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Summary

Forensic toxicology is concerned with the analysis of biological specimens to
detect the presence of drugs or poisons that have been previously administered.

Traditional samples used for this purpose have been blood, urine and body organs, but

also in the last decade, other (alternative) samples have become widely used. One

notable example is hair, which provides a wide detection window for prior drug use.

This thesis examines the use of nail as an alternative biological specimen iIn
forensic toxicology. Nail is a difficult analytical matrix from which to extract drugs

because of its tough physical composition, based on keratin. Previously the keratin had

been compulsorily dissolved with an alkaline solution. However, alkaline hydrolysis of

the fingernail often chemically changed the target analytes, for example esters were

hydrolysed to alcohols and carboxylic acids.

The initial part of the project investigated the use of a cryogenic grinding method
for fingernail clippings. Grinding at liquid nitrogen temperatures was found to be an
effective procedure and the conditions were optimised to a two or three cycle programme
of freezing and grinding.

Small particle sizes were obtained of approximate size 1 pm. It was established

that drugs could be extracted directly from nail powder with a range of solvents without

the need for alkaline hydrolysis. Methanol was found to be the most effective extraction
solvent, which also gave the lowest number of co-extracted interfering compounds.

This procedure was subsequently used with nail samples from different types of

forensic cases, including cannabis, heroin and steroid abusers.

Cryogenic grinding of nail was evaluated as an extraction method for cannabinoids
in nail clippings from chronic cannabis smokers. This method was also compared to the

alkaline hydrolysis method. Fingernail clippings were collected with prior informed
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consent from volunteers attending the Edinburgh Drug Addiction Study (EDAS) clinic.

The collected nail clippings were decontaminated and divided into two groups: the first

group was extracted with methanol after pulverisation in a liquid nitrogen cryogenic mill;

the second was extracted with ethyl acetate after hydrolysis in sodium hydroxide. In both
groups deuterated cannabinoids were used as internal standards. Both sets of extracts
were derivatised with BSTFA before being analysed by gas chromatography - mass
spectrometry (GC-MS).

Cannabidiol, A’-tetrahydrocannabinol and 11-hydroxy-A’-tetrahydrocannabi-

nol were quantified in both sets of extracts. 11-nor-A’-tetrahydrocannabinol-9-
carboxylic acid was only identified and quantified in the extracts resulting from the
cryogenic grinding method.

Cannabinoid concentrations were very low, in the range 0-4 ng/mg. These results

strongly support the use of nail as a biological specimen for the detection and
quantification of past exposure to cannabis, and secondly, they indicate that grinding with
a cryogenic mill is a useful procedure, which yields simultaneous results for the primary
psychoactive cannabinoid and its metabolites.

Cryogenic grinding was then evaluated for the extraction of opioids in nail in
comparison with the conventional alkaline hydrolysis method. Finger and toe nails were

collected from donors with informed consent.

As before, these nails were decontaminated and divided into two groups. The first

group was extracted with methanol after cryogenic grinding and the second was extracted

by solid phase extraction after hydrolysis in sodium hydroxide solution.

Deuterated methadone and opioids were used as internal standards and the extracts

were analysed by GC-MS as trimethylsilyl derivatives. Morphine, codeine, methadone,

papaverine and noscapine were detected and quantified in both sets of extracts. In
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addition, heroin, 6-monoacetylmorphine and 6-acetylcodeine could be quantified in
methanolic extracts from the cryogenic extraction method but not from the alkaline
hydrolysis method.

Concentrations were also very low, in the range 0—25 ng/mg of nail. This is the first
time heroin was detected in nail, along with codeine, 6-acetylcodeine, papaverine and
noscapine. The presence of these components suggests that the specimen donors took

street heroin. Papaverine and noscapine, alkaloids in opium, have not previously been

detected in urine or blood.

Cryogenic grinding was subsequently used for extraction of endogenous and
anabolic steroids from nail clippings of doping abusers to show that both can be detected,

as in hair. This method was compared to blood (plasma) and urine samples analysed at

the same time.

Fingemnail clippings from users of anabolic steroids (including testosterone esters,
stanozolol and methenolone acetate) were obtained from the Institute of Doping
Analysis/Sports Biochemistry, Kreischa. Blank nail and urine samples were obtained

from volunteers.

