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Abstract

On-site drug testing using easily accessible body fluids, such as saliva, has gained a lot of
importance both for road safety and forensic applications. However, saliva is a complex,
inhomogeneous amalgam with many different compounds, whose concentrations change
between people and over time. This leads to a wide range of fluid properties, e.g., viscosity,
surface tension, making saliva pretreatment in microfluidic systems extremely challenging.
We present the development, fabrication and characterization of a low-cost, portable microsys-
tem to detect cocaine in human saliva. The chip combines multiphase liquid-liquid extraction
to transfer the cocaine from the infrared (IR) light absorbing saliva to the IR-transparent
solvent, perchloroethylene (PCE), together with on-chip cocaine detection by IR-spectroscopy
(IR-laser, waveguide, detector). This miniaturized sensing platform has been developed as
part of the Nano-Tera project IrSens.

Saliva is a suitable matrix for the analysis of small molecules such as cocaine, but it is found to
be a challenge to process this complex fluid on a microfluidic chip due to the risk of clogging.
The characterization of the rheological behavior of saliva is described and then a suitable
sample pretreatment method is presented. The low-cost UV-curable polymer NOA81 was
chosen as microfluidic chip material and characterized for microfluidic applications. For
research applications a new, highly flexible, and low-cost NOA81 rapid prototyping method
is presented based on scotch-tape masters. Furthermore, this thesis introduces a microflu-
idic chip design combining a simple and robust droplet generation method together with
a geometry for droplet merging in order to perform continuous droplet-based liquid-liquid
extraction. The extraction efficiency of the system was evaluated by state-of-the-art mass
spectrometry measurements. The microfluidic chip has been integrated in an optofluidic
microsystem transferring cocaine from human saliva to the IR-transparent organic solvent
PCE and thereby enabling cocaine detection by IR-spectroscopy.

In this thesis we achieved to develop a simple and robust droplet generation method re-
sulting in precise and controlled droplet sizes, and which allowed to process complex fluids
such as human saliva without clogging. Furthermore, a droplet-based liquid-liquid extraction
system which transfers the cocaine continuously from human saliva to the organic solvent
PCE was established. For these liquids the developed system yielded a two to three times
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higher extraction efficiency than state-of-the-art devices. In addition, we demonstrated that
our system has the potential for cocaine preconcentration in PCE, which is crucial for IR
spectroscopy, our final application.

Keywords: microfluidic, saliva, cocaine, UV-curable adhesive NOA81, rapid prototyping,
continuous liquid-liquid extraction, droplet generation, droplet coalescence, IR-spectroscopy
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Résumé

Le dépistage sur site de substances psychotropes dans les fluides corporels tels que la salive a
gagné en importance de nos jours, car il permet non seulement d’améliorer la sécurité routiere,
mais aussi les applications en expertises médico-légales. Cependant, la salive est un amalgame
complexe et hétérogeéne avec beaucoup de composants différents, dont les concentrations
changent selon les individus et au fil du temps. Cela conduit a une large gamme de propriétés
fluidiques, comme par exemple la viscosité ou la tension superficielle, ce qui rend le traitement
de la salive dans les systemes microfluidiques extrémement difficile. Dans cette these, nous
présentons le développement, la fabrication et la caractérisation d'un micro-systéme portable
et a faible cott, pour la détection quantitative de la cocaine dans la salive humaine. Cette puce
est la combinaison d'un procédé microfluidique d’extraction multiphasique de la cocaine a
partir de la salive vers un solvant transparent a I'infrarouge (IR), le perchloroéthyléne (PCE),
avec la détection de la cocaine par spectroscopie IR (laser IR, guide d’ondes, détecteur). Cette
plate-forme miniaturisée de détection a été développée dans le cadre du projet Nano-Tera
IrSens.

La salive est une matrice appropriée pour I'analyse de petites molécules telles que la co-
caine, mais le véritable défi consiste a traiter ce fluide complexe dans une puce microfluidique
en raison du risque d’obstruction des canaux. Le comportement rhéologique de la salive est
présenté ainsi que notre méthode de prétraitement d’échantillons adapté pour notre puce
microfluidique. L'adhésif UV photosensible NOA81 a été choisi comme matériau a faible cotit
pour la puce, et a été caractérisé pour nos applications microfluidiques. Une méthode de
prototypage rapide, flexible et a faible cofit est présentée sur la base de moules réalisés avec
des bandes adhésives. En outre, cette these présente une structure simple pour la génération
robuste de gouttelettes qui permet de manipuler les liquides complexes sans obstruer nos
micro-canaux. Un systeme microfluidique est présenté, intégrant la génération de gouttelettes
et une géométrie pour la coalescence de ces gouttelettes, de facon a effectuer 'extraction
liquide-liquide a base des gouttelettes d'une maniere continue. Lefficacité d’extraction de
notre systeme a été évaluée par une méthode d’analyse de pointe, le spectrometre de masse.
Le systeme microfluidique présenté a ensuite été intégré dans un systéme optofluidique qui
transfere la cocaine de la salive humaine au solvant organique PCE et qui permet de détecter
la cocaine par spectroscopie IR.



Dans cette these les résultats a souligner sont multiples. Une méthode robuste de géné-
ration de gouttelettes résultant sur des tailles de gouttelettes précises et controlées a été
développée. En particulier cette méthode permet de manipuler les fluides complexes comme
la salive humaine, sans obstruction de nos micro-canaux. De plus, un systéeme d’extraction
liquide-liquide a été réalisé permettant le transfert continu de la cocaine a partir de la salive
vers le solvant organique PCE. Notre systeme montre une efficacité d’extraction au moins
deux a trois fois supérieure a celle de I'état de I'art. Notre systeme présente méme un potentiel
pour la préconcentration, ce qui s’avere crucial pour notre application finale, la spectroscopie
IR.

Mots-clés : microfluidique, salive, cocaine, colle photosensible UV NOA81, prototypage
rapide, extraction liquide-liquide continue, génération de gouttelettes, coalescence de goutte-
lettes, spectroscopie infrarouge



Zusammenfassung

Die Vor-Ort Analyse leicht zugédnglicher Korperfliissigkeiten wie Speichel hat sowohl im Zu-
sammenhang mit der Strassenverkehrssicherheit als auch fiir forensische Anwendungen stark
an Bedeutung gewonnen. Allerdings ist Speichel eine komplexe, inhomogene Fliissigkeit, be-
stehend aus vielen verschiedenen Bestandteilen, deren Konzentrationen zeitlich und zwischen
verschiedenen Personen variieren. Dies fiihrt zu starken Verdnderungen der Fliissigkeitseigen-
schaften, wie zum Beispiel der Viskositit oder der Oberflichenspannung, was das Analysieren
von Speichel in einem Mikrofluidiksystem extrem erschwert. Wir présentieren hier die Ent-
wicklung, Herstellung und Charakterisierung eines kostengiinstigen, portablen Mikrosystems
zum Nachweis von Kokain im menschlichen Speichel. Der hier vorgestellte Mikrofluidikchip
verbindet dazu eine mehrphasen Fliissig-Fliissigextraktion (um das Kokain vom Infrarotlicht
absorbierenden Speichel in das infrarottransparente Losungsmittel Perchloroethylen (PCE)
zu transferieren), mit einer auf dem Mikrochip integrierten Kokaindetektion mittels Infrarot-
spektrometrie (Infrarotlaser, Wellenleiter, Detektor). Diese miniaturisierte Sensorplattform
wurde im Rahmen des Nano-Tera Projektes IrSens entwickelt.

Der menschliche Speichel bietet zwar eine leicht zugéngliche Matrix zur Analyse kleiner Mole-
kiile wie Kokain, stellt aber gleichzeitig auf Grund des Verstopfungsrisikos der Mikrofluidik-
Kanile auf dem Chip durch diese komplexe Korperfliissigkeit eine grosse Herausforderung
bei der Verarbeitung dar. Das rheologische Verhalten des Speichels wurde analysiert und ein
geeignetes Verfahren zur Vorbehandlung von Speichelproben definiert. Das kostengiinstige
und UV-hédrtende Polymer NOA81 wurde als Chipmaterial gewdhlt und spezifisch fiir mi-
krofluidik Anwendungen charakterisiert. Fiir dieses Polymermaterial wird hier eine schnelle,
hochflexible und giinstige Methode zur Prototypenherstellung prasentiert, welche auf simplen
Klebeband-Abformvorlagen basiert. Zudem wurde ein Mikrofluidikchip entwickelt, welcher
eine neue, absolut einfache und robuste Technik der Tropfchenerzeugung mit einer Geometrie
zur Tropfchenzusammenfiihrung vereint um somit eine kontinuierliche, trépfchenbasierte
Fliissig-Fliissigextraktion durchfiihren zu kénnen. Die Extraktionseffizienz dieses Chips wurde
mit einem Massenspektrometer neuster Generation evaluiert. Der entwickelte Fluidikchip ist
Teil eines optofluidischen Mikrosystems, welches das Kokain aus dem menschlichen Speichel
in das infrarottransparente organische Losungsmittel PCE transferiert und somit tiberhaupt
die Kokaindetektion mittels Infrarotspektrometrie erlaubt.



Wihrend dieser Doktorarbeit ist es gelungen eine einfache Methode zur Erzeugung von
Tropfchen mit kontrollierter Grosse zu entwickeln, welche ohne zu verstopfen komplexe
Fliissigkeiten wie den menschlichen Speichel verarbeiten kann. Zudem wurde ein tropf-
chenbasiertes Fliissig-Fliissigextraktionsverfahren entwickelt, welches das Kokain aus dem
menschlichen Speichel in das organische Losungsmittel PCE transferiert. Das geschaffene
System hatte eine mindestens zwei- bis dreimal hohere Extraktionseffizienz als diejenige gin-
giger mikrofluidik Extraktionssysteme. Weiter konnten wir aufzeigen, dass unser System das
Potential zur Kokain-Vorkonzentration im organischen Losungsmittel hat, was entscheidend
ist fiir unsere Endanwendung, die Infrarotspektrometrie.

Schliisselworter: Mikrofluidik, Speichel, Kokain, UV-hértender Klebstoff NOA81, Prototy-

penherstellung, kontinuierliche Fliissig-Fliissigextraktion, Tropfchenerzeugung, Tropfchenzu-
sammenfiihrung, Infrarotspektrometrie
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|§ Introduction

Handling fluids on the micro scale involves very different phenomena from what we are
used to in our daily life. Some physical effects, neglectable at the macro scale, become
predominant. Although nowadays many of these effects are observable, mastering them well
is not so straightforward and building complex microfluidic systems involving several effects
is even more challenging. On the other hand these phenomena open up a huge variety of
new possibilities. Now the whole trick is to take advantage of these high-potential micro
scale effects for every day applications and integrate them in commercial products. This is
one of the key drivers behind the growth in the field of microfluidics during the last years
[1, 2]. Furthermore there is a wide range of applications in the areas such as cosmetics,
pharmaceutics, medical applications, food industry, and drug testing in forensics, where the
sample volumes are limited.

In this chapter some microfluidic basics are explained, an overview of real sample analysis
systems is given, and the project IrSens as well as the goal of this thesis are presented.

1.1 Microfluidics

Microfluidics is a multidisciplinary field interconnecting physics, chemistry, engineering,
micro-, and biotechnology. Microfluidics is also called the art of precisely controlling microliter
volumes of fluids. This implies the size of channels and other features on a microfluidic chip
are in the milimeter to micrometer range. The dimensions are demonstrated with the volume
and the side length of a cube in Table 1.1.

In microfluidics typically different liquids are mixed, separated, moved or used themselves as
transport medium to handle small particles or even biological cells. The fluid flow is either
passively controlled by e.g. capillary forces or by using active techniques such as centrifugal
forces, pumps, and valves. Commonly used pumps for microfluidics provide fluids at constant
pressure or constant flow rate.
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Table 1.1: Typical dimensions of microfluidic systems.

Volume Side length of the cube
1nL | 107 3mm3 100um
1ul | 1mm? 1mm
ImL | 1cm® lcm

Surface-to-volume ratio

Reducing the dimensions of a fluidic system to the micro scale increases the surface-to-volume

ratio. Consequently the relative importance of surface forces (e.g. surface tension, shear stress)

increases as well versus body forces (e.g. gravitational forces, centrifugal forces, inertial forces)

which is expressed by [1] as
surface forces ~ £? 1.1)
—_—_—mmm O( —_—— .
volume forces ~ ¢3 ¢—o0

The relatively larger surface also affects strongly the energy transfer (e.g. heat exchange) and

matter transfer (e.g. diffusion) through surfaces.

Diffusion in a semi-infinite slab

According to Fick's first law of diffusion, the flux j of a matter per area [kg-m~2-s!] from an
interface in direction z [m] into a semi-infinite slab is given by [3]

.~ _po¢ (1.2)
I ="z '

whereas c is the concentration of the matter [kg - m~3] and D the diffusion constant [m? - s71].
The diffusion constant scales roughly with the inverse of the size of the molecule and also
depends on its shape. Therefore, small molecules have a large diffusion constant and are able
to move a longer average distance per time than a large molecule.

Rewritten using the mass balance on a infinite small slab (Az — 0) the diffusion law reads

dc 5%c

5: =Pz (-9

For the following boundary conditions the time-dependent flux becomes

D (—_Zz)(c e (1.4)
I=\ 7 P \apy ) 0 '
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t=0, allz: c=cs
>0, z=0: C=Cp
Z2=00: C=C(Cxo

and at the interface (z = 0)

~ID
J= E(CO—COO). (1.5)

The root mean square distance, x, traveled by a molecule in solution in a time interval, ¢, is
given by [3] as

x~vVvD-t. (1.6)

Interfacial tension

Another important parameter is the interfacial tension y, a force per unit length [Nm™!]. As a
result of the interfacial tension, the surface area of a liquid is minimized and so the free energy
of the interface reduced. The minimum area for a given free volume of a liquid is a sphere,
which is the shape always taken by an isolated droplet. Normally in microfluidic systems
droplets have limited space available and are confined by walls or neighboring droplets, which
is changing their shape. These introduced curvatures introduce a pressure jump, known as
the Laplace pressure Ap [Nm 2], between the inside and the outside of the droplet.

1 1
Ap:y(—+—), (1.7)
where Ry [m] and R, [m] are the two principal radii of the curvature of the interface [4].

The interfacial tension between two liquids y12 can be calculated by using Antonov’s rule [5]

yi2=|y1-72|, (1.8)

where y; and y; are the surface tensions of the liquids measured against air.

Reynolds number

Mainly based on small dimensions and lower velocities in microfluidics the relative impor-
tance of inertial forces and viscous forces is reduced on the micro scale. In fluid dynamics
their ratio is described by the Reynolds number [1], which is defined as

B inertial forces _ puolo (1.9)

viscous forces n
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where p is the fluid density [kg - m~3], vy and Ly are the characteristic fluid velocity [m-s~!]
and the characteristic length [m] of the system, and 7 is the dynamic viscosity [N - m~2 - 5] of
the fluid. If Re > 1, then the inertial forces dominate which results in chaotic flows. If Re < 1,
viscous forces are predominant resulting in laminar flows, where streamlines never cross.

Based on the small dimensions of micro systems, the Re of microfluidic systems is usually
less than 1 representing the conditions of perfect laminarity. This allows finely control of
the flow trajectories and parallel flow even of miscible liquids. This is of advantage for many
microfluidic systems for chemical applications such as the microfluidic H-filter [6] or the field
of optofluidics [7-9]. On the other hand, the laminar flow conditions allow mixing only by
diffusion, which is much slower than what we expect in such confined volumes. Fast mixing
of liquids in microfluidic devices asks for special geometries [10, 11].

Capillary number

On the micro scale the relative effect of viscous forces and surface tension forces acting across
an interface between two immiscible fluids becomes important. Their ratio is described by
the capillary number [1], which is defined as

(1.10)

viscous forces v
a= - —
surface tension forces  y ’

where 1 is the dynamic viscosity [N - m™2 - 5], vy the characteristic fluid velocity [m-s~!] and y
is the interfacial tension [N - m™1].

For Ca « 1 the flow is dominated by capillary forces and interfacial tension. Droplet generation
in a continuous two-phase flow becomes feasible [1, 12]. A critical capillary number for droplet
generation of 1073 was given by [4].

Bond number

Another dimensionless number is the Bond number, which compares gravity to interfacial
tension. The Bond number is defined as [1]
gravitational forces Ang(z)

Bo = - =
surface tension forces Y

, (1.11)

where Ap is the difference of the densities of the involved liquids, g the gravitational accelera-
tion, Ly a characteristic length, and y the interfacial tension.

For Bo « 1 the flow is dominated by interfacial tensions and the gravity can be ignored.
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1.2 Microfluidic Systems Involved in Real Sample Analysis

Since complete microfluidic systems for analysis were first presented [13], they have been
called miniaturized total-analysis-systems (£TAS) or more general lab-on-a-chip (LOC) de-
vices. Typically they include a system of fluidic channels, sites for chemical or biological
reactions and detections, alongside with pumping elements and electronics for data acqui-
sition and control. Balslev et al. of MIC-DTU Denmark presented a nice example of an
integrated LOC system for optical analysis of chemical reactions (see Figure 1.1) [14]. This
system is a hybrid polymer/silicon device based on a silicon substrate containing integrated
photo diodes, while the laser, the waveguides, a mixer, and the microfluidic channels are
made in a SU-8 polymer film on top of the substrate. This section will give an overview of
commercially available devices, a more specific state of the art of microfluidic devices for
saliva analysis and a list of examples of microfluidic chips used together with IR-detection.

i Chig 1 ':—
H 4 \ 8
#

Photodiodes " ____

Cuvette

Figure 1.1: LOC device with integrated microfluidic dye laser, optical waveguides, microfluidic
network, and photodiodes. [14]

1.2.1 Commercialized Microfluidic Systems

For several microfluidic applications — mostly in biology — devices have been commercialized.
Here we like to highlight some examples: Caliper Life Sciences has focused much energy on
providing microfluidic chips for separation and analysis of DNA [15]. BioTrove developed a
device to perform thousands of nanoliter-volume PCRs [16]. Some companies have moved
away from DNA-and protein-based microfluidics. Cellix, founded in 2004, provides a chip with
microfluidic channels which mimic the in vivo conditions of blood vessels [17]. An overview
of companies which entered successfully the microfluidic market is presented in [18].

There are systems available which use for pumping the capillary effect such as the autonomous
chip "ABORh-Card" of Micronics [19] shown in Figure 1.2a. The fully-integrated, credit card
sized device is used to determine the presence of human blood group antigens during blood
transfusions. Otherwise also complete systems with disposable microfluidic chips together
with a chip holder and external pumping are provided as for example the "Fluidic Connect
Pro" of Micronit Microfluidics [20] presented in Figure 1.2b.
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(a) ABORh-Card of Micronics based on capillary (b) Chip holder for external pumping of Micronit
pumping [19]. Microfluidics with disposable microfluidic part [20].

Figure 1.2: Commercialized microfluidic devices with active and passive pumping.
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(a) iSTAT system for detection of electrolyte levels (b) Disc-based microfluidic system for blood analy-
and limited immunoassays [22]. sis sold by Abaxis [23].

Figure 1.3: Commercialized POC devices with readout unit and disposable microfluidic part.

Microfluidic point-of-care diagnostic devices represent a large part of commercialized systems.
Here most popular are the lateral flow tests, which use a membrane or paper strip to indicate
the presence of protein markers in a liquid. They also work with capillary action, they form a
visible band and are interpreted by eye only e.g. the product of Diagnostics For All [21] which
is in development. Otherwise the systems commonly include a readout unit and a low-cost
disposable microfluidic chip as presented in Figure 1.3. The iSTAT system was one of the first
commercially available LOC products. It combines miniature fluidics and electrochemical
detection of electrolyte levels and limited immunoassays [22]. Abaxis used the compact disc-
based approach for blood chemistry analysis to test for small molecule and protein markers
for different diseases [23]. In [2] a broad review of commercialized point-of-care diagnostic
devices together with potential systems in development is presented.

