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Abstract

Infrared spectroscopy is gaining more importance in analyzing bi-
ological samples and monitoring environmental parameters. The
analysis of environmental gases or investigation of cancer tissue are
examples for the application of infrared spectroscopy. This thesis ad-
dresses three research questions with impact on society: the analysis
of cocaine in saliva, the detection of caffeine in saliva and beverages
and the investigation of saliva from patients with generalized aggres-
sive periodontitis.

The first project regarding the detection of cocaine in saliva aimes
for a table-top set-up with the possibility to be miniaturized to pave
the path to a hand-held, compact device. Such a device would al-
low for (semi-)quantitative, on-site analyses of cocaine and would
provide risk assessment, e.g. people driving under the influence of
cocaine. This research question was examined in detailed studies
to first explore the optimum wavelength: regions of strong cocaine
absorption and minimum spectral interference with every day prod-
ucts, masking agents, common medicine, cutting agents of cocaine
and saliva in different situations. The most suitable spectral range
was found around 1750 cm−1. A one-step extraction technique was
developed and evaluated to reduce the large background absorption
by saliva. Samples were analyzed with Fourier-transform infrared
(FTIR) spectroscopy and a quantum cascade laser (QCL) set-up. In
addition, transmission and attenuated total reflectance (ATR) spec-
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troscopy were used for the analysis. The limit of detection (LOD)
for the FTIR-ATR spectroscopy is ∼ 1 µg ml−1 and can be further
improved by preconcentration to a few 100 ng ml−1. This LOD is
necessary to identify a person abusing cocaine. The newly designed
QCL set-up has a current LOD for transmission and ATR spec-
troscopy of < 10 µg ml−1 and ∼ 3 µg ml−1, respectively. Further
stabilization of the QCL set-up is required to lower these detection
limits.

The second topic is directed toward the detection of caffeine in
fluids. The influence of caffeine on many diseases, such as Alzheimer’s
and Parkinson’s disease, is currently under investigation. So far,
test-persons in studies analyzing the correlation between Alzheimer’s
or Parkinson’s disease have to abstain from caffeine-containing bev-
erages, which is problematic due to the social relevance of coffee and
tea. The number of test persons might increase significantly if caf-
feine intake could be monitored with a hand-held, compact device
instead. Therefore, a minaturizable one-step extraction technique
for caffeine from beverages and saliva was developed. The extracts
were investigated with FTIR-ATR spectroscopy. Even without any
pH stabilization qualitative data on caffeine concentrations in vari-
ous beverages could be derived.

The third project concerns the study of patients suffering from
generalized aggressive periodontitis (G-AgP). Periodontitis is a dis-
ease with high prevalence. But until today, a method predicting
the individual progress of the disease has not been found. Such a
method should estimate the risk of a patient for bone loss within
a certain time. The identification of spectral differences in saliva
between patients with G-AgP and healthy volunteers might allow
early diagnostics and could lead to improved prognoses. The inves-
tigation were conducted with FTIR-ATR spectroscopy and potential
differences in the spectra were evaluated with principle component
analysis (PCA) in the spectral range from 1230 to 1180 cm−1. In ad-
dition, the difference between the absorbance at 1206 and 1196 cm−1
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was analyzed with the analysis of variance (ANOVA). Although the
number of test persons with 10 persons in total was still small, both
methods yield promising results to differentiate between the sam-
ple groups. Since the investigated spectral range is rather narrow
a quantum cascade laser based device could be built for chair-side
tests.

In conclusion, the analysis of all three research questions showed
promissing potential for miniturisation and future on-site applica-
tions.
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Zusammenfassung

Die Infrarotspektroskopie wird immer häufiger zur Charakterisierung
von biologischen Proben und von wichtigen Umweltparametern ange-
wendet. Zum Beispiel können mit dieser Methode Krebszellen charak-
terisiert und die Konzentration von Umweltgasen wie CO2 bestimmt
werden. In dieser Arbeit wird Infrarotspektroskopie genutzt um
die folgenden drei gesellschaftsrelevanten Themen genauer zu un-
tersuchen: Der Nachweis von Kokain im Speichel, der Nachweis von
Koffein im Speichel und in Getränken und die Charakterisierung von
Speichel von Patienten mit generalisierter aggressiver Parodontitis.

Für das erste Thema, welches den Nachweis von Kokain in Spe-
ichel betrachtet, soll ein Versuch aufgebaut werden, dessen Kompo-
nenten gegebenenfalls miniaturisiert werden können. Dies könnte
zu einem tragbaren, kompakten und einfach zu bedienenden Analy-
segerät führen. Ein solches Gerät könnte vor Ort Diagnosen ermög-
lichen, z.B. für die Polizei oder Ambulanz. Für diese Untersuchun-
gen wurde zuerst nach einem geeigneten Wellenlängen Bereich für
den Nachweis von Kokain im Speichel gesucht. Der Wellenlängenbe-
reich soll eine hohe Absorption von Kokain und möglichst wenig Ab-
sorption von anderen Substanzen aufweisen. Um diesen Bereich zu
identifizieren wurden Alltagsprodukte, Schnittmittel von Strassen-
kokain, gebräuchliche Medikamente, maskierende Substanzen1 und

1Substanzen die von Drogenkonsumenten genommen werden, um Dorgentests

xv



xvi CONTENTS

Speichel von Testpersonen in unterschiedlichen Situationen unter-
sucht. Die Untersuchungen ergaben, dass der Wellenlängenbereich
um 1750 cm−1 am Besten zum Nachweis von Kokain im Speichel
geeignet ist. Ferner wurde eine einstufige Extraktionsmethode en-
twickelt und untersucht, die die Nachweisgrenze von Kokain im Spe-
ichel deutlich senkt. Alle Proben wurden mit einem Fourier-Trans-
form-Infrarot- (FTIR) Spektrometer oder einem Quantenkaskaden-
laser- (QCL) Aufbau untersucht. Die spektroskopischen Methoden
der gedämpften Totalreflektion (engl. attenuated total reflection -
ATR) und Transmission wurden verwendet. Die gemessene Nach-
weisgrenze für Kokain im Speichel unter Verwendung von FTIR-
ATR Spektroskopie liegt bei∼ 1 µg ml−1 und kann durch Aufkonzen-
trierung auf einige 100 ng ml−1 verbessert werden. Diese Nachweis-
grenze ist notwendig, um Menschen die unter direktem Einfluss von
Kokain stehen zu identifizieren. Für den QCL-Aufbau wurde eine
Nachweisgrenze von < 10 µg ml−1 für die Transmissionsmessungen
und von ∼ 3 µg ml−1 für die ATR-Messungen ermittelt. Um tiefere
Nachweisgrenzen zu erreichen, müsste der QCL-Messaufbau besser
stabilisiert werden.

Das zweite Thema beschäftigt sich mit dem Nachweis von Kof-
fein im Speichel und Getränken. Der Einfluss von Koffein auf den
Krankheitsverlauf von z.B. Alzheimer- und Parkinson-Krankheit ist
Gegenstand aktueller Forschung. Für diese Studien müssen die Test-
personen für gewöhnlich auf den Konsum von Koffein verzichten.
Dieser Verzicht stellt ein großes Problem dar, da das Konsumieren
von Getränken, wie Kaffee und Tee, von großer sozialer Bedeu-
tung ist. Die Anzahl der Testpersonen für solche Studien könnte
sich erheblich vergrößern, falls anstatt eines Verzichts auf Koffein,
der Konsum gemessen werden könnte. Für solche Studien wird ein
tragbares, kompaktes Analysegerät benötigt, um die Koffeinkonzen-
tration des jeweiligen Getränkes zu messen. Wiederum wurde ein
Versuchaufbau realsiert, dessen Komponenten gegebenenfalls minia-

zu verfälschen.
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turisiert werden könnten. Zur Erhöhung der Nachweisgrenze von
Koffein wurde ferner ein einstufiges Koffeinextraktionsverfahren en-
twickelt. Alle Extrakte wurden mittels FTIR-ATR Spektroskopie
analysiert. Die Messergebnisse waren auch ohne pH-Stabilistation
qualitative wertvoll. Der Koffeingehalt der untersuchten Extrakte
aus Kaffe, Tee und Guarana wurde erfolgreich bestimmt. Eine Sta-
bilisation der pH-Werte wird zu quantitativen Ergebnissen führen.

Das dritte Thema beschäftigte sich mit dem Speichel von Patien-
ten mit generalisierter aggressiver Parodontitis (G-AgP). Parodon-
titis ist eine Krankheit mit hoher Prävalenz. Jedoch gibt es noch
keine Methode die zuverlässige Prognosen über den Krankheitsver-
lauf einer Einzelperson machen kann. Von besonderem Interesse
bei dem Krankheitsverlauf ist die Risikoabschätzung bezüglich eines
raschen Knochenverlustes. Ein messbarer Unterschied in den Spe-
ichelspektren von gesunden und an G-AgP erkrankten Menschen
könnte zu einer früheren Diagnose der Krankheit und verbesserten
Prognose ihres Verlaufs führen. Der Speichel wurde mit FTIR-ATR
Spektroskopie untersucht. Die Spektren wurden in dem Intervall von
1230 bis 1180 cm−1 mit der Hauptkomponentenanalyse (engl. prin-
cipal component analysis - PCA) untersucht, welche Hinweise auf
eine Unterscheidung der beiden Gruppen identifizierte. Des Weit-
eren wurde die Differenz in der Absorption für die Wellenlängen 1206
und 1196 cm−1 bestimmt und mit der Varianzanalyse (engl. analysis
of variance - ANOVA) diskriminiert. Diese Analyse bestätigte, dass
die beiden Gruppen sich signifikant unterscheiden trotz der gerin-
gen Anzahl (10) der Testpersonen. Auf Grund der geringen spek-
tralen Intervallbreite, kann ein QCL-Messaufbau für zukünftige Un-
tersuchungen. eingesetzt werden. Dadurch könnte der Messaufbau
zu einem tragbaren Gerät verkleinert werden, welches für den Ein-
satz in Arztpraxen geeignet wäre.

Alle drei untersuchten Themen zeigten vielversprechende Resul-
tate. Die verwendeten Analysemethoden besitzten das Potential zur
Verkleinerung des Messaufbaus in ein kompaktes, tragbares und ein-



xviii CONTENTS

fach zu bedienendes Gerät für den Einsatz vor Ort.



Symbols and
abbreviations

Symbols

The symbols are explained in detail in the text. This table serves as
quick reference to the symbols. Symbols that are used twice in this
thesis, are clarified by the context they appear in.

Symbol Description
α Absorption coefficient
α0.1 Calculated absorption coefficient at ∼1756 cm−1 of

cocaine at a concentration of 0.1 µg ml−1

αd Dissociation degree
αH2O Absorption coefficient of water at ∼1756 cm−1

αTCE Absorption coefficient of tetrachloroethylene at
∼1756 cm−1

A Fitting parameter for the determination of the
concentration

A of cocaine
A Absorbance
A− Brønsted base
B Magnetic field
c Speed of light

xix
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Symbol Description
c(HA) Concentration of the substance HA
c0(HA) Concentration of the substance HA before dissociation
ccal Calculated concentration of the solute in the extract
cinitial Initial concentration of the solute in the liquid,

e.g. cocaine in saliva before extraction
co(HA) Concentration of the substance HA in 1-octanol
cw(HA) Concentration of the substance HA in water
d Penetration depth of the light into the sample for

one single reflection
D Distribution coefficient
η Extraction efficiency
E Electric field
HA Brønsted acid
I Light intensity
k Wave vector pointing in the direction of the wave

propagation
κ Attenuation factor
k Magnitude of the wave vector
k Intercept of the linear regression to calibrate the

cocaine concentration in the extract
Ka Acid dissociation constant
Kapp Distribution coefficient
Kow Partition coefficient
KW Ion product of water
λ Wavelength of the light
l Optical path length
m Slope of the linear regression to calibrate the cocaine

concentration in the extract
nSa Refractive index of the sample
nZnSe Refractive index of the ZnSe
ν̃ Wavelength in cm−1

nc Complex refractive index
P Partition coefficient
pH − log10

(
c(H3O+)/(mol · l−1)

)
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Symbol Description
pKa − log10(Ka)
ω Angular frequency of the light (in vacuum)
r Correlation coefficient
σ Standard deviation
sA Spectrum of a reference samples
sD Spectrum to correct for changes in the experimental

conditions
sE , sF Spectral characteristics of impurities of the samples
sfit Linear combination of measured spectrum fitted to

the measurements
sm Measured spectra of the extracts
T Temperature
t Time
T Transmission
Θ Angle of total internal reflection

Abbreviations

The Abbreviations are explained in detail in the text. This table
only serves as a quick reverence.

Abbreviation Explanation
AME Anhydroecgonine methyl ester
ANOVA Analysis of variance
ATR Attenuated total reflection
BE Benzoylecgonine
BOP Bleeding on probing
C2H5OH Ethanol
CAL Clinical attachment loss
CAS Chemical Abstracts Service
CGCI Narrow bore capillary gas chromatography
COC Cocaine
COE Cocaethylene
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Abbreviation Explanation
conc. Concentration
CRDS Cavity ring-down spectroscopy
cw Continuous wave
DAD Diode array detection
DDS Drug Detection System
DFB Distributed feedback
DFG Difference frequency generation
EME Ecgonine methyl ester
EC Ecgonine
ELISA Enzyme-linked immunosorbent assay
FTIR Fourier-transform infrared
FWHM Full width of half maximum
G-AgP Generalized aggressive periodontitis
GC Gas chromatography
GCF Gingival crevicular fluid
HPLC High-pressure liquid chromatography
ICL Interband cascade laser
IR Infrared
LC Liquid chromatography
LOD Limit of detection
MAE Microwave assisted extraction
MS Mass spectroscopy
MS/MS Tandem mass spectroscopy
NCOC Norcocaine
NOA Norland Optical Adhesive
OPO Optical parametric oscillators
OSE One-step extraction
PC Principal component
PCA Principle component analysis
PCR Polymerase chain reaction
PDMS Polydimethylsiloxane
PPD Pocket probing depth
QCL Quantum cascade laser
RB Reference beam
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Abbreviation Explanation
S Solute
SAMHSA U.S. Substance Abuse and Mental Health

Services Administration
SB Sample beam
SERS Surface-enhanced Raman scattering
SF Salivary flow
SPE Solid-phase extraction
St.COC Street cocaine
TCE Tetrachloroethylene
UV Ultraviolet
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Introduction,
motivation and theory
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Chapter 1

Introduction

This thesis comprises three major research questions:

• Infrared spectroscopy of cocaine in saliva with the help of a
one-step extraction technique (major part).

• Spectral determination of caffeine concentration in beverages
aided by a one step-extraction technique.

• Differentiation between infrared spectra of saliva from healthy
test persons and patients with general aggressive periodontitis
(G-AgP).

Psychoactive drugs are often involved in severe accidents, e.g. the
number of accidents most likely caused under the influence of drugs
and/or medicine increased by 50 % in Switzerland between 1992 and
2010 [1]. A sensitive quantitative drug detection method that can
be applied to an easily accessible body fluid such as saliva is thus of
utmost importance. In the frame of the nano-tera project IrSens [2]
we developed an infrared-based table-top sensor that could be minia-
turized to a hand-held device which would support risk assessment
on-site and might make secondary, expensive laboratory test obso-
lete. At first the infrared wavelength interval with the least spectral

3



4 CHAPTER 1. INTRODUCTION

interference and a high cocaine absorption was investigated. Sec-
ondly, an extraction method was developed that can be implemented
on microfluidic chips. Thirdly, the limit of detection for cocaine in
saliva was identified and the method was validated with street co-
caine samples. For these analyses two methods, i.e. transmission
and attenuated total reflection (ATR) spectroscopy, were investi-
gated. The experiments were performed with a Fourier-Transform
infrared (FTIR) spectrometer (cf. chapter 9) and a quantum cas-
cade laser set-up (cf. chapter 11).

The second research topic concerns the caffeine concentration in
beverages. This question is of interest since moderate caffeine con-
sume is associated with prevention for Alzheimer’s and Parikson’s
disease [3] (cf. chapter 12). The development of a tabletop set-up
that could be miniaturized into a hand-held device, might enlarge
the data set significantly needed to increase the knowledge of these
relations. Currently, test-persons in these studies have to abstain
caffeine-containing beverages during the study, which is very diffi-
cult due to the social significance of coffee and tea. If the test person
could monitor his or her caffeine consume with a compact device in-
stead, the number of test persons would increase significantly. A
simple one-step extraction method was developed that can be im-
plemented on a microfluidic chip. In addition, caffeine-containing
beverages as well as saliva samples after the caffeine consume and
extracts from both were analyzed with FTIR spectroscopy (cf. chap-
ter 13).

The last research topic was embedded in an cooperation with the
Institute of Oral Biology at the University of Zurich. Periodontitis is
a wide spread oral disease [4] that is also associated with an increased
risk of coronary heart disease [5] (cf. chapter 14). It is important
to better understand this disease to project its development and as-
sess the risk of rapid bone loss. In this thesis saliva samples from
patients with generalized aggressive periodontitis (G-AgP) were in-
vestigated as a first step for spectral differences in saliva samples for
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patient with and without G-AgP. Spectral and statistical analysis
demonstrate the feasibility of differentiation (cf. chapter 15). In
addition, porphyromonas gingivalis bacteria, which are involved in
the progression of periodontitis, were spectrally analyzed for their
detection in saliva.

This thesis is divided into 5 parts: theory, introduction and re-
sults of the cocaine study, introduction and results of the caffeine
study, introduction and results of G-AgP trial and the conclusion.
In the first part an introduction to the theory is given. The cocaine,
caffeine and G-AgP parts give an introduction to the theme and the
results. Finally the results are summarized in the last part.
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Chapter 2

Infrared spectroscopy

Infrared (IR) spectroscopy is a widely used technique to analyze
solid, liquid and gaseous samples. Most fundamental molecular vi-
brations occur in the mid-infrared (mid-IR, wavelengths range: 2.5
to 25µm or 4000 to 400 cm−1) and the richest chemical information
can be found there [6]. In the near-IR spectral range (wavelengths:
0.8 to 2.5 µm or 12500 to 4000 cm−1), overtones and combinations
of the fundamental vibrations dominate the spectral response. Ad-
ditionally, some electronic absorptions are located in the near-IR
spectral range. In the far-IR (wavelengths: 25 to 500µm or 400 to
20 cm−1) vibrations of heavy atoms, lattice modes of solids and some
rotational absorptions of small molecules dominate the absorption
spectrum [6].

Infrared spectroscopy has many applications. Currently, it is
used more often to characterize biological samples. One example is
its use to characterize various types of diseases such as cancer tissue
[7] or Alzheimer’s disease in human grey matter samples [8]. The
oxygenation of periodontal tissue was analyzed with a near-infrared
spectrometer [9]. Oral films and saliva of healthy humans were ana-
lyzed with Fourier Transform Infrared (FTIR) spectroscopy [10–12].

7



8 CHAPTER 2. INFRARED SPECTROSCOPY

Its major advantages are the highly selective, quantitative analysis
and the non-destructive investigation of samples.

In this chapter the Beer-Lamberts law and some techniques to
investigate absorption spectra are briefly discussed.

2.1 Beer-Lambert’s absorption law

The Beer-Lambert’s law describes the attenuation of light due to
absorption1. It can be explained with the Maxwell equations and
the introduction of a complex refractive index nc.

The Maxwell equations for light propagation in a homogeneous
medium without any sources and with the dielectric constant ε are
[13]:

∇ ·E = 0 (2.1)
∇ ·B = 0 (2.2)

∇×E +
1
c

∂B

∂t
= 0 (2.3)

∇×B− ε

c

∂E

∂t
= 0 (2.4)

where E indicates the electric, B the magnetic field, c the speed of
light in vacuum and t the time. Applying the rotation operator on
equation 2.3 gives:

∇× (∇×E) = ∇×
(
−1

c

∂B

∂t

)
(2.5)

The left hand side of equation 2.5 is then:

∇× (∇×E) = ∇ (∇ ·E)︸ ︷︷ ︸
=0 (see equation 2.1)

−∇2E

⇒ ∇× (∇×E) = −∆E (2.6)
1This chapter was inspired by [13].
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The right hand side of equation 2.5 can be simplified to:

∇×
(
−1

c

∂B

∂t

)
= −1

c
· ∂

∂t
(∇×B)︸ ︷︷ ︸

= ε
c

∂E
∂t (see equation 2.4)

∇×
(

1
c

∂B

∂t

)
= − ε

c2

∂2

∂t2
E (2.7)

Hence, the equation for the electric field results from equations 2.6
and 2.7: (

∂2

∂x2
− ε

c2

∂2

∂t2

)
E(x, t) = 0 (2.8)

where E(x, t) indicates the electric field vector at the place x and at
the time t. The solution to equation 2.8 is:

E(x, t) = E0e
2πinkx−iωt (2.9)

where E0 indicates the amplitude of the electric field vector, n =
√

ε
the refractive index of the medium, ω the angular frequency of the
light (in vacuum), λ the wavelength of the light (in vacuum), and k
the wave vector pointing in the direction of the wave propagation.
The magnitude of the wave vector k, also known as wavenumber, is
given as:

2πnk = n
ω

c
=

2πn

λ
. (2.10)

An analogue equation to equation 2.8 can be calculated for the mag-
netic field B(x, t). Thus the solutions, the two plane waves, cannot
be independent of each other.

Since

(∇×E)x1
=

∂Ex3

∂x2
−∂Ax2

∂x3
= (i2πn(kx2Ex3−kx3Ex2)) = i2πn (k×E)x1

it follows that B, k and E are perpendicular to each other:

B =
2πcn

ω
k×E. (2.11)
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According to equation 2.11 the only difference for a plane wave to
propagate through vacuum or a medium is the speed of light being
reduced to c/n [13].

This model lacks the concept of absorption which can be incor-
porated by introducing a complex refractive index nc [13]:

nc = n + iκ (2.12)

where n indicates the refractive index and κ the attenuation factor.
Inserting this relation into equation 2.9 yields:

E(x, t) = E0e
−2πκkxe2πnkx−iωt (2.13)

The first exponential factor of equation 2.13 indicates the attenua-
tion of the wave caused by the absorption, the second exponential
factor reflects the oscillating nature of the wave propagating through
space. The light intensity is proportional to the square of the elec-
trical field. Therefore, the light intensity I(x) decays with:

I(x) = I(0)e−4πκkx (2.14)

where I(0) indicates the initial intensity of the light. This equation
is also known as Beer-Lambert’s law and describes the attenuation
of light that propagates through an absorbing medium [13].

When the absorption of a substance is regarded independent of
the optical path length, often the absorption coefficient is calculated
for the substance. The absorption coefficient α is defined as:

T = e−α·l =⇒ α = −ln(T )/l (2.15)

where T is the transmission and l the optical path length. The
absorption coefficient α is dependent on the wavelength ν̃. From
equation 2.14 we can establish the following relationship:

αν̃ = −4πκk.
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Examples for α are given in sections 8.2, 9.4.1 and 9.4.5.

The absorbance is also often used to characterize a sample. Due
to historical reasons, the absorbance A of a sample is defined as:

A = − log10(T ) = − log10(I(x)/I(0)) = 4πkκl log10(e)

where T indicates the transmission (T = I(x)/I(0)) [13].

2.2 Fourier-transform infrared (FTIR) spec-
trometer

Most Fourier-Transform InfraRed (FTIR) spectrometers are based
on the principle of a Michelson interferometer. A thermal source
provides a broad spectral wavelength range. The light is guided
to a beam splitter. After splitting the beam, each partial beam is
reflected from one mirror, before the beams are once more combined
(cf. figure 2.1). An interference pattern is created. One of the
mirrors moves continuously (in the rapid scan mode), which causes
the interference pattern to vary in time. A detector is recording
the interference pattern. Afterwards, the computer is calculating
the Fourier transformation yielding the spectrum of the source. If
a sample is placed in front of the detector its transmission can be
recorded [6]. The maximal spectral resolution of FTIR spectrometer
depends on the model. For the analysis of liquids and solids with
relatively broad absorbance a resolution between of 0.5 and 4 cm−1 is
sufficient (for the FTIR spectrometer used in this thesis see chapter
8).

2.3 Laser spectroscopy

Sometimes tunable lasers or laser systems are used instead of FTIR
spectrometers. Besides the obvious advantages like coherent, mono-
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Figure 2.1: Scheme of a Michelson Interferometer. The light is
entering from the left and detected with the detector on the bottom
of the scheme. This technique is used inside an FTIR-spectrometer.
(Abbreviations: BS- beam splitter; M1- mirror; M2- moving mirror;
S- sample; D- detector)
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chromatic light, they often offer a higher resolution than FTIR spec-
trometer. However, lasers only offer a much smaller spectral range
for the analysis or not continuous tuning, such as CO and CO2 lasers
[14].

Other lasers do not cover the especially interesting region be-
tween 3 and 6µm at room temperature. For example interband In-
GaAs/Sb lasers do not cover larger wavelengths than 3µm at room
temperature [14, 15] and most lead salt lasers require cryogenic tem-
perature [14]. Similar problems bear interband cascade lasers (ICL)
which require cryogenic cooling above ∼4 µm wavelength [14].

Some laser systems use non-linear optical effects to enable large
tuning ranges. Examples are optical parametric oscillators (OPO) or
difference frequency generation (DFG) [15]. These systems are usu-
ally rather complex and exhibit lower efficicency than other lasers
[14, 15].