The nail samples were decontaminated, pulverised and extracted with methanol/

ethyl acetate (7:3, v/v). Deuterated anabolic steroids (5Sa-estran-38-0l-17-one-d;,
testosterone-d;, and stanozolol-d;) and medroxyprogesterone were used as internal
standards.

The extracts were converted to TMS derivatives with MSTFA/NH,1/2-

mercaptoethanol and analysed by GC-MS in the EI + full scan and SIM modes.

Endogenous steroids were identified and quantified in the nail samples from both steroid

users and non-users.

Concentrations in nail were low, in the pg/mg range: (androsterone (1.5-12.8
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pg/mg), etiocholanolone, dehydroepiandrosterone (1.4-25.3 pg/mg), epiandrosterone

(0.7-14.3 pg/mg), epitestosterone (0.6—11.0 pg/mg) and testosterone (0.6-25.0 pg/mg).

Also, elevated concentrations of testosterone in nail were positively associated with
high concentrations in plasma and urine. However, although the analytical results
provided evidence for the presence of anabolic steroids in the samples from steroid users,
including testosterone and its isocaproate and enanthate esters, at low concentrations, it

has not yet been possible to confirm this due to interference from other endogenous

substances.

Nail remains a potential, but still to be confirmed, alternative biological specimen

to hair for the detection of past exposure to doping steroids.

With permission of the Faculty of Science, part of the work for this thesis was

carried out at an external institution, the Identification Research Laboratory, National

Research Institute of Police Science, Tokyo.

Pyrolysis GC-MS (Py-GC-MS) and MALDI-TOF mass spectrometry (MALDI-
TOF-MS) were evaluated for the direct identification of illicit drugs within the nail

matrix and in very small fingernail samples. Opium alkaloids and opioids were used as

test compounds.

The results showed that opium alkaloids could be detected amidst a large amount of

impurity resulting from the thermal degradation of samples by Py-GC-MS analysis.

Moreover, target analytes could be detected easily in the MALDI-TOF-MS analysis

by a simple analytical procedure.
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1. Introduction

Forensic toxicology is the study of poisons and of cases of poisoning for the
purposes of a medico-legal enquiry [1, 2]. In different jurisdictions, the scope of the
subject varies and can include fatalities, non-fatal poisoning, drugs in sport, road traffic

safety, drug abuse monitoring in different contexts such as drug clinics, prison inmates

and employment screening.

In the field of forensic toxicology, it is extremely important to determine promptly
and accurately whether a person has used an illicit drug. Blood, urine, and internal organs

have traditionally been used as samples to detect the presence of illicit drugs. As many
new analytical methods were developed with scientific advancement through the ages,

we have reached the stage when even amounts of an illicit drug can be analysed by high

sensitivity in a small amount of blood and urine.

Blood, urine, and internal organs are considered to be the first generation of

samples in the study of forensic toxicology. The second generation of samples appeared

in the 1980's when hair, saliva, and sweat, amongst others began to be used as alternatives

to blood.

Drugs taken into the human body are promptly metabolised and excreted out of the
body. Therefore, an examination of the components of drugs in blood and urine should

collect the samples at an early stage after administration. The feature of the first

generation samples is that obtaining them is easy.

On the other hand, the identification of drugs becomes difficult as time passes.

Moreover, metabolites and interfering substances increase as the amount of the target

drug in blood decreases because of metabolism. Therefore, the extraction and

identification of the drug become difficult.

It has been known for a long time that drugs are accumulated in hair, as hair - a




second-generation sample - became a subject of study [3].

As a result, there is a possibility that the existence of the drug can be proven
because the drug concentration of each part of a hair differs even if time has passed since

the drug was used.

Hair consists of the protein keratin. Therefore, the extraction of drug from hair

becomes difficult compared with samples of the first generation.

There are chiefly two analytical methods used in the extraction of drugs from hair.

One is a method of extraction after hair is dissolved with alkali (alkaline digestion

method). The second is a method of extraction with solvent after the hair is cut with
scissors as small as possible or pulverised with a mortar or other device (soaking

method). The first method raises the fear that target analytes might be hydrolysed, and

the second has the disadvantage that the extraction time becomes long.