Although a large part of the excitement behind microfluidics is in its potential for practical
applications, surprisingly only few LOC-based systems have been successfully introduced in
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the market so far [2]. There is a huge growth over the last years [1], but the so called "killer
application" as the accelerometers in MEMS, has not been established yet. George Whitesides
of Harvard University believes the solution will be found through an application: "We need to
find applications where it is the result that is the value, not the device." [18]

1.2.2 Saliva Analysis with Microfluidic Devices

Saliva can be collected easily in a non invasive way and drugs have a well defined ratio
between the concentration in blood plasma and saliva [24]. That is why many research
groups work with saliva as diagnostic fluid in microfluidic devices. They look for various
analytes, but mainly for small molecules dissolved in saliva. Different detection techniques like
optical, electrophoretic, chromatographic, electrochemical, immunochemical, or preencoded
microbead-based techniques are investigated. Table 1.2 provides an overview of the reported
techniques together with the associated analytes and the research group working on this
technique.

The Groups of Yager and Wong focus on surface plasmon resonance imaging (SPRI) [25-27].
Researchers around Singh, Niki and Landers explore electrophoretic techniques [28-31] and
Bhansali is using electrochemical detection. The group of Bau approaches the topic with
chromatography [32-34]. Several other groups functionalize microarrays or microbeads and
choose optical detection also using fluorescence.

Nowadays, there are already quite a number of different (mainly immunoassay based), lateral
flow tests or so called drug test strips commercially available for saliva, e.g. DrugWipe®,
Cozart®, OraSure® (see section 1.2.1).

These lateral flow tests are lacking on reliability. Evanescent field spectroscopy (SPRI) seems to
be the most promising technique to detect molecules in saliva. This technique is independent
of the charge/polarizability of the sample (unlike electrophoretic methods), generates a
directly detectable signal without time delay (unlike chromatographic techniques), does
not need any functionalization (unlike immunoassays) and is label-free (unlike fluorescent
label based optical techniques). Evanescent field methods are favored to techniques where
the light is sent through the sample due to the high absorption of IR radiation in water (see
Figure 1.6 in section 1.4).

There are also research groups detecting cocaine in microfluidic devices. Scheller and Stemme
are using mass sensitive piezoelectric/amperometric sensors, called quartz crystal microbal-
ance (QCM) in combination with an immunoassay. They are able to detect 10~7 — 10~9M of
cocaine in water or buffers within 20min [35, 36]. Wang presented an electrochemical device
based on functionalized nanoparticles to detect cocaine in centrifuged saliva with a limit of
detection of 1077 M (= 40ng/mL) [37]. Techniques using functionalization show a good limit
of detection but not with a reasonable time-to-result.
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Table 1.2: Techniques of saliva analysis in microfluidic devices.

Detection Technique Analytes in Saliva Channel dim.[zm] Res. Group
Saliva Preparation depth/with/length
Surface Plasmon Resonance Imaging - SPRI small molecule analytes 62/3600/60000 Yager (25, 26]
filtering: (hormones, drugs metabolites,
syringe filter, ultra filtration, microfluidic H-filter pathogens and markers of oral can-

cer, protein markers of systemic disease,

drug monitoring of antiepileptic drugs)
Surface Plasmon Resonance Imaging - SPRI interleukin-8 50/500/2400 Wong [27]
adding protease inhibitors for sample preservation, (protein secreted by cells)
centrifugation
Electrophoretic immunoassay protein bio-markers of periodontal dis- ~70/~70/n.a. Singh [28]
with fluorescence detection readout ease
off-chip: centrifugation, on-chip: filtration
Electrophoresis bio-markers for oral diseases 25/100/n.a. Singh [29]
membrane filtration (pathogens like porphyromonas gingi-

valis, tanerella forsythensis, treponema

denticola)
Electrophoresis NO-metabolites n.a./n.a./25000 Niki [30]
diluting: 10% saliva in distilled water
Capillary Electrophoresis hydroxyl radical bio-markers 250/1500-2000/2800 Landers [31]
preconcentration, centrifugation, filtration, (trapezoidal shape)
diluting: 25% saliva, 10% 0.1M HCI
Chromatography with optical detection (UpLink reader) bacterial pathogens 250-500/250-500/n.a. Bau [32]
on-chip: cell lysis
Chromatography with optical detection using UPT pathogens n.a. Bau [33]
(Upconverting Phosphor Technology)
some filtration by using Orasure® collector
Chromatography using immobilized proteins antibodies of HIV 380/var./var. Bau [34]
with fluorescence detection readout
dilution
Magnetic bead-based microfluidic platform gDNA n.a. Lee [38]
with fluorescence detection readout (genetic detection)
cell lysis
Preencoded microbead-based detection interleukin-8 380/var./var. Bau (34]
with fluorescence detection readout
dilution
Microsphere-based antibody array bio-markers chamber ‘Walt [39]
with fluorescence detection readout (inflammatory cytokines)
centrifugation
Electrochemical detection using functionalized electrodes cortisol chamber Bhansali [40]
[freeze-thawing, centrifugation
Electrochemical detection using functionalized nanoparticles cocaine chamber Wang [37]
centrifugation
Pattern-based microarrays with optical readout peptides array of wells Anslyn [41]
analysis in aqueous solution
Test strip based optical fiber microarray bio-markers for renal and pulmonary test strips Walt [42]
n.a. disease
Gel-based microarray microbial species diffusion system Stahl [43]

n.a.

Quantum dot bioconjugate microarray proteins n.a. McDevitt [44]
with fluorescence detection readout (cancer markers)

dilution 25% in PBS

Immunochemical-based test strip, Drquipe® cocaine n.a. Samyn [45, 46]
n.a.

Enzyme immunoassay, Cozart® cocaine and its metabolites n.a. Cooper [47]
n.a.

Enzyme-linked immunoassay, OraSure® cocaine metabolites n.a. Kidwell [48]

n.a.
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Figure 1.4: Microfluidic sample preparation used in combination with IR detection.

1.2.3 Microfluidic Chips used in Combination with IR-Detection

The combination of IR-light-based analyte detection with microfluidic systems represents an
extraordinary effort, mainly due to the poor availability of materials for microfluidic chips
which are transparent at wavelengths of the required IR spectra. However, this combination
would result in strong qualitative analyte identification and complement the separation
information [49].

Microfluidic separation techniques have been combined with IR detection methods such as
IR spectroscopy, Fourier transformed IR spectroscopy (FT-IR), attenuated total reflection IR
spectroscopy (ATR-IR) or the related surface enhanced Raman spectroscopy (SERS). Chro-
matography based separation techniques such as liquid chromatography, high performance
liquid chromatography or size exclusion chromatography, are the mostly applied separation
methods [50-53]. The chromatography approach looks promising, but it is hard to integrate
the long channels on a small microfluidic chip. Also electrophoretic separation techniques
such as capillary electrophoresis (CE) and sequential-injection-capillary electrophoresis (SI-
CE) are tested [53-58].

The separation method is either performed off-line with an independent system such as
the piezoactuated flow-through micro dispenser shown in Figure 1.4a or on-line integrated
together with the detection device such as the presented capillary electrophoresis system in
Figure 1.4b.
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Figure 1.5: Concept of the integrated sensing platform for fluids based on IR spectroscopy.

1.3 Project IrSens

The work of this thesis is part of the integrated project IrSens, which is scientifically evaluated
by the Swiss National Science Foundation (SNSF), financed by the Swiss Confederation and
funded by Nano-Tera. The project started in 2009 for a duration of four years under the full
title "Integrated sensing platform for gases and liquids in the near and mid-infrared range".
This section provides an overview of the project including a short description of the objectives
and the concept, the project relevance and a list of involved partners (adapted form the project
description). Further information can be found on www.nano-tera.ch.

1.3.1 Objectives & Concept of the Project

The IrSens project aims to design and build an integrated optical sensor platform with high
performance and reliability which will leverage on the new source, detector and interaction
cell technologies to create a new sensor element with improved performance and lowered
cost. The improvements will be demonstrated by two pilot applications, the first one sensing
in the gas phase, the second one sensing in the liquid phase.

The compact sensing platform for gases is based on a multi path absorption cell with various
compact semiconductor light source and detector types. Infrared absorption spectroscopy
can be used to detect a wide variety of gases. To demonstrate its suitability for breath analysis,
the first part of this project is focused on the detection of exhaled CO,.

The integrated sensing platform for fluids is based on IR laser spectroscopy as well. The idea is
to couple the light source and the detector to an optical module where the analyte in liquid
will flow through a built-in microfluidic channel as shown in Figure 1.5. The microfluidic
system will take care of the on-chip sample pretreatment as well. To improve the limit of
detection and increase the analyte concentration the analyte has to be transfered to a less
absorbing solvent by liquid-liquid extraction. This sensing platform is intended to be used
mainly in bio-medical applications with an emphasis on detection of drugs and doping agents
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in human body fluids: specifically, a first targeted demonstrative application for this sensor
would be the cocaine detection in human saliva.

1.3.2 Relevance of the Project

There is an increasing demand for sensitive, selective, and portable detectors to trace com-
ponents in gases and liquids, e.g. due to increasing concerns about atmospheric pollutants,
and a need for improved medical screening capabilities for early detection of diseases and
abuse of drugs. In this context, the project IrSens aims building a platform based on optical
spectroscopy in the near and mid-infrared range. This method allows probing the vibrational
frequencies of the targeted molecules - most of which are located in the near and mid-infrared
range, and to obtain an unambiguous signature of the investigated gas or liquid. Section 1.2
already highlighted the advantages of a microfluidic system for integrated sample preparation
such as portability, automation, reduction of the sample and reagent volume. Furthermore,
this section also presented the huge pool of new available techniques as well as the potential
for commercialization of microfluidic systems.

1.3.3 Involved Partners and their Roles

In the Nano-Tera project IrSens nine groups of five Swiss research institutes are involved
working towards two pilot applications for a gas and liquid sensing platform. Table 1.3 gives
an overview of their main tasks.

1.4 Objectives of this Thesis

As mentioned in section 1.3, the aim of this research in the framework of the project IrSens
is to develop a portable microfluidic system for cocaine detection in human saliva by IR-
spectroscopy.

A low-cost, disposable chip is required which is easy to fabricate. Therefore, the chip material
is chosen to be a polymer. Polymers are challenging materials and require specific character-
ization. Not only the material itself, but also the fabrication process should be simple and
low-cost, thus rapid prototyping is investigated.

The cocaine is detected by absorption IR-spectroscopy. Unfortunately saliva (99% water)
is strongly absorbing where the characteristic absorption peak of the cocaine molecule is
located (shown in Figure 1.6). So one of the tasks has been to come up with a microfluidic
sample pretreatment design to bring the cocaine from saliva to an IR-transparent solvent by
liquid-liquid extraction.

For better extraction efficiency due to the larger liquid-liquid interface I followed the approach
of droplet-based liquid-liquid extraction. Therefore, I produced first droplets of the organic
solvent (acceptor phase) tetrachloroethylene (PCE) in saliva (donor phase) containing cocaine

11
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Table 1.3: IrSens project partners and their tasks.

Main task

Partner

Development of near- and mid-infrared optical sources
Development of quantum cascade laser (QCL)

Development of vertical-cavity surface-emitting laser (VC-
SEL)

Development of the detection system
Development of quantum cascade detectors (QCD)
Signal analysis

Development of a compact and portable optical sensor
for human breath analysis

Benchmark setup
Demonstrator device

Development of a compact and portable optical sensor
for liquids

Benchmark setup
Waveguide based optical detection
Microfluidic sample preparation

Group of Jérome Faist, ETHZ
Group of Eli Kapon, EPFL

Groupe of Daniel Hofstetter, UniNe
Group of Edoardo Charbon, EPFL
Herbert Looser, FHNW

Group of Markus Sigrist, ETHZ
Group of Lukas Emmenegger, EMPA

Group of Markus Sigrist, ETHZ
Group of Hans Peter Herzig, EPFL
Group of Nico de Rooij, EPFL
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Figure 1.6: Top: Absorption spectra of water and overlapping an over-saturated suspension
[1.3mg/ mL] of cocaine in water. Bottom: Absorption spectra of the cocaine suspension with
subtracted water background. Cocaine shows two strong absorptions peaks at around wave

number 1700cm ™!, but only the left one at 1750cm ™! is characteristic. The other overlaps

with an absorption peak of caffeine.
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inlet 1: saliva & cocaine outlet 1: saliva

inlet 2: PCE outlet 2: PCE & cocaine

Figure 1.7: Principle of the droplet-based liquid-liquid extraction method to transfer efficiently
cocaine from human saliva to the IR-transparent organic solvent tetrachloroethylene (PCE).

for the efficient extraction. As shown in Figure 1.7 these droplets had to be merged again to a
continuous phase for the optical detection.

Furthermore, the microfluidic system has to be compact, portable, and integrable with the
optical waveguide for detection purposes.

The results of our work, implicated by the mentioned goals, is presented in this thesis as
follows:

Chapter 2 will give an overview of the not trivial sample fluid human saliva. We will highlight
the aspect of cocaine in saliva and present the reference method for cocaine measurements.
This chapter will talk as well about the materials used for microfluidic systems and mention the
required material properties. We will present our simple and low-cost fabrication process in
context with the commonly used rapid prototyping methods applied for microfluidic systems.

Chapter 3 will show the characterization of the polymer microfluidic channels with respect to
aspects which are relevant for our application.

Chapter 4 will introduce our robust method to generate droplets of an organic solvent in
inhomogeneous human saliva. The simple geometry will be characterized with saliva samples
and the influences on the size of the generated droplets investigated.

Chapter 5 will demonstrate how we merge stable organic solvent droplets dispersed in the
aqueous saliva to a continuous flowing phase.

Chapter 6 will talk about the microfluidic liquid-liquid extraction or in other words how to
transfer efficiently a solute from an aqueous liquid to an organic solvent. We will identify
the limitations of the state-of-the-art microfluidic devices. We will present the design and
characterization of a new droplet-based system for a more efficient liquid-liquid extraction.
Not only the better surface to volume ration of droplets, but also vortexes induced during
droplet generation are used for our advantage.

13



Chapter 1. Introduction

Chapter 7 will present the integrated sensing device for cocaine detection in human saliva. It
will show the integration of the microfluidic system for sample pretreatment together with the
IR-laser detection by means of an optical waveguide crossing the microfluidic channel.

Chapter 8 will summarize the findings of this research and give an outlook on the future of
the developed liquid-liquid extraction system.
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This chapter gives an overview of human saliva. It presents the advantages of this body fluid as
a matrix for the analysis of small molecules such as cocaine, but also identifies the numerous
challenges we are facing to when using saliva in microfluidic devices. We highlight the aspect
of cocaine in saliva and define our reference method for cocaine measurements. This chapter
also presents the materials commonly used for microfluidic devices and mentions the required
material properties for point-of-care devices. NOA81 is the polymer material we have chosen
to work with. Here we present the appropriate, low-cost, highly flexible, and time-efficient
rapid prototyping method we developed for this UV-curable polymer to fabricate microfluidic
systems for research applications.

2.1 Human Saliva

This section presents background information found in literature about the human body fluid
saliva which is the matrix of our analyte cocaine. Of course also some data about cocaine
itself are listed. In addition we determined some project relevant characteristics of human
saliva before and after pretreatment. Furthermore, the sample collection and preparation is
discussed.

2.1.1 Composition of Human Saliva

Basically saliva refers to the complex mixture of body fluids originating from the salivary
glands, the gingival fold, oral mucosa transudate, and the mucous of the pharynx (throat) and
the nasal cavity. One of the primary function of saliva in the oral cavity is lubrication, which
supports eating, swallowing, and speech [60].

Salivary fluid is an exocrine secretion and has been described as a diluted polymer (mucin)
solution containing long entangled molecule chains, some of which are bonded by secondary
chemical interactions [61, 62]. The composition and consistency of saliva varies greatly
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between and also within individuals. The saliva composition changes over time as well as with
different levels of physical activity [63, 64].

Saliva consists of approximately 99% water. It contains a variety of electrolytes and proteins,
represented by the relatively large mucosal glycoproteins, the enzymes, the immunoglob-
ulins, and some smaller polypeptides and oligopeptides of importance to oral health. In
saliva are also enclosed nitrogenous products, such as urea and ammonia, some traces of
hormones, non-adherent oral bacteria and human cells like epithelial cells as well as blood
cells. Furthermore, you find therein food debris as well as traces of medications or chemical
products [65, 66]. The components listed above generally occur in small amounts and their
concentration varies with changing saliva secretion flow rate [67].

Table 2.1 shows the composition of human saliva. It is not possible to indicate the exact
composition, neither to give a lot of verified concentrations. This domain is not so deeply
investigated and the significant inter-subject and intra-subject variations make the characteri-
zation difficult.

2.1.2 Cocaine in Human Saliva

Cocaine (Cy7 Hy; NOy), chemically known as [1R—(exo, ex0)]-3—(benzoyloxy)—8—methyl—
8 —azabicyclo[3.2.1]octane — 2 — carboxylicacidmethylester, is a relatively compact
molecule and shows a molecular weight of 303.4Da. Its skeletal model is shown in Figure
2.1. Cocaine exists in several forms: as free base alkaloid or as cocaine hydrochloride (salt
form). One gram of the free base cocaine dissolves in 600m L water, 6.5m L alcohol or 0.7mL
chloroform. The hydrochloride form is much more soluble. One gram dissolves in 0.4mL
water, but it is also much less stable and decomposes fast. The hydrochloride is not heat- and
light-resistant.[68]

O

Figure 2.1: Skeletal model of a cocaine molecule [68].

At human physiological pH (7.35-7.45), the tertiary amine group of cocaine would be proto-
nated resulting in a net positive charge. The pKa(15°C) of cocaine is at a pH value of 8.61. In the
human body, the active cocaine degenerates. The primary metabolites of cocaine are called
benzoylecgonine, norcocaine, ecgonine methyl ester, and are formed in the liver. Parallel
consummation of cocaine and alcohol results in a still active molecule called cocaethylene.
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Table 2.1: Composition of human saliva with cocaine.

component weight unstimulated concentration stimulated conc. radius
water 18Da [69] 99% [65]
electrolytes sodium Na* 0.022kDa [69] 2-26mmol/L [24] 13-80mmol/L [24] 1.024 [69]
potassium Kt 0.039kDa [69] 13-40mmol/L [24] 13-38mmol/L [24] 1.51A [69]
calcium CaZ + 0.040kDa [69] 0.5—2.8mmol/L [24] 0.2—4.7mmol/L [24] 1.12A [69]
chloride C1™ 0.035kDa [69] n.a. n.a. 0.08A [69]
magnesium Mgz + 0.024kDa [69) 0.15-0.6mmol/L [24] n.a. 0.72A [69]
bicarbonate HCOZ' 0.061kDa [69]
phosphate POi_ 0.094kDa [69) n.a. 1.5-25mmol/L [24] n.a.
proteins enzymes a-amylase 46 —60kDa [70] +H++ n.a. n.a.
0.4g/L (0.008mmol/L) [24]
‘ lysozyme 14kDa [70] + n.a. n.a.
‘ kallikrein n.a. + n.a. n.a.
statherins 5.400kDa [71] ++ n.a. n.a.
cystatins n.a. ++ n.a. n.a.
proline-rich proteins PRPs (proline C5 Hg NO2) 6-36kDa [70] -+ n.a. n.a.
immunoglobulins secretory immunoglobulin A/sIgA 155kDa [70] +++ n.a. n.a.
194mg/L (0.001mmol/L) [24]
immunoglobulin G/1gG 144kDa [70] + n.a. 53A [24]
14.4mg/L (0.0001mmol/L) [24]
immunoglobulin M/IgM 70kDa [72] + n.a. n.a.
2.1mg/L (0.00003mmol/L) [24]
immunoglobulin D/IgD n.a. + n.a. n.a.
immunoglobulin E/IgE n.a. + n.a. n.a.
glycoproteins mucosal glycoproteins/MG1,MG2 2-40%103kDa (73], - n.a. n.a.
150 —200kDa [70] 0.001% [24]
extra-parotid glycoprotein 18 —20kDa [70] + n.a. n.a.
haptocorrin 60—80kDa [70] + n.a. n.a.
zinc-a2-glycoprotein 41kDa [70] + n.a. n.a.
albumin 67.500kDa [70] + n.a. 36A [24]
B-microseminoprotein 11kDa [70] + n.a. n.a.
nitrogeneous urea CO(NHp)p 60.060kDa [69] 3.4mmol/L [74] n.a. n.a.
products ammonia N H3 17.031kDa [69] 2—-6mmol/L[75] n.a. n.a.
hormones estrogens 0.270-0.288kDa n.a. n.a. n.a.
progestins n.a. 100 -800pmol/L [24] n.a. n.a.
androgens n.a. n.a. n.a. n.a.
corticosteroids n.a. 9-27nmol/L [24] n.a. n.a.
lipids n.a. 8-10mg/100mL [24] n.a. n.a.
cells human n.a. ~8million/mL n.a. 2-25um (76]
bacterial n.a. ~500million/mL n.a. 0.1-2.5um [76]
3.75%10° colony forming units/mL [77]
cocaine 0.303kDa (78] > 1ug/mlL (45,79, 80] n.a. n.a.

n.a: no certified values found

(+) <1%, (+4) 1-5%, (+++) 5-15%, (++++) >15% of total protein amount in saliva [70]
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Figure 2.2: Metabolites of cocaine [82].