However, Quantum cascade lasers and new developments in op-
tically-pumped lead salt lasers [16] represent promising sources. At
the cost of a limited tuning range they allow a miniaturization of IR
spectrometers.

2.3.1 Quantum cascade lasers

Quantum cascade lasers (QCLs) were first demonstrated in 1994
[17]. They are directly driven by current like diode lasers, but differ
significantly in the underlying physics. They use intersubband tran-
sitions of electrons to generate photons [15]. Unlike in diode lasers,
the emission wavelength in these unipolar semiconductor lasers is
not determined by the energy gap between conduction and valence
band but rather by the layer thickness. These intersubband transi-
tions were described with the following words:

“Electrons streaming down a potential staircase sequentially emit
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photons at the steps. The steps consist of coupled quantum wells
in which population inversion between discrete conduction band ex-
cited states is achieved by control of tunneling.” [17]

A few years after their discovery their application for spectroscopy
was investigated [14]. Since a good control over the emission fre-
quency is needed for spectroscopic applications, improvements were
implemented on the laser devices like distributed feedback gratings
(DFB) or external cavities. More information about quantum cas-
cade lasers can be found in [14, 15].

Overall, QCLs are one of the most promising laser sources for
spectroscopic applications.

2.4 Spectroscopic techniques

Different spectroscopic techniques were implemented over the years.
Transmission spectroscopy is the most straightforward implemen-
tation for the investigation of light absorbing samples. This spec-
troscopic scheme is suitable for samples with medium absorbance
strength like gases at higher concentrations or liquids (with a small
absorption coefficient).

Samples with lower absorption coefficients or small optical path
length (like thin films), are often analyzed with multi-pass cells (e.g.,
gases at low concentrations [18]) or with cavity ring-down spec-
troscopy (CRDS) [19]. These techniques enhance the signal in elon-
gating the interaction path of the light with the analyte. However,
most solids and liquids absorb too strongly to implement these tech-
niques.

Evanescent waves can be used in versatile ways to investigate
highly and weakly absorbing samples. Weakly absorbing samples
are often investigated with evanescent-wave cavity ring-down spec-
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troscopy or waveguide absorption spectroscopy [19]. Whereas, strongly
absorbing samples (e.g., liquids or solids) are often studied with at-
tenuated total reflection (ATR) spectroscopy [19].

In this thesis liquid and solid samples were investigated with both
transmission and ATR spectroscopy.

Attenuated total reflection spectroscopy

Attenuated total reflection (ATR) spectroscopy is very suitable for
the analysis of samples with strong absorbance. Light is guided into
a medium with a high refraction index, e.g., a ZnSe crystal (n=2.4)
and totally reflected once or several times. Each time the light is re-
flected at the boundary of the crystal surface and air, an evanescent
wave is created (cf. figure 2.2). This evanescent wave is decaying
exponentially and penetrates into the sample on top of the surface.
If the sample is absorbing, the outgoing light is attenuated [12].

A transmission signal can be gained by measuring the intensity of
the outgoing light without and with sample. The optical path length
(i.e. the corresponding thickness of the sample) is dependent on the
wavelength, the refractive index of the ZnSe crystal and the refrac-
tive index of the sample. As explained by Popov and Lavrent’ev the
penetration depth d can be calculated [20]:

d =
λ

2πnZnSe

√
sin2Θ− (nSa/nZnSe)2

(2.16)

where λ indicates the wavelength, nSa the refractive index of the
sample, nZnSe the refractive index of the ZnSe crystal and Θ the
angle of total internal reflection [20].

The penetration depth for, e.g., water in the infrared wavelength
range2 is ∼ 1 µm. The resulting small path length allows the inves-

2calculated with the refractive index data from Downing and Williams [21]
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Figure 2.2: The creation of an evanescent wave inside a ZnSe
crystal. Light is entering the crystal from the left side. It is reflected
12 times inside the crystal creating an evanescent field. The light
can penetrate samples placed at the crystal’s surface. The outgoing
light is attenuated if the sample is absorbing [12].

tigation of strongly absorbing substances.



Chapter 3

Basic chemical
principles

This chapter introduces the chemical principles of the extraction
technique developed in this thesis and explained in detail in section
7.1. First a brief introduction to the law of mass action is given.
Afterwards, the acid-base theory is explained to understand the be-
havior of the analysed drugs in water. Finally, the partition coeffi-
cient is introduced. Examples with calculated data can be found in
sections 9.4.2 and 9.5.1.

3.1 Law of mass action

In this section the law of mass action, the equilibrium constant and
the pH are defined1. All chemical reactions reach an equilibrium af-
ter a certain time. The state of equilibrium is shown with a chemical
reaction equation as follows:

1This section is inspired by [22].

17
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aA + bB ! xX + zZ (3.1)

where A, B, X, Z denote the substances involved in the chemical
reaction while a, b, x, z indicate the stoichiometric ratios. The
law of mass action describes the ratio of the educt and product
concentrations [22]:

cx(X) · cz(Z)
ca(A) · cb(B)

= K

where c indicates the concentration of the corresponding substance
and K is a specific constant for the chemical reaction displayed in
equation 3.1. As an example for a chemical equilibrium the auto-
protolysis of H2O is displayed with its law of mass action:

2H2O ! HO− + H3O+ =⇒ c(H3O+) · c(HO−)
c2(H2O)

= K (3.2)

Since the equilibrium is strongly on the left side of the reaction
depicted in equation 3.2 and the concentration of H2O in pure water
is:

c(H2O) =
1000 g l−1

18.015 g mol−1 = 55.51 mol l−1,

it can be included into the constant K in equation 3.2:

c(H3O+) · c(HO−) = KW

where KW represents the ion product of water with

KW = 10−14 mol2 l−2 at 25 ◦C [22].

Since the concentration of oxonium ions H3O+ and hydroxide ions
HO− is equal in water, the concentration at the equilibrium is:

c(H3O+) = c(HO−) = 10−7 mol l−1

The pH-value is defined as pH=−log10

(
c(H3O

+)
mol·l−1

)
. Hence, a pH of

7 is neutral, every pH>7 is considered basic and every pH<7 acidic
[22].
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3.2 Brønsted-Lowry acid-base theory

The Brønsted-Lowry acid-base theory describes a general acid base
reaction as follows2:

HA + H2O ! H3O+ + A− (3.3)

where HA and A− represent any conjugated acid-base pair. In the
Brønsted acid-base theory, an acid is defined as a molecule that can
liberate a proton (proton donator) and a basis as a molecule that
can accept protons [22]. In this case HA is the Brønsted acid and
A− is the conjugated Brønsted base. The strength of an acid is
characterized by the ability to donate a proton (to dissociate itself).
As a consequence, a strong acid at equilibrium in water (like HCl)
shows a much greater concentration of the basic form (Cl−) than of
the acidic form (HCl). The opposite statement is true for a strong
base: the concentration of HA (in the chemical reaction in equation
3.3) is much higher than the concentration of A−. In conclusion, a
strong acid has a weak corresponding base and vice versa [22].

Weak acids are not fully dissociated when dissolved in water.
For example acetic acid CH3CO2H forms with water the following
equilibrium:

CH3CO2H + H2O ! H3O+ + CH3CO−2

Hence, the law of mass action is:

c(H3O+) · c(CH3CO−2 )
c(CH3CO2H) · c(H2O)

= K.

For low concentrations of CH3CO2H the concentration of H2O can
be regarded as constant (cf. section 3.1). Therefore, the constants
can be combined to Ka = K · c(H2O):

c(H3O+) · c(CH3CO−2 )
c(CH3CO2H)

= Ka (3.4)

2This section is inspired by [22].
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where Ka is the acid dissociation constant. Often the dissociation
degree αd is used to describe an acid. It denotes how much of the
acid is dissociated:

αd =
c(CH3CO−2 )

c0(CH3CO2H)
=

c(CH3CO−2 )
c(CH3CO2H) + c(CH3CO−2 )

.

Here, c0 represents the initial concentration of acetic acid molecules
added to the water, i.e. c0(CH3CO2H) = c(CH3CO2H)+c(CH3CO−2 ).
αd can be calculated with the help of Ka. The concentration of the
conjugated base is equal to the concentration of H3O+. In addition,
c(H3O+) is equal to the difference between the total concentration
c0(CH3CO2H) and the concentration of the not dissociated acetic
acid c(CH3CO2H):

c(H3O+) = c(CH3CO−2 ) = c0(CH3CO2H)− c(CH3CO2H)

Hence, the law of mass action in equation 3.4 can be rewritten to:

Ka =
c(H3O+) · c(CH3CO−2 )

c(CH3CO2H)
=

c2(CH3CO−2 )
c0(CH3CO2H)− c(CH3CO−2 )

⇒ 0 = c2(CH3CO−2 ) + Ka · c(CH3CO−2 )−Ka · c0(CH3CO2H)

⇒ c(CH3CO−2 ) = −1
2
Ka +

√
K2

a/4 + Ka · c0(CH3CO2H)

The negative part of the solution is not considered since negative
concentrations have no physical meaning.
The acid dissociation constant can be connected to the pH in taking
the negative decade logarithm of equation 3.4 :

c(CH3CO−2 )
c(CH3CO2H)

= Ka/c(H3O+) (3.5)

⇒ − log10(Ka) + log10(c(H3O+)) = − log10

(
c(CH3CO−2 )
c(CH3CO2H)

)
.
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This yields the Henderson- Hasselbalch equation [22]:

pH = pKa − log10

(
c(CH3CO2H)
c(CH3CO−2 )

)
(3.6)

where pKa = −log10(Ka). With this equation the pH value of the
solution can be calculated [22].

3.3 Partition coefficient

Many organic solvents are not miscible with each other or with wa-
ter3. When a third compound (the solute) is added, it often dissolves
in both liquids in a specific ratio. This ratio is called the partition
coefficient P or Kow:

Kow = P = csolventI/csolventII (3.7)

where csolventI indicates the concentration of the solute in the first
solvent and csolventII the concentration of the solute in the second
solvent [23]. However, when the solute dissociates very strongly,
equation 3.7 only holds for one configuration of the solute and its
according Kow value. Other problems are encountered when the
concentrations of the solute are very high. In the latter case the
solute-solute interactions can no longer be neglected [23].
Water is a very polar solvent and solves therefore polar solutes very
well. Whereas many organic solvents are less polar and thus only
miscible with water to a limited extent. Liquids that solve badly in
water are called hydrophobic.
Historically the most often used solvents to investigate the partition
coefficient are n-octanol and water. In general there are 4 symbols
used for the partition coefficient: P , Kow, and D, Kapp. Tradi-
tionally P and Kow are used when a single molecular species is
distributed, at low concentration, into two solvents:

P = Kow =
co(S)
cw(S)

3This section is enspired by [23]
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where co(S) indicates the concentration of the solute S in octanol
and cw(S) indicates the concentration of the solute S in water. D or
Kapp is often used when the solute is partly or completely ionized in
the aqueous phase. Usually it is assumed that the dissociated solute
does not enter the organic solvent phase. Since this is not fully true
a correction of Kow has to be made. If the pH of the solution is close
to the negative logarithm of the acid dissociation constant pKa the
distribution between the two solvents can be calculated as follows:

Kapp =
co(HA)

cw(HA) + cw(A−)
(3.8)

where Kapp denotes the distribution coefficient, c(HA) indicates the
concentration of the associated solute (in water or octanol) and
cw(A−) the concentration of the dissociated solute in water.

Dividing Kow by Kapp leads to:

Kow/Kapp = 1 +
cw(A−)
cw(HA)

. (3.9)

Equation 3.5 can be written as:

cw(A−)/cw(HA) = Ka/cw(H3O+) = 10pH−pKa (3.10)

Thus, applying the logarithm to the basis 10 to equation 3.9 and
inserting equation 3.10 into it yields:

log10 Kow = log10 Kapp + log10

(
1 + 10pH−pKa

)

Most often Kow and Ka are given in the literature so Kapp can be
calculated:

log10 Kapp = log10 Kow − log10

(
1 + 10pH−pKa

)
(3.11)

More information about the octanol-water partition coefficient can
be found in [23]. Calculations for cocaine and cutting agents of
street cocaine are based on the described theory and can be found
in sections 9.4.2 and 9.5.1.



Chapter 4

The body fluid saliva

The chosen matrix for the testing of cocaine and diagnosis of peri-
odontitis in this thesis is saliva. It represents the body fluid that is
easiest to access and to collect for analysis. This chapter introduces
where saliva is formed, what it consists of and under which circum-
stances saliva changes. Experimental studies on this topic can be
found in section 9.3.

4.1 Saliva production

Saliva is a mixture of fluids produced by the salivary glands, the gin-
gival fold, oral mucosa transudate. It contains mucous of the nasal
cavity and pharynx, non-adherent oral bacterial, food remainders,
desquamated epithelial and blood cells. In addition, traces of medi-
cation or other chemical products can be found [24].

It consists to ∼ 99 % of water with various electrolytes (e.g.,
sodium, potassium, calcium, chloride, magnesium, bicarbonate, phos-
phate), proteins (e.g., enzymes, immunoglobulins, mucosal glycopro-

23
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teins, albumin, polypeptides, oligopeptides), glucose and nitroge-
nous products (e.g. urea and ammonia) [24]. The composition is
listed in table 4.1.

Table 4.1: Composition of human saliva. (Abbreviations: ‘+’-
< 1 % of the total protein amount or detected but not estimated;
‘++’- between 1 and 5 % of the total protein amount; ‘+++’- be-
tween 5 and 15 % of the total protein amount; ‘++++’ - > 15 % of
the total protein amount; DHEA- dehydroepiandrosterone; PRPs-
proline-rich proteins; PRG- proline-rich glycoprotein; EP-GP- pro-
teins related to a salivary glycoprotein; U/ml- describes the active
units per ml of the noted protein; CFU- colony forming units)

substance concentration
water ∼99 % [24]
sugars 5 to 10 µg ml−1 [24]
glucose 0.02 to 0.08 µmol l−1 [25]
electrolytes
Na+ 2 to 26mmol l−1 [26]
K+ 13 to 40mmol l−1 [26]
Ca2+ 0.5 to 2.8 mmol l−1 [26]
Cl−
Mg2+ 0.15 to 0.6 mmol l−1 [26]
HCO−3
PO3−

4 2.9 to 6.5 mmol l−1 [25]
total protein 300 to 810µg ml−1 [25]

18 to 32µg ml−1 [27]
Mucins ++++ [28]
Acidic PRPs ++++[28]
Basic PRPs ++++[28]
Basic PRG +++ [28]
Cystatins ++ [28]
Statherin ++[28]

to be continued
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continued table 4.1
substance concentration
EP-GP +[28]
VEGh +[28]
Lactoferrin +[28]
Lactoperoxidase +[28]
Haptocorrin +[28]
β-Microseminoprotein +[28]
Albumin +[28]
Zn-α2 Glycoprotein +[28]
α-Amylase 13 to 139 U/ml [25]

++++ [28]
Lysozyme +[28]
Kalikrein +[28]
sIgA 40 to 139mg l−1 [25]

+++ [28]
IgG +[28]
IgM +[28]
Histamins +[28]
Cortisol 9.77 to 18.87 mmol l−1[25]

0.4 to 10.2 ng ml−1 [27]
Testosterone 29.3 to 281 pg ml−1 [27]
DHEA 7.3 to 1081 pg ml−1[27]
progestins 100 to 800 pmol l−1 [26]
corticosteroids 0.09 to 0.27 mg ml−1 [26]
urea 3.8 to 5.6 mmol l−1 [25]
Thiocyante (SCN−) 0.83 ± 0.42 mmol l−1 [11]
Acetaldehyde1 < 0.5 µM [29]
bacteria (S. salivarius) 108 CFU/ml [30]
nicotine up to ∼ 3000 ng ml−1 [31]
caffeine up to 8250 ng ml−1 [32]

up to ∼ 44 mmolmol−1 [33]

1rises significantly if alcohol is consumed
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The major function of saliva is to cover, moisturize and lubricate
the oral cavity, i.e. the mouth. The protection of the oral cavity
is achieved with the help of mucins2. Mucins preserve the salivary
viscoelasticity, regulate selectively the adhesion of microorganisms
(bacterial or fungal colonization) to the oral tissue, protect against
dehydration and proteolytic attacks3 by microorganisms. In addi-
tion they help with the mastication4, speech and deglutition5 [24].
Additional functions of saliva include buffering the pH, maintenance
of tooth integrity, antibacterial activity, taste and digestion [34].

At rest the salivary production is kept to a minimum. External
stimuli of salivary production include mechanical, gustatory, olfac-
tory or pharmacological stimuli. They are responsible for 80 to 90 %
of the salivary fluid production. The fluid production ranges from 1
to 1.5 l per day for a healthy human [24]. The pH of saliva can vary
between 5.3 and 7.8 [34].

4.2 Variations of salivary flow

A healthy adult has stimulated salivary flow (SF) rates between 1
to 3 ml min−1, whereas unstimulated flow rates range between 0.1 to
0.35 mlmin−1. High variation from person-to-person can be mon-
itored in the flow rates. Therefore, no judgment of “healthy” or
“abnormal” salivary flow based on only one measurement can be
made [24].

Salivary flow is influenced by many factors, e.g. the daily cycle.
Low salivary flow occurs during sleep, whereas higher rates are mon-
itored during food intake. The flow is also changing with season. In

2proteins with high carbohydrate content
3attacks that would break proteins into their constituents, i.e. smaller

polypeptides or amnio acids
4chewing
5swallowing
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winter higher salivary flow rates are measured than during summer
[34].

Bodyposture, lighting and smoking can change salivary flow.
Higher rates are recorded for standing or lying persons than for per-
sons in a sitting position. Test persons in a dark room or blind folded
persons show a lower salivary flow rate than the control. Higher flow
rates are also found with smokers [24].

Individual hydration has an influence on salivary flow as well as
certain medicine intake. Physical exercise changes the composition
of the saliva. The usage of alcohol-containing mouthwash or alcohol
intake does change the salivary secretion [24, 29] and leads to high
alcohol metabolite levels, e.g. acetaldehyde [29].

Food intake in general can have a variaty of effects. The con-
sumption of poppy seeds for example leads to raised morphine levels
in saliva (up to 200 ng/ml) [35].
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Chapter 5

Cocaine

This chapter provides the social relevance for drug tests, gives a brief
history of the drug cocaine, explains the effects and metabolites of
cocaine. In addition, it introduces cocaine street samples and current
cocaine tests1.

5.1 Motivation

The consumption of illegal drugs can cause hardship in society. A
certain classification of illegal drugs is necessary to estimate poten-
tial harm. Parameters for this analysis can be physical harm and
chances of addiction for the individual consumer. When those crite-
ria are multiplied it is possible to order the drugs from least harmful
to most harmful. Heroin and cocaine were found to be the most
harmful drugs measured by these criteria [43].

Animal studies showed the severe influence of cocaine on the
animal behavior. In an experiment two groups of rats could self-
administrate either cocaine or heroin. In this experiment, cocaine

1Part of this chapter was previously published in [12, 36–42]

31



32 CHAPTER 5. COCAINE

showed to be the drug with the higher fatality rate. The rats would
alter their regular sleeping and eating rhythms. After 30 days into
the experiment 90 % of the rats were dead, in the heroin group 36 %
died [44].

Additional problems arise from accidents most likely caused un-
der the influence of drugs and/or medicine. The number of these
accidents increased by 50% in Switzerland between 1992 and 2010
[1]. Other European countries report this problem, too [45–47]. The
effects of cocaine on driving are described in chapter 5.3.

5.2 A short history of cocaine

This section provides a brief account of the origin of the plant and
the history of the consume in America and Europe.

5.2.1 The plant

The coca bush grows to a height of a few meters and is naturally
found in South America and on the Indonesian Islands. The plant
is easy to recognize with its spiraled, soft leaves and red bark. The
botanical name is Erythroxylon (Erythros=red, xylon=wood). Its
flowers are grouped and light yellow, whereas the fruit is a small,
red stone fruit [48].

The cocaine is found in the leaves. Its concentration depends on
the average temperature of the days during the maturing time of
the plant. A temperature range between 15 ◦C and 20 ◦C without
abrupt changes, an altitude between 600 and 1800 m and a very hu-
mid climate are the best conditions for good growth. Coca bushes
can be harvested 4 times a year. The harvested leaves are dried on
brick earth and keep their green color. They can be shipped like
tobacco leaves. [48]
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Besides alkaloids the coca leaves contain calcium, iron, vitamin
A, B2 and E [49].

5.2.2 Early consume in South America

The oldest hints for the consume of coca leaves were found in Ecuador.
A lime basin and figures of people consuming coca leaves are dated
back to 3000 BC to a culture called Valdivia.. The oldest coca leaves
were found in Peru from 1300 BC. In the Andes coca leaves were used
for religious or healing rituals. The early coca leave consumption was
a privilege for people with higher status or used as medicine. The
medical application is still common in regions where regular medical
care is not established [49].

The Spanish conquerors found the chewing of coca leaves within
a religious context widely spread in 1531-1534. The Catholic Church
banned its usage in 1551. Sixteen years later the church allowed the
chewing again since the conquest of the land by the Spanish un-
balanced the production of comestible goods. Chewing coca leaves
reduces hunger and stimulates the people. Thus, the stimulation
was used to increase the productivity of the gold and silver miners.
As a result, a whole coca industry developed with profit comparable
to the gold or silver mines [49].

In the 17th and 18th century cocaine stimulated only modest in-
terest in Europe, which rose with the first isolation of cocaine from
the coca leaves in 1860 and an enthusiastic report about the effects
of cocaine. Cocaine was applied as anesthetic replacing morphine
and also consumed as luxury food, e.g., in combination with vine
(“Vin Mariani”). First warnings against cocaine and its potential
for addiction were voiced by Erlenmeyer in 1885. In 1905 novocaine
(also known as procaine) was discovered as local anesthetic and re-
placement drug for cocaine [49].

In conclusion, cocaine was a far spread drug, in the nineteen-
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twenties. It was easily accessible through pharmacies and medical
doctors as well as commonly illegally traded. In 1914 the Harrison
Act tried to control the trade of opiates and cocaine in the US and
prohibit the usage as recreational drug. These measures did not re-
duce the consumption of cocaine, but increased its price. Towards
the end of the thirties the consume of cocaine decreased. Reasons
for this decline are most likely the discovery of legally traded am-
phetamines [49].

During the so-called psychedelic revolution of the 1960s the co-
caine consume increased dramatically. First it was viewed as “the
champagne of drugs” and mainly consumed by the rich members of
the society, but in the 1970s and 80s its use spread far beyond them.
In 1972 9 % and in 1982 even 25 % of all eighteen to twenty-five year
old persons had tested at least once cocaine. During the 1990s the
traffic of cocaine was mainly controlled by the Colombian cartels
and Mexican organizations whereas in Europe the Italian Mafia and
the Russian organized crime were in control of its trade [50].

Today, the possession, trade and consume of cocaine is forbidden
in Europe and North America.

5.2.3 Consume

At the beginning of the cocaine consume the coca leaves were chewed
by first removing the petiole (stem) of the coca leaves. Then they
are chewed shortly into a round bite of coca leaves. Afterwards an
alkaline substance (e.g., chalk, sea shells, bark...) is added to the bite
for an enhanced recovery of the cocaine from the leaves. Thereafter,
the bite is clamped between cheek and jaw and no longer chewed. It
is kept there till the bite dissolves [51]. The cocaine recovery from
the leaves is enhanced due to the alkaline substance but studies show
that the amount of absorbed cocaine by the chewer2 is reduced as

2The amount of cocaine that enters the blood stream of the chewer is reduced.
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well. Most of the cocaine is transformed to ecgonine3 by saliva and
stomach acid. Ecgonine is 80 times less toxic than cocaine [49].

Hundred grams of coca leaves can supply the daily demand of
calcium, iron, vitamin A, B2 and E. The daily chewed doses was
in average 60 g and thereby contributed to a better nutrition of the
chewer [49]. Other traditional ways of consume of coca leaves are
sniffing or eating [49].

Today, cocaine is usually sniffed, smoked (inhaled) or injected
intravenously. It is often sold as cocaine hydrochloride by phar-
maceutical companies. This substance is colorless, scentless, bitter
tasting and water solvable. Illegal cocaine, i.e. street cocaine, is usu-
ally cocaine base, free-base and crack (see also section 5.5). Cocaine
base is found in grey crystals and is a highly impure intermediate
product in the synthesis of cocaine. It is found in South America
and lower classes of the USA. Free base is purified from intermediate
products and hydrochlorides.

Crack also known as rock is a mixture of free base, baking soda
(natron or sodium carbonates) and water. After boiling the ingre-
dients the mixture is cooled down very quickly. This method allows
to increase the effect of cocaine on humans. The name origins from
the crackle that is audible during the smoking of crack [49]. Daily
doses of cocaine consumers vary between 0.1 g and 30 g of cocaine
per day [48].

5.3 Effect of cocaine

Cocaine stimulates an euphoric feeling (“high”) by enhancing dopa-
mine release in the brain of consumers. This cocaine induced “high”
lasts 20 to 40min [48, 49, 52]. The positive feeling is turned into
a depression after the impact of the drug wears off. The cocaine

3one of the metabolites of cocaine, see chapter 5.4
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depression facilitates the development of a psychological addiction
with the first consume.

The feelings of hunger, thirst, being awake and sleeping are dis-
turbed. Because of these side effects consumers might develop a
cocaine psychosis, which can lead to permanent damage. Other ef-
fects reported by cocaine users are paranoid delusions, fearfulness,
suspicious behavior and auditory hallucinations [53].