As previously described, the advantage of hair as a second generation sample 1s to
be able to prove the existence of the drug even if some time has passed since the drug was

used. The disadvantage of hair samples is that the amount of sample available for the

analysis can be very little.
The fingernail has been ignored for a long time as a sample in the field of forensic

toxicology. For one reason, fingernails are harder than hairs. Therefore, the fingernail
cannot be pulverised easily. The method of hydrolysing fingernail samples with alkali

and the extraction method by cryogenic grinding method have been reported in the

1990's.

Therefore, the fingernail can be called the new sample of the third generation when

considered from a forensic toxicological viewpoint. Drugs in the fingernail, where the

cryogenic grinding method is applied, can be extracted without hydrolysis of a target drug

compared with the alkali hydrolysis method.
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1.

The aims of the work carried out in this project were as follows:
To develop and assess improved methods of sample processing, drug extraction and

analysis for nail samples when used as an alternative matrix in forensic toxicology.

Earlier work used methods based on alkaline hydrolysis but this is unacceptable in

many cases because of analyte degradation, especially when drugs of abuse are

analysed. Both the opiate group and the cocaine alkaloids are easily hydrolysed under

alkaline conditions.

To apply and evaluate this improved methodology for the analysis of samples relevant
to the field of forensic toxicology, including nail specimens from controlled drug
users and from doping steroid users. In this context, nail would be an alternative
specimen to hair for detection of drug use over a long window of detection period.

The most commonly abused drugs in the United Kingdom are cannabis and heroin

and these were selected as the target drug groups in this project.

To investigate instrumental methods of analysis which might be suitable for direct

analysis of target analytes in the nail matrix and which might enable this type of

analysis to be carried out with very small samples. If very small samples can be

directly analysed then nail could be analysed in situ or else nail scrapings rather than

nail clippings could be analysed.



2. Evaluation of Alternative Extraction Procedures for Cannabinoids

and Opiates in Nail Clippings.

2.1. Introduction

In forensic toxicology, if nail is considered as a biological sample, then it belongs to

the relatively unexplored field of third generation biological samples.

The first generation samples were urine, blood, and internal organs. The second

generation samples were hair, sweat and oral fluid (saliva) which had started to be used in
the 1990's. The chemical compounds taken into nail have been actively researched in the

fields of cosmetics, environmental medicine and dermatology, to name but a few.

In the cosmetics field, solvents and other ingredients of manicures (nail polish) have
chiefly been researched [4, 5, 6, 7]. These investigations concern the permeation of

chemical compounds from the dorsal nail plate of the nail. For this reason, these studies
are unrelated to the work described in this thesis.

In environmental medicine, heavy metals such as arsenic [8], germanium [9],
selenium [10, 11], nickel [12, 13, 14] and mercury [15] have been studied in the interests
of environmental pollution or occupational disease. As for cosmetics, the work 1n this
thesis has little to do with this research and these fields, because mainly the heavy metals
have been studied.

In the dermatological field, in particular toenail onychomycosis, there are a lot of
papers on the antimycotics in fingernail and toenail, for instance, itraconazole [16, 17, 18],
ketokonazole [18], miconazole [19, 20], fluconazole [18, 21], and oxiconazole [22].

It is reported that the distribution of these antifungal agents to the nail following oral
administration is prompt. Detailed analytical methods for the drugs are not generally

described though the extraction methods of antifungal agents can be applied to the



extraction of illicit drugs. Moreover, the extraction methods were conventional methods.
Extremely little research has been done on illicit drugs in nail in the forensic
toxicological field. The nail is composed of the hard protein that is called keratin, which
changes the stratum corneum of the skin in the same way as the surface of an animal's
skin is modified to hair, nail, scale, feather, bill, horn and hoof. Therefore, the extraction
of drugs from nail is difficult. A detailed review was recently reported by Palmeri et al

[23].
The conventional extraction of analytes in nail is a method involving soaking for a

long time in solvent after the nail is cut into as small pieces as possible (soaking method)
[24, 25, 26,27, 28]. This method is subject to several drawbacks including low extraction
efficiency and possible hydrolysis of the target analytes when exposed to solvents for
extensive periods of time. The second method is an extraction method after the nail is

dissolved with an alkaline solution such as sodium hydroxide (alkaline hydrolysis

method) [29]. In both methods heroin is easily hydrolysed, especially in the latter

method. Therefore, the presence of morphine and 6-monoacetylmorphine, which are the

hydrolysis products of heroin, have been used instead to prove the administration of
heroin. In the same way, the confirmation of 11-nor-A’-tetrahydrocannabinol-9-
carboxylic acid (A>-THC-COOH) and other metabolites is important as it proves the
consumption and metabolism of A’-tetrahydrocannabinol (A>~THC) in a biological

system and could help disprove claims of environmental contamination.

In the present study, cannabinoids, heroin and related opiates have been extracted

directly from the nail by an extraction method that uses cryogenic grinding. This method

was carried out under mild conditions, with little hydrolysis of heroin compared to the

conventional extraction methods.



2.2. Experimental

2.2.1. Nail samples

Fingernail clippings for cannabinoid analysis were collected with informed consent

from nine (9) male chronic cannabis smokers participating at the Edinburgh Drug

Addiction Study.
The nine volunteers produced their own fingernail clippings using commercially

available nail clippers under the supervision of a researcher. The nail clippings were
placed in a transparent plastic bag and transported to the laboratory for analysis. The
volunteers did not receive any remuneration for providing these specimens. The

procedures followed were in accordance with the ethical standards of the responsible

committees on human experimentation (institutional and regional).

Fingernail and toenail clippings for opioid analysis were collected from 17 people

at the Glasgow Drug Problem Service in Glasgow (Scotland, U.K.) after informed

consent had been obtained from the donors.

Samples were anonymised but relevant biographical details were noted when the

clients were interviewed including age, sex, a history of what they have ingested (drug

types, quantities and frequency of usage on average), an average amount of money spent

per week on drugs, quantities of methadone a week which were prescribed in their

methadone substitution programme.

2.2.2. Reagents

1) Standards and deuterated standards
Cannabidiol (CBD), A’-tetrahydrocannabinol (A’-THC), 11-hydroxy-A’-tetra-
hydrocannabinol (11-OH-A°-THC), and 11-nor-A’-tetrahydrocannabinol-9-carboxylic

acid (A~-THC-COOH) were purchased from Sigma (Saint Louis, USA).



A’-tetrahydrocannabinol-d; (A>-THC-d;) and 11-hydroxy-A°-tetrahydrocannabinol
-d; (11-OH-A’-THC-d,) used as internal standards were also purchased from Sigma.
11-nor-A’-tetrahydrocannabinol-9-carboxylic acid-d; (A>>-THC-COOH-d;) was
purchased from Radian International (Austin, USA).
Diacetylmorphine (Diamorphine, heroin) was purchased from Sigma (Saint Louis,
USA).
6-monoacetylmorphine (6-MAM), morphine, codeine, dihydrocodeine (DHC), 2-
ethyl-5-methyl-3,3-diphenylpyrroline (EMDP) and 2-ethylidene-1,5-dimethyl-3,3-
diphenylpyrroline (EDDP) were purchased from Radian International (Austin, USA).
6-Acetylcodeine was synthesised by acetylation in which codeine was heated at 60
°C with acetic anhydride and pyridine as catalyst for 30 min. The purity of the
synthesised 6-acetylcodeine was confirmed with gas chromatography - mass
spectrometry (GC-MS).
Methadone was purchased from High Standard Products Corporation (CA,
USA).
Deuterated internal standard compounds of 6-MAM-d;, morphine-d;, codeine-d,,
methadone-d; and EDDP-d, were obtained from Radian International (Austin, USA).

Stock solutions were purchased from suppliers at a concentration of 100 pg/mL in

methanol and were diluted to give working standard solutions at a concentration of

1 pg/mL methanol.

2) Solvents and reagents

Methanol was high performance liquid chromatography (HPLC) grade (BDH
Laboratory Supplies, U.K.). 2-Propanol was analytical reagent grade (Fischer Science
International Co., U.K.). Dichloromethane was from Sigma-Aldrich. Ethyl acetate

was of analytical reagent grade from Fischer Science International Co.



N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% of trimethylchloro-

silane (TMCS) was from Regis Technologies Inc (Il, USA).

Solid phase extraction (SPE) cartridges were Worldwide Monitoring Clean

Screen cartridges, CSDAU, ZSDAU020 (United Chemical Technologies Inc. Bristol,

U.K.). Other solvents and reagents used were all analytical or HPLC grade.

2.2.3. Instruments

Cryogenic grinding was carried out using a SPEX CertiPrep Model 6750 Freezer

Mill from Glen Creston UK. Ltd. Essentially this device is a ball mill, which is
operated in an insulated container containing liquid nitrogen. Samples are ground inside

vials, which are available in both large and micro sizes. The micro-vial set, suitable for

small samples, was used throughout this study.

Qualitative and quantitative analysis were carried out using a Thermo Finnigan

Trace GC-MS equipped with an AS 2000 autosampler and an RTX-SMS column (15 m

X 0.25 mm i.d.; film thickness 0.25 um).

The column temperature was programmed from 150 °C to 300 °C (held for 2 min)
at 10 °C/min, and the MS detector (70 V) was operated in the selected ion monitoring
(SIM) mode or repetitive full scan mode at a source temperature of 220 °C.

In the latter mode, scans were acquired at approximately 3 scans per sec, giving

12-18 data points per GC peak in reconstructed ion chromatograms, depending on peak

width, for quantification of analytes.

2.2.4. Optimisation of cryogenic grinding method
Optimisation of the cryogenic grinding cycle (cooling time, number of grinding

periods and length of each) was performed by Lemos and was not repeated for the work



described here. The optimum routine involved three cycles with 1 min pre-cooling period,

1 min grinding period and 1 min between cycles.

Six different solvents (acetonitrile, acetone, chloroform, ethyl acetate, hexane and

methanol) were evaluated as extraction solvents.

2.2.5. Cleaning of micro-vials for re-use

To remove any residual contamination of the cryogenic grinder micro-vials before

they were used again for another sample, the micro-vials were washed well with tapwater.

Subsequently, they were washed in de-ionised water in a beaker for 15 min with

ultrasonication. The micro-vials were finally washed with methanol for 15 min with

ultrasonication.

To confirm that there was no residual contamination of the micro-vials,
decontaminated blank nail was used to provide a procedural blank sample. As shown in

Figure 2.3 (f), no cannabinoids were detected. Similar results were obtained for opioids

and anabolic steroids, described in subsequent sections.

Re-use of micro-vials is necessary because they are not disposable items. Routine
analysis of large numbers of nail samples would best be carried out with multiple sets of

micro-vials in order to avoid time delays caused by recycling of the vials.

2.2.6. Sample preparation

1) Decontamination of nail clippings

The nail clippings were washed with 10 mL of 0.1% sodium dodecy] sulfate (SDS)

for 15 min using ultra-sonication.

The samples were similarly washed three times with 10 mL of de-ionised water and

10 mL of methanol, respectively. The methanol wash solutions were preserved for later
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analysis, in order to establish the complete decontamination of the nails.
The washed nail clippings were dried at room temperature. The samples were

approximately divided into half for the cryogenically ground method with liquid

nitrogen (LN method) and the alkaline hydrolysis method (AH method), respectively.

Each sample was accurately weighed at each stage of preparation.

2) Methanolic extraction method with cryogenic grinding

The washed nail clippings (3.4-109.4 mg) were pulverised with the cryogenic

grinder under freezing with liquid nitrogen.

The cryogenic grinder was equipped with a micro-vial set capable of handling small
weights of samples. The grinding routine involved three cycles with 1-min pre-cooling
period, 1 min grinding period and 1 min between cycles. The powdered samples were

rinsed out of the grinding tubes with 10 mL of methanol into clean screw cap tubes and

the suspensions were sonicated for 15 min.

Internal standard solutions (50 pL of each of the deuterated cannabinoids or
deuterated opiates) were added to the methanolic extracts. The methanol extracts were

centrifuged for 10 min at 3,000 rpm after vortex mixing for 30 sec. The supernatant was

collected as the liquid nitrogen (LN) portion.

3) Alkaline hydrolysis method with sodium hydraxide

The washed nail clippings (3.3-133.0 mg), to which had been added each of the

internal standards, were hydrolysed with 1 mL of 1 M sodium hydroxide solution at 90 °C

for 30 minin a 15 mL test tube.

a) Cannabinoids

The samples were allowed to cool to room temperature and 5 mL of ethyl acetate

was added to each alkaline hydrolysate.
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Extraction was performed using a mechanical Rock and Roll extractor (Luckham

Ltd, U.K.) for 30 min. The samples were centrifuged for 10 min at 3,000 rpm and the

ethyl acetate layer was removed from the mixture and used for analysis by GC-MS after

derivatisation.

b) Opioids

After the sample had been cooled, the sample solution pH was adjusted with 1 M
hydrochloric acid using the Accumet Model 10 pH meter within the range pH 6.0-6.5.

Potassium dihydrogen phosphate buffer solution (0.1 M, 2 mL) was added to the

hydrolysates prior to SPE extraction.

The SPE extraction was carried out using an IST Vac/Master device (International
Sorbent Technology, U.K.). The SPE cartridge was conditioned with 3 mL of methanol.
Subsequently, the SPE cartridge was washed with 3 mL of de-ionised water and I mL of
0.1 M potassium dihydrogen phosphate buffer solution.

The alkaline hydrolysate sample was added to the SPE cartridge at flow of 2 mL/min

after vortex mixing.

The SPE cartridge was washed with 2 mL of de-ionised water, 2 mL of 0.1 M

hydrochloric acid and 3 mL of methanol, respectively. The SPE cartridge was dried for

10 min under full vacuum.

Opiates were eluted with 4 mL of dichloromethane/propane-2-ol/ammonium

hydroxide (78:20:2, v/v/v) solution. The eluate was used for the analysis as the sodium

hydroxide portion.

4) Derivatisation for GC-MS analyses

Both the LN portion and AH portions were evaporated to dryness at 60 °C under a
stream of nitrogen and the residues were derivatised with 50 pL of BSTFA with 1%

TMCS for 20 min at 70 °C. Derivatised samples were transferred to autosampler vials for
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GC-MS analysis.

2.2.7. Gas chromatography - mass spectrometric analyses

Qualitative and quantitative analysis were carried out with the Finnigan Trace

GC-MS with AS 2000 autosampler.

A 1 pL aliquot of derivatised analytes were analysed on an RTX-5MS column (15
m X 0.25 mm i1.d.; film thickness 0.25 pm) with He (0.9 mL/min) as carrier gas,
temperature programming from 150 °C to 300 °C (held for 2 min) at 10 °C/min.

Interface and ion source temperature, detector voltage, emission current were 250 °C,
200 °C, 500 V and 350 pA, respectively and the instrument was operated in the El+

selected ion monitoring (SIM) mode with an electron energy of 70 eV.

2.2.8. Quantitation of cannabinoids in nail extracts

1) Preparation of standard samples for calibration curve

All standard cannabinoid stock solutions were prepared at a concentration of 1

mg/L in methanol.

For each cannabinoid analysed, a series of solutions was prepared in order to

construct a standard calibration curve. In small test tubes 10, 25, 50, 100 and 250 pL of

each cannabinoid standard were added together with 50 pL of internal standard solution.
These samples were then derivatised and analysed by GC-MS in order to produce

proper calibration curves.

2) Calibration curve

The quantitative analysis of each cannabinoid used the SIM mode of GC-MS. One

uL of each standard solution was injected into the GC-MS and the peak area ratio of the
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sample to the internal standard sample was used for the preparation of the calibration

CUurve.

3) Fragment ions used for the SIM mode
Table 2.1 shows the selected ions and retention times used for the identification

and quantification of the cannabinoids.

CBD (m/z 390) and A’-THC (m/z 371, 386) used A’-THC-d; (m/z 389, 374) as
internal standard. 11-OH-A’-THC (m/z 371, 474) used 11-OH-A’-THC-d, (m/z 374) as
internal standard. Finally, A’>>-THC-COOH (m/z 371, 473, 488) used A’-THC-COOH-d,

(m/z 374) as internal standard.

2.2.9. Quantitation of opioids in nail extracts

1) Preparation of standard samples for calibration curve

All stock standard opiates and methadone were prepared at concentrations of 1 mg/L
with methanol and diluted prior to use. Each of the standard sample solutions prepared
was separately collected in small test tubes in aliquots of 5, 15, 50, 100 and 250 pL,
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