When smoking cocaine (pyrolysis) anhydroecgonine methyl ester is formed. Figure 2.2
presents the different metabolites resulting from cocaine degeneration. [81, 82]

Cocaine is produced from the leaves of the plant Erythroxylon coca or by synthesis. Today
Colombia is the world’s leading producer of cocaine. More than three—quarters of the world’s
annual yield of cocaine has been produced in Colombia, both from cocaine base imported
from Peru or Bolivia, and from locally grown coca plants.

There are different ways of consumption. Cocaine is swallowed, smoked, injected or sniffed.
It is an appetite suppressant, an anesthetic and a powerfully addictive stimulant drug that
increases the level of dopamine, a brain chemical associated with pleasure and movement, in
the brain’s reward circuit. It makes the consumers feeling really euphoric. After this first effect,
the consumers fall into a depression. This behavior is mostly responsible for the addiction
already after the first contact. Abusing cocaine has a variety of effects on the human body,
such as constricted blood vessels, dilated pupils, and increased body temperature, heart rate,
and blood pressure.

In Switzerland cocaine is an illegal drug and a zero tolerance policy is followed [83]. The Amer-
ican Substance Abuse and Mental Health Services Administration (SAMHSA) has proposed an
oral fluid screening cutoff of 20ng/mL with cocaine as the target analyte [84, 85].

Samyn et al. showed in an on-site study of 6 subjects (3 smoking, 3 intranasal applications) that
for cocaine users, the saliva concentrations of cocaine exceeded 1000ng/mL (2—4 hours after
the last drug abuse) [45]. Cooper et al. found 28 —360ng/mL cocaine and 18 —263ng/mL of
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the metabolite benzoylecgonine in saliva samples of cocaine users [47]. To test drug detectors
Wang et al. prepared sample concentrations of 12.5 - 1000ng/mL [82]. In general drugs have
awell defined ratio between the concentration in blood plasma and saliva [24]. For cocaine
the oral fluid to blood concentration ratio is about 3, slightly increasing with time [86, 87].

Up to three hours after consumption traces of cocaine remain in the mouth (not when injected).
Already after one hour, cocaine is extracted from blood by saliva glands and secreted again into
the oral cavity. The half-life of cocaine is roughly 0.7 — 1.5h. The time, which cocaine remains
detectable can vary depending on factors like the weight, age, health of the consumers and
frequency of use of the drug. Generally speaking it is detectable in saliva, blood, and urine for
some days and in hair even for months [79, 88].

2.1.3 Collection and Preparation of Human Saliva Samples

This section explains the background of saliva sample collection, reports on its advantages
and disadvantages, and presents the conditions under which samples are usually collected.
Different methods to collect bigger amounts of saliva are explained and compared in terms of
the flow rate. An overview on the most important saliva collector types for lab analysis is given
and some commercially available tools are listed. The last section presents the state of the art
of commonly used saliva sample preparation steps.

Why Collecting Saliva Samples?

To date, oral fluid screening systems for the detection of drugs of abuse have been used in only
a few countries, but now an increasing number of countries are planning to introduce them as
alegal screening device [89].

Collecting saliva as diagnostic fluid brings along many amenities. The main advantage is
the non-invasive and painless collection of samples. Therefore, they can be obtained more
frequently than it would be practical with blood tests. To monitor the patient’s health and the
disease state in shorter time intervals is a highly desirable goal for health care research and
health promotion.

Compared with other techniques as blood sampling, saliva is easy to handle, because it does
not clot. Only minimal trained personal is required (cost factor). Depending on the application
even the ability for self-collection outside of the clinical setting exists.

Small and simple devices can be used for saliva collection and the hygienic standards are less
demanding than for blood tests, which facilitates point-of-care (POC) testing. For on-site drug
testing, the police can take saliva and urine samples. Saliva is preferred to get a snap shot view
of the analyte concentration in the body to probe recent consumption whereas urine gives
more information about consumption some days ago, which is more interesting for workplace
testing and doping tests in sports.

Furthermore, an increasing number of systemic diseases and conditions have been shown
to be reflected diagnostically in saliva. Some substances may reach saliva by passing from
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Figure 2.3: Saliva is produced in the sublingual, the submandibular, and the parotid glands.
Within each of them, a fine mesh of capillaries surrounds a network of ducts that carry saliva
to the mouth. Blood vessels that crowd around the lobed structures make transferring water,
salts, and many circulating proteins and molecules. [90]

blood through the spaces between cells (see Figure 2.3). Hence, most compounds found in
blood are present in saliva as well. This way, oral fluids can be viewed as a filtrate of blood.
Especially, saliva represents a window to the human body for small molecular weight analytes
[64]: correlations between salivary and blood serum concentrations have been established
for several pharmaceuticals [6]. Also a variety of drugs of abuse levels, including those of
marijuana, cocaine, and alcohol, can be monitored [25, 91-93].

In conclusion, saliva is an emergent diagnostic fluid for medical and forensic applications as
depicted above, but it also shows some disadvantages. The main drawback is the unstable
and low concentration of most analytes in saliva. Finally, it is also a matter of the acceptance
in public. There are behavioral perception and cultural reservations against using saliva. In
western countries, for example, the act of spitting is taken as an insult, whereas in some other
cultures it can be considered a blessing. [92]

Conditions for the Saliva Collection

The conditions in the oral cavity (influenced by smoking, meals, and drinks) strongly have an
impact on the composition and behavior of saliva. In addition the composition varies with the
saliva flow as explained in section 2.1.1.

Therefore, conditions of collection as similar as possible have to be taken into consideration
to get comparable measurements. Common guidelines for saliva sample collection do not
exist. Different studies follow different instructions, but over all the rules are within the
same scope: saliva samples are usually collected before brushing teeth and applying make-
up (lipstick). The subjects should refrain from smoking, eating, and drinking for 1-2 hours.
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As a preparation step the mouth is rinsed with cool water to remove food debris and other
non-salivary contaminants. [27, 40, 94]

Methods for Collecting Whole Saliva Samples

Traditionally several methods are used for the collection of large quantities of whole mouth
saliva (the liquid with all ingredients as it appears in the oral cavity). Usually for all of them
the subjects are instructed to tilt their heads forward, keep the eyes open and make as few
movements as possible. [94]

Draining Method The saliva drains out between parted lips into a receptacle held near the
mouth.

Spitting Method The saliva is collected in the oral cavity behind closed lips and is expecto-
rated repeatedly into a receptacle.

Suction Method A tube can be used to suck saliva from under the tongue, the floor of the
mouth into a vessel.

Swab Method Cotton (or synthetic) swabs are inserted under the tongue to absorb saliva
collection on the floor of the mouth.

Stimulated versus Non-Stimulated Collection

The average of total daily flow of saliva ranges from 0.5 —1.5L, depending on the individual
[65]. There are daily and annual variations of the flow rate. Low flow rates occur during sleep,
whereas peaks occur during high activity or stimulation periods. In general, in summer the
flow is much smaller compared to the flow rate in winter time [67, 95]. Also opened/closed
eyes, the position and angle of the head, as well as the extent of movements influence the
salivary flow rate [94].

Gustatory and masticatory stimuli increase the salivary flow at the collection. For detection of
analytes in saliva non-stimulated samples are preferred due to the higher concentration of the
molecules of interest. Navazesh et al. measured the flow rate of stimulated and non-stimulated
saliva collection methods [94]. In a study they compared the different collection methods and
found that resting salivary flow values were roughly equivalent for all the mentioned collection
techniques (see Table 2.2).

Based on the spitting technique, different methods of salivary stimulation were evaluated; two
gustatory methods (drops and filter paper) and one masticatory method (chewing). The first
gustatory stimulus was a 0.1 M citric acid solution (0.17g) applied as droplets on the tongue.
For the filter paper method, 0.1mL of the citric acid solution was applied on a filter paper disc
(diameter = 2cm) which was then gently pressed on the tongue. As masticatory stimulus a
polyvinyl acetate gum base was used for chewing at a rate of 20strokes/ min.
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Table 2.2: Whole mouth salivary flow rates for different collection methods. [94]

Collection Methods | Flow Rate (g/min)
Draining Method 0.47 £ 0.06
Spitting Method 0.47 + 0.06
Suction Method 0.54 £ 0.12
Swab Method 0.52 £ 0.08

Table 2.3: Whole mouth salivary flow rates for different methods of salivary stimulation. [94]

Stimulation Methods | Flow Rate (g/min)

Drops Method 2.64 £0.22
Filter Paper Method 1.51 £0.21
Chewing Method 2.38 £ 0.52

The stimuli induce significantly higher salivary flow rates compared to resting levels, but also
the between- and within-subject variances were higher. As shown in Table 2.3 stimulation
produced a remarkable higher flow rate, whether individual resting flow rates at the beginning
were low or high.

After around five minutes stimulating the flow, saliva gets highly diluted. Due to this dilution,
stimulating will inevitably also change the pH and concentration of the analyte in the oral
fluid. For instance for cocaine, the concentration lowers about five-fold [96].

To conclude the way of saliva collection is not crucial. The quantity is given by the natural flow
rate of saliva and is independent of the collection method [94]. The flow rate (rate of secretion)
can be stimulated but that tends to dilution after a few minutes of collection (lower analyte
concentration).

Commercially Available Saliva Collection Tools

Whole saliva collected as mentioned in the section "Methods for Collecting Whole Saliva
Samples" is often contaminated with food and other debris from the mouth, and is also
relatively viscous. This is why it can be difficult to work with saliva in the laboratory. In addition,
the collected volume will often be less than 1m L. To handle these challenges the following
three general saliva collecting methods got established: wipe collectors, swab collectors, and
collectors on device. In the following subsections, each type is described and illustrated with
an example. Table 2.4 presents a selection of commercially available collectors reported in
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literature. Most of them are used for immunoassay based drug tests. The detection limit for
cocaine is also reported in Table 2.4 as well.

Wipe Collectors The subject wipes or just places a cotton or foam pad collector mounted on
a stick in the mouth and let it draw oral fluid. Usually a container is also provided for
the later transport to the lab. Some of these containers are empty and only seal against
contamination, sometimes they contain liquid preservatives to stabilize and dilute the
samples. As an example Figure 2.4 shows the wipe saliva collector OraSure®.

=QrEsure

¢

Figure 2.4: Wipe saliva collection tool: OraSure®; white pad collector on blue stick provided
with transportation bag containing liquid preservatives. [97]

Swab Collectors Using the swab collectors the subject is asked to chew for a certain time
on the swab which draws saliva. The masticatory motion stimulates the salivary flow
primarily and in addition the swabs are also available prepared with citric acid for
gustatory stimulation (refer to section 2.1.3). Figure 2.5 shows the commonly available
swab collector called Salivette®. Here the subject places the cotton swab in the mouth,
chews it for about 1 minute, and put it then into the Salivette® tube within a closable
insert. After saliva extraction in the lab (e.g. by centrifugation), this closed inner tube
containing the swab can be hygienically disposed.

Figure 2.5: Swab saliva collection tool: Salivette® system with stopper, swab, insert, and
Salivette® tube (left to right). [98]

Collector on device Collection and testing are here integrated in one device. During the test
(holding or wiping in mouth), saliva is collected directly at the collection pad on the
device, which eliminates sample adulteration or contamination. As an example of such
an integrated collector the device OraTect® is presented in Figure 2.6.

=

Figure 2.6: Collection on device tool: OraTect®. [97]

ELT
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Table 2.4: Selection of collectors reported in literature (roughly split into the presented meth-
ods; wipe collectors, swab collectors, and collectors on device) [64, 99, 100]. For immunoassay

based drug tests the detection limit for cocaine is indicated.

Name of collector | Method of operation cocaine det. limit
OraSure® wipe and preservative diluent 1.5ng/mL [48]
Oracol absorbent foam swab which is then cen- | n.a.

trifuged
Drquipe® wipe only (tongue or skin) 50ng/mL [101, 102]

Cozart® collector

absorbent foam pad plus diluent

10-300ng/mL [103]

Driger Drug Test® | absorbent foam pad with diluent n.a.
Intercept® absorbent foam pad with diluent n.a.
OralScreen® absorbent foam pad only, drops applied | 15ng/mL [104]
to device
Quantisal™ absorbent foam pad plus diluent n.a.
SalivaScreen® absorbent foam pad, drops applied to de- | 30 —40ng/mL [46]
vice
Salivette® cotton wool swab which is then filtered | n.a
and centrifuged
Toxiquick® absorbent bud, saliva squeezed in syringe | 50ng/mL [105]
to apply on device
OralLab® collector squeezed to apply saliva in test | 10 —20ng/mL [46, 106]
cartridge
Transorb® wicks absorbent, filtering devices n.a.
Mini-UniPrep™ collection and integrated filtration n.a.

OraTect® absorbent directly connected to device 20ng/mkL [102, 107]
UpLink™ absorbent directly connected to device 200ng/mL [102]
OraLine® direct application to oral cavity, or use of | 25ng/mL [108]

other collectors
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Depending on the application only the most important challenges mentioned at the beginning
of this section are solved. The problem of contamination is reduced by a provided sealed
container or by collecting directly onto the device. To overcome the low sample volumes, the
collected sample can be mixed with a dedicated diluter (reduction of the analyte concentra-
tion), which also can take over the function of a preservative. In general the viscosity of the
saliva samples can be reduced by the common freeze-thaw-centrifugation (FTC) technique.
During this process the long protein chains are broken and then separated.

To sum up, there are many different collectors commercially available (Table 2.4). Three
general methods got established: wipe collectors, swab collectors, and collectors on device.
Detection devices integrated on the collector show reliabilities of 60 — 80% [109].

The problem of contamination can be reduced by collecting directly onto the device. To
overcome the low sample volumes, the collected sample can be mixed with a dedicated diluter,
which can also take over the function of a preservative. Using swab or some kinds of wipe
collectors reduces the viscosity directly, because debris and some bulky proteins remain in
the swab tissue. Actually all techniques influence in some way the composition of saliva due
to different transfer efficiencies of the different components. [99, 110]

Regardless of the collection method for the subsequent analysis, the samples are usually
filtered or centrifuged to further reduce the viscosity. For filtration, often syringe filters
showing a pore size of 0.2um are used [26]. Centrifugation to remove bulky proteins is typically
performed in a small tube at 4000 times g for around 10min [64].

Preparation of Saliva Samples

The tiny microfluidic channels, junctions, and nozzles are at high risk of clogging, because
whole saliva samples show a high viscoelasticity and often contain food debris and cells as
mentioned in section 2.1.1. Therefore, some basic sample preparation steps are inevitable.
Here, we present a list of state-of-the-art techniques applied to whole saliva samples as sample
preparation steps prior to be used as liquid in microfluidic devices:

filtration:
* syringe filter
* ultra filtration
» microfluidic H-filter

centrifugation

dilution

freeze-thawing

cell lysis

For our application the filtration preparation method presented among others by Yager et al.
seems to be the most interesting. It is a flexible, portable, and low-cost technique. Centrifu-
gation already needs a machine in the lab. Dilution is not applicable in our case due to the
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(a) Clogged microfluidic channel by food de- (b) Saliva filtered by PES syringe filters (pore
bris, cells, and large proteins present in unfil- size 0.2um) in a microfluidic channel.
tered saliva.

Figure 2.7: Effect of saliva filtration.

already low analyte concentration in saliva. Freeze-thawing and cell lysis are rejected because
they alter the cocaine molecule.

2.1.4 Saliva Samples in the IrSens Project

Saliva donors were chosen randomly with good variation of gender and age. Prior the sample
collection, the donors were asked to refrain from eating, drinking, and smoking for at least
one hour and to rinse their mouth with water. We collected human saliva samples using
the spitting method (see section 2.1.3). No stimulation, neither mechanical (chewing) nor a
chemical stimulant, was applied to avoid dilution and consequently a decrease of the analyte
concentration.

Saliva samples were processed individually for the saliva characterization experiments. To get
a more representative, averaged sample, the saliva collected from different donors was mixed
together for all the other experiments such as the absorption or extraction measurements.

The samples were filtered to remove food debris and a big part of the long glycoproteins (see
Figure 2.7) as suggested in [26]. We used PES (polyethersulfone) syringe filters showing a pore
size of 0.2um (Carl Roth GmbH, Karlsruhe, Germany). This filtering step reduced the saliva
volume by a factor of around 2. The small cocaine molecules passed through the filter. No
change of the cocaine concentration in saliva was observed comparing the concentration in
filtered and unfiltered samples.

The pH value of the sample was adjusted and stabilized at pH 9 by adding 10% of a buffer
concentrate (Titrisol® buffer concentrate, Merck, Switzerland). This pH value was chosen to
be higher than the pKa value of cocaine for better extraction conditions, but still as low as
possible, since components of the buffer may attack the substrate of the optical waveguide of
the final integrated system (hydroxide OH™ attacks silicon).
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Figure 2.8: Time evolution of the pH value (in %) of natural and buffered (10% buffer concen-
trate) human saliva samples. pH measurements were performed by an ISFET-based sensor in
500ug/ mL cocaine spiked saliva samples. Error bars indicate the standard deviation for 19
samples of different donors.

Finally saliva samples were spiked with powder of free base cocaine (purity higher than 98%,
Lipomed, Switzerland). The cocaine was purchased with the permission of the Cantonal Drug
Administration of Neuchatel.

2.1.5 Adjustment of the pH-Value of Human Saliva

Saliva is slightly acidic in steady state, showing a normal pH value of 6 to 7. The pH value in
salivary flow can be in the range from 5.3 at low flow conditions up to 7.8 at the peak flow. [66]

Saliva has a certain buffering capacity to buffer to the physiological pH value of around 7.
There are three main buffering systems involved (see Table 2.1):

- phosphate buffer, stable
- protein buffering system, stable mostly active to buffer acids

- bicarbonate buffer system, changes when exposed to air

The bicarbonate buffer system is no more balanced, when saliva is exposed to air. CO, escapes,
which decreases the H30" concentration in saliva and results in a higher pH value. [111]

Adding cocaine (base) to saliva, the pH value slightly increases. In our study with samples
of 19 donors the pH value increased from 7.44 to 7.75 by adding 500ug/ mL of cocaine. The
pH value then further increased (4.5%) over time mainly due to the unbalanced bicarbonate
buffer system. The value can be stabilized by adding 10% of Titrisol® buffer concentrate,
whereas smaller concentrations of buffer (1%) were not able to stop the raise of the pH value
(see Figure 2.8).
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2.1.6 Rheological Characteristics of Human Saliva

In this section we present the basic theory, some references as well as our own measurements
of some important rheological characteristics of saliva samples such as the viscosity, the
viscoelasticity, and the surface tension.

Viscosity

Viscosity is the measure of the internal friction of a liquid. This internal friction becomes
apparent when a layer of a liquid is moved in relation to another layer. The friction is larger,
when the amount of force (shear stress) required to cause this movement (shear rate) is larger.
Viscosity is defined as the ratio of shear stress to shear rate, which is given by

shear stress T (Pa.s] @1

=———=—[Pa-s], .
n shear rate [€]

where 7 is the shear stress [Pa] and |¢| the shear rate [s~!]. Water at 20°C has a viscosity of
1.002mPa-s=1.002¢P [68].