Cocaine does influence the driving behavior. Examples for these
changes are: increased nervousness, greater alertness and impaired
concentration. There have also been reports of reckless and reduced
driving ability [54]. Additionally, it can lead to speeding, poor im-
pulse control, turning in front of other vehicles, high risk behavior
and even loss of the control of the vehicle [55].

Reasons for exposing oneself to cocaine can be the wish to up-
grade a social gathering, enhancing the productivity at the work-
place, rising the mood, improvement in performance of sports or
sex, self-medication, curiosity, peer pressure and ideological motiva-
tion, like breaking with a society that does not approve the consume
of cocaine [56]. Most of the named expectations are not fulfilled by
cocaine.

Not every consumer of cocaine will become addicted after the
first consume. Some individuals are better in resisting the regu-
lar usage of cocaine than others. Research in this area showed the
following potential criteria to prevent cocaine addiction: external
circumstances like access to information and education, access to a
working health care system, good quality of living, good atmosphere
at the workplace, social networking, satisfying career chances, so-
cial support and social control. All these criteria can be helpful to
prevent addiction to cocaine or for therapy from addiction. There
are also some individual criteria that help preventing cocaine ad-
diction. Examples are risk awareness, personal care about healthy
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behavior, confidence in self-efficacy4, active problem tackling, expe-
rience in overcoming challenges, social skills, religious engagement,
autonomous judging and emotional stability [56].

Combination with other drugs

If cocaine is consumed with other drugs like caffeine or nicotine
its effect might be enhanced since both legal drugs enhance brain
dopamine release. The co-usage of nicotine usually results in chain
smoking.

The liver is producing an additional psychoactive substance, co-
caethylene, when cocaine is consumed in combination with alcohol.
Cocaethylene is detectable in urine and blood 100 minutes after the
consumption of cocaine and alcohol. It causes euphoria like cocaine
but is longer lasting (up to 2.5 hours) and it is more toxic as well [52].

Sometimes cocaine is consumed in combination with marijuana.
It has been reported that this can prolong the time of the effect of
the drugs [57].

Cocaine is also often consumed in combination with heroin or
morphine. This combination is called speedball. Then the effects are
enhanced compared to the individual drugs and the risk of addiction
is increased [58, 59].

5.4 Metabolites of Cocaine

After the consumption of cocaine its chemical degradation begins
resulting in several substances. How quickly this degradation takes
place was investigated in people (in vivo) and ex vivo for samples

4confidence in being capable to reach certain goals in taking action
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from cocaine-addicted people. The degradation time in collected
samples (ex vivo) seems to differ. Cone et al. claim that recovery
rates of 90% of cocaine from saliva are possible after 4 days refriger-
ated storage or even longer if citric acid is added to the saliva sample
[60]. Other scientists assessed that it is very quickly degraded into
ecgonine [49].

Many studies investigated the degradation of cocaine in human
test persons in various body fluids by administrating cocaine in a
controlled environment and by sampling blood, plasma, urine and
saliva in regular intervals (e.g. [61–68]). Most studies investigated
single cocaine administration [64–66], but repeated administrations
were also investigated [61–63]. These studies focus usually on a few
metabolites and their development over time. The major metabo-
lites of cocaine are benzoylecgonine (BE), ecgonine methyl ester
(EME), norcocaine (NCOC). When cocaine is consumed with al-
cohol cocaethylene (COE) is found, too. When cocaine is smoked,
anhydroecgonine methyl ester (AME) is found in all body fluids as
well.

As example the results of one study is shown. This study in-
vestigated the development of cocaine, benzoylecgonine (BE) and
anhydroecgonine methyl ester (AME) concentrations over time in
saliva and urine [64]. The results for the temporal development of
the cocaine concentration is displayed in figure 5.1. The study was
based on 6 test subjects [64]. The high variation from person-to-
person is obvious.

Other researchers investigated samples collected from road-side-
tests [71] or from people in clinics [72–74]. Additionally post mortem
investigations were done [70, 75, 76]. These studies often analyze
many metabolites but do not show the development of their concen-
trations with time.

The degradation pathway of some metabolites is shown in figure
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Figure 5.1: Cocaine concentration in saliva over time. The
average cocaine concentration in saliva and its corresponding stan-
dard deviation are displayed after administrating the test persons a
single dose of 40 mg cocaine. The data is acquired from [64]. (Since
the value zero cannot be displayed on a log-scale the value was set
to 10−3)
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Figure 5.2: Metabolites of Cocaine. Degradation of cocaine
in humans according to [69, 70]. Cocaine and its major metabo-
lites are displayed in their molecular structure. (Abbreviations:
BE- Benzoylecgonine; NCOC- Norcocaine; EC- Ecgonine; EME-
Ecgonine methyl ester; COE- Cocaethylene; C2H5OH- Ethanol;
COE- Cocaethylene; AME- Anhydroecgonine methyl ester; EED-
Ethyl ecgonidine; ED- Ecgonidine; NED- Nor-ecgonidine; p-HBE-
p-Hydroxybenzoylecgonine; m-HBE- m-Hydroxybenzoylecgonine;
NBE- Benzoylborecgonine; EEE- Ecgonine ethyl ester; NCOE- Nor-
cocaethylene)
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5.2. To compare the data of the metabolites in diverse body fluids
the highest concentrations found in literature are listed in table 5.1.
The data emphasize the strong dependence of the concentrations of
cocaine and its metabolites on the body fluid. For saliva, cocaine
itself shows far higher concentrations than its metabolites during a
high which is why most tests analyzing saliva target cocaine.

Various body fluids were used for the analysis of drugs or metabo-
lites but the most often used and most reliable matrices in living
people are saliva, urine and blood. Most on-road-side tests are us-
ing saliva as matrix for their drug tests since it is easy to collect
and can be collected by non-medical staff (in contrast to blood). In
addition, fewer privacy issues are concerned compared to urine col-
lection. Under laboratory conditions blood or plasma samples are
most often encountered.

5.5 Cutting agents of street cocaine

Cocaine is sold in different forms on the street (cf. section 5.2.3)
and many different cutting agents are encountered in street cocaine.
They can be categorized as diluents and adulterants. Diluents are
pharmacologically inert cutting agents like sugars, or baby powder
whereas adulterants have an effect on humans like the local anes-
thetic lidocaine.

Street samples are analyzed for multiple purpose. First, the sen-
tence for the possession of drugs depends on the concentration of
drugs in the seized powder. Second, some adulterants are a higher
threat to health than cocaine itself. Third, the economics of the
illegal drug market, e.g., origin of the drug, can be determined by
the composition of the street sample [85].

In 1973, 73% of all the seized street cocaine samples contained
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no adulterants in the USA, whereas 27 % contained at least one of
the following adulterants: procaine, amphetamine, caffeine, phen-
cyclidine. In addition, the following diluents were found: sugars,
inositol, mannitol, talc, flour and cornstarch. Even these pharmaco-
logical inert substances bear great risk when injected intravenously.
They can result in emboli and obstruct the blood flow to many vital
organs [86].

From 1985 to 1993 street samples were collected in Spain. At
the beginning of the study lidocaine dominated as an adulterant
but towards the end of the study caffeine was the most common
one. Pricetam and procaine were secondary to the principal adul-
terants [87].

In 1995 common adulterants found in street cocaine samples
in Spain were caffeine, procaine.HCl, lidocaine.HCl and piracetam.
Common diluents were glucose, lactose, sucrose, starch and manni-
tol [88]. In 1995, an analysis of street cocaine samples in the UK
found an average cocaine concentration of 51 %. Furthermore, the
average concentration of crack cocaine in crack was found to be
85 %. The most often used adulterants were lidocaine5, paraceta-
mol, procaine, benzocaine and caffeine. The most common diluents
were glucose and other sugars [89]. From 1996 to 1997 the follow-
ing adulterants were found in Rome (listed in descending likelihood
of occurrence): lidocaine, caffeine, phenacetine, dipyrone, phen-
metrazine, ephedrine, nor-aminophenazone, salicylamide, procaine,
aminophenazone, diphenidramine, phendimetrazine, phenobarbital
and phentermine. The most common diluents were sugars [90].

In 2001 caffeine, lidocaine and prilocaine were the most com-
mon adulterants in Brazil. Starch and sugars were found as diluents
[91]. Street cocaine samples were also analysed in the Netherlands
from 1999 to 2007. The following adulterants were found, listed

5also known as lignocaine
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in descending likelihood: phenacetin, caffeine, lidocaine, procaine,
dilatiazem, levamisol, hydroxyzin [92]. In France the following adul-
terants were detected in 2006: phenacetin, caffeine, paracetamol,
diliazem and lidocaine [93]. A study in 2008 classified caffeine, an-
hydrous D-glucose, mannitol, lactose, maltose, talc powder, flour,
and baby formula as common cutting agents [94].

In conclusion, phenacetin and caffeine are of the most common
adulterants today. Local anesthetics are also very common adulter-
ants. The most common diluents are starch and sugars. A spectral
analysis of selected adulterants and diluents can be found in section
9.2. Additionally, a spectral analysis of steet samples can be found
in section 9.5.

5.6 Cutoff concentration of cocaine in sa-
liva

For deciding whether a sample is positive or negative on a drug test
a cutoff limit has to be set. This means all samples that have a con-
centration above this limit are positive and all below are negative.
So far Europe does not have a consistent cutoff level.

In UK the cutoff for cocaine and metabolites in oral fluid are at
30 ng ml−1 and the confirmation cutoff6 is 15 ng ml−1 [95]. In Swe-
den a zero-concentration limit for controlled substances in the blood
of drivers is in force since 1st July 1999 [71, 96].

The U.S. Substance Abuse and Mental Health Services Admin-
istration (SAMHSA) suggests cutoffs for cocaine and metabolites in
oral fluid of 20 ng ml−1 and confirmation cutoffs of 8 ng ml−1 [95] (as
metabolites ecgonine methyl ester and benzoylecgonine are usually

6The confirmation cutoff concentration is the concentration used at the sec-
ond laboratory test, if the initial test was positive.
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measured, some methods also investigate cocaethylene [67]).

Law enforcement in most countries only accepts laboratory re-
sults from blood tests. Therefore, the current cutoff concentration
for cocaine in saliva is still subject to discussion. As mentioned
above in section 5.3 the duration of a cocaine “high” is 20 to 45min
[48, 49, 52]. The average cocaine concentration in saliva after 30 min
is 700 ± 500 ng ml−1 (see chapter 5.4, figure 5.1 [64]). Recently, the
EU-project DRUID suggested an equivalent cutoff concentration for
cocaine in saliva of 170 ng ml−1 compared to the cutoff of 10 ng ml−1

in blood [97]. This accounts for the much higher concentration of
cocaine in saliva than in blood (see section 5.4).

5.7 Current measurement methods

There are many ways to detect cocaine in different body fluids (like
urine, saliva, blood, plasma) and also solids (like nails [94], hair [98],
teeth [99]). This section introduces some of the detection schemes
with their limits of detection7.

The methods are divided in 3 categories: laboratory techniques
like gas chromatography-mass spectroscopy (GC-MS), on-site tests
(field tests) mostly based on immunoassays and new tests which are
trying to bridge the gap between the complex and expensive labora-
tory techniques and the field tests. Depending on the category the
tests are characterized by different criteria (cf. figure 5.3). The on-
site tests need to be quick and compact, whereas laboratory tests
have no need for transportation and can afford longer measuring
times. New tests should require only little training and give quanti-
tative or at least semi-quantitative (i.e. order of magnitude) results.

7parts of this chapter have been previously published in [12, 36]
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Figure 5.3: Criteria for drug tests of the three categories:
Laboratory tests, on-site tests and new tests bridging the gap be-
tween the two others [36].

5.7.1 Standard laboratory tests

The most common laboratory analysis method for cocaine is gas
or liquid chromatography (GC/LC) combined with (tandem) mass
spectroscopy (MS). Often the body liquid samples need to be pre-
pared by solid-phase extraction (SPE) [71, 74, 76, 84, 99–107]. The
limit of detection (LOD) for GC/MS analysis were found between 1
to 5 ng ml−1 for cocaine and its metabolites in body fluids [74, 108].
Other gas chromatographic techniques for the detection of cocaine
are for example SPE GC-flame ionization detection [80] or narrow
bore capillary gas chromatography (CGCI) [85].

High-pressure liquid chromatography (HPLC) reaches LODs of
20 ng ml−1 for cocaine and BE [108], whereas the limit of detection
of LC-MS is observed between 0.5 to 1 ng ml−1 [71, 106, 109] for
only 100µl samples of oral fluid [109]. Similar LODs are reported
for LC-MS/MS [72, 80, 81, 110–115]. High performance liquid chro-
matography with diode array detection (HPLC-DAD) achieves a
limit of detection at 10 ng ml−1 for cocaine, cocaethylene and ben-
zoylecgonine in saliva [80, 116].
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5.7.2 Common on-site tests

Most often immunoassays are used as on-site tests. They are based
on an antigen-antibody reaction. Immunoassays are usually sold
in test-stripe form and are very compact. They offer binary re-
sults (positive/negative), thus providing no quantitative informa-
tion. Some of the tests have the potential for improvement in terms
of reliability [117, 118]. Unfortunately, the success rate of some of
the tests can be as low as 75 % [109]. Positive on-site test results
need to be confirmed with laboratory tests on blood or plasma.

Many different brands of on-site tests are currently on the mar-
ket. They are usually characterized by their cutoff concentration.
For example DrugWipe R© (Securetec) test [119, 120] is character-
ized by a cutoff concentration of 50 ng ml−1 for cocaine in sweat and
saliva [119]. The test has the size of a pen and is one of the most often
used on-site drug tests for cocaine, cannabinoids, benzodiazepines,
amphetamines and methamphetamines. It can be acquired with a
reading device to minimize human error [119] and has an acquisition
time of approximately 2 min [121]. When assessed in the field the
reports differ. A study confirmed the DrugWipe cutoff without any
false results [120, 122]. Others found an accuracy of 98.6% [123] or
under 80% [124].

The OraLab R© test (Varian) is characterized by a cutoff concen-
tration of 20 ng ml−1 for cocaine in saliva (manufactor statement).
One advantage of this test is that half of the sample can be stored
separately for confirmation tests. Test results must be interpreted
10 to 15 min after application (collection time 3 min). The accuracy
of the OraLab Test for cocaine was 98.3% in this study [109].

Another test by Draeger offers a cutoff concentration of 5 ng ml−1

for cocaine in saliva samples [109]. The DrugTest 5000 is available
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with an analyzer which reads the test result and interprets it into
a positive or negative outcome. The accuracy of the DrugTest for
cocaine varies between 97.6 % [109] and 96.9 % [125]. The testing
time is approximately 17 min and the success rate8 for a test result
is 90 % [109].

At the moment the Cozart R© company is selling two different
products for on-site saliva drug tests: RapiScan R© and DDS (Drug
Detection System). The Cozart R© DDS oral fluid collection device
has collection times between under 10 s and 105 s and their cocaine
recovery with the Cozart R© DDS Buffer was 100% [126]. The man-
ufacturer’s cutoff concentration is assessed to 10 ng ml−1 but could
not be confirmed by other studies [117]. The Cozart R© RapiScan R©
can scan up to 5 substances at once (amphetamine, cocaine, opiate,
benzodiazepine and either cannabionoide or methadone). The anal-
ysis time was between 3 and 12 min [127]. Numbers for the accuracy
differ between 99.4 % [128], 96.6 % [129] and 100% [130].

For the Uplink R© test (OraSure) the cutoff concentration was
determined to 200 ng ml−1 (by the manufacturer) for cocaine and
could not be confirmed (only 1 in 10 positive samples were tested
correctly) [122]. Nevertheless, according to the manufacturer the
test can detect benzoylecgonine as well (cutoff 10 ng ml−1) which
was confirmed in this study [122].

The Oratect R© (Branan) has a cutoff of concentration of 20 ng ml−1

for cocaine which was confirmed with artificial samples [122]. Ul-
tiMed’s SalivaScreen has a manufacturers cutoff at 30 ng ml−1, but
failed to detect 7 out of 10 times samples with a cocaine concentra-
tion of 40 ng ml−1 [117].

In conclusion, there are many commercial providers for cocaine
tests. Their limit of detection and runtime is compared in table 5.2.

8The probability to gain any test result.
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So far, none of the easy-to-use commercial on-site-tests are able to
measure quantitatively. They only provide a positive or negative
result with respect to the cutoff concentration.

5.7.3 Nonstandard and new tests

These tests are based on various principles. Radioimmunoassays for
example were used to investigate urine [133] and hair [134]. Nuclear
magnetic resonance-studies [85, 135] were utilized to differentiate the
different components of illicit cocaine [85]. Spin immunoassays show
a sensitivity for benzoylecgonine of 1µg ml−1 (30 seconds measure-
ment time) [136]. Thin-layer chromatography has a limit of detection
for methylecgonine of 1µg ml−1 [137].

Very often the validation of cocaine involves optical schemes com-
bined with immunoassays. For example the evanescent wave flow flu-
orometer utilizes monoclonal antibodies and a fluorescent benzoylec-
gonine derivate to reach a limit of detection (LOD) of 5 ng ml−1 in
their flow buffer (no experiments with body fluids reported) [108]. A
similar technique was used by the flow immunosensor achieving an
LOD of 5 ng ml−1 in an acquisition time of less than a minute. But
no experiments with body fluids were reported [133]. Enzyme-linked
immunoassays are based on a change in absorbance when cocaine
binds to the antigen. This method achieves LODs in the ng ml−1

range but requires extensive sample preparation [133]. A fiber optic
biosensor utilizing a competitive fluorescence immunoassay achieved
an LOD of 50 ng ml−1 for benzoylecgonine (a cocaine metabolite) in
urine [138].

Sometimes aptameric sensors are combined with optical meth-
ods. Aptameric sensors exploit a strain of oligonucleotides, which
are designed to specifically bind to a certain molecule. The bind-
ing induces a conformational change in the oligonucleotides, which
is detected by various methods, e.g. fluorescence. The most im-
portant optical techniques are bulk fluorescence assays [139] and
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fluorescent aptameric sensors [140]. The latter achieved an LOD
of 121.3 ng ml−1 in serum [140]. Surface-enhanced Raman scatter-
ing spectroscopy (SERS) [141], fluorescence [142] and quantum dots
[143] in combination with aptameric sensors lead to even lower LOD,
but these techniques were not applied to body fluids, so far.

Raman spectroscopy is very often performed to detect cocaine
on solid samples like finger nails [94], natural or synthetic fibers
(clothes) [144], cyanoacrylate-fumed fingerprints [145], passenger bags
on airports [146] and rum bottles9 [147]. Metal-doped sol-gels in
combination with Surface-Enhanced Raman Scattering (SERS) were
used for the detection of drugs in saliva. The method achieved an
LOD of 250 µg ml−1 in saliva [148]. Another study combined SERS
with photonic crystals. The acquisition time was between 10 and 15
sec. Cocaine and benzoylecgonine were successfully identified (co-
caine at a concentration of 30 µg/ml; no body fluids), but the limit
of detection has not been given [149]. Raman spectroscopy in combi-
nation with Kerr gated fluorescence was also used for the laboratory
analysis of street samples [150].

Other spectroscopic techniques were applied on body fluids and
solid samples, e.g. Terahertz spectroscopy for solid samples [151–
153]. Cocaine in urine was investigated with UV spectroscopy after
a liquid-liquid extraction yielding an LOD of 1.25 µg ml−1 [154]. In-
frared spectroscopy was used to analyze solid street samples [85, 88,
155].

Some of the introduced methods are summarized in table 5.3.
The most important methods to investigate body fluids will be com-
pared to the work described in this thesis in section 9.4.9.

9Sometimes cocaine is smuggled dissolved in ethanol. With Raman spec-
troscopy the content of the sealed bottle can be analyzed.
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5.8 Current extraction techniques

Many of the above mentioned techniques need sample preparation
to reduce the background signal of the body fluid. Most often solid
phase extraction (SPE) is applied. The term SPE includes a variety
of protocols. But it usually requires expensive and bulky equipment
for the extraction. Centrifuges, temperature-controlled evaporators
and complex filtering devices like conditioned columns, cartridges or
plates are implemented in the extraction process [84, 156–158]. In
addition, SPE is time consuming and needs specially trained staff,
hence, it is not suitable for testing in the field.

An alternative extraction method for cocaine in saliva is Mi-
crowave Assisted Extraction (MAE). This technique involves spe-
cial equipment like centrifuges, too. It was validated as a sample
preparation technique for High Pressure Liquid Chromatography
with diode array detection [159].

5.9 False results on drug tests

Drug testing of employees at the workplace is conducted with in-
creasing frequency. These tests are either performed on fixed or ran-
domly chosen dates to ensure that the workers are always “clean”10.
In the USA even sport coaches at schools are allowed to test the
children for drug consume. More and more products are offered for
parents to secretly test their children for drug abuse. As an example,
the product “Hair Confirm Standard 7-Drugs” from “Test medical
symptoms @ home, Inc.” only requires the parents to cut a strip of
hair of their children and to send it in for analysis.

Hair test results are strongly questioned by a study which in-
vestigated children of cocaine-using mothers. The adults had aver-

10i.e. not under the influence of drugs
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age cocaine and benzoylecgonine concentrations of 2.4 ng mg−1 and
0.39 ng mg−1, respectively, in hair. Their children had concentra-
tions of 2.4 ng mg−1 cocaine and 0.74 ng mg−1 benzoylecognine in
their hair [81]. Hence, without any further investigations the con-
clusion would be that the children consumed equally or even more
cocaine than their parents, even so they were passive consumers.
Most likely the cocaine got in contact with the hair of the children,
where it dissolved with a fluid like sweat and was then absorbed
by the hair [81, 98]. Hence, a cocaine contaminated desk, fingers
or toys provide a simple explanation for these test results. As a
consequence, the results of a positive hair drug test do not reflect
the cocaine consume of a person, but might rather hint on cocaine
contamination in his or her environment.

Urine or saliva tests are more reliable than hair tests as less con-
tamination can occur. None of the children in the case described
above had detectable drug traces in the urine (cut off at 300 ng/ml
BE) in contrast to the adults [81]. Drug tests based on the analysis
of saliva are better suited for detecting recent drug abuse.

Today, there is a big market for products promising cocaine and
other drug users that their drug test will be negative if they use
a specific product to clean body fluids or hair of any toxins, e.g.,
shampoos, dissolvable pills, mouthwashes, diets and herbal miracle
teas [160–162].

In principle there are two groups of masking substances. The first
group is aimed to dilute the body fluid or increase the metabolism.
For example diuretics or extensive consume of liquids are recom-
mended, as well as, exercising to increase the metabolism. The
second group are masking substances that result either in a positive
test that can be explained (e.g. consume of poppy seeds leads to
an increased morphine level) or hinder the proper function of the
on-site test. An example for the attempt to omit correct results is
the usage of vinegar to change the pH of the body fluid [160–162].
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Most of these “suggestions” concern masking and therefore falsify-
ing urine tests, but some might be applied to saliva as well, which
is why some of these substances should be investigated.

In conclusion, checking the pH-value seems to be a good step
when working with body fluids in general. Also the effect of mouth-
washes has to be taken into account when testing for saliva espe-
cially when it has been applied < 10 min before the test. Rinsing
the oral cavity with water before sampling seems to be necessary.
Investigation of stimulated saliva might be of advantage, to minimize
endogenous influences. Saliva can be stimulated by chewing paraf-
fin (might filter drugs out) or sucking a sour candy (changes the pH).

Certainly, the mouth of the person has to checked before ob-
taining the sample so that a masking or dilution of the sample is
impeded.
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Chapter 6

Saliva acquisition

In the following section the saliva sampling protocol is described.
Saliva production is influenced by multiple factors1. Some of these
factors were investigated experimentally in section 9.3, others are
summarized in chapter 4. Since the circumstances prior and during
sampling are of great importance, a questionnaire about the recent
oral history had to be answered by each participant taking part in
our studies. All tests were conducted with the approval of the ethic
committee of the ETH Zurich. The information sheet for partici-
pants, the questionnaire and the consent form for participants can
be found in the Appendices A, B and C, respectively.

Almost all saliva samples were taken from people with an empty
stomach to keep variations as small as possible. Volunteers were
asked to brush their teeth at least 30 min before sampling. Brush-
ing the teeth helps to form a comparable basis for the tests. The
minimum of 30 min delay between the brushing and salivating was
necessary to minimize the influence of the different toothpastes on
saliva. Before each sampling the test person was asked to rinse

1In addition to the named references, parts of this chapter have been pub-
lished previously [12, 36–41].
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her/his mouth with tap water for at least 30 s. After disgorging
the tap water and swallowing empty twice, the sampling started.
Samples were taken in the morning hours, in bright light and an
upright sitting position. All those factors are influencing the saliva
production (cf. chapter 4). Samples were collected in a glass test
tube.

Two different groups of saliva samples were analyzed in this part
of the thesis. The first group consisted of saliva acquired under dif-
ferent circumstances. These investigations started with the analysis
of the infrared (IR) spectrum of saliva from a person with an empty
stomach. Afterwards the influence on the IR spectrum of saliva of
externally introduced changes in the oral cavity like for example the
consumption of food was studied. Six different situations were ana-
lyzed for one to two test persons. The results and details concerning
these investigations can be found in section 9.3 (details can also be
found in [12, 37]).

The second group of saliva samples was used to validate the co-
caine extraction process. Most of these samples were taken from test
persons with an empty stomach. The sample volume was between 7
and 30 ml to provide sufficient sample volume for comparison spec-
imens and the extraction procedure (cf. section 7.1.2 and [36–38]).
In total 8 persons (2 female and 6 male) participated in the saliva
study. Their age ranged from 25 to 64 years. Some of these test
persons were asked to salivate once with an empty stomach and a
second time after an externally induced change in the oral cavity, like
for example the consumption of food or the smoking of a cigarette
(for results see section 9.4.1 and 9.4).

The saliva acquisition for the caffeine study was essentially the
same. Details about the saliva acquisition for the periodonitits trial
can be found in section 14.2.



Chapter 7

Sample preparation

This section discusses the one-step extraction for cocaine followed
by a description of the preparation of the water-based samples1.

7.1 Extraction of cocaine

Detecting drugs in saliva or other water based solutions at low con-
centrations is very challenging. Saliva consists of ∼ 99 % of water
and water absorbs strongly in the infrared spectral range. Even
when saliva samples are dried on top of the ATR crystal, major ab-
sorption features of the saliva remain and interfere with the caffeine
or cocaine spectrum (cf. section 9.4.1 and figure 9.10). Hence, a
small change in the absorbance has to be detected on a strong ab-
sorbance background signal2. An extraction is expected to improve
the determination of cocaine concentrations. In the following the
criteria for the solvents selected for the extraction method as well as
the sample preparation are described.

1Parts of this chapter have been published previously [12, 36–42].
2caused by the saliva
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7.1.1 Criteria for the choice of the solvent

Three criteria for the extraction procedure were defined: simplicity,
quick extraction and no use of bulky laboratory equipment. The idea
was to be able to confine the extraction process in a mobile, stand-
alone, hand-held device based on a micro-fluidic chip. Therefore,
a one-step extraction process was developed and tested for several
solvents.

Solvents considered for extraction were chosen based on the fol-
lowing criteria:

• low water solubility

• lower absorbance than water in the spectral range of high
cocaine3 absorption between 1770 cm−1 and 1700 cm−1 and
around 1270 cm−1 [12]

• higher solubility of cocaine4 in the solvent than in water (ide-
ally high partition coefficient)

• compatible with saliva (e.g. no protein extraction)

• liquid between −10 ◦C and 40 ◦C (for ideal storage conditions)

• compatible with the material used for the production of the
micro fluidic channel

Based on these criteria the following solvents were chosen to test
cocaine extraction: 1-octanol, iso-octane, n-heptane, dibutyl ether,
toluene, dichloroethane and tetrachloroethylene5. Since Norland op-
tical adhesive 81 (NOA 81) was chosen as material for the microflu-
idic extraction device its compatibility with the selected solvents was
tested, as well [163].

3or high caffeine absorption between 1720 cm−1 and 1650 cm−1

4or caffeine for caffeine extraction
5also known as tetrachloroethene or perchloroethene
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For the extraction the cocaine was dissolved in saliva and then
extracted with the solvents. Details of this extraction process are
described in the following section. The results of the extraction can
be found in section 9.4.

7.1.2 Cocaine extraction

In this thesis saliva samples spiked with cocaine or metabolites were
investigated. No administration of cocaine was conducted. Often
spiked samples are used to validate an extraction process [74, 82, 84].
It allows to ensure reproducibility of the extraction process since the
concentration in the samples is known and not subject to person-to-
person variations (see chapter 5.4). Two sample preparation meth-
ods were developed and are explained in this section.

In the first method saliva was filtered with sterile syringe filters
(0.2 µm, Sarsted). Cocaine was weighed6 into a glass tube and then
mixed with the filtered saliva (cf. figure 7.1). A part of the filtered
and unspiked saliva was kept as first comparison specimen. An ul-
trasonic bath supported the dissolving of the drug or metabolite in
saliva. During the 30 min of sonication, the sample was surrounded
by ice to prevent heating. The second comparison specimen was
then set aside (saliva spiked with cocaine) and the other part of the
sample was diluted with saliva to the desired concentration. From
each spiked saliva sample 1.6 ml were mixed with 1.6 ml of the sol-
vent used for the extraction. The sample was mixed by manually
shaking for at least 30 seconds. After the self-separation of the liq-
uids the saliva and the solvent phase were measured to compare the
concentration of cocaine in both liquids. For some solvents a third
phase formed consisting of stable droplets in one of the liquids (cf.
figure 7.2). For some solvents these droplets could be destroyed by
either adding isopropanol, by applying an ultrasonic bath or by cen-

6Different scales were used, but most samples were weighed with a Mettler
Toledo Classic AB 265-S.
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Figure 7.1: First extraction method. Saliva is filtered with sy-
ringe filters and mixed with cocaine. Then the cocaine is extracted
from the saliva with a solvent. Afterwards the solvent and saliva
phase are separated and analyzed. The spectra are compared with
the spectra of the pure and spiked saliva samples (comparison spec-
imen).
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Figure 7.2: Octanol saliva mixture. Mixing Octanol with saliva
formed stable droplets that formed a third, milky phase between the
saliva and the octanol phase. The picture was taken 11 days after
mixing.

trifugation of the samples (for more details see section 9.4).

The extraction method was successful, but the measurements
showed high variations in the absorbance signal. The variations were
most likely enhanced by the uncertainty in the weighing process of
the cocaine (most likely caused by vibrations or pressure changes in
the room), or by the changes in the pH of the saliva (cf. chapter 3).
Therefore two changes of the extraction method were implemented
(cf. figure 7.3). First, the cocaine was no longer weighed. Instead
of weighing the cocaine, a calibrated cocaine solution in acetonitrile
(Lipomed) was purchased and pipetted7 into the test tube. The
acetonitrile evaporated over night at ambient temperature and pres-
sure. As a result a thin film of cocaine was visible at the bottom
of the test tubes. These films were dissolved with the filtered saliva
in an ultrasonic bath (30 min) while the sample was surrounded by

7Pipettman 50-200 µl
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Figure 7.3: Second extraction method. Saliva is filtered with sy-
ringe filters, mixed with cocaine. A pH buffer is added to the saliva
cocaine mixture. Then the cocaine is extracted with a solvent. Af-
terwards the solvent phase is separated and measured. The spectra
of both comparison specimens are measure to detect potential irreg-
ularities in the saliva [36].
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ice to prevent heating. The second change was a stabilization of the
pH with a concentrated buffer (Titrisol). The mixing ratio of saliva
: buffer was 9 : 1. Afterwards the extraction solvent was added. A
measurement of the saliva after the extraction was not possible any-
more due to the drastic change in the pH. Afterwards the extraction
solvent was added in a 1 : 1 ratio to the saliva. The differences in
the results of the two extraction methods are presented in section 9.4.

Furthermore, potential impurities in the extracts were identified
by the analysis and comparison between the spectra of the extract
and the spectra of reference samples. For these samples the cocaine
was dissolved in the extraction solvent. Their spectra were measured
at different concentrations and compared with the spectra of the ex-
tracts to confirm the cocaine extraction. As a comparison specimen
the pure solvent was analyzed, too, to investigate impurities in the
solvent.

In addition, the extraction method was validated for street sam-
ples of cocaine. Street samples contain many adulterants and other
impurities (cf. section 5.5). The samples were acquired from the
Forensic Science Institute Zurich in powder form. Thus, the cocaine
concentration in the liquid was prepared by weighing. The mixing
and extraction process followed the second extraction method.

7.2 Water based samples

Cocaine and metabolites used for water-based samples were bought
from Lipomed. The other products for the water-based samples were
bought in regular shops, pharmacies and health food shops. Most
of the samples were acquired in powder form. They were weighed
(Mettler Toledo Classic AB 265-S) and diluted with demineralized
water to acquire the desired concentrations. Some samples were
pressed in pills, e.g. painkillers. For these samples the pills were
mashed into powder form and then treated like described above.
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Chapter 8

FTIR-ATR analysis

Most samples were analyzed with a Fourier Transform Infrared (FTIR)
spectrometer1 from Perkin Elmer (Paragon PC 1000) with a spec-
tral resolution of 1 cm−1. The samples of street cocaine and of the
substances hydroxyzine, phenacetin, levamisole and creatine were
analyzed with a Bruker Vertex 80 FTIR spectrometer (resolution
1 cm−1). Attenuated total reflection (ATR) measurements were con-
ducted by a matching ATR unit for the Perkin Elmer FTIR. It con-
sists of 4 mirrors that guide the light into and out of the ZnSe crystal
that is mounted in the top plate of the ATR unit. This top plate
is exchangeable to support between 11 and 12 reflections inside the
crystal.

The sample volume was 400µl. All samples were measured at
least 3 times2. The number of averaged scans that contributed to
one spectrum3 strongly depended on the solvent of the sample. Wa-
ter based samples had at least 20 scans, whereas the interaction
time with the ATR crystal was kept shorter for more aggressive sol-

1Part of this chapter was previously published in [12, 36–41].
2Each sample is placed 3 times on the ATR crystal to be measured.
3One measurement is one spectrum and consists of many scans.
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vents like dichloroethane (only 5 scans for each sample). Spectra are
displayed in the spectral range from 2000 to 1000 cm−1.

8.1 Measurement noise

The measurement noise of the absorption depends on the wave-
length for two reasons. First, the wavelength range between 2000
and 1350 cm−1 exhibits strong water vapor absorption. Therefore,
variations in the concentration of the ambient water vapor influence
the detection of cocaine4 (cf. figure 8.1). The FWHM (full width
of half maximum) of the water vapor of < 0.2 cm−1 is smaller than
the resolution of the FTIR spectrometer. However, the absorption
is detectable since the displayed spectrum is a convolution between
the absorption line and the instrument response function. An ex-
perimental compensation of the water vapor absorption is not fully
possible since the reproducibility of the wavenumber is not accurate
enough. Hence, an increase in the noise is observed for the spectral
range between 2000 and 1350 cm−1 compared to wavelengths out-
side this range.

The second reason for the measurement uncertainty (noise) is
inherent in the measurement method. The intensity of the source
light is not constant in the spectral range. A lower intensity implies
a higher noise. This increase in noise is detectable at the water va-
por absorption lines and towards the lower wavelength range, where
the intensity of the light source is decreased.

Figure 8.1 B displays the standard deviation of the light source
spectrum for three consecutive measurement cycles (cf. table 8.1).
Each spectrum depicted in (black, red, blue) is based on the standard
deviation between the 3 cycles.

4i.e., strong interferences are caused by the water vapor absorptions.
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Figure 8.1: Analysis of the measurement noise. A: Spectrum
of the light source of the FTIR-spectrometer is shown. The wa-
ter vapor absorption is observed in narrow absorption lines between
2000 and 1350 cm−1. B: Standard deviations of light source spectra
measured for 3 different consecutive measurement cycles are shown
three times (black, blue, red). The difference in the standard devia-
tion is caused by stronger or weaker changes of the humidity during
the three measurement cycles. Highlighted areas mark high cocaine
absorption (cf. chapter 9).

8.2 Drying technique

The measurement of a homogenous liquid has the advantage that
infrared measurements yield a quantitative result. Unfortunately,
almost all solvents absorb in the infrared. Water for example has
an absorption coefficient α varying between α=235 cm−1 (at the
wavelength 1880 cm−1) and α=2738 cm−1 (at 1630 cm−1 [21]) in the
mid-infrared spectral range from 2000 to 1000 cm−1 (for more de-
tails see section 9.4.1). Saliva mostly consists of water, thus the LOD
is increased for solutes like cocaine. However, when saliva is dried
on top of the ATR crystal, the absorption of the solvent decreases
and a lower LOD can be expected. A steady, controlled airflow was
used to speed up the drying process. The drying of saliva on the
ZnSe crystal takes about 30 min at ambient temperature and pres-
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sure. Organic solvents are more volatile and can be dried in less
than 7 min.

The increase in the signal has two reasons. First the concen-
tration of the solute in the solvent rises during the drying process
which results in a higher absorption. The second reason is found
in the logarithmic decrease of the evanescent field outside the ZnSe
crystal. The drying process decreases the spatial difference between
the solute and the crystal surface which further enhances the signal.

Figure 8.2: Differences in drying patterns. Picture A and B
show two different drying pattern of saliva samples.

The disadvantage of the drying process is that the solute does not
always form the same pattern (cf. figure 8.2). Hence the measure-
ment uncertainty is increased. This variation is the reason why each
sample is dried and measured at least 3 times and the reason why
the measurements of the dried samples are only semi-quantitative.
Despite this disadvantage, the limit of detection is significantly lower
with the drying process than without. For this reason, drying was
implemented in the measurement protocol (cf. table 8.1).
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8.3 Experimental measurement technique

Different samples were analyzed in this thesis. One group of samples
was only analyzed in its liquid phase. For these samples the spectra
of the solvent was recorded in addition to the sample itself.

The second group of samples were samples that were measured in
liquid and dried form. For these samples the measurement protocol
according to table 8.1 was applied.

The first power spectrum of the light source was used as a ba-
sis for compensation for the spectrum of the liquid sample taking
into account both spectral power variations of the light source and
absorption changes of the ambient water vapor. The compensation
was done by dividing the liquid sample spectrum by the light source
spectrum (both are recoded in transmission). In the same way, the
second spectrum of the light source was used for compensating the
spectrum of the dried sample.

8.4 Data processing for cocaine extracts

The measured spectra of the extracts sm were fitted with selected,
previously measured absorbance spectra. The fit was calculated by
Matlab and based on the linear combination sfit (cf. equation 8.1
and figure 8.3). The parameters can be divided into two groups.
The first group consists of a cocaine spectrum of a reference sam-
ple with a high signal-to-noise ratio. This spectrum can be used to
evaluate the cocaine concentration of the extract with the help of
a calibration based on reference samples with different cocaine con-
centrations (A · sA). The second group of spectra can compensate
partly for impurities in the sample or changes in the experimental
conditions (e.g., in humidity). Spectral characteristics of impurities
of the sample, e.g., protein residuals from saliva (E · sE and F · sF ),
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Table 8.1: Protocol for dried samples. To increase the signal-
to-noise ratio this protocol was established for dried samples. (One
full measurement cycle is depicted.)

Measurement of the spectrum of the light source
Spectral measurement of the solvent
Spectral measurement of the sample
Drying of the sample
Spectral measurement of the dried sample
Cleaning of the ATR crystal
Measurement of the spectrum of the light source

of contamination of the extraction solvent before the extraction, or
changes in the experimental conditions (D ·sD) were included in the
spectral fit. In addition, a first order baseline fit (−B − Cν̃) was
included to account for scattered light5. Hence, sm is approximated
as:

sm ≈ sfit = A · sA −B − C · ν̃ + D · sD + E · sE + F · sF . (8.1)

where A, B, C, D, E, F indicate the fitting parameters and ν̃
denotes the wavenumber. For fitting the spectra only the wavelength
ranges of strong cocaine absorption were used (1800 to 1650 cm−1

and 1300 to 1200 cm−1)6. The parameter A scales the cocaine spec-
trum to the investigated spectrum and can therefore be correlated
with the cocaine concentration in the extract (cf. equation 8.2).
The quality of the sample and the stability of the experimental con-
ditions, e.g., humidity changes of the ambient air, are indicated by
the other parameters.

5scattered light was also observed by [164]
6Samples extracted according to the first extraction method were fitted to

the range from 1820 to 1650 cm−1 and from 1350 to 1200 cm−1.
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Figure 8.3: Fitting method for the extracts. The fitting pa-
rameter A can be correlated to the cocaine (COC) concentration,
whereas B, C, D, E, F take impurities of both, the sample and
the solvent as well as the temporal variations of the experimental
conditions such as changes in humidity into account.
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8.4.1 Efficiency of the cocaine extraction

In this section the extraction efficiency η is introduced. In contrast
to the log Kow-value, the extraction efficiency indicates directly how
much of the initial cocaine concentration is extracted from saliva into
the solvent. The extraction efficiency η is calculated for cocaine and
adulterants in sections 9.4.2 and 9.5.1, respectively.

To calculate the cocaine content in the solvent a correlation be-
tween the cocaine concentration and the fitting parameter A (see
Equation (8.1)) is established with the help of reference samples
(solvent spiked with cocaine) of known concentration cinitial yield-
ing a linear relation:

A = m · cinitial + k

where k indicates the intercept and m the slope of the linear relation.
In inverting this linear relation the unknown concentration ccal in
an extract is calculated:

ccal =
A− k

m
. (8.2)

The extraction efficiency η is defined as the ratio between the
concentration ccal in the extract and the initial concentration:

η = ccal/cinitial. (8.3)



Chapter 9

Results of the
FTIR-ATR analysis

In this chapter the spectra of cocaine and its major metabolites1
are presented and possible interferences with other substances are
analyzed. Thereafter, the results of the extraction are discussed2.

9.1 Spectra of cocaine and metabolites

The infrared spectrum of cocaine depends on the state of cocaine,
i.e. powder form, solution or suspension. Examples for this depen-
dence are depicted in figure 9.1 and table 9.1.

The spectrum of cocaine is influenced by the optical absorption
of the solvent. As an example, there is more than one order of
magnitude difference in the infrared absorbance between water and
tetrachloroethylene (TCE, cf. figure 9.1). The other major differ-

1more information about the metabolites can be found in section 5.4
2Part of this chapter was published in [12, 36–41]
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ence in these spectra is caused by the difference in solubility. While,
cocaine base solves well in TCE, it is more challenging to solve it
in water. The single powder grains have to be sonicated with the
water before they can dissolve properly. The spectra depicted in fig-
ure 9.1 A were recorded from an non-sonicated sample. Therefore,
this sample was rather a suspension than a solution. Consequently,
the depicted spectra is a superposition of solid cocaine and cocaine
dissolved in water. Since the solid particles in the suspension settle
over time on the surface of the ATR crystal, where the evanescent
field is strongest, their contribution to the spectrum is larger than
in a solution (cf. figure 9.1B). Furthermore it is evident that there
is a slight shift in the position of the absorbance peaks.

Literature data are compared to the results acquired during this
thesis (cf. table 9.1). The reported peak position in literature and
this thesis are in good agreement. However, the magnitude of the
absorption peaks varies markedly between the different sources.

The absorbance is given in arbitrary units because the transmis-
sion measurements through the ATR crystal (cf. chapter 2) do not
include any corrections for the pathlength of the evanescent field.
The absorbance spectra of the metabolites of cocaine are depicted
in figure 9.2. Their quantitative appearance differs due to different
concentrations and different solubility characteristics. For example,
benzoylecgonine dissolves much better in water than cocaethylene
(COE). Despite these differences, qualitative information about the
absorbance of the metabolites can be gained.

Spectral interference3 for the detection of cocaine is caused by
cocaethylene. However, this might rather be of advantage to de-
tect people on a cocaine-induced “high”, since cocaethylene is an

3Spectral interferences are encountered when one substance absorbs in the
same spectral range like another one. This results in the detection of the super-
imposed absorbance, which might yield a wrong identification or quantification
of the substance.
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Figure 9.1: Absorbance spectra of cocaine. A: A suspension
of cocaine (1.26 mg ml−1) in water is depicted with the water ab-
sorbance in cyan. The spectrum on the bottom is showing the dif-
ference of the two spectra above. B: Solution of cocaine in tetra-
chloroethylene (500µg ml−1 COC in TCE). In the upper graph the
spectrum of cocaine in TCE and TCE are depicted. The lower graph
shows the difference of both spectra. The yellow areas mark high
cocaine absorbance in water. The absorbance spectrum of cocaine
evidently depends not only on its concentration but also on the sol-
vent and its state (suspension or solution).
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Figure 9.2: Spectra of metabolites of cocaine. A: Spec-
tra of benzoylecgonione (BE, 1.7 mg ml−1), norcocaine (NCOC,
0.6 mg ml−1) and ecgonine methyl ester (EME, > 0.3 mg ml−1) sus-
pensions in water are depicted. B: Spectra of cocaethylene (COE,
1.7 mg ml−1) and anhydroecgonine ethyl ester (AME, 0.8 mg ml−1)
suspensions in H2O are displayed. The background absorption of
water was subtracted from each spectrum. Highlighted areas are
the spectral regions of high cocaine absorption (cf. figure 9.1 A) .

even more psychoactive drug than cocaine. Nevertheless, the COE
concentration is significantly smaller during a “high” than the con-
centration of cocaine in saliva (cf. section 5.4) and therefore the
influence on the detection of cocaine should be rather small.

9.2 Potentially interfering substances

Numerous substances were investigated with respect to a potential
spectral interference with the cocaine spectrum. Substances com-
mon in everydays environment like soft or energy drinks were as-
sessed as well as substances recommended to yield a false negative
result on a drug test (cf. section 5.9). In addition many cutting
agents were investigated since they are also occurring in legal con-
texts like baking powder or sugars. Finally, potential interference
with common medicine was examined. A list of the investigated
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substances is found in table 9.2.

Table 9.2: List of the investigated substances that might
cause spectral interferences with the cocaine spectrum.
The spectra can be found in the following denoted figures. (Ab-
breviations: ep- everyday product; ma- masking agent; ca- cutting
agent; ad- adulterant; cm- common medicine; ED budget- Energie
Drink Pr!x Garantie; MgCO3- magnesium carbonate)

substance ep ma ca ad cm figure
Coca-Cola x 9.3
Coca-Cola light x E.1 (appendix)
Coca-Cola zero x E.1 (appendix)
Assurgin (sweetener) x E.1 (appendix)
Vodka x 9.5
Red Bull x 9.3
Guarana x 13.1
ED budget x 9.3
Coffee x 13.1
Milk powder x E.1 (appendix)
Egg white x E.1 (appendix)
Egg yolk x E.1 (appendix)
White vinegar x x E.1 (appendix)
Red balsamic vinegar x x E.1 (appendix)
Merdiol x x 9.4
Lysterine x x 9.4
Dentofit x x 9.4
Vitamin C x x 9.4
Birth control pill x x 9.4
Panadol x 9.4
Aspirin x 9.4
Dolormin x 9.4
Manitol x x 9.5

to be continued
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continued table 9.2
substance ep ma ca ad cm figure
Lactose x x 9.3
Glucose x x 9.3
Saccarose x x 9.3
Fructose x x 9.3
Maltose x x 9.3
Maizena (starch) x x E.1 (appendix)
Baby powder x x E.1 (appendix)
MgCO3 x x E.1 (appendix)
Caffeine x x x 9.5
Natron x x 9.5
Baking powder/soda x x 9.5
Benzocaine x x 9.6
Lidocaine x x 9.6
Hydroxyzin x x 9.6
Levamisol x x 9.6
Phenacetin x x 9.6
Creatine x x 9.6

The spectra of sugars are displayed in figure 9.3 A. Sugars are of-
ten used to dilute street cocaine samples (cf. section 5.5) since they
are cheap and readily available. But of course they also appear in
other context. Lactose is a disaccharide consisting of galactose and
glucose. It naturally occurs in milk. Maltose4, i.e. malt sugar, is a
disaccharide, too. Saccharose also called sucrose is the traditional
household sugar. It is a disaccharide consisting of glucose and fruc-
tose whereas glucose and fructose are monosaccharides. All these
sugars are available in white powder form and have their major ab-
sorption between 1150 and 1000 cm−1. In conclusion, the spectra
of assessed sugars show no major interference with the absorption
spectra of cocaine, neither in the spectral range around 1730 cm−1

nor around 1270 cm−1.
4consists two joint glucose molecules
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Figure 9.3: Spectra of everyday products. The background ab-
sorption of water was subtracted from each spectra. A: Spectra of
common sugars dissolved in water at a concentration of 10mg ml−1

(also used as diluents for street cocaine) are shown. Their major ab-
sorption is between 1150 and 1000 cm−1. B: Spectra of common soft
and energy drinks containing sugar are depicted. Major absorption
is observed in the sugar absorption range. Highlighted areas mark
high cocaine absorption. The spectra of sugar and sugar containing
soft drinks do not interfere with the cocaine spectra, neither around
1730 cm−1 nor around 1270 cm−1.
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Common soft and energy drinks were analyzed since they are
consumed via the oral cavity. The spectra of Coca-Cola, Rivella5,
Red Bull and Energy Drink Pr!x Garantie6 are displayed in figure
9.3 B. Their spectra are dominated by the sugar absorption between
1150 and 1000 cm−1. Their absorption is significantly higher around
1270 cm−1 than around the first two absorption peaks of cocaine in
the spectral range around 1730 cm−1.

Mouthwashes are often recommended to disguise the usage of
drugs (cf. chapter 5.9). In this thesis common mouth washes were
investigated. The spectra of the mouthwash brands Dentofit, Meri-
dol and Listerine are depicted in figure 9.4 A. The spectrum of Lis-
terine is dominated by the alcohol absorption between 1150 and
1000 cm−1. Dentofit also strongly absorbs in this spectral range.
All mouthwashes absorb around 1270 cm−1, but almost no interfer-
ences were observed around 1730 cm−1 where the first two distinct
cocaine absorption peaks are located.

Common medicine was investigated to analyze potential interfer-
ences with the cocaine spectrum. The following brands of painkillers
were investigated: Dolormin (active substance ibuprofen 6.66 mg/ml),
Panadol (active substance paracetamol 17 mg/ml) and Aspirin (ac-
tive substance acetylsalicylic acid 6.6 mg/ml). The spectra are de-
picted in figure 9.4 B. The major absorbance was detected between
1100 and 1000 cm−1. The birth control pill Yasmin was examined as
well. It contains the active hormones Dospirenonum7 (0.2 mg/ml)
and Ethinylestradiolum8 (0.002 mg/ml). Major absorbance was ob-
served between 1100 and 1000 cm−1. Vitamin C showed potential
for spectral interference with cocaine, but the investigated concen-
tration of 10 mg ml−1 exceeds common concentration in saliva. Fur-

5a famous Swiss soft drink based on whey
6brand name of a low budget energy drink
7also known as drospirenone
8also known as ethinyl estradiol
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Figure 9.4: Spectra of mouthwash and common medicine.
The background absorption of water was subtracted from each spec-
trum. A: Spectra of common mouthwashes are displayed. The ma-
jor absorbance of the mouthwashes was found between 1200 and
1000 cm−1. B: Spectra of common medicine like vitamin C, birth
control pill and common pain killers (Panadol, Aspirin and Do-
lormin) are depicted. Only minor interferences are found at the
first two cocaine absorption peaks around 1730 cm−1. Highlighted
areas mark high cocaine absorption.
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thermore, its absorption peaks are differently shaped compared to
the cocaine spectrum. Thus, a differentiation can be made between
the two substances in measuring the cocaine spectrum at 2 different
wavelengths.

The measured spectra of common cutting agents are shown in fig-
ure 9.5 A. Mannitol is used as legal medicine and absorbs mainly in
the spectral range from 1100 to 1000 cm−1. Caffeine is a very widely
spread substance and has an absorbance peak at ∼ 1700 cm−1.
Therefore, a major interference is expected between the cocaine de-
tection at the second cocaine peak (cf. figure 9.1) and the caffeine
absorbance. However, the first cocaine absorbance peak is not af-
fected by this interference. Natron9 and baking powder are very
important cutting agents since they are used to produce crack10.
Their major absorption range does not interfere with the cocaine
absorption around ∼ 1730 cm−1.

Since the combination of the consume of the drug cocaine and
alcohol is common (cf. section 5.3), the spectra of vodka and an
ethanol-water mixture were analyzed (cf. figure 9.5 B). Major ab-
sorbance occurs in the spectral range between 1100 and 1000 cm−1.
Only minor interference is detectable for the spectral range around
1730 cm−1.

Spectra of some of the most common adulterants are depicted
in figure 9.6. While the former substances were analyzed when dis-
solved in water, these substances were dissolved in TCE (phenacetin,
levamisole, hydroxyzine, creatine) or water (lidocaine, benzocaine)
and then dried on the ATR crystal before recording the spectra.
This procedure allows a higher signal-to-noise ratio. Unfortunately,
some problems with the dissolving of the adulterants occurred since
not all the substances dissolve very well. Therefore, the spectra can-

9also known as sodium carbonate decahydrate
10a widespread form of cocaine (cf. section 5.2.3)
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Figure 9.5: Spectra of adulterants and alcohol. The back-
ground absorption of water was subtracted from each spectrum. A:
Spectra of mannitol, caffeine, baking powder and natron are dis-
played. B: Spectra of vodka and of a water-ethanol mixture are
depicted. Highlighted areas mark high cocaine absorption. Only
caffeine has major interferences with the second cocaine peak (cf.
figure 9.1). However, no major spectral interference with the first
peak at ∼1734 cm−1 is found.
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Figure 9.6: Spectra of adulterants. A: Spectra of adulterants
dissolved in TCE and then dried on the ATR crystal are depicted
(phenacetin, levamisole hydrochloride, hydroxyzine dihydrochloride
and creatine). B: Spectra of adulterants dissolved in H2O (lidocaine
and benzocaine) and then dried on the ATR crystal are displayed.
Highlighted areas mark high cocaine absorption. No major interfer-
ence with the spectral interval around 1730 cm−1 are found.

not be taken quantitatively, but offer qualitative information about
the spectrum of the substance. No major interference is recorded
for the spectral range around 1730 cm−1.

The spectra of some additional substances can be found in the
appendix E.

In conclusion, major spectral interferences were found for the
spectral range between 1300 and 1000 cm−1 and only very minor
interferences for the cocaine absorption at the first peak around
1730 cm−1.

9.3 Saliva

Saliva in six different conditions was spectrally investigated (cf. ta-
ble 9.3). In addition, a spectral comparison of the absorbance of
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the supernatant of healthy persons and test persons with aggressive
periodonotits was made (results are in chapter 15).

Table 9.3: Overview of the saliva trial. Saliva spectra from
different test persons in different situations were taken and compared
to the saliva spectra of the fasting person. The situations are listed
in the table with the figure number of the spectra.

circumstances figure
saliva after red bull 9.7
saliva after the usage of mouthwash 9.7
saliva after poppyseed cake consumption 9.8
saliva after alcohol consume 9.8
saliva after smoking 9.9
saliva after coffee 13.1
supernatant of saliva form patients 15.1
with Aggressive periodontitis

The saliva spectrum of a fasting person is compared to the saliva
spectrum of a person who consumed two energy drinks. The change
of the saliva composition and therefore of its spectrum is depicted
in figure 9.7 A. The change is most obvious in the spectral range
between 1400 and 1000 cm−1. This coincides with the region of the
highest absorption of the energy drinks (cf. figure 9.3 B). The change
in the spectrum is evident for over an hour. Thereafter, the spec-
trum returns (within the error) to its initial signature. The change
in absorbance at ∼1000 cm−1 is a measurement artifact. The noise
is increased due to water vapor absorbance (cf. chapter 8).

A similar change is visible for the influence of the mouthwash
Meridol on the spectrum of saliva. In contrast to the energy drink
the spectrum returns after 30 min to its initial characteristic (cf. fig-
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Figure 9.7: Spectra of saliva before and after the consume of
two energy drinks and the application of a mouthwash. The
background absorption of water was subtracted from the spectra.
A: Changes in the spectrum of saliva before and after the consume
of two energy drinks are displayed. B: Influences of the mouthwash
Meridol on the saliva spectrum are depicted. Highlighted areas mark
high cocaine absorption.
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Figure 9.8: Spectra of saliva before and after the consume
of poppy seed cake and vodka. The background absorption of
water was subtracted from the spectra. A: The change of the saliva
spectrum induced by the consume of poppy seed cake is displayed. B:
The change in saliva spectra induced by alcohol consume is depicted.
Highlighted areas mark high cocaine absorption.
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ure 9.7 B).

Poppy seeds are known to raise the morphine levels in saliva [35]
(cf. chapter 4). Therefore, the influence of the consume of poppy
seed cake was also investigated. To which extend morphine levels
rise is strongly dependent on the origin of the poppy seeds [168].
The consumed poppy seed cake in this study did not raise the mor-
phine levels to a detectable level of absorption (cf. figure 9.8 A).
A difference in the saliva spectrum could only be observed in the
spectral range from 1100 to 1000 cm−1.

The alcohol study showed a clear ethanol absorption signal in
saliva. A high ethanol absorption was observed in the spectrum of
saliva collected directly after the alcohol consumption (cf. figure 9.8
B; ethanol absorption in figure 9.5). Its magnitude decreases within
the first 30 min after the consume. Afterwards a slight increase in
the alcohol content of the saliva can be seen as the blood alcohol level
rises. This decrease is expected since the remaining contamination
of the alcohol is diluted with time. The specific alcohol signature
is still clearly observable in the sample taken 3 h after the alcohol
consume, when the study was ended. This development was ex-
pected since the test person had a calculated blood alcohol content
of 0.12 % (in % by volume; calculated on the basis of [169]). Other
studies suggest to take saliva instead of blood for quantitative anal-
ysis of alcohol content, a correlation between these data has been
shown [170].

Smoking induces many changes in salivary flow due to its irritat-
ing effect [24] and introduces substances like nicotine into the oral
cavity [31]. Therefore, the saliva of a fasting person was compared
to the saliva of a person who smoked a cigarette (cf. figure 9.9 A).
The observed differences in the spectra do not interfere with the ab-
sorption ranges of cocaine.

The saliva spectrum of one test person on different days and the
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Figure 9.9: Spectra of saliva before and after smoking; analy-
sis of the spectral change in saliva with time. The background
absorption of water was subtracted from the spectra. A: Spectra of
saliva of a person before and after the smoking of a cigarette are
displayed. B: Spectra of saliva of a fasting person on different days
(sample 1,2,3) and once filtered saliva of the same person (sample
1) are depicted. In addition, the spectral changes for storage at 4 ◦C
were analyzed. Highlighted areas mark high cocaine absorption.
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influence of the 0.2 µm syringe filters on the saliva spectrum can be
seen in figure 9.9 B. A decrease in absorption in the spectral range
from 1700 to 1500 cm−1 was detected between the spectra of the
filtered and unfiltered samples. This change is most likely caused
by filtering out many proteins. A similar spectral change is also
detectable when comparing the spectrum of saliva sample 2 directly
after the acquisition and 7 days later. A significant decrease in the
absorbance is observed most likely caused by the decay of the body
fluid during the storage at 4 ◦C.

The influence of coffee on the saliva spectrum is investigated
in chapter 13 in figure 13.1 and the influence of periodontitis on
the saliva spectrum is investigated in chapter 15. In summary, no
major interferences with the cocaine absorption in the spectral range
around 1730 cm−1 were detected.

9.4 Cocaine extracted from saliva

In this section the limitations of the detection of cocaine in saliva
are explored. In addition, the results of the extraction technique are
discussed and their dependence on important parameters like the
pH are evaluated.

9.4.1 Saliva and cocaine

In real-life situations cocaine concentrations in saliva range from 0
to 500µg ml−1. A reasonable lower limit of detection range would
be between 700 and 100 ng ml−1 (cf. chapter 5).

A comparison between the infrared spectra of pure saliva and
saliva spiked with 85µg ml−1 cocaine is depicted in figure 9.10 A. A
difference between the two spectra is not detectable. A concentra-
tion of cocaine or its metabolites below a few 100µg ml−1 is almost
impossible to detect in water or in saliva due to the high water ab-
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Figure 9.10: Spectra of saliva spiked with cocaine. A: Spec-
tra of pure saliva and of saliva spiked with cocaine are displayed.
The water background was subtracted from the spectra. B: Spec-
tra of dried saliva before spiking and of dried saliva spiked with a
concentration of 85µg ml−1 cocaine are depicted.

sorption (cf. section 9.1).

The absorption coefficient α (cf. equation 2.15) of cocaine is
proportional to the concentration of the substance. Therefore, the
concentration can be calculated from the absorption coefficient α
derived from cocaine measurements at higher concentrations. Co-
caine at a concentration of 0.1 µg ml−1 has a calculated absorption
coefficient α0.1 at ∼1756 cm−1 of11:

α0.1 = 0.0012 ± 0.0004 cm−1.

In comparison, water has an absorption coefficient αH2O of ∼ 720±
20 cm−1 at 1756 cm−1 and an optical path length l of 9.4 µm for 11
reflections on the ATR crystal.

Hence, the change in transmission ∆T caused by 0.1 µg ml−1

11The absorption coefficient was calculated from 3 different cocaine concen-
tration measurements and scaled to the concentration of 0.1 µg ml−1
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cocaine is:

∆T = e−(αH2O·l) − e−(αH2O+α0.1)·l = 5.7 · 10−7

for a path length l of 9.4 µm at 1756 cm−1 on top of a transmis-
sion of T = e−(αH2O·l) = 0.5 caused by water itself (n from [21]).
The standard deviation of the transmission of the FTIR is ∼ 0.005
for three measurements in one measurement cycle (cf. figure 8.1).
Thus, to detect a change ∆T in this order of magnitude the signal
resolution of the FTIR is not sufficient.

9.4.2 Calculation of the extraction efficiency of
cocaine

In this thesis a one-step extraction process was developed utilizing
tetrachloroethylene (TCE) to extract cocaine from saliva. The de-
tails of the extraction process are found in section 7.1. In chapter
3, the chemical knowledge needed to estimate the result of the ex-
traction was introduced. In this section, the extraction coefficient
η (cf. equation 8.3) for cocaine is estimated for a system similar to
the TCE-saliva system investigated in this thesis.

The pKa value and the distribution coefficient Kapp (cf. section
3.2 and 3.3) are needed to calculate the theoretical concentration of
a solute in the involved solvents. Since no information about the
distribution coefficient of the TCE-saliva system was found in the
literature, the system was approximated with the 1-octanol-water
system. To approximate saliva with water is legitimate since saliva
consists of >90 % of water (cf. chapter 4). The approximation of
1-octanol with TCE is not ideal but acceptable because of the very
low solubility of TCE in water and the very low polarity of TCE
[171]. In section 3.3 the relevance of a difference in the polarity for
the partition coefficient was discussed. Tetrachloroethylene is even
less polar than 1-octanol and should therefore extract large organic
molecules like cocaine (C17H21NO4) very well.
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In the literature, experimental (measured) data for the Kow/pKa

parameters and theoretical (mostly numerical calculated) data can
be found. In this work the experimental data are used because they
are more accurate [23]:

log Kow(cocaine) = 3.01 [172]
pKa(cocaine) = 8.6 [173]

When cocaine (C17H21NO4) is dissolved in water, the following equi-
librium is established:

C17H21NO4 + H3O+ ! C17H22NO+
4 + H2O

C17H22NO+
4 + HO− ! C17H21NO4 + H2O

Hence, C17H22NO+
4 denotes a Brønsted acid and C17H21NO4 a Brøn-

sted base (cf. section 3.2). To push the equilibrium toward the un-
charged (or neutral) form of cocaine, the pH is raised to a value of
9, above the pKa value of cocaine (as described in chapter 7.1 and
explained in section 3.2). To estimate the extraction efficiency for
cocaine from water with 1-octanol at a pH of 9 we use equation 3.11:

log10 Kapp = log10 Kow − log10

(
1 + 10pH−pKa

)

log10 Kapp = 3.01− log10(1 + 100.4)
log10 Kapp ≈ 2.464

With equation 3.8 the concentration in octanol co(C17H21NO4) can
be calculated:

co(C17H21NO4) = Kapp ·
(
cw(C17H21NO4) + cw(C17H22NO+

4 )
)

Consequently, an initial concentration of, e.g., 50µg ml−1 of cocaine
dissolved in water would result in the following concentrations at
equlibrium:

• 49.83 µg ml−1 (99.7 %) cocaine dissolved in 1-octanol and
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• 0.17 µg ml−1 (0.3 %) cocaine dissolved in water.

With the help of equation 3.6 we can calculate how many charged
and neutral cocaine molecules remain in water:

log10

(
cw(C17H22NO+

4 )
cw(C17H21NO4)

)
= pKa − pH = −0.4

cw(C17H22NO+
4 ) = cw(C17H21NO4) · 10−0.4

If we also take into account that:
cw(C17H22NO+

4 ) + cw(C17H21NO4) = 0.17 µg ml−1

we can calculate the concentration:

cw(C17H22NO+
4 ) = (0.17 µg ml−1 − cw(C17H22NO+

4 )) · 10−0.4

cw(C17H22NO+
4 ) = (0.17 µg ml−1/(100.4 + 1)) ≈ 0.048 (∼ 28.2 %)

⇒ cw(C17H21NO4) = 0.122 µg ml−1(∼ 71.8 %)

Hence, of the remaining 0.17 µg ml−1 cocaine in water, 71.8 % of the
cocaine will be in the uncharged (neutral form) and 28.2 % will be
in the charged form dissolved in water.

Overall, the data for the saliva-TCE system for the solute cocaine
should be similar for the above mentioned reasons. Therefore, an
extraction efficiency η close to 99.7 % can be expected.

9.4.3 The choice of the extraction solvent

The criteria for the choice of the solvent have been introduced in
section 7.1.1 and the following solvents were investigated for the
extraction of cocaine from saliva: 1-octanol, iso-octane, n-heptane,
dibutyl ether, toluene, dichoroethane and tetrachloroethylene. Se-
lected solvents were judged in their performance to extract cocaine
based on the following criteria:

• Is the solvent capable to extract cocaine? The solvent phase
after the extraction was analyzed for traces of cocaine.
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• Is a measurable concentration of cocaine left in the saliva? The
saliva phase was analyzed for traces of cocaine12.

• Do the positions of the absorption peaks of cocaine shift? As
mentioned earlier in section 9.1 the position of the absorption
peaks depends on the solvent. Therefore, the shift of the po-
sition of the peaks had to be analyzed.

• How easy is the handling in view of the micro fluidic appli-
cation? Some of the mixtures showed the formation of sta-
ble droplets within the other liquid which changed their flu-
idic properties and hindered the self-separation of the fluids.
For some mixtures the addition of isopropanol to the mixture
would resolve part of the droplets or hinder their formation.

• How challenging is the background subtraction? Background
subtraction of simple solutions is not difficult. First the spec-
trum of the solvent is recorded followed by the spectrum of
the solution. The difference in absorbance then shows the
spectrum of the solute, i.e. of cocaine in this case. Solutions
consisting of more than one solute or more then one solvent
are much more challenging in terms of background subtraction.
This problem was encountered when adding isopropanol13 to
the mixture to resolve stable droplets or when some compo-
nents of the saliva transferred into the solvent phase.

• Is the solvent compatible with the material used for the mi-
crofluidic channels?

These criteria are analyzed in table 9.4. The measurements
showed that dibutyl ether, 1-octanol and iso-octane formed stable
droplets, which were not resolved by adding isopropanol to the mix-
ture. N-heptane also had a certain tendency to form stable droplets,

12The first extraction method was used to find the best-suited solvent (cf.
section 7.1.2).

13The partition coefficient for the saliva-solvent system for isopropanol was
not known.
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but the formation could partly be hindered by adding isopropanol.
Dichloroethylene was not compatible with the material used for the
microfluidic channels [163]. The three remaining solvents were tetra-
chloroethylene, toluene and n-heptane. All three solvents can extract
cocaine base as well as cocaine hydrochloride from saliva. In addi-
tion, these solvents were tested for their extraction ability regarding
the metabolites of cocaine.

9.4.4 Extraction of the metabolites

Toluene, n-heptane and tetrachloroethylene were investigated to-
wards their ability to extract the major metabolites of cocaine:
benzoylecgonine (BE), norcocaine (NCOC), ecgonine methyl ester
(EME), anhydro ecgonine methyl ester (AME) and cocaethylene
(COE; see section 5.4).

Extracting metabolites has two sides. On the one side, some of
the spectra of the metabolites interfere with the cocaine spectrum
(cf. figure 9.2), therefore they might falsify the quantitative mea-
surement of cocaine in saliva. On the other side, the occurrence
of cocaine metabolites in saliva indicates the administration of co-
caine. Person-to-person variances in the concentration of cocaine
and metabolites in saliva are very high (cf. section 5.4). Further-
more, the concentrations vary with time. The analysis of cocaine and
the metabolites therefore appears more promising than the analysis
of only one substance. Hence, if the metabolites contribute to the ab-
sorbance this might falsify the cocaine concentration but might also
aid the overall risk assessment, e.g. COE (cf. section 5.3). Overall,
the advantages of extracting the metabolites of cocaine with the co-
caine outweigh the disadvantages.

In figure 9.11 the results of the extraction of COE and NCOC
are depicted. Saliva was spiked with NCOC and COE and then
mixed with either toluene, TCE or n-heptane. The spectra of the
solvent phase demonstrate that TCE is the most successful extrac-
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Figure 9.11: Extraction of metabolites from saliva. N-
heptane, toluene and tetrachloroethylene (TCE) were used to ex-
tract norcocaine (NCOC, 0.835 mg ml−1) and cocaethylene (COE,
0.51 mg ml−1) from saliva. The difference in spectra of saliva spiked
with cocaine and saliva are compared to the extract from saliva.
The highlighted area displays the area of strong absorption of co-
caine when solved in TCE, toluene or heptane.

tion solvent yielding the highest absorption of the solute. Similar
results were obtained for the other 3 main metabolites. Therefore,
the following extractions were exclusively conducted with TCE.

9.4.5 The improvement gained by TCE extrac-
tion

This section introduces the major advantages gained by the extrac-
tion when comparing the absorbance signal of cocaine in saliva with
the signal in tetrachloroethylene (TCE) after the extraction.

As it is challenging to detect absorptions of cocaine in liquid
water based samples at concentrations below a few 100µg ml−1 (cf.
section 9.4.1). The saliva samples spiked with cocaine were dried
on top of the ATR crystal before recording the spectra for the
second time (cf. section 8.2). The absorbance of the dried saliva
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around 1730 cm−1 is at least 5 times higher than the additional ab-
sorbance caused by spiking the saliva with cocaine. In addition, the
absorbance in the spectral range of the first two cocaine peaks is
changing strongly. Therefore those peaks are not easy to identify.
The peak around 1270 cm−1 is easier to identify but it is less unique
due to spectral interferences by many substances (cf. section 9.2).
Therefore, the easiest way to determine whether or not the sample
contains cocaine is to compare it with a spectrum of unspiked saliva.
The difference between spectra of dried spiked and dried pure saliva
samples are depicted in figure 9.12. The high noise level and nega-
tive absorbance is caused by differences in the drying patterns which
leads to variations between the saliva spectra. The cocaine signature
in the spectrum of the saliva sample spiked with 8.5 µg ml−1 of co-
caine is hardly observable. Figure 9.12 B shows the dried extracts of
the same samples. The cocaine signature in both samples is clearly
detectable. The signal-to-noise ratio is significantly improved and it
is not necessary to have an unspiked sample for comparison. This
corresponds to the real case when dealing with people under the in-
fluence of drugs.

In section 9.4.1 the change in transmission induced by a con-
centration of 0.1 µg ml−1 cocaine in water was calculated to 5.7 ·
10−7. Now, the change in transmission of a cocaine concentration
of 0.1 µg ml−1 in TCE is calculated. TCE has a refractive index
n = 1.5054 [174] and its absorption coefficient αTCE has been deter-
mined as 7 cm−1 at the wavelength 1756 cm−1. Therefore the total
optical path calculates to 12.7 µm. Hence, a change in transmission
caused by a cocaine concentration of 0.1 µg ml−1 in TCE would lead
to a change in the transmission of:

∆T = e−(αTCE·l) − e−(αTCE+α0.1)·l = 1.5 · 10−6

on a background signal of T = e−(αTCE·l) = 0.99 from pure TCE
(n=1.5054 [174]). Although this difference is larger than the differ-
ence calculated for water, it is not within the amplitude resolution
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of the FTIR spectrometer (cf. figure 8.1). Due to this mismatch
in resolution all samples were dried on top of the ATR crystal to
enhance the absorbance signal (for the drying method see section
8.2).

9.4.6 Results of the first extraction method

The first group of samples was prepared and the extraction process
was performed according to the first extraction method (cf. section
7.1.2). The saliva was acquired from 4 volunteers (3 male and 1
female). The age of the volunteers was between 28 and 42 years.
Twelve extractions were performed which resulted in 36 measure-
ments. In addition, 74 reference measurements were acquired for
the calibration. The results are depicted in figure 9.13. A corre-
lation coefficient of r = 0.99 was found between fitting parameter
of the reference measurements and their initial concentration. The
calibration for the calculated concentration was based on these data.

The fitting and calculating of the concentration was done accord-
ing to section 8.4. A mean extraction efficiency14 η of 102±47 % was
found. The Lilliefors test applied to this data set cannot contradict
the hypothesis that these data points are from the same Gaussian
distribution. Hence, this distribution indicates a random and not a
systematic error. Nevertheless, an uncertainty of 47 % is very close
to the person-to-person variations (cf. section 5.4).

The high uncertainty might originate from variations in the bal-
ance. The scale was not ideally set up and exposed to vibrations
and pressure changes in the room, which results in variations of the
mean extraction efficiencies as large as 20 %. In addition, variations
in the pH of the saliva were observed (pH range between 7 and 8).
As a consequence the dependence on the pH was investigated in
more detail.

14for definition see section 8.4.1
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Figure 9.12: Improvement by the extraction. Comparison be-
tween differences in spectra of dried saliva spiked with cocaine and
saliva (A) and dried extracts from saliva are displayed (B). High-
lighted areas display areas of strong absorption of cocaine.
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Figure 9.13: Calculated concentration versus initial concen-
tration without buffer. The extraction of the spectra was done
according to the procedure explained in figure 7.1 and the fitting
according to equation 8.2 and figure 8.3 (r = 0.99). Plot B is a mag-
nification of plot A. The calculated concentration for the reference
measurements (+) and for the extracts (x) are plotted vs. the initial
concentration of the samples.
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9.4.7 Influence of pH

The extraction efficiency depends on the pH of the saliva (cf. chap-
ter 3). Variation in the saliva pH increases the measurement un-
certainty. Therefore, an optimum pH of saliva is defined for high
signal-to-noise in the spectra and minimized measurement uncer-
tainty. The pH of saliva was varied by adding a concentrated buffer
(Titrisol, cf. section 7.1.2).

Two experiments were conducted. Each experiment was based
on the same saliva sample to minimize potential errors in the cocaine
concentration of the sample. The first experiment compared the ab-
sorbance of cocaine in the extract retrieved from unbuffered saliva
(pH 7) to the one retrieved from saliva buffered to pH 11 and 13 (cf.
figure 9.14 A). Theoretically, a higher pH promotes the uncharged
state of cocaine and should therefore improve the extraction of co-
caine in saliva. However, the absorbance of cocaine in the extract
of pH 13 was much lower than of pH 11. This reduction might be
caused by chemical reactions in the saliva supported by the drastic
pH change. In addition, a change in the partition coefficient is pos-
sible.

In a second experiment pH values of saliva spiked with cocaine
close to the pKa- value of cocaine (pKa = 8.6 [173]) were tested and
compared to unbuffered ones at pH 7 (cf. figure 9.14 B). The co-
caine absorbance in the extract retrieved from pH 9 was the highest.
In addition, a pH of 9 is a good compromise between rising above
the pKa value (with the majority of the cocaine molecules in the
neutral/uncharged state) and keeping the change in the pH as small
as possible.

9.4.8 Results on the second extraction method

Based on the results of the first extraction method two changes were
implemented. The pH of the saliva spiked with cocaine was stabi-
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Figure 9.14: Influence of the pH on the extraction. Saliva
was spiked with cocaine and buffered to different pH values to an-
alyze the influence of the pH on the absorbance of cocaine in the
extract. A: Spectra of the dried TCE phase after the extraction
from saliva spiked with cocaine (∼94 µg ml−1) and buffered to pH
11 and 13 compared to the unchanged spiked saliva. B: Spectra of
the dried TCE phase after the extraction from saliva spiked with
cocaine (29 µg ml−1) and buffered to a pH of 8, 9 and 10 compared
to the unchanged spiked saliva are depicted. Highlighted areas mark
high cocaine absorption (for cocaine dissolved in TCE and dried on
the crystal).
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lized to 9 and the cocaine was no longer weighed, but rather deter-
mined by pipetting and drying calibrated cocaine solution in glass
tubes (cf. section 7.1.2, figure 7.3).

Precision of the second, improved extraction method

The investigations were conducted with six test persons (2 female, 4
male) with an age from 25 to 64 years. The precision of the extrac-
tion was not only examined with saliva from different test persons
but also with saliva collected in different situations. The influence
of collecting saliva after smoking or eating poppy seed15 cake on
the extraction method were tested. In addition, the extract of su-
pernatant of saliva spiked with cocaine and retrieved from patients
with generalized aggressive periodontitis (G-AgP, cf. part IV) was
compared to the extract from spike supernatant of healthy volun-
teers.

In total 29 extraction were analyzed (each measured 3 times).
The second extraction method proved invariant for all the tested
parameters. For the calibration 18 reference samples (each mea-
sured 3 times) were analyzed (for fitting and calibration see section
7.1 and 8.4). The results are displayed in figure 9.15. The calibration
of the concentration was calculated based on a linear regression16 of
the fitting data of the reference samples yielding a square root of
the coefficient of determination of r = 0.99. Deviations between cal-
culated and initial cocaine concentration are most likely not caused
by variations in the extraction but rather by the random inhomo-
geneous drying of the sample on the ATR crystal (cf. section 8.2).
This hypothesis is supported by two facts. First, the deviations

15Poppy seed cake is ideal for this test since it does not only contain poppy
seeds but also sugars, milk, proteins and fruit.

16The linear regression is used as calibration between the fitting parameter A
(cf. equation 8.2) and the cocaine concentration in TCE.
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Figure 9.15: Results of the second improved extraction
method. The calculated concentration (cf. Equation 8.3) in the
extract is plotted versus the initial concentration in saliva. A: The
graph shows an overview over the extracts’ (x) and reference sam-
ples’ (+) data. B: The graph shows a magnification of graph A.

of the data for the reference samples17 are similar to the deviation
of the values of the extracts. Second, the extract drying should
be a random process. Thus if the deviation is caused by the drying
pattern the distribution of the calculated concentrations for one con-
centration interval should follow a Gaussian distribution. Therefore,
the Lilliefors-test [175] was applied on several concentration inter-
vals. The results of this test could not contradict that the values are
from a Gaussian distribution. For example 6 measurements with the
initial concentration of ∼ 1.4 µg ml−1 passed the Lilliefors-test. In
comparison to the first extraction method and unstabilized pH (cf.
figure 9.13) the second extraction method and a stabilized pH of 9
considerably improved the variability of the extraction (cf. figure
9.15).

17Deviation from the ideal line in figure 9.15 and therefore error in the esti-
mation of the concentration.
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Efficiency of extraction

The second extraction method yields an extraction efficiency of η ≈
100 %. The uncertainty of ∼ 30 % is significantly lower than the un-
certainty for the first extraction method and lower than the person-
to-person variation in the concentration of cocaine in saliva [64].
This uncertainty is therefore sufficient to detect the cocaine concen-
tration in saliva of cocaine consuming people. The error most likely
originates from the difference in the drying patterns. This hypoth-
esis is supported by the result of the Lilliefors-test applied to all
values for η. As theoretical model the extraction efficiency of the
octanol-water system was calculated to > 99 % at a pH of 9 (cf. sec-
tion 9.4.2). Hence, the results suggest, that a reproducible one-step
extraction method with semi-quantitative results is suitable for the
detection of cocaine in saliva.

Limit of detection

The limit of detection (LOD) was estimated from the standard de-
viation of blank extracts and multiplied by 2. This procedure yields
a limit of detection of 1.3 µg ml−1 (2 σ) of cocaine in saliva. This
LOD was also confirmed by a one-sided t-test. The closest measured
cocaine concentration to the limit of detection was 1.4 µg ml−1. The
results of this extraction were compared to the LOD in an one-sided
t-test. The result suggests a significant difference from the previ-
ously assessed LOD. Comparing the results for the extracts with an
initial concentration of 1.4 µg ml−1 with the LOD of 1.3 µg ml−1 for
cocaine in saliva this t-test yielded a significant difference.

This LOD can be further improved by preconcentration. On the
one side a preconcentration after the extraction is possible18. For
this option usually the extract is fully evaporated and the residue is
dissolved again with less solvent. On the other hand it is possible to
use less solvent from the beginning. An experiment was conducted

18often done for other extraction methods [157, 158]
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using 3.4 times more saliva spiked with 0.37 µg ml−1 cocaine than
TCE for the extraction. The result was not significantly different
from an extraction conducted with a concentration of 1.2 µg ml−1

concentration and a solvent to saliva ratio of 1:1. In conclusion the
limit of detection can be lowered by preconcentration to the regime
of a few 100 ng ml−1 which is the average concentration found in the
saliva of a person during a “high” (cf. chapter 5).

9.4.9 Conclusion

Different categories of tests should be evaluated by different crite-
ria (cf. section 5.7 and figure 5.3). Some key criteria for these
tests are compared between new and established common tests in
table 9.5. The currently common on-site test like immunoassays
(e.g., OraLab R© and Dräger DrugTest R©) and common laboratory
tests (like GC/LC-MS) have significant lower LODs for cocaine in
saliva than the method developed in this thesis. However, the intro-
duced method possesses an LOD that allows to distinguish between
saliva from a person on a cocaine induced “high” and a control sam-
ple.

The IR spectroscopy method presented here uses reasonable sam-
ple volumes and the success rate19 is significantly higher than for im-
munoassays (cf. table 9.5). In addition, the required measurement
time is shorter than for GC/LC-MS analysis and equal to on-site
tests.

The method offers semi-quantitative results in terms of preci-
sion, which is sufficient (cf. section 5.4) and can be taught to non-
professionals within a day. Selectivity is sufficient for a quick semi-
quantitative test, too.

In addition, the test offers great potential for miniaturization

19probability to acquire a result when the test is taken
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since its compatibility with microfluidics was tested by [163] and
the FTIR spectrometer can be replaced with QCLs emitting at the
cocaine absorbance peak around 1750 cm−1 and at a reference wave-
length (cf. chapter 11).

9.5 Street cocaine analysis

In contrast to pure cocaine as discussed above, so called street co-
caine often contains various adulterants (cf. section 5.5). In this
section the extraction efficiency of the adulterants is estimated. In
addition, street cocaine samples from the Forensic Science Institute
Zurich are spectrally analyzed20.

9.5.1 Calculation of extraction efficiency of adul-
terants

The extraction efficiency of selected adulterants found in the street
samples are estimated. The calculations are based on the on chem-
istry explained in chapter 3 and are analogue to the calculations
made to estimate the extraction efficiency of cocaine in section 9.4.2.
The displayed values are calculated for the 1-octanol-water system
(cf. section 9.4.2) and uses equation 3.11 as well as equation 3.8.

The pKa and pKow data used for the calculation of the extraction
efficiency (solute concentration in 1-octanol divided by the initial so-
lute concentration in water) are listed for the selected adulterants of
cocaine in table 9.6. In addition, the water solubility of the solute
is listed. Since the solute is always solved in water/saliva first, the
concentration in 1-octanol is limited as well by the solute solubil-
ity (i.e. maximum possible concentration in water). The maximum
concentration was calculated together with the extraction efficiency
for the equilibria given in table 9.7.

20Part of this chapter was published in [36, 41]
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Overall, the extraction efficiency for benzocaine, creatine, man-
nitol and hydroxyzin is very bad (< 0.1 %), whereas procaine, li-
docaine, ibuprofen, caffeine, phenactein and levamisole have good
extraction efficiencies (cf. table 9.7). Nevertheless, it should be
taken into account that these data are only a rough estimation since
no literature pKa or pKow data for the saliva-TCE system is known.
Furthermore, equation 3.8 is only accurate when the pH value of the
solution is close to the pKa data of the solute which is not fulfilled
for all calculations.

9.5.2 Measurements of Street cocaine

In this section the spectra of street cocaine dissolved in tetrachloro-
ethylene (TCE) and the spectra of extracts from saliva samples
spiked with street cocaine were analyzed.

The street cocaine samples were examined from the Forensic Sci-
ence Institute Zurich. Six different samples were acquired with var-
ious adulterants and different cocaine concentrations between 5%
to 74% (cf. table 9.8). Their spectra were analyzed according to
the drying method which includes dissolving the powder in TCE
and drying it on the ATR crystal (cf. figure 9.16). Compared to a
spectrum of pure cocaine, the measured spectra are characterized by
additional absorption lines. All spectra of the street cocaine samples
were scaled to the same cocaine concentration and are compared in
the following paragraph.

The spectrum of street cocaine sample 1 exhibits an absorption
peak around ∼ 1658 cm−1 most likely caused by phenacetin (cf.
figure 9.6). In the spectrum of the second street cocaine sample
the absorption between 1770 and 1680 cm−1 is significantly higher
compared to the other spectra in this wavelength range. This in-
crease in absorption is most likely caused by the superposition of
the absorbance of cocaine and caffeine. Whereas, the absorption
peak around 1658 cm−1 most likely results from a combination of
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Figure 9.16: Spectra of street cocaine (St.COC). The street co-
caine samples were dissolved in TCE and dried on the ATR crystal.
All spectra are scaled to the same cocaine concentration (based on
the dissolved mass and table 9.8). Differences might be caused by
uncertainties of the weighing process and by problems with the dis-
solving of the samples. Highlighted areas mark high cocaine absorp-
tion. The graph at the top is showing a spectrum of pure cocaine.
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Table 9.8: Overview of the investigated street samples. Sam-
ples were analyzed with GC-MS by the Forensic Science Institute
Zurich.
sample COC found cutting agents according to GC-MS
no. conc. [%]
1 5 phenacetin, glucose, lactose
2 21 phenacetin, creatine, caffeine,

lidocaine, levamisole, lactose
3 26 phenacetin, levamisole
4 51 phenacetin, caffeine, mannitol, hydroxyzine
5 54 mannitol
6 74 comparatively high amount of benzoyl-

ecgonine

the absorbance of lidocaine and phenacetin in this spectral range.
Spectral interference between the spectra of creatine and other adul-
terants impedes a distinguishable absorption peak of creatine around
1670 cm−1, but the small change around 1378 cm−1 could be caused
by creatine. The spectra of the third and forth street samples show
spectral absorption features of phenacetin around 1658 cm−1. In the
spectrum of the forth street sample the absorption in the interval
between 1730 and 1680 cm−1 is higher compared to the other spectra
which is most likely caused by the caffeine absorption. No signifi-
cant absorbance from diluents and adulterants was observed in the
spectra of street cocaine samples 5 and 6.

Dissolving the street cocaine samples in TCE proved to be rather
challenging despite a prolonged ultrasonic bath treatment. There-
fore, no quantitative analysis was conducted with the spectra. But
the results permit a qualitative fit of the cocaine spectrum to the
spectrum of the street sample. Hence, an analysis with a different
solvent might enable a quantitative analysis of the spectrum (cf. fig-
ure 9.17). Furthermore, the dissolving process might be improved by
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Figure 9.17: Spectrum of street cocaine sample 3 fitted with
a COC spectrum. The additional absorption in the street cocaine
spectrum is most likely caused by cutting agents. The higher noise
level in the fitted spectrum compared to the street cocaine spectrum
is caused by the large difference in concentration between the two
spectra [41].
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grinding the street cocaine powder before dissolving. Larger grains
have a small surface to volume ratio, thus they dissolve slower than
small grains.

Furthermore, the street cocaine samples dissolved in saliva and
extracted by TCE were investigated by FTIR-ATR spectroscopy (cf.
figure 9.18). The measured spectra of the extracts are compared
with the spectrum of pure cocaine. As a result, the spectra of street
cocaine extracted from saliva resemble the cocaine spectrum much
more than the spectra of the street cocaine samples directly dissolved
in TCE (cf. figure 9.16). In conclusion, solving the street cocaine
in saliva and extracting it with TCE reduces the number of cutting
agents in the samples. For example less caffeine and phenacetin ab-
sorption is observed in the spectra, although the extraction efficiency
based on a similar model21 was calculated to 45 % for caffeine and
97.4 % for phenacetin (cf. table 9.7).

Clear absorption lines of adulterants were detected only in the
spectra of the extracts from street cocaine samples 2 and 3. The ab-
sorption line in the spectrum of sample 2 around 1660 cm−1 is most
likely caused by lidocaine (cf. figure 9.6). Since no signature of
phenacetin is detected in the spectra of the extracts from the street
cocaine samples 1, 3 and 4. Thus, phenacetin seems only poorly
extracted from saliva. The absorption at 1600 cm−1 in the spectrum
of extract of sample 3 is most likely caused by levamisole. Only low
cocaine absorption was observed in the spectrum which might have
two reasons. First, it could be due to an uncertainty in the sample
preparation. Second, levamisole might change either the solubility
of cocaine or the partition coefficient. This could be investigated
by generating an artificial mixture of levamisole and cocaine and
repeating the extraction. Nevertheless, for better and quantitative
analysis of the street cocaine samples the accuracy of weighing the

21The TCE-saliva system was approximated by the octanol-water system,
since the partition coefficient for the TCE-saliva system is unknown.
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Figure 9.18: Spectra of extracts from saliva spiked with street
cocaine. Saliva sample were spiked with street cocaine and ex-
tracted with TCE. The samples were dried on an ATR crystal and
measured with an FTIR spectrometer. The spectra are scaled to
the same concentration (based on the dissolved mass and table 9.8).
Highlighted areas mark high cocaine absorption.
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samples has to be improved.

Furthermore, the levamisol absorption is only detected in the
spectrum of the extracts from saliva (sample 3), but not in the spec-
trum of the street cocaine sample 3 solved in TCE (cf. figure 9.19).
This fact is in good agreement with the spectrum of levamisole (cf.
figure 9.6). Levamisole was bought in its hydrochloride form and
dissolves therefore very well in water or saliva but less in TCE. The
difference in the solubility is the reason why the spectrum of pure
levamisole is almost not detectable but the spectrum of the extract
is well characterized.

In conclusion, the extraction method for cocaine was validated
with street cocaine. The extraction method reduces the number of
cutting agents since only cutting agents with a high solubility in
saliva and a high extraction efficiency for the TCE-saliva system
are extracted. Therefore, the extraction method can be considered
to introduce a selective step with respect to the spectral analysis.
Future studies might investigate the influence of levamisole on the
extraction process in more detail.
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Figure 9.19: Spectra of street cocaine sample 3 in comparison
with spectra of various adulterants (cf. table 9.8). The spec-
trum of the extract of street sample 3 is compared to the spectrum
of the street sample 3 dissolved in TCE. In addition the spectrum
of phenacetin dissolved in TCE and dried on the ATR crystal and
the spectrum of levamisole extracted from saliva and dried on the
ATR crystal are shown. Spectra are stacked and scaled for better
comparison [41].
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Chapter 10

Quantum cascade laser
set-up

As discussed in section 2.3 a quantum cascade laser (QCL) has been
employed as a compact light source in addition to the FTIR spec-
trometer. The QCL has been combined with an ATR unit (cf. sec-
tion 10.1) and transmission measurements (cf. section 10.2). The
design and fabrication of the home-built transmission cell is also pre-
sented1.

The set-up for the measurements with the QCL is depicted in
figure 10.1. The distributed feedback (DFB) QCL (cf. chapter 2.3.1)
is tunable by temperature from 1746 cm−1 to 1756 cm−1 [40] and has
a cw-power2 output of a few mW. To correlate the temperature with
the wavelength the absorption of water vapor was simulated with the
Hitran data base [181] and measured with the QCL (cf. figure 10.2).
Hence, the temperature T is correlated with the wavelength ν̃ by the

1Parts of this chapter have been published previously [38, 40–42]
2cw- continuous wave
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Figure 10.1: Scheme of the QCL set-up. The beam is split by
a CaF2 beam splitter into reference and sample beam. The sample
beam can be guided either through the transmission cell or the ATR
crystal [38].

following relation:

ν̃ = −0.1437 cm−1 ◦C−1 · T + 1749.2 cm−1 (10.1)

where the wavelength ν̃ is given in cm−1 and the temperature T in
◦C.

If not indicated otherwise, the laser was set to a wavelength of
∼1750 cm−1 (∼5.714 µm). The previous FTIR studies implied that
the first strong cocaine absorption peak, occurring around 1756 cm−1

in organic solvents (with a FWHM3 of > 10 cm−1), has the least in-
terference with other substances potentially appearing in saliva (cf.
chapter 9), i.e. this wavelength exhibits a strong cocaine absorption.
Nevertheless, the QCL wavelength was not set exactly to 1756 cm−1

since both the laser noise and the water vapor absorption are lower
at 1750 cm−1.

3full width of half maximum



125

Figure 10.2: Absorbance of the water vapor./ Tuning range
of the QCL. To correlate the temperature of the QCL with the
wavelength the water vapor absorption was measured with the QCL
(bottom, spectrum is scaled) and simulated with Hitran data (top)
[40, 181].
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The QCL is current modulated with a sine-wave generator at a
frequency of ∼ 1 MHz. The laser beam is collimated with an off-
axis parabolic gold mirror (Edmund Optics). After the collimation
the laser beam is split by a coated CaF2 beam splitter (Thorlabs)
into the sample beam (SB) and the reference beam (RB). The RB
is recorded with an infrared photovoltaic detector (VIGO, MIPDC-
5, PVI-4TE-6) to compensate for laser power fluctuations. The SB
passes either through the attenuated total reflection (ATR) unit or
the transmission cell and is then recorded by an identical infrared
detector.

After the recording of the modulated signal, the data is Fourier
transformed and passed through a band pass filter around the mod-
ulated frequency to minimize the noise. In addition, corrections can
be made for the laser power fluctuations to further minimize the
noise. The set-up still has potential for improvement in terms of
stability and therefore it is important to determine the source of the
sudden changes in the signal. Sudden changes caused by the laser
would be visible in the SB and RB and therefore cancel out in the
ratio SB/RB (cf. section 10.2).

10.1 ATR measurements

The ATR unit (Perkin Elmer) is described in chapter 8. The ATR
top plate with 11 reflections in the ZnSe crystal4 was used for this
set-up. The sample volume was 400µl and samples were dried on
top of the ATR crystal. The drying method is described in section
8.2. The QCL was operated in cw mode.

4In contrast to the 12 reflection top-plate of the ATR unit, the 11-reflections
plate has a built-in trough which is better suited for liquids.
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10.2 Transmission measurements & cell
design

For the transmission measurements the QCL was operated in pulsed
mode. Pulses were ∼ 300 ns long and repeated with ∼ 1 MHz. The
transmission cell was designed and built in-house and consisted of
two NaCl windows (24.4 x 50.8 x 5 mm, Korth Kristalle GmbH), a
structured Norland Optical Adhesive 81 (NOA 81) layer and teflon
tubes (cf. figure 10.3).

NOA 81 was chosen as material to fabricate microfluidic channels
since it can resist to tetrachloroethylene (TCE) and other extraction
solvents [182] employed in this thesis for several hours. The channel
mask5 was fabricated from a polydimethylsiloxane (PDMS, Silicone
Elastomer, DC 184, Dow Corning Sylgard) layer, with a height of 1
mm. The layer was set upon the NaCl window, where the cavities
were filled with liquid NOA 81. NOA in its liquid form contains
many solvents which can form air holes in a NOA structure if the
adhesive is cured too quickly. Therefore a time span of at least 1 h
passed before further processing to allow most of the solvents to
evaporate. Afterwards, the second NaCl window was set on top of
the PDMS layer and the NOA was cured under UV light for 5min
(LOT-Oriel 450W Hg UV-Source). The NaCl window creates a pla-
nar surface during the curing and small air reservoirs in the middle
of the structures. After removing the top NaCl window, the PDMS
layer can be removed and the small reservoirs between the channels
can be filled with NOA. In addition, the teflon tubes are placed onto
the lower NaCl window and kept on the spot with NOA. As a last
step the NaCl window is placed again on top of the NOA layer and
cured under UV-light.

The margins of the cell are covered with epoxy (Devcon 2 Ton
Epoxy) to ensure a leak-proof sealing. With this manufacturing pro-

5The PDMS layer was cut into the “negative” of the channel structure.
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cess channels with different widths can be produced and investigated
on a single NaCl window. For the measurements only one channel
was used. It was filled and emptied with glass micro syringes (In-
novative Labor Systeme). The channel was ∼ 1 mm thick, ∼ 2 mm
wide and ∼ 5 mm long (cf. figure 10.3 C). The laser enters per-
pendicular to the NaCl window and is focused at the middle of the
cell.

Figure 10.3: Scheme of the transmission cell. A: NaCl window
with the PDMS frame and NOA-fillings is shown. B: The transmis-
sion cell after the second curing process with all connecting tubes
is displayed. Laser light (red arrow) passes through the cell per-
pendicular to the NaCl-window. C: The complete cell is depicted
[38].

10.2.1 Transmission cell measurement protocol

The transmission cell was filled with a glass syringe containing either
TCE or TCE spiked with cocaine. While filling and emptying the
cell special care has to be taken, not to move the cell by accident
since these movements can dramatically influence the signal recorded
by the detector placed on the opposite side of the transmission cell
(cf. figure 10.1). Such changes can be identified by changes in the
SB and in the ratio of the SB to the RB, but no changes in the
RB would be detected. Movements of the transmission cell hinder
comparisons between the signals. Consequently, the intensity of the
light was measured before, during and after the filling of the cell.
Large differences in the signal before and after the filling indicate
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changes of the set-up. Therefore these data-points were excluded
from comparisons.
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Chapter 11

QCL analysis

In this chapter the results of the analysis with the quantum cascade
laser (QCL) are summarized (set-up in chapter 10)1. First, the re-
sults gained with the QCL and the attenuated total reflection (ATR)
unit are described. Then the results acquired with the QCL and a
transmission cell, which was built in-house, are presented.

11.1 QCL-ATR measurements

Like for the FTIR-ATR measurements (cf. chapter 8), the ATR
unit allows for preconcentration of the sample by drying them on
top of the ZnSe crystal during measurements (cf. chapter 8). Tetra-
chloroethylene (TCE) samples spiked with cocaine were analyzed
to investigate the limit of detection (LOD) of this set-up. Samples
require a volume of 1.2 ml (3 times 400 µl) and were prepared with
a cocaine concentration in the range from 3 to 38µg ml−1. For all
three measurements of each sample the absorbance was calculated by
the negative logarithm of the ratio of the transmission through the
ATR-crystal (signal with sample divided by signal without sample;

1A part of this chapter was previously published in [38, 40–42]
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cf. figure 11.1). The transmission signal was normalized with the
laser power from the reference beam. As a result, the absorbance is
linearly proportional to the cocaine concentration with a linear cor-
relation coefficient of r2 = 0.99. The limit of detection for the best
measurement was ∼ 3 µg ml−1. The variation in the absorbance is
most likely caused by different drying patterns on the ATR crystal
(cf. section 8.2).

11.2 QCL transmission measurements

Samples of TCE spiked with cocaine were measured in the trans-
mission cell and compared to the transmittance of pure TCE as
reference. Samples with the cocaine concentration of 0.1, 1, 10
and 100µg ml−1 in TCE were examined. The transmittance of the
cell before the filling, filled and after the filling of the sample was
recorded. Movements of the transmission cell were determined by
comparing subsequent measurements of the empty cell2. Subsequent
measurements without movements are compared to each other (cf.
highlighted areas in figure 11.2).

In order to account for power fluctuations of the QCL, the trans-
mittance of the TCE samples spiked with cocaine are normalized
with the reference beam. As a result, difference between the sam-
ples with 0.1 and 1µg ml−1 cocaine concentration in TCE did not
exceed the noise fluctuations. Higher cocaine concentrations can
be distinguished between each other yielding a limit of detection
< 10 µg ml−1 for a sample volume of 100µl.

2A movement of the cell is determined by a significant change in the trans-
mittance of the cell in between two measurements of the empty cell.
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Figure 11.1: Absorbance of reference samples measured with
the QCL for various cocaine concentrations. A linear relation
between concentration and absorbance is observed (r2 = 0.99) [38].

Figure 11.2: Transmittance measurements with the QCL.
Highlighted data blocks indicate comparable data regimes. Arrows
indicate a recorded movement of the transmission cell. The dif-
ference in transmission between the TCE samples with a cocaine
concentration of 1 and 10µg ml−1 is detected significantly [38].
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11.3 Conclusion of the QCL measurements

The implementation of the transmission cell into the set-up was suc-
cessful. The cell could be connected to a microfluidic set-up. It could
be used as a flow cell for the TCE samples. The limit of detection
is < 10 µg ml−1 for a sample volume of 100µl. In addition, the
ATR-QCL set-up was successfully tested with a measured limit of
detection of 3µg ml−1 for a sample volume of 400µl.

The difference in LOD for both QCL measure methods might
originate in the preconcentration of the sample during the drying
process for ATR measurements. Furthermore, the absorption peak
slightly shifts towards lower wavenumbers (cf. figure 11.3). In addi-
tion, the optical path length is very different in both approaches.
The ATR unit is characterized by a path length of several µm
whereas the transmission cell by a path length of ∼ 1 mm. Both
approaches enter the concentration regime of real-life applications3,
but need further improvement to reach a feasible limit of detection
in the ∼ 100 ng ml−1 regime (cf. chapter 5).

3The cocaine concentration in saliva can get as high as 500 µg ml−1 for a
single dose of 40mg cocaine [64].
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Figure 11.3: Shift of the cocaine absorption. The spectrum of
TCE samples spiked with cocaine shift towards lower wavenumbers
by drying on the ATR crystal. The vertical line marks the QCL
emission at 1750 cm−1
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Part III

Caffeine
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Chapter 12

Caffeine: Introduction
& method

In the following, the relevance of caffeine measurements is explained
followed by a short presentation of some experimental techniques to
determine caffeine concentrations1. Thereafter, the sample prepara-
tion used for the caffeine samples is described.

Caffeine interacts the adenosine receptors in the brain. There-
fore, it might have an influence on the following diseases: Alzheimer’s,
Parkinson’s, Huntigton’s disease, Epilepsy, migraine and Schizophre-
nia [183]. In many cases the connection between the disease and caf-
feine is not quite clear. It is argued, for example, that people with
moderate caffeine consume might reduce the risk for Parkinson’s or
Alzheimer’s disease [3].

Studies investigating these connections usually require test per-
sons that abstain from caffeine-containing beverages. Instead a con-
trolled dose of caffeine or placebo is administered for analysis. Such

1Parts of this chapter was pulished in [40]
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a study protocol is challenged by the problem that coffee and tea are
very social drinks in society, which makes abstaining rather difficult.
In order to overcome this problem and allow for reliable study proto-
cols it is suggested to monitor the caffeine intake of the test persons
during the studies instead of abstaining. Such a protocol would al-
low for monitoring of caffeine consume in real life. An easy to handle
hand-held device for convenient measurements of the caffeine con-
centration in the consumed beverage is required for such an analysis.

In this thesis, we present both a simple extraction method that
could be miniaturized on a microfluidic chip based on (NOA 81,
for criteria for the extraction see section 7.1.1 and 9.4.3) and the
analysis of the extracts with an FTIR-spectrometer.

12.1 Effects of caffeine

The consumption of caffeine-containing beverages in moderate doses
(< 6 cups per day) can lead to fewer cognitive failures, less depressive
symptoms and lower the risk of suicide [184]. Other studies asso-
ciated moderate caffeine intake with increased vigilance and motor
activity. In addition, caffeine decreases the need to sleep and pro-
duces sensations of well-being and energy [185].

However, caffeine consumed in high doses can lead to discomfort,
including anxiety, nervousness and insomnia [185]. In addition, it
can stimulate psychotic and maniac symptoms [184].

12.2 Caffeine content

There are different caffeine sources, but the most common are prob-
ably tea, guarana and coffee. The caffeine concentration of cof-
fee was found to be 190 to 890µg ml−1 and for black tea 130 to
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500 µg ml−1[186]. The caffeine content in beverages depends strongly
on the coffee brand and brewing technique. In table 12.1 the caf-
feine content is shown in mass percent of the tea leave, coffee bean
or guarana berry.

12.3 Extraction of caffeine

Often caffeine is extracted from, e.g., coffee beans or guarana berries,
with one of the following solvents or a mixture of them: water, su-
percritical CO2, ethanol, chloroform, acetone, methylene chlorides,
trichloromethane, methanol, and toluene [187, 190–195]. Solvents
used for caffeine extraction should provide a high solubility and a
high extraction efficiency for caffeine.

Many extraction methods are based on additional chemical sub-
stances like NaOH or ammonia. Others use bulky laboratory equip-
ment for the extraction like centrifuges and vacuum pumps [190,
194, 195], which are not convenient for miniaturization.

Several techniques are used for the analysis of caffeine. For ex-
ample UV spectroscopy was combined with a dichloromethane ex-
traction [193]. HPLC combined with multiple extractions was used

Table 12.1: Caffeine content in different products. Concentra-
tions are given in mass percent [40, 187–189].

product concentration
coffee 0.44 to 4.35
white tea 3.4 to 5.7
black tea 2.0 to 5.4
guarana 4.1 to 4.4
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to analyze caffeine in teas [196]. Raman Spectroscopy was used to
analyze the caffeine content in cacao [197].

FTIR- spectroscopy was utilized to detect caffeine in extracts
from grained coffee beans with trichloromethane and ammonia [195],
from black tea leaves [198], soft drinks [199], and from coffee (drink)
[200].

The first two extraction procedures [195, 198] use ammonia which
posseses a strong pungent odor, that might lead to complications in
a hand held device. The latter study used chloroform for an ex-
traction, which is not feasible with the micro fluidic material NOA
targeted in this study.

Therefore, a new extraction technique was explored with liquids
that are feasible with the material NOA 81.

12.4 Method: Caffeine extraction

In this thesis caffeine was examined in 4 liquids: beverages contain-
ing caffeine, saliva after the consume of caffeine containing bever-
ages, saliva spiked with caffeine and reference samples.

The saliva acquisition is described in chapter 6. The extraction
method is similar to the first extraction method of cocaine described
in section 7.1. The saliva samples spiked with caffeine were prepared
in filtering the saliva, spiking it with caffeine weighed beforehand,
and mixing it with the extraction solvent. The analyzed beverages
were mixed with the extraction solvent and then spectrally investi-
gated.

For the caffeine extraction the following solvents were tested: 1-
octanol, iso-octane, n-heptane, dibutyl ether, toluene, dichloroethane,
tetrachloroethylene, diethyl ether and dichloromethane. The sol-
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vents were chosen based on the criteria listed in section 7.1.1.

The measurements were calibrated with the help of reference
samples. These reference samples consisted of the extraction sol-
vent spiked with caffeine, directly.
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Chapter 13

Infrared spectroscopy
on caffeine

In this chapter the results of the caffeine analysis are presented1.
Four types of liquids were analyzed: caffeine-containing beverages,
caffeine-spiked saliva2, saliva after the consume of caffeine-containing
beverages and reference samples (toluene spiked with caffeine).

13.1 Caffeine in beverages and saliva

Like for cocaine, the detection of caffeine in beverages or saliva is
very challenging due to the high background absorption of water (cf.
section 9.4.1). No significant characteristics of caffeine absorption
were found, neither in the analyzed caffeine-containing beverages
(cf. figure 13.1, 9.3 and E.1) nor in saliva after the consume of these
beverages (cf. figure 13.1 and 9.7).

1Parts of this chapter were published previously in [40].
2For details of the saliva acquisition see chapter 6.
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Figure 13.1: Spectra of caffeine-containing products and
saliva after coffee consume. A: Spectra of a suspension of
guarana and coffee are displayed. B: Spectra of saliva collected from
a fasting person, after coffee consume and the difference in the spec-
tra are depicted. The background absorption of water is subtracted
for all displayed spectra. The highlighted area marks high caffeine
absorption, no distinguishable caffeine absorption peak is detectable
in both figures A and B.
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As a consequence an extraction method for caffeine from saliva
and from caffeine-containing beverages was developed that could be
miniaturized on a microfluidic chip. The criteria relevant for the
choice of a solvent have been discussed in section 7.1. The follow-
ing solvents were tested on saliva samples spiked with caffeine: 1-
octanol, iso-octane, n-heptane, diethyl ether, dibutyl ether, toluene,
dichloromethane, dichloroethane and tetrachloroethylene (TCE).

The spiked saliva and solvents were mixed and spectrally ana-
lyzed after their self-separation (cf. first extraction method, section
7.1). As a result, diethyl ether was excluded from further extrac-
tion studies due to its high volatility. An intermediate phase of
stable droplets, i.e. droplets of the solvent in saliva (similar like in
figure 7.2), is formed for the following solvents: dichloromethane,
dichloroethan and 1-ocantol. A low absorbance of caffeine in the
extract was recorded for iso-octan, dibutyl ether and n-heptane (cf.
figure 13.2). The most suitable solvents for the extraction were
toluene and TCE. The absorbance of caffeine in the extract toluene
(cf. figure 13.2) was higher than for the extract with TCE. The dif-
ference in absorbance is most likely caused by a higher concentration
of caffeine in the solvent. In conclusion, toluene is the most suitable
solvent to extract caffeine from solutions.

The caffeine in coffee was extracted with toluene. The spectra of
coffee before and after the extraction are compared to the absorption
of the extract (cf. figure 13.2). The caffeine is well detectable in the
toluene phase of the extraction. The new absorbance peaks in the
spectrum of coffee are due to small contaminations with toluene of
the sample, since toluene absorbs strongly at 1495 cm−1.

The measured absorbance of caffeine depends on the state. Caf-
feine dissolved in toluene has a strong absorption peak around ∼
1710 cm−1 and at ∼ 1688 cm−1, whereas dried caffeine3 is char-

3The drying technique is explained in section 8.2
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B

Figure 13.2: Spectra of extracts from saliva spiked with caf-
feine, coffee before and after extraction and the extract
of coffee. A: Spectra of the extracts form saliva spiked with caf-
feine are shown. No significant absorbance of caffeine in n-heptane
of dibutyl ether. The caffeine absorption in toluene is clearly de-
tectable. All solvent backgrounds were subtracted. B: Spectra of
coffee, before and after the extraction with toluene. Absorption
lines of toluene are observed in the spectra after extraction. The
background absorption of water was subtracted for all coffee spec-
tra. The spectrum of the toluene phase after the extraction is shown
at the bottom, after the subtraction of the toluene spectrum. The
highlighted area marks high caffeine absorption, caffeine peaks are
clearly visible.
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acterized by a maximum in absorbance at ∼ 1701 cm−1 and at
∼ 1655 cm−1 (cf. figure 13.3).

Caffeine was also extracted from saliva from a test-person who
consumed two espressos just before sampling (cf. figure 13.3). Due
to difficulties with the sample volume, the resulting extract was less
than 400µl and therefore, a quantitative analysis could not be per-
formed in this case. However, the caffeine absorbance peaks can
clearly be observed in the extract.

13.2 Quantitative measurements

Calibration measurements for caffeine concentrations in toluene were
conducted with reference samples4 (cf. figure 13.4). Samples were
investigated in dissolved and dried form. The spectra of the ref-
erence samples with different concentrations of caffeine were fitted
with one previously measured caffeine spectrum with a high signal-
to-noise ratio. A linear regression analysis was performed to cor-
relate the fitting parameter to the caffeine concentration (cf. figure
13.4). Unlike the calculation for the cocaine concentration described
in detail in chapter 8 only the spectra of caffeine and of the solvent
were used for fitting in this case.

The fitting parameter of the reference samples in their liquid
form yield a correlation coefficient of r2 = 0.9994. The fitting pa-
rameter for the spectrum of the dried samples is not linear for the
whole concentration regime. This deviation from linearity is most
likely caused by saturation in absorbance. Therefore, only the fit-
ting parameters calculated for spectra retrieved from concentrations
≤ 500 µg ml−1 were correlated with the concentration. The correla-
tion coefficient yields r2 = 0.994.

4Reference samples consist of caffeine dissolved in toluene at various concen-
trations.
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Figure 13.3: Spectra of caffeine in toluene. A: The caffeine
concentration in both spectra was 250µg ml−1. The drying process
shifts the caffeine absorption peak towards lower wavenumbers. B:
Spectra of saliva and extract after coffee consume. The highlighted
area marks high caffeine absorption.

Figure 13.4: Calibration with reference samples for caffeine.
A: The fitting parameter for the spectra of caffeine samples dis-
solved in toluene correlate linearly to the caffeine concentrations
from 30µg ml−1 to 2000µg ml−1. B: The fitting parameters for spec-
tra of caffeine dissolved in toluene and dried on the ATR crystal are
plotted vs. the caffeine concentration of the solution. Linearity can
be found up to a concentration of 500µg ml−1 of caffeine in toluene.
The circles denote single measurements, the average slope is de-
picted in blue with standard deviation and the error bars are shown
in green. Each measurement was repeated three times [40].
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Extracts from coffee, guarana, white and black tea were investi-
gated. The concentration of the extracted caffeine was determined
but the solution was not pH stabilized (cf. table 13.1). The calcu-
lated concentration of the powder or the leaves is significantly lower
than the literature data for two reasons (cf. table 12.1). First, the
data in literature were directly extracted from the powder, bean or
leave, in contrast to the extraction from the beverage. Therefore,
the caffeine content was reduced twice by producing the beverage
and by extraction of the caffeine from the beverage. The second
reason might be caused by the charged state of caffeine. Caffeine
has a pKa-value of 10.4 (cf. table 9.6) and the analyzed beverages
were characterized by pH-values between 5 and 6. Therefore most
of the caffeine was in its charged state, which impedes an extraction
into a nonpolar solvent like toluene (cf. chapter 3).

13.3 Conclusion

In conclusion a successful one-step extraction for caffeine was devel-
oped. Toluene is the most suitable solvent for caffeine extraction
among all tested solvents. A successful extraction of caffeine was
demonstrated from saliva spiked with it, saliva after the consume of
coffee and of caffeine-containing beverages.

For future examinations the pH should be stabilized, e.g., with
a concentrated buffer. The analysis should be conducted towards
the ideal pH. In addition, the reproducibility of the method needs
to be investigated further to calculate the limit of detection and un-
certainty of the extraction. Overall, the extraction results are very
promising and have the potential to be miniaturized on a microflu-
idic chip. A hand-held device could be manufactured combining an
infrared detector and a quantum cascade laser emitting at one of
the caffeine absorption peaks. Such a device would aid future stud-
ies on the correlation between Alzheimer’s, Parkinson’s, Huntigton’s



152CHAPTER 13. INFRARED SPECTROSCOPY ON CAFFEINE

Table
13.1:

Q
u
antitative

an
alysis

of
extracts

from
caff

ein
e-contain

in
g

b
everages.

(A
b-

breviations:
est.

dried
reference-

estim
ation

of
the

concentration
of

the
extract

from
spectra

of
dried

reference
sam

ples;est.
liquid

reference-estim
ation

ofthe
concentration

ofthe
extract

form
spectra

ofliquid
reference

sam
ples;w

eight-totalleave
or

pow
der

w
eight;V

olum
e-V

olum
e

ofthe
beverage;m

in.
caff.-

m
inim

alcaffeine
content

ofthe
pow

der
or

leave;
1-

according
to

N
escafé
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disease, Epilepsy, migraine and Schizophrenia and caffeine consume
(cf. chapter 12).
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Chapter 14

Periodontitis:
Introduction & method

In this chapter the periodontitis and its connection to porphyromonas
gingivalis bacteria is introduced1. In addition, the analysed samples
are described.

14.1 Porphyromonas gingivalis bacteria
and periodontitis

Periodontitis might occur as a combination of gingival inflammation
and a pathological detachment of collagen fibers from the cemen-
tum. In addition, it is characterized by an apical migration of the
junctional epithelium, i.e. formation of periodontal pockets [202] (cf.
figure 14.1). Usually an increased occurrence of bacteria is found in
the periodontitis site, i.e. on and in the ginival epithelium and on
the tooth. The most common bacterium on these inflamed sites is

1A part of this chapter was previously published in [201].
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porphyromonas ginivalis [203].

Periodontitis in patients is diagnosed by certain signs and symp-
toms like gingivitis, bleeding on probing (BOP), pocket probing
depth (PPD), clinical attachment loss (CAL) as well as radiograph-
ically assessed alveolar bone loss [202]. These techniques only in-
vestigate the effects of periodontitis and offer only limited insight in
the future development of the disease, e.g. whether the patient is at
high risk for rapid periodontal disease progression, or not.

Periodontitis is a common disease. In Oslo a study with 35-year
old people determined in 1973 that 54 % of all investigated individ-
uals had suffered bone loss. The number decreased to 24% in 2003
most likely due to an improved oral hygiene [4]. Nevertheless, a sig-
nificant part of the population is still affected by this disease today.

Periodontitis is not restricted to the oral cavity alone, since it is
also associated with increased risk of coronary heart disease. A
meta-study concluded that prevalence and incidence of coronary
heart disease are significantly increased in periodontitis patients [5].

The oral health is often evaluated by probing the gingival crevic-
ular fluid (GCF). Gingival crevicular fluid is a secretion that is col-
lected at the site where the gum line meets the teeth. The infrared
spectrum of the GCF is influenced by periodontitis and gingivitis.
Certain spectral ranges were identified which allow for differentia-
tion of people with and without periodontitis [204].

Saliva has proven to be an easily accessible reservoir as an indica-
tor of periodontal infections, as well as for general health [205, 206].
Differences in the saliva of patients with periodontitis and con-
trol were found by real-time polymerase chain reaction (PCR) and
enzyme-linked immunosorbent assay (ELISA) [207]. Hence, the
question arises, whether the IR-spectra of saliva allow differentiating
between periodontitis patients and a control group.
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Figure 14.1: Periodontal pocket. Comparison between a healthy
and a diseased tooth showing a periodontal pocket.

This research question is examined in this thesis by comparing
the IR-spectra of saliva from patients with generalized aggressive Pe-
riodontitis (G-AgP) with saliva from a control group. The primary
features of G-AgP are rapid attachment loss and bone destruction
in systemically healthy patients. The disease is usually found in
patients, which are under the age of 30. A study investigating the
general periodontal health of Israeli Army personal (18 to 30 years)
observed the disease in 2% of them [208]. Even though, the preva-
lence of this type of disease is lower than periodontitis, an early
diagnosis would provide an enhanced understanding of its progres-
sion.

14.2 Samples

Saliva samples used for the analysis of aggressive periodontitis were
acquired by the Institute of Oral Biology at the University of Zurich.
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There, saliva samples are centrifuged at 10000 g for 15min at 5 ◦C.
After the centrifugation the saliva is separated into supernatants
and cell pellets. These samples were frozen at −80 ◦C. In this thesis
the supernatant is analyzed with infrared spectroscopy (cf. chapter
15 and for more details concerning sampling and the involved test
persons see [201]).



Chapter 15

Results of the G-AgP
trial

In this chapter the results of the generalized aggressive periodontitis
(G-AgP) trial are presented1. Two types of samples were inves-
tigated: saliva spiked with porphyromonas gingivalis bacteria and
supernatant2 of saliva from G-AgP patients and a control group.
The samples were acquired from the Institute of Oral Biology (Uni-
versity of Zurich).

15.1 Supernatant of saliva from G-AgP
patients

The spectra of supernatants retrieved from saliva of either G-AgP
patients or healthy volunteers were compared. The samples were

1A part of this chapter was previously published in [201].
2When saliva is centrifuged it divides into supernatant and cell pellets. In

this thesis only the supernatant of saliva was investigated.
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dried on an ATR crystal and measured with a FTIR- spectrometer
(cf. section 8.2).

Ten test persons participated in this study (5 G-AgP patients
and 5 healthy volunteers). Each test person provided one sample
and each sample was measured 3 times. The resulting spectra were
then divided into the two groups (G-AgP and control) and averaged.
No significant difference between both groups can be observed in the
spectra of their liquid samples (cf. figure 15.1).

Differences in the spectra of the dried samples from both groups
(G-AgP and control) are observed in the spectral range from 1230
to 1180 cm−1 and around 910 cm−1 (cf. figure 15.2). As a first step
the difference in absorbance ∆A was calculated for the absorbance
at 1206 cm−1 and at 1196 cm−1 (cf. figure 15.3) as:

∆A = A(1206 cm−1)−A(1196 cm−1) (15.1)

where A(1206 cm−1) indicates the absorbance at 1206 cm−1 and
A(1196 cm−1) the absorbance at 1196 cm−1. This calculation takes
the shift in the offset of absorbance between different samples into
account and emphasizes the difference in the absorption pattern be-
tween the two groups.

The two data sets (of ∆A) between both groups were evaluated
with the analysis of variance (ANOVA) method3 after checking for
normal distribution by the Lilliefors analysis. Each group consisted
of 15 data points (5 samples, each measured 3 times). The ANOVA
analysis concludes that the probability for both groups to be from
the same normal distribution with the same mean is 0.002. Hence,
the difference in both groups is most likely significant.

Furthermore, a principal component analysis (PCA)4 of the ab-
sorbance data in the spectral interval from 1230 to 1180 cm−1 was

3Matlab: anova1, Statistics Toolbox, Matlab V7.2 (R2009b)
4Matlab: princomp, Statistics Toolbox, Matlab V7.2 (R2009b)
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Figure 15.1: Spectra of supernatant of saliva. The spectra of
supernatant of saliva from patients with G-AgP and from healthy
volunteers (control) are depicted together with their difference. The
background absorption of water was subtracted from each spectrum.
Highlighted areas mark a difference found in dried samples (cf. figure
15.2). No significant differences can be observed in the spectra of
liquid samples.
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Figure 15.2: Spectra of dried supernatant of saliva. A: The
spectra of supernatants for both groups (G-AgP and control) are
shown. B: A magnification of the two most interesting areas (1230
to 1180 cm−1 and around 910 cm−1) is given. Highlighted areas mark
main differences in the absorption between the spectra of the super-
natant of the two groups.
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Figure 15.3: Difference between the absorbance of the inves-
tigated supernatant at 1206 cm−1 and at 1196 cm−1. The red
circles display the difference in absorbance acquired from the G-AgP
patients. The blue circles represent the difference in absorbance of
the control group. The standard deviation is plotted with error bars.
A difference in ∆A between the two groups is detectable except for
sample 5 of the control group [201].
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applied. An analysis of the second and third principal component
allows a differentiation of the data (cf. figure 15.4). The only excep-
tion is again sample 5 of the control group. One of the corresponding
data points of sample 5, score outside the control group margin, but
the average is still differentiable from the G-AgP group.

Other tests on these samples were conducted at the Institute of
Oral Biology. These results confirmed that sample 5 was an outlier.
For example, the total protein concentration in saliva was measured.
The protein concentration of sample 5 was 3.3 times higher than the
protein concentration of all the other samples from healthy volun-
teers.

15.2 Spectral analysis of porphyromonas
gingivalis

The concentration of porphyromonas gingivalis bacteria in saliva of
periodontitis patients is higher than in saliva from healthy test per-
sons [203]. Therefore, the question arose, whether the concentration
of porphyromonas gingivalis can be directly detected in saliva sam-
ples with infrared spectroscopy.

The porphyromonas gingivalis bacteria were acquired from the
Institute of Oral Biology in a sodium chloride (NaCl) solution (0.9
M) at a concentration of 109 bacteria ml−1. Saliva samples were
taken from one volunteer, filtered with 0.2 µm sterile syringe filters
(Sarsted) and then spiked with bacteria at various concentration
(105, 106, 107, 108 bacteria ml−1). Each saliva sample was adjusted
for the same amount of NaCl solution and was compared to saliva
spiked with the same volume of NaCl solution.

The samples were analyzed after drying them on top of the at-
tenuated total reflectance (ATR) unit with the FTIR spectrometer
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Figure 15.4: PCA analysis of the absorbance spectra assessed
from the analyzed supernatant. The samples were dried and
the measured spectra were analyzed with PCA. The second princi-
pal component (PC2) is plotted vs. the third principal component
(PC3). Plot B shows a magnification of Plot A. The plot shows the
separation of the data acquired for the G-AgP (+) patients from
the control (x) with the exception of sample 5 (*). The circled area
emphasizes the difference between the data points.
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(cf. section 8.2). Each sample was measured 3 times. The averaged
spectra were compared by subtracting the saliva spectrum from the
spectra spiked with bacteria (cf. figure 15.5). No significant correla-
tion between the spectra recorded from saliva spiked with bacteria
and the bacteria concentration could be established. Most likely the
spectrum of the bacteria is too similar to the saliva spectrum to
show any significant difference.

15.3 Conclusion

In conclusion, a successful differentiation of the two groups (G-AgP
and control), is possible as shown by calculating the difference in
absorbance for two fix wavlengths (1196 cm−1 and 1206 cm−1). The
results are confirmed by the ANOVA method. In addition, a suc-
cessful separation of the two groups is also demonstrated by a princi-
pal component analysis (PCA). However, no significant difference is
found between the saliva spectra and the saliva spectra spiked with
porphyromonas gingivalis.

