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Infrared attenuated total reflection (IR-ATR)
spectroscopy for detecting drugs in
human saliva
Kerstin M.-C. Hans, Susanne Müller and Markus W. Sigrist*
The consumption of drugs is of great concern worldwide. Various drug tests for humans have been developed but there is no
compact and easy-to-use test device available yet for direct semi-quantitative drug testing in the field. We suggest using at-
tenuated total reflection (ATR) infrared spectroscopy as a sensing method to analyze human saliva samples with respect to
drugs. In this paper, we present ATR spectra in the infrared range between 2300 and 900 cm�1 as a first step towards such
a device. We emphasize the common drug cocaine and its metabolites and investigate the problems of spectral interferences
of selected diluents, masking agents, common medication, and soft drinks. Furthermore, spectra of saliva samples are
recorded and a time-dependent change of the spectral signatures after alcohol consumption is presented. To the best of
our knowledge, it is the first time that not only spectra of the drug of interest (cocaine) dissolved in water and in saliva but
also spectra of interfering compounds possibly present in the saliva sample of a tested subject are discussed. This paper pre-
sents the most appropriate spectral range for strong cocaine absorption (including its metabolites) and minimum interference
by the investigated substances. This spectral window is found to be between 1800 and 1710 cm�1. In addition, we demon-
strate the feasibility to identify cocaine in saliva at a concentration of 0.020mg/ml with IR-ATR-spectroscopy without any
separation or extraction procedures. For example, this technique could also be applied for drug detection in waste water.
Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction

The consumption of illicit drugs such as cocaine or heroin is widely
spread. An example of this fact is the study by Mura et al.[1] in
France where an increase in the usage of drugs was observed
among drivers under the age of 30 who were killed in road crashes.
Driving under the influence of cocaine, for example, can lead to
speeding, high-risk behaviour, poor impulse control, and loss of
control of the vehicle.[2] Another example is workplace drug testing
which is allowed in certain jobs. Often employers use saliva for the
test since it is less invasive than urine or blood. The concern in this
area is mirrored by the development of guidelines for workplace
drug testing in oral fluid.[3] Hence, non-invasive on-site drug detec-
tion of impairedworkers with an easy-to-use device is of great inter-
est. Using saliva as a matrix simplifies the analysis even more; it is
easier to collect than blood, plasma, or urine. In this paper we sug-
gest a spectral region in the mid-infrared range for cocaine detec-
tion with minimal interferences and show first results of cocaine
measurements in saliva using infrared- attenuated total reflection
(IR-ATR) spectroscopy. Further investigations are aimed at building
a portable sensor with a quantum cascade laser as a light source.
The future combination with microfluidic techniques will enable
transportation of the sample to the detection area and reduction
of the sample volume.
Samples acquired in the field include different forms of cocaine

like solid cocaine, cocaine.HCl, and cocaine dissolved in body fluids.
For determining the origin of illicit cocaine samples, solid cocaine is
investigated with a number of methods. IR spectroscopy on pure
and diluted solid cocaine has been employed by Koulis et al.[4,5]

and Lopéz-Artíguez et al.[6] Koçak et al.[7] used Fourier transform
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IR transflection spectroscopy to investigate solid cocaine.HCl. Fur-
thermore, the differentiation between Pseudoecgonine and
Ecgonine (Ecgonine is also metabolized by the body after cocaine
consumption) is very helpful in determining the origin of illicit co-
caine. A successful method for this differentiation is narrow bore
capillary gas chromatography (GC).[8] Casale compared this tech-
nique with nuclear magnetic resonance (NMR) studies, GC in com-
bination with mass spectroscopy and infrared spectroscopy on
solid cocaine.[8] Kawase et al.[9] used terahertz-spectroscopy to
detect solid cocaine in envelopes.

In a laboratory set-up, commonmethods for the detection of co-
caine, heroin, and metabolites in body fluid samples are gas or liq-
uid chromatography combined with mass spectrometry (GC-MS
and LC-MS, respectively). These methods are the acknowledged
standard in many toxicological laboratories.[10,11] Very often solid-
phase extraction (SPE) is used to prepare these samples before-
hand. The achieved detection limits are very low and reach down
to 5 or even 1ng/ml for certain drugs and metabolites in plasma,
saliva, and urine.[12,13] However, the preparation of the samples is
sophisticated and the apparatus is rather bulky and not easy to
transport.