Ostwald-de Waele model This model is a two-parameter power-law model, a simplification
of the Carreau-Yasuda model. The Ostwald-de Waele model describes the viscosity as a
function of the shear rate.

n(EN = m- 1", (2.2)

whereas m is a parameter called flow consistency index and 7 is the flow behavior index:

n<1, non-Newtonian shear-thinning,
n=1, Newtonian fluid with n=m,
n>1, non-Newtonian shear-thickening.

Water is an example of a Newtonian fluid, where the shear stress is directly proportional to
the shear rate. So called pseudo-plastic, or non-Newtonian shear-thinning fluids show lower
viscosity at higher shear rates, and are usually solutions of large, polymeric molecules in a
solvent with small molecules.

Shear-thinning Saliva Saliva is a shear-thinning, non-Newtonian fluid. High molecular
weight glycoproteins (mucins)(see section 2.1.1) are responsible for this complex rheological
behavior [62]. At rest or low shear rates the long protein chains are in irregular order, and
therefore a resistivity against flow is observed (i.e. high viscosity). At higher shear rates the
mucins disentangle and become aligned in parallel to the driving force, what allows them to
slip on each other more easily. In conclusion, the viscosity of saliva decreases with increasing
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Figure 2.9: Shear rate-dependent viscosities of several human saliva samples of a single donor
on different days (fine lines), averaged and smoothed values (boxes), the fitted Carreau-Yasuda
model (bolt line), and as comparison a representative Newtonian fluid (circles) [73].

shear rates as presented in Figure 2.9. Helton and Yager measured at shear rates up to 0.02s!
almost constant viscosity of around 400mPa-s. In the range of 0.02s~! to 1000s~! they
observed the transition region. For higher shear rates saliva is in the Newtonian regime [73].
Waterman et al. derived for saliva a dynamic viscosity of 104Pa- s [60]. Davis concludes
saliva is a highly viscoelastic fluid and shows viscosity values of 0.01Pa - s to 40Pa- s in a
frequency range of 2.5 * 1073 Hz to 10Hz [112]. This demonstrates the high inter-subject
and intra-subject variations what is also confirmed by Rantonen, Panu [110] and our own
measurements (see Figure 2.10).

We measured the viscosity of saliva as well, but in a smaller range of shear rate. These results
correspond well with the measurements of Helton and Yager [73] (compare Figure 2.10a and
2.9). Furthermore, we investigated the effects of sample preparation on the viscosity. Our
viscosity measurements presented in Figure 2.10 are recorded with a Brookfield Viscosimeter
LV DV-1I+Pro (Brookfield, Germany) using a spindle CPE-40. The measuring inaccuracy was
around 2% (max 9%). Samples were prepared as described in section 2.1.4. Filtration (removing
some of the large gylcoproteins) reduced the viscosity overall, but the shear-thinning behavior
remained as shown in Figure 2.10a. Spiking with cocaine and dilution with buffer reduced
obviously the shear-thinning behavior. But the effect was considered as pH-value independent
as presented in Figure 2.10b.

The curves of Figure 2.10 describing the shear rate dependent viscosity can be fitted well to
the Ostwald-de Waele model showing R-square values > 0.97 (see Table 2.5).

Studies in literature report considerable reduction of the salivary viscosity by 17 —50% within
only three hours, caused by proteolytic degradation of mucins by the bacteria present in our
mouth [62].
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bols represent the measured values before filtration donors) with 500ug/mL of cocaine and the effect of
and empty symbols the values after filtration. additional buffering on the viscosity.

Figure 2.10: Shear rate dependent viscosity measurements of human saliva samples.

Table 2.5: Fitting parameters of the Ostwald-de Waele model for the curves presented in Figure
2.10.

curve m n

Figure 2.10a: unfiltered saliva 15.05 | 0.6893
Figure 2.10a: filtered saliva 22.52 | 0.6020
Figure 2.10b: filtered saliva 6.76 | 0.7433
Figure 2.10b: filtered saliva with cocaine 4.65 | 0.7846
Figure 2.10b: buffered, filtered saliva with cocaine | 1.567 | 0.9414
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Viscoelasticity

The viscoelasticity is described by the frequency dependent dynamic moduli G’ (elastic storage
modulus, representing the solid-like component) and G” (viscous loss modulus, representing
the liquid-like component). In the frequency range of 0.5 — 10 Hz values < 1 were determined
for the ratio of G” to G’, which indicates saliva to be a more elastic and gel-like solution [73].

Surface Tension

The surface tension of different human saliva samples was measured with a Kibron AquaPi
(EZ-Pi) (Kriiss, Germany). Samples were prepared as described in section 2.1.4. Filtration did
not influence the surface tension (see Figure 2.11a), whereas adding cocaine or buffer solution
to saliva reduced its surface tension (see Figure 2.11b). Bases (cocaine or buffer) introduced
in water disturb the hydrogen bonds between water molecules, which resulted in this lower
surface tension.

2.2 Reference System for Cocaine Measurements

The method commonly used to detect cocaine in human body fluids is mass spectrometry
(MS). The machine used is a heavy, non-portable laboratory apparatus (Figure 2.12). Our
reference measurements were performed by the Swiss Laboratory for Doping Analyses (LAD)
at the Centre Hospitalier Universitaire Vaudois (CHUV) in Lausanne. This laboratory is accred-
ited by the World Anti-Doping Agency since 1991 and ISO 17025 certified. The samples were
measured with a class leading ultra performance liquid chromatography - mass spectrometer
(UPLC-MS). The machine Xevo TQ-S from Waters is designed for the most demanding quan-
titative UPLC-MS applications [113]. It features an off-axis ion source technology, known as
StepWave, for accurate, robust, and reproducible measurements with an overall measurement
uncertainty of 5%. In the system the column UPLC BEH C18 1.7um was used.

A calibration curve was recorded using well defined cocaine concentration standards (see
Appendix A). Linearity was observed for the concentration range 5 —2500ng/mL. Higher
concentrations had to be diluted for the measurement. Our samples were always analyzed the
same day as the microfluidic experiment was performed because it was observed that most of
the cocaine in saliva was transformed to its metabolites within 5 days as also observed by [88].

2.2.1 Sample Preparation for Mass Spectrometry
Sample preparation protocol for cocaine detection in human saliva

100uL of the saliva sample was mixed with 500uL dilution solution (80% acetonitrile, 20%
water) and 400uL water. Then 5uL of the mixture was injected in the mass spectrometer.
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(b) Influence of spiking filtered saliva (mixture of samples of 19 donors) with 500ug/mL of
cocaine and the effect of additional buffering on the surface tension.

Figure 2.11: Surface tension measurements of different human saliva samples. Error bars
indicate the standard deviation for 3 independent measurements.
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Figure 2.12: Ultra performance liquid chromatography - mass spectrometer Xevo TQ-S from
Waters [113].

Sample preparation protocol for cocaine detection in PCE

100uL of the PCE sample was mixed with 900u L dilution solution (80% acetonitrile, 20% water)
and then the liquid completely evaporated. The container containing only the cocaine was
refilled with 1mL of water and well mixed before 5uL were injected in the spectrometer for
the analysis.

2.3 Materials used for Microfluidic Devices

First microfluidic systems were fabricated by the well-developed techniques of the microelec-
tronics and integrated circuit industry. Microfluidic channel networks can be achieved by
photolithographic steps and by wet and dry etching: Plasma etching results in nearly vertical
channel walls, anisotropic wet etching produces V-shaped grooves and isotropic wet etching
produces D-shaped channels. More complex 3D networks of microfluidic channels can be
made by bonding several patterned layers together. [114]

These devices made in glass, silicon or quartz, are slowly replaced by cheaper polymer devices
mainly because the price of the substrate material is too high for high volume production.
Furthermore, for glass, silicon or quartz are too many fabrication steps involved, which raises
the time and cost of fabrication and the geometrical designs are limited.

Much work has been focused on creating inexpensive, disposable polymer devices for high-
throughput production. Most commercially available devices are fabricated in polymers such
as polycarbonate (PC) and polymethylmethacrylate (PMMA). Micronics (founded in 1996 and
acquired by Sony in 2011) was one of the first companies who recognized the importance of
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Table 2.6: Comparison between polymers and glass properties with respect to their use for
microfluidic applications.

Polymer

Glass

Manufacturing
costs

low relative to glass, especially for
mass production

higher in cost, especially for large-
area substrates and due to clean-
room facilities

Fabrication com-
plexity

simpler than for glass

time consuming and expensive wet
chemistry

Clean-room facili-
ties

not necessary

often required

Material
ties

proper-

wide selection of polymers with dif-
ferent properties

less variability

Operation temper-
ature

limited because of low glass transi-
tion temperature

higher relative to polymers

Optical properties

optical transparency lower than glass

excellent optical properties, very low
autofluorescence

Bonding

different options: adhesives, thermal
fusion, plasma, ultrasonic and me-
chanical clamping

time consuming compared to poly-
mers: thermal, adhesive and anodic
bonding

Surface treatment

available, but not yet well established

established using silanes

Compatibility with
organic solvents or
strong acids

generally not compatible with most
organic solvents and strong bases or
acids

good resistance

Geometrical flexi-
bility

many different channel

sections possible

Cross-

limited

Permeability to
gasses

generally higher permeability relative
to glass

no permeability

plastics in developing POC diagnostics. They developed thin-film laminate-techniques and
injection-molding for microfluidic chips (see Figure 1.2a) [19, 115].

An overview of the most commonly used materials and developed fabrication methods for
polymers such as hot embossing, injection molding, and different casting methods was
presented by C.E. White in 2003 [116].

2.3.1 Comparison of relevant Properties for Microfluidic Applications between
Glass and Polymer

Glass is an amorphous solid material. Polymer materials show a porous structure and consist
of long, high molecular mass polymer chains. This completely different chemical structure
results also in different material properties. Table 2.6 compares glass and polymers with
respect to relevant properties for microfluidic applications. The presented table was adapted
and simplified from [117].
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2.3.2 Material Requirements for Microfluidics

Microfluidic material requirements have been discussed by several authors in the literature
[117-119] and correspond basically to the points listed in Table 2.6.

Regarding Table 2.6 for some criteria glass shows better material properties. But depending
on the final product, the less expensive polymers might be the better choice, because these
criteria, for which glass performs better than polymers, are less relevant or even neglectable
for a specific application.

For polymers attention has to be paid especially to thermal properties and chemical resistance
against certain solvents or strong acids. For observations in microfluidic devices the optical
properties (transparency, autofluorescence) play an important role. For sensing applications
the adsorption properties definitely have to be investigated.

2.3.3 Polymer Materials used in this Work

The microfluidic devices used in this project were mainly realized using UV-curable adhesive
NOAS81 from Norland Optical Adhesive (Norland Products Inc, Cranbury, NJ, USA). NOA81
contains among other substances mercapto-esters and its polymerization is a thiol-ene based
crosslinking [120]. Compared to polydimethylsiloxane (PDMS), NOA81 has better chemical
resistance, is impermeable to air and water vapor, and is less prone to swelling upon contact
with fluids [121]. The higher stiffness of the cured polymer (compared to PDMS) of around
1GPa [122, 123] allows higher clamping pressures, which is needed for droplet generation on
a microfluidic chip at high flow rates.

NOA81 was used either in its pure form, or modified by mixing 1 wt% of APTES (Sigma-Aldrich
GmbH, Buchs, Switzerland) in the uncured polymer. The surface modifications on the UV-
cured polymer were performed either by oxygen plasma or by vapor-phase silanization using
the fluoro-silane FOTCS (ABCR GmbH, Karlsruhe, Germany).

This polymer is designed for optical applications, but already in 2008 molding-based fabrica-
tion methods for microfluidic chips using NOA81 have been reported. Advantages of this novel
material over the commonly used PDMS for low-cost microfluidic devices were presented, but
a useful characterization of NOA81 was still missing. [122]

SU-8 from MicroChem (Newton, MA, USA), a negative epoxy resist, was processed by pho-
tolithography. SU-8 is a material which is known for very precise prototypes and devices [124].
We used this epoxy to fabricate masters for molding.

PDMS is probably the most commonly used polymer material for microfluidic devices, but it
shows poor chemical resistance [125]. Therefore, its use is mainly restricted to aqueous fluids
and not a suitable material for the microfluidic channels in our project. We used PDMS (PDMS
184, Sylgard, Dow Corning, Midland, MI, USA) for pattern transfer in context with molding
techniques.
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2.4 Rapid Prototyping of Microfluidic Devices

The first microfluidic systems were fabricated by the established fabrication technologies of
microelectronics and microelectromechanical systems (MEMS) which allow for the develop-
ment of a wide range of devices with different functionalities [114]. By replacing silicon and
glass with polymer materials, new fabrication technologies were developed as presented in
this section.

For research applications rapid prototyping methods are used [126]. These methods enable
low-cost chip production and facilitate rapid design changes at the cost of high-volume
production [127-130]. Rapid prototyping of microfluidic devices commonly implies liquid
polymer casting on a structured master, polymer curing, demolding of the structured hard
polymer and its bonding to a substrate in order to close the channels.

Here in this section we present methods to make the masters as well as the overall rapid
prototyping process we developed for the polymer NOA81 with respect to the IrSens project.

2.4.1 Master Fabrication

Typically masters for rapid prototyping are made in glass or silicon or with a little bit higher
geometrical flexibility by photolithographical structuring of an SU-8 epoxy layer. In this
section the method using SU-8 is explained and in a second part we present our own master
fabrication method based on Scotch-tape which is much more efficient in terms of fabrication
time and is really low-cost, since no clean room environment is required. The Scotch-tape can
be cut by hand, using a CNC-cutter or with higher precision also by a CNC-laser.

PDMS Master Based on SU-8 Photolithography

Figure 2.13 presents the well established process mainly used for fabrication of microfluidic
systems made of soft polymers like PDMS. We applied this method at the beginning of the
thesis to build structured PDMS parts, which were then used again as masters for NOA81
molding [131].

Scotch-Tape Master

We developed our own method to build low-cost Scotch-tape based masters for polymer
molding inspired by a Chips & Tips article [132].

Common microscope glass slides were cleaned with ethanol and then we stuck gently a film of
Scotch-tape on top (avoiding air bubbles being trapped). The negative structure of the desired
microfluidic channels was printed on paper which was then put under the glass slide. This
pattern was easily transfered to the Scotch-tape film by following the lines (visible through the
glass slide) with the scalpel. An advanced example is shown in Figure 2.14.
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Figure 2.13: PDMS master fabrication: First SU-8 epoxy on a glass substrate was structured
by standard photolithography. PDMS was casted and cured on this SU-8 structure and then
demolded to be used as a master itself.

rough smooth

Figure 2.14: Picture of a Scotch-tape master with rough and smooth tape and showing different
channel heights realized by different amounts of Scotch-tape layers.

Our method allows building multi-layer masters easily, which is extremely time consuming
with the other well established methods. Furthermore, our method makes it possible to
adjust the wetting behavior of the channel walls by employing Scotch-tapes with different
roughnesses.

Multi-Layer Masters Based on cutting the structures by hand, our method shows quite
weak accuracy in lateral dimensions (~200um), but the height of the channels was very well
controlled. The Scotch-tape we used showed a homogeneous and almost not compressible
thickness of 49 + 2um. The fact that the Scotch-tape is not compressible allows building multi-
layer masters very precisely in the vertical dimension (unlike other tapes showing variations
in the height over more than 50%). The height of stacks with different amounts of layers was
measured (Alpha-Step IQ Surface Profiler, KLA-Tencor, error +2um) and a linear dependency
found as shown in Figure 2.15.
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Figure 2.15: Thickness of the stack increases linearly with the amount of Scotch-tape layers.
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Figure 2.16: Wetting behavior of water on pure NOA81 surfaces molded and cured on rough
and smooth Scotch-tape.
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Wetting Behavior Using Scotch-tape on the master with different roughness results in differ-
ent wetting behavior of the replicated microfluidic channel walls. The NOA81 surface molded
on the smooth, transparent tape (Transparent Scotch 550, 3M, France) is more hydrophilic
than the one molded on the mat tape (Magic Scotch 810, 3M, France). This was investigated
by dynamic contact angle measurements with water droplets (see Figure 2.16).

2.4.2 Fabrication & Assembly of the Microfluidic Device for the project IrSens

For the development of the microfluidic system we performed rapid prototyping based on
the Scotch-tape masters (presented in section 2.4.1). An overview of the fabrication process is
given in Figure 2.17.

glass slide )

Scotch-tape .

Figure 2.17: Fabrication process for NOA81 chips molded on Scotch-tape masters: A micro-
scope glass slide was cleaned with ethanol first (1), then a Scotch-tape was stuck on top (2)
and the desired negative structure of the microfluidic channel was cut out by hand with a
scalpel(3). On this Scotch-tape master NOA81 was casted and cured under the UV-lamp (4).
The demolded structured NOA81 part (5) was then bonded to a glass or silicon substrate by
means of oxygen plasma (6).
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NOAS81 was casted on the Scotch-tape masters and then cured by exposure to UV-light
(1.5mW/cm? at 365nm wavelength for 22min). Then the cured polymer was separated
from the master which remained reusable for around 5-10 other molding cycles. Fluidic inlet
and outlet holes were drilled into the channels to have later on access to the microfluidic
channels. The structured NOA81 part was then exposed to oxygen plasma twice for 15s (400W,
2.45GHz,500—700mTorr, 400cm3/min O, flow) together with the substrate (silicon or glass)
before both parts were pressed together for bonding. Metallic connectors were glued (2 tone
epoxy, Devcon) on top of the holes of the microfluidic chip to be able to connect the tub-
ings. For aging of the polymers, the chips were put in the oven at 60 °C for at least 12/ [123].
A completed microfluidic chip on a glass substrate is shown in Figure 2.18. An additional
temperature treatment at 130 °C for 1/ improved the bonding between NOA and the glass
substrate.

Figure 2.18: NOA81 microfluidic chip bonded on a microscope glass slide with metallic
connectors glued on top for the tubing.

2.5 Microfluidic Measurement Setup

Our microfluidic chips (see Figure 2.18) were analyzed upside down under a microscope
(Olympus) with the microfluidic measurement setup presented in Figure 2.19. Liquids were
provided with two syringe pumps (PHD 2000 Infusion/Withdraw, Harvard Apparatus). If
needed, the pressure at the microfluidic outlets was adjusted by the pressure control system
(MFCS-8C, Fluigent). Images and video sequences were acquired using a high-speed camera
(Phantom V210, Vision Research). To get bright enough pictures at high frame rates (short
exposure time), a transmission setup for the illumination was chosen (see Figure 2.19b). The
light source was placed under the chip , only separated by a light diffusor.
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Figure 2.19: Microfluidic measurement setup.

2.6 Discussion

The human body fluid saliva is the perfect matrix for non-invasive, POC detection e.g. for
roadside testing. Small molecules present in blood are expressed through the saliva glands and
can be found in saliva as well in a fixed ratio [79]. On the other hand, saliva is a really complex
fluid showing huge inter- and intra-subject variations. The very fast changing concentrations
of the ingredients influence the analyte level, the pH value, and the rheological properties
(63, 64]. The latter ask for a highly robust microfluidic systems. Furthermore, saliva is a
non-Newtonian fluid, which does not make it impossible to use saliva as a diagnostic fluid
in microfluidic devices, but it is definitely challenging [73]. We characterized the rheological
properties of saliva before and after the basic sample pretreatment, which includes filtration
and pH value stabilization (important for repeatability of our extraction process).

Mass spectrometry is the state-of-the-art method for cocaine detection in human saliva. We
used a class leading ultra performance liquid chromatography - mass spectrometer in collabo-
ration with the Swiss Laboratory for Doping Analyses for our cocaine reference measurements.

We presented materials used to build microfluidic devices together with specific material
requirements which are important for LOC devices. Polymers are finding their way to microflu-
idic applications, but still today it is a challenge to find the appropriate polymer material for a
complex microfluidic system which fulfills all the relevant material requirements for a specific
application. We decided to work with NOA81, a material designed for optical applications, but
suggested as a promising material also for microfluidic chip fabrication [122, 133]. Due to the
new field of application still many material properties need to be characterized and verified
which was done in the framework of this project and will be presented in the next chapter.
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A new material asks also for a suitable fabrication method. In research and development, rapid
prototyping techniques are popular [125, 128-130]. We developed our own low-cost, highly
flexible, and time-efficient rapid prototyping method for NOA81. This method is not as precise
as other established ones, but the achieved fabrication accuracy is more than enough for our
application. Feature sizes smaller than ~10um are anyway not applicable with human saliva
samples because of the risk of microfluidic channel clogging. If higher accuracy is needed,
the Scotch-tape could be structured by laser cutting, which on the other hand implies higher
costs and longer fabrication time.