Further investigations might include a larger sample set to de-
termine whether sample 5 was an exception or part of the normal
parameter variation. FTIR analysis appears as a promising tool
for the analysis of saliva samples. The analyzed narrow spectral
range that yields significant differences lies within the tuning range
of quantum cascade lasers. This fact allows a miniaturization of the
set-up into a hand-held device suitable for chair-side tests.
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Figure 15.5: Spectrum of porphyromonas gingivalis and spec-
tra of saliva spiked with the bacteria. A: Spectra of saliva
spiked with various concentration of the bacteria porphyromonas
gingivalis (0, 105, 108 bacteria/ml) is shown together with the spec-
trum of the bacterium in NaCl solution at a concentration of 109 bac-
teria ml−1. B: Difference in absorbance between spectra of saliva and
saliva spiked with bacteria. Highlighted areas mark the difference
found in the spectra of the G-AgP patients compared to control. No
significant differences between the spectra of saliva and saliva spiked
with bacteria are found.
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Chapter 16

Conclusion and outlook

In this thesis infrared spectroscopy was used to investigate its po-
tential in three rather different forensic and medical areas with the
goal to develope a sensor for detecting minute amounts of selected
substances in human saliva. Since saliva is more easily accesible than
blood or urine it represents the preferred matrix material which en-
ables field tests. The three topics studied in detail are:

• Detection of drugs like cocaine

• Detection of caffeine both caffeine-containing beverages and
saliva,

• Spectral differentiation between saliva from patients with gen-
eralized aggressive periodontitis and saliva from healthy peo-
ple.

A Fourier transform infrared (FTIR) spectrometer was used through
out the studies in addition to a quantum cascade laser setup which
finally allows miniaturization.
For the first time −to our knowledge− cocaine was successfully
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measured in saliva with infrared spectroscopy. Since infrared spec-
troscopy allows for a miniaturized hand-held device that could pro-
vide (semi-)quantitative results on-site and therefore allow risk as-
sessment for the police or ambulance staff. The spectrum of co-
caine, its metabolites and saliva was thoroughly investigated (cf.
chapter 9). In addition, many products that might interfere with
cocaine detection were analyzed. These investigations yielded the
spectral window ideal for cocaine detection with minimal interfer-
ences form other substances (∼ 1750 cm−1). A one-step extraction
method was developed and evaluated to lower the limit of detec-
tion (LOD) significantly to ∼ 1 µg ml−1. Further preconcentration
yields an even lower limit of detection in the concentration range of
a few 100 ng ml−1, needed to identify a person on a cocaine induced
“high” (cf. section 5.6). Furthermore, the extraction method was
validated with street cocaine. The measurements with a quantum
cascade laser (QCL) emitting at ∼ 1750 cm−1 yield a higher LOD
(between 3 and <10 µg ml−1 depending on the method) than the
investigations with the FTIR spectrometer, but the sample volume
was reduced by a factor 4 to 100µl for the transmission analysis (cf.
chapter 11). This can be essential for field tests and an improved
stabilization of the set-up could further lower the LOD. Overall,
the method is very promising and further stabilization of the set-up
should yield an even lower LOD.

The detection of caffeine in beverages could help to investigate
the correlation between caffeine and diseases like Alzheimer’s or
Parkinson’s disease. A successful one-step extraction method was
established based on the solvent toluene. Saliva samples spiked
with caffeine were analyzed together with saliva after the consume
of espresso (cf. chapter 13). Both analyses yield a successful de-
tection of caffeine. In addition, the caffeine content in the toluene
extract retrieved from caffeine-containing beverages was determined.
Future investigations require a stabilized pH value of the collected
saliva and beverages in order to achieve a higher signal-to-noise ratio
and thus a lower LOD. Overall, the method shows great potential
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for miniaturization since the absorbance could be measured with a
QCL emitting at one of the major caffeine absorption wavelengths.

Finally, spectra of supernatant of saliva from patients with gener-
alized aggressive periodontitis (G-AgP) were compared to a control
group utilizing infrared spectroscopy. For the first time −to our
knowledge− the differentiation between the two groups was demon-
strated. The future development of a quick chair-side test could
yield a better understanding of the disease and an improved risk as-
sessment for the patient (cf. chapter 14). The spectra were differen-
tiated by both a simple difference in absorbance at two wavelengths
(1206 and 1196 cm−1) and by a principal component analysis of the
spectral range from 1230 to 1180 cm−1 (cf. chapter 15). The nar-
row spectral range is suitable for the application of a QCL. However,
these results need to be confirmed with larger groups of patients and
volunteers in a broad clinical study.

In summary, the successful outcome of the studies in three areas
represents a cruical step towards QCL-based hand-held devices to
be applied in the field by the police or in the doctors’ offices.
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Appendix A

Information for
participants

 

Information sheet for participants 
in the saliva study of the Nano-Tera project IrSens 

 
 
1 Introduction 
 
In the Nano-Tera project IrSens (Integrated sensing platform for gases and liquids in the near and mid-
infrared range), we try to build a portable system for detection of small amounts of certain molecules in 
gases and liquids, by using techniques like optical and mass spectrometry. 
As a test application, we want to detect cocaine traces in human saliva, and for this goal, we need to 
understand the variations in physical and chemical properties of saliva among different people. 
 
The flow of saliva and therefore the composition is changing with many factors, even with details like the 
body posture and smoking. Smokers have a higher salivary flow partly due to the irritating effect of 
tobacco. In addition the inhaled nicotine changes the composition of the saliva. Medicine taken regularly 
can alter the salivary flow and change its composition. Physical exercise can change the components of 
saliva especially regarding the hormone, lactate, protein and electrolyte levels

[1]
. 

Stimulated salivary flow differs from unstimulated flow in the concentration of the protein, sodium, 
calcium, chloride and bicarbonate levels. In addition, the pH of the saliva is changing and there is less 
inorganic phosphate and magnesium in stimulated saliva than in unstimulated. Salivary flow can be 
stimulated by chewing. Chewing something with citric acid does stimulate the salivary flow even more. 
This interaction of your body with gums and candies is why you will be asked about your regular 
consumption of these products

[1]
. 

The effect of age on salivary components is still under investigation which is why we ask you to state 
yours.

[1] 

Caffeine and alcohol have a very characteristic absorption in the infrared, which is why we ask you to 
state your consume on the day of the sampling.  
Pre-studies have shown that mouthwashes have a significant influence on the infrared spectra, which is 
the reason for the questions about your oral hygiene. 
 
For all these reasons, we need to work with saliva samples from people having different age, sex, diet, 
consumption of legal drugs, constitution and health status, and the samples must be taken in different 
situations (time of the day, season, before or after eating, brushing teeth, chewing any type of food, 
sleeping, physical exercises, etc). 
Of these samples we will measure physical properties like density, viscosity, optical absorption, content 
of solid particles, and chemical properties like pH-value (acidity), content of drugs (alcohol, nicotine, 
painkillers, stimulants, etc) and the products the human body will make of them. 
 
Certain samples might be spiked with cocaine or similar substances after the initial measurement, in 
which case they might be kept for longer than just the time needed for the initial measurement. However, 
in any case the saliva samples will be disposed of (via the normal sewage system or a dedicated drug 
collection and disposal facility) before the end of the project in the year 2013. 
 
The results will be linked to the information you have to give in the application form, but they will be kept 
confidential. Results might be published only in aggregate form, so that you cannot be identified. 
These data will help us to know with what variations our system will have to cope, and to reduce the 
amount of errors it will make during measurement. 
 

The study questionnaire will enable us to differentiate some of the changes in physical and chemical 
properties of saliva. As a consequence, it is important that you fill in the questionnaire honestly and 
completely. We would like to thank you for your help. 
 

                                                             

[1] P. Del VignadeAlmeida et al.: „Saliva Composition and Functions: A comprehensive review“, The journal of Contemporary 
Dental Practice 9(3), 2008 
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Appendix B

Consent form
 

Consent Form for participants in the saliva study of the Nano-Tera project IrSens 

 

! Please read this form carefully. 

! Please ask the investigator or the contact person if you have any questions. 
 

Study title:  Saliva study of the Nano-Tera project IrSens 

 
Study location: ETH Zürich/ EPFL Neuchâtel  

 

Principal Investigator’s Name and First Name: Faist, Jérôme 

 

Participant’s Name and First Name: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

 

Declaration: 

! I participate in this study on a voluntary basis and can withdraw from the study at 

any time without giving reasons and without any negative consequences. 

! I have been informed orally and in writing about the aims and the procedures of the 
study, the advantages and disadvantages as well as potential risks. 

! I have read the written information for the volunteers. My questions related to the 

study participation have been answered satisfactorily. I have been given a copy of the 
information for the volunteers and the consent form. 

! I was given sufficient time to make a decision about participating in the study. 

! With my signature I certify that I fulfill the requirements for the study participation 
mentioned in the information for the volunteers. 

! I have been informed that possible damages to my health which are directly related 

to the study and are demonstrably the fault of ETH Zurich, are covered by the general 

liability insurance of ETH Zurich (insurance policy no. 100.001 of the Swiss Mobiliar 
insurance company). However, beyond the before mentioned, my health- and/or 

accident insurance (e.g. for the way to or back from the study location) will apply. 

! I agree that the responsible investigators and/or the members of the ethical 
committee have access to the original data under strict confidentiality. 

! I am aware that during the study I have to comply with the requirements and 

limitations described in the information for the volunteers. In my own health interest the 

investigators can, without mutual consent, exclude me from the study. 
! I will inform the investigators about my medical treatments and medication 

(prescribed by medical doctors or self-purchased).  

! If in the course of the study, a clinical finding occurs which could lead to diagnosis, 
treatment or prevention of existing or future diseases 

 I want to be informed. 

 I do not want to be informed. 

 (Tick appropriate.) 
 

Location, date . . . . . . . . . . . . . . . . . . . . . . . .  Signature volunteer . . . . . . . . . . . . . . . . . .  

 
Location, date . . . . . . . . . . . . . . . . . . . . . . . .  Signature investigator . . . . . . . . . . . . . . .  
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Appendix C

Questionaire for
participants

 

 
Questionnaire for participants 

in the saliva study of the Nano-Tera project IrSens 

Participant number:  
 
 
How old are you?  

Are you:   male or  female 

Did you take any medicine yesterday or today? Including birth control pill, pain killers (e.g. aspirin), 
medication for common colds? If yes, please specify: 

 

Do you have a special medical condition like diabetes? If yes, please specify: 

 

Do you use nutritional or dietary supplement like Vitamin C? If yes, please specify. 

 

Do you smoke? If yes: How much yesterday and today? When was the last time you smoked? 

 

Do you consume caffeine-containing beverages (coffee, energy drinks, coke)?  If yes: What do you 
consume? How much did you drink yesterday and today? When did you drink it?  

 

Did you drink alcohol-containing beverages yesterday or today? If yes: What was it? How much did you 
drink? When did you drink it? 

 

Did you eat anything yesterday or today? If yes: What was it? When did you eat it? 

 

Did you drink or eat anything within the last hour that you did not state yet? 

 

When was the last time you used mouthwash or brushed your teeth? 

 

When was the last time you ate a candy, bonbon or a chewing gum?  

 

Are you hungry at the moment? Please state in numbers from 1 to 10, where 1 is not hungry at all and 10 
is close to starving. 

 

Did you use lipstick or lip balm yesterday or today? When did you use it for the last time?  

 

Did you do physical exercises within the last two hours? What and when did you do? 

 

Do you currently feel sick? If yes, please specify. 

 

How would you describe your saliva today? Do you have a particular dry/wet mouth today? 
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Appendix D

Authorization to work
with drugs



Appendix E

Interfering substances

This appendix serves as a continuation of the investigation of spec-
tral interferences with the cocaine spectra (cf. section 9.2)1.

No major interference from the soft drinks coca-cola-light or
coca-cola zero is detectable for the first cocaine absorbance peak
(cf. figure E.1). The same conclusion holds for the sweetener Assur-
gin. The sweetening compounds are Sodium cyclamate (3.2 mg/ml
E 952) and saccharin (0.8 mg/ml, E 954).

Baby powder, MgCO3 and starch are all white powders that are
ideal for diluting cocaine. Their major absorbance is between 1200
and 1000 cm−1 and 1500 and 1400 cm−1, respectively.

Vinegar, eggs and milk powder are additionally investigated as
representative every day products. Even though egg white and yolk,
absorb in the range of interest, the spectrum is significantly different.
It should be possible to differentiate the spectra with one wavelength
as a control around 1770 cm−1. Similar conclusions can be made for

1Part of this appendix has been published in [12, 37]
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Figure E.1: Spectra of diluents and everyday products. The
background absorption of water was subtracted. Highlighted areas
mark high cocaine absorption.
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the absorbance of vinegar (cf. figure E.1). Dissolved milk powder
does not interfere with the region of interest.
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192 BIBLIOGRAPHY

Lima, and Luciana Reis Azevedo. Saliva composition and func-
tions: A comprehensive review. The Journal of Contemporary
Dental Practice, 9(3):072–080, 2008.

[25] S. A. Khaustova, M. U. Shkurbikov, E. S. Grebenyuk, V. G.
Artyushenko, and A. G. Tonevitsky. Assessment of biochem-
ical characteristics of the saliva using transform mid-infrared
spectroscopy. Bulletin of Experimantal Biology and Medicine,
148(5):841–844, 2009.

[26] J. O. Tenovuo. Human Saliva: Clinical Chemistry and Micro-
biology, volume 2. CRC Press, Boca Raton, Florida, 1989.

[27] K.R. Atkinson, K. R. Lo, S. R. Payne, J. S. Mitchell, and J. R.
Ingram. Rapid saliva processing technique for near real-time
analysis of salivary steroids and protein. Journal for Clinical
Laboratory Analysis, 22:395–402, 2008.

[28] Léon C.P.M. Schenkels, Enno C.I. Veerman, and Arie
V. Nieuw Amerongen. Biochemical composition of human
saliva in relation to other mucosal fluids. Critical reviews in
Oral Biology and Medicine, 6(2):161–175, 1995.

[29] Dirk W. Lachenmeier, Szidönia Gumbel-Mako, Eva-Maria
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Peter X. Iten, Christian Staub, Walter Sturm, and Karl
Sutter. First nationwide study on driving under the influence
of drugs in switzerland. Forensic Science International
journal, 198:11–16, 2010.

[48] Wolfgang Schmidbauer and Jürgen vom Scheidt. Handbuch
der Rauschdrogen. Fischer, 1998.

[49] Sebastian Scheerer and Irmgard Vogt. Drogen und Drogen
Politik: Ein Handbuch. Campus, 1989.



BIBLIOGRAPHY 195

[50] Ron Chepesiuk. The war on Drugs: An International Ency-
clopedia. ABC-CLIO, Inc., Santa Barbara, California, 1999.

[51] Richard Rudgley. Lexikon der psychoaktiven Substanzen: Ein
kulthistorischer Trip. Econ und List Taschenbuch Verlag, 1999.

[52] Gary L. Fisher and Nancy A. Roget. Encyclopedia of Substance
Abuse Prevention, Treatment and Recovery Vol 1. Sage, 2009.

[53] Edward J. Cone and William W. Weddington, Jr. Prolonged
occurrence of cocaine in human saliva and urine after chronic
use. Journal of Analytical Toxicology, 13:65–68, 1989.

[54] Scott MacDonald, R. Mann, M. Chipman, B. Pakula, P. Er-
ickson, A. Hathway, and P. MacIntyre. Driving behavior under
the influence of cannais or cocaine. Traffic Injury Prevention,
9(3):190–194, 2008.

[55] Fiona J. Couper and Barry K. Logan. Drugs and human pre-
formance fact sheets. National Highway Traffic Safety Admin-
istration, Washington, 2004.
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I. álvarez. Determination of cocaine and heroin with their
respective metabolites in meconium by gas chromatography-
mass spectroscopy. Journal of Analytical Toxicology, 27:464–
471, February 2007.

[105] Kazuo Matsubara, Masato Kagawa, and Yuko Fukui. In vivo
and in vitro studies on cocaine metabolism: Ecgonine methyl
ester as a major metabolite of cocaine. Forensic Science In-
ternational, 26:169–180, 1984.

[106] Alan L. Myers, Heather E. Williams, James C. Kraner, and
Patrik S. Callery. Identification of anhydroecgonine ethyl ester
in the urine of a drug overdose victim. Journal of Forensic
Sciences, 50(6):1–5, 2005.

[107] P. Mura, C. Chatelain, V. Dumestre, J. M. Gaulier,
M. H. Ghysel, C. Lacroix, M.F. Kergueris, M. Lhermitte,
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celó. Fully automated determination in the low nanogram per
liter level of different classes of drugs of abuse in sewage wa-
ter by on-line solid-phase extraction-liquid chromatography-
electrospray-tandem mass spectrometry. Analytical Chem-
istry, 80:3126–3134, 2008.

[115] Paul P. Robant, Louis J. Reda, and Kevin L. Klette. Com-
plete automation of solid-pase extraction with subsequent liq-
uid chromatography-tandem mass spectrometry for the quan-
tification of benzoylecgonine, m-hydroxybenzoylecgonine, p-
hydroxybenzoylecgonine and norbenzoylecgonine in urine - ap-
plication to a high-throughput urine analysis labortory. Jour-
nal of Analytical Toxicology, 32:577–585, 2008.

[116] P. Fernández, L. Morales, C. Vázquez, A. M. Bermejo, and
M. J. Tabernero. Hplc-dad determination of opioids, cocaine
and their metabolites in plasma. Forensic Science Interna-
tional, 161(1):31–35, 2006.

[117] J. Michael Walsh, Ron Flegel, Dennis J. Crouch, Leo Can-
gianelli, and Jakub Baudys. An evaluation of rapid point-of-
collection oral fluid drug-testing devices. Journal of Analytical
Toxicology, 27(7):429–439, 2003.

[118] Sarah M.R. Wille, Nele Samyn, Maria del Mar Ramı́rez-
Fernández, and Gert De Boeck. Evaluation of on-site oral
fluid screening using drugwipe-5+ R©, rapidstat R© and drug test
5000 R© for the detection of drugs of abuse in drivers. Forensic
Science International, 198:2–6, 2010.

[119] Raphael C. Wong and Harley Y. Tse, editors. Drugs of Abuse:
Body fluid Testing, volume Chapter 10; author Franz Aberl
and Robert VanDine of Forensic Science and Medicine. Hu-
mana Press, 2005.



BIBLIOGRAPHY 205

[120] N. Samyn and C. van Haeren. On-site testing of saliva and
sweat with drugwipe and determination of concentrations of
drugs of abuse in saliva, plasma and urine of suspected users.
International Journal of Legal Medicine, 113:150–154, 2000.

[121] Franz Aberl, Johannes Boneberger, Ralf-Peter Berg, and
Rudolf Zimmermann. Traces of illegal drugs on body surfaces -
indicator for consuption or dealing? Proceedings of SPIE-The
International Society of Optical Engineering, 2932(Human De-
tection and positive Identification: Methods and Technolo-
gies):16–26, 1997.

[122] Dennis J. Crouch, J. Michael Walsh, Ron Flegel, Leo Can-
gianelli, Jakub Baudys, and Randy Atkins. An evaluation
of selected oaral fluid point of collection drug-testing devices.
Journal of Analytical Toxicology, 29(4):244–248, 2005.

[123] Anna Pehrsson, Teemu Gunnar, Charlotta Engblom, Heikki
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[169] Harald Schütz. Alkohol im Blut, Nachweis und Bestimmung,
Umwandlung, Berechnung. Verlag Chemie, 1983.

[170] Lutz A. Kiesow, Christopher T. Simons, and William B.
Long. Quantitative determination and comparison of ethanol
in saliva samples of unknown volume with blood ethanol levels
in human test subjects following ethanol ingestion. Annals of
the New York Academy of Sciences, 20(694):293, September
1993.

[171] M. Alvarez, F. J. Bermejo, P. Chieux, E. Enciso, J. Alonso,
and N. Garcia. The structure of nonplanar molecular liquids:



212 BIBLIOGRAPHY

tetrachloroethylene. Journal of Physics: Condensed Matter, 1
(44):8595–8607, 1989.

[172] Jahanbakhsh Ghasemi and Saadi Saaidpour. Quantitative
structure-property relationship study of n-octanol-water par-
tition coefficients of some diverse drugs using multiple linear
regression. Analytica Chimica Acta, 604:99–106, 2007.

[173] Willfried Schramm, Richard H. Smith, Paul A. Craig, and
David A. Kidwell. Drugs of abuse in saliva: A review. Journal
of Analytical Toxicology, 16:1–9, Jan/Feb 1992.

[174] Darmstadt Reagenzien Merck. Uvsol- Lösungsmittel und Sub-
stanzen für die Spektrosokpie. Reagenzien Merck, 1960(ap-
prox.).

[175] Hubert W. Lilliefors. On the kolmogorov-smirnov test for nor-
mality with mean and variance unknown. Journal of the Amer-
ican Statistical Association, 62(318):399–402, 1967.

[176] www.drugbank.ca. Open data drug and drug target database.
Drug Bank, visited in July 2013.

[177] Francisco Torrens. Universal organic solvent-water partition
coefficient model. Journal of Chemical Information and Com-
puter Sciences, 40:236–240, 2000.

[178] Judith E. Thompson. A Practical Guide to Contempo-
rary Pharmacy Practice. Williams and Wilkins, Baltimore,
Philadelphia, London, Paris etc., online version visited July
2013.

[179] A. B. A. Boxall, P. Johnson, E. J. Smith, C. J. Sinclair,
E. Stutt, and L. S. Levy. Uptake of veterinary medicines from
soils into plants. Journal of Agricultural and Food Chemistry,
54:2288 – 2297, 2006.



BIBLIOGRAPHY 213

[180] levamisole. www.biomedicalpublications.com/levamisole.pdf,
last visited July 2013.

[181] L. Rothman, I. Gordon, A. Barbe, D. Benner, P. Bernath,
M. Birk, V. Boudon, L. Brown, A. Campargue, J.-P. Cham-
pion, K. Chance, L. Coudert, V. Dana, V. Devi, S. Fally,
J.-M. Flaud, R. Gamache, A. Goldman, D. Jacquemart,
I. Kleiner, N. Lacome, W. Lafferty, J.-Y. Mandin, S. Massie,
S. Mikhailenko, C. Miller, N. Moazzen-Ahmadi, O. Naumenko,
A. Nikitin, J. Orphal, V. Perevalov, A. Perrin, A. Predoi-
Cross, C. Rinsland, M. Rotger, M. Simeckova, M. Smith,
K. Sung, S. Tashkun, J. Tennyson, R. Toth, A. Vandaele,
and J.V. Auwera. The hitran 2008 molecular spectroscopic
database. J. Quant. Spectosc. Radiat. Transfer, 110:533–572,
2009.

[182] Philip Wägli, Alexandra Homsy, and Nico F. de Rooij. Nor-
land optical adhesive (noa81) microchannels with adjustable
surface properties and high chemical resistance against ir-
transparent organic solvents. Procedia Engineering, 5:460–463,
2010.

[183] Joaquim A. Ribeiro and Ana M. Sebastião. Caffeine and
adenosine. Journal of Alzheimer’s Disease, 20:S3, 2010.

[184] Diogo R. Lara. Caffeine, mental health, and psychiatric disor-
ders. Journal of Alzheimer’s Disease, 20:S239– S248, 2010.

[185] M. Casas, J. A. Ramos-Quiroga, G. Prat, and A. Qureshi.
Effects of coffee and caffeine on mood and mood disorders.
Coffee, tea, chocolate, and the brain, pages 73–83, 2004.

[186] RM Gilbert, JA Marshman, M Schwieder, and R Berg. Caf-
feine content of beverages as consumed. Canadian Medical
Association Journal, 114(3):205–208, 1976.

[187] G. J. Hulbert, R. N. Biswal, C. B. Mehr, T. H. Walker, and
J. L. Collins. Solid/liquid extraction of caffeine from guaraná
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Sensing cocaine in saliva with infrared laser spectroscopy,
Dig. BIOS/SPIE Photonics West, 2-7 February 2013, San Francisco,
USA

Conference contributions

K.M.-C. Hans and M.W. Sigrist,
IrSens: Detection of cocaine in saliva with MIR spectroscopy (Poster),
Nano-Tera Annual Plenary Meeting, 29 April 2010 Bern, Switzer-
land

K.M.-C. Hans, S. Müller and M.W. Sigrist,
IRSENS: Sensing cocaine in saliva: pre-studies using mid-infrared
spectroscopy (Talk),
Nano-Tera Workshop: “Lab-on-a-chip & remote data analysis” 14-
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equipment. Furthermore, the financial support of nano-tera, the
Swiss National Science Foundation and the ETH Zurich are grate-
fully acknowledged.

I am very greatful for the supply of cocaine street samples by the
Forensic Science Institute Zurich. I enjoyed the fruitful cooperation
with Dr. Michael Bovens and Esther Schnorr very much.

PD Dr. Nagihan Bostanci (Institute of Oral Biology, University
of Zurich) is gratefully acknowledged for the collobaration on the
periodontitis project. I want to thank her for all the shared knowl-
edge and the supplied samples.

I would like to thank Christian Berchtold and Prof. Renato
Zenobi (Department of chemistry and appied biosciences, Organic
Chemistry Laboratory, ETH Zurich) for supporting MS-measurements
and access to their scale. In addition, I would like to thank the
group of Prof. Atac Imamoglu (Quantum Photonics Group, Insti-
tute of Quantum Electronics, ETH Zurich), Dr. Jan Alexander Hiss
and Prof. Gisbert Schneider (Department of Chemistry and Applied
Biosciences, Institute of Pharmaceutical Sciences, ETH Zurich) for
measurement time at their balance.

Prof. Andrew deMello and Dr. Xavier Casadevall i Solvas form
the Department of Chemistry and Applied Biosciences at the In-



Acknowledgement 225

stiute for Chemical and Bioengineering (ETH Zurich) are gratefully
acknowledged for the borrowed syringe pumps and helpful discus-
sions.

Many thanks to all the experts that took time for discussion
about drugs and/or saliva. Special thanks go to Dr. Marc Augs-
burger (Centre Universitaire Romand de Médecine Légale, CHUV
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