only stay in the body system for shorts 

periods e.g. the plasma elimination half-life of tetrahydrocannabinol (THC) and 

THCCOOH is ca. 4.1 days and 5.2 ± 0.8 days respectively for frequent users (115). 

Other considerations include the accuracy, reproducibility, sample quantity required 

and limits of detection/quantification for a developed method. 
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iii Cannabis 

• Cocaine 

~ Amphetamines 

iii Ecstasy 

iii Opioids 

iii Other 

Figure 3 1 Annual prevalenc.e of drug u~e cit the globa Ipvcl ThE' picturp v.HlPS betwrE.'11 r('glons 

Drug analysis in hair has become a very common part of forensic and clinicai 

toxicology (doping, work-place drug testing, rehabilitation program and treatment 

centre) (12,106,116). Testing hair for drugs of abuse offer the possibility of a 

longer detection window than is commonly obtained from urine or blood analysis 

(41,117) and thu distingui hes between long term use and short term single 

exposure (118). Hair testing improve drug analysi by being non-invasive; samples 

are easy to tore at room temperature and there is a negligible risk of infection. Hair 

grows at ca. 1-2 cm each month (106). Drugs can incorporate into hair through 

several mechani ms, either endogenousl y, by ingestion (via 

the blood during hair formation or through sweat and ebum), or exogenously, 

through external contamination (deposition of drugs on the surface of the hair and 

passive inhalation) Figure 3.2 (57). Due to the extremely low incorporation rate of 

the p ychoactive ingredient of cannabi , (~9 -THe), cocaine and other drugs in hair 

[especially in blonde, brown and thin hair (119)], the development of sensitive 

technique i e sential for quantitative anal ysis (116). 
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The standard method of detecting abused psychoactive drugs is through urinalysis 

and blood analysis (120-122), however these methods are vulnerable to confounding 

results. For example, once the drugs are in the body, they are rapidly metabolised 

and have a detection window of 1-2 days in the blood, and 1.5 - 6 days (7 days in 

chronic users) in urine. In oral fluid, drugs of abuse can be detected for 5-48 hours 

at low nanogram per millilitre level (123). A study of ~9-THC demonstrated that the 

detection of ~9 -THC in blood (serum) is not possible 6 hours after consumption 

(124). Psychoactive drugs are characterized as enhancers that allegedly improve 

mental functions such as cognition, memory, intelligence, motivation, attention, and 

concentration (125). Urinalysis, blood and oral fluid analysis are often unable in 

detennining long tenn histories of drug use; they generally fail to identify long term 

usage of these types of drugs or the identification of any traces of pre-use. Genetic 

and metabolic variations are known to influence urinalysis based drug testing 

(126,127). 

The concentration of the drug in hair may reflect the amount of drug used; i.e. if the 

rate of consumption is high or low. In addition, when a sample shows the absence of 

drug, it does not always mean that the sample is free from the drug, only that the 

concentration may be too low to be detected. The interpretation of hair analysis 

involves finding the correct concentrations to distinguish between the common or 

occasional consumer. Most methods include decontamination, digestion, drug 

extraction, reconstitution and derivatisation for sample preparation preceding hair 

analysis by GC-MS (117). 
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In thi work, for the fir t time, lower limits of detection for 9-THC and cocaine, 

have been achieved without the need for derivati ation. The limit of detection (LOD) 

is ub tantial in an analytical method where the detection limits are the backbone of 

the study (analytically ignificant). For forensic tudie the LOD can be less 

ignificant whereby the pre ence or ab ence of the drug can give an enough evidence 

to determine the conclusion (forensically significant). In thi analytical . tudy, it is 

an improvement (LLOD O.015nglmg) on previously reported method that achieved 

a lower limit of detection (LLOD) of 2.5 nglmg for ~9-THC but with derivati. ation 

(128). Further method development in hair dige tion and extraction have also been 

made, thu permitting direct measurement of the drug without issue uch as 

contamination from reagent, formation of by-products, and reduction in recovery, 

chromatographic re olution and ioni ation efficiency that may arise from 

deri vatisation. 

epidermis C 

dermis 

drug analytes 
in hair cortex 

vein artery 

FI D I orp f tl mt th h" h.m sh lit 

(sebaceous gland) 
sweat and sebum 
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T I Materials and methods 

3.2 Chemicals and reagents 

Delta-9-tetrahydrocannabinol (.19-THC) and cocaine (1 mglmL) and their 

deuterated analogues .19-THC-D3 and cocaine-D3 (100 IlglmL) were obtained from 

LGC standards (Teddington, UK). Proteinase K enzyme and HPLC grade pentane 

were obtained from Sigma Aldrich (Dorset, UK), OTT Cleland's reagent and TRIS 

HCI buffer were purchased from VWR, (Leicestershire, UK). Hexane, 

dichloromethane and all the other organic solvents were HPLC grade from Fisher 

Ltd. (Leicestershire, UK). 

3.3 Preparation and standard solutions 

Two stock solutions for cocaine and cocaine-D3; .19-THC and .19-THC-D3 

were prepared in methanol at a concentration of 1 mglmL Figure 3.3. These were 

mixed and diluted to prepare method development working solutions between 25-

1000 nglmL for each analyte. These underivatised prepared solutions were used for 

the development of the extracting method and gas chromatography method. 

Standards used to prepared standard curves were also prepared from stock solutions 

diluted in hexane. A similar method was used to prepare the quality control samples, 

but these were prepared from freshly made stock solutions. Real hair sample were 

used to optimise the developed method, and replicate real hair sample testing. All 

stock solutions were stored in crimped sealed glass vials under darkness in closed 

boxes at _20°C and diluted solutions were stored in amber, silanised, glass vials 

under no more than 4 0c. 
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Figure 33: Structural formulae of (0(,1;11(' dl1d L'l'l THe 

].4 Hail'Samples 

All the hair samples were collected in envelopes, and were washed, labelled, and 

stored in 10 mL glass vials sealed with plastic caps. Hair samples analysed in this 

study were collected from the posterior cortex, by cutting with scissors, since the 

hair number in this area is more consistent and less affected by age and sex 

differences (129). 

]5 Sampll's preparation 

:L5.1 Decontamination 

Before laboratory analysis, the hair samples were washed to remove sebum, lipids, 

oils, cosmetics, and any adhering substances which may interfere with analysis. Each 

hair sample was decontaminated by washing with 3 mL dichloromethane. This step 

was repeated 3 times for 2 minutes with continuous stirring by micro-magnetic 

stirring bars on a stirring dock. After the last wash, the hair was dried completely 

under a very gentle stream of nitrogen. 
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3SL lligl'Stioll 

.rS.2. J I)rc-cl(lj('stioll 

Washed hair samples were weighed accurately (50 mg) and cut to approximately 0.5 

mm long segments using scissors. 

IS.2.2 I1lkali di.(Jcstioll 

Samples were spiked with the internal standard prepared deuterated (D) form of the 

analysed drug (prepared in 3.2.2.). 1M sodium hydroxide (NaOH) (l mL) was added 

and incubated at 95°C for 10 minutes. Each vial was sealed during incubation to 

prevent any solvent evaporation (making some holes in the plastic cap prevented the 

cap from opening). The digested sample was then homogenised and neutralised (pH 

7) with 2 M hydrochloric acid (HCI) (0.5 mL) and 0.2 M phosphate buffer (2 mL) to 

preserve it and stop it from degradation. Drug free hair was used as a negative 

control. 

3.S.] Ellzvlllatit: digl'o.;tioll 

The cut hair was added to Proteinase K enzyme followed by DTT reagent (100 mg) 

and TRIS HCI buffer (l mL). The digestion was continuously mixed using a 

magnetic stirring bar at low speed and incubated at 37.5°C for 50 min at pH 7.5. The 

hair was digested with the enzyme in the presence of ~9-THC-D3 and cocaine-D3; a 

spiked concentration of 1 ng/mg was used as internal standard. Drug free hair was 

used as a negative control. 
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:{. SA LII1VIII.lli (" d ig('st i 011 vs .• 111,,11 i Ill' d igt'st io 1\ 

In order to compare the efficiency of each of the two digestion methods the 

following experiment was undertaken. 

a- Vials containing 1 M NaOH (1 mL) and 50 mg of blank hair containing 5 ng 

~9-THC were incubated at 95°C for 10 minutes. The alkaline solution was 

neutralised by adding 1 M HCI (1 mL) and of phosphate buffer (pH= 7, 0.2 

M) (2 mL). 

b- Vials containing 50 mg of blank hair sample was spiked with 5 ng ~9-THC 

and incubated for 50 minutes in a solution containing Proteinase K enzyme 

(50 mg) and Cleland's reagent (DTf) (100 mg) and Tris HCI Buffer (1 mL). 

Both samples were prepared on the same day, using similar procedure including 

laboratory equipment and consumables (pipette, hotplates, Vials Etc ... ) and solvents. 

To perform an accurate comparison experiment, a similar extraction procedure was 

followed for both tests. 

:tS.S I.iqllid liquid l'xtl".H"tioll 

Liquid-liquid extraction (LLE) is one of the simplest techniques used in the 

separation of biological fluids such as urine, plasma, blood, and hair, based on the 

relative solubilities in two different immiscible solvents (130). The two liquid phases 

are mixed together in one container whereby the target analyte is preferentially 

soluble. After mixing, the layers are allowed to separate naturally by the 
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gravitational force or by centrifugation. and the extractant is either run out of the 

separating vessel via a valve or pipetted from the top layer. The effectiveness of LLE 

relies upon the difference in solubility of a compound in the chosen solvents. 

In this method. the neutralised hair samples were subjected to liquid-liquid extraction 

using 2 different solvents mixtures. Analytes showed better extraction results using a 

mixture of chloroform: ethanol: ethyl acetate in 3: 1: 1 ratio compared with extraction 

using pentane (HPLC grade 6 mL) alone. 

After vortex mixing and centrifugation (10 min at 2.383 x g). the supernatant organic 

layer was transferred into a fresh glass tube using a Pasteur pipette and the hair 

residue pellet was discarded. The organic layer was mixed with an aliquot of 2M 

HCI (10 ilL) which had been diluted to 1 % in phosphate buffer (pH= 7. 0.2 M) to 

prevent drug loss during evaporation. 

The organic layer was evaporated under a gentle stream of nitrogen gas at 50°C 

using a hotplate concentrator Techno DB-3 (Cambridge. UK). 

Spiked samples within the range of 0.02-1.50 ng/mg were prepared for the 119-THC 

and cocaine calibration plots. The extracted residue was reconstituted with hexane 

(60 ilL), transferred to autosampler vials, and 3 ilL was injected into the GC-MS 

system Figure 3.4. 
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• Hair collection {posterior vortex} 

• Decontamination (dichloromethane) 

• Cutting 
• Hair digestion (enzyme, alkaline) 

• Screening (RIA) before ectraction (positive samples re-analysed for 
confirmation) 

• Drug extraction 

• Drying 

.GC-MS confirmatory testing 

F 'ure-~.4 H.m analysIs p'ocessi'lg sta~es . 

3.6 Ga~ {hroma tography-mass spectrom e try a n .,l v si~ 

The extracts were analysed using an AGILENT Technology 7890A gas 

chromatograph, in combination with an AGILENT 5975 XL EIICI MSD Triple Axis 

Detector rna spectrometer connected to a 7683B autosampler (Agi!ent Ltd. , 

California, USA) Figure 3.5. 
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Figure i 5 GC-MS used in the analysis 

3.7 GC-MS condition ' 

The rna spectrometric parameter were optimised using the HP optimiser oftware 

(version 10.1.5). For method development, a 1 fJ L aliquot of 100 ng/mL olution of 

each of the analytes, plus its deuterated standard, were injected in the GC liner. The 

condition which gave the highest ensitivity for each compound were aved in the 

meUlOd. 

Pulsed, plitless injection was performed for a purge time of 1 min, a purge flow rate 

of 53 mUmin and an initial pul e pres ure of 20 PSI reducing to 15 PSI during the 

run. Thi enhanced the peak hape and sensitivity by pushing most of the injected 

sample in the column. The con truction of GC liners has great influence on the 

sample tran fer during plitless GC proce . Becau e of the long time the analytes 

pend in the liner during the splitles injection mode, a Double taper, deactivated 
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splitless inlet liner (Agilent, 5181-3315) was used to minimize the contact of the 

analytes with the bottom of the injection port. The gas chromatography separation 

was achieved on a BP-X5 SGE Forte Capillary column (Victoria, Australia) (30 

m x 0.25 ~m x 0.25 ~m l,w,ID) (5% phenyl polysilphenylene-siloxane). The 

injection port temperature was set at 260°C. Better enhanced peak sensitivity was 

reported when the Helium carrier gas had a flow rate of 1.3 mUmin. The GC oven 

temperature for A9 
-THC was programmed to start at 50°C, held for 1 min, then 

increased to 200°C at 40°C/min, held for 2 min, and increased to 280°C at 80°C/min, 

held for 3 min, to a final step of 310°C at 80°C/min, held for 4 min. 

For cocaine analysis, the initial temperature was 50°C, held for 1 min, then increased 

to 200°C at 100°C/min, held for 2 min, then to 280°C at 80°C/min held for 3 min, to 

a final step of 310°C at 80°C/min, held for 4 min. (Table 3.1). 
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Tdble 3 1 G( oven temperatur program f H 69 THe. dnd c.oc.ame 

~9-THC Analysis Temperature Rate Time 

program 

Colum temperature 50°( , held for 1 min 

Program 1 200°C 40°C/min 2 mlns 

Program 2 280Q( 80QC/mins 3 mins 

Final program 310°C 80°C/mins 4 mln s. 

Cocaine Analysis Temperature Rate Time 

program 

Colum temperature 50°(, held for 1 min 

Program 1 2000( 100°C/min 2 mins 

Program 2 280Q( 80QC/mins 3 mins 

Final program 3100C 60°C/mins 4 mtn s. 

The eluted peak of THe di:;played in Figure 3.6a was confirmed by the MS 

fragmentation of unknown analyte provided in Figure 3.6b. The black, red and 

yellow peaks eluted at Rt (12.960 min) con-elate to the ion 231.10, 299.10 and 

314.20 mlz repre enting the THe drug. The dark green, light green and blue peaks 

eluted at Rt (12.929 min) con-elates with the three ions 302.10, 317.20 and 234.20 

mJz repre enting the internal standard THe-D3. The higher peak ions represent the 

internal standard and by ubtracting 3 mass units from the mlz provided. Thi study 

was able to distingui h the ions repre enting the THe drug pre ent in unknown hair 
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ample. So the SIM MS analy was able to detennine the molecular ion M+ peak 

at 314.20 (mlz corre ponding to MW=314.45) of THe drug and fragmentation 

hown below. 
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The mass spectrometric parameters were optimised using the Hewlett Packard 

optimiser software. Positive ionisation was used and operated in electron impact 

ionisation (EI) mode. Many MS parameters were tested in order to reach the 

optimum ionisation of different analytes, and the following MS parameters were 

applied. The transfer line was set at 280°C. The quadrupole temperature was set to 

150°C. To choose the optimum voltage, the electron multiplier voltage (EMV) was 

examined to find the highest SIN ratio through the analysis of the standard of 0.5 

ng/mg concentration at a range of 1300-2400 V. The analysis was performed in 

selected ion monitoring mode (SIM). The solvent delay time was 7 min; elution 

window 7-13 min. The precursor and product ions of ~9-THC, ~9-THC-D3 internal 

standard (IS), cocaine and cocaine-D3 (IS) were: - ~9-THC, mlz 314, 299; ~9-THC

D3, mlz 317, 302 cocaine, mlz 303, 182 and cocaine-D3, mlz 306, 185 (precursor 

ions, product ions) were used in the SIM mode. The retention times were 7.9 min 

and 12.9 min respectively for cocaine and ~9-THC. Between samples, at least one 

drug free sample was analysed to monitor cross-contamination. 

J.B Validation 

Calibration plots were generated separately for ~9 - THC and cocaine. The lower limit 

of detection (LLOD), lower limit of quantification (LLOQ), intraday precision, 

interday precision, accuracy and extraction recoveries for each analyte, of the 

analytical method was validated under the FDA guidelines (FDA, 2001 #37). 

Blank hair (50 mg) was spiked with solutions of the analytes to prepare the 

calibration curve. Calibration standard points were prepared by spiking the 50 mg 

hair with a specific concentration of the analytes and the IS dissolved in methanol. 
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The quality control (QC) samples were also prepared in the same way. The samples 

of calibration and QC were treated similarly to the hair samples. Calibration 

concentrations standards 0.02, 0.05, 0.1, 0.5, 1 and 1.5 ng/mg of L\9-THC and 

cocaine and were used to plot standard curves, using the ratio of analyte to internal 

standard, against standard known points of analyte of each sample. The analyte to 

internal standard ratio was calculated using the HP Data analysis software by 

dividing the peak. area of the sample with the peak. area of the internal standard. A 

blank hair sample was injected after the development of the method to confirm the 

selectivity of the analysis method by the lack of any interfering peaks at the illusion 

time of internal standard, cocaine and L\9-THC. 