2.7 Summary

In this chapter we put an emphasis on the nature of saliva and its usage as a sample liquid
for the detection of small analytes, e.g. cocaine, in the human body. We explained and
characterized the applied saliva sample pretreatment before using the saliva samples on
microfluidic chips. We focused on the influence of these pretreatments on the rheological
behavior of the human body fluid. Furthermore, the advantages of polymers as chip material
for microfluidic systems were explained. We developed our own low-cost, time-efficient, and
highly flexible microfluidic chip fabrication method for the UV-curable polymer NOA81. We
also present the basic microfluidic measurement setup to analyze the fabricated devices.
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During the last decade polydimethylsiloxane (PDMS) has become one of the most commonly
used and reported material in literature for low-cost molding-based fabrication methods
of microfluidic systems [127]. However, its application range is limited by poor mechanical
strength and chemical resistance against most non-aqueous solvents. The group of Whitesides
investigated the solvent compatibility of PDMS-based microfluidic devices [125]. The major
problem they observed was swelling. Furthermore, stable surface modifications to adjust the
wetting behavior are lacking for PDMS [134, 135].

In 2008, Norland Optical Adhesives (NOA 81 and NOA63) were suggested as a substitute of
PDMS for rapid prototyping of microfluidic devices [122, 136]. These UV-curable glues were
originally designed to bond optical components or fiber optics, but are also well suited for
molding based replication of microfluidic structures [121, 122, 131, 136].

Since NOA is a new material for microfluidic applications, not many material properties
are known and need to be investigated. This chapter shows the characterization of NOA81
polymer microfluidic channels with respect to project relevant aspects. The resistance against
IR-transparent organic solvents is important, because cocaine will be extracted to such a
matrix for IR-spectroscopy. The cocaine absorption has to be investigated since we would not
like to lose our analyte in the chip material. Because we are working with a two-phase system
(aqueous and organic phase) to control the wetting behavior of channel walls is essential. We
also characterize the materials UV-characteristics and its performance for rapid prototyping.
Results are always put in relation to values of the commonly used material PDMS.

This chapter is based on a journal publication in Sensors and Actuators B [137] as well as on
the conference contributions to uTAS 2010 [138] and the IMCS 2012 [139].
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Figure 3.1: Delamination occurring on plasma-bonded NOA81 channels during their exposure
to organic solvents.

3.1 Chemical Resistance Against Mid-IR-Transparent Organic Sol-
vents

The compatibility of NOA81 chips with different organic solvents was evaluated with an
emphasis on IR-transparent organic solvents, which could be used as carrier medium of
the analytes for IR-spectroscopy. The results of this section were published in Sensors and
Actuators B [137].

3.1.1 Method

In order to test the chemical compatibility, microfluidic chips with a simple meander shaped
microfluidic channel were fabricated of NOA81 by rapid prototyping (as explained in section
2.4.2). The structured part as well as a thin film of NOA81 (cover plate) were treated by oxy-
gen plasma, and then bonded together as shown in Figure 3.1a. In this way an all-polymer
microfluidic channel made of NOA81 was achieved.

The microfluidic chips were analyzed under the microscope as described in section 2.5. Differ-
ent organic solvents were pumped through the microfluidic channels at a rate of 1L/ min.
The solvents attack the bonding site first. The delamination of the microfluidic-channel-part
from the flat cover plate (starting at the microfluidic channels) was characterized to quantify
the chemical compatibility of the solvents with the microfluidic chip. Measuring from the
channel wall, we determined the length of the delamination / with respect to time (see Figure
3.1).
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Figure 3.2: Delamination distance of the bonding site of NOA81 chips for exposure to different
organic solvents. Measurement data with a measurement uncertainty of +5um is plotted
together with the corresponding fitted Washburn equation.

3.1.2 Results

Our samples resisted against the following IR-transparent (mid-infrared range, around a
wavelength of 1 = 6um) organic solvents with low polarity: n-pentane, n-hexane, cyclo-
hexane, n-heptane, isopropyl alcohol, and tetrachloroethylene. At least for more than 5 hours
no effect, neither swelling, nor delamination, was observed under the microscope. Ethanol,
toluene, methanol, and ethyl acetate, which are all as well transparent at a wavelength around
6 um, attacked slowly the bonding site of the NOA81 chips. These solvents will only be suited
for microfluidic experiments on NOA81 chips limited in time, e.g. for disposable chips. The
delamination front advanced much faster with Tetrahydrofuran (THF) and chloroform, as
well as with non-IR-transparent (at A = 6um) solvents like dimethylformamide (DMF), 1,2-
dichloroethane, acetonitrile, and acetone.

The delamination (Figure 3.1) we observed for some organic solvents is most probably based
on swelling of the polymer. For solvents affecting the NOA81 chips the delamination distance
is plotted over time in Figure 3.2. The obtained results show a diffusion-limited behavior and
are in accordance with the classical Washburn equation [140, 141]. This theory suggest the
relation of the diffusion distance / to the time ¢ as

N =

I~t2. 6.1

We fitted our results to the Washburn equation with a linear delamination coefficient, which is
given for each solvent in Table 3.1. For these measurements only oxygen plasma bonded chips
were studied in detail. A few tests indicated, that the same behavior was valid for microfluidic
chips bonded by UV-curing, which also supports the assumption that delamination was
caused by swelling. Cracks were never observed in the NOA81 microfluidic chips, unlike for
other solvent-resistant polymer materials [142].
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Table 3.1: Organic solvents used for compatibility tests in NOA81 chips bonded by oxy-
gen plasma with corresponding delamination coefficient of the Washburn relation and IR-
transparency in the midinfrared wavelength range around 6um.

solvent delam. coeff. | delamination | IR-transp.
water 0 no no
n-pentane 0 no yes
n-hexane 0 no yes
cyclo-hexane 0 no yes
n-heptane 0 no yes
isopropyl alcohol 0 no yes
tetrachloroethylene 0 no yes
ethanol 1.45 slow yes
toluene 1.72 slow yes
methanol 2.84 slow yes
ethyl acetate 4.37 slow yes
THEF 8.24 fast yes
DMF 14.62 fast no
1,2-dichloroethane 17.96 fast no
acetonitrile 19.10 fast no
acetone 20.94 fast no
chloroform 25.65 fast yes

3.2 Cocaine Adsorption

PDMS is known as a good adsorbent of cocaine. Because of this adsorption property, PDMS is
even commonly used for solid-phase micro-extraction (SPME) of cocaine [143, 144]. Adsorp-
tion on our microfluidic channel walls represent a loss. Such a loss of the analyte (cocaine) has
to be avoided. So for our sensing project we are looking for a polymer material with preferably
low adsorption of the analyte. This section presents the results of the adsorption tests on
NOAS81 channel walls contributed to the IMCS 2012 [139].

3.2.1 Method

We made all-polymer NOA81 microfluidic channels by means of rapid prototyping using a
SU-8 based master as described in section 2.4 and section 3.1.1. The design is shown in Figure
3.3a and consists of a simple serpentine microfluidic channel (150 m wide and 40um deep).
The total surface of the UV-curable adhesive exposed to the liquid, including inlet and outlet
ports, was 12.65mm?.
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Figure 3.3: Cocaine adsorption measurement setup.

Different cocaine concentrations dissolved in saliva and tetrachloroethylene were flowed
through the microfluidic chips at a flow rate of 10u// min. Saliva was collected from healthy
adult volunteers (pH 6.8 + 0.2), filtered through a commercially available PES 0.22um syringe
filter, and spiked with cocaine.

The same concentrations were also pumped through a reference system consisting only of the
tubing (of equal length) as presented schematically in Figure 3.3b. The cocaine concentration
(c) of the samples flowed through the polymer microfluidic chip and the reference system was
determined by liquid chromatography - mass spectrometry (see section 2.2) and then used to
calculate the recovery rate (r).

_ Cmicrofluidicsystem

r= -100% (3.2)

Creferencesystem

3.2.2 Results

A very high recovery rate of the cocaine was observed in the aqueous (saliva) and organic
(tetrachloroethylene) solvent. Except for the lowest cocaine concentration (20ng/ml), the
saliva samples showed recovery rates higher than 92% (see Table 3.2). Low values of the
standard deviation confirm stable recovery rates. We observed low adsorption at low flow rates
for microfluidic systems. Theoretically, we expect even less adsorption at higher flow rates.
The whole adsorption test was repeated with polymer microfluidic chips aged for 3 month.
No significant difference between fresh and old chips was measured.

From literature we already know the UV-curable polymer NOA81 shows low adsorption of
proteins (interleukins) from blood [145]. Compared to these values, we observed in our study
of molecule adsorption an even better, remarkably high recovery rate for the analyte cocaine.
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Table 3.2: Mean recovery rate, standard deviation (SD), and coefficient of variation (CV)
given in % for the solvents saliva and tetrachloroethylene as function of different cocaine
concentrations.

cocaine concentration human saliva tetrachloroethylene
recoveryrate | SD | CV | recoveryrate | SD | CV
20ng/mL 85 21 | 24 86 11 | 13
2ug/mL 93 4 |5 91 12 | 14
20ug/mL 92 13 | 14 89 16 | 18
400pg/ mL 101 8 | 8 100 2 | 2

3.3 Adjustable Wetting Behavior

In this section different methods to modify the surface properties of NOA81 are investigated
and quantitatively characterized by dynamic contact angle measurements. As a new ap-
proach to make the surface of the polymerized NOA81 more hydrophobic, we mixed APTES
((3-aminopropyl)triethoxysilane) as an additive to the uncured polymer by the thiol-ene click
reaction (efficient, and high yielding addition of functional groups) [146]. This allows ho-
mogeneous control over the wetting behavior, which is difficult to achieve with liquid [147]
or vapor-phase surface treatments, particularly of those parts located deep within closed
microfluidic systems. The common vapor-phase silanization using FOTS ((Tridecafluoro-
1,1,2,2-tetrahydrooctyl)trichlorosilane) was applied to NOA81 as a reference treatment. These
findings were confirmed by AFM (atomic force microscopy) as well as by XPS (X-ray photoelec-
tron spectroscopy) measurements. We also give examples of multi-phase flow microfluidic
systems where the adjustment of the wetting behavior of microfluidic channel walls plays an
important role.

The results and applications presented in this section were published in the journal Sensors
and Actuators B [139].

3.3.1 Method

Sheets of PDMS were cured at room temperature on silicon wafers to achieve homogeneous
and flat PDMS surfaces. For the analysis of modified NOA81 surfaces, the UV-glue was cured
sandwiched between two of these PDMS sheets (in contact with the PDMS side molded on
the silicon wafers). The approximately 1mm thick, cured NOA81 layer was then transferred
onto a glass substrate for more convenient handling.

To study the wetting behavior of cured NOA81, dynamic contact angle measurements using
water droplets on the sample of interest in ambient air were performed with an optical contact
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Figure 3.4: Dynamic wetting behavior analysis on different NOA81 surfaces.

angle goniometer (Drop Shape Analysis System DSA 10, Kriiss GmbH, Hamburg, Germany).
For each sample the advancing (growing droplet) and receding (shrinking droplet) contact
angles were measured (see schematic in Figure 3.4a). The static contact angle at equilibrium
of the water droplet can be calculated from the dynamic contact angles using the theory of
Tadmor [148].

The topography of the NOA81 surfaces was evaluated by surface roughness analysis using an
AFM (Veeco Dimension 3100, Digital Instruments, Mannheim, Germany) in the tapping mode
on 3um X 3|um areas.

XPS (Axis Ultra DLD, Kratos Analytical, Manchester, U.K.) was applied to investigate the
chemical composition of the surfaces. Depth profiles were achieved by performing ion etching
between two different measurements. Measurements were performed at 60° inclination for
better surface sensitivity and at 90° for the depth profiles measurements.

3.3.2 Results

A typical dynamic wetting behavior test result is shown in Figure 3.4a. A comparison of all the
modified surfaces is presented in Figure 3.4b and Table 3.3. Without any modification NOA81
was hydrophilic, showing an advancing contact angle of ®, = 80 + 3° and a receding contact
angle of ©, =20 +7°. After oxygen plasma treatment, the surfaces showed a reasonably stable
perfect wettability in air (stable at least for 4 days, ©, = 30+3°, ©, = 10+7° after 26 days). Static
contact angle measurements on NOA81 surfaces of Hung et al. confirm these results [121].
Storage of the samples in water further enhanced the hydrophilicity of the plasma-treated
surfaces. The plasma treatment on NOA81 was much more stable compared to PDMS. The
plasma-treated PDMS surfaces recover fast their hydrophobic character if allowed to react

49



Chapter 3. Characterization of Microfluidic Channels Made of UV-Curable Adhesive

Table 3.3: Dynamic contact angles (advancing and receding) measured 26 days after fabrica-
tion and calculated, corresponding equilibrium contact angles using the theory of Tadmor
[148] for different NOA81 surfaces.

NOA8I1 surface contact angle [°]
advancing | receding | equilibrium

pure 80+3 207 48+5

oxygen plasma treated 30+3 10+7 21+£5

1% mass fraction of APTES 115+3 59+3 81+3

vapour phase silanisation (FOTS) 113+3 61+3 82+3

with ambient air (change of contact angle from 15° to 79° within 200min) [134]. Following
the concept developed in [149, 150], we added 1 wt% of APTES to uncured NOA81 and un-
like vapor-phase silanization using APTES in gas phase, the surfaces were found to be more
hydrophobic (0, =115+ 3°, ©, =59 + 3°). Samples stored in water recovered their original
hydrophilicity after 10 days, but no change was observed (at least for more than 10 days) if the
samples were stored in a low polar solvent, like e.g. toluene.

By mixing this additive in NOA81, we obtained similar hydrophobicity, both in terms of contact
angle and stability in time (>40 days) as the hydrophobicity originating from a vapor-phase
silanization using FOTCS after plasma activation of the surface (0, =113 +£3°, ©, =61 +3°).
This reference treatment is a well-known method of chemically modifying silicon, glass, and
PDMS surfaces [151].

Adding larger mass fractions of APTES in uncured NOAS81 (> 1%) did not increase its hydropho-
bicity, but inhibited the polymerization of the UV-glue. Probably a competitive reaction with
the amine groups in NOA81 runs even before the UV-polymerization. NOA81 with more than
7% APTES by weight was hard to cure completely.

This simple modification using APTES allows easy control over the wetting behavior of micro-
and nanoscale parts hidden deep in microfluidic systems, which is hard to achieve by surface
modification techniques, e.g vapor-phase silanizations. The characterization of NOA81 sur-
faces was performed with a number of samples from different fabrication batches at different
times of the year. This assesses the reproducibility of these results.

Generally, changes in wetting behavior stem from modifications of surface topography or
chemistry. A roughness analysis was performed by AFM on both NOA81 surfaces and on
samples of NOA81 containing APTES. No difference in roughness was found. Samples of
pure NOA81 and APTES-modified NOA81 showed height deviations taken from the mean
data plane of 0.7 £ 0.2nm (see Figure 3.5). In addition, no differences were found between
fresh and 20 days old samples. Therefore, a change in the topography based on the additive
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(a) AFM image of a surface of pure NOA81 (b) AFM image of a surface of NOA81 con-
for roughness analysis; Root mean square taining 1 wt% APTES for roughness analysis;
average of height deviations measured from RMS (Rq) = 0.665nm.

the mean data plane RMS (Rq) = 0.697nm.

Figure 3.5: AFM roughness evaluation.
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Figure 3.6: Comparison of XPS spectra of pure NOA81 and NOA81 with 1% APTES by weight.
Measurements were performed at 60° inclination for better surface sensitivity.

APTES mixed in NOA81 could then be excluded. Images of samples containing APTES were
much more difficult to acquire, most probably due to electrostatic forces, which resulted in a
blurring effect (as seen when Figure 3.5a and Figure 3.5b are compared).

This phenomenon, together with the fact that the induced hydrophobicity (resulting from
the additive APTES) was fading in water, already indicate, that the hydrophobicity of the
surfaces of samples containing APTES is based on a chemical modification. Indeed, XPS
measurements confirmed a different chemistry on the surfaces (see Figure 3.6). However,
our interpretation of XPS measurements could not go deeper in the understanding of the
changes in the surface chemistry, since the specific chemical identity of NOA81 is being
withheld as a trade secret by the provider. The polymerization of NOA81 is based on thiol-ene
crosslinking [120, 121] potentially enhanced by the use of isothiocyanates as the formation of
urethanes has been reported to be characteristic for NOA polymers [136]. In the latter case, the
formation of a urethane by means of amine-thiocyanate reaction is possible allowing APTES to
be chemically bound to the polymer chains [146, 152], which could be confirmed by the lower

51



Chapter 3. Characterization of Microfluidic Channels Made of UV-Curable Adhesive

sulfur concentration found on samples containing APTES. We expect the ends of the polymer
chains holding an APTES molecule to be exposed to the surface for entropy equilibrium
reasons. The resulting apolar methyl groups of APTES on the surface (fact supported by
the higher carbon concentration measured by XPS) would then be responsible for the more
hydrophobic surface.

3.3.3 Application

A method for the fabrication of a closed microfluidic channel with hydrophilic and hydropho-
bic surfaces was developed and is presented here as an application for the adjustable wetting
behavoir of NOA81 surfaces.

Fabrication process of closed, all-polymer microfluidic channels with adjustable wetting
behavior

Microfluidic channels with adjustable wetting behavior can be fabricated by adapting the
process described in section 3.1.1. Completely hydrophilic channels were fabricated by
exposing both parts to oxygen plasma before assembly. The joining of two NOA81 parts
containing APTES and further UV-curing resulted in an entire hydrophobic channel. With
the presented simple rapid prototyping technique, a closed, all-polymer microfluidic channel
with hydrophilic and hydrophobic surfaces in the same microfluidic channel can be realized
easily. A microfluidic channel with vertically separated wetting properties was achieved by
joining two differently modified parts: A hydrophobic thin sheet of NOA81 containing APTES
was combined with a hydrophilic structured part (treated with O,-plasma) or vice versa (see
Figure 3.7, left). Horizontal separation of the wetting properties was obtained, when the two
liquid polymers, NOA81 and NOAS81 containing APTES, were casted on the same master at
the specific places; pure NOA8]1 at locations, which should be hydrophilic, NOA81 containing
APTES at locations, which have to be more hydrophobic in the end (see Figure 3.7, right).

vertically separated: horizontally separated:

| — | s
— % = C—
""""'Y e

~
[] glass
o ==

= hydrophilic
. e hydrophobic

Figure 3.7: Rapid prototyping methods for hybrid chips showing hydrophilic and hydrophobic
surfaces in the same microfluidic channel. Vertically (left) and horizontally (right) separated
wetting behavior can be achieved.
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Figure 3.8: Left: Oil-in-water droplet generation: Ethyl acetate droplets generated in saliva (col-
ored with amarant) in a hydrophilic microfluidic channel (flow rates: ethyl acetate 0.3uL/min,
saliva 6uL/min). Right: Water-in-oil droplet generation: Saliva (colored with amarant)
droplets generated in ethyl acetate in a hydrophobic microfluidic channel (flow rates: saliva
0.5uL/min, ethyl acetate 20uL/min).

Applications for chemical resistant microfluidic chips with adjustable surface properties

As a first example, microfluidic flow-focusing devices (MFFD) were fabricated for oil-in-water
and water-in-oil droplet generation (see Figure 3.8). To allow oil droplet generation in an
aqueous environment, fully hydrophilic, pure oxygen-plasma treated NOA81 microchannels
must be used. First, they were filled completely with the aqueous solvent (saliva colored with
amarant) and then the organic solvent (ethyl acetate) was added through the channel located
in the middle. By adjusting the ratio of the flow rates of the aqueous to the organic solvent, the
droplet sizes can be varied. For water-in-oil droplet generation the opposite is valid, and fully
hydrophobic channels were needed. The hydrophobicity of NOA81 surfaces was induced by
mixing small amounts of APTES in the uncured polymer before molding as described before.
The microfluidic systems were able to withstand a pressure drop of more than 15 bar (flow
rate of 360 L/ min) without any deformation, which is several times higher than what PDMS
based systems allow [122].