High performance liquid chromatography with diode array de-
tection (HPLC-DAD) has a calculated limit of detection (LOD) for
Copyright © 2011 John Wiley & Sons, Ltd.



Figure 1. Scheme of the generation of evanescent waves on the surface
of a crystal. The light enters the crystal from the left side and propagates
via total reflection through the crystal. At each total reflection an evanes-
cent wave is generated and penetrates the sample on the surface of the
crystal. The outgoing light on the right side is then attenuated according
to the absorbance of the sample under investigation.
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morphine of 24ng/ml, 32 ng/ml for codeine and 10ng/ml for co-
caine (Cocaethylene 10ng/ml).[14]. Still SPE is used to prepare the
plasma samples beforehand.

Drug analysis with Raman spectroscopy was done by several
groups. Cocaine dissolved in ethanol was sensed by Burnett et al.
They achieved a limit of detection of 6% w/v of cocaine dissolved
in alcohol measuring through the glass of the bottles with Raman
spectroscopy.[15] Shende et al.[16] used metal-doped sol-gels to
separate the drugs and metabolites and detected them with sur-
face enhanced Raman spectroscopy (SERS). Unfortunately the
LOD for saliva samples is still rather high in the mg/ml range.

UV-spectroscopy was applied to detect one of themetabolites of
cocaine in urine. After a liquid-liquid extraction, Sweeney et al.
achieved a detection limit of 1.25mg/ml for Benzoylecgonine.[17]

Ogert et al. employed a flow immunosensor to detect cocaine via
fluorescence.[18] The stronger binding of the drug to immobilized
antibodies compared to the binding of the fluorophore-labelled an-
tigenwas used. The detection limitwas 5ng/ml but nomeasurements
have been reported for cocainedetection in bodyfluids. A similar tech-
niquewas applied by Devine et al. who used an evanescent wave flow
fluorometer and achieved limits of detection for cocaine andmetabo-
lites between 5 and 30ng/ml.[19] Again, this data was only achieved
with their own flow buffer and not for saliva or other body fluids.

Hitherto, the most often used technique in commercially available
tests involves immunoassays. Immunoassays use the bonding of
antigens (the substance of interest) and specially patterned antibo-
dies which are localized on a surface to indicate the presence of a
drug or its metabolite. However, many of those immunoassays still
need to be improved with respect to reliability.[20] Depending on
the test, a pretreatment of the sample might be necessary. This addi-
tional step provides another uncertainty in the outcome of the test
depending on the skills of the persons involved in the pretreatment.

Since a direct, easy-to-use, semi-quantitative and compact test
device for drug detection in human saliva is currently not available
we suggest IR-ATR spectroscopy combined with microfluidics for
the development of a hand-held test device that meets these chal-
lenges. Even a semi-quantitative test (as discussed later) can be of
great use since it gives the testing person a better insight into the
mental and physical condition of the tested person. As a first step
Figure 2. Spectra of a suspension of cocaine andwater. (A) Spectrum of the sus
in absorbance between the two graphs above. The graph depicts the characteri
was approximately 1.3mg/ml and the spectral resolution of the FTIR was 1 cm�
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towards such a device, we present infrared spectra of cocaine in
water and human saliva. In addition, we explore possible spectral
interferences with diluents, masking substances or common medi-
cine in order to evaluate the most appropriate wavelength range.
Experimental method

ATR spectroscopy is an important tool in optical spectroscopy for
investigating the absorption pattern of a sample. The basic princi-
ple involves the creation of an evanescent wave by total reflectance
in a crystal (Figure 1). The attenuation of this evanescent field by the
absorption in the sample on the crystal surface is then detected.
Since the evanescent field decays exponentially the penetration
depth into the sample is rather short (e.g. 1–2mm for water in the
mid-infrared). These small optical path lengths allow the analysis
of strongly absorbing substances without reducing the detector
signal beyond detectability.

The spectra were recorded with a commercial Fourier-Transform-
Infrared (FTIR) spectrometer (Paragon 1000 PC from Perkin Elmer)
combined with the matching ATR unit from Perkin Elmer. The
ATR unit consists of four mirrors, which guide the light into and
out of the ZnSe crystal. It is a multireflectance device with ex-
changeable top plates which provides the opportunity to choose
between 11 and 12 reflections. The FTIR spectrometer was tuned
to a resolution between 1 and 4 cm�1 as indicated in the captions
of the individual plots.
pension in black and spectrum of demineralized water in grey. (B) Difference
stic absorbance of cocaine flakes in water. Concentration of cocaine in water
1. The main peaks are numbered for further reference in Table 1.
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Table 1. Wavelength position of selected cocaine absorption peaks. Position of cocaine absorption peaks 1–6 (cf. Figure 2 for assignments) as
reported in literature in comparison to this work. The relative heights of the peaks differ from the shown spectrum in Figure 2 but also vary between
the sources. The table shows the good agreement of the presented data with the literature. (app.: approximate estimated peak position, nl: not
listed)

Peak 1 in cm�1 Peak 2 in cm�1 Peak 3 in cm�1 Peak 4 in cm�1 Peak 5 in cm�1 Peak 6 in cm�1 Ref.

app. 1736 app. 1714 app. 1268 nl app. 1107 nl [7]

1734.5 1705.9 1272.6 1227.7 1107.5 1035.6 [4]

1733.7 1706.7 nl nl nl nl [5]

1729.9 app. 1710 app. 1278 app. 1230 1109.4 1027.5 [29]

1728–1725 1711–1706 app. 1263 app. 1232 app. 1110 app. 1020 [6]

1734 1706 1274 1227 1110 1037 this paper

Figure 3. Metabolites of cocaine according to Cone et al.[30] Cocaine
gets metabolized to benzoylecgonine, norcocaine, and ecgonine methyl
ester. If cocaine is smoked anhydroecgonine methyl ester is metabolized
and if alcohol is consumed alongside cocaine, cocaethylene is metabo-
lized in addition.
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The measured attenuation of the signal enables the calculation
of the absorption by taking the wavelength dependence of the
penetration depth of the evanescent wave into the sample into ac-
count. As explained by Popov and Lavrent’ev,[21] the penetration
depth depends on the wavelength used for the analysis and on
the refractive index of both the sample and the crystal. The absor-
bance data in the recorded spectra shown below have all been cor-
rected based on the dampening rate of the evanescent field given
by Popov and Larent’ev[21] and the refractive index of water re-
trieved from Downing and Williams.[22] The calculated penetration
depth of one reflection was divided by the maximum of the pene-
tration depth. This normalization factor N was used to calculate the
corrected absorbance as:

A ~nð Þ ¼ � log10 I ~nð Þ=I0 ~nð Þð Þð Þ
N�r

~n�nZnSe�2�p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5� nH2O ~nð Þ=nZnSeð Þ2

q� � (1)

with A the absorbance, I0(~n) the intensity of the outgoing light with-
out sample on the surface of the crystal, I (~n) the outgoing light with
the sample on the crystal surface (Figure 1), N the normalization
factor, r the number of reflections, ~n the wavenumber, nZnSe the re-
fractive index of zinc selenide and nH2O (~n) the refractive index at
wavenumber ~n of water according to Downing and Williams.[22]

The drug cocaine and its metabolites were purchased from
Lipomed with the approval of the cantonal drug control Zurich.
All other tested samples were bought in commercial shops like
supermarkets, health food shops and pharmacies. Most of the sam-
ples were in powder form. It was therefore easy to weigh and dilute
themwith demineralized water for creating a liquid with the desired
concentration. Samples pressed in pills were mashed and their
powder was treated as described above.

Results and discussion

Spectra of cocaine, metabolites, diluents, masking substances,
and common medicine in aqueous solutions

An important drug for quick on-the-road-side tests is cocaine. Co-
caine has a very characteristic absorbance in the mid infrared
(Figure 2) which might enable the tester to quantify the cocaine
in the human body fluid sample. Another example is heroin,
which exhibits characteristic absorbance features between 1800
and 750 cm�1 as well.[23] Heroin can be found in saliva up to a
few hours after consumption and, when smoked, reaches concen-
trations as high as 20mg/ml in the first few minutes after adminis-
tration.[24] Codeine also absorbs characteristically in the interval
from 1700 to 1000 cm�1.[25] In the following, we focus on the drug
Copyright © 2011 Johnwileyonlinelibrary.com/journal/dta
cocaine. Since cocaine and heroin share many diluents,[26–28] most
results will be helpful for heroin investigations as well.

In Figure 2, a typical infrared spectrum of a solution, sol, or sus-
pension is depicted. In Figure 2A, the absorbance of the suspension
consisting of cocaine both solved in water and in the form of solid
flakes suspended in water is shown in black. The absorbance is plot-
ted and not the absorption coefficient since the measurements
were not quantitative and therefore stating the true absorption co-
efficient would be misleading. The grey coloured graph represents
the absorbance of water in this spectral range. The difference be-
tween the suspension and the demineralized water is very small
due to the high absorbance of water in the mid-infrared even
though the concentration of cocaine was very high with approxi-
mately 1.3mg/ml. Figure 2B depicts the difference between the ab-
sorbance of the suspension and the water, thus representing the
characteristic absorbance of cocaine flakes in water. In the follow-
ing graphs the water background is always subtracted if not stated
otherwise.

The mid-infrared spectrum of cocaine was reported previously.
Koulis et al. analyzed solid cocaine base[4,5] and the Sigma Aldrich
Library contains a spectrum of cocaine.HCl solved in Nujol.[29]

Lopez-Artiguez et al.[6] analyzed cocaine.HCl and the effects of dilu-
ents on the infrared spectra of the powder. Koçak et al. analyzed
solid cocaine.HCl with infrared transflection spectroscopy.[7] How-
ever, an accurate comparison is not possible since not all peaks in
those references are given with their exact position. In Table 1 the
positions of themain peaks in Figure 2 are compared with literature
data. Peak positions that were estimated by us from referenced
spectra are marked by the abbreviation app. for approximately.
The absorption strength in the spectra varies between the sources.
Drug Test. Analysis 2012, 4, 420–429Wiley & Sons, Ltd.



Figure 4. Spectra of selected metabolites of cocaine. Metabolites were measured in water. The liquid water background was subtracted after the mea-
surement. (A) shows the absorption spectrum of benzoylecgonine; (B) norcocaine; and (C) ecgonine methyl ester. The spectral resolution of the FTIR
was 1 cm�1.
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This variation is partly due to the presence of a solvent or due to the
fact that cocaine free base or cocaine. HCl were analyzed. Neverthe-
less, the comparison between the spectra shows that the measure-
ments presented in this paper are within the range of data
variations in the published literature.

Whenever a drug is consumed, the body starts to metabolize it
and therefore similar molecules (metabolites) like the introduced
drug are produced by the body. In the case of cocaine the first
metabolites are benzoylecgonine, norcocaine, and ecgonine methyl
ester. When cocaine is smoked anhydroecgonine methyl ester is
metabolized and if alcohol is consumed alongside cocaine
cocaethylene is metabolized in addition. These pathways have
been described by Cone et al.[30] and are depicted in Figure 3.

Previous research shows that metabolites do not only occur in
urine but also in saliva.[31–33] The most common techniques for de-
termining the concentrations are mass spectrometry combined
Figure 5. Spectra of selected metabolites of cocaine. Metabolites were meas
surement. (A) depicts cocaethylene particles in water; (B) depicts the spectru
was 1 cm�1.

Drug Test. Analysis 2012, 4, 420–429 Copyright © 2011 John
with liquid or gas chromatography. Jenkins et al. found amean con-
centration of 50 ng/ml of benzoylecgonine in the saliva of test per-
sons 2 h after the administration of a single dose of approximately
40mg cocaine.[24] Jufer et al. detected concentrations up to
3000ng/ml in saliva.[31] For on-the-road-side-testing, it is thus nec-
essary not only to measure cocaine but also its metabolites since
the effect on the body can stem from both the metabolites and co-
caine itself. In Figures 4 and 5, the spectra of some metabolites are
depicted. The vertical scales of the spectra differ considerably
which is most likely due to the fact that cocaethylene was found
to be very insoluble in water whereas the other metabolites are
much more soluble. This results in a spectral analysis of a suspen-
sion of cocaethylene in water rather than of a solution. The ATR
technique might not be the best choice when solid particles in
liquids are present since the particles sediment on top of the crystal
surface where they have two effects: First, since the evanescent
ured in water. The liquid water background was subtracted after the mea-
m of anhydroecgonine methyl ester. The spectral resolution of the FTIR

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/dta

4
2
3



Figure 6. Absorbance of sugars in solution. The concentration is 10mg/ml and the spectral resolution of the FTIR was 2 cm�1. The difference in the
absorption at 1650 cm�1 might be due to small temperature differences of the water or due to the interaction of the sugar molecules with the water.
The graphs depict the sugar absorbance of the solution after the water background subtraction. The dashed grey graph shows glucose, the grey malt-
ose, the dashed black fructose, and the solid black saccharose. The vertical arrows mark examples for water vapour absorption which interfere
with the measurement.
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field ismaximumat the crystal surface, the solid particles contribute
more to the absorption than the solution. Secondly, the solid flakes
displace the liquid which again increases the contribution of the
flakes in the spectra. As a result, spectra acquired from liquids with
solid particles cannot be used for quantitative analysis of the data
when recorded via ATR spectroscopy. However, the recorded spectra
still give qualitative information on the absorption of themetabolites.
Comparing the spectra of themetabolites with the cocaine spectrum
of Figure 2 indicates that there are many similarities in the spectra
and that it might be possible to measure cocaine and some of its
metabolites simultaneously.
Very often sugars are used to dilute drugs since they are cheap and

easily available. Hence, potential interferences between sugar spectra
and the spectrum of the drug of interest need to be investigated. In
Figure 7. Spectra of selected diluents for drugs. The water background is s
depicted in the dashed grey graph, mannitol in black, lactose in grey, an
was 2 cm�1.

Copyright © 2011 Johnwileyonlinelibrary.com/journal/dta
Figure 6, the absorbance of glucose, fructose, maltose, and saccharose
diluted in water at a concentration of 10mg/ml is shown. A concentra-
tion this high was chosen to ensure that all absorption lines in the
spectra could be detected by the FTIR spectrometer. Theirmajor absor-
bance is between 1200 and 1000cm�1. The peak or dip at 1650cm�1

might be linkedwith the interaction between the sugarmolecules and
the water or might be caused by small temperature differences be-
tween the measurements of water and the sugar sample (which were
performed separately one after the other). Temperature changes in
water can be responsible for small variations in water absorption as
explained by Freda et al.[34] Narrow peaks from water vapour absorp-
tion are visible throughout the spectra. These interferences occur due
to the evaporation of water from the sample. They will not be rele-
vant in an enclosed lab-on-a-chip sensor since the channels are
ubtracted from the spectra. The natron (sodium bicarbonate) spectrum is
d caffeine with a dashed black line. The spectral resolution of the FTIR

Drug Test. Analysis 2012, 4, 420–429Wiley & Sons, Ltd.



Figure 8. Spectra of (A) lidocaine and (B) benzocaine as examples for narcotics used as diluent. The samples were solved in water and than dried onto
the crystal surface. The spectral resolution of the FTIR was 1 cm�1. The light grey area marks the suggested interval for cocaine detection.
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closed. The comparison of various sugar spectra with the cocaine
spectrum (Figure 2) implies that no interferences with the main co-
caine absorption peaks (1800–1700 cm�1) occur.

Other common diluents of drugs are sodium bicarbonate (natron),
mannitol, and caffeine. Their spectra are depicted in Figure 7, again
after the subtraction of the water background. Caffeine has a stimu-
lating effect like cocaine, which disguises the dilution of the drug to a
consumer. Natron is a very commondiluent since it is used to synthe-
size crack. Crack is synthesized by cooking cocaine and natron, which
in combination has an enhanced effect on the human body.[35] Since
natron is very often also used as baking soda and since caffeine and
the other diluents occur in other (legal) contexts as well, a potential
interference of their spectra with the spectrum of the drug of interest
needs to be taken into account. However, as only caffeine exhibits a
major absorption at 1700 cm�1, which decays very quickly towards
Figure 9. Spectra for selected common medicine. The medicine in pill form
pletely. The water background was subtracted. (A) The spectrum of the birt
a spectral resolution of 2 cm�1; (B) Panadol (active ingredient paracetamol; sp
spectral resolution: 2 cm�1); (D) Vitamin C (spectral resolution: 1 cm�1).

Drug Test. Analysis 2012, 4, 420–429 Copyright © 2011 John
larger wavenumbers, spectral interferences with the cocaine spec-
trum between 1800 and 1710 cm�1 are negligible.

An important issue with respect to spectral interference concerns
compounds with carbon atoms double bonded to an oxygen atom.
Examples are caffeine, lidocaine, and benzocaine. Caffeine was dis-
cussed in the previous paragraph. The other two examples are narco-
tics which are often used as adulterants.[26] We recorded spectra of
these substances by suspending them in water followed by drying
on the ATR crystal. As the spectra in Figure 8 imply, the spectral fea-
tures closest to the interval of interest occur around 1683 cm�1 for
benzocaine and around 1658 cm�1 for lidocaine. Hence, spectral
interferences with the cocaine spectrum between 1800 and
1710 cm�1 are minimal. This could be advantageous in comparison
to Raman spectroscopy, which shows difficulties to identify cocaine
in the presence of benzocaine due to overlapping spectra.[37]
was mashed and diluted with water. Most medicine did not solve com-
h control pill (active ingredient Drospirenone; brand name: Yasmin) with
ectral resolution: 2 cm�1 ); (C) Aspirin (active ingredient acetylsalicylic acid;
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Figure 10. Spectra of common soft drinks with and without caffeine. The water background is subtracted. (A) spectrum of Coca-Cola (spectral resolu-
tion: 1 cm�1); (B) Rivella (spectral resolution: 1 cm�1); (C) Red Bull (spectral resolution: 2 cm�1); and (D). a low cost energy drink (spectral
resolution: 2 cm�1).
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Some sources claim that pain killers can be used as masking
substance for disguising the abuse of drugs.[38] Figure 9 depicts
the recorded spectra of the widely used pain killers Panadol with
the active ingredient paracetamol and Aspirin with the active in-
gredient acetylsalicylic acid. In addition the spectrum of Vitamin C
is shown as a component of many pain killers or cold medica-
tions. Finally the spectrum of a birth control pill with the active
ingredient drospirenone (brand name: Yasmin) is plotted. Again
the major absorption of this medication can be found between
1200 and 1000 cm�1. It has to be taken into account that most
medicine only dissolved poorly and therefore solid particles
remained in the liquid forming a suspension. Hence, the same
problems occurred as discussed previously in the paragraph on
Figure 11. Infrared spectra of saliva from a fasting person acquired at differe
spectral resolution: 1 cm�1), sample 2 ((B) and (C); spectral resolution: 2 cm�

samples were acquired at different days but always on an empty stomach.
time. The vertical arrow shows a peak only occurring in one saliva spectrum
the major absorbance of sugar molecules in solution. The water background

Copyright © 2011 Johnwileyonlinelibrary.com/journal/dta
metabolites. Again, the major absorption of the medicine does
not interfere spectrally with the cocaine absorption peaks be-
tween 1800 and 1700 cm�1.

Since it is generally unknown what people may have consumed
before the drug test, common soft drinks were analyzed as well. In
Figure 10, the spectra of Red Bull, Coca-Cola, Rivella, and another en-
ergy drink are depicted. As expected, the major absorption features
in these spectra origin from sugar absorptions between 1200 and
1000cm�1 and therefore there is no spectral interference with the
first two peaks of the cocaine spectrum in Figure 2.

Many other soft drinks, diluents and masking substances were
analyzed, but since their major absorbance was not in the interval
between 1800 and 1710 cm�1 their spectra are not depicted.
nt days and measured at different times. The spectra of saliva sample 1 ((D);
1) and sample 3 ((A); spectral resolution: 4 cm�1) are shown. The different
(B) and (C) are depicted to emphasize the change in the spectrum over
and the horizontal arrow and the underlaid grey area mark the interval of
was subtracted from all spectra.

Drug Test. Analysis 2012, 4, 420–429Wiley & Sons, Ltd.



Figure 12. Uncorrected Transmission spectra of pure saliva from a fast-
ing person and saliva spiked with cocaine. The graphs show the transmis-
sion spectrum of saliva (light grey dashed), of saliva with cocaine
(0.02mg/ml; black dotted) and of saliva spiked with cocaine (0.4mg/ml;
black). The graphs practically coincide, i.e. show no significant difference
in the transmission pattern. The resolution of the FTIR was 1 cm�1.
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Saliva spectra

If human saliva is used as a biological matrix, interferences between
the drug spectrum and the spectrum of pure saliva of the person un-
der suspicion needs to be considered. Saliva from a fasting personwas
taken as the simplest saliva spectrum. Saliva samples were taken from
volunteers. Figure 11 depicts saliva spectra of only one volunteer but
even then small variations were found between different samples.

Repeating patterns are visible in the absorption spectra like, for
example, the absorption of sugar between 1100 and 1000 cm�1

(Figure 6) emphasized by the horizontal arrow and the light grey
background in Figure 11. The two broad peaks around 1650 and
1550 cm�1 are most likely due to proteins. However, clear differ-
ences in the absorption strength are visible at the wavelength
ranges mentioned. Sometimes even additional absorption features
appear like in the spectrum depicted in Figure 11A, emphasized by
the vertical arrow. Major changes in the absorbance of saliva occur
when saliva is stored for several days in the fridge as demonstrated
with the second and third spectrum. The major changes are in the
range where most likely sugar and protein absorption dominate.
Figure 13. Uncorrected Transmission spectra of pure dried saliva from a
fasting person and saliva spiked with cocaine. The graphs show the trans-
mission spectrum of dried saliva (grey), of dried saliva with cocaine
(0.02mg/ml; black dotted) and of dried saliva spiked with cocaine
(0.4mg/ml; black solid). The characteristic change in transmission of the
cocaine is now clearly visible (indicated by the arrows). The resolution
of the FTIR was 1 cm�1.
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Proteins degenerate with time and naturally occurring bacteria in sa-
liva might be linked with the reduction of the sugar content. A de-
tailed study on the extent of variations in the infrared spectra of saliva
taken from various human volunteers is the subject of further
investigations.

The limit of detection for cocaine in saliva is rather high since
the strong water absorption is hindering a sensitive detection
(Figure 12). This serious deficit of measuring cocaine in saliva
can be partly overcome by evaporating the saliva and measuring
the dried sample (Figure 13). A similar dried-sample-technique us-
ing transmission FTIR-spectroscopy to detect thiocyanate in saliva
was used by Schultz et al.[36] Unfortunately, the improved detection
limit for cocaine involves less accuracy in terms of quantity. This
results in an only semi-quantitative analysis of the cocaine concentra-
tion in the chosen fluid because the saliva never dries in the same
pattern on the ZnSe crystal. The limit of detection was estimated
by comparing spectra of saliva spiked with cocaine and without co-
caine. The lowest concentration of cocaine in saliva where the charac-
teristic absorption pattern of cocaine is still visible is at a concentration
of 0.02mg/ml of cocaine (Figure 13). This LOD around 0.020mg/ml
represents a good first step in sensing cocaine in saliva since cocaine
concentrations in saliva can get as high as 0.5mg/ml after a single co-
caine dose (40mg cocaine base, smoked administration).[24]

It is obvious that in real life not all test persons have an empty
stomach. In addition, the influence of cigarettes or mouthwashes
on the composition of the saliva needs to be analyzed. We investi-
gated the change in the infrared spectra of saliva under different cir-
cumstances. One example is the influence of themouthwashMeridol
on the saliva spectrum.

The test person was asked to give a saliva sample before rinsing
the mouth with Meridol. Before acquiring the sample, the mouth
was rinsed with water. Samples were extracted by spitting into a
glass tube. After rinsing the mouth with the mouthwash the human
subject was asked to rinse themouth with water again and then give
the second sample. The infrared spectra of both samples are
depicted in Figure 14. The saliva spectrum of the fasting person is
shown in Figure 14C, while Figure 14B represents the situation after
the mouthwash. In Figure 14A, the spectrum of themouthwash itself
is depicted. The major absorption of the mouthwash Meridol is be-
tween 1200 and 1000 cm�1. This is the spectral range in which the
absorption of the middle grey spectrum increased the most. In addi-
tion, the absorbance is reduced between 1700 and 1500 cm�1.

Since it is likely that protein absorption takes place in this spectral
range, the remains of themouthwash in the oral cavitymight be con-
ducive to thin the saliva of the test person and therefore decrease the
protein content. The observed differences in the saliva spectra that
are related to the mouthwash Meridol do not hinder cocaine detec-
tion in saliva because the major spectral interferences between co-
caine, saliva, and Meridol occur between 1700 and 1000 cm�1, but
not between 1800 and 1710 cm�1.

Another example for the various circumstances a person under
suspicion might be is the influence of alcohol. It is likely that peo-
ple that will be drug tested are under the influence of alcohol
since these people draw special attention to themselves. Very of-
ten drugs are consumed alongside alcohol. It is possible to corre-
late the blood alcohol level with the alcohol level in saliva[39,40]

which is why it is important to ensure that there are no interfer-
ences between the characteristic absorption of the saliva of a
drunk person and the absorption of cocaine. Figure 15C depicts
again the saliva spectrum of a fasting person. The mouth was
again rinsed with water beforehand and the sample was
obtained by having the test person spit into a tube. Figure 15B
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/dta



Figure 14. Spectrum of saliva from a fasting person (C) and after rinsing the oral cavity with Meridol (B). (A) The spectrum of the mouthwash Meridol
itself is depicted. The major absorption of Meridol is marked with light grey background in all three graphs. The major change in the saliva spectrum
after the rinsing is emphasized with the same grey background. The water background was subtracted from the spectra and the resolution of the FTIR
was 1 cm�1.
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shows the saliva spectrum directly after the alcohol consumption
and after rinsing the oral cavity with water. Figure 15A depicts
the saliva spectrum 2h after the alcohol consumption. It is evi-
dent that the amplitude of the characteristic alcohol peak has
substantially decreased and that the interference of the sugar ab-
sorbance is gaining importance. This result demonstrates that al-
cohol can be detected in saliva by IR-ATR spectroscopy, including
its temporal evolution which reflects the decrease in the blood al-
cohol level. No major interferences for the detection of cocaine in
saliva occur in the important range between 1800 and
1710 cm�1.
The influence of other substances (e.g. coffee and energy

drinks) on the saliva spectrum were investigated as well. Their
spectra are not depicted since no major interferences were
recorded between 1800 and 1710 cm�1. In addition, no further
Figure 15. Infrared spectrum of saliva of a fasting person (C), directly after (
absorption is marked with an arrow in the spectra. A change in the alcohol a
the spectra (spectral resolution: 4 cm�1).

Copyright © 2011 Johnwileyonlinelibrary.com/journal/dta
metabolites of the investigated or consumed substances could
be found.
Conclusion

Our studies performed in aqueous solutions indicate that several
important metabolites of cocaine can spectroscopically be
accessed simultaneously as their characteristic absorption ranges
coincide. The detailed investigation of spectral interferences by
substances that are often consumed in combination with illicit
drugs, notably diluents and adulterants, masking agents, com-
mon medications and drinks, suggests that the most appropriate
spectral region for cocaine detection is between 1710 and
1800 cm�1. As our first measurements on actual human saliva
B) and 2 h after (A) the consumption of alcohol. The characteristic alcohol
bsorption is very well visible. The water background was subtracted from

Drug Test. Analysis 2012, 4, 420–429Wiley & Sons, Ltd.
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samples indicate, this statement is also true for saliva even though
those spectra crucially depend on the time and condition of the
sampling, this fact will be explored further with more test persons
in the near future. The influence of mouthwash and of alcohol con-
sumption on saliva spectra could clearly be observed, yet again with-
out major interference in the important cocaine absorption range
(1710 to 1800 cm�1) mentioned above. The current limit of detection
for cocaine in saliva using the dried sample technique (to decrease
the influence of strong water absorption) is 0.02mg/ml if the person
is tested on an empty stomach. This is achieved without any further
sample preparation such as separation or extraction procedures. Al-
though this limit corresponds to concentrations actually occurring
in real-life situations, it appears feasible to considerably lower it, for
example, by using a quantum cascade laser as light source, a detector
with higher responsivity and an improved design of the interaction
zone between laser beam and sample resulting in an enhanced eva-
nescent field absorption. A detection platform like described above
could be useful for sensing other drugs in body fluids (e.g. heroin
in saliva) as well.
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