A full scan mode (m/z 50-500) was applied on all the analytes and the 

internal standard to acquire the full ion scan. Low intensity m/z ions were discarded 

due to their effect on the overall quality chromatogram baseline. More than one ion 

fragments resulted from the ionisation of each of the drugs. The most abundant 

fragment ions in the mass spectra of the deprotonated and protonated molecule of 

L\9-THC were 231.10, 299.10, and 314.20 and cocaine m/z 82.10, 105.00, 182.00, 

303.10. The preferred selected ions: m/z L\9-THC 299.00, 314.00, cocaine 182.00, 

303.00 for cocaine and of L\9-THC L\9-THC-D3 302.00,317.00. The selection of the 

ion fragments for the analysis L\9-THC and cocaine in the quantification method was 

based on its intensity level, reproducibility and the noises levels from analysis of the 

real hair samples (with all the interfering hair matrix contaminants).For each analyte, 

the ratio of the two fragments ions were compared between the samples and the 

reference standards to enhance the method precision. 

Peak. area is proportional to the actual amount of solute in the injected sample; the 

detection of a constant flow of the solute by a sensitive detector and the volume of 
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mobile phase passing through the column. Accuracy, defined by calculation is the 

degree of confidence of analysed spiked real sample to the actual (true) standard 

concentration, which was obtained by calculation of the recovery concentration of 

the spiked real hair sample of cocaine and !l9 -THC. The evaluated spiked samples 

were prepared with three different known concentrations (low, medium, high) of 

cocaine and !l9-THC in 50 mg of blank human hair samples. These solutions were 

prepared in replicates (n=6) and analysed using the same optimised GC-MS method. 

Precision was calculated by detennining the reproducibility of the spiked real sample 

under the same conditions and method within the same day (intra-day precision), and 

three consecutive days (inter-day precision). Intra-day precision was calculated by 

analysing all 6 replicates of each measurement level in the same day. Inter-day 

precision was obtained by the measurements of the same 6 replicated of the three 

measurements within the 3 chosen consecutive days. LLOD is the lowest spiked 

concentration of the analytes that can be distinguished from the blank hair sample. In 

the spiked hair samples, detection was feasible for !l9-THC concentrations as low as 

0.015 ng/mg and for cocaine at 0.02 ng/mg. To be able to calculate the LLOQ, the 

lowest concentration of the analyte, that can be reliably quantified must be reached, 

with a precision difference in RSD not exceeding 20% and having a signal to noise 

ratio SIN of 10 or better. LLOQ was possible at the concentrations of 0.02 ng/mg 

and 0.05 ng/mg for !l9-THC and cocaine respectively using a signal to noise ratio 

(SIN) of at least 3. The linearity of the method was measured by using linear 

regression analysis. 

Extraction recovery was detennined by comparing the area ratio of !l9 -THC and 

cocaine extracted, from a 0.5 ng/mg spiked blank hair sample, with the area ratio of 

standard neat solutions prepared in pure hexane of the same concentration. The value 
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of the ~9-THC and cocaine peak area to IS peak areas ratio was then compared to the 

standard references peak areas (calibration curve points) to internal standard (IS) 

peak areas ratio. In order to assess the effect of matrix associated with real human 

hair on the analytes and analysed samples, 50 mg of drugs free hair (blank) was un

spiked sample and continued the extraction and analysis process in the same protocol 

as the previously analysed samples. The blank hair sample was spiked with a known 

concentration of the analytes and IS. The results of the analysis of the spiked hair 

sample were compared to the standard neat (no hair) solution GC-MS results of the 

same concentration. Cross contamination was tested by running different 

blank hair samples. No peaks were noted in the region of both drug's elution times. 

The assessment of the stability of the two analytes in the digested hair solution was 

done by spiking similar concentrations (100 ng/mL) of different hair digestions and 

then analysed at three different time periods, 48 hrs, 7 days and 28 days. 

3.9 Hesults and disclIssioll 

3.10 Method developlllt'lit 

3.11 GC- MS conditions opt i III isat ion 

Full scan monitoring was used in the initial method development followed by 

selected ion monitoring (SIM), and retention times were used in the detection and 

quantification of ~9-THC and cocaine. Both analytes are reasonably different in their 

structures and their configuration; they have different melting points, 98°C for 

cocaine, and 157°C for ~9-THC. The difference in the chemical properties (volatility 

and polarity) of the two analytes and their relative affinities for the stationary phase 
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of the GC column promotes the separation of the compounds at different retention 

times as the sample travels the length of the column. The GC chromatograms (Figure 

3.7) show peaks representing ~9-THC and cocaine eluting at Rt=12.9 ± 0.2 and 7.9 ± 

0.2 minutes, respectively. The challenge was in the detection of both drugs without 

derivatisation. Different columns were tested to detect both drugs using the same 

method, since both can be important tests in drug confirmation after pre-screen 

testing. 

The choice of fragment ions played a major role in measuring the reproducibility of 

the samples. The ~9-THC and cocaine that were detected, by assessing the effect of 

matrix associated with real human hair on the analytes. The interfering ions of the 

matrix had been avoided by using the specific SIM scanning mode selecting only the 

ions of the analytes. A chromatogram and mass spectrum and the predicted 

structures and fragmentation pathway of ~9-THC and cocaine from hair are 

represented in Figure 3.7 and 

Figure 3.8. 
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Figure 3.8: GC-MS chromatogram A) and fragmentation pathway B) of toLdinf'. 

Increasing the injection volume of the analysed samples in the GC resulted in a 

better peak area. Different injected solvents can react in a different way to the 

column in the Gc. To assess the solvents and their grade's influence on the column 

and thereby the peak shape, hexane, dichloromethane and methanol were tested. 

Hexane showed the highest peak area and best peak shape with a lower noise level. 

Most of the solvents used in GC-MS analysis (methanol, acetonitrile, ethyl acetate, 

DCM) have similar boiling points ranging between 60 and 80°C, so selecting the 

right solvent with the best sensitivity was challenging. The analyte must have a high 
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solubility level in the solvent. The standard 1 mglmL solution of the drug, dissolved 

in methanol; hexane, was used instead of methanol for two reasons. Firstly, methanol 

had a lower SIN ratio due to its high boiling point which leads to it taking a longer 

time to be eluted completely from the GC column. Secondly, in order to increase the 

sensitivity of each run the injection volume was increased to 3 ilL. The calculation of 

a single 3 ilL methanol injection with the injector temperature between 260 and 

280°C was:::::: 7 mL in volume. This volume was greater than the liner volume (800 

ilL). Hexane with a boiling point of 69°C and a 31lL injection vapour volume of 700 

ilL was used instead of methanol. A double tapered splitless inlet liner without glass 

wool was also used to avoid loss of the injected samples. To get a better peak shape, 

different gas flow rates ranging from 1.2-1.5 mUmin were investigated. A huge 

difference was observed possibly due to less sample loss from the Hner and higher 

sample accumulation in the column. When the flow rate was changed, this also led to 

a change in the flow pressure from around 8 PSI to 30 PSI. However, the higher flow 

rates, which increased the pressure to almost 30 PSI, caused the system to shut down 

due to it exceeding the system and column optimum limits. A flow rate of 1.3 

mUm in with a starting pressure of 20 PSI decreasing after injection to 10 PSI, and 

2000 V for the ionisation source potential gave the best results, with optimal baseline 

and peak shape of the anal ytes and IS. 

A full scan mode was applied to the MS electron multiplier voltage (EMV) at a 

voltage of 1,275 V when high concentrations (1 mglmL) were used. Different 

ionisation voltages were also tested between the ranges of 1,300 V to 2,400 V of 

EMV during the SIM mode analysis of the samples and standards. By using low 

voltages, fewer analytes will be ionised, which indeed meant less signal. Also, using 
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high voltages such as 2,400 V resulted in an enhanced signal and also a higher noise 

level, which meant lower signal to noise ratio and thus poorer LLOD. The highest 

SIN ratio was reached at a transfer line temperature of 280°C and quadrupole 

temperature 150°C; electron multiplier voltage (EMV) 2,200 V. 

The peak area is the integration of each specific solute, eluted at a specific time. 

For equal and accurate integration of each of the sample peaks, the auto integration 

Hewlett Packard software data analysis was performed. The peak area was calculated 

as the product of the height of the peak multiplied by its width at half height, taking 

into consideration the shape of the peak which should be typically Poisson, Gaussian 

shape. 

:~.ll. Digestion and solvent selectioll 

Hair samples were cut extra short to decrease the digestion time. Shorter hair 

requires shorter time for digestion, therefore a smaller amount of enzyme will be 

needed. Two digestion methods were used. A newly developed enzymatic digestion 

method was used in this experiment using Proteinase K from Tritirachium album for 

the digestion of the hair samples. Proteinase K is a stable and highly reactive serine 

protease (131). Although enzymatic digestion in contrast to alkaline digestiun takes a 

longer period of incubation (up to 50 min), it's still performed under mild neutral 

conditions. Enzymatic digestion is superior to alkaline digestion in other areas too. 

The temperature which is used in alkaline and acidic digestion can reach up to 

100°C, which therefore can easily denature most of the drugs and especially cocaine. 

Also, the strong basic media in which the digestion is carried out during alkaline 
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digestion may be one of the reasons for not detecting the drugs in some samples due 

to denaturation. Nevertheless, the proceeding steps that follow digestion can playa 

role in drug detection. In alkaline digestion, the samples are neutralised with buffer 

and strong acid which increase the dilution factor of the analytes; this may increase 

the risk of drug loss, and breakdown and/or affect the pre-screening ELISA test. The 

enzymatic digestion method was developed based on the chemical and physical 

properties of the enzyme Proteinase K. Hair samples were cut to fine strands, and 

then divided into separate vials. All the samples were collected from the same source 

to avoid the effect of the hair matrix of different humans. The enzyme (20 mg and 50 

mg) were added to different vials of increasing gradient of Cleland's reagent (DTT) 

in 1 mL Tris HCl buffer (20 mg, 40 mg, 50 mg, 80 mg, 100 mg DTI). All of the hair 

samples were digested, but for varying periods of time. The shortest digestion time 

was 60 min in the vial that contained 50 mg of the enzyme with 100 mg of DTT at 

pH ::::: 7.6. Later on, slow continuous mixing with a magnetic stirring bar reduced the 

time to 50 min. 

A study of the effectiveness of alkaline digestion in comparison with enzymatic 

digestion was completed. Alkaline digestion was employed for part of this study to 

hydrolyse hair so that the majority of the drugs in hair are released in the extracted 

solution. Alkaline digestion was used for real hair samples for ELISA screening for 

different drugs (129,132). Extraction of the hair samples was applied using LLE. 

This extraction method was sufficient to reduce all the contaminants and hair 

residues of the hair samples thus stopping it from affecting the GC-MS analysis. 

Recently, different solvents were used in many drug extraction methods. Ethanol, 

DCM and pentane were the most commonly used in extraction. Pentane for LLE was 
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found to be a very efficient method for the extraction of some analyte from hair 

samples in many methods previously tested before (133). Pentane has some 

disadvantages; it is harmful to human beings through inhalation or ingestion, also its 

high volatility increases the risk of losing a part of the extracted sample. Also, in 

some studies, other problems due to the formation of a gel-like substance (129) have 

been noted. This caused difficulty in separating the pentane layer and thus more drug 

sample was lost. The method developed here was to use a mixture of extraction 

solvents, in order to get the best extraction percentage. 

It was discovered that a 3: 1: 1 ratio of chloroform: ethyl acetate: ethanol gave the best 

results after duplicates of 3 hair samples, spiked with 1 ng/mg of the analyte, alkali 

digested and then extracted using three different methods with pentane, ethyl acetate, 

and a mixture of the three (Table 3.2). Chloroform and ethyl acetate liquid solvents 

are insoluble in water, whereby they have a solubility of 0.056% at 20°C, and 3.3% 

at 20°C and in water respectively (119). Whereas, the hydrogen bonding of the 

hydroxyl group causes pure ethanol to be polar in nature and its nonpolar end make 

it capable of dissolving many ionic compounds, which make it perfect for the 

solubility of the analytes, especially cocaine (128,134). The combination of these 

factors gave a higher recovery in comparison with the other tested solvents regarding 

/19_ THC and cocaine. This LLE method provided a satisfactory precisiun, and 

requires low cost solvents and apparatus. Therefore, it is a more affordable method 

in comparison to other sample preparation techniques such as SPE. In the same way, 

the three solvent extraction efficiencies were compared by calculating the recovered 

percentage of a spiked hair sample to the same concentration of a neat standard 

analysis response. The solvent mixture achieved 95% mean recovery when the 
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amples were extracted at 3,500 x g relative centrifugal force for 15 minutes at 10 

°C. 

T.Jble 3.2 Tnr( e extr c.tlor e p rtm '1ts to .JsSP~S tn recovery p rc. nt g 

Ethyl acetate 70.4 

Pentane 61.3 

Mixture 95 

Thi analytical procedure was able to detect fl.9-THC and cocaine In human hair 

without any interference of any detectable contamination either from the hair matrix 

or from the accompanying procedures of dige tion and/or extraction. AI 0, the hair 

decontamination technique that wa u ed howed no interference in the mas 

pectrum of any of the usual contaminants of the human hair. To make ure that 

there i no variation in any of the method' section (e.g. the instrumental respon e 

to the auto-injector of the GC y tern, interference between the drug and the matrix, 

effect of the dige tion method and extraction or even loss of analytes during the 

ample preparation), the ample wa piked with a very similar deuterated internal 

tandard to the compound being analy ed. This step help the variation to be 

corrected by the recalculation of the ratio of the analyte ignal to the internal 

tandard ignal of each ample. Thus, it would be correcting for any matrix effect 

for all the sample. Although, under the given analytical standard. that were used in 
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this study, no major interference was reported either regarding the hair sample itself 

or the analysis procedure. 

To prevent the build-up effect of cross contamination from previous runs and to help 

regenerate column performance, two 3 flL blank injections of the sample's solvent 

(hexane) were injected through the auto-sampler in the liner in-between each sample 

run. In addition to overcoming any effect which may arise either from syringe 

contamination or inlet contamination due to the large number of injections, a baking 

method of the column was developed at an isothermal temperature, almost close to 

the column maximum operating temperature. (1 flL) of hexane was injected into the 

GC liner at 330°C resulting in a vapour volume of 750 flL, greater than the normal 

sample injection (700 flL) to decontaminate the liner. The column was baked at 

340°C for 60 minutes with a continuous purge pressure of 15 PSI, and the MS was 

operated in a high ionisation voltage at a full scan mode between 50 and 500 rn/z, to 

allow adequate time to flush out the residue of previous runs. After each baking run, 

a blank sample was injected using the normal analysis method to equilibrate the 

column; subsequently a standard was also injected to check the efficiency of the 

column. The septum and the liner were changed, and the column was trimmed at 

least twice during this study. 
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f gure 3.9 Analytes extraction using J mlxtur ot ~o vent~ lIter centr fug ltlon 

The major advantage of this method in comparison to the previously optimised 

methods (129,132,135) was Lhat for the first time a ~9-THC and cocaine analytes 

were analysed without any derivatisation. This development made the method 

economical, rapid, precise, reproducible and cheaper to apply. During the analysis, 

the extracted hair sample was returned to the fridge after cvery run to prevent the 

reconstituted ample evaporating in the auto- ampler. 

3. 13 Optimiscltiol1 of th e pJ'()l edul't· 

Results shown in Figure 3.10 were obtained with the enzymatic and alkaline (NaOH) 

digestions. For these tests, a blank hair sample was used to reproduce true working 

conditions. ~9-THC (5 ng/mL) was spiked into two blank hair sample and dige ted 

with Proteinase K at 37°C or by NaOH at a temperature not greater than 95°C. This 
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process was repeated (n=6) times for each digestion method. Use of Proteinase K 

resulted in an average concentration of 4.85 ng/mL ± 0.23 with 95% recovery, whilst 

the samples digested by NaOH resulted in a mean of 3.15 ng/mL ± 0.1 and 62% 

recovery. 

The reduced extraction recovery when using NaOH could be due to the drug 

degradation caused by the strongly basic NaOH conditions and high temperature. 

This enzymatic hydrolysis method is an improvement over other approaches, which 

could easily cause drug degradation in the presence of NaOH, Hel and high 

temperatures, and thus improve the stability of the method and therefore accuracy. 
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Figure 3.10- Chromatogram obtained after spiking hair with 5 ng L'.9 THe and dlgC'sting it wIth (a) ProtellusP K 

and (b) NaOH 
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3.14 Method v.llidatiol1 

3.15 Chrolllatogr,Iphic llIethod 

The calibration curves were prepared by spiking known concentrations of /l9 -THC or 

cocaine to blank hair samples at 0.02, 0.05, 0.10, 0.50, 1.00 and 1.50 ng/mg, with a 

constant amount of /l9-THC-D3 and cocaine-D3 (1 ng/mg). Excellent peak shapes 

and peak resolution was achieved during the method validation. A linear regression 

analysis of ~9-THC and cocaine showed R2 values of 0.995 and 0.997 respectively. 

Both were established at concentrations ranging from 0.02-1.00 ng/mg for /l9-THC 

and 0.05-1.00 ng/mg for cocaine. This analytical method demonstrated that it was 

capable of detecting as low as (LLOD) 0.015 ng /l9-THC and 0.02 ng/mg for cocaine 

per milligram of human hair with a SIN ratio greater than 3. The LLOQ 0.02 ng/mg 

and 0.05 ng/mg of hair respectively for /l9-THC and cocaine (Table 3.3). The SIN 

values of both analytes were found to be around 10. The extraction recoveries of 

both analytes were within the limits set by the FDA guidelines and summarised in 

Table 3.4. The calculated peak areas from GC chromatograms for spiked 

concentrations were divided by the area peak of the internal standard to determine 

the abundance ratio. To reach the optimum sensitiveness of the anal ytical method, 

sample testing concluded the solvent effect in determining a good peak shape and 

intensity and thereby reaching a lower LOD and LOQ. 
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Compounds Level 

~I)-THC Low 

Medium 

high 

Cocaine Low 

Medium 

high 

Concentration Precision RSD (%) 
(nglmg) 

0.02 

0.10 

0.50 

0.05 

0.10 

0.50 

Intraday 
n=6 per 
each 

15.4 
15.6 

8.0 

12.1 

10.1 

5.1 

Interday 
n=18 per 
each 

18.0 
7.0 

5.0 

10.6 

12.1 
2.8 

Accuracy 
(%) 

114 
110 

95 

98 

101 

110 

Table 3.4: btraction [PlOvery re~ults 

Compounds Level 

~I)-THC LLOQ 

Medium 

High 

Cocaine LLOQ 

Medium 

high 

Concentration 
(nglmgN=6) 

0.02 

0.10 

0.50 

0.05 

0.10 

0.50 

Extraction recovery (%) 

97.48 

100.92 

102.2 

95.8 

99.5 

96.5 
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:~.1 (, Hc,d ~(\mJlIe analysis 

The method was applied to the analysis of 10 randomly selected hair samples out of 

80 samples, which were qualitatively identified positive by ELISA I All the 10 

samples in Table 3.5 were positively confirmed (by ELISA) for ~9-THC (10 

samples) and 1 sample was found to be also positive for cocainej and these were 

confirmed and quantified by GC-MS. Ten hair samples were positively identified for 

~9-THC (HI-HIO), and one also for cocaine. Using the abundance ratios, the actual 

drug concentrations (ng/mg) in the unknown hair samples ranged between 0.05-0.35 

ng/mg hairs for ~9-THC. One sample (HIO) tested positive for cocaine, and was 

measured to be 0.1 ng/mg. All other samples (HI-H9) detected negative for cocaine, 

i.e. it was below the ability of the method to detect it (lower than the LLOD). The 

results of the analysis are shown in Table 3.5: 
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T,)bl" ~ S H.1If ,1I1.1IV"I\ r(',ults of Sdmpl('s u"ing G(-MS 

Hair Age Gender A9.THC Cocaine SD SEM 

samples nglmg nglmg 
n=3 

HI 22 F 0.08 ND 
± 0.006 0.003 

H2 22 F 0.05 
ND ± 0.001 0.001 

H3 18 F 0.35 ND ±0.006 0.003 
H4 21 M 0.20 ND ±O.OOO 0.000 
H5 24 M 0.18 ND ± 0.017 0.010 
H6 22 M 0.09 ND ±0.006 0.003 

H7 20 M 0.08 ND ±0.01O 0.006 

H8 27 M 0.14 ND ± 0.012 0.007 

H9 18 M 0.13 ND ±0.006 0.003 

±O.OO 0.000 
HIO 23 M 0.15 0.1 

±D.015 0.009 

ND = not detected, SD = standard deviation, !)EM standard eJTl)r of mean 

The number of publications describing analytical proccdures relating to drug 

incorporation into hair, decontamination and analysis has increased in recent years 

(105,133,136), but in this research an improved digestion, and GC-MS method has 

been proposed which enhances drug analysis capabilities. lbe sensitivity achieved 

for ~9-THC (LOD 0.01 ngimg ± 0.01 and LOQ 0.02 ng/mg ± 0.01) and for cocaine 

(LOD 0.02 ng/mg ± 0.015 & LOQ 0.05 ng/mg ± 0.01) is better than previous reports, 

which have been obtained from derivatised samples (LOD 0.025- 2.5 ng/mg, LOQ 

0.05-7.5 ng/mg for ~9-THC and LOD 0.03-0.5 ng/mg, LOQ 0.05-1 ng/mg for 

cocaine) which is higher than what was achieved (132,137,138). However, although 

derivatisation is an important factor to improve sensitivity, it can be problematic in 

complex matrices. Derivatisation is sometimes time-consuming, can add possible 

134 



contamination to the sample mixture and could result in a decrease in the sensitivity 

of the method. Also, derivatisation can create new interfering degradation product 

ions of the drug itself (139). Negative results could also mean that the concentration 

of drug in hair is below the detection limit of the method. An additional advantage of 

the increased sensitivity is that the analysis required a reduced amount of hair, thus 

making the method more feasible for drug testing (140). 

The performance in terms of reliability, feasibility and time for analysis can be 

improved by using enzymes. In this study, GC-MS has been performed on 

underivatised, informed positive hair samples for cocaine and !:l9 -THe. 

3.17 Conclusions 
This sensitive, specific, reliable, rapid, facile, and cheap detection method of 

hair analysis has proved to be a useful method of public health research in the case of 

!:l9-THC and cocaine screening. An additional advantage of this method is that, 

unlike previously published work, it does not require derivatisation 

(118,132,136,141). The method that has been developed is capable of detecting 

exceptionally low levels of ~9-THC and cocaine in human hair when only 50 mg 

hair was processed. The chromatographic optimisation offered a maximal sensitivity 

for the analysis. Enzymatic digestion and the given chromatographic and mass 

spectrometric conditions were essential for reproducible and accurate analysis of 

these psychotropic drugs in hair without any interference. Thus, it is a convenient 

and potentially less problematic method which can be employed for routine drugs 

testing. This method can complement conventional blood and urine analysis with the 

advantages of non-invasiveness of sample collection, negligible risk of infection 
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(blood analysis), facile sample storage (small sample size, limited biohazard & 

adulteration/contamination risks) and negligible sample degradation. Also, hair 

analysis could help prevent false negative ELISA results that can be encountered 

from the higher limit of detection or even previously developed GC-MS methods by 

detecting ultra-low concentrations. The limit of detection for ELISA screening was 

found to be (0.5 nglmg for the cocaine kit and 0.3 nglmg for .19-THC). These were 

used as cut-off levels for screening of the hair samples. 
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Chapter 4 

False Positive Drug Results by ELISA 
Associated with Enzymatic Hair 
Digestion 
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s.n Introduction 

The most common definition of a drug is that it is a chemical, natural or developed 

substance and/or constituent used for the purpose of changing a person's mental 

state, and that may be used repeatedly by a person for that effect (142). The term 

'drug' includes psychoactive substances and covers legal and illegal substances such 

as alcohol, caffeine, tobacco, kava, heroin, anabolic steroids, cannabis (marijuana), 

psychoactive pharmaceuticals and inhalants (143). 

Throughout history, humans have always searched for ways to change they perceive 

and feel the world around e.g. music and spiritual meditation. Different cultures and 

societies developed ways to control these hahitat changes and impact on their 

cultures (144). Drugs of abuse have serious consequences to public health and safety. 

Psychotropic drugs are usually divided into classification according to the effect they 

have on the individual. The most commonly accepted classifications of drugs 

include stimulants, depressants, narcotics, hallucinogens and cannabis. Stimulants 

include amphetamines and cocaine while cannabis includes delta-9-

tetrahydrocannabinol, also known as ~9THC (145). 

Globally, 185 million consumers of illicit drugs have been estimated in 2000 by the 

world health organisation (WHO). Cocaine, amphetamine (AM), methamphetamine 

(MA), 3,4-methylenedioxy-N-methylamphetamine (MDMA) and 3,4-
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methylenedioxyamphetamine (MDA) are four of the most widely use stimulants 

whose primary action is to alter cognition and perception to produce distinctive 

emotional and social effects (146). Amphetamines are also used as a performance 

and cognitive enhancer, despite the significant health risks that are associated with 

their uncontrolled or high dosage use (147). Routes of administration are usually 

classified by application location e.g. by oral, inhalation or injection, which is the 

fastest route of administration (148,149). These drugs can easily and actively cross 

the blood-brain barrier and act on the brain cells to alter the normal brain function, 

which result in changes in awareness, mood, consciousness and behaviour (142,150). 

Amphetamines or empathogen-entactogens (including MA, MDA and MDMA) may 

produce an additional stimulant and/or euphoriant effect, thus increasing their use as 

addictive drugs. The detection of stimulant and !l9 THe in any matrix (blood, urine, 

hair, etc.) can result in severe consequences such as the loss of a job, and loss of 

driving license under German regulations. In a study carried out at San Francisco 

General Hospital from 1975-1987, approximately 25% of seizures were found to be 

caused by amphetamine use (151). 

Despite these drug restrictions, drugs are still commonly abused by both athletes and 

the general public. The detection of psychotropic drugs is an increasing problem for 

the legal authorities, and hence there is a constant effort and need to develop new 

strategies for the detection, reduction, prevention and intervention of psychoactive 

drugs. Many social science research studies have focused on the statistical levels of 

amphetamine abuse around the world to try to understand the psychological effects 

(152-154)(155). 
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S. t Hair dl'tl'c:tioll 

Ever since the early 90's, the potential of detecting some stimulants and cannabis in 

hair has been explored (116). Hair testing for drugs of abuse is a developing 

technique that offers the possibility of a longer detection window. Drugs can be 

incorporated into hair through several mechanisms and periods of hair growth. On 

the other hand, it is well known that hair analysis when compared to urinalysis, 

blood and saliva testing (depending on the hair length analysed) has the unique 

potential for determining the retrospective history of drug use. In addition, hair 

samples can be collected while being monitored. The average head has 

approximately 100,000 hairs. Keratin protein, in which also nails and outer layer of 

skin is made, also makes the hair. The visible part of the hair strand is called the hair 

shaft while the invisible one is called the hair follicle. The duration of the hair in the 

head is between two to six years. The hair grows at an average of 1 cm a month see 

Figure 5.1 (156). Hair analysis is not vulnerable to evasive manoeuvres such as 

temporary abstention, excessive fluid intake, and substitution or alteration of 

specimen and samples can be collected without any embarrassment e.g. swapping 

urine samples. Hair analysis is also not subject to false positives, which result from a 

single intake of any type of contaminant (e.g. food or drink); the washing processes 

should avoid false positive results. Furthermore, the samples are easy to store and 

free of biohazards (41). Generally, an appropriate strategy to prove cannabis 

consumption is done by an immunochemical pre-screening test followed by a 

confirmatory test using analytical technique such as GC/MS or LC/MS. Hair 

analysis is focused mostly on the identification of different analytes such as the 

primary psychoactive substance ~9-tetrahydrocannabinol (~9-THC), cannabinol 
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(CBN), cocaine etc. Laboratorie follow different screening strategies, but GC- MS 

analy i the mo t commonly u ed (157 ,158). Enzyme- linked immunosorbent 

as ay (ELISA) are appropriate for pre-screening different drugs, but using this pre-

te t with a large number of different hair ample preparation steps can sometimes 

lead to mi leading re ult , which are cau ed by the immunoa says (antibodies, 

protocol, etc.). 

Anagen 

f. ur <; 1 Hem growth (.yde (23) 

Hair Growth Cycle 

.- Hair follicle shrinks --
~ __ Halr detaches 

from blood supply 

Catagen 

Dermal papila breaks 
awa'y', becomes Inactive 

Telogen 

Hair fiber 
easily pulls out 

/ 

Epidermis 

Return to Anagen 

The result for this study reveal the method i suitable for te ting a broad range of 

recreational drug. and provides . cope for detecting therapeutic drugs and androgenic 

drug. Thu hair analysis, either alone or in combination with urine, blood and aliva 

analysi can be an effective approach for the detection of psychoactive drugs through 

longer period , without forgetting the ide effect that can be cau ed by the 

interference from different hair preparation tep . 
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S.l Hair digestion and slTl'('ning 

Hair analysis techniques have been proposed for the detection of toxicities and an 

individual's nutritional status (159). Extraction of the analytes from hair is made by 

exposing of the hair to hot methanol (160) and overnight incubation of the hair 

strands in an alkaline or acidic medium (161). However, the solvent extraction has 

some disadvantages, including the wrong choice of the solvent, and temperature 

elevation, which can cause drug degradation. The solution provided in the hair 

analysis method should be able to solubilise the drug from the inner core of the hair 

shaft without causing damage to the analyte. This can be achieved by a mixture 

which is suitable for the dissolution of the keratinized source. 

According to many researchers, hair analysis can be a promising technique for drugs 

of abuse screening (129,162-164). It is generally understood that drugs can penetrate 

through the hair shaft by several mechanisms, either endogenously, by ingestion (via 

the blood during hair formation or through sweat and sebum) in the course of passive 

diffusion from the circulatory system to growing hair follicles, which are then 

encapsulated in keratin fibres of the hair shaft, or exogenously, e.g. deposition of 

drugs through external contamination (57,162). In the past few years, many new 

biological extraction methods have been developed in addition to existing chemical 

and organic solvents hydrolysis methods (161,165). However, the chemical 

dissociation can cause drug degradation for chemically unstable compounds. such as 

cocaine, benzoyl ecgonine, heroine and other ester compounds (159,166). Solvent 

extraction cannot be guaranteed to give a complete recovery due to the variation in 

the physical properties of different types of hair (e.g. melanin content, thickness, 
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pores). As a result, the method of choice, which can help in overcoming most of the 

hair extraction and digestion method weaknesses, can be avoided by a more neutral, 

room temperature and analyte protective technique, which can be found in enzymatic 

digestion. 

A biological digestion method works on destruction of the hair shaft structure and 

therefore releases the trapped analytes in hair (140). Enzymes such as proteinase K, 

protease E and protease type VIII have been previously used for hair hydrolysis 

(55,159) to hydrolyse the hair samples without degradation of the unstable drugs. 

Baumgartner and Hill (167) stated that under room temperature (37-40°C), rather 

than very high temperature, and at a neutral pH provides the typical medium for 

achieving best recoveries. A comparative extraction was conducted using NaOH 

digestion of spiked hair samples at 95°C for 119 
-THC and cocaine to measure the 

drugs' degradation (60,166). 

Early studies of hair analysis started with only qualitative analysis of hair samples 

(168). In current research, the digestion method is usually followed by 

radioimmunoassay of the samples before being confirmed by analytical methods e.g. 

GC-MS or HPLC-MSIMS. However ELISA has been used previously for the 

analysis of blood (12,123,169) and urinary samples; it is over the last few years that 

the method has been improved to meet the criteria of hair analysis (60,170,171). 

Unlike GC-MS, (due to impurities in the hair matrix), hair can be examined directly 

on ELISA after digestion. Radioimmunoassay (RIA) is considered as a screening test 

for a pre-analysis step which can be conducted by one of the spectroscopic or 
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chromatographic technique . Poor agreement in analytical results has been reported 

between RIA and enzymatic dige tion (159,172). It is reported that enzymatic hair 

dige tion mixture can re ult in an un de ired effect when used s imultaneously with 

immunoa ay kit . 

5.3 ( •• IS ch .. olllctlog .... phy llIass spectroscopy GC-'\1S 

GC-MS i a en itive technique that has the ability to combine ga chromatography 

(GC) and mas spectroscopy (MS) to determine the molecular weight and purity of 

compound a een in Figure 5.2. 

1 Gas supply 

MS 6 Interface 
11 Control electronics Detector -000000 

§~ o 

9. Detector 8. Mass analyser 7 Ion source 

- 10. Vacuum system 

cr rTl II Did '.1m Of typlL II GC rvtS/M S 

GC 
Separative 
Technique 

Sample inlet -CJOOOOD 
Detector 
amplifier 

§§§CJOO 

(1) Ga supply fed through regulator to filter and obtain ga purity (2) Controls to 

regulate ga pre ure (3) Sample i volatized and injected into the carrier tream via 

ample inlet entering GC column (4) Temperature programmed (5°C- 400°C) 

column oven. (5) GC Column (10-120 m) con isting of a mobile pha e for 

appropriate tran port of ample component via hollow capillary column . Inner wall 

of column coated with a tationary pha 'e (6) Interface to transport GC eparated 
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analytes to the mass spectrometer for ionization, filtration and detection (7) Ion 

source to ionize prior to MS analysis (8) Mass analyser for separation of analytes on 

the basis of mass to charge ratio (9) Detection and transformation of ion beam from 

mass analyser into a usable peeks and data (10) Vacuum system to mass analysers 

for efficient operation (11) Control and selection of MS parameters via a computer

designed software (93). 

:1.4 Matcrials and mcthod 

~".l Chemicals 

The ELISA kits were obtained from Neogen Corporation (Lexington, KY 40511, 

USA). The kits consisted of a drug enzyme conjugate, wash buffer concentrate, 

specific enzyme immunoassay (EIA) buffer, 3,3', 5,5' -tetramethylbenzidine 

substrate, stop solution and antibody coated plate containing 96 wells. A Cary 50 

MPR micro plate reader was provided by Varian Yarnton, UK. Proteinasc K was 

obtained from Tritirachium Album Bacteria, (highly pure ~30 units/mg protein) in 

the form of lyophilized powder obtained from Sigma Aldrich (Poole, Dorset, UK). 

TRIS Buffer and DIT were obtained from MERK (Nottingham, UK). The following 

HPLC grade chemicals and reagents: Dichloromethane, pentane, sodium hydrogen 

phosphate, sodium hydroxide, hydrochloric acid, deionised water, formic acid and 

acetonitrile were obtained from Sigma Aldrich (Poole, Dorset, UK). 
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Hair samples (50 mg) were collected anonymously from 18 male Turkish athletes. 