For the second application, an all-polymer hybrid channel (hydrophilic and hydrophobic
surfaces) was realized to demonstrate the successful handling of a multi-phase flow (see Figure
3.7, left). The microfluidic channels were T-shaped with two inlets and one outlet. For this
experiment the two fluids were introduced in the channels at the same flow rate of 1L/ min.
In pure, untreated NOA81 samples the organic solvent (toluene, 0.8669g/mL, similar density
as water) flowed next to the water (colored red with 5mM amaranth). However, when the same
fluids flowed in hydrophilic channels with a hydrophobic (NOA81 & APTES) cover, a vertical
separation of the laminar flow was established, with the organic solvent flowing preferentially
along the hydrophobic surface (see Figure 3.9a). This behavior was confirmed using a so called
microfluidic H-filter with two inlets, two outlets, and hydrophilic / hydrophobic side walls (see
Figure 3.7, right and Figure 3.9b). In this H-filter configuration, we clearly observe the aqueous
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phase (red) separated from the organic phase (transparent) as it follows the hydrophilic walls
of the microfluidic channel. Both observations of the applications of the multi-phase flow
handling are consistent with previous studies of surface-directed liquid motion control in

microfluidic channels [153].

(@) (A) Microscopic top view of the junction of un-
treated NOA81 channels (50um wide, 20um deep),
where the organic solvent and the colored water
meet (same flow rate of 1L/ min). The two phases
are flowing next to each other. (B) Hybrid NOA81
channel (50um wide, 20um deep) with a hydrophilic
(solid line) bottom side and hydrophobic (dotted
line) top side. The organic solvent and the colored

water meet with the same flow rate of 1uL/min).

A vertically separated laminar flow is established,
whereupon the organic solvent flows alongside the
hydrophobic surface.

3 W, L G e e

(b) Microfluidic H-filter chip with two inlets and
two outlets. Water colored with amaranth is intro-
duced on the left-hand side, hexane on the right-
hand side. (A) Schematic view of the situation
on a chip without surface modification: A paral-
lel laminar flow is established and the liquids stay
on their appropriate side. (B) Schematic view on
the same situation on a chip with hydrophilic (solid
line) and hydrophobic (dotted line) channel walls:
The liquids are forced to switch sides and leave the
main channel on the opposite side (water on the
hydrophilic side, hexane on the hydrophobic side).
(C) Picture of the situation on the real chip with
modified walls as described in (B).

Figure 3.9: Application of hybrid NOA81 chips.

3.4 UV-Characteristics

For the UV-curable adhesive NOA81, optical characterization for fluorescent based detection
systems is missing. In this section we present a comparison of fluorescent emission spectra of
various types of NOA as well as the time evolution of the spectra of the most promising one -
NOAS8I. As an application, we show the capillary electrophoresis (CE)-injection of a fluorescent
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dye, and its detection by means of fluorescence microscopy. This optical characterization of
NOA was presented in the yTAS 2010 conference [138].

3.4.1 Method

In the visible light range, NOA81 is transparent. For more specific optical characterization of
the material, samples of different NOA types were compared with PDMS samples (all of the
same uniform thickness, 2mm) using a spectrofluorimeter (Infinite M200, Tecan, Switzerland).
NOA samples were cured by exposure to UV-light (1.5mW /cm? at 365nm wavelength for
22min). For the analysis, two different wavelengths were used for excitation (470nm and
546nm).

3.4.2 Results

At the excitation wavelength of 470rnm, the fluorescence emission of NOA81 is higher than the
one of PDMS (see Figure 3.10a). But the emission intensity is only half of the intensity of NOA63,
which is recommended for fluorescence applications [154]. At the excitation wavelength of
546nm, NOA81 has a comparable fluorescence emission as PDMS (see Figure 3.10b). The low
auto-fluorescence of NOA81 at 546 m makes it as suitable as PDMS for fluorescence detection
based devices. Figure 3.11a shows the evolution of the fluorescent emission spectrum of
NOAB8I1 at the excitation of 470nm. The intensity decreased after fabrication and was stable
after 8 days. For the excitation at 546nm, the spectra were stable already after 2 days (see
Figure 3.11b).

3.4.3 Application

As an application, we present the fluorescence microscopy detection of a CE-injected plug of
Rhodamine B in a chip made of NOA8I.

Fabrication of a Capillary Electrophoresis Chip

The device for CE consisted of a classical T-channel (50um wide, 20um deep) and was fabri-
cated by rapid prototyping of NOA81 as explained before in section 2.4. For NOA81 molding, a
PDMS master was used, which was a replica of an isotropically etched glass wafer (see Figure
3.12a).

Fluorescence Microscopy Detection through a NOA81 Chip

The CE experiments were performed with a Zeiss Axiovert S100 fluorescence microscope (Carl
Zeiss AG, Germany) equipped with a Xenon 100W power light source and a high-sensitivity
CCD camera (Kappa AG, Germany). A programmable HVS 448-6000D 8-channel high-voltage
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Figure 3.10: Comparison of fluorescent emission spectra of different NOAs and PDMS as
reference value. The spectra are recorded 20 days after chip fabrication. The gray region
around each plot represents the standard deviation of the measurement.

180+

300 1 after uv-curing after uv-curing
280 1 day later 1604 1 day later
260 ] |~ 2 days later (& temp. treat.) 2 days later (incl. temp. treat.)
240 |—— 8 days later 1404 —— 8 days later
220.] |— 20 days later —— 20 days later
556.] 1204
5 5
£ 1404 £ 804

120

100 -/\M‘\\\\ 60—

80} - N
60 ] 40+
40 20 —Em = > RN
20 R S
0 T T T T T T 0 T T T T T
550 600 650 700 750 800 600 650 700 750 800
wavelength (nm) wavelength (nm)
(a) Excitation at Aoy = 470nm. (b) Excitation at Agy = 546nm.

Figure 3.11: Evolution of fluorescent emission spectra of NOA81 for two different excitation
wavelengths; directly after the UV-curing, 1 day after the fabrication, 2 days later, and after
a temperature treatment of 60° C for 2/, 8 and 20 days later. The intensity is decreasing and
stable 8 days after the fabrication. The gray region around each plot represents the standard
deviation of the measurement.
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supply (LabSmith, CA, USA) allowed to apply three different voltage sequences for the sample
loading and injection inside the separation channel of the microchip. We set the injection
method and the corresponding voltages according to [155]. As demonstrated by the intensity
profile in Figure 3.13, the fluorescence intensity peak of Rhodamine B was easily detectable in
the NOA81 microchannel thanks to the low autofluorescence of this material.
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(a) Design of the microfluidic capillary electrophore- (b) Image of the microfluidic chip for capillary elec-
sis chip. The channel lengths are given in mm. trophoresis experiments made by rapid prototyping
of NOA8I.

Figure 3.12: Capillary electrophoresis chip.
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(a) CE injection of a sample of Rhodamine B (200M, (b) Relative pixel intensity picture of the Rhodamine
Aex = 540nm, dey = 625nm) in a 10mM sodium B plug captured by the CCD camera.

phosphate running buffer at pH 9. An electric field

of 330V /cm was applied along the NOA81 sepa-

ration channel. The plot shows the mean inten-

sity measurement of a well defined plug over time,

6.2mm away from the channel intersection.

Figure 3.13: Capillary electrophoresis experiment in a polymer NOA81 chip.

3.5 Low-Cost Rapid Prototyping

For the rapid prototyping method presented in section 2.4 two things are important: First, the
material has to be able to wet the master and flow in between tiny structures to reproduce
them. Second, the material needs to show a good bonding strength to a substrate material,
which closes the microfluidic channels.
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3.5.1 Replication Capability

NOA81 shows a really high replication capability. Even nano structures can be reproduced
as proven by the replica of an AFM XYZ-calibration nano-grid (see Figure 3.14). The nano
grid CS-20NG (Innovative Solutions, Bulgaria) shows structures of a pitch size of 500nm and a
vertical height of 20nm.

In the context of replication, the feature shrinkage from the master to the replica is important
as well. Relative to PDMS a neglectable shrinkage of less than 1% was measured for NOA81.
Values for the materials PDMS and NOA81 are given in Table 3.4.
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(a) AFM XYZ calibration nano grid CS-20NG [156]. (b) AFM measurement of the replicated nano
grid.

Figure 3.14: Replication of nano structures by NOA81.

Table 3.4: Shrinkage of sizes of nanofeatures from master to replica.

Silicon-PDMS | PDMS-NOAS81

vertical 37,9+3,6% 0,4+0,5%

horizontal 0,4+0,5% 0,6+0,7%
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3.5.2 Bonding Strength

A good bonding strength is important to be able to apply pressure on the liquids in the
microfluidic chip. We exposed test samples to oxygen plasma (2x 155, 400W, 2.45GH z, 500 —
700mTorr, 400cm3/ min O, flow) for surface activation before bonding. The failure stress
was evaluated on 10mm x 10mm test samples with a pull tester (Instron 3344, UK) (see Figure
3.15). NOA8I1, bonded to a NOA81 surface, failed at 0.59M Pa, the combination NOA81-glass
at 1.40M Pa and NOAS8]1 joined with a silicon substrate separated at 0.94M Pa. These values
are all higher than the optimized bonding strength achieved with PDMS (see Table 3.5) [157].
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(a) Tensile stress measurement until failure (b) Overview of failure stress for NOA81 test samples

(debonding) of a NOA81 test part bonded ona bonded to different substrates. Error bars indicate

glass substrate. the standard deviation for at least three measurement
curves of each material combination.

Figure 3.15: Evaluation of the oxygen plasma bonding strength of NOA81.

Table 3.5: Comparison of the bonding strength of NOA81 and PDMS.

Substrate NOAS81 PDMS[157].

NOA81 / PDMS | 0.59MPa 0.40MPa

glass 1.40MPa | 0.51MPa

silicon 0.94MPa n.a.
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3.6 Summary

There has been an increasing need for novel materials with better chemical compatibility, easy
and more stable surface modifications, and a simple and cost-effective fabrication process.
In 2008, Norland Optical Adhesives (NOA81 and NOA63) were suggested as a substitute of
PDMS for rapid prototyping of microfluidic devices [122, 136]. These UV-curable glues were
originally designed to bond optical components or fiber optics, but are also well suited for
molding based replication of microfluidic structures [121, 122, 131, 136].

It was presented that NOA is a solvent-resistant (toluene), biocompatible (culture of HeLa cells)
material with native hydrophilicity enabling one to fill microfluidic channels with aqueous
solutions by capillary forces [121, 154]. Both NOA81 and NOAG63 are transparent in the visual
range allowing observation of colored liquids or beads through the material. Besides the acti-
vation of the NOAB81 surfaces by oxygen plasma, no report about other surface modifications
was found in literature.

In conclusion, several interesting aspects of an indeed promising, but widely unknown ma-
terial were presented. We performed a broad characterization of microfluidic channels to
evaluate NOA81 as chip material for the IrSens project.

NOAS81 chips showed a much higher chemical resistance against organic solvents compared
to PDMS. Our chips were resistant against the IR-transparent (at a wavelength of 6um) or-
ganic solvents n-pentane, n-hexane, cyclo-hexane, n-heptane, isopropyl alcohol, and tetra-
chloroethylene. Neither swelling, nor delamination was observed after 5 hours of exposure.
The solvents ethanol, toluene, methanol, and ethyl acetate showed slow delamination of the
chip bonding site (most probably due to swelling), and therefore they would be suited for
microfluidic experiments limited in time, e.g. on disposable systems.

Further, we presented a study of the adsorption of cocaine molecules by microfluidic devices
made of NOA81. Remarkable low adsorption values (up to 100% recovery rate) were found
by mass spectrometry measurements. This makes NOA81 to a potential polymer for forensic
applications.

This chapter also presented simple and reasonably stable wettability control procedures for
polymerized NOA81 surfaces. As an alternative to the vapor-phase surface treatments, the
same modification of the wetting behavior (change to hydrophobic) was achieved by mixing
an additive in the uncured, bulk polymer. This allows homogeneous control over the wetting
behavior, particularly of those parts located deep within closed microfluidic systems, which is
difficult to achieve with vapor-phase treatments. The wetting behavior of APTES-modified
NOAS81 was due to changes in the surface chemistry and not from a modification in surface
topography.

Some aspects important for rapid prototyping were investigated as well. NOA81 was able
to reproduce by molding nanostructures with a neglectable feature shrinking. Compared to
PDMS, NOA81 showed also better bonding capabilities to substrates such as silicon, glass or
the polymer itself.

60



3.6. Summary

A new suitable polymer chip material was found meeting all the relevant material requirements
given by the application in the project IrSens, such as the compatibility to IR-transparent
solvents, the low cocaine adsorption, the adjustable wetting behavior as well as the suitability

for low cost prototyping. In this chapter the mentioned material properties were investigated
and illustrated by different applications.
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Robust Droplet Generation Based on
a Simple Geometry

This chapter introduces our robust method to generate continuously droplets of an organic
solvent in the inhomogeneous saliva without clogging. The robustness of the simple geometry
is proofed by using the complex fluid saliva together with the organic solvent PCE to generate
droplets. Furthermore, the main influences on the droplet size are investigated.

The results shown here, were presented at the uTAS 2012 conference in Japan [158].

4.1 Introduction

Besides drop on demand techniques [159], most of the microfluidic methods produce droplets
through passive techniques. In order to produce droplets, the dynamic flow field in such
passive devices is used to deform the interface between two immiscible liquids and therefore
induce interfacial instabilities. Based on the different physical droplet generation mechanisms,
the passive devices can be split in three main groups as suggested by [4]: i) breakup in co-
flowing streams (Figure 4.1a), ii) breakup in cross-flowing streams (Figure 4.1b) and iii) breakup
in elongational strained flows (Figure 4.1c). The droplet size is set by a competition between
the pressure caused by external flow and viscous shear stresses on the one hand and the
capillary pressure based on the interfacial tension resisting the deformation on the other
hand.

i) Breakup in Co-Flowing Streams

For this droplet generation mechanism, a co-axial injection device is used, e.g. a thin cylindri-
cal capillary in a squared microfluidic channel as shown in Figure 4.1a. The dispersed phase
is injected through the capillary. The physics responsible for the breakup in droplets is the
Rayleigh-Plateau instability [160].
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cor@uous phase

(a) Co-axial injection device: (b) T-shaped junction: breakup (c) Flow-focusing device: breakup
breakup in co-flowing streams in cross-flowing streams basedon in elongational strained flows
based on  Rayleigh-Plateau shear stress and flow obstruction. based on hydrodynamic focusing.
instability.

Figure 4.1: State of the art of passive droplet generation devices [4].

ii) Breakup in Cross-Flowing Streams

Droplet generation in a T-junction shown in Figure 4.1b was first reported by [161]. Two
different regimes for droplet generation can be distinguished [162]. If the side-channel is
smaller than the main channel, droplets rip off at the junction based on shear-stress. If
the dimension of the side-channel is comparable to the main channel, the dispersed phase
entering through the side-channel blocks the main channel. Pressure is built up by the
continuous phase in the main channel behind the plug of the dispersed phase until a droplet
is pinched off.

For large scale droplet generation in high-throughput applications, the structures used for
droplet generation are arranged in parallel. For breakup in cross-flowing streams two different
mechanisms were reported. Firstly, the microchannel emulsification (MCE) was introduced
by [163] and applied by [164, 165] (see Figure 4.2a). They inject the dispersed phase through
an array of small side channels (orthogonal, in plane), over a terrace, into the main channel
containing the continuous phase. The droplets are generated upon entering the main channel
due to shear-stresses and Laplace pressure gradients (between the side and the main channel)
[166].

Secondly, droplets are produced using only shear-stresses when the dispersed phase is pushed
from perpendicular side channels into the main channel (see Figure 4.2b). These systems were
called straight-through microchannel emulsification devices (SMCE) [167, 168] or micro-sieve
devices [169].

iii) Breakup in Elongational Strained Flows

Hydrodynamic Focusing The flow focusing device for droplet generation shown in Figure
4.1c was first presented by [171, 172]. Here the dispersed phase is squeezed by two counter-
flowing streams of the continuous phase and focused through a nozzle (hydrodynamic focus-
ing). Droplets are generated after relaxation in a wider collection channel also based on the
Rayleigh-Plateau instability. Here four different main regimes of droplet generation can be
observed: squeezing, dripping, jetting, and thread formation. Droplet diameters depend on
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Figure 4.2: Parallelization of droplet generation features for high-throughput applications.

many parameters, but also depend linearly on the flow rates. For the different regimes as well
as for the prediction of the droplet size no clear laws are available [4].

For high-throughput applications, parallelization of many droplet-generating features using
hydrodynamic focusing was introduced by [170] (see Figure 4.2c).

Capillary Focusing Droplet generation by capillary focusing is another physical mechanism
to break up droplets in elongational strained flows. Here the devices called nano-terrace
(shown in Figure 4.3), consist of a nano-scale channel (nano-terrace) ending up in a deeper
and larger microfluidic channel (reservoir) as first reported by [12, 173]. Both fluids are flowing
in parallel over the nano-terrace separated by a meniscus which induces a cross-stream
pressure difference (laplace pressure, see section 1.1). The fluids are forced to balance their
pressures when arriving at the reservoir, meaning the dispersed phase has to move locally
faster. Based on the insufficient supply of the dispersed phase, the droplets are snapped-off.
The droplet size was reported to be linearly related to the nanochannel height [12].

Figure 4.3: Nano-terrace device: breakup in elongational strained flows based on capillary
focusing [12].
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continuous phase l !

dispersed phase

Figure 4.4: Particles in saliva such as cells or proteins tend to clog the small microfluidic
structures on droplet generation devices. Here a clogged microfluidic flow focusing device
with a 20pum wide nozzle is shown.

The here presented state-of-the-art droplet generation systems were found not to be robust
enough to be used with inhomogeneous, non-Newtonian liquids such as saliva. Furthermore,
to produce small droplets, unfortunately all of the presented devices show small feature sizes
which got easily clogged by large saliva components (see Figure 4.4). We present here a new
developed method, based on the idea of nano-terrace devices [12, 173] which can process
the complex liquid saliva without clogging. In addition the device is easy to fabricate by our
low-cost rapid prototyping technique presented in section 2.4.1.

4.2 Theory & Fundamental Principles

In this section we explain the basic conditions for droplet generation with the help of dimen-
sionless numbers and also give a theoretical description of the droplet formation process
using our method.

4.2.1 Basic Conditions for Droplet Generation Based on Dimensionless Numbers

Laminar flow conditions are assumed for a passive microfluidic structure, in which the flow
deforms the interface between two liquids for droplet generation. Therefore, the Reynolds
number (see section 1.1) is supposed to be small. Another requirement for successful droplet
generation is a low value of the capillary number (see section 1.1) of the overall system. This
indicates that the interfacial tension dominates the viscous stresses. Plugs of one liquid in
another one stay compact. Drops formed under such conditions are really stable and try to
minimize their surface area by producing spherical ends [4]. On the other hand, in systems
showing high values of the capillary number, viscous effects are stronger than the interfacial
tension. Large deformations of plugs, as well as asymmetric shapes can be observed at high
capillary numbers. Flow focusing devices produce a thin tread instead of droplets. For high
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plug flow in a flow focusing device:
microfluidic channel:
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Figure 4.5: The schematics illustrate the influence of a small or large value of the capillary
number (Ca) on a plug flow and the flow behavior in a flow focusing device. At low capillary
numbers a plug remains compact and highly spherical droplets can be produced by a flow
focusing device. At large capillary numbers, plugs get deformed and show asymmetric shapes.
Under such conditions a flow focusing device produces a thin (sometimes piling) tread instead
of droplets.

viscous core-annular flows also piling of the tread was observed [174]. The mentioned flow
characteristics are visualized in Figure 4.5.

Small values of the Reynolds number and the capillary number of a microfluidic system do
not exclude inertial effects in certain situations of local high-speed flows such as the droplet
breakup situations [4].

