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a b s t r a c t

This study describes the application of confocal Raman microscopy to the detection and

identification of drugs-of-abuse in situ on undyed natural synthetic fibres, and coloured

textile specimens. Raman spectra were obtained from drug particles trapped between

the fibres of the specimens. Pure samples of cocaine hydrochloride and N-methyl-3,4-

methylenedioxy-amphetamine HCl (MDMA-HCl) were used in this study. Raman spectra

were collected from drug particles of an average size in the range 5–15 �m. Despite the pres-

ence of spectral bands arising from the natural and synthetic polymer and dyed textiles,

the drugs could be identified by their characteristic Raman bands. If necessary, interfering

bands could be successfully removed by spectral subtraction. Furthermore, Raman spectra

were recorded from drug particles trapped between the fibres of highly fluorescent spec-

imens. Interference from the fibres, including background fluorescence, was overcome by
mphetamine

ydrochloride

onfocal Raman microscopy

extiles

rug discrimination

careful focusing of the confocal beam and the resulting spectra allow ready differentiation

from interference from the fibres substrate bands. Spectra of several drugs-of-abuse on dyed

and undyed clothing substrates were readily obtained within 3 min with little or no sample

preparation and with no alteration of the evidential material.

and benzodiazepines [18]. It has also been used for the quan-
titative analysis of drugs-of-abuse in admixture with caffeine,
orensic

. Introduction

he examination of clothes represents an important step in
orensic evidential investigations, especially in serious crimes
uch as those involving firearm related offences [1–3]. Cloth-
ng damage analysis is an integral part of the examinations
arried out in sexual assault cases [4]. Trace DNA is often
etected from blood or semen stains on clothes examined

n forensic laboratories [5,6]. Drug smuggling using clothing
mpregnated with cocaine has been reported [7]. Moreover,
rugs-of-abuse and their metabolites have been detected in

arments belonging to known abusers, generally involving
estructive chemical analytical procedures [8–10].
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Raman spectroscopy has been shown to be an effec-
tive technique for forensic analysis of prohibited substances.
Raman spectroscopy produces molecular-specific spectra and,
in most cases, sample preparation is minimal, allowing for the
non-destructive analysis of tablets, powders and liquids in situ.
This is particularly important with regard to the speed of anal-
ysis, prevention of sample contamination and preservation of
evidential material [11–14]. It has been applied successfully for
the identification of ecstasy [15], cocaine [16], barbiturates [17],
anhydrous alpha d-glucose, mannitol, lactose, maltose, talc
powder, flour and baby formula [19–21].
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Fig. 1 – Raman spectra of: (a) cocaine HCl between cotton fibres, (b) reference cocaine HCl, and (c) cotton fibres. All spectra:
785 nm excitation, 10 s exposure, one accumulation for (a) and (b), five accumulations for (c).

(ast
accu
Fig. 2 – Raman spectra of: (a) cocaine HCl between silk fibres
silk fibres. All spectra: 785 nm excitation, 10 s exposure, one

Residues of illicit drugs on clothing can provide use-
ful information. The transportation, re-packaging, sale and
use of these materials will almost inevitably cause contam-
ination of the premises, clothing and other possessions of
persons involved in these activities. Therefore, the presence

of controlled substances in premises and motor vehicles
and on clothing and currency is frequently used as part
of the evidence to establish a link between an individual
and these substances [22]. Money contaminated with drugs
erisks indicate silk bands), (b) reference cocaine HCl, and (c)
mulation for (a) and (b), five accumulations for (c).