The hair collection process was approved by Kingston University Faculty Research 

Ethics Committee. The samples were decontaminated by washing 3 times with 

dichloromethane (3 mL) and vortex mixed for 20 seconds. This decontamination 

step should be enough to remove any hair contaminants such as colouring, sebum, 

shampoo, etc., which may interfere with analysis. The hair samples were cut to ca. 

0.5 mm long segments with hand scissors. After the hair has been cleaned, the 

samples were enzymatically digested by Pro K enzyme. 

For the ELISA screening process of this study, the positive results from this 

screening process were further analysed for amphetamines (same ELISA), cocaine 

and ~9-THC detection using GC-MS/MS. Blank hair samples were obtained from 

healthy, non-abusing volunteers living in the UK. All hair samples used for the study 

consisted of at least 48 x 2 cm chemically untreated hair strands cut directly at the 

skin surface (veltex posterior of the head) region, which exhibits a reduced 

variability in hair growth rate in comparison to other regions. All hair samples were 

then stored in individually labelled, sealable paper envelopes, according to approved 

protocols. 

The samples were decontaminated by washing 3 times with dichloromethane (3 mL) 

and vortex mixed for 20 seconds. This decontamination step should be enough to 
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remove any hair contaminants such as colouring, sebum, shampoo, etc., which may 

interfere with analysis. The hair samples were cut to ca. 0.5 mm long segments with 

hand scissors. After the hair had been cleaned, the samples were enzymatically 

digested with Pro K enzyme. 

The decontaminated hair (50 mg) was weighed for enzymatic digestion, to which 

DTI (Cleland's reagent) (50 mg) was added, and the mixture was conditioned with 

TRIS HCl buffer (1 mL) in a glass vial. Proteinase K "also called protease K" (Pro 

K) enzyme was added in a ratio of 1 mg hair: 1 mg enzyme to the pulverized hair. 

The mixture was incubated at 37.5°C for 50 min, whilst being continuously mixed. 

The drug free hair was used as a control. 

5.6 Extraction of drugs 

Hair samples spiked with 1 nglmg of ~9-THC-D3 and amphetamine D3 (uscd as the 

internal standards), were digested with Pro K enzyme. Drug free hair was used as a 

control. The drugs were extracted by 2 different liquid-liquid extraction (LLE) 

methods using pentane (6 mL) and a solvent mixture of chloroform, hexane and 

ethanol 1:1:2 (6 mL). After vortex mixing and centrifugation (1 min at 2,383 x g), 

the supernatant organic layer was transferred into a fresh glass tube using a glass 

Pasteur pipette (to avoid plastic pipette degradation into the samples) and the hair 

residue pellet was discarded. The organic layer was mixed with an aliquot of 1M 
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HCI (25 JlL) which had been diluted to 1 % in methanol to minimise drug 

evaporation during the drying step. The organic layer was evaporated under a stream 

of nitrogen gas at 50°C using a sample concentrator Techno DB-3 (Cambridge, UK). 

Spiked samples of 0.02-1.50 ng/mg were prepared for the !l9 -THC, cocaine, 

amphetamines, and their metabolites for GC-MS calibration plots. The extracted 

residue was reconstituted with 60 JlL hexane and screened on ELISA. The remaining 

residue was transferred to autosampler vials, where 3 JlL was injected into the GC

MS system for confirmation analysis. 

5.7 EI.ISA 

The hair samples were first screened by ELISA. All positive samples were then 

analysed on GC-MS for confirmation. The ELISA screening system consisted of a 

Cary 50 MPR micropJate reader (Varian, UK). The enzymatically digested samples 

were screened by ELISA for the presence of /l9 -THC, cocaine and amphetamines, 

using the manufacturer's procedure for analysis. The qualitative test kit is designed 

for screening and forensic detection of drugs and their metabolites. The ELISA kits 

operated on the basis of competition between the dmg in the hair samples and the 

conjugate for the antibody binding sites on the pre-coated microplate. Enzymatically 

digested samples were loaded into the microplate wells followed by addition of the 

drug-enzyme conjugate and incubated at room temperature away from light, for 45 

min. Unbound sample and drug-conjugate were used and the washing buffer was 

prepared with deionised water and the concentrated buffer supplied with the kit. K

blue substrate was added to detect the presence of the drug-enzyme conjugate. After 

30 mins of incubation, the reaction was stopped by the addition of 1 N H2S04 (100 
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J.1L). The absorbance of each well was measured and read on the microplate reader 

at a wavelength of 450 nm. The concentration of the drug in the well is inversely 

proportional to the colour generated and hence the absorbance. 

5.H GC-MS (:alihrCllion gr.lph tor AM, MA, LllJ-TIiC <lnd co(".lill(' 

Calibration graphs were produced by initially weighing blank. hair (50 mg) into 7 

separate vials. Once the hair samples were cut into small segments; 50 ng of internal 

standard were added to each vial before the enzymatic digestion starts. The blank. 

hair samples were then spiked with increasing known drug concentrations (0.04, 

0.06, 0.08, 1, and 1.5 ng/mg for cocaine and benzoylecgonine, 0.02, 0.05, 0.10, 0.50, 

1.00 and 1.50 ng/mg for ~9-THC, 11-Hydroxy-~9-tetrahydrocannabinol (11-0H

THC) and 11-nor-9-carboxy-delta-9-tetrahydrocannabinol (THC-COOH), 0.05, 0.08, 

0.1,0.15, 0.2 ng/mg for amphetamine and its metabolites. Finally, the hair samples 

were digested for 50 minutes. The homogenate was extracted via liquid-liquid 

extraction using pentane and the solvent mixture (see above method). 

The GC-MS chromatogram for each spiked sample was then used to produce a 

calibration graph. Individual peak areas and abundance for drug concentrations in the 

samples and the standards were determined using the software Enhanced Data 

Analysis MSD enhanced Chemstation version E.02.00.493 from Agilent 

Technologies and then identified with the NIST 2008 mass spectra library. The 

calculated abundance ratios of each anal yte and IS against drug concentrations in 

ng/mL are then used to plot a calibration graph on MS Excel. Individual calibration 
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graphs for 6.9 THC, cocaine, AM and MA allowed us to determine the drug 

concentrations of unknown hair samples. 

5.9 Derivatisatioll of I\M and MI\ 

GC-MS analysis of AM and its metabolites require derivatisation prior to analysis. 

Due to the relatively high polarity of AM, chemical derivatisation is necessary to 

increase volatility and develop more characteristic mass spectral fragment ions (92). 

To achieve this, several derivatisation agents have been used such as trifluroacetic 

anhydride (TFAA), heptaflurobutyric anhydride (HFBA) N, methyl-bis

trifluroacetamide (MBFTA) or N,O-bis- trimethylsily- trifluoroacetamide (BSTFA). 

The most widely used and preferred reagent is BSTFA; it has the ability to react with 

a variety of polar organic compounds and replace active hydrogens with -Si (CH3h 

trimethylsilyl group (TMS). The increased volatility and reduced polarity of the 

derivative makes the molecule more thermally stable but in some cases more 

susceptible to disintegrate than the parent compound. The same concept can be 

applied to other derivatising agents. Derivatisation improves chromatographic 

properties (make the analytes more volatile) and to obtain higher abundance 

fragmentation patterns for mass spectrometry analysis Figure 5.3 (173 )(174). 
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Figure 5.3, illustrate a nucleophilic attack upon the silicon atom of the siJyl donor 

thereby forming a biomolecular transition state. After this point, the silyl compound 

leaving group is basic and able to stabiJ ize a negative charge in the transition state, 

having no tendency to bond back to it elf or the ilicon atom (173). 

The addition ofTFAA to a sample containing AM can increase the molecular weight 

of the sample, thereby allowing better eparation of AM and its derivative MA a.ild 

improve detection during GC-MS analysi . TFAA achieves this by replacing the 

active hydrogen ions on the AM and MA tructure with fluoro groups. The addition 

()f tillee fluoro group. to the ~tlUctl1[e can then incfea e the ma s of the ttloleclJie for 

improved separation (173,l74). 

For cocaine, and ~9-THC with it metabolites, BSTFA + 1 % TMCS was the 

preferred choice, while for amphetamines, TF AA wa the best choice. To find the 

be t derivatising agent, 2 ng/mg spiked sample wa reacted with different 
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derivatising agents. The derivatising agent was chosen based upon the sensitivity and 

precision (highest and most reproducible peak). The extract was dried under nitrogen 

gas at :s 50°C and derivatised with bis(trimethylsilyl)trifluoroacetamide (BSTFA) 

(100 ilL), 1% trimethylchlorosilane (TMCS) (100 ilL) and ethyl acetate (50 ilL) by 

heating at 55°C for 2 hours. The best TFAA derivatisation results were achieved by 

the addition of 140 ilL of the derivatising agent along with 70 ilL of EA, incubated 

at 55°C for 2 hours. All solutions were evaporated with a gentle stream of nitrogen 

at 55 °c, until near dryness, to prevent cross -contamination of the derivatising 

mixture with the sample. Samples were reconstituted with hexane (60 ilL) and 

3.0 ilL of the sample was auto-injected into the GC column. 

S.10 Detection and quantification IIsing GC-MS/MS procedllre 

S.ll Cocaine and L\9-THe analysis 

Electron impact (EI) ionisation mode was used with helium as the carrier gas at a 

flow rate of 1.3 mUmin. Pulsed splitless injection was performed at a purge time of 

1 min and a purge flow of 53 mUmin with an initial pulse pressure of 30 PSI 

reduced to 10 PSI after injection, to enhance the peak shape and sensitivity. The 

oven temperature for the detection of £\9-THC was programmed to start from 50°C, 

held for 1 min, then increased to 200°C at 40°C/min, held for 2 min, and increased to 

280°C at 80°C/min, held for 3 min, to a final step of 310°C at 80°C/min, and held for 

4 min. 
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S,l2 Amphetamine analysis 

For amphetamines analysis, a 15 min run was programmed. The run started with an 

initial temperature of 50°C, was held for 1 min, then increased to 255°C at 

20°C/min, which was then held for 2 min, and to 280°C at 50°C/min, to a final 

temperature of 300°C at 80°C/min, held for 1 min. The injection port temperature 

was set at 250°C. Pulsed splitless injection was performed at a purge time of 1 min 

and a purge flow of 54.2 mUmin. To enhance both the peak shape and sensitivity the 

initial pulse pressure was set at 20 PSI reduced to 10 PSI after the samples injection. 

The quadrupole temperature was kept at 150°C; electron multiplier voltage (EMV) 

2,200 V. 

The analysis of both methods was performed in selected ion monitoring mode (SIM) 

and between samples, at least one control sample was analysed to monitor cross

contamination. The solvent delay time was 7 min, where ~9-THC and cocaine 

metabolites exhibited retention times between 7.9 min and 12.9 min, while for 

amphetamines the solvent delay was 4 min Table 5.1. The precursor and product 

ions of the analytes and internal standard (IS) were: ~9-THC, mlz 371, 386 Rt 9.4 

min; THC-COOH, mlz 371, 473 Rt 13.0 min; OH-THC, mlz 371, 474 Rt 11.8 min; 

~9-THC-03, mlz 413, 370 Rt 10.35 min, cocaine, mlz 303, 182 Rt 9.9 min 

benzoylecgonine, mlz 240, 261 Rt 10.9 min. For amphetamines, MOMA 05 was 

used as an internal standard with, mlz 158, 294 Rt 9.6 min, amphetamine 

(AP), mlz 140, 118 Rt 6.8 min; methamphetamine (MA), mlz 110, 118 Rt 7.6 min; 

Figure 5.4 and Figure 5.5. 
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Table 5 1: Parc1meters set on Gc. MS/MS syste'11 fOf d tt (tmg ~q THC, CO(clln(', MA, MA 

270°C 

30 PSI for 1min 

3 III hexane 

2000 V 

280° C 

-69-THC ::: 9.4min 

-THC-COOH::: 13.0 min 

-OH-THC::: 11.8 min 

-69-THC 03::: 10.35 min 

5.13 Data analysi ,method val idation 

280°C 

30 PSI for 1m in 

3 III hexane 

2000 V 

280° C 

-cocaine::: 9.9 min 

-Benzoylecgonine ::: 

10.9 min 

260°C 

30 PSI for 1m in 

3 III hexane 

2300 V 

280° C 

-{AP} ::: 6.8 min 

-(MA) ::: 7.6 min 

The limit of detection (LOD) was det~rmined according to the ignal-noi c-ratio 

(SIN) equal to or greater than 3 (SIN~3). Limit of quantification (LOQ) was 

determined depending on whether the SIN i equal to or greater tJUlil 1 0 (S/N~ I 0). 

U ing cocaine-d3, THC-d3 and MD5 a internal tandard, calibrator peak. were 

integrated to produce a linear calihration graph. Thi graph wa used to determine 

the drug content (ng/mg hair) in the control and unknown amples. A full can 

pectrum was used to determine the retention time of each drug and its respective 

fragment ion . The e ion were later u ed in the S 1M data . election. The drugs were 

finally verified by matching retention times and the fragment ion on the full scan 

pectra with a pure drug tandard (control) on the arne GC-MS machine and using 

the arne derivati ation method in the ca e of AM Figure 5.6. 
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Samples for quantitative validation at low, medium and high drug concentration 

levels were prepared by spiking negative blank hair controls in a range of 0.01- 0.70 

ng/mg of each drug to assess the inter (between different days), intraday (within day) 

variability, precision, % CV and accuracy (%Bias) for AM, MA, ~9-THC and 

cocaine. The % analytical recovery was assessed at three concentrations. 

5.14 Method validation 

GC-MS validation was achieved by spiking 50 mg of blank hair with solutions of the 

analytes in 60 f.lL hexane resulting in calibrator concentrations of 0.02, 0.05, 0.1, 0.5, 

1 and 1.5 ng/mg for ~9-THC and cocaine Figure 5.5. Cross contamination was tested 

by running different blank hair samples. The results indicated there were no peaks in 

the region of both drug's elution times. The concentrations of the metabolites were 

calculated by comparison of peak/area ratio of the drug with IS to those from the 

calibration curve. The analytical measurement range was from 0.02 to 1.5 ng/mg. 
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5.15 Results & discussion 

~.1.r;.1 ELISA 

The initial ELISA screening using the hair samples derived from Turkish 

participants was carried out. Among these hair samples, 18 had shown positive 

results. The positive 18 samples were further analysed to confirm for drug abuse 

using GC-MSIMS. 14 

5.15.2 Amphetamine alld Ml·th.lIl1pIH·t,lI11illl· 

Linear calibration graphs were established at concentrations ranging from (0-3 

nglmg) for AM and MA. The calibration curves were prepared by spiking known 

concentrations of AM and MA to blank hair samples at (1, 1.5, 2.0, 2.5 and 3.0 

nglmL) or (0.05, 0.08,0.1,0.15, 0.2 nglmg hair). 
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Figure 5.7 displays the GC chromatogram of piked known concentrations at 2 

ng/mg. The first smaller peak in 
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Figure 5.7 indicate the elution of AM and the larger peak indicates the later elution 

of MA. The hape of the peak for AM and MA for each chromatogram also look 

comparable. The peak area had hown to elevate with increasing concentrations. 
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The peak area for 1 ng/mg concentration exhibited the following; abundances were 

AM was (8986359) and for MA (23251130). The abundances then exhibited 

increa es for 3 ng/mg, AM was (23041080) and MA was (75508116) . 
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The peak areas of both AM and MA peaks were then divided by the peak area of the 

iuternal standard to detelmine the concentration u ing the abundance ratio. The 

abundance ratio against AM and MA known concentrations in (ng/mg) are used to 

produce a linear calibration curve. GC chromatograms provide adequate separated 

peak to distinguish AM and MA analytes. 

The peak areas of AM and MA were divided by the peak area of the internal 

standard to determine the abundance ratio and thereby the concentration. The 
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calculated abundance ratio was then cross-referenced with the calibration graph. 

Figure 5.8 and Figure 5.9 to determine the actual AM and MA concentrations 

(ng/mg) in unknown hair samples. All enor values were determined by calculating 

the SD of each drug. 
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The chromatogram pnor to derivatisation displays a reduced peak area, broader 

peak, tailing and poor eparation a a resuit of the less volatile smail molecular mass 

of AM (MW=135) and MA (MW=149) molecules. This is the reason why sample 

were derivati ed using TFAA to provide improved chromatographic sen itivity and 

specificity, hence providing more informative fragmentation of the analyte of 

interest. Figure 5.10 and Figure 5.l1display the difference in AM and MA separation 

through t.~e eluted peaks before and after derivatisation of a controi compound. Post 

derivatisation can provide a more sen itive and improved separation, therefore 

making it easier to differentiate between AM and MA The derivatised ample had 

eluted 2 tight peak in comparison to almost a single peak with subsequent tailing by 
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the un-derivatised ample. The increased volatility and molecular weight, and 

altered polarity as a re ult of the derivatisation provided improved chromatographic 

selectivity and non-tailing peak shapes for AM and MA. Post derivatisation 

increased the MW of AM-TFAA (rn/z 140) to rn/z 231, and MA-TFAA MW of 

rn/z154 to rn/z 245 Figure 5.12. The eluted peaks from the GC chromatogram were 

confirmed by the MS fragmentation. 
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Figure 5.11: Wider peak area and presence of ba eline between peaks can 

provide an improved detection limit. 

The LOD for AM and MA wa (0.02 ng/mg) (uld (0.01 ng/mg) respectively, 

according to the signal to noise rario (S/N) «3). The LLOQ for AM wa (0.04 

ng/mg) and (0.02 ng/mg) for MA. The intra and inter day accuracy (% Bia ) and 

precision (%CV) were evaluated by spiking quality control (QC) blank sample 

(n=6) with three known AM and MA concentrations (AM= 0.16, 0.32,0.70 ng/mg) 

and (MA= 0.1 , 0.2, 0.5) in one day for the intra-day tudy. For the inter-day study, 

each concentration was analysed on three different days. The average concentrations 

and standard deviation (SD) for AM for intra and inter day ranged from (0.16-0.69 ± 

0.01-0.05 ng/mg) and (0.16-0.73 ± 0.01-0.06 ng/mg) (Table 5.3). For MA, the 

average concentrations for intra-day and inter-day ranged from (0.11 -0.52 ± 0.01 -

0.05 ng/mg). 
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The intra and inter day accuracy (% Bias) for AM ranged from (98.02-98.33%) and 

(101.04-103.8%). The % accuracy for MA had ranged from (96.67%-109.20%) and 

(96.67%-108.3%) for intra and inter day. These limits for both are still acceptable, 

since they are between the ±15 % different (see Validation section in material and 

methods chapter). The analytical recovery was determined by comparing the analysis 

of extracted and non-extracted spiked samples at low (0.16 nglmg), medium (0.32 

nglmg) and high (0.70 nglmg) of six replicates for AM and at low (0.01 nglmg), 

medium (0.20 nglmg) and high (0.50 nglmg) for MA (Table 5.4). The recovery was 

over 90% and the regression coefficient (r2) for AM was (0.92657) and (0.92362) for 

MA Figure 5.8 and Figure 5.9. Among the 8 unknown hair samples, AM and MA 

concentrations as lew as (0.08 nglmg) and (0.30 nglmg) were able to be detected 

(Table 5.2). 
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Tabl ., 2 AM and MA concentrations (ng/mgl for 7 pOSltlVt unknown ~ lmplp, In.lIY\('ri by GC Me; In (I 

G004 0.1 ±O.OG 0.30 ±0.035 

G017 0.13 ±0.02 0.79 ±0.03 

G018 o ±O.OO 0.55 ± 0.05 

G029 o ±O.OO 0.50 ±O.OG 

G030 o ±O.OO 0.95 ±O.OlG 

G033 0.2 ±0.025 1.10 ±0.05 

G034 o ±O.OO o ±O.OO 

G037 0.08±O.OO3 1.50 ±0.2 

Mean 0.13 0.81 
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Tabl 5 3 AM Intra day and inter-day validation for GC Me; malys s (f' 6) 

llOQ(0.04) 0.04 0.005 12.55 90.00 

QCl (0.16) 0.16 0.01 5.01 98.02 0.02 

QCM (0.32) 0.33 0.01 4.40 103.44 0.16 ng/mg = 

QHC (0.70) 0.69 0.05 7.49 98.33 95.82% 

0.32 ng/mg = 

99.50% 

llOQ (0.04) 0.04 0.01 14.08 91.67 0.70 ng/mg = 

QCl (0.16) 0.16 0.01 7.23 101.04 0.02 96.50% 

QCM (0.32) 0.33 0.02 7.24 103.60 

QHC (0.70) 0.73 0.06 7.91 103.8 

T bl 54: MA Intra-day and Irter-d1y valirlar· nn i')r GC MS IV'S .In I. or '" 6) 

0.02 0.005 23.14 112.50 

QCl (0.1) 0.11 0.01 12.81 106.67 0.01 

QeM (0.2) 0.21 0.02 7.97 105.00 0.01 ng/mg = 

QHC (0.5) 0.52 0.05 8.69 104.00 93 .94% 

llOQ (0.02) 0.02 0.01 24.84 114.17 0.20 ng/mg = 

QCl (0.01) 0.10 0.02 16.89 96.67 0.01 101.61% 

QCM 0.22 0.01 3.45 109.20 0.50 ng/mg = 

(0.02) 0.54 0.01 1.39 108.3 97.20% 

QHC (0.5) 
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:'.15.-1- ~"-THC and Loraillt' 

Linear calibration graphs were established at concentrations ranging from (0.1-1 

ng/mg) for .19-THC. The calibration curves were prepared by spiking known 

concentrations of THC-D3 to blank hair samples at (0.1, 0.2, 0.4, 0.6, 0.8 and 1 

ng/mg). The calculated peak area from GC chromatograms for spiked concentrations 

was divided by the peak of internal standard to determine the abundance ratio. The 

linear calibration curve was then produced via plotting abundance ratio against 

known concentrations (ng/mg hair) Figure 5.13. The standard calibration was used as 

a reference to determine the .19_ THC and cocaine concentrations (ng/mg) in 

unknown hair samples. The GC chromatogram (Figure 5.14) displayed a peak 

representing .19-THC eluting at (RT=9.4 min). The elution time was confirmed by Rt 

of pure ~9-THC as a reference. Using the abundance ratio, the actual ~9-THC 

concentrations (ng/mg) in the unknown hair sample was determined. 

The method was validated through verifying the method linearity, limit of detection 

(LOD), limit of quantification (LLOQ) intra-day, inter-day precision, and accuracy, 

and extraction recov~ry. The sensitivity of the methocl was evaluated by determining 

the limit of detection (LOD) and limit of quantification (LOQ) for the analyte. The 

LOD and LLOQ for the analytical method for .19-THC detection was (LOD = 0.01 

ng/mg) and (LLOQ = 0.02 ng/mg). The intra and inter day accuracy (% Bias) and 

precision (%CV) were evaluated by spiking QC blank samples with a known 

concentrations in one day for the intra-day study (same day) and in 3 days for inter

day (Table 5.5). The inter and intra-day percent accuracy ranged from (102-

115.50%) and (95.4-110.1 %). The analytical recovery of ~9-THC was determined by 
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comparing the analysis of extracted and non-extracted spiked samples at low (5 

pglmg hair), medium (20 pg/mg hair) and high (40 pglmg hair). The recovery of /::.9_ 

THe was over 90% and the regression (R2) of the calibration curve was 0.95303. 

Table 5 5 l'.9 ·THC Intra day and Inter ddy Val d ,ltlon data for GC MS analysIs (n 6) 

41.45 6.46 15.58 103.63 0.01 

115.50 9.20 7.97 115.50 0.005 ng/mg 

QCM 1020.0 56.57 5.55 102.00 =102.17% 

(0.10) 0 0.02 ng/mg = 

QHC (1.0) 100.92% 

LLOQ 0.6 0.1 18.1 114 0.04 ng/mg = 

(0.02) 2.8 0.2 7.0 110.1 0.01 97.48% 

4.8 0.2 5.0 95.4 

QCM 20 0.6 2.9 100.1 

(0.10) 

QHC (1.0) 
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The results indicate the method is efficient in detecting AM, MA and i19 
-THe at low 

level when 20-50 mg of hair was used for analysis, particularly when working with 
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limited samples. The method was able to detect as low as (0.04- 0.5 ng/mg) for 

amphetamines, (0.015 ng/mg) for ~9-THC and (0.03 ng/mg) for cocaine. Similar 

ranges have been reported in other studies. Wu Y.H, 2007 were able to 

simultaneously quantify AM and MA at concentrations as low as (0.03-0.05 ng/mg) 

using GC-MSIMS analysis. The results of their study confirmed the suitability for a 

simultaneous quantification of a broader spectrum of drugs through a single hair 

specimen (175). Similarly, a study by Martin et aI, 2005 had also been able to 

simultaneously determine enantiomeric ratios of AM, MA and other derivatives. 

Among 11 hair samples tested, the study had found 8 samples containing AM and 

MA. The ranges of AM were (0.17-0.59 ng/mg) and from (0.12-0.31 ng/mg) for 

MA. In fact, their method had also been able to detect AM and (MA) alone in two 

hair specimens; suggesting ingestion of optically pure substances (176). A different 

approach of quantifying AM, cocaine and other metabolites was taken by Paterson 

and Cordero, 2006. Through a two-step derivatistion method using MBTF A and 

MSTFA, + 1 % TCMS agent and GC-MS analysis via full scan and SIM mode; the 

study was able to determine LOQ equivalent to 0.1 and 0.2 ng/mg for AM and 

cocaine. 

The relatively small study group in comparison to the 115 participants in this study 

may have the largest impact on the results. There are also the considerations of high 

subject-to-subject variability of ~9-THC pharmacokinetics and various routes of 

administration taken by participants. The increased systemic bioavailability of 

inhaled ~9-THC in comparison to smoking may provide variations in the detection 

limits. The reported dosage levels, frequency and time frame of abuse (months to 

years) may also playa role. It was unable to detect cocaine concentrations in the hair 

samples of participants, however according to literature the expected cocaine 
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concentrations should ideally range between (0.1-28.9 ng/mg). These ranges were 

confirmed by a sensitive method developed by Cognard et aI, 2005 to quantify 

cocaine and related metabolites in hair of long term cocaine abusers (who had to fill 

a questionnaire of the period of drug abusing). The study had found cocaine ranging 

between (0.5-5.0 ng/mg) (177,178). The limit of detection for AM, MA and cocaine 

in the urine had ranged between (12.5-50 ng/mL) (179). Later Adriaan A.S et aI, 

2009 had been able to accurately and precisely detect similar ranges for AM, of 1.5-

6.25 ng/mL, and various analytes in the urine through extractive-derivatisation and 

rapid GC-MS analysis. Their analysis on urine samples from a large study group of 

110 individuals enabled successful detection of AM and MA at levels as low as 11 

and 19 ng/mL, with a limit of quantification of 20 ng/mL. These results clearly show 

the ability to detect higher levels of AM, MA and cocaine in urine samples in 

comparison to hair samples (180). 

The reason for such higher concentrations detected in urine in comparison to hair is 

due to the pharmacokinetics of the drug via the different routes of administration. 

The rapid absorption into the blood stream, metabolism through appropriate enzymes 

and renal excretion of the drug via urine, can improve the detection time and reduce 

the opportunity for drug degradation. Although urine analysis has the ability to 

provide rapid drug detection, its drawbacks include limited drug history, increase 

risks of false positives and samples can be easily tampered with. The limits of drug 

detection are low with hair specimens in comparison to blood and urine, but these 

can be outweighed by the advantages of providing a larger surveillance window 

(weeks-months), long term drug histories and ability to determine frequency of use. 

If the drug is not metabolized into its metabolites, this allows us to detect the parent 

compound of the drug in the hair matrix. If however the drug is metabolized, this can 
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lead to partition of the parent compound into numerous metabolites such as THC

COOH, OH-THC, Benzoylecgonine. Phase 1 and 2 Metabolism can lead to 

biotransfonnation of the drug into more polar metabolites and facilitate the excretion 

and elimination of the drug. The consequences of such changes may decrease the 

half-life and accumulation of the drug, therefore increase the renal excretion (52). 

The classes of drugs and concentration of these drugs detected may vary among 

different subject groups. This can depend on the sample size and the targeted 

population for the study. It is difficult to point out the exact explanation for 

variations in the results that have been presented, and in comparison to others, 

without knowing the subjects drug history. There are clear variations in the 

detectable levels between long and short exposure to drugs. Clearly evident from the 

results of the study by Skopp et ai, 2007, where an increasing amount of 

cannabinoids including its derivatives had been detected with increasing cumulative 

dose over a period of months in comparison to no exposure by control subjects (66). 

As with increasing age, the deterioration in renal function can have a large impact on 

the excretion of drugs. The reduced excretion of both therapeutic and harmful 

substances can be detected at large concentrations or have a substantial risk of drug 

toxicity. The degree of drug incorporation into hair has a large influence on the 

quantification and detection of drugs. Several studies have confinned the increasing 

incorporation of drugs in individuals with high melanin content in the hair. Although 

two subject groups may have consumed the same drug concentrations, the variability 

in the results may still lie among different ethnicities or racial groups. The different 

hair colours, textures, conditions and cosmetic treatments among participants may 

also have influenced the results obtained here and by other researchers in literature. 
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Lower detection limits of analytical methods have improved accuracy of hair testing 

methods therefore providing future scope for analysing particular psychoactive drug 

abuse, potential toxic therapeutic drugs or several other harmful substances of abuse. 

Hair analysis can provide several advantages over traditional methods of detection. 

Nevertheless, the limitations of hair analysis include the biological variations of hair 

growth, multiple mechanisms of drug incorporation, effect of external factors on 

stability of and retention of drugs and role of pigmentation; which may vary among 

different ages, genders, race and ethnicity. The frequency of drug of consumption 

and lag time between drug administration and appearance in the hair may vary 

among individuals. 

The false positive results obtained from above study made it necessary to investigate 

this issue further in detail. The following part of the study examines the reasons 

leading to these false results and ways to overcome this ohstacle. 
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5.16 False positin' drllg rl'sults hy ELISA assodated with l'II/VIl!.II!( 

hair digl'"tioll 

This experiment has been designed based on the previous study to develop an 

immunological screening test followed by a GC-MS confirmation method for the 

simultaneous analysis of .19-THC, THC-COOH, OH-THC, cocaine, 

benzoylecgonine (BZ), amphetamine (AP), methamphetamine (MA) in human hair 

and avoiding the significant factors responsible for drug degradation by acid and 

alkali hydrolysis and to obtain optimal recovery conditions. Enzymatic hair digestion 

was used to hydrolyse 18 Turkish samples using Proteinase K, Dithiothreitol and 

Tris Hel buffer. Ail samples were positive when screened by ELISA for .1 Q-THC 

and cocaine. 

5.17 EnzYIIl,Itil digestioll ,lIld analysis 

Cross reaction lead to false positive results in the pre-screening step as a result of the 

degradation of the antibodies in the pre-coated ELISA microplate. In this study, the 

method investigated the pattern of drug screening and analysis. At the beginning. 18 

out of 18 samples screened positive on ELISA, but later it was revealed that only 2 

samples were positive for .19-THC and THC-COOH. Hair (50 mg) was digested 

enzymatically with Proteinase K and the sample was incubated in a water bath at 

37°C for 1 h. Using a threshold of 0.1 ng/mg in 50 mg hair, two positive results 

were found in 18 cases. 16 out of 18 positive detections were not be confirmed by 

GC-MS. It was concluded that the use of hair analysis can reveal both unknown 
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drug use, as well as confirm a period of drug consumption. The proposed GC-MS 

method showed high sensitivity, was simple and easy to perform and showed 

appropriate feedback for screening purposes. 

5.1H Desalting foilltnn 

5.19 Protein desalting spin folutnn preparatioJl 

Desalting Zeba column (Thermo Scientific, UK) is a size-exclusion chromatography 

resin that provided excellent protein performance to desalt the enzymatic buffer of 

protein samples. 

Desalting was performed by unsealing the bottom through twisting and loosening the 

cap to prepare it for the run. The 5 mL columns were inserted in 15 mL tubes as 

collection tubes. The columns were then centrifuged at 1000 x g for 2 minutes to 

remove the stored solution and then a mark was placed on the side of the column 

where the compacted resin is slanted upward. The columns need to be conditioned 

by the addition of 2.5 mL of the buffer and centrifuged at the same speed for 2 

minutes to remove the buffer. This step was repeated 3 times. New, 15 mL collection 

tubes were used for the samples' desalting. The 1 mL enzymatic digested samples 

were slowly added to the centre of the compact resin bed. At the final step, the Zeba 

columns were centrifuged at 1000 x g for 2 minutes to collect the sample. The 

columns were discarded after use without the option of reusing it. The collected 

samples were then screened by ELISA. 
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S.20 l>iSfU<.;sioll 

Enzymatic digestion can provide a recovery of 80% for cocaine metabolite, while 

alkaline hydrolysis causes its chemical destruction (166). The verification of alkaline 

destruction of psychoactive drugs and their metabolite was achieved by a recovery 

study that was carried out on reference specimens, where it was reported a loss of 

drugs due to alkaline digestion with a lower recovery as compared to direct spiked 

hair extraction (60,166). In order to ensure the maximum amount of drugs were 

retained, enzymatic digestion was used. Cross-reactivity was observed for the 

enzymaticall y-digested metabolite. 

The ELISA assay carried out on selected drugs of enzymatically hydrolysed samples 

was positive in 18 cases; higher readings with respect to the values expected were 

observed for enzymatically digested samples, where OTT and Pro K were used. 

Tnree experiments with different sample preparation methods were used to evaluate 

the optimum digestion method. A replicate of 30 ng/mg of spiked hair sample and a 

blank sample were screened on ELISA, the comparison of the enzymatically 

digested sample with th~ control showed very high concentration values. The results 

of these preliminary tests are illustrated in Table 5.6. After many replicates and 

different digestion methods, it appeared that the cross reactivity was the result of the 

enzymatic digestion. Instead, no significant interferences of Solutions Band C were 

observed when digested differently with the ELISA kit. 
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Info ELISA Recovery (ngfml) 
Solution A Hair + Proteinase K + OTT + buffer 65 
Solution B Hair + NaOH + HCL + buffer 27 
Solution C Hair + Methanol + buffer 28 .. .. 
For composItion of mdlVldual solutIOns used see Matel1ll1s and methods 

The desalting columns were able to filter the samples of proteins which are bigger 

than 1000 daltons (Da). When samples were screened by ELISA it gave the same 

false positive values. The desalting columns were capable of desalting some of the 

proteins (digestion enzyme Pro K) without being able to avoid the negative effect of 

the 5% of the Pro K left behind after the filtration step (95% can only be desalted 

according to Thermo Scientific). Another factor that the desalting columns were able 

to avoid was DTT. The desalting column is not engineered to be able to trap OTT. 

The combined effect of the 5% of the enzyme left in the samples and the OTT led to 

the false positive results Figure 5.15. 

According to the ELISA assay theory, the kit operates on the principle of 

competition between the enzyme conjugate and the drugs in the sample for a specific 

number of specific antibody sites on the pre-coated assay. Analytes are added at the 

beginning to the microplate wells, then followed by the enzyme conjugate and 

incubated at room temperature. A competition for the binding sites between the 

analytes and the ELISA conjugate takes place. After incubation, the wells are then 

washed, clearing any unbound extra materials. At the end, another incubation period 

takes place in the presence of the substrate which binds to the enzyme conjugate. As 

described in the materials and method section, the concentration of the drug in the 

competitive ELISA is inversely proportional to the colour intensity of the plate 

reader results. For example, the presence of the drug will show in a light colour or no 
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colour as the concentration of the analyte increases. The absence of the drug anaJytes 

in the microplate will result in a dark colour. 
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OTT is a strong reducing agent which has a redox potential of -0.33 V at pH 7 (181). 

The reduction of a typical disulfide bond proceeds by two sequential thiol-disulfide 

exchange reactions (181-183). The same principle apply to the antibodies in the plate 

and it proves that the oxidised OTT breaks the disulfide-bonded resulting in the 

denature of the disulfide bond-linked heavy and light chains and also at the hinge 

region of the ELISA's antibodies. Proteinase K extracted from fungus Tritirachium 

album is commonly used for its broad specificity and its ability to hydrolyse keratin 

(hair), hence, the name "Proteinase K". The main location of cleavage is the peptide 

bond bordering to the carboxyl group mostly on the fragment crystallisable 

region (Fc region) of aliphatic and aromatic amino acids with a blocked alpha amino 

group (131). OTT as a denaturing agent is used to unfold the protein substrates and 

make them more accessible to the enzyme to attack and break up the hair. After 

studying the function of both OTT and pro K, it appeared that both have an 

undesired effect on the particular antibodies. It was found that it has the same effect 

on the RIA assays. This was further proved when a couple of the microplate wells 

were washed with only a solution of Pro K and OTT followed by a blank sample and 

a spiked sample and all results were with a low absorbance value, strengthening the 

theory of the denatured antibodies. As shown in Figure 5.15, if the drug is not 

present more substrate-conjugate binding will occur and higher colour intensity 

should be seen under the microplate reader. On the other hand, when the antibodies 

are been destroyed by OTT and the enzyme, there will be no place for the conjugate 

or the antigen (drug in this case) to bind and therefore it results in no binding of the 

substrate- conjugate complex and showing no colour, but giving the assumption of 

low absorbance reading of the wells and therefore false positive results. 
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Due to the false positive results that were appearing at the end of the ELISA 

screening, Liquid-Liquid Extraction was used to clear the orr and deactivate Pro K 

enzyme inhibitor. Pentane was used in LLE due to its low polarity and since orr is 

not soluble in pentane. 

All the 18 hair samples were clear of the additives and extracted and screened again 

by ELISA Figure 5.16. The LOQ of ELISA using enzymatic digestion and extraction 

by pentane was 0.02nglmg while the LOD of the GC-MS method was 0.015 nglmg 

hair. The results this time were different, 2 samples appeared to contain t19-THC on 

ELISA. GC-MS confirmed these samples contained t19-THC and THC-COOH 

(Table 5.7). 

5.21 ELISA validation 

At the beginning of the validation process, several analytical parameters were first 

examined for ELISA. The optical absorbance of the calibration standards on the 

plate reader decreased as the concentration increased (0.04, 0.06, 0.08, 1, and 1.5 for 
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cocaine and metabolites and 0.02, 0.10, 0.50, 1.00 and 1.50 nglmg for I)-Til and 

metabolite. Po itive control and the calibration curves were conducted for each new 

plate to ensure the kit wa working properly. After this, negative quality controls 

(hair ample) were run for each serie in the ame kit (any reading on the plate 

reader was below 1.276 at 650 nm wa con. idered positive and any reading higher 

than thi value wa con idered negative) (Figure 5.17: Standard curve for LISA 

cocaine re ults (n=3). The two po itive ample detected on ELI A were not 

quantified, but were only qualitatively analy ed. Repeatability of the assay was 

evaluated by creening spiked hair specimen with a known amount of drug') on the 

same day. 

Table 5 7 QuantltatlVf> 6( VI') hllr fE-suits 

NO ND ND 
NO NO NO 
NO NO NO 
NO NO NO 
NO NO NO 
NO NO NO 
NO NO NO 
NO NO NO 
0.3 0.1 NO 
NO NO NO 
NO NO NO 
NO NO NO 
NO NO NO 
NO NO NO 
0.2 NO NO 
NO NO NO 
NO NO NO 
NO NO NO 
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There is an increasing interest in toxicological hair inve tigation as a marker of 

individual exposure to many toxicant such a illicit substances. This has made the 

analysi fea ible by the extension of a simple, highly sensitive and reliable method of 

detection u ing gas chromatography rna s spectrometry instead of many other 

techniques (184). Hair analysis for many substance can be difficult and expensive; 

also ELISA kit don't have a general acceptance due to their very narrow selectivity 

without being able to specify some drugs and metabolites. However, the rapid 

ELISA screening method can horten the time and minimise the waste of re ources 

on blank ample, 0 only po itively creened samples continue their way through to 

confirmation analy i . The enzymatic hair digestion that was performed followed by 
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ELISA screening showed some interferences with ELISA and the enzymatic 

digestion. False positive samples appeared to be confirmed as negative on ELISA 

due to Drr and Pro K denaturing the antibodies inside the microplate wells. LLE 

and enzyme inhibitors were the key to overcome this problem. This removed 16 false 

positives lowering it down to only 2 users. 
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Chapter 5 

Discrimination of car tyre rubber 
samples using ICP-MS, ATR-IR and 
Pyrolysis GC-MS and the subsequent 
matching to skid marks 
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7.0 Introduction 

Road safety statistics showed that there were 4,379 road traffic hit and run collisions 

on the roads of Greater London in 2004, which makes up 15% of the total road 

traffic collisions (72). The inability to accept responsibility for the accident is not the 

only reason for hit and run accidents; in 2006 Transport for London estimated that 

approximately 4-5% of drivers in the UK are driving illegally, this could be as a 

result of drink driving conviction, driving without a legal licence, valid insurance, 

using a stolen vehicle, speeding, or driving under age (72). 

Vehicle tyre skid marks are useful pieces of evidence following hit-and-run 

accidents. The tyre traces are produced due to the friction (braking or skidding) 

between the tyre and the tarmac or other road surface. The rubher particles which 

deposit on the road surface as skid marks can be collected for assessment and 

investigation purposes to determine linkage between tyre marks on the scene and the 

vehicle suspected to be involved in the accident (81,185). 

A variety of visual physical measurements are made at the scene from the tyre 

striation marks. These include; the number of skid marks, the width of each striation 

left behind (deposited by the left and the right tyres of a vehicle) and the distance 

between each parallel and diagonal skid mark measurement (i.e. between left and 

right skid marks) compared to the wheelbase of a suspected vehicle. These 

measurements provide the forensic scientist with physical assessment of the features 

of the tyre, which can enable to identify the tyre that produced the striation, with the 

help of databases, to identify the tyres (i.e. brand and model of tyres) which could be 

at the source of the trace, for example, the Treadmate® database (186). However, 
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any defective features of tyre skid marks observed on the road surface could make 

the identification questionable. The physical measurements may not be satisfactory 

to link the vehicle to the crime scene due to poor weather or surface conditions 

which make it more difficult for the measurements to be completed. Furthermore, 

during the skidding process the shape and details of the tyre patterns and ribs become 

unreadable (81). In some cases, where the recognition of the tyre pattern is poor, it 

may affect the visibility of the number and width of striations, information which is 

vital to help determine the source of the trace. For example, in cases where only one 

trace is visible, this will make the calculation of the wheelbase measurements almost 

impossible, thus making the physical traces completely useless (80). 

The disadvantages associated with the visual match tests that are carried out at the 

crime scene highlight that a controlled chemical method could help strengthen the 

integrity of the evidence within the case. Chemical tests may answer many questions 

related to tyre samples, independent to the features of the car lyre, pattern and 

physical properties of the skid mark on the crime scene. 

The tyre black skid mark will be left by the abrasion of the tread; it is a result of the 

friction during the braking or skidding process between the tread areas of the tyre 

with the road surface. The rubber that the tread is made up of is a composite of 

different materials such as styrene-butadiene co-polymer (SBR), a synthetic rubber 

that is often substituted in part for natural rubber (187). Polybutadiene is also used in 

combination with other rubbers because of its high resistance to wear and its low 

heat-build-up properties (188). Carbon black supports the rubber with high 

reinforcement and abrasion resistance (189,190) along with natural rubber and other 

chemical additives (191-193). The ratio of each of these compounds varies with each 

tyre manufacturer and model, therefore these features could be used as a comparative 
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tool to differentiate between the types and models of tyres, as well as match the tyre 

with the skid mark at a crime scene (194). 

Pyrolysis gas chromatography mass spectrometry (PY GC-MS) is an analytical 

technique where the tyre rubber samples are heated to breakdown, and the individual 

constituents of the decomposed materials are separated by gas chromatography, 

before being detected and identified using mass spectrometry (195). Several studies 

have investigated tyre trace analysis using PY GC-MS (73,78,82,83). These co

workers analysed between 12-59 different tyre samples; and based on the calculated 

relative percentage content of selected compounds that were used within each tyre, 

and the subsequent variations of specific chemical compounds across all samples 

(194), and showed that it was possible to discriminate between different tyre 

manufacturers. 

Many research methods have been published on inductively coupled plasma mass 

spectrometry (lCP-MS) (196-199) and its importancc in the analysis of mctals in 

different matrices; however to the authors' knowledge, this study is the first of its 

kind that has analysed metals in rubber from tyres. ICP-MS is a reliable and accurate 

technique that is capable of detecting trace metal concentrations down to part per 

trillion levels (200) and could accompany Py GC-MS in tyre identification (198), 

along with attenuated total reflectance infrared spectroscopy (ATR-IR). These can 

be utilised in order to compare raw rubber tyres and the skid mark produced from 

them, in order to produce a match. 
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7.1 !\1,ltl'rials and methods 

7.1. Optimisation of tht' I11t'thods 

Twenty-one tyres, which were previously used on Britain's roads, were donated by 

National Tyres Ltd, Kingston upon Thames. The brand, model, size, and country of 

manufacturer for each tyre are listed in Table 7.2. All twenty-one samples were used 

to simulate skid marks. The skid marks were also analysed using the same analysis 

methods and interpreting techniques which was used in the tyres analysis to compare 

it and discriminate it from the related tyres. Four different brands of tyres (N° 2, 3, 

12, 17); Michelin, Avon, Firestone and Pirelli tyres (plus different models within 

each brand) were used for the development and optimisation of Pyrolysis GCIMS, 

ICP-MS and ATR-IR methods. Replicates (n=5) of different tyres brands and models 

Michelin Energy [l Spanish (N° 21) and 4 French manufactured (N° 17,18,19,20)], 

Michelin Agilis 87 (~ 9), Michelin Primacy (N° 5), (3 tyres) Firestone TZ300 [2 

Spanish (~ 2, 4) and 1 French manufactured (N° 8)] Avon ZV5 (N° 3), Pirelli 

PZERO (N° 14), Pirelli Euforia (N° 16), and Pirelli P6000 (N° 12) were used to 

assess if the methods were replicable and accurate. Any variation that may exist 

within the manufacturing location was also taken into consideration. 

192 



l,lbl,' 7 I lyre Silmple, used in the method Opllllll'>,lll{lll 

Tyre brand/model SampleID 

Michelin Energy(Spanish) 21 

Michelin Energy( 4 French) 17,18,19,20 

Michelin Agilis 87 9 

Michelin Primacy 5 

Firestone TZ300 (2 Spanish) 2,4 

Firestone TZ300 (1 French) 8 

AvonZV5 3 

PireUi PZERO 14 

Pirelli Euforia 16 

Pirelli P6000 12 

7.3 Sample collection 

Fifty seven tyres, which were previously used on Britain's roads, were used in the 

whole study. Out of the original number, only twenty-one tyres and their skid (trace) 

marks were used in the comparison and matching part of the study. The tyres were 

donated by National Tyres Ltd, Kingston upon Thames. All twenty-one samples 

were used to simulate skid marks. Four different brands of tyres; Michelin, A von, 

Firestone and Pirelli tyres (plus different models within each brand) were used for 

the development and optimisation of Pyrolysis GCIMS, ICP-MS and ATR-IR 

methods. Replicates (n=5) of different tyres brands and models Michelin Energy (1 

Spanish and 4 French manufactured), Michelin Agilis 87, Michelin Primacy, (3 
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tyres) Firestone TZ300 (2 Spanish and 1 French manufactured) Avon ZV5, Pirelli 

PZERO Pirelli Euforia, and Pirelli P600 were used to assess if the methods were 

replicable and accurate. Any variation that may exist within the manufacturing 

location was also taken into consideration. 

7.4 Rotating rig 

A wheel balancing rig was used for this purpose at a speed of ::::: 200 rpm.. Each 

wheel was fitted on the rotating rig, clipped with the safety nut to ensure the stability 

of the wheel during the rotation period. The wheel starts its rotation until the 

machines reaches the max stable speed, then an abrasive sheet was brought close to 

the rubber material of the tread area (avoiding any cross contamination from the 

different areas of the tyre e.g. side walls) of the tyre to replicate the friction that is 

occurring in the real-time sudden brake scenario. The rubber fragments, which were 

produced as a result of the friction between the tyre rubber and the abrasive sheet, 

are then collected on an uncontaminated plastic plate to be stored later in a plastic 

tube (with lids) for further analysis. The rig is used rather than a skid pan to prevent 

dIe exposure of t}Te samples to any contamination from the road surface Figure 7.1. 
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7.S Tyrc trd n' s<lmplt.' collection 

Samples were collected from a variety of tyre manufacturers using car tyres of 

different sizes Table 7.2. A replication/simulation of the friction that occur whilst a 

vehicle is braking wa carried out to expose the rubber to the arne conditions that 

the tyre is exposed to during the braking process. The braking te t wa performed on 

a tyre mounted on a rotating rig. The rig rotated at a constant speed for all tyres, and 

an abrasive sheet was brought into contact with the tyre during the rotation period to 
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replicate the friction between the tyre and the road surface (abrasive sheets were 

changed with every tyre to avoid cross contamination). The tiny tyre rubber residue 

(:::::: 10 mg) traces were scratched off and collected on separate plastic plates. 

The samples were then stored in a dry place using plastic screw cap tubes. Due to the 

small amount of skid marks removable from the surface, only 10 mg for each skid 

mark produced from the same collection run was collected for the analysis. To 

examine if the abrasive sheet had any effect on the chemical analysis, control 

samples of polypropylene fragments of (n=3) were tested using the same conditions 

as the tyre samples using. No compounds were found, apart from a trace amount of 

aluminium when tested with ICP-MS. 
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Table 7.2 Details of the tyres that were used in this research . 

Saml,!les Manufacturer Model Size nOM Origin 

1 Michelin Pilote HX 2051501R16 081200 France 
4 

2 Firestone TZ300 185/651R 15 421201 Spain 
0 

3 Avon ZV5 195/601R15 231200 England 
9 

4 Firestone TZ300 185/651R 15 051201 Spain 
1 

5 Michelin Primacyhp 2051551R16 301201 France 
1 

6 Bridgestone Turanza ER300 2051551R16 271200 Spain 
9 

7 Avon Enviro CR322 175nOIR13 221200 china 
2 

8 Firestone TZ300 A 205/551R16 021201 France 
0 

9 Michelin Agilis 87 205/651R16C 121200 France 
6 

10 Continental conti premium 195/601R15 381200 France 
contact 2 6 

11 Avon ZV5 2051501R16 12/201 England 
0 

12 Pirelli P6000 165/651R14 101200 Italy 
5 

13 Michelin Energy 2051551R16 011200 Spain 
5 

14 Pirelli PZERORosso 225/45/ZR 17 101201 Romani 
0 a 

15 Michelin Energy 175/651R14 231200 Spain 
0 

16 Pirelli Euforia 195/551R 16187 451200 German 
H 8 Y 

17 Michelin Energy 185/651R15 321200 France 
6 

18 Michelin Energy l85/65/R 15 311200 France 
6 

19 Michelin Energy 185/651R15 311200 France 
6 

20 Michelin Energy I 85/65/R 15 321200 France 
6 

21 Michelin Energy 175/651R14 231200 Spain 
0 

22 Dunlop SP Sport Maxx 205/551R16 421201 German 
2 y 

23 Michelin pilot ex alto 1951501R15 501200 Spain 
3 

24 Bridgestone b391 1651701R14 34/200 Spail197 



5 

2S Michelin energy 195/601R15 481200 German 
4 y 

26 Kleber Nioxer 165/65/R 13 171200 France 
7 

27 Continental contipremium 195/501R15 091200 German 
contact 2 8 Y 

28 Bridgestone Turanza ER300 215/55/ZR16 OS/201 Poland 
0 

29 Pirelli P6000 2051501R17 04/200 German 
7 y 

30 Barum Brilliant 2 1751701R14 24/201 Brazil 
1 

31 Michelin energy 185/651R15 481200 UK 
4 

32 Yokohama Advan AlIA 205/501R16 381200 Japan 
8 

33 Bridgestone b250 175/651R15 10/200 Italy 
7 

34 Bridgestone potenza 225/451R18 481201 Poland 
0 

3S Kumho Sulus KH15 185/601R14 131200 Korea 
8 

36 Pirelli P3000 165/651R14 10/200 Italy 
5 

37 Bridgestone potenza 225/45/R18 03120) Poland 
0 

38 Firestone F590 175/651R13 041200 Spain 
4 

39 Firestone F590 175/651R13 091200 Spain 
5 

40 Belshina GEA391 1551701R13 081200 Belarus 
4 

DOM indicates the date of the tyre's fabrication; the first number shows the week of the year and the last number 
shows the year it was made. 

7.6 Tyre sample collection 

Approximately between 3-4 g of each raw tyre rubber sample was collected from the 

tread of each tyre before simulating friction. The rubber samples were then stored in 

a dry place using plastic screw cap tubes Figure 7.2. 
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Flgur 7 2 Rubber S' lmples ana'ysls por e~s 

7.7 Methods 

7.S Chemicals and reagent') 

Nitric acid 67% NORMATOM® for trace metal analysis and metal standard 

reagent were obtained from VWR (Leicestershire, UK). Hexane, dichloromethane, 

nitric acid lab grade and all the other organic solvents were from Fisher Ltd. 

(Leicestershire, UK). 
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7.9 Instnllllcntatioll 

7.9.1 Pyrolysis (;C-MS '>,1111 pIt' prt'p.lJ",ltioll 

Similar sample sizes and thicknesses were used to get the best replicable sensitivity. 

The solid tyre and skid mark debris samples were cut into pieces of approximately 

the same shape, thickness and mass before the analysis (200-300 Jlg), and inserted 

without any further preparation into the quartz tubes. The combustion was carried 

out in pure fused quartz tubes (99% Si02 deposited on a bed of similar quantities of 

quartz wool) filled to almost 10 % of the tube. The quartz tube was then inserted in 

the probe bore of the pyrolysis unit and placed with the plunger into the furnace 

pyrolyzer (CDS, Oxford USA). To minimise errors due to the position of the sample 

inside the pyrolyser filament, each piece of tyre was deposited on the surface of 

quartz wool, filling half of the quartz tube. Three analyses per trace were performed 

with the same Py-GCIMS method as for the tyres samples to check the method's 

repeatability. To achieve that in method development, samples were ran again by the 

pyrolysis method to check that no more compounds are still in the left carbon solid 

powder. 

7.9.2 Pyrolysis GCMS 

The pyrolysis method was performed by introducing the samples into a heated 

chamber, where the sample is vaporised and pyrolysed with a heated platinum coil 

filament, installed in a Pyroprobe Series 5200, embedded with software (5000 DCI) 

version 1.62 from (CDS Analytical, USA). The helium gas flow was maintained at a 

specific pressure throughout the pyrolysis period until decomposition vapours 
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reached the GC column. The separation and detection of the resultant chemicals was 

carried out using an AGILENT Technology 7560 gas chromatograph, in 

combination with an AGILENT 5860 XL EIICI MSD Triple Axis Detector mass 

spectrometer operating in electron impact ionisation (EI) mode using helium carrier 

gas with a flow rate of 1.4 mUmin. The analytical column for GC was a BP-X5 SGE 

Forte Capillary column (Victoria, Australia) (30 m x 0.25 mm x 0.25 ~m l,w,ID) 

(5% phenyl polysilphenylene-siloxane). The injector was set at 280°C. Split 

injection was performed for a purge time of 0.5 min with a split ratio of 53.6, a split 

flow rate of 75 mUmin and an initial pulse pressure of 20.4 PSI. This enhanced the 

peak shape and sensitivity. The GC oven temperature for the analysis of the rubber 

samples was programmed to start at 45°C, held for 6.5 min, then increased to 150°C 

at 5°C/min, held for 5 min, to a final step of 335°C at 70°C/min, held for 3 min to 

clean the column. Full scan mode was used to detect all separated compounds. The 

pyrolyzer interface temperature was set at 60°C. Quartz tubes were baked at 1,250°C 

to avoid cross contamination. 

7.lJ.3 \ IU-/U ",llllpk [II ('Ilit ,,111111 

Using the same sample collection method, tyre samples were decontaminated prior 

to the IR screening. The tyre samples were sliced to a thickness 0.5-1 mm. In the 

same way, 5 mg of the skid marks were anal ysed on the ATR diamond crystal. 
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Thenno Scientific Nicolet ID5 ATR-FfIR spectrometer was equipped with 

deuterated triglycine sulfate (DTGS) KBr detector, and diamond single-reflection 

crystal. The instrument was controlled with Thermo Scientific OMNIC software for 

data analysis. Eight scans were made between 600-4000 em-I. The resolution was 8 

em-I and the optical velocity was 0.4747 em/sec. 

7.tJ,'l ICP-\IS s,lIl1ple preparation 

The collected tyre rubber samples and trace samples were washed with D 1 and then 

decontaminated to remove any road debris or road tar residue. Decontamination was 

carried out using a mixture of dichloromethane and ethanol 1: 1 ratio. This solvent 

mixture (10 mL) was added to each sample and vortex mixed for 2 mins (repeated 3 

time"i). The samples wert~ rinsed with DJ water to remove all the excess solvent and 

thus prevent rubber damage. The organic and water residues were evaporated under 

a gentle stream of nitrogen gas at 50°C using a hotplate concentrator Techno DB-3 

(Cambridge, UK). The samples were then weighed and digested for ICP-MS 

analysis. 

7.1 () ~{lIhhl'r digestion 

[n order to prepare the rubber samples and skid marks for the ICP-MS analysis, 

samples had to be digested. Rubber and trace samples were decontaminated. 100 mg 
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in excess ( ~ 2 mg were used) of the rubber samples and 10 mg of the trace were 

weighed and placed into glass vials (vials were pre-treated treated overnight in 50% 

nitric acid (HN03) in 01 water to avoid cross contamination). Metal trace nitric acid 

(5 mL) was added to the vessel (taking in consideration the 10 fold dilution between 

the trace and the rubber sample). Vessels were then covered with a relief valve and 

outer lid. An advanced sensor technology MARS (MARSXpress by CEM, USA) 

was used in the digestion process (Buckingham, UK). The digestion method was 

optimised to get the best digestion (104). The heating cycle lasted in total for 27 

minutes. Heating started at room temperature and then increased to 400 W for 10 

minutes (at a rate of 100%) and held there for 2 min and then increased to 800 W for 

another 10 minutes (at a rate of 80%). After digestion, the solution was made up to 

50.00 mL with de-ionized water (tubes were soaked overnight with 20% nitric acid 

in 01 water). The solutions were centrifuged at 3,500 rpm for 10 min and decanted to 

fresh tubes prior to analysis by ICP-MS. 

7.11 ICP-MS 

Tyre and skid mark samples were analysed using an AGILENT Technology Agilent 

7700 inductively coupled plasma mass spectrometry (ICP-MS) in combination with 

a 7700 Agilent Octopole Reaction System (ORS3) cell for effective removal of 

interferences in complex and variable samples. Its high-temperature plasma of argon 

gas operating at both collision mode and reaction mode was connected to an ASX-

500 autosampler (Agilent Ltd., California, USA) Table 7.3. The injection needle was 

rinsed with de ionised water (01) and 2% nitric acid in de ionised water between 
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samples. At least one metal-free sample was analysed to monitor cross

contamination between samples. 

Llble 7.3 ICP-MS system operating pdrameters. 

Conditions Value 

Sample depth (nun) 8 

RF power (W) 1550 

RF matching (V) 2.2 

Carrier gas flow (Umin) 1.01 

Dilution flow (mUmin) 0.25 

Nebulizer pump (rps) 0.1 

Spray chamber temperature (OC) 2 

Helium gas flow (mUmin) 4.3 

Extraction lens 1 (V) o 

Extraction lens 2 (V) -140 

7.12 ICP-MS method development 

An ascending standard solution containing 65 metals and their isotopes of 

concentration range 0-1000 nglmL (Be, B, Na, Mg, AI, Ca, Sc, Ti, Y, Cr, Mn, Fe, 

Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, 

Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, 

Re, Os, Ir, Pt, Au, Hg, TI, Pb, Bi, Th, U) was prepared from a fresh 1000 ppm stock 

in 3% HN03 solution. Tyre rubber samples, in replicates (n=5), were analysed for 
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these 65 metals. For interpretation of the results, three criteria were set; the presence 

of the metal in the tyre rubber, the precision between each replicate [metals were 

chosen which have the lowest relative standard deviation (RSD) between replicate 

runs to improve precision], and how reproducible are concentrations of the metals. 

Six tyres (N° 2, 4, 3, 11, 17, 18), Michelin Energy tyres manufactured in France (x 

2), Firestone TZ300 manufactured in Spain (x 2), and Avon ZV5 manufactured in 

England (x 2), were used in the validation process. Replicates of each of these 

samples were digested and analysed for all the 65 metal elements on both mass 

spectrometry collision a.lld reaction modes. 

7.13 I(P-MS method validation 

ICP-MS validation was achieved by spiking blank samples with solutions of the 

analytes in 10% nitric acid producing 10 calibration standards for each the 10 metals. 

The levels found were 0-10 nglmL (0, 0.1, 0.5, 1, 2, 5, 10 nglmL standards) for V, 

Cr, Co, Sr & Sn and 0- 50 nglmL (0,0.5,2.5,5, 10,25,50 nglmL standards) for Ni 

and Pb, whereas for Ti it ranged between 0-500 nglmL (0, 5, 25, 50, 100, 250, 500 

nglmL standards) and for Al 0-1000 nglmL (0, 10,50, 100, 200, 500, 1000 nglmL 

standards). 

Negative quality controls of blank samples, of 1:5 trace nitric acid in DI water, under 

the same digestion and analysis conditions were run for each series in the same 

batch. Repeatability of the method was evaluated by screening spiked polypropylene 

fragments control specimens with a known amount of metal concentration in the 

same day and in 3 successive days. Standard curves were linear with R2 values of 

0.984,0.982,0.981,0.983,0.958,0.986,0.984, 0.982, 0.984, and 0.979 respectively. 
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A set of control checks of a specific concentration (100 ng/ml) were performed in

between each batch of analyses to monitor precision and accuracy. 

7.14 Results and discussion 

Pyrolysis is a sensitive technique that decomposes each rubber sample, with evolved 

gases detected by a conventional GC-MS~ the size of the sample and the heat rate of 

the pyrolysis are the main factors that can affect sample analysis (l00). Initial 

analysis indicated that these tyres were of very similar chemical composition when 

analysed using PY-GCMS, however, when these samples were analysed for metal 

content by ICP MS and chemical composition by ATR-IR, they showed noticeable 

differences in their composition. These differences and similarities were evaluated 

by principle component analysis (PCA) to determine if the techniques are successful 

in discriminating between different tyre samples 

7.14.1 Principal Compont'nts Analvsis (PLA) 

PCA is powerful tool to identify high dimension data in patterns by using 

mathematical concepts such as standard deviation, covariance. eigenvectors and 

eigenvalues to analyse these data in such a way as to highlight their similarities and 

differences (201). This technique has been widely used in different fields and 

applications to match and discriminate between different data (81,202.203). In this 

study, PCA was carried out using the "The Unscrambler" software version 10.0.1 
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(CAMO, Norway) was used to discriminate and match between "different" and 

"similar" tyre samples based on the results obtained from ATR-IR, Pyrolysis GC

MS and ICP-MS. 

PCA enables data produced from different tyre samples, including their replicates, to 

be displayed in clusters on a single graph. The ICP-MS results demonstrated 

clustering of the five replicates per sample for the tyre rubber sample sets and A TR

IR also illustrated the clustering of the five replicates per sample using all the 21 tyre 

samples. These clusters show the replicates of each of the tyre and skid marks 

samples after being analysed by ICP-MS and ATR-IR. Using the mathematical 

variation and similarities; replicates of tyres that produced similar data were plotted 

within the same area of the graph. Data from different tyre samples were positioned 

in different areas, allowing for discrimination between different tyre brands and 

models to be visually displayed. Using peA, discrimination can be determined 

between "different" tyre brands when analysed by either one of the chemical analysis 

techniques, as well as allowing similar samples and skid marks to be matched up 

when necessary. Some samples were overlapping because there are two or more sets 

of the similar tyre rubber samples of the identical manufacturer and model (e.g. 

Michelin energy samples, tyres N° 17, 18, 19, 20 and Firestone TZ300 N° 2 and 4 

etc.). Outliers were discarded from the PCA analysis prior to data plotting. 

7.1L2 Olitlil'1 ~ 

One ICP-MS run of Zn and another of Cd analysis results were discarded. In order 

to discard errors from the large amount of data processed; statistical analysis was 
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used to remove any outliers. All sample data were compared to their subsequent 

replicates, and unknown samples were chosen to be randomly matched with the 

previously analysed tyre. Grubb's and Dixon's tests were used to check the 

suspected outliers in the data at 95% confidence intervals. Any unidentified sample, 

which does not match with the mean of parent samples, or different from the rest of 

the samples (with a large RSD value> 20%), were checked by using the Q test for 

identification and rejection of outliers. 

Grubb's test 

Mean - suspected value! SD 
G= X-Xmin 

S 

Dixon's Q test 

D= 

X2= suspected value 
XI= nearest value to suspected 
Xn= largest value 

7.1 L{ 1'\l'Olvsis GC-MS 

The pyrolysis method was chosen to suit the sizes and thicknesses of the weighed 

samples so that all the samples are decomposed. A number of preliminary 

experiments were conducted to ensure that the optimised pyrolysis GC-MS method 

is sufficiently robust in terms of high sensitivity and precision. As part of this 

process, previously analysed samples tubes were rerun using the same method to 

check that no more compounds remain in the pyrolysed carbon powder. Previous 

studies focused more on the design of temperature and time of pyrolysis 
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(73,78,81,83,186). The pyrolysis method started by studying the impact factors of 

different parameters of the analytical technique. The initial temperature and the ramp 

increase were major factors that affected the retention of the compounds and also the 

separation. 

Method optimisation showed that maximum sensitivity was achieved under the 

following settings: interface transfer line was set at 300 °e, and the valve at 280 °e 

to avoid pyrolysis product condensation, and the valve set to release the pyrolysed 

samples at 275 °e with a filament rate of 20 0 e/msec increased to reach 750 °e for 

15 seconds (run time 15.035). 

209 



un ance 
3 . 00 

1 . 10+07 

10 .... 07 

9000000 

8000000 

7000000 

6000000 

5000000 

4000000 

3000000 

2000000 

7 .017 

5 .569 
13.563 

10.952 

M ichelin 
Energy 

18.769 

24 .714 

1000000 I 
O~~~~~~~~~~,~~~~~~W~~~~~~~~~~~~~~~ 

un ance 
9000000 

8000000 

7000000 

6000000 

5000000 

4000000 

3000000 

2000000 

1000000 

3 23 7 90 

5 .630 

Flll.ur 7 3 PVfOlyslS GC IVIS ctl om lto r lIT'S 01 2 t r > 

B ridgestone 
B250 

Once the ample were analy ed, differences were observed during the first 15 

minute, where 8 of the peaks (Toluene, ethyl benzene, styrene, a-methyl styrene, 

indene, azul ene, Naphthalene-I-methyl, biphenyl) showed either much lower or 

much higher inten ities than the other tyres Figure 7.3. This suggested that there is a 

variation in the amount of the e decomposition products mixture between each 

tyre' brand and model. The difference in the tread samples showed pos ibilitie for 

differentiation in the trace ample spectra too. 
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For the entire set of analysed rubber samples, there are no peaks present in the skid 

mark spectra that had not been present in the tyre rubber chromatogram. All of the 

samples of the 21 tyres were analysed at least three times with the same pyrolysis 

GC-MS method parameters and conditions. The run for each sample lasted for 25 

minutes plus 5 minutes in-between each sample to bake the column to avoid the 

cross contamination and the deposition of leftover samples from the previous run. 

The retention time and availability of the chemical compounds were replicable in the 

tyre and skid marks results for each sample. The peaks' area integration was 

performed using Chemstation version E.02.00.493 Enhanced Data Analysis MSD 

software from Agilent Technologies and then identified with the NIST 2008 mass 

spectra library. 

The abundance data of each of the selected peaks was used in PCA analysis. PCA 

was used to fmd the critical variation in compounds between the pyrograms data 

Figure 7.4, from which toluene, Ethylbenzene, Styrene, a-Methylstyrene, Indene, 

Azulene and biphenyl were chosen to be the indicators of discrimination and 

matching between the tyre rubber samples and the skid marks. The area of each peak 

was normalised by the weight of the sample which ranged from 200-300 ~g. The 

tyre rubber replicates showed a reasonable precision of intensities and retention 

times within all the different 8 compounds, whereas the skid marks showed smaller 

peak areas under the peak of the same compounds in comparison with the tyres' 

rubber. This is due to the friction and heat between the tyre and the adhesion sheet 

generated while the skid mark was created, decomposing the compounds. Previous 

literature reports didn't identify as many peaks, thus did not give comparison results 

of sufficient quality for the supplier to be identified (73,78). In this study, an updated 
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version of the mass spectra library (2008) was u ed resulting in more peaks being 

identified than ha been found in previou studie. 
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7. HA Itll IWi 

During the method development, samples were examined for con istency on each 

analytical technique. The levels of the 10 metals of choice were conected based on 

the weight of each sample prior to analysis. Even though the weight used were 

within 1 % of each other, in ICP -MS minor mas differences played a major role in 

the quantification analysis. The results indicated that the less concentrated metal 

(Cd and Cr) tended to result in less preci ion between replicate than the other 

meta 

Is. Four tyres (5 replicates) of the same manufacturer and model were analysed for 
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the 10 metal to check the preci ion and reliability of the method. With the RSD 

below 6%, intra-variability analy i of the e 4 (Michelin Energy) samples showed 

very preci ere ult . Table 7.4 hows the repeatability and the effectiveness of thi 

method on tyre anal y i 

T abl(' 14 ICP m ,t 11 (' mE'nt analy IS of 4 Michel n En rgy tyr s (m an of r; r pile. t I 

1.72 947.82 2.19 8.51 

124.98 141.38 1.58 3.01 0.92 1.67 926.06 2.24 8.83 6.15 

Mean 132.40 149.96 1.70 3.27 0.95 1.66 959.20 2.50 9.01 6.35 

Mean 129.73 149.48 1.63 3.15 0.96 1.57 922.88 2.33 8.60 6.02 

SD 5.08 3.96 0.07 0.18 0.03 0.06 17.44 0.14 0.23 0.33 

Pooled 127.01 147.17 1.61 3.21 0.93 1.66 938.99 2.32 8.74 6.32 
Mean 
RSD 4.00 2.69 4.11 5.52 3.75 3.78 1.86 5.99 2.61 5.16 

The replicate control ample of the 3 different brands; Michelin Energy (4tyres) (N° 

17, 18,19,20), Firestone TZ300 (3 tyre ) (N° 2, 4,8), Avon ZV5 (2 tyre. ) (N° 3, 11) 

etc Figure 7.5. showed an RSD (above 74%) between the different brands. The tyres 

analy ed howed high preci ion for replicate of the arne sample and large inter-

variability between different tyre amples (manufacturer and model), which upport 

their high potentia] a indicator ' to be used for di crimination between different tyre 

brands and models. 

The control check tandard that were tested between each batch ample run were 

made to evaluate ignal tability of ICP-MS sy tern; with less than 3% RSD. Thi 

upported the validity of the final results of the analysed samples. 
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All tyre and skid mark samples were analysed for the 10 metals. Based on the three 

selection criteria, only 10 metal elements (AI, Ti, V, Cr, Co, Ni, Zn, Sr, Sn, and Pb) 

out of 65 were chosen for use in distinguishing between different lyre 

brands/models. For interpretation of the results, three criteria were set; the presence 

of the metal in the tyre rubber, the precision between each replicate [metals were 

chosen which have the lowest relative standard deviation (RSD) between replicates 

runs to improve precision], and how reproducible are concentrations of the metal. 

600 
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1 300 
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o T 

AvlO-envi Av14-ZV Av 3-ZV 

F u'e- 7 .,. A,ummium levels in different Avon tyre; models (2 K Zvr:, & En" ro) INo 3 11 & 7) 

Twenty out of 21 tyres were discriminated except for tyre number 28 (Bridgestone 

Turanza) which couldn't be discriminated from the other 2 Bridgestone Putenza 

tyres. Different manufacturers showed different metal percentage content. By 

analysing the levels of the 10 different metals in all tyres, it became apparent that Zn, 

Al and Sn were the most u eful as they could be used to differentiate between 

different tyres brands (manufacturers) and models Figure 7.6. For example, the 
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concentration of Al in Michelin Energy (~ 17) tyres was 1457.09 ng/mL ± 3.2% 

and for Zn were 11816.04 nglrnL ± l.8% while that of Firestone TZ 300 (N° 3) was 

577.03 nglrnL ± 5 % and 15547.71 nglmL ± 4.4% respectively (n=5). The robustness 

of thi method coefficient of variation (% CV) wa as es ed on consecutive days and 

demon trated that the % CV was between 3.7 - 14.03 % ± 0.7 % for all to metals. 

After the method was validated, 10 blind match tests were carried u ing randomly 

chosen tyre rubber samples and comparing the ICP-MS metal content profile to the 

pre-analysed samples. The entire blind test wa able to detect the different tyre 

manufacturer ,Ibrand Iskid marks, \'.'hich were statistically di tinguishable from each 

other due to the metal content and also match the similar tyres brands 

(manufacturers) and models due to similar metal concentration between identical 

tyre brands and models. 

Sr 
0 .0 2596 

Sn 
0 .01096 

Ph'elli P6000 

Pb 
0 .05996 

V 
0 .01696 

Co 
0 .005% 

Sn Pb 
SI' 0 .014~ ·08496 

AI 

0 .03396 

Michellin Energy 

Ti 

'- Ni 
0 .0 18 96 
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The PCA results of the samples run by ICP-MS showed a good discrimination 

between the manufacturers (brands) and tyre model samples. Almost 85% of the 

tyres studied were successfully grouped in different clusters based on the level of 

each metal measured by ICP-MS. The rest (15%) including tyre number 28, shared 

similarity in some of the rubber metal concentration levels in each tyre, which was 

later discriminated by using Py GC-MS and ATR-FTIR. In the same way that the 

percentages of each metal was a successful way to separate between different rubber 

manufacturers and models, ICP-MS analysed the differences and similarities 

between these rubber samples, and matched the similar tyre models together. Based 

on the variations between the levels of each metal concentration in the tyres skid 

mark samples, these were automatically matched with the applicable tyre models and 

type. Figure 7.7(A) represents a cluster of 5 replicates of Pirelli P3000 (N° 36), (B) 

Michelin Energy (4 identical samples of 5 replicates each) (N° 17, 18, 19, 20) and 

(C) Bridgestone (3 model samples of 5 replicates each) (~ 28, 34, 37). These results 

proved the effectiveness of the method to group similar tyre samples and to 

discriminate from the rest of the samples. 
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Five replicates were analysed from each tyre sample and their accompanying trace 

skid marks that were reconstructed from each tyre. 

Figure 7.8 shows the ATR-FfIR spectra of some of the analysed tyre rubber 

positioned at different angle and different areas. ATR-FTIR analysi of samples Tl 

and T21 confirms the presence of the various compounds used in tyre production. 

The figure indicates the identified peaks of 4 Michelin tyres, e.g. aromatic 

compounds, alkenes, alkyl, EPDM (ethylene propylene diene monomer- synthetic 

rubber), talc, carboxylic acid and esters (204). In addition, strong bands were 

observed for all samples at 1488- 1398 cm- I
, which are attributed to the C-H 
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bending bands. Natural rubber cis-isomers can be observed at 870-780 cm- I due to 

the combination of the tyre synthetic rubber with the natural rubber; also a synthetic 

rubber consisting of hydrocarbons displayed a clear peak in the region of 2900-2800 

cm-1 for the skid marks and tyres, attributed to stretching of the C-H bond (204,205). 

ATR-FfIR repetitive spectra of the samples and analysis of the same samples on the 

opposite sides, showed an exceptional precision in the analysis. When comparing the 

means of n=5 replicates, they were within the satisfactory deviation values (mean 

±O.7), and the RSD values calculated the absolute value of the coefficient of 

variation, between the sample readings and the mean of all the replicates (% relative 

variance) ranged between (0.3-2%) of the same five samples which also proved the 

precision and repeatability of the method. These validation results made the samples 

more identifiable when compared with the other samples. Variations in these 

compounds were observed in the analysis of the tyre rubber samples and its skid 

marks. Each compound may vary slightly in composition from sample to sample 

however this could be due to ageing of the rubber and from some unavoidable road 

contamination. The tyres can still be discriminated though due to the variation in the 

overall chemical profile of the rubber. ATR-IR data variations (similarities and 

differences) were processed by PCA to discriminate and match between different 

t}Te manufacturers and models and sometimes even manufacturer location. 
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Figure 7.9 shows the tyre samples plotted on a graph in cluster by PCA based on the 

variations in the spectrum values (Wavenumber and intensity) and hence the 

intensity of each chemical group resulting from the ATR-FrIR analysis. Group (A), 

(B) and (C) represents two Michelin Energy (~ 17, 18, 19, 20) tyres of 5 replicate , 

Bridgestone B391 (N° 24) (n=5), and 3 tyres of Firestone 590 (NU 38) (n=5) , 

respectively. Different tyre brands (producer) and model were separated from the 

other and imilar brands and models, thu tyre were grouped together due to the 

same c..;henJical cOI11)JounJs c..;ontaincd within. Skitl mark 'amples were al 0 matched 

to the tyre rubber samples. In the previous ICP-MS PCA cluster result Bridge tone 

B391 wa grouped with the other Bridge tone model. , making discrimination 

difficult; however using ATR-FrIR differentiation between Bridgestone tyre models 

was possible. This demonstrate the efficiency of thi s technique in complimenting 

the other 2 chemical analysis methods. 
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During the ATR-FfIR analysis, it was found that tyres are homogeneous and that 

differences will be rarely seen in the repeat analysis of a sample. Although this 

technique showed very good repeatability, physical changes were ob erved between 

the tyre sample and the skid mark sample when the speed of the rotation increased. 

The observed differences were mainly in the 3000 - 2800 cm'l region (Figure 7.10). 

The replicate rll1aly 'is showed a decreasing peak ~p2 with the increa<:;e in the speed of 

the tyre rotation. Increa ing friction and heat in the tyre lead to the reduction of the 

alkyl group peak (C-H). These properties might be used in future work to estimate 

the peed of the vehicle, 

220 



9:> 

~ 80 

~ 7 .. . !t ,. 
7I.l 

7~ 

Slow 
72 

70 

.... 

~ 

'\-H lO ",:>00 '1000 :?AOO :?<l00 
w ..:IVCn u nlb-t.:J ~ (on- 1 ~ 

FI lIr 7 10 R phe tes of lyrE' sk.d m rks at dlffere t sp d~ 

7.16 COl1ciu"iol1 

There were 12 hit and run casualties per day in 2004 in UK, with a subsequent cost 

to the community of approximately £0.5 million per day and a 41 % increase in the 

figure of hit and run accident from the 1994-98 average to 2004 (206). The majority 

of hit and run colli ion occurred in fine weather (86%) and on a dry road (81 %) 

which increa e the po ibility of leaving a rubber trace from skidding (72) . 

Decrea iug this number hould be a pi iority. Three different technique were m.ed to 

di criminate between tyre of different manufacturers and model and also to match 

between imilar ample and trace kid mark. For the first time, ICP-MS was u ed 

to compare the metal element concentration and this howed a high potential in 

di crimination and matching between tyre and kid marks. Twenty-one tyre rubber 

and twenty-one kid mark trace ample were analy ed by u ing newly developed 

and optimised ICP-MS, ATR-IR and Pyroly is GC-MS methods. In combination, the 
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three techniques resulted in possible distinguishing factors that allow all the 16 tyres 

producers and models (manufacturers and models) to be differentiated. Pyrolysis

GC-MS was not fully able to separate all the tyres alone; however in conjunction 

with the other chemical techniques discrimination was successful. Principal 

Component Analysis (PC A) was utilised to distinguish between the different 

(manufacturers and models) tyres and match with similar ones. The robust PCA 

technique not only looked at the levels of the compounds and elements in each tyre, 

but also looked at the level of variation between these factors and showed a high 

potential level of discrimination between different tyre manufacturers, different 

models and sometimes, different location of manufacturing. A TR -FfIR utilises a 

simple preparation technique and is also very efficient in obtaining very precise and 

replicable results, either in the discrimination between tyre samples or in matching 

skid marks and the raw rubber samples. All three techniques successfully passed the 

test of a blind analysis of replicates of random samples from different tyres and 

sample collection areas. This method was developed to accompany the visual skid 

mark measurement test to be able to have a more accurate and robust matching and 

discrimination between different tyres (cars) at the hit & run crime scene and 

strengthen an already established link on the basis of physical properties. 
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7.17 Concluding l'l'lllarks and tuture work 

1- To conclude the fIrst section of this thesis describes a novel sensitive and 

reliable method for the detection of psychotropic drug ~9-THC and 

cocaine without any derivatisation, where only 50 mg of hair was used. 

The GC-MS method developed is accurate, reproducible and according to 

FDA guidelines. Hair analysis is a very useful tool for providing 

information on individual's drug use. Future work can involve method 

development for simultaneous detection of diuretics hormones in 

different matrices such as hair, blood and urine using LC-MSIMS. The 

assay can complement urinalysis to determine an individual's drug use. In 

addition, further research needs to be carried out on the metabolism of 

these drugs, in vitro. The method can also be extended to simultaneous 

detection of other psychoactive drugs of the same category. 

Future work 

Again hair analysis can be used to complement urinalysis and blood analysis. 

Future work can includc developing analytical methods in matrices with even 

better sensitivity to cover wider range of drugs, also to develop a new method 

for the detection of diuretic supplements in athletes' human hair using GC

MS and LC-MSIMS. 

To investigate the effect hair analysis investigation compared to blood and 

urinalysis. 
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II- The second project in this thesis reports new enzymatic hair digestion 

method for the quantification amphetamines, cocaine and THC and their 

metabolites in human hair by GC-MS. A novel enzymatic method was 

developed for detecting very low concentration of the drugs while 

avoiding the problems associated with the acidic or alkaline digestion 

methods that could lead to the degradation of the drug and thereby 

decrease the chance of the detection. The method developed is sensitive, 

reliable and reproducible. This first part of the study researched for the 

simultaneous detection of the amphetamines, cocaine and THC and their 

metabolites in human hair. The second part focused on identifying the 

complications that caused the false positive ELISA results. Hair analysis 

for many substances can be difficult and expensive; also ELISA kits 

don't enjoy a general acceptance due to their very narrow selectivity 

without being able to specify some drugs and metabolites. However, the 

rapid ELISA screening method can shorten the time and minimise the 

waste of resources on blank samples, so only positively screened samples 

continue their way through to confirmation analysis. The false positive 

ELISA results that contradicted the GC-MS confirmatory results were 

investigated to find the weak link in this method. Experiments were 

conducted and findings were gathered to overcome the false positive 

results. 
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Future work 

To develop new methods for the detection of other widely used drugs in 

different matrices (nails, sweat etc.). 

To study the effect of the washing and hair preparation steps on the levels of 

drugs in hair before and after. 

111- The final project was based a novel, research study on the matching 

between the striations of the leftover tyres on the road surface tarmac 

with the suspected car tyres. This method was developed to conjoin the 

investigators physical car skid marks analysis and confirm it. Tyre rubber 

and residues were digested in nitric acid using an industrial microwave. 

Three techniques (ICP-MS, ATR-FfIR and P}Tolysis GC-MS) were 

developed, optimised and used in the chemical analysis of the t}Te trace 

residue marks and the tyre rubber. The ICP-MS results showed the 

differences in the major elemental contents of different rubbers. The 

variation of these elements concentration was used to discriminate 

between different brands and models. The similarities of the specific 

elements concentrations were used to match the skid marks to the 

suspected tyres. ATR-FfIR and Pyrolysis GC-MS studied the chemical 

compounds in which different tyres rubbers and made up of. The 

collected data were analysed by the PCA technique which were able 

using the three techniques to discriminate and in most of the cases match 

between the skid marks residues and the tyre rubber. 
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Future work 

Study the effect of braking speed and friction between the road surface and 

the tyre on the compounds fonning the tyre rubber to be able to estimate the 

speed of the car at the moment of the accident. 

Take the research to track level and build a bigger data base on the 

components of the most used tyres in UK to be able to cover as many brands 

and models as possible. 
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7.19 !\ppendix 

Table 1: ELISA False positive run 

Positive Controls 

Name Description Concentration Well 

POS-1 

POS-2 

gil 650.0 nm 

G6 0.1652 

H6 0.1417 

Negative Controls 

Name Description Concentration Well 

NEG-l 

NEG-2 

Samples 

gil 650.0 nm 

A7 0.8160 

B7 0.7990 

Name Description Concentration Well 

gil 650.0 nm 

SMl-i Al 0.1169 

SMl-2 A2 0.1094 

SMl-3 A3 0.1148 

SMl-4 A4 0.1122 

SMl-1 A5 0.1201 

SMl-l Bl 0.1147 

SMl-2 B2 0.1166 

SMl-2 B3 0.1253 
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SML-3 B4 0.1219 

SML-3 Bs 0.1197 

SML-4 C1 0.1463 

SML-4 C2 0.1091 

SML-s C3 0.1412 

SML-s C4 0.1931 

SML-6 CS 0.1260 

SML-6 01 0.1279 

SML-7 02 0.1684 

SML-7 03 0.1571 

SML-8 04 0.1806 

SML-8 OS 0.1257 

SML-9 E1 0.1240 

SML-9 E2 0.1205 

SML-10 E3 0.1766 

SML-IO E4 0.1541 

SML-11 Es 0.3753 

SML-11 F1 0.1391 

SMl-12 F2 0.1422 

SML-12 F3 0.1881 

SML-13 F4 0.1132 

SML-13 Fs 0.3445 

SML-14 G1 0.3138 

SML-14 G2 0.7715 

SML-1S G3 0.1229 

SML-15 G4 0.1494 

SML-16 G5 0.1318 
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SML-16 

SML-17 

SML-17 

SML-18 

SML-18 

Hl 0.3169 

H2 0.8522 

H3 0.1256 

H4 0.2333 

H5 0.1294 
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