4.2.2 Droplet Generation at a Step Between a Shallow and a Deep Microfluidic
Channel

The droplet generation at a step between a shallow and a deep microfluidic channel can be
explained theoretically by the capillary focusing effect. A quantitative theory for this effect
was developed to explain the droplet generation in nano-terrace devices (see Figure 4.3) [12].

The continuous phase and the dispersed phase are brought together in a microfluidic channel.
The two liquids flow side by side in the shallow channel before the step. They are separated by
a meniscus which induces a cross-stream pressure difference between them (Laplace pressure,
hydrodynamic constraints). The two liquids are forced to balance their pressures when they
arrive at the larger volume of the deeper channel (pressure drop of approximately 2%, where h
is the inlet channel (also refer to Figure 5.6) height and y the interfacial tension [173]). This
pressure drop causes an acceleration of the dispersed phase, leading to a thread thinning
(tongue-like shape) and subsequent a snap-off of the droplet due to the insufficient supply by
the dispersed phase (see droplet generation sequence in Figure 4.6).

67



Chapter 4. Robust Droplet Generation Based on a Simple Geometry

tongue

Figure 4.6: PCE droplet generation in saliva by the capillary focusing effect at the step down
after the 50pum deep microfluidic inlet channel. The liquids flow from right to the left over the
step: 8uL/min saliva, 2uL/min PCE. Droplet generation with a period of ~ 30ms.

4.3 Design

For our droplet generation method only a simple step in the microfluidic channel was required.
Figure 4.7 provides a 3D schematic of the droplet generation devices. Droplets were generated
from a microfluidic channel into the microfluidic outlet of the chip as shown in Figure 4.7a.
If the droplets needed to be further processed on the microfluidic chip, the generation took
place at the step between a shallow and a deep part of the microfluidic channel (see Figure
4.7b).

Such a simple step was easy to build with the developed rapid prototyping technique using
multilayer scotch-tape masters as presented in section 2.4.1, because the lateral dimensions
were found not to be of critical importance (see section 4.4.3). However, for well controlled
droplet generation a clearly defined edge of the step is required (straight cut with a scalpel),
otherwise the PCE tongue could split into two filaments (symmetric or asymmetric) producing
droplets in parallel (satellite droplets) as also observed in nano-terrace device by [173].

4.4 Results

In this section we first verify the basic conditions for PCE droplet generation in saliva by
checking the values of the dimensionless numbers. Then the droplet generation mechanism
is presented. The influences on the droplet size are investigated and the flow field during the
generation process is described by observations using fluorescent beads mixed in saliva. Also
the potential for high-throughput droplet generation is demonstrated.
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(a) Droplet generation at the outlet of a microfluidic channel.
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(b) Droplet generation at the step down between a shallow and a deep microfluidic channel.

Figure 4.7: Schematic of the droplet generation devices.

4.4.1 Basic Conditions for PCE Droplet Generation in Saliva

The Reynolds number (see equation 1.9 in section 1.1) as well as the capillary number (see
equation 1.10 in section 1.1) of the microfluidic system need to show a low value to allow
droplet generation. Both were calculated here for our system according to the theory given in
section 1.1 with the values listed in table 4.1. For comparison, the capillary number was also
calculated by a specific formula for the nano-terrace device given by [12]. All calculated values
are low (< 1), which indicates good conditions for droplet generation.
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n
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Y
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Table 4.1: Values used for the calculation of the Reynolds number and the capillary number.

symbol quantity value remark
0 density 1000Ns?/m* | density of continuous phase: water
(saliva)
) characteristic velocity 0.0066m/s assuming 20uL/min in the 50um x

1mm inlet channel

Ly characteristic length 0.00005m inlet channel height
Whano—terrace characteristic width 0.0005m % inlet channel width, as suggested by
(12]
Rnano—terrace inlet channel height 0.00005m
n viscosity 0.00166Ns/m? | viscosity of continuous phase, mea-
sured at low shear rate, see section
2.1.6
Y interfacial tension 0.0232N/m see section 5.1

4.4.2 Robust Droplet Generation

As already presented in Figure 4.6, we found an absolutely simple and robust method to
generate droplets without clogging. At the step we were able to produce droplets of uniform
size. The variations of the droplet diameters were found to be smaller than 3%.

The droplet generation method was independent of the microfluidic chip material, but the
materials surface energy determined whether oil or water droplets were generated in the
two-phase system. Oil-in-water droplet generation, such as the PCE droplet generation in the
aqueous saliva, required a hydrophilic chip. Inversely using a hydrophobic chip, water droplets
were generated. We verified this phenomenon by producing water droplets in a hydrophobic
PDMS chip. As oil-phase, the PDMS compatible [125, 175] organic solvent perfluorodecalin
was used.

Furthermore, the orientation of the droplet generation chip and the density of the liquids were
not relevant. Figure 4.6 shows downward droplet generation, whereas Figure 7.10 presents
upward droplet generation. Our system for PCE droplet generation in saliva showed for the
Bond number a small value of 0.066, which also stated that the gravity effects could be ignored
(see section 1.1).

4.4.3 Investigations on the Droplet size

The diameter of droplets generated with our method at a step, mainly depended on the height
of the inlet channel; the higher the inlet channel, the larger the diameter of the generated
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(linearly) on the inlet channel depth. ratio and the higher total flow rate can increase the
droplet size. Here droplets generated from a 50um
deep channel were investigated.

Figure 4.8: Influences on the diameter of the droplets. Error bars indicate the standard
deviation for at least 10 measurements.

droplets. We observed the droplet diameter to be 3-5 times larger than the inlet channel height.
Figure 4.8a shows the linear dependence of the droplet size on the inlet channel height. Such
a linear relation was also observed for the droplets generated by a nano-terrace device [12].

Beside this linear dependence on the inlet channel height, we also found secondary influences
such as the ratio of the flow rates of the two immiscible liquids or the total flow rate (see Figure
4.8b). Applying a higher flow rate of the dispersed phase liquid (in our case PCE) resulted in a
longer feeding time of the droplet before the snap-off and accordingly to droplets of larger
diameter. As mentioned also the higher total flow rate resulted in larger droplet diameter. We
assume in this case the higher flow rate stabilized the PCE thread in saliva before the snapp-off
and thus also allowed a longer feeding time (droplet generation explanation in section 4.2.2).

The dependence of the droplet size on the width of the inlet channel was also investigated.
Droplets generated in 50m high channels of different widths (8007, 120012,2000 1) were
compared. No tendency was observed, neither by repeating the experiment at different total
flow rates.

4.4.4 Flow Field Characteristics during Droplet Generation

The flow field during PCE droplet generation in saliva with our method was explored by using
fluorescence microscopy. Fluorescent beads (Polybead Barboxylate Microspheres, diameter
0.452um, Polysciences, Germany) were used to visualize the flow during droplet generation.
The beads got excited with blue light through a filter (BP 450—-490nm). The emitted light of the
beads was collected after a color splitting mirror (cut FT 510nm) excluding the excitation light
and another filter (BP 515 — 565nm). The experiments were performed with a Zeiss Axiovert
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Figure 4.9: Fluorescence microscopy image of the same situation (horizontally mirrored) as
shown in step 3 of Figure 4.6: Slug flow of PCE in saliva spiked with fluorescent beads passing
over the step down (100um to 400um deep channel) forming a PCE droplet (main liquid flow
rates from the right to the left: 20uL/min saliva, 5uL/ min PCE). The directions of the motion
of the fluorescent beads are highlighted in the figure with white arrows. Black arrows indicate
the PCE flow. While the droplet was formed, small vortexes got established on both sides of
the tongue for a few milliseconds.

$100 fluorescence microscope (Carl Zeiss, Germany) equipped with a Xenon 100W power light
source and a high-speed camera (Phantom V210, Vision Research, USA). The visualization
of the flow using fluorescent beads was only feasible due to the low autofluorescence of the
microfluidic chip material NOA81 (see section 3.4).

Our overall system for droplet generation showed laminar flow conditions with a low value
of the Reynolds number (see section 4.4.1). During the droplet generation process inertial
effects can be observed in certain situations of local high-speed flows as stated by [4]. Figure
4.9 shows the location of the step for droplet generation. The slug flow of PCE (dark no beads)
in saliva (spiked with fluorescent beads) passing over the step was forming a PCE droplet.
While the droplet was formed, we observed vortexes on both sides of the PCE tongue for a
few milliseconds. The directions of the motion of the fluorescent beads are highlighted in
the figure by means of white arrows. Black arrows indicate the PCE flow. The PCE droplet
generated in the deeper channel does not appear dark, because it is surrounded by saliva
containing fluorescent beads.

In the same location, a time dependent series of fluorescence microscopy images is shown
in Figure 4.10. Here the main directions of the motion of the fluorescent beads are indicated
by white arrows. First saliva was flowing around the tip of the PCE slug (tongue) as a laminar
flow. The PCE tongue was growing in the direction of the step (at 37ms). When the tip
of the tongue slopped over the step, its shape changed immediately, which induced a first
generation of vortexes on both sides of the tongue (at 77 — 86ms). These vortexes were able
to bring fluorescent beads from locations close to the channel wall in the proximity of the
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Figure 4.10: Series of fluorescence microscopy images to visualize the flow during the PCE
droplet generation (compare with images of the droplet generation process shown in Figure
4.6) in saliva spiked with fluorescent micro beads (diameter of beads 0.452um). Main flow
rates from right to the left: 20uL/min saliva, 5uL/min PCE.
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PCE tongue (91 —95ms). While the droplet was growing, the PCE feeding tread was shrinking
to a sharp tip (95ms). The snap-off of the PCE droplet pulled saliva from both sides to the
center of the channel where the two saliva streams clashed together and created a second
generation of smaller vortexes rotating in the opposite direction as the first generation (96ms).
Afterwards the flow of saliva was again laminar around the PCE tongue (99ms) as observed at
the beginning of the cycle (0ms).

4.4.5 Parallelization of the Droplet Generation

Our droplet generation method was successfully applied for high-throughput applications. To
generate many droplets at once, several input channels were combined for droplet generation
into a common outlet. Figure 4.11 shows a chip with the parallelization of four inlet channels.
An estimated throughput in the range of 1L/ could be reached with our device.

(a) Chip for parallelized droplet generation. Several (b) Our normal setup for droplet generation was
(here 4) channels supply the liquids (blue: inlets used (see section 2.5). The insert shows a camera im-
of the aqueous phase, yellow: inlets of the organic age of 4 channels generating droplets in parallel (in
phase) for droplet generation at the central outlet.  each channel: saliva at 8uL/min, PCE at2uL/min).

Figure 4.11: Parallelization of the droplet generation allows high throughput.

4.5 Discussion

With our robust droplet generation method we produced monodispersed droplets with a
variation of the droplet diameter smaller than 3%, which is comparable to the variation of 1%
achieved with the much more expensive and complex nano-terrace devices [12].

Also the liquid supply for our devices was straight forward by using common syringe pumps.
Nano-terrace devices ask for an additional integrated flow control system to reduce the flow
rates to the nL/min range [173, 176].

The diameter of the droplets generated at the step was linearly related to the inlet channel
height like in nano-terrace devices [12]. With our method we also observed secondary influ-
ences such as the ratio of the flow rates of the two liquids or the total flow rate. For nano-terrace
devices no obvious secondary effects were observed [12, 173].

Thus, under certain conditions, we are able to predict the size of the generated droplets. With
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our method we can design a device to create droplets as required, which is not possible or
much more challenging for other droplet generation systems such as the flow focusing devices
(4, 173].

Applications for microfluidic droplet-generating devices in various fields including food,
cosmetic, pharmaceutical, and chemical industry require high-throughput devices. This
challenge is approached on microfluidic chips by parallelization of the droplet-generating
features (see Figure 4.2). As presented in section 4.4.5, parallelization is also possible with
our droplet generation method. The limiting factor, not only for our method, is not the dense
packing of microfluidic structures, but the limited space available for connectors and the
tubing (connection to the macro world) [170, 177].

Lack of space for fluidic connectors can be avoided by using microchannel emulsification
devices, but they are not efficient enough for industrial applications [178].

We observed vortexes during the droplet generation process. Vortexes allow faster mixing
on chip, which is normally a challenging task for microfluidic devices with laminar flow
conditions [179, 180]. The vortexes generated with our device enable much better mixing
(higher extraction efficiency, see chapter 6) than co-flow devices such as microfluidic H-filters,
where material transfer is limited to diffusion processes. Vortexes were also observed in other
droplet generation devices [4], such as the flow focusing devices, but they tend to clog much
faster by using saliva samples (see Figure 2.7).

4.6 Summary

We aimed to develop a new droplet generation method based on the ideas of [12, 173], but
which is able to process the complex liquid saliva without clogging. In addition, the device
should be easy to fabricate by using our low-cost rapid prototyping technique.

A simple step was found to be the geometry of choice for robust PCE droplet generation in
human saliva. No small features were involved which could be clogged by saliva components.
Our droplet generation method was even independent of the chip orientation and generated
monodispersed droplets (smaller than 3%). Droplets were produced at the microfluidic outlet
or at a step in a microfluidic channel to further process the droplets on chip. The developed
droplet generation method also allowed high throughput by parallelization of the droplet
generation feature. The droplet size was mainly related (linearly) to the geometry of the
device (inlet channel height), which allowed to predict the droplet size. Vortexes observed
during the droplet generation process enhanced mixing, which is usually difficult to achieve
in microfluidic channels due to the laminar flow.
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Passive Phase Coalescence of Organic
Solvent Droplets Dispersed in Saliva

This chapter presents our approach to merge organic solvent droplets dispersed in a continu-
ous aqueous phase, or more specific to merge PCE droplets in human saliva. We had to find a
solution not only to merge two droplets, but a device which is merging continuously dispersed
droplets to a continuous phase, because only in a continuous phase the optical detection (by
means of waveguide spectroscopy) of the cocaine can be performed (see chapter 7).

Parts of the results shown here, were presented at the uTAS 2012 conference in Japan [158].
Some of the prototypes of physical merging devices were fabricated in the framework of an
EPFL student project [181].

5.1 Introduction

Separation of the dispersed and continuous phase of a two phase droplet system is a subject
of considerable importance in chemical engineering. To run a droplet merging process on
microfluidic chip-level scale is still a challenge, since often macrofluidic methods such as the
gravitational or the centrifugational approach cease to hold in applications using continuous
flows in microfluidic channels. First, we present here the influence of surfactants and the
interfacial tension of the involved liquids on the droplet stability, and afterwards different
approaches for microfluidic passive coalescence.

5.1.1 Surfactants and Interfacial Tension

In general (in a system without surfactants), droplets show a higher tendency to merge when
the interfacial tension between the involved liquids is lower [182].

Surfactants lower the interfacial tension, but they also have a strong influence on emulsions
and are generally used to stabilize droplets against coalescence. Surfactant molecules arrange
themselves perpendicular to the interface as a monolayer between the two phases; the polar
hydrophilic part facing the aqueous phase and the apolar hydrophobic part facing the organic
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[

Figure 5.1: The figure on the left shows heptane droplets generated in colored (with ama-
rant) water by a flow focusing device (see Figure 4.1c) which merge spontaneously further
downstream in the microfluidic channel (Figures further to the right are further downstream).

phase. This adsorption at the liquid-liquid interface is the reason for the reduced interfacial
tension. Increasing the interfacial tension in a system with surfactants results in separation of
the surfactant molecules at the liquid-liquid interface (rupture of the surfactant monolayer)
and allows better merging [182].

Droplets of organic solvents, such as PCE or heptane, generated in pure water merge sponta-
neously in a microfluidic channel as demonstrated in Figure 5.1. However, micro droplets of
organic solvents generated in saliva are stable. The reason for this behavior is found in the
surfactant proteins SP-A, SP-B, SP-C, and SP-D enclosed in saliva. These surfactants avoiding
the coalescence, are responsible in the human body for the immune defense [183].

These facts were confirmed by comparing interfacial tension measurements in the water-
PCE system and the saliva-PCE system. The interfacial tension between water and PCE is
Ywater—pcg = 47.48mN/m [184]. A much smaller value of y4jipq-pce = 8 £ 2mN/m was
measured for the interfacial tension between saliva and PCE using a Kibron AquaPi (EZ-Pi)
surface-tensiometer (Kriiss, Germany).

For verification the interfacial tension was calculated alternatively by using Antonov’s rule
(see equation 1.8 in section 1.1) and the surface tension of the liquids measured against air. A
surface tension for PCE of ypcg = 32.2 £ 0.1mN/m was measured (reference literature ypcg =
31.7mN/m [68]) and for the filtered, buffered, and spiked saliva (see section 2.1.4) a value of
Ysaliva = 55.4+0.6mN/m was measured (reference literature y ,yresativa = 24.6 —67.2mN/m
[185]). This resulted in a calculated interfacial tension between saliva and PCE of Y s47ipq-pcE =
23.2mN/m which is more than the initially measured value of ys41iya-pce =8 £2mN/m, but
is still significantly less than the interfacial tension between water and PCE.

5.1.2 Different Approaches for Microfluidic Passive Coalescence

To date most of the microfluidic systems made for droplet coalescence only merge pairs of
droplets (batch like process) [186, 187]. Though, in the field of microfluidics a wide variety
of microfluidic devices has been employed for merging droplets. They can be divided into
two categories: passive and active coalescence devices [188]. Passive devices use specialized
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(a) Droplet collision device. Two
upstream T-junctions are used to
generate droplets as shown in inset
(A). The resulting droplet streams
interact at a third T-junction down-
stream. The merged droplets then
flow into a single outlet as shown
in inset (B) [190].

21 ms

(b) Channel width modulation de-
vice; Time sequence showing a
droplet pair passing through a
symmetrical coalescence cham-
ber: approach, collision, relax-
ation, separation, fusion, and exit.
The width expands from 36um to
72um. From top to bottom, the

9.4 ms

(c) Pillar induced merging; a first
droplet is immobilized in a pil-
lar array due to surface tension.
The continuous phase is allowed
to pass by. A second arriving
droplet is pushing from behind un-
til compressive coalescence hap-
pens [187].

time elapses as followed in ms: 0,
3,5,7,7.1,and 10 [186].

Figure 5.2: State of the art of droplet merging devices.

geometries or surface wetting to cause merging. Active devices employ external forces such as
electrical or magnetic fields [189]. Active devices are able to achieve a higher degree of control
and flexibility, but this goes along with increased system complexity and higher cost. Here we
will focus on the most widely used passive devices with the end goal in mind of fabricating a
merging device for a low-cost, disposable, polymer diagnostic chip.

Collision Merging

For collision merging the droplets collide and are pressed together by the liquid flow until
coalescence happens. Figure 5.2a shows an example of a collision device, in which droplets to
be merged are brought together via two separate channels at a T-junction [190]. This approach
requires precise synchronization of the droplets and tuning of flow parameters to ensure

merging.

Channel Width Modulation

A popular form of droplet merging is to widen up the channel, either gradually or abruptly,
taking advantage of Bernoulli’s principle to slow down the front drop and thus bringing the
second drop in close proximity. At this point, compressive merging can occur. The channel
is then narrowed again which causes decompressive merging due to the acceleration of the
first droplet into the narrower part of the channel (Bernoulli effect). A gradual change in the
width of the channel allows merging for a wider range of droplet sizes and flow rates [186].
Figure 5.2b presents a channel width modulation device; the time sequence shows a pair of
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droplets passing through a symmetrical coalescence chamber; approach, collision, relaxation,
separation, fusion, and exit.

Pillar Induced Merging

A more complex to fabricate device, uses an array of pillars to immobilize one or more droplets,
allowing compressive merging to occur (see Figure 5.2¢). Multiple drops may be held in the
array of pillars, depending on the number of pillars (length of the pillar array). The final drop
size may be tuned by changing the length of the pillar array. When the array is occupied, the
pressure at the inlet of the array increases due to the blockage of the channel. This overcomes
the force of surface tension holding the merged droplet in the array and pushes the merged
droplet out of the array. In case the droplets were not merged due to compressive merging,
then decompressive merging can occur, when the first droplet leaves the pillar array. This
opportunity for both types of merging (compressive and decompressive) to occur makes this
type of device quite robust.

