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Abstract

A study of the use of Surface Enhanced Raman Spectroscopy (SERS) for the
detection of illicit drugs in oral fluid using metal enhancement mechanisms was
undertaken. Initial work investigated ecstasy tablet composition using Raman to
1dentify what drugs and excipients might be present in oral fluid samples obtained
from users. Overall, it is possible to identify the presence of phenethylamines and
excipients 1n the seized tablets but not categorically distinguish between the
phenethylamine derivative(s) especially when in a mixture. Comparison of the
overall batch average peak positions and peak responses of the phenethylamine
derivatives and excipients shows variability across the batches and reveals trends
within the sub-batches. The Raman spectra appear to reflect the findings of the
GC/MS analysis tentatively, implying this technique could be used for initial

intelligence gathering applications whilst confirmatory analysis results are awaited.

Initial SERS research focused on achieving enhancement of aqueous drug solutions
with silver and gold colloid. Overall a lack of reproducibility was observed.

Therefore, alternative SERS enhancement mechanisms were sought.

Ag/Ti0O, substrates demonstrated low limits of detection and the possibility of
detecting SERS enhancement of aqueous amphetamine solution at levels below
8x10” M. The work also showed that cotton swabs for sample application onto the

surface of the substrate are a viable practical option for both experimental and field

analysis.

Successful detection of methadone and buprenorphine, used to treat heroin addiction,
was achieved with Ag/Ti0, substrates at concentrations associated with therapeutic
use, representing lower concentration drugs. The detection of MDMA 1n oral fluid
following ecstasy use, not only showed promise for the detection of illicit drugs, but
did so at the analytical cut-off concentration detailed in the draft type approval
specification for roadside drug screening devices. This work confirms that SERS has

a role for drug detection 1n oral fluid samples.
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Chapter 1

Overview

1.1 Introduction

1.1.1 Legislation

In the United Kingdom the term ‘fit to drive’ is encountered on a daily basis by
police officers and police surgeons. However, interpretation of this term 1is
subjective, rendering enormous scope for inconsistency in the way that drug drivers
are dealt with by the legal system. Within the legislation the statutory offence
relating to drugs and driving is embodied under section 3A and 4 of the Road Trattic

Act (RTA) 1988 (as amended by S4 of the RTA 1991). The offence 1s as tollows:

“If a person causes the death of another person by driving a
mechanically propelled vehicle on a road or other public place
without due care and attention, or without reasonable

consideration for other persons using the road or place and —

(a) He is, at the time when he is driving, unfit to drive

through drink or drugs... he is guilty of an offence”

Section 3A RTA 1988 as amended.

“A person who, when driving or attempting to drive a motor

vehicle on a road or other public place, is unfit to drive

through drink or drugs shall be guilty of an offence.”

Section 4 (1) RTA 1988 as amended.

“For the purposes of this section a person shall be taken as

unfit to drive if his ability to drive properly is impaired.”

Section 3A(2) and 4(5) RTA 1988 as amended.



Difticulties in legislative enforcement by a police officer arise when they encounter
an 1ndividual who is not over the limit for alcohol but have visible signs of
Impairment often associated with either mono- or polydrug use. This forces the
officer to make a subjective decision as to whether the impairment being observed
warrants further investigation. The decision made can be based upon a number of
variables such as: any training the officer has received, personal knowledge, reaction

of the custody officer and ultimately, the officer has to decide whether a Forensic

Medical Examiner (FME) would agree with his/her observations.

With reference to the term ‘unfit to drive’ the legislation includes a definition of the
term unfit to drive as outlined above. However, because of inter-individual

variability of the interpretation of the terms ‘unfit’ and ‘impaired’ inconsistencies

still arise.

Recent changes in the legislation, Railways and Transport Safety Act (RATSA)
2003, has enabled an officer to request the driver perform a field impairment test

(FIT) and provide an oral fluid sample for analysis at the roadside using a suitable

screening device. To date no suitable devices have been evaluated in the United

Kingdom for use in the enforcement of this legislation. The new legislation states;

6C “A preliminary drug test iIs a procedure by which a
specimen of sweat or saliva 1s-

a) obtained and

b) used for the purpose of obtaining, by means of a
device of a type approved .... an Indication whether the

person to whom the test is administered has a drug in his

body.”

Section 107 (7) RATSA 2003 an amendment for section of the
RTA 1998 (c.52) (testing for drink or drugs) substitute the above.

6B Preliminary impairment test and 6C Preliminary drug test.

The standard protocol for assessing drug drivers can be found in Figure 1.1.



Police Powers
Suspicion of driving under the influence

dangerous driving/road traftfic accident/other drivers reports

Roadside Breath Test for Alcohol

Under the drink drive limit or Over the limit result
negative result Arrested under suspicion of
drink driving

Police station for evidential
breath sample.

[t over the limit charged
under RTA 1988 Section 5

Field Impairment Test
No pass/fail criteria, it is the officers

overall opmion on pertormance of all tests

-----------------------------------------------------------------------------------------------------

Driver arrested under suspicion
taken to police station based on police
officers FIT result

. Drug screening is

: provided for here
Examination by doctor within the legislation
for condition due to a drug but no devices are

. currently approved

Blood Test for use.
1If condition due to a drug found | rrervessessessssssssscscsscancsesennast

POSITIVE RESUL'T

.I

RTA 1988 Section 4 |
a)driving or attempting to drive a
mechanically propelled vehicle..

b) Being in charge of a mechanically
propelled vehicle...
when unfit through drink or drugs

a) triable summarily, 6
months imprisonment
and/or a fine and
obligatory
disqualification

b) triable summarily 3
months imprisonment

and/or a fine and

discretionary
disqualification

Figure 1.1: Summarising the UK procedural and legislative process for dealing with drug
drivers.



1.1.2 Roadside Screening Devices

The practicalities of undertaking a drug screening test are complex. These devices
are required to work in challenging environments including temperature ranges
between -10 °C to 50 °C, in the rain and night time conditions. The ‘time to result’
from the start of sample collection must total less than fifteen minutes. This is
essential because it is the last evidence gathering procedure pre-arrest. Minimal

sample collection and transfer steps accompanied by automatic interpretation of the

result are also necessary for non-technical users.

Surface Enhanced Raman Spectroscopy (SERS) is considered a viable method for
this application because of its high sensitivity, capability to detect a wide range of
substances simultaneously and quick analysis times. A simple three step process is
envisaged, sample collection using a swab, transfer onto the SERS substrate through
direct contact between the swab and the substrate, insertion into the machine and
analysis within 1-2 minutes. It must be remembered that this is a screening technique

that does not require a numerical output but just an indicative result of the presence

of a drug.

Roadside screening devices would provide valuable support to a police officer as part
of the standard officer’s toolkit. A suitable device would indicate the presence of
either single or multiple drugs which would aid the decision making process when
impairment is suspected. Although, it must be borne in mind that the presence of a

drug does not necessarily mean the driver 1s impaired.

Screening devices such as the Concateno/Cozart Rapiscan and Drug Detection
System (DDS) (Abingdon, Oxford, UK) and Securetec DrugWipe (Munich,
Germany) (Figure 1.2) are analytically based on immunochromatographic techniques
'www.cozart.co.uk and www.securetec.net]. Generally, these devices utilise a lateral
diffusion process within which the oral fluid sample 1s mixed with labelled
antibodies contained in a buffer solution and passed over an area containing a linear
array of immobilised drugs. The antibodies are either drug class specific €.g. opiates

or are drug specific e.g. methadone. If drugs are present in the oral fluid sample,



they bind to the anti-drug antibodies, inhibiting their subsequent binding to the
immobilised drug line. This produces a ‘no line’ response which indicates the
presence of a drug in the sample. The presence of a line indicates the absence of a
drug in the sample because the antibodies have bound to the immobilised drug line.
The antibody’s are typically labelled with colloidal gold or a phosphor allowing

visualisation. The devices referred to above both use colloidal gold-labelled

antibodies.

Cozart Rapiscan Securetech DrugWipe

Figure 1.2: Images of two commercially available drug screening devices.

The immunoassay devices typically rely upon a relatively large volume of sample
being collected, approximately 1 ml, which 1s difficult to obtain from a drug user as
the drugs often reduce oral fluid flow. They are very sensitive to the volume of
sample loaded onto the reaction strip, too little or too much and they do not work
properly. They also take on average 10 minutes to analyse the sample and produce a
result. Detaining a suspected drug driver at the roadside for 10 minutes whilst a
sample analyses is not practical or sate for either the otficer or the suspected drug
driver. Some of the devices only identify the presence of a drug class which prevents
the user from determining if the drugs in the oral fluid are 1illicit or licit drugs. For

example the presence of codeine could indicate the use of an over-the-counter anti-

tussive or heroin.

The government has postponed the use of such devices until a type approval

specification is agreed, defining the minimum operational requirements, electrical



Interference tests and scientific standard that any device must perform to. The final

report from the joint European and United States ROSITA 1I project concluded that
they could not recommend any of the devices tested in both a laboratory and field

trial setting for operational use for the enforcement of drug driving [Verstraete and

Raes (2006)].

1.2 Driving Impairment

Driving a vehicle 1s a complex multi-functional task involving visual search and
recognition, vigilance, information processing and the variable demand of decision
making, risk taking and enough sense with motor control to carry out all these tasks
correctly. It 1s also an overlearned task where critical high level demands are very
infrequent. The different illicit drugs affect driving ability by differing degrees.
Nevertheless, there lies a common core between all of the illicit drugs that will

significantly modulate the drugs final effect on driving ability [Del Rio and Alvarez
(1995)]. These include the tollowing:

1) the amount of drug taken - with sustained drug consumption the drug dose
increases especially if consumed in quick succession (within one evening
etc.). Therefore, the greater the dose the more marked the influence on the
different aspects of driving ability that are directly or indirectly aftected by
the drug.

11) the route of administration — oral, smoked, intra-nasal, intravenous etc. (€.g.
Heroin). The pharmacokinetic (absorption, distribution, elimination) and
pharmacodynamic (effect of the drug on living organisms) properties of the
drug will be influenced by the routes of administration and this could have a

greater or lesser effect on driving ability.

111) the onset of tolerance to a drug - which requires the dose to increase to
experience the desired effects from that drug. However, despite the increase

in dose to achieve the same physiological and psychological high 1t may not

adversely affect the individual’s driving behaviour beyond the level that



would be observed had they consumed a lower dose prior to the onset of

tolerance.

1V) Overdose/withdrawal symptoms - produced by either an excessive amount of
drug or when a purer than normal dose has been taken or withdrawal

symptoms when the individual is without drug can produce extremes in the

adverse effects of the drug on driving behaviour.

V) multiple drug taking - a behaviour often associated with individuals who
frequently consume drugs. Alcohol is frequently imbibed in conjunction with
the drugs and as will be demonstrated below with examples this can have

additional deleterious effects.

Investigations focusing on the correlations between the concentration of a drug and
the measured level of impairment are inconclusive. Previous studies [Research
Technology Branch NIDA (1985)] have indicated broad ranges in drug concentration
that can evoke similar levels of impairment between individuals. Many inter-
individual variables contribute to the differences in drug concentration required to
evoke the same level of impairment between individuals. These include; body
welght, body composition, genetic and environmental influences that affect
metabolic and eliminatory processes, prior exposure and the presence of other drugs
that can cause pharmacokinetic and pharmacodynamic interactions. Currently 1t 1s
not possible to define critical body fluid concentrations for drugs in the same way
that they are defined for blood and breath alcohol. However, the ranges of
concentrations of illicit drugs below (Table 1.1) were detected in the oral fluid ot
drug drivers in Scotland for a period of 22 months between 2001 and 2003 {Oliver et
al (2006)]. Oliver et al (2006) reported that in 386 cases judged by the police to be
impaired the examining FME agreed that the effects might be due to the presence of
a drug in 297 (77%) of them. The majority of the drug positive cases were found to
involve polydrug use with 4 illicit drugs and a prescription drug present in one
subject. The drivers judged to be unimpaired at the roadside were asked to provide a

voluntary oral fluid sample for analysis. 171 samples were collected and analysed.



Upon analysis 100 of these were found to have a drug(s) in the sample. Opioids and

cannabis were most frequently detected indicating the drivers may have a tolerance

to the drugs making it harder to detect them using FIT tests [Oliver ef al (2006)].

Table 1.1 The range of drugs and concentration detected in oral fluid of drug drivers in

Scotland compared to the therapeutic ranges detected in subjects and patients. (Conc. —

concentration range, Thera. — therapeutic range).

~ B

i)ru_g_Detec_téd | Conc. Conc. Thera. Thera.
(Ra;lge Range Range Range
ng/ml) (M) (ng/ml) (M)
|Oliver er al ' [Moffat &
(2006)] Widdop
| | ] | (2004)] |
Delta-9-tetrahydrocannabinol 0.002-493 | 636x 10" - -
- 1.56 x 107
Amphetamine | 69 -96912 | 1.87x 10 1-10 |2.73x107
| | 2.62x 10" l 2.71x 107
Methamphetamine 50 -210 2.69 x 10 - -
B - ] | 1.13x10° T
| Methylenedioxymethamphetamine | 179 —28942 | 1.17x 107 - -
s - 1.61 x 10™ ]
| Methylenedioxyamphetamine | 478 | 221X 10:: i - -
Morphine 40 — 77000 1.40 x 10 10-70 3.5x 10°
) B - B 2.69x 10" | 245 x 107
Dihydrocodeine 07 -4800 | 321x107 | 94—156 | 3.11x107 |
| o B 1.59 x 107 1 5.17x 107
6-Monoacetylmorphine 8 — 70 2.44 x 10 - -
L 2a3x 10 o
Methadone 1616700 | S5.17x10% | 50—1000 | 1.61x 107
N 539x 107 | 13.23x10° 7
Cocaine 7-2900 | 2.05 x10° - -
8.53x10° |

Methylenedioxymethamphetmine (MDMA) is often used as a popular dance drug for

its socially facilitating and euphoric effects. Morgan (1998) documented effects on

cognitive performance (reduced accuracy) and Vollenweider et al (1998) reported a

lack of concentration in subjects who had consumed MDMA. Schifano (1995)



observed extreme driving behaviour in MDMA users that increased the incidence of

tratfic accidents in this study.

Brookhuis er al (2000) investigated the effect of multiple doses of MDMA and
various other psychotropic substances on driving performance. They assessed

overall driving performance and decision making processes using a driving simulator

programmed with different driving scenarios.

The driving simulator test included driving through a built up area and a motorway
scenario. During the rides in the simulator, driving performance (longitudinal and
lateral vehicle control) was measured and self reports on driving quality were
recorded for each subject. Gap acceptance, the ability to follow speed changes of a

lead car and responses to braking manoeuvres were also measured.

Speed variance increased both under the influence of MDMA and in the multiple
drug conditions both in the city and on the motorway. Reaction time to braking
manoeuvres by cars in front was not significantly affected in either of the drug

conditions as compared to the control group.

Krueger and Vollrath (2000) observed similar findings of impairment in a simulator
study 1nvestigating amphetamines. It was not possible to distinguish between the
amphetamine users and MDMA users. However, two drug concentration groups
could be defined; a low concentration group where the sum of the active substances

was less than 50 ng/ml and a high concentration group whose sum of active

substances exceeded 50 ng/ml.

The amphetamine/MDMA group exhibited an increased tendency to speed when
under the influence of the higher concentration but without any adverse etfect on
lane keeping ability. The subject’s performance of the secondary tasks (accidents at
the crossroads, peripheral warning signal and stop sign reaction times) was also
impaired. However, a combination of alcohol and the drugs at high concentration

caused a converse effect on speed, lateral position and reaction. Krueger and



Vollrath (2000) likened this behaviour to the appearance of a sober driver. The low
concentration group indicated no substantial alterations in driving behaviour when
the drug was present alone. When the lower concentration was taken in conjunction

with alcohol lane keeping performance deteriorated and secondary tasks were

impaired. The observed impairment was similar to that expected and observed from

the drivers who had consumed alcohol only.

These two studies indicate that both amphetamine and MDMA affect a drug user’s

ability to drive especially in terms of speed and risk taking behaviour. The

impairment observed is altered when the drugs are taken in conjunction with alcohol

or other drugs.

It 1s clear that the demand to identify drug induced impairment above and beyond
alcohol 1mpairment is ever increasing. This is imperative in cases where breath
alcohol testing has indicated the presence of alcohol but not in excess of the legal
limit. Under these circumstances the presence of alcohol could accompany illicit
drugs and a simple and quick screening test would enable a police officer, when used
in conjunction with a FIT test, to identify either the absence or presence of other

substances that could be contributing to the observed impairment.

1.3 Amphetamines and Substituted Amphetamines

1.3.1 Substituted Amphetamines

All of the amphetamine derived analogues are produced from the precursor chemical
phenethylamine, the generic name of amphetamine. Substitutions on the nitrogen
and the ring system account for most of the structural variations. The most common
examples of amphetamines include methamphetamine and the substituted
amphetamines; MDMA, methlyenedioxyamphetamine (MDA), 4-
methoxyamphetamine (PMA) and methylenedioxyethylamphetamine (MDEA)
(Figure 1.3) which have no medical use | Drummer (2001)].

10



N

Amphetamine Methamphetamine

LI KT

Methylenedioxyamphetamine Methylenedioxymethamphetamine

(MDA) (MDMA)
O—<: :>—:
HN
O \ / NH.,
Methylenedioxyethylamphetamine 4-methoxyamphetamine
(MDEA) (PMA)

Figure 1.3: The structures of common phenethylamine drugs.

1.3.2 Methamphetamine

Methamphetamine was first synthesised in Japan in 1919 by Ogata, patented in 1920
and later licensed to Burroughs Welcome who marketed 1t as the anorectic
Methedrine® [Logan (2002)]. Methamphetamine has legitimate therapeutic use in

the treatment of obesity, narcolepsey, Attention Deficit Hyperactivity Disorder

(ADHD) and Attention Deficit Disorder (ADD).

1.3.3 MDA

MDA is readily available from several chemical suppliers. The illicit form 1s found

as a freebase (ice) and is smoked in a similar fashion to crack cocaine. The use of

11



MDA is however rare in the UK [TICTAC (1999) & Valter and Arrizabalaga
(1998)].

1.3.4 MDMA

Ecstasy, the street name for MDMA, was first synthesised in 1910 [Mannich and
Jacobson (1910)] and was patented by the Merck company in 1914. The human
pharmacology of MDMA was not presented until 1978 by Shulgin et al (1986)
Ecstasy entered the UK with the arrival of American dance culture. It is classed as a
hallucinogenic stimulant. MDMA is generally found as a racemic mixture. The d-
1somer 1s more potent then the l-isomer in evoking the subjective effects of the drug
|Schechter (1987), Glennon et al (1997)]. Frequently, drugs sold as ecstasy contain
no MDMA but other illicit drugs wusually stimulant drugs including
methamphetamine, amphetamine, ketamine, MDA, MDEA and PMA [Bell et al
(2003), Sonderman and Kower (1999)].

1.3.5 Mechanism of Action

Stimulants, amphetamine, methamphetamine and the designer drugs, have ettects
both within the central nervous system and the peripheral nervous system. Centrally
they work by stimulating predominantly dopaminergic neurones and serotinergic
neurones but they also stimulate noradrenergic neurones too. Peripherally they
function by stimulating predominantly noradrenergic neurones but some

dopaminergic neurones are also stimulated [Rang ez a/ (1995), Raymon (2003)].

Dopaminergic neurones have dopamine as the neurotransmitter, serotonergic
neurones have serotonin as their neurotransmitter and noradrenergic neurones have

noradrenaline as their neurotransmitter. Dopamine is a catecholamine and 1s related

to noradrenaline [Rang ef al (1995), Raymon (2003)].

Stimulants all modify the behaviour of the nerves pre-synaptically by competitive
antagonism [Logan (2002)]. Amphetamine and methamphetamine have the biggest
effect on noradrenaline and then smaller effects on dopamine and serotonin

respectively (Figure 1.4). High doses of methamphetamine administration cause



lower brain levels of dopamine and serotonin and decreases the activity of enzymes
responsible for their synthesis [Logan (2002)]. MDMA, MDA and MDEA have the
biggest effect on serotonin followed by dopamine and noradrenaline (Figure 1.4)
|[Rang er al (1995), Raymon (2003)]. Their affinity for different neurotransmitters
accounts for their differing pharmacological effects. Amphetamine and
methamphetamine have greater effects on the peripheral nervous system whereas
MDMA, MDA and MDEA have a greater effect on the central nervous system

overall, again accounting for their differences in pharmacological effects [Rang et al

(1995), Raymon (2003)].

Amphetamine and Methamphetamine - NAd =~ DA > SHT

MDMA, MDA and MDEA — SHT =~ DA > NAd

Figure 1.4: A flow diagram illustrating the decreasing affinity of the drugs for the
neurotransmitters. SHT (Serotonin), DA (Dopamine), NAd (Noradrenaline).

1.3.6 Routes of Administration

Intravenous injection, nasal insufflation, smoking or oral consumption of a tablet are

the most common ways amphetamine is administered. Intravenous dosing provides

the most efficient and quickest way of administering the drug.

Methamphetamine can be smoked as a hydrochloride salt by inhaling the vapours
from a glass or aluminium pipe [Logan (2002), Cho (1990)]. The efficiency ot this

process is over 70% [Drummer (2001)]. Smoking produces a rapid absorption with

peak blood concentrations within minutes. These concentrations are sustained for 3 -

4 hours before declining.

MDMA and MDA are administered orally in tablet form. Sometimes the tablet may

be crushed, wrapped in toilet paper and swallowed for more rapid absorption [Logan

and Couper (2003)].
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1.3.7 Drug Distribution in Blood and Oral Fluid and Half Life

Amphetamine after a single oral dose is rapidly absorbed. It has low protein binding
properties [Quinn ef al (1997)] for both enantiomers, resulting in a higher amount of
drug available in plasma for ready distribution into biological fluids and matrices
with pH values lower than the plasma [Kidwell er al (1998)]. Studies with
amphetamine dependent subjects have shown larger volumes of distribution implying
that amphetamine may be sequestered in tissue compartments because of tolerance to
the drug. Dependent users also have longer drug half life elimination (21.8 + 1.4

hours) than non users (13.9 + 3.4 hours) when administered the same 25 mg oral

dose |Busto et al (1989)].

Amphetamine was 1dentified in oral fluid following administration of d-
amphetamine, l-amphetamine and d,l-amphetamine [Wan ef a/ (1978)]. Martin et al
(1977) and Wan et al (1978) reported higher amphetamine concentrations in oral
fluid than 1n plasma and detection for 48 hours after oral administration of 10 mg of
amphetamine hydrochloride to humans. Smith (1981) measured amphetamine by
radio-immunoassay 1n oral fluid and oral fluid stains on a cigarette from a subject
undergoing amphetamine therapy. The concentration of amphetamine in oral fluid
(73 ng/ml) was similar to that found in whole blood (64.1 ng/ml) and semen

(54 ng/ml) for the subject.

Methamphetamine has a blood half-life of 10 hours [Cook et a/ (1993)]. The volume
of distribution for methamphetamine is similar to amphetamine and 1s also
unaffected by route of administration [Samyn ef a/ (2002)]. When smoked
methamphetamine has a similar blood concentration versus time profile to
intravenous administration. Peak blood concentrations of methamphetamine are
close to 100 ng/ml following a smoked 30 mg dose. Oral fluid concentrations of
methamphetamine are substantially higher than those in plasma which often relates
to oral administration of the drug. Amphetamine, the main metabolite of
methamphetamine, is produced only in small amounts following intravenous dosing
or smoking. Plasma methamphetamine concentrations peak at 12 hours and are only

40 ng/ml [Cook et al (1993)]. Cook et al (1993) also showed some evidence that
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methamphetamine kinetics may be dose dependent with slower clearances with

higher doses, possibly due to the saturable excretion process In the kidney. This has

Important implications when considering chronic use.

Heavily drug dependent users of amphetamine and methamphetamine can exceed
2000 mg daily doses. While these doses are uncommon they will generate
accordingly higher blood and tissue concentrations of drug. However, little research
has been undertaken to demonstrate the linear relationship between dose and blood
concentrations of these drugs following controlled high dose administration which
leads to large errors in the predicted blood concentrations [De la Torre et al (2000)].

This 1s partly due to ethical concerns about administering high doses of stimulant

drugs.

MDA has a blood half-life of 3 to 8 hours. Common abused doses are 50 - 250 mg.

Blood concentrations can be up to approximately 400 ng/ml. It is highly toxic and

has high abuse potential. It is the principle metabolite of MDMA [Drummer (2001)].

MDMA demonstrates stereo specific metabolism with an 1- half life of 5.8 + 2.2
hours and a d- half life of 3.6 + 0.9 hours [Fallon et al (1999)] following
administration of a 40 mg racemic mixture. This metabolic difference causes non-
linear pharmacokinetics because the d- 1somer 1s more pharmacologically active but
1s metabolised faster making the blood drug concentrations harder to interpret [Logan
and Couper (2003)]. Upon administration of an oral dose effects can be observed
within 25 - 30 minutes and remain present for an hour or more depending on the
dose. De la Torre (2000) administered doses between 5 — 10 mg and observed peak
plasma concentrations within 1.5 — 4 hours. The plasma MDA concentration was
observed to peak later between 4 - 6 hours and did not exceed 5% of the parent
compound concentration. Samyn et al (2002) reported an experimental
saliva:plasma (S:P) that greatly exceeded the theoretical value following controlled
administration of 75 and 100 mg doses. This accumulation of MDMA 1n oral fluid
was thought to relate to the sympathomimetic effects of the drug atfecting

distribution. Navarro et a/ (2001) reported oral fluid concentrations that ranged from
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17289 - 65106 ng/ml and plasma concentrations that ranged from
134.9 — 223 ng/ml 1.5 hours after administration of a single oral dose (100 mg) in 8
volunteers. The oral fluid and plasma concentration time profiles were in agreement
despite considerably higher oral fluid concentrations. These may result from the low
protein binding and basic nature of MDMA resulting in a higher free fraction

avallable for diffusion into the acidic oral fluid.

1.3.8 Clinical Uses

Amphetamine derivatives have limited clinical usefulness owing to the number of
side effects. @ However, derivatives such as fenfluramine and its d-isomer
dextentluramine are used for the treatment of severe obesity inducing the state of
anorexia but without introducing the side effects associated with amphetamine
directly. Paradoxically 1t 1s also used in the treatment of hyperactive children but the

mechanism behind the beneficial effects 1s currently unknown [Martindale (1993),
Logan (2002)].

There are a number of legal stimulant drugs metabolised to amphetamine or
methamphetamine such as Selegline, an antiparkinson drug, which is metabolised to
a weakly active l-isomer of methamphetamine [Romberg ef a/ (1995)], while others
such as fenproporex and benzphetamine are metabolised to d- and I-

methamphetamine and/or d- and l-amphetamine [Drummer (2001)].

All of these drugs are now controlled by The Misuse of Drugs Act 1971. This Act
aims to prevent the unauthorised use of drugs which are being or are likely to be
misused and if this misuse is having or appears capable of having harmful effects
sufficient to constitute a social problem. However the Act does not control the
consumption of these drugs. Within the Act these drugs are considered as Class B
drugs except for methamphetamine which was recently re-classified as Class A [The
Misuse of Drugs Act 1971 (Amendment) Order (2006)]. It an individual is found 1n
possession of Class A methamphetamine they can be sentenced for up to seven years
imprisonment and be given an unlimited fine. Trafficking offences can receive up to

life imprisonment and an unlimited fine [The Misuse of Drugs Act 1971
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(modification) Order 2001 and The Misuse of Drugs Act 1971 (Amendment) Order
(2006)]. If an individual is found in possession of a Class B phenethylamine they
recelve a summary conviction, can be sentenced for up to three months and be given
a fine of up to £1000. Possession on indictment receives up to five years

Imprisonment and an unlimited fine. Trafficking offences on summary conviction

carry up to six months imprisonment and or a £2000 fine. An indictable trafficking

offence can receive up to 14 years imprisonment and an unlimited fine [The Misuse

of Drugs Act 1971 (modification) Order 2001].

1.3.9 Statistics

The total number of amphetamine and ecstasy users in the world is currently
estimated to be 24.7 million (0.6% world population aged between 15-64 yrs) and 9
million (0.2% world population aged between 15-64 yrs) people respectively [World
Drug Report (2008)]. Cannabis is the most widely used drug with amphetamine and
ecstasy following closely behind. Global seizures of ecstasy were 5 metric tonnes in
2008 with the highest seizures being found in the United Kingdom as well as the
USA, Belgium and others. However, global production based on estimated
consumption figures, seizure data and precursor seizures is thought to range between
330 — 770 tonnes with the number of dismantled laboratories at 8245 1n 2007 [World
Drug Report (2008)]. Belgium and the Netherlands continue to be cited as the main
countries of origin for ecstasy exportation. The United Kingdom continues to have
the largest European market for amphetamines. The seizure rates for the United
Kingdom in 2006 were 2038 kg of amphetamine and 2946000 units of ecstasy
[World Drug Report (2006)]. In 2007 1 g of amphetamine was sold on average for
£11 (range £3 to £45) and ecstasy on average for £4.50 per tablet (range £0.29 to
£22) [World Drug Report (2008)]. In 1999, 667 million pounds of 1illicit drugs were
seized in the UK by law enforcement agencies [Corkery (1999)]. This 1s a
proportion of the amount that actually reaches the street for sale. Since the
publication of Sir William Macpherson’s report on the ‘Stephen Lawrence Inquiry’
[February (1999)] there has been a decrease in the number of individuals being

stopped and searched which previously had accounted for more than half ot drug

offences brought to the attention of the police.
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The British Crime Survey (BCS) 2002-2003 [Codon and Smith (2003)] indicated that
of all 16-59 year old respondents 12% had taken an illicit drug. Figure 1.5
graphically represents the prevalence of the different drugs being taken by age group.
Amphetamine and ecstasy were the second most commonly used drugs amongst the
same age range, with 2% claiming to have tried them in the last year. In the 2005-
2006 BCS [Roe and Man (2006)], 10% of 16-59 year old respondents reported taking
an 1llicit drug within this period with cocaine use at 2.4%, amphetamine use at 1.3%
and ecstasy use remaining stable at 1.6%. Figure 1.6 graphically represents the
prevalence of the different drugs being taken by age group. If the 16-24 year olds 1n
the 2002-2003 BCS [Condon and Smith (2003)] are looked at in more detail, the use
of ecstasy and cocaine accounts for 5% and amphetamine 4%. In 2005-2006 BCS

[Roe and Man (2006)] 16-24 year olds reported ecstasy use of 4.3%, cocaine use at
5.9% and amphetamines use at 3.3% slightly lower than in 2002-2003. The majority
of amphetamine and ecstasy use is seen within the 16 — 34 year olds who are also
considered to be the age group at most risk of being involved in road tratfic

accidents. Figures 1.5 and 1.6 compare the prevalence of drug misuse in 16-59 year

olds in both the 2002-2003 and 2005-2006 BCS’s respectively.
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Figure 1.5: British Crime Survey 2002-2003 Prevalence of drug misuse in 16-59 year olds
|Codon and Smith (2003)]. (X axis series names A- amphetamines, B- Cannabis, C-
Cocaine, D- Ecstasy, E- Crack F- Heroin, G- LSD, H- Magic Mushrooms, I- Methadone, J-
Tranquillisers, K- Amyl Nitrate, L- Anabolic Steroids, M- Glues).
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Figure 1.6: British Crime Survey 2005-2006 Prevalence of drug misuse in 16-59 year olds
[Roe and Man (2006)]. (X axis series names A- amphetamines, B- Cannabis, C-Cocaine, D-

Ecstasy, E- Crack F- Heroin, G- LSD, H- Magic Mushrooms, I- Methadone, J-Tranquillisers,
K- Amyl Nitrate, L- Anabolic Steroids).
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Surveys and newspaper articles also regularly indicate that more people are taking
recreational drugs and driving having consumed them [Metro (London) 7" June
2006, Evening Standard 6™ June 2006, The Times 3™ February 2006]. The
Association of Chief Police Officers (ACPO) released the results of the 2006
Christmas drink and drug driving campaign. Throughout the month of December
police forces undertook enforcement campaigns resulting in 666 FIT tests from
which 251 arrests were made [ACPO Press Release (2007)]. It is important to
remember that all of the 666 subjects passed a breath alcohol test thereby arousing
suspicion of driving under the influence of a drug. However, subjects who recorded
a positive, refused or failed the breath alcohol test following random stop, injury
collisions or damage only collisions totalled 11,603 and it is unknown how many of
these drivers were also under the influence of drugs as well as alcohol because they

were dealt with only for their excess alcohol offence as prescribed by the RATSA
amendment 2003 of RTA 1988.

Whilst 1t cannot be categorically stated that the use of drugs when driving causes
accidents there are many factors that indicate that drugs may evoke impaired driving
behaviour within an individual by affecting alertness, visual, activity, reaction time,

judgement and decision making and so on thereby increasing the risk of accident.

1.4 Functions of the Oral Cavity

1.4.1 The Oral Cavity

The secretions present in the oral cavity can be categorised into two headings; saliva
and oral fluid. Saliva is a secretion produced by the 3 major salivary glands and can
be either mucus or watery in nature [Mandel (1990)]. Oral fluid is a substance that
encompasses the secretions from all of the glands in the oral cavity and 1s very

unclean. It also contains cellular material, food and any other material in the oral

cavity [Mandel (1990)].

[t is estimated that between 500 and 1500 ml of oral fluid is produced daily [Aps and
Martins (2005)]. This is the equivalent to approximately one fifth of the total plasma

volume. However, most of this will be swallowed and re-absorbed. Some of the
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salivary components are derived from blood plasma but most are synthesised by the

salivary glands.

Normal unstimulated salivary flow rate is between 0 - 6 ml/min [Aps and Martins

(2005)]. A dry mouth reflex can be experienced by an individual when salivary flow

1s diminished to 40 - 50% of the normal value and not just when salivary flow is zero
| Dawes (1987)].

1.4.2 Xenobiotic Entry Into Oral Fluid

Several theories have been proposed to explain the mechanism by which xenobiotics
enter saliva. Smaller molecules such as ethanol can pass freely through membrane
pores either into the saliva or directly into the oral cavity [Haeckel (1989)]. Most
drugs seem to enter the saliva by a simple passive diffusion mechanism which
depends on their physicochemial properties (pK,, relative solubility in water and
lipids which determines their free diffusibility, molecular weight and spatial

configuration) or their link to the plasmatic proteins and the plasmatic and salivary

pH values |Haeckel (1989)].

Shightly 1onised, lipophilic substances penetrate the plasma-saliva barrier with ease
because the concentration in the saliva is a reflection of the free molecule plasma

concentration. They pass through the barriers at a rate roughly parallel to therr

oil/water partition coefticient [Jusko and Milsap (1993)].

[n the case of slightly alkaline substances the salivary concentration 1s closely related
to the pH of the saliva. If the constituents have a pK, close to the salivary pH, a
slight change in pH engineers a significant change in the degree of 1onisation
reflected by the saliva/plasma (S/P) ratio [Kidwell ef a/ (1998)]. In accordance with
the pH partition theory if a basic drug has a pK, > 6 or an acidic drug has a pK,< 8

this will alter considerably the total plasma and saliva concentrations.
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I'ne saliva drug concentrations reflect the free plasma fraction i.e. the active drug
fraction. Therefore, it acts independently of any variations that may occur in the

aqueous compartment [Jusko and Milsap (1993)].

1.4.3 Oral Fluid Collection

Oral fluid collection is considered a non-invasive procedure which can be undertaken
under the direct supervision of trained police officers to reduce the risk of
adulteration. It is easier and more expedient to obtain multiple oral fluid samples
than blood. Furthermore, drawing blood requires the expertise of a medical
professional and the subjects may experience fear, anxiety and discomfort [Siegel
(1993)]. Although some training and explanation is necessary to assure proper
gathering of oral fluid samples, it does not require the level of training needed for
blood sampling. A sample of oral fluid can normally be taken by expectoration
(spitting) into a container or by wiping the oral cavity with a cotton bud or similar
item [Mandel (1990)]. If salivary flow is stimulated to increase the volume of fluid
avallable for collection, the concentration of drug in saliva is liable to change due to
a change 1n pH, affecting drug partitioning and the saliva:plasma ratio.
Consequently oral tluid collection should be carried out without stimulating salivary
flow. Studies with codeine show that oral fluid concentration is dependent upon the
sampling protocol, with the highest concentration being observed following
expectoration [O’Neal er al (2000)]. Consideration must also be given to the
collection method and materials used and 1t 1ts use directly affects the pH and
therefore the detectable drug concentration [Crouch (2005)]. Equally the volume of
oral fluid may be greatly reduced as a direct consequence of a reduction in resting
level salivary flow. In a road safety context, all of these drawbacks need to be taken
into account when collecting samples 1n situ. In addition, a dry mouth may be
experienced by the subject due to the action of the drug itselt or the release of

adrenaline associated with being stopped by a police officer [Verstracte and Raes

(2006), Kidwell ef al (1998)].
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1.4.4 Phenethylamines in Oral Fluid

A single administration of amphetamine and methamphetamine either through the
oral cavity, intravenously or by a smoking method produces oral fluid concentrations
at least 2 - 3 times greater than the recorded plasma concentrations [Kintz (1999)].
The drugs may be detectable in oral fluid for a period of time as long as two days if a
sensitive analytical method is employed. A correlation between the oral fluid
concentrations of methamphetamine and the presence of subjective and
cardiovascular effects has not yet been established [Kintz (1999)]. Wylie et al
(2005b) analysed oral fluid samples from 1396 drivers stopped randomly on UK
roads with high accident rates. 16.8% of the samples were positive for at least one
drug. The most frequently detected parent drug was MDMA which had a
concentration range of 9 — 3144 ng/ml. Other detected phenethylamines included
MDA (concentration range 4 — 275 ng/ml), amphetamine (concentration range 12 —
16414 ng/ml) and to a lesser extent MDEA and methamphetamine. Their presence
may relate to intentional consumption, unknown consumption in the case of ecstasy
tablets which are often found to contain multiple phenethylamine derivatives
[Lamping (2006)] or as metabolites of ecstasy consumption. These results difter
from other studies where samples have been collected from randomly stopped drivers
[Wylie et al (2005b)]. This data may reflect the geographical usage of particular
drugs within a country. This conclusion is supported by data obtained from blood
samples collected from suspected driving under the influence of drugs cases from the
west of Scotland where benzodiazepines were the most commonly detected drug

followed by morphine and cannabis [Seymour and Oliver (2000)].

The use of stimulants (designer drugs) has increased but limited studies have been
published on the measurement of MDA, MDMA and MDEA 1n oral flud. This 1s
possibly due to ethical constraints. Samyn ef al/ (2002) report on a controlled
MDMA study involving 12 experienced MDMA users. Each subject consumed
75 mg of MDMA on three separate occasions in a double blind cross over study. An
in-dwelling venous catheter was used to obtain blood samples at 60 minute intervals
from time O to 5 hours after administration. Oral fluid samples were also collected at

the same time points. Plasma concentrations varied from 21 - 295 ng/ml reaching a
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maximum concentration within 4 hours. The oral fluid concentrations were higher
than the plasma concentrations but the inter-subject variability was three times higher
with a larger range, 50 - 6982 ng/ml. However, if the average plasma and oral fluid

concentrations are compared (Figure 1.7) there appears to be good correlation despite

the large inter-subject variability.
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Figure 1.7: Average plasma (®) and oral fluid (€) concentrations (ng/ml) in controlled

dose MDMA volunteers [reproduced from Samyn ez a/ (2002)].

Blood has always been regarded as the medium of choice for identifying cases of
driving under the influence of xenobiotics. This is without an established

concentration threshold beyond which impairment is substantial, in the same way for

alcohol.

When it comes to preventative roadside testing blood sampling with its invasive
procedures and cumbersome analysis is not suitable, but oral fluid sampling 1s a
viable option. Consideration has to be given to the route by which the drug enters
the oral fluid. This could occur during passage of the material through the mouth
(food, drink, smoke, oral or nasal administration) or by secretion from the salivary
slands (in which case the polarity and molecular size of the material will be
important together with the factors listed previously) [Jusko and Milsap (1993).

Research over the years has confirmed it is possible to detect amphetamine sulphate



and the substituted amphetamines in oral fluid using conventional methods such as

liquid chromatography/mass spectrometry [Smith (1981), Schepers et al (2003),
Samyn el al (2002), Wylie et al (2005a), Mortier et al (2001)]. The investigations
detailed in this report have been conducted based on this with a view to finding a

surtable technique which could be used at the roadside requiring little or no sample

preparation and a fast analysis time.

Collection of mixed saliva has many disadvantages that can affect results. For
example the drugs may bind to the inert materials used to collect an oral fluid sample
[Siegel (1993)]. Orally administered drugs may leave drug residue in the mouth that
will contaminate the oral fluid sample thereby influencing the detectable
concentration of that drug. The drug may partition between the oral contents and
oral mucosa and may then be slowly released back into the oral fluid as has been
demonstrated for sulfamethizole resulting in false high oral fluid concentrations
|[Eatman ef al (1977)]. Drugs may also enter the oral fluid from crevicular fluid.
However, despite these problems, oral fluid generally contains unbound
pharmacologically active parent drug [Siegel (1993)] which should give, in most
cases, an indication of the level of drug consumed and therefore the potential

impairing effects. The concurrent use of two or more drugs may alter drug binding

[Siegel, (1993)] but polydrug profiles can be identified through the use of SERS

because each drug has its own chemical fingerprint.
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Chapter 2

Raman Spectroscopy

2.1 Introduction

The Raman effect was predicted by Smekcal in 1923 but first detected in 1928 by Sir
C.V. Raman [Raman and Krishnan (1928)]. Initial experiments relied upon the
focusing of sunlight and filters to observe visual colour changes in the scattered light
|Gardiner and Graves (1989)]. Raman later investigated this effect using a mercury
lamp and spectrograph on liquids including benzene and carbon tetrachloride which

required a twenty-four hour period of exposure and a 600 ml sample volume [Raman

and Krishnan (1928)].

The Raman effect is inherently weak, typically 10™'° of the incident radiation, making
source stability and intensity an important part of collecting a spectrum [McCreery
(2000)]. Maintaining the intensity and stability of the incident exciting radiation
from the light sources available contributed to the difficulty in measuring the Raman
effect until the early sixties when this was overcome by the harnessing of laser light.
The use of laser light revolutionised Raman spectroscopy by providing a narrow
beam, of high intensity and highly monochromatic light. This reduced interference
from stray light and allowed the filtered removal of the incident radiation following
exposure of the sample to ensure that only the scattered light was detected and
analysed. This also reduced the time of sample exposure from hours to microseconds
and enabled the recording of spectra from solid, liquid and gaseous samples, small
sample volumes and coloured samples as well as those at high temperatures, under
vacuum and in dilute solutions. Approaches used by others to review the theory ot

Raman spectroscopy have been used here [Gardiner and Graves (1989), McCreery

(2000), Smith and Dent (2005)].

2.2 Theory

When a designated wavelength of incident radiation interacts with a sample

molecule, that molecule will scatter the light in two principle ways (Figure 2.1)
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|Gardiner and Graves (1989)]. The first is Rayleigh scattering and involves elastic
scattering of the incident light in all directions. This occurs when the electrons in the
molecule vibrate at the same frequency as the incident radiation and so emit the
scattered light at the same frequency as the incident light. The second type of
scattering 1s known as Raman scattering which is inelastic scattering of the incident

light. It i1s subdivided into two processes which are explained below. This

investigation will concentrate on the detection of Stokes Raman.

Inelastic scattering involves the interaction of a photon of incident radiation with a
molecule. When the energy of the photon is too low to cause excitation of the
electrons 1n the molecule to a higher electronic state, the photon is scattered.
Inelastic scattering of the incident photon can occur in one of two ways; by either
donation of 1ts energy to or removal of energy from the molecule that it interacts
with. This donation or removal of energy to or from the molecule produces two sets
of lines on the spectrum. If the photon donates its energy to the molecule this results

in Stokes lines. If the photon gains energy from the molecule Anti-Stokes lines arise

(Figure 2.1) [Gardiner and Graves (1989)].
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Figure 2.1: A diagram to illustrate Rayleigh and Raman Scattering [Gardiner and Graves
(1989)].
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Most collisions of the incident photons with a recipient molecule result in elastic
Rayleigh scattering. However, approximately 1 in every million collisions results in
the excited molecules undergoing polarizability changes provided during inelastic
Raman scattering. [f the molecule re-emits radiation following incident photon
radiation collision and does not return to the original vibrational state but to an
excited vibrational level of the ground state the emitted radiation is of lower energy
than the incident radiation. It is the molecules natural vibrational frequency in the
ground state that i1s responsible for this difference in energy. The lines produced
from this process correspond to the Stokes Raman spectrum lines (Figure 2.2).
However, if a molecule initially absorbs some of the radiation following incident
photon collision while 1n an excited vibrational state and then decays to an energy
level that 1s lower, the frequency of the Raman radiation 1s higher than the incident

radiation. The resulting spectral lines correspond to the Anti-Stokes lines (Figure

2.2) which are usually much weaker than the Stokes lines.
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Figure 2.2: A typical Raman Spectrum illustrating the Anti-Stokes and Stokes spectrum of

crystalline amphetamine sulphate.

28



For a vibration to be active in the Raman effect the polarizability of the molecule has
to change during the vibration. Polarizability 1s the consequence of the applied
electric field strength and involves a biased deformation of the electron cloud that

surrounds the molecule at one end of the vibration over the other relative to its

nuclei. This 1s known as an induced dipole moment.

If one considers the classical theory of the Raman effect, polarization strength 1s

given by Equation 2.1 [McCreery (2000)];

P=oak (Equation 2.1)
P = polarization
o = inherent polarizability of the molecule

E = incident electric field strength

This equation refers to the ease of distortion of the electron cloud surrounding the
molecule and the magnitude of the induced dipole moment as related to the strength

of the electric field.

The optical electric field is governed by Equation 2.2 [McCreery (2000)];

E = Eq cos2mvot (Equation 2.2)

E, = maximum value of the electric field strength

vo = laser frequency

t = time
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The molecular vibrations are composed of normal modes, Q,, of which there are 3N-6

in a molecule with N atoms (Equation 2.3) [McCreery (2000)];

Q= Q° cos2nv ;t (Equation 2.3)

(Q;= normal modes of molecular vibration

v ; = characteristic harmonic frequency of the jth normal mode

The molecular vibration adjusts the polarizability of electrons in the molecule

(Equation 2.4) [McCreery (2000)];

o= o+ (00/0Q)) Qi+ ... (Equation 2.4)

oa/0Q); = the rate of changes of polarisability

If the following mathematical relationship (Equation 2.5) is used and combined with
all of the above equations (2.1 — 2.4) this gives rise to the polarizability equation

(Equation 2.6) [McCreery (2000)];

cos a cos b =[cos (a + b) + cos (a—b)]/2 (Equation 2.5)

P = ooEg cos2mvot + EgQ® (8a/8Q)) (cos (vo+ v ;) + cos (vo- v ))/2 (Equation 2.6)

The first term in Equation 2.6 has the frequency of the incident radiation and 1s the

Rayleigh scattering. The second and third terms in Equation 2.6 represents the anti-

Stokes (vo + v ;) and the Stokes (vo - v ;) Raman bands respectively [McCreery
(2000)]. The primary selection rules for Raman scattering are found in Equation 2.5,
which shows; firstly, a linear relationship between polarisation and scattering with

laser intensity, and secondly, that Raman scattering is only generated by vibrations

that modify the polarizability.
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2.3 Surface Enhanced Raman Spectroscopy (SERS)
2.3.1 Introduction

SERS 1s observed when the molecule of interest is placed on a roughtened metal
surface and a Raman spectrum is obtained. This Raman or SERS spectrum shows
considerabley enhanced signal of the standard Raman and was first observed by
Fleischmann er al (1974). The enhancement observed by SERS is attributable to two

theoretical effects, the larger of which is field enhancement and the other chemical

enhancement.

2.3.2 Field Enhancement Theory

Field enhancement occurs when metal particles or a roughened metal surface are
exposed to an appropriate wavelength of laser light. If the optical properties of the
metal surface are suitable, such as that seen with electrochemically roughtened silver
or gold then the field enhancement of the incident light is increased at the particle
surtace, especially near the regions of curvature that occur on the small particles
|Birke and Lombardi (1988), Zeman and Schatz (1987)]. The end result is an
increase in the observed Raman scattering of approximately 10° under optimum
conditions [McCreery (2000)]. However, this effect is strongly dependent upon
several conditions. Field enhancement is strongest in metals with high reflectivity at
the laser and Raman shifted wavelengths. This can be observed clearly with gold,
silver and copper metals [McCreery (2000)]. Field enhancement has a longer range
of enhancement capabilities than chemical enhancement in that it extends some
several tens of nanometres away from the metal surtace [McCreery (2000)]. Hence,
the molecule has no need to be in direct contact with the surface to exhibit SERS.
However, the magnitude of the field enhancement observed 1s dependent upon the
optical properties of the metal and the chosen wavelength ot excitation. McCreery
(2000) states that the greatest enhancement properties of silver are observed in
conjunction with a wavelength of excitation of 514 nm or 532 nm. It has also been
observed that at excitation wavelengths greater than 600 nm gold and copper have
their greatest enhancement. A significant magnitude of field enhancement 1s

observed [McCreery (2000)] when the metal particles are several tens of nanometres
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In diameter which makes them smaller than the laser wavelength. The metal particle
shape also affects the observed field enhancement magnitude. This will differ
depending upon the metal, laser wavelength and shifted Raman light. For example,
the radii of curvature of spherical and elliptical particles are different but the average
size and diameter of the particles may be the same. The outcome is a difference in

the magnitude of the field enhancement effect [McCreery (2000)].

A roughened metal surface can consist of spheres, ellipsoids and irregular particles
covering a range of sizes (in the nanometer range) so the magnitude of field
enhancement will vary across a metal surface. Contributing to this are two
phenomena; plasmon resonance and the antenna effect which are affected by the
particle shape, size and distance between the particles. Plasmon resonance occurs
when the metal particles are smaller than the laser wavelength. The incident light
excites the metal conduction electrons inducing excitation of surface plasmons
resulting in enhancement. At the plasmon frequency the metal polarises resulting in
large field-induced polarisation [Ritchie (1957), Vo-Dinh (1998)]. If the metal has
high optical cross section at this wavelength of excitation then the electrons will
oscillate with the incident field creating dipolar surface plasmons. This causes the
local electric field required for field enhancement. Detailed discussions have been

presented by Zeman and Schatz (1987).

Moskovits et al (2007) demonstrated the importance of the gap distance between 2
nanoparticles and its effect on observed SERS enhancement. Using a series of
hexagonally periodic Ag nanostructures constructed with gap distances between 10 —
35 nm, the intensity of the SERS enhancement factor varied by a factor of over 200.

Xu et al (1999) also showed that electromagnetic enhancement factor of 10" are

present between two nanospheres separated by 1 nm.

2.3.3 Chemical Enhancement Theory

Chemical enhancement is the product of an interaction between the adsorbate

molecule and the metal substrate often involving an electronic interaction such as
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charge transfer. The adsorbate-substrate interactions, depending on the strength of
the bond, can be loosely classified as physisorption and chemisorption.
Physisorption is the weak and non-specific attraction of the adsorbate-substrate, such
as a dipole-dipole, electrostatic or hydrophobic interaction. Chemisorption is more
specific involving a site on the molecule such as a lone pair of electrons, or a site on
the metal substrate. The interaction involves bond formation between the adsorbed
molecules and the surface. This disturbs the molecular orbits and electron
distribution in both the adsorbate and substrate. This interaction is specific to the
adsorbed molecules thereby modifying their optical properties, and scattering cross
section, in comparison to the free state adsorbate molecules. Overlap of the metal
and adsorbate orbitals allows electron transfer from the molecules to the metal and
vice versa. This theory is often referred to as the charge transfer theory [Zemen and

Schatz (1987), Meier and Wokaun (1983), Otto (1978), Persson and Ryberg (1981),
Adrian (1982), Pandey and Schatz (1984)].

Chemical enhancement can be observed beyond silver and gold metal surfaces. This
1S possible because the process requires the interaction of the substrate and adsorbate
only and not on the optical properties of the substrate. However, the extent of this
form of enhancement is limited to the first layer of the adsorbed molecules unlike

field enhancement which can stretch several tens of nanometres from the surface

|[McCreery (2000)].

Overall the SERS effect is seen to provide a 10° enhancement factor to the Raman
signal recorded. As a rough rule of thumb the contributions from the two
enhancement effects attributable to SERS are often quoted as a 10* from field
enhancement and 10” from chemical enhancement [McCreery (2000), Persson and

Ryberg (1981), Adrian (1982), Pandey and Schatz (1984)].

A common analytical approach to SERS involves the preparation of SERS substrates
by one of several methods that will be detailed below. The active substrate 1s

exposed to a liquid or gaseous sample. The subsequent SERS spectrum is a snapshot
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of the adsorbed layer undergoing field and chemical enhancement through the

adsorbate-substrate interaction.

There are five principle ways to produce a SERS surface; electrochemical
roughening, metal vapour deposition, metal colloids, etched metal surfaces and
photoreduced metal particles [McCreery (2000), Vo-Dinh (1998)]. Figure 2.3
provides a schematic representation of how some of the surfaces are thought to be
structured. Metal colloids, metal vapour deposition and photoreduced metal particles

are three SERS methods that have been used in the work reported here and will be

described 1n detail.
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Figure 2.3: A schematic representation of the variety of nanostructures surfaces available

for facilitation of SERS. Reproduced from Vo-Dinh (1998).
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2.3.4 Metal Colloids

Colloidal suspensions are produced through the chemical reduction of a metal salt in

water [Norrod ef al (1997), Angebrranndt and Winefordner (1992), Sutherland et a/
(1990)]. The particle diameter distribution depends upon the conditions of synthesis
but they can be controlled to produce a range suitable for both field enhancement and
chemical enhancement.  Silver and gold colloidal suspensions are available
commercially (British Biocell International), with particle sizes of 40 mm (9.0 x 10'°
particles/ml) and 80 mm (1.1 x 10" particles/ml)) although the author has not
observed any surface enhancement with these solutions. More usually for surface
enhanced resonance Raman spectroscopy (SERRS) work they are prepared shortly

before use. The colloidal particle size and density can be measured prior to use using

UV/VIS absorption spectrometry.

The condition under which the colloid is produced dictates the particle size. If the
particles are too small to exhibit field enhancement an aggregating agent can be
added to the colloidal-adsorbate solution. However, this can introduce variability in
the Raman intensities observed due to variations in the aggregation time and
procedure. Jones et a/ (1999) compared several aggregation procedures to determine
the reproducibility of SERS with resonant Raman dyes (SERRS). The aggregation
agent used 1n this work was either added to the colloid-dye solution or the colloid
was pre-aggregated before the dye was added. The Raman intensities were then
observed as a function of aggregation time and the relative standard deviation was
calculated from repeated spectral observation and the colloid preparations. Table 2.1
shows the relative standard deviations (RSD) of five spectra of the same colloid
solution and the relative standard deviations of five different colloid solutions.
Significantly the higher relative standard deviation was observed for ditterent colloid
solutions implying that the particle aggregation and analyte adsorption 1s sensitive to
uncontrolled changes in conditions. The authors [Jones ef al <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>