can be directly associated with the drug-related crimes;
a limited number of studies have demonstrated the use
of Raman microscopy for the detection and identification
of illicit drugs and related substances on paper currency
[23,24].
In this work, we have investigated the application of Raman
microscopy to the in situ identification of drugs-of-abuse on a
variety of fibres and textiles contaminated with these drugs.
Clothing of persons involved in drug-related activities will
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Fig. 3 – Raman spectra of: (a) cocaine HCl between wool fibres (asterisks indicate wool bands), (b) reference cocaine HCl, and
(c) wool fibres. All spectra: 785 nm excitation, 10 s exposure, one accumulation for (a) and (b), five accumulations for (c).
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ig. 4 – Raman spectra of: (a) MDMA between cotton fibres, (
xcitation, 10 s exposure, one accumulation for (a) and (b), fi

e inevitably contaminated with these drugs. The contami-
ation of clothing results from microscopic particles of the
rugs physically trapped between the fibres of the speci-
ens. In this study, we establish that, in such situations,

onfocal Raman microscopy can be effectively applied for
cquisition of spectra of drugs-of-abuse without significant

nterference from the substrate matrices. This is achieved by
orrelating the sampling volume with the dimensions of ana-
yte particle. Spatial-resolution of the sample probe in this
ay, effectively increases the sensitivity of the technique and
ference MDMA, and (c) cotton fibres. All spectra: 785 nm
cumulations for (c).

allows molecular information to be obtained in conjunction
with microscopic evaluation of evidential materials. Impor-
tantly, separation of matrix and analyte spectra is highly
desirable for automated (search-match) database-recognition
procedures, a consideration that may become important in
future application with ‘non-expert’ evaluation of data. Fur-

thermore, the non-destructive and non-contact character of
the technique offers a special role for Raman spectroscopy
in the first-pass evaluation screening of materials of forensic
relevance.



66 a n a l y t i c a c h i m i c a a c t a 6 1 5 ( 2 0 0 8 ) 63–72

Fig. 5 – Raman spectra of: (a) MDMA between silk fibres, (b) reference MDMA, and (c) silk fibres. All spectra: 785 nm
excitation, 10 s exposure, one accumulation for (a) and (b), five accumulations for (c).

Fig. 6 – Raman spectra of: (a) MDMA between wool fibres, (b) reference MDMA, and (c) wool fibres. All spectra: 785 nm
excitation, 10 s exposure, one accumulation for (a) and (b), five accumulations for (c).

Fig. 7 – Cocaine HCl crystal trapped between polyester
fibres.
2. Experimental

2.1. Samples

2.1.1. Drugs
Pure cocaine hydrochloride and N-methyl-3,4-methylene-
dioxy-amphetamine (MDMA) hydrochloride samples used in
this study were supplied by Sigma–Aldrich Company Ltd.,
United Kingdom.
2.1.2. Fibres and textiles
A set of natural and synthetic fibres was used in this study
in an attempt to cover the wide range of textile mate-
rials used in real life. Natural fibres included wool, silk
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Fig. 8 – Raman spectra of: (a) cocaine HCl between polyester fibres (asterisks indicate polyester bands), (b) difference
spectrum (a–d), (c) reference cocaine HCl, and (d) polyester fibres. All spectra: 785 nm excitation, 10 s exposure, one
accumulation for (a) and (c), five accumulations for (d).

Fig. 9 – Raman spectra of: (a) MDMA between polyester fibres (asterisks indicate polyester bands), (b) difference spectrum
(a–d), (c) reference MDMA, and (d) polyester fibres. All spectra: 785 nm excitation, 10 s exposure, one accumulation for (a) and
(c), five accumulations for (d).
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Fig. 10 – Cocaine hydrochloride crystal trapped between

can be identified by its signature characteristic bands. Sim-
denim fibres.

and cotton. Polyester fibres were used as a representa-
tive of synthetic fibres. Also, pieces of blue denim and an
orange-coloured T-shirt were used in this study as repre-
sentatives of dyed clothing commonly used on an everyday
basis.

A bundle of fibres, each about 1 cm in length, and tex-
tile pieces (∼2 cm × 2 cm) were doped with each of these
drugs and then presented to the spectrometer by taping
onto a metal plate which was then placed on the stage
of the Raman microscope. Trapping of the drug particles
between the fibres of the specimens was achieved by press-
ing small quantities against the fibre bundles and textile
pieces and removing the surface excess of drug by gentle
brushing.

2.2. Raman spectroscopy

Reference Raman spectra of the pure drugs, fibres and textiles
taped onto a metal plate were obtained to be used as reference
spectra for comparison with the spectra of the drugs particles
trapped between the fibres of the specimens. Raman spectra
were collected from drug particles of an average size in the
range 5–15 �m.

Raman spectra were collected using a Renishaw InVia
Reflex dispersive Raman microscope (Wotton-under-Edge,
UK). The Raman scattering was excited with a 785 nm near-
infrared diode laser (laser details: Renishaw HPNIR laser
(Renishaw, Wotton-under-Edge, UK)) and a 50× objective lens
giving a laser spot diameter of 5 �m. Spectra were obtained
for a 10 s exposure of the CCD detector in the wavenumber
region 100–3200 cm−1 using the extended scanning mode of
the instrument. With 100% laser power, one accumulation
was collected for the drug specimens and five accumulations
were collected for the fibres and textiles. The total acquisition
time of the spectra of the drugs on fibres was about 3 min.
Spectral acquisition, presentation, and analysis were per-

formed with the Renishaw WIRE (service pack 9) and GRAMS
AI version 8 (Thermo Electron Corp, Waltham, MA, USA)
softwares.
a 6 1 5 ( 2 0 0 8 ) 63–72

3. Results and discussion

3.1. Drugs on undyed natural fibres

The spectra obtained from pure cocaine hydrochloride crystals
trapped between the fibres of cotton, silk and wool spec-
imens are shown in Figs. 1–3, respectively. Comparison of
these spectra with the reference spectra showed that the drug
could be easily identified by its Raman spectrum. The Raman
spectrum of pure cocaine hydrochloride has several charac-
teristic features that can be used to identify the drug, such as
the benzoate ester (C O) stretch at 1711 cm−1, aromatic ring
(C C) stretch at 1594 cm−1, aromatic ring breathing mode at
998 cm−1, pyrrolidine ring(C–C) stretch at 866 cm−1, and the
piperidine ring (C–C) stretch at 784 cm−1 [25]. In Fig. 1a it is
clearly observed that the drug could be identified from these
bands and, through careful confocal sampling, no significant
peaks in the spectrum appear from the cotton fibres. In Fig. 2a,
the band at 1664 cm−1, arising from the amide I (C O) stretch
of silk [26], lies between the benzoate ester and aromatic ring
stretching bands of cocaine hydrochloride and these are read-
ily identified despite some sampling of the silk substrate. Also,
Fig. 3a contains several bands assignable to the wool substrate
such as the asymmetric � (CH2) mode at 2928 cm−1, the amide I
� (C O) mode at 1654 cm−1, and the ı (CH2) mode at 1445 cm−1

(27). The presence of these bands (marked with asterisks in
Fig. 3) did not prevent identification of the characteristic sig-
nature bands of the drug.

Further illustrations of the applicability of this approach
were obtained from pure MDMA particles trapped between the
fibres of cotton, silk and wool specimens. The Raman spec-
trum of MDMA has several characteristic features that can
be used to identify the drug, such as those at 807, 769 and
712 cm−1 [15]. These MDMA characteristic bands were tenta-
tively assigned to the ı (OCCO)symm(sub.catechol) mode, the
aryl C–H wag mode, and the ı (CCC) mode, respectively [28].
A spectrum obtained from MDMA crystal trapped between
cotton fibres, demonstrates that the drug could be easily iden-
tified from these characteristic bands and no significant peaks
in the spectrum appear from the cotton fibres (Fig. 4a). The
spectra obtained from pure MDMA particles trapped between
silk and wool fibres contain several bands arising from the
fibre substrate. In each case the strongest bands arising from
the substrate did not interfere with the identification of the
drug as they appear in the 1700–1000 cm−1 spectral region
away from the drug characteristic features which are clearly
observed in the spectra.

This can be easily observed in the spectrum obtained from
a crystal of MDMA trapped between silk fibres (Fig. 5a) which
contains several bands assigned to the silk substrate; such
as the (CH2) symmetric stretch at 2931 cm−1, the amide I
(C O) stretch at 1664 cm−1, the ı (CH2) scissoring at 1445 cm−1,
the (CN) stretch at 1227 cm−1, and the (C–C) skeletal stretch
at 1075 cm−1 [26]. The presence of these bands in the drug
spectrum did not prevent identification of the drug which
ilarly, the confocal spectrum of MDMA on wool includes
several bands arising from the wool substrate (Fig. 6a). The
strongest spectral features from the substrate are assigned
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Fig. 11 – Raman spectra of: (a) cocaine HCl between blue denim fibres (asterisks indicate denim bands), (b) difference
spectrum (a–d), (c) reference cocaine HCl spectrum, and (d) blue denim spectrum. All spectra: 785 nm excitation, 10 s
e s fo

t
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n
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(
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xposure, one accumulation for (a) and (c), five accumulation

o the asymmetric � (CH2) mode at 2928 cm−1, the amide I
(C O) mode at 1654 cm−1, the ı (CH2) mode at 1445 cm−1
nd the symmetric Phe � (C C) mode at 1000 cm−1 [27]. The
resence of these bands (marked with asterisks in Fig. 6) did
ot prevent identification of the characteristic features of the
rug.

ig. 12 – Raman spectra of: (a) MDMA between blue denim fibres
a–d), (c) reference MDMA spectrum, and (d) blue denim spectrum
ccumulation for (a) and (c), five accumulations for (d).
r (d).

3.2. Drugs on undyed synthetic fibres
Fig. 7 shows an image of a single cocaine hydrochloride parti-
cle trapped between polyester fibres, the spectrum of which
is shown in Fig. 8. In addition to the bands arising from
the drug, the resulting spectrum also contains several peaks

(asterisks indicate denim bands), (b) difference spectrum
. All spectra: 785 nm excitation, 10 s exposure, one
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-shi
umu
Fig. 13 – Raman spectra of: (a) cocaine HCl between orange T
fibres. All spectra: 785 nm excitation, 10 s exposure, one acc

assigned to polyester fibre (marked with asterisks in Fig. 8a):
these appear at 1725 cm−1 [� (C O)], 1610 cm−1 (aromatic ring

−1 −1
stretch), 1284 cm [� (C–O)] and 628 cm (the in-plane ring
bend) [29]. The polyester bands at 1725 and 1610 cm−1 overlap
with the drug bands at 1711 and 1594 cm−1, respectively. While
the overlapped bands at ca. 1600 cm−1 are clearly resolved, the

Fig. 14 – Raman spectra of: (a) MDMA between orange T-shirt fib
spectra: 785 nm excitation, 10 s exposure, one accumulation for (
rt fibres, (b) reference cocaine HCl, and (c) orange T-shirt
lation for (a) and (b), five accumulations for (c).

polyester feature at 1725 cm−1 appears as a shoulder at higher
wavenumber on the cocaine benzoate ester band at 1711 cm−1.

However, spectral subtraction can be applied to the data to
give a difference spectrum (Fig. 8b) that agrees well with the
reference spectrum of pure cocaine hydrochloride (Fig. 8c).
Similarly, Fig. 9a shows the spectrum obtained from a crys-

res, (b) reference MDMA, and (c) orange T-shirt fibres. All
a) and (b), five accumulations for (c).
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al of MDMA trapped between polyester fibres in which the
haracteristic bands of the drug are clearly observed. Although
he drug spectrum has several bands assigned to the polyester
ubstrate, these bands do not overlap with the drug charac-
eristic bands and could be successfully removed by spectral
ubtraction (Fig. 9b).

Raman spectra could be acquired from drug particles
rapped between the fibres of the specimens of an average
ize in the range 5–15 �m. The spectra are of a high quality
ith a good signal/noise ratio and no appreciable background
ue to fluorescence. Confocal Raman microscopy was applied
o focus the laser beam and collect the Raman scattering
rom the drug crystal trapped between the fibres of the spec-
mens. The NIR laser at 785 nm gave excellent spectra for the
rugs and there was no detectable background fluorescence.

nterference from the fibres, including background fluores-
ence, was overcome by careful focusing of the confocal beam
nd the resulting spectra allow ready differentiation from
nterference from the fibres substrate bands. In addition, the
cattering from the drug is usually relatively intense compared
ith that from the fibres.

.3. Drugs on dyed textiles

he previous results were acquired from drug particles
rapped between fibres of undyed natural and synthetic fibres.
f course, many real samples are dyed and it is necessary to
etermine how this will affect the Raman spectra of the drug
articles trapped between fibres of dyed textiles specimens.

n particular, the presence of dye on the fibres can create flu-
rescent background problems for Raman spectroscopy and
he functional group features present in dye molecules can
nterfere with the identification of drugs.

Fig. 10 shows an image of a pure cocaine hydrochloride
rystal of several microns in size trapped between blue dyed
enim fibres. Raman spectra acquired from crystals of cocaine
ydrochloride and MDMA trapped between blue denim fibres
re shown in Figs. 11 and 12, respectively. Although there
s a slight background fluorescence and some denim bands
mostly from the blue dye) in the drug spectra, the char-
cteristic features of cocaine hydrochloride and MDMA are
till observable. The presence of denim bands in the drug
pectra did not interfere with the identification of the drugs
nd could be successfully removed by spectral subtraction.
igs. 11b and 12b show the difference spectra achieved by
ubtracting the blue denim spectrum from the spectra of the
rugs between denim fibres. The difference spectra agree well
ith the reference spectra of pure cocaine hydrochloride and
DMA depicted in Figs. 11c and 12c, respectively.

Figs. 13 and 14 show spectra collected from crystals of
ure cocaine hydrochloride and MDMA trapped between fibres
f an orange-coloured T-shirt, respectively. It is clear that
he Raman spectrum of the orange-coloured T-shirt contains
ew cotton bands superimposed on a significant fluorescence
ackground which may swamp Raman signals from the drugs.
t is observed that a broad fluorescence background could be

een in the spectra of the drugs, but the Raman spectra were
sually clearly visible above the background and the charac-
eristic drug bands are clearly observed. The major advantage
f confocal Raman microscopy, namely the ability to focus the
6 1 5 ( 2 0 0 8 ) 63–72 71

incident laser radiation onto and collection of Raman scatter-
ing from small specimens even when embedded within the
interior of a larger highly fluorescent media, is clearly demon-
strated in this experiment.

These results confirm the applicability of the discrimina-
tion of confocal Raman microscopy for drugs-of-abuse trapped
between fibres of various textiles. Raman spectra could be
obtained from drug particles of an average size in the range
5–15 �m. This ability for discrimination could be attributed
to the ability of the confocal system to focus the incident
laser radiation to obtain data non-destructively from the
drug crystals embedded between the fibres of the specimens.
Consequently, the resulting Raman spectra contain Raman
signal almost exclusively from the focal point of the laser.
Indeed, confocal Raman microscopy provides an efficient way
to obtain selective Raman spectra of small specimens even
when embedded within strong Raman scattering or highly
fluorescent media. Also, the likelihood of generation of fluo-
rescence is much reduced due to the use of near-infrared laser
as an excitation source. These results confirm that the detec-
tion of drugs-of-abuse on clothing could be of evidential value
to establish a link between these substances and individuals
involved in activities related to drug trade or drug abuse.

4. Conclusion

Confocal Raman microscopy provides an efficient way for the
detection and identification of drugs-of-abuse on clothing.
The presence of some spectral bands arising from the fibre
polymers and/or dyes did not interfere with the identifica-
tion of the drugs which could be clearly identified by their
characteristic Raman bands. If necessary, interfering bands
could be successfully removed by spectral subtraction. Also,
Raman spectra could be acquired from drug particles embed-
ded within highly fluorescent specimens. Raman spectra of
the drugs could be readily obtained in-situ non-destructively,
within 3 min with little or no sample preparation. These
results could be of evidential value to establish a link between
these substances and individuals involved in activities related
to drug trade or drug abuse. With this established method-
ology, a future work will address the application to street
samples in a similar range of substrates.
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