Surface Wettability

Surface modification can be used to induce fusion of several droplets flowing through a
microfluidic channel. The effect is based on a surface energy pattern on the walls of the
channel. A device to merge aqueous droplets dispersed in an oil by a short hydrophilic part in
an intrinsic hydrophobic channel was presented in [191]. This merging approach does not
seem to be so robust and depends on many parameters such as the surface energy, droplet
size, channel size, and the flow rates.

Phase inversion

While there has been much investigation on merging two droplets (batch process), relatively
little literature exists for continuous phase inversion through passive droplet coalescence
(continuous process). A so called 'phase inversion’ device is shown in Figure 5.3. This design
offers insight into how our goal of continuous droplet coalescence may be achieved: the con-
tinuous phase is removed by perpendicular drainage channels and the droplets are collected
in a chamber downstream. The droplets merge when they get accelerated towards the smaller
channel exit by decompressive merging [192].

Based on the examples presented in this introduction, we first tried to merge the PCE droplets
dispersed in saliva by chemical approaches. Since this was not successful, we focused on the
physical approach - the mechanical deformation of the droplets.
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Figure 5.3: Phase inversion device: The continuous phase is removed by perpendicular
drainage channels and the droplets are collected in a chamber downstream. The droplets
merge when they get accelerated towards the smaller channel exit. [192].

5.2 Theory & Fundamental Principles

5.2.1 Droplet Coalescence Stages

The droplet coalescence process can be broken into four distinct stages: 1) initial approach; 2)
drainage of the continuous phase separating the droplets; 3) film rupture and 4) confluence
[186]. In certain cases these steps can be closely linked or one or more steps may occur
spontaneously.

5.2.2 Compressive Merging

The simplest and best known merging method is called compressive merging, in which
droplets are compressed and brought in close proximity. The Van der Waal’s forces then
pull the droplets in contact and drain the remaining continuous phase between them [186].
Depending on factors such as interfacial tension, availability of surfactants, temperature, etc.,
the film will rupture more or less spontaneously and the droplets will merge. Examples for
the compressive merging principle are the collision merging or pillar induced merging (see
section 5.1.2).

5.2.3 Decompressive Merging

This merging method may be more robust than compressive merging due to the active
drainage of the fluid between the droplets [186]. However, a more complex mechanism
is involved here. Droplets which are close together are pulled apart, reducing the pressure be-
tween them. Therefore, the fluid film is drained and the surfaces deformed in locally stressed
interfaces. On both droplets a nipple of a small radius and therefore high Laplace pressure
occurs (see also section 1.1) [186, 193]. This causes the interface to rupture and to form a
bridge between the droplets. Once such a bridge is established, the droplets will confluence.
Examples for the decompressive merging principle are the channel width modulation merging
or the phase inversion merging (see section 5.1.2).
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Figure 5.4: Observation of an avalanche of coalescence events. The time corresponding to the
successive images (downwards), are indicated in the figure.[194].

5.2.4 Avalanche Coalescence

If the droplets are already in close contact, a single merging event may cause further merging
events in an avalanche effect [192, 194]. The shape relaxation of two droplets merging may
induce decompressive merging in nearby droplets as shown in Figure 5.4. The probability
of merging depends on the angle between the droplets during coalescence, with highest
probability of merging, when the droplets are aligned in a row (co-linear) [192].

5.3 Design

Merging droplets of organic solvents in human saliva is a challenging task due to the presence
of surfactant proteins as introduced in section 5.1. We designed and tested several chemically
assisted merging approaches which are presented in section 5.3.1. Unfortunately these ap-
proaches were found not to be successful. More promising was the physically assisted merging
method presented here in section 5.3.2. The physically assisted merging method deforms the
droplets to allow compressive and decompressive merging (see section 5.2). Furthermore, this
section presents the method and the developed layout of our microfluidic chip.

5.3.1 Chemically Assisted Merging Approaches

Increasing pH value The pH value of saliva was increased up to ~ pH12 by means of a
sodium hydroxide solution (0.1mol/L). With this approach we tried to make some of the
surfactants in saliva completely apolar and consequently inactive. PCE droplets remained
stable and did not merge.
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Surfactants We added different surfactants (Triton X-100, cetyl trimethylammonium bro-
mide (CTBA), dioctyl sodium sulfosuccinate(DSS) and isopropyl alcohol (IPA)) in different
concentrations (0.01%, 1%, and 5%) to saliva. Surfactants align themself as a monolayer at
the interface between the aqueous and organic phase and generally stabilize the droplets
which is actually the opposite of what we aimed for. We added surfactants of different size and
different structure than the natural surfactant proteins of saliva. Thereby, we tried to destroy
the monolayer of the natural saliva surfactant proteins and to allow coalescence. PCE droplets
remained stable and did not merge. By adding isopropyl alcohol (acting as surfactant under
these conditions) the nucleic acids of saliva precipitated (alcohol) and a sort of veil appeared
in saliva.

Anti-foaming agent To cause merging, we tried adding the anti-foaming agent pluronic
F-12 (surfactant). We prepared (melting, mixing) a solution of 10w % pluronic F-12 in water
and mixed the solution 1 : 1 with saliva. PCE droplets remained stable and did not merge.

Salting out An organic phase is 'less soluble’ in a salty aqueous phase (effect known for iso-
propyl alcohol). Therefore, we tried to cause coalescence by increasing the NaCl concentration,
even a saturated salty solution was not able to merge the PCE droplets in saliva.

Surface Wettability Following the surface wetting coalescence principle presented in section
5.1.2 [191] we also adjusted the wetting behavior of our channel, on one hand chemically (see
section 3.3) and on the other hand by changing the surface roughness of the microfluidic
channel walls (see section 2.4.1). The effect of different surface wettability was found not to be
strong enough to merge the stable PCE droplets in saliva.

Temperature We also tried to cause coalescence by increased temperatures as suggested
by [195]. The microfluidic chip containing the PCE droplets dispersed in saliva was mounted
on a hotplate which was heated up to 50 °C. No coalescence was observed, but at higher
temperatures the microfluidic chip risks to debond.

5.3.2 Physically Assisted Merging Approach

Our physical merging approach can be broken in two stages: First, we drained out the con-
tinuous phase saliva to get densely packed droplets. These droplets were then compressed,
deformed, and accelerated in a second stage in order to cause merging by compressive and
decompressive coalescence (see section 5.2.2 and 5.2.3).
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(a) Design of a microscale structure (replicated from a master (b) Scotch-tape master of a drainage
made in the cleanroom). The side-channels for drainage have a structure with channels for drainage
width of 85um. showing a width of ~ 400um.

Figure 5.5: Microfluidic structures to drain out the saliva (continuous phase) and to keep the
PCE droplets in the central channel for merging.

Drainage of the Continuous Phase

We replicated by rapid prototyping (see section 2.4) a structure on a master made in the
cleanroom by photolithography showing small drainage channels (85um wide, 50um deep,
see Figure 5.5a) to drain out saliva (as suggested by [196]). These channels were too small and
got clogged by both saliva components and parts of PCE droplets.

A device showing much larger perpendicular drainage channels (~ 400um wide, 50um deep,
see Figure 5.5b) was replicated from a scotch-tape master. This structure also suffered from
clogging by PCE droplets and additionally the flow was unbalanced due to the different
channel widths.

The solution for effective saliva draining without clogging was found by replacing the array of
perpendicular drainage channels by one extremely wide drainage channel which was shallower
(50pm) than the main channel (600um) (extraction channel). The droplets preferred to stay in
the deep main channel instead of being squeezed into the shallow side-channel as long as the
height of the shallow channel was smaller than the droplet size. The height of the drainage
channel was set to 50um which represents the minimum feature size in the vertical direction
using scotch-tape masters (1 layer of tape). Figure 5.6 shows this saliva drainage channel
integrated in the extraction system and also defines the glossary of the different components
of the total microfluidic extraction system.

With our method, the shallow drainage channel was not clogged by saliva components and
PCE droplets were normally too large to enter the shallow drainage channel. However, in case
a PCE droplet became stuck in the drainage channel, it did not completely block the flow,
because the drainage channel was wide enough.

Merging Device

The merging geometry we designed was inspired by the phase inversion device (see Figure
5.3). It was based also on the channel width modulation devices, but instead of changing
the channel width, we changed the channel depth. The direction of the channel modulation
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PCE outlet channel

step up for droplet merging

flow direction extraction channel

step down for droplet generation

Figure 5.6: Definition of the glossary of different channels on the microfluidic extraction
system.

(width or depth) has no influence since our system shows a small Bond number, indicating
that gravitational effects can be neglected (see section 1.1).

To merge the densely packed droplets we used a step between a deep and a shallow mi-
crofluidic channel. Droplet coalescence in our system was based on two different methods;
compressive and decompressive merging. For compressive merging the droplets were brought
into close contact and then mechanically pressed against the end of the deep extraction
channel (see Figure 5.7). Decompressive merging was observed when a droplet accelerated
away from its neighbor into the shallower PCE output channel (constant flow rate, smaller
cross-section (Bernoulli effect), see Figure 5.7). This separation resulted in a local pressure
drop between the droplets, then the draining of the remaining fluid film of the continuous
phase, and finally in the formation of two facing nipples with locally stressed interfaces (high
Laplace pressure) and droplet coalescence as explained in section 5.2.3. Since the droplets
were densely packed, sometimes also avalanche coalescence took place.

compressive merging: decompressive merging:

— | @8

<L <
Figure 5.7: Schematic (cross-section view) of the two different modes of droplet merging at
the step between a deep and shallow microfluidic channel.
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microfluidic outlet 1: e
aqueous phase

microfluidic outlet 2: microfluidic inlet:
organic phase droplets of organic solvent
i in aqueous phase

[ 50 um deep 150 pm deep M 600 um deep
[1 hydrophilic H hydrophobic

Figure 5.8: Scheme of the merging chip with different channel depths and surface properties
together with a microscopy image of the zone within the dashed frame showing the drainage
of the aqueous phase and the merging of the organic phase.

The PCE droplets were merged and the PCE left the device as continuous organic phase
through the PCE output channel. An initially designed separation wall between the PCE outlet
channel (150 m deep) and the saliva drainage channel (50um deep) was removed in order to
allow the remaining saliva in the PCE outlet, to change to the saliva side. Separation of the
two liquids is supported on one hand by the different channel depth and on the other hand by
different wettability of the channel walls (adjustable channel wettability by using scotch-tape
masters, see section 2.4.1). The saliva drainage channel showed a smooth hydrophilic channel
surface, whereas the PCE outlet channel was rough and more hydrophobic.

5.4 Results

For characterization, our devices were tested with our measurement setup presented in section
2.5. The coalescence of the PCE droplets was verified optically. Figure 5.8 presents a schematic
of the merging part of the chip with different channel depths and surface properties, together
with a microscopy image of the drainage and merging process. PCE droplets arrive in the
deep extraction channel. First, the continuous aqueous saliva is drained out via a shallow
side-channel. Also some PCE droplets might escape unintentionally through the drainage
channel. The droplets are pushed together against the end of the extraction channel and they
merge by entering the PCE outlet channel. The PCE leaves as a continuous phase.

The merging system was working best by using droplets with a diameter of ~ 600 diameter
produced by a step of 150um. These droplets were too large to enter the 50um deep saliva
drainage channel. The droplets merged well at the step between the 600um deep extraction
channel and the 150um deep PCE outlet channel, when they were squeezed into the channel
of a depth of roughly i of the droplet diameter. Smaller droplets produced at a step from a
50um or 100um deep inlet channel (1 or 2 scotch-tape layers) did not merge.
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5.5 Discussion

The developed method, continuously merging organic solvent droplets (stabilized by sur-
factants), is a passive droplet merging method and thus it does not come along with added
system complexity and fabrication cost.

The literature describes mainly merging of two droplets (batch processing) which is of interest,
if example given, the droplets are considered as a reaction chamber, but there were only a few
ideas presented how to merge successively many individual droplets to a continuous phase.
Furthermore, mainly systems with aqueous droplets dispersed in an organic solvent were
studied. To the best of our knowledge we present here the first system which merges continu-
ously organic solvent droplets in aqueous solution (amongst other things predetermined by
our hydrophilic chip material), whereas the aqueous solvent is a non standardized human
body fluid already containing some surfactants. Our method does not include small drainage
channels which tend to clog by processing saliva, but a shallow and wide clogging-resistant
drainage channel.

We combined the drainage and the simple step in the microfluidic channel resulting in droplet
coalescence. The system has shown to merge successfully PCE droplets in human saliva, but
still the system shows some restrictions such as the droplet size or the flow rate.

If the droplets were too small (diameter smaller than twice the depth of the PCE outlet channel),
they were not squeezed, accelerated, and separated enough to merge (by decompressive
coalescence) when entering the shallower channel.

If the flow rates were too high, coalescence failed, because the continuous phase between the
droplets could not be drained fast enough. For our design coalescence became critical at flow
rates higher than ~ 40pL/min.

In the design shown in Figure 5.6 and 5.8 the PCE outlet channel leaves the main extraction
channel at the side. In the opposite corner a dead zone of stagnant flow was observed. The
design was then improved by arranging the PCE outlet channel co-linearly to the extraction
channel.

5.6 Summary

We aimed to merge PCE droplets dispersed in human saliva. The droplets were stable due to
the surfactant proteins already present in saliva, unlike PCE droplets dissolved in water which
merge spontaneously.

The surface tension between both liquids needed to be increased which induced stressed
interfaces and resulted in easier coalescence. Several chemically assisted merging approaches
were tested and failed, such as increasing the pH value, the salting out method, elevated
temperatures, adjusted surface wettability, or the addition of anti-foaming agents and different
surfactants.

We developed a physical, passive method to merge continuously the PCE droplets dispersed
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in saliva. First, the continuous phase was drained out by a shallow side-channel (low risk of
clogging) and then the droplets were physically deformed by the microfluidic chip geometry
(step in the main channel from a deep to a shallow channel) resulting in coalescence based on
the compressive and decompressive merging principle.
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Liquid-Liquid Extraction of Cocaine
from Human Saliva

We aimed to transfer cocaine from a saliva sample to an IR-transparent, organic phase in
order to allow detection by waveguide based IR-spectroscopy. Here we present a new and
promising droplet-based liquid-liquid extraction method as well as a compact microfluidic
extraction system (ES) including on the same chip droplet generation (see chapter 4), liquid-
liquid extraction, and droplet merging (see chapter 5). Here we present the optimization of
the extraction efficiency of our extraction system within a certain given range which allows
stable operation of the overall system.

The results shown here, were presented at the uTAS 2012 conference in Japan [158].

6.1 Introduction

Liquid-liquid extraction methods are currently used in several fields, mostly analytical chem-
istry, chemical engineering, and biology. Liquid-liquid extraction is a passive diffusion-based
technique to extract solutes from a specified phase. No chemical reaction takes place. The
transfer of matter from one liquid to another is driven by unbalanced chemical potentials
between the two liquid phases.

It is a promising approach to use liquid-liquid extraction in microfluidic systems, since there
the extraction process is orders of magnitude faster than in non-miniaturized systems [197].
This comes from the fact that the diffusion time scales as the square of the system size (see
equation 1.6 in section 1.1), and obviously the distances of travel are much shorter.

Liquid phase microextraction through a porous hollow fiber membrane was presented to
extract drugs from human biological samples [198]. The extraction times were long (15—
60min) and such a membrane risks to be blocked.

Another microfluidic extraction system was using a fluid film instead of a solid membrane
[199]. A stable three-layer flow system, water / organic solvent / water, was established in a
microfluidic channel. In the continuous laminar flow, the solute (methyl red) was extracted
across the microchannel from the donor (water) to the acceptor phase (water) through the
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... diffusion
channel

(a) Microfluidic co-flow geometry
for liquid-liquid extraction - a so

called microfluidic H-filter [203].

Schematic of the working principle
is shown in Figure 6.2.
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(b) Slug-based hquid-liquld extrac-
tion. Acetic acid is extracted from
an organic phase (kerosene mixed
with a silicone oil) to water slugs
containing KOH and phenol red
pH indicator [202].
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—
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(c) Droplet-based liquid-liquid
extraction.  Microfluidic water
droplets, occupying the entire
width of the channel, extract

fluorescein from the external
continuous phase octanol [197].

Figure 6.1: State of the art of microfluidic liquid-liquid extraction devices.

organic solvent phase (cyclohexane).
Simpler were the microfluidic extractions of solutes from an aqueous to an organic solvent in
a parallel laminar flow as presented by [200, 201].

Besides these co-flow approaches (H-filters) for liquid-liquid extraction, also slugs in a capil-
lary were studied [202] or the droplet-based liquid-liquid extraction method [197] was investi-
gated (see Figure 6.1).

6.1.1 Microfluidic H-filter

The microfluidic H-filter (see Figure 6.1a) was developed at the University of Washington in the
late 90’s [204-206]. An H-filter is a co-flow geometry, which can be used for filtration purposes
or liquid-liquid extraction. Two liquids are brought together in one channel (diffusion channel)
as a parallel flow. Based on the laminar flow conditions, the liquids do not mix and can be
separated again after the continuous filtration/extraction process. Only driven by diffusion,
particles or molecules change from one liquid to the other. The traveled distance of a solute
depends on its diffusion coefficient. The diffusion coefficient scales roughly with the inverse of
the size of the molecule (the hydrodynamic radius) [3]. Therefore, solutes with high diffusion
coefficients can be separated from components of the sample with lower diffusion coefficients
(see Figure 6.2). In a two-phase system, the solutes are extracted by diffusion to the liquid
showing better solubility of the solute.

We investigated the extraction potential of a microfluidic H-filter for our application (cocaine
extraction from saliva to the organic solvent PCE) by studying the equation for a traveled
distance of a molecule and by a comsol simulation (chemical reaction engineering module) of
cocaine diffusion in a co-flow device.

The time-depended root-mean-square distance traveled by a molecule in solution is given
by equation 1.6 in section 1.1. The diffusion coefficient of cocaine in water is as small as
2.7-1079 ’"TZ (lower in saliva due to obstruction by proteins) as determined by [207]. Assuming
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Figure 6.2: Working principle of a microfluidic H-filter. Square particles show a larger diffusion
coefficient than the round ones and therefore, they travel faster to the other liquid and can be
filtered out.

water
p = 1 kg/dm®
n=0.001Pas

= 3
Ceoc = 0 molim® [

“saliva”
p =1 kg/dm?
n=0.01Pas
Ceoe = 3.301 mol/m? M

pressure difference: dimensions of the channel:
Ap = 200mbar 10x30pm’

diffusion coefficient of cocaine in water (saliva):
D,y = 108 m?/s

coc

Figure 6.3: Comsol simulation of the cocaine concentration distribution when water and
non-Newtonian saliva are flowing side by side in a microfluidic channel.

a retention time in the microfluidic system of 1s for a molecule, the diffused distance is at
most 50um. This is a reasonable distance for really small microfluidic channels (H-filters
with channel widths smaller than 100um [205]). But by far, this is not enough for our saliva
system which asks for larger channels, because of the high risk of channel clogging by saliva
components (see Figure 2.7a).

Even smaller diffusion distances perpendicular to the flow were determined by a numerical
simulation of a parallel flow of water and saliva with cocaine (3001g/mL) in co-flow in a
microfluidic channel (see Figure 6.3).

6.1.2 Slugs in a Capillary

In this liquid-liquid extraction method, slugs of immiscible liquids flow through a capillary or
a microfluidic channel (see Figure 6.1b). Mass transfer takes place at their interface, based
on diffusion. Liquid circulations within the slugs get established, which are stimulated by the
shear between the stationary fluid at the wall and the slug axis (see Figure 6.4). These internal
circulations are responsible for an enhancement in the interfacial mass transfer due to the
induced additional mixing.
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Figure 6.4: Schematic of the internal circulations generated within an immiscible slug flow
[202].

6.1.3 Droplet-Based Liquid-Liquid Extraction

Droplet-based liquid-liquid extraction was suggested by [197](see Figure 6.1c). They provided
theoretical calculations of the extraction time (defined by the equilibrium conditions) and
presented an experiment extracting fluorescent markers. Using this droplet-based extraction
technique, droplets of a diameter equal to the channel width flow through a channel and a
solute is extracted from the continuous phase to the droplet phase. The theoretical maximum
of transfered mass is defined by the volume of the continuous phase between two droplets.
Larger distances between the droplets provide more solute to be extracted. They observed a
saturation level several times lower than the expected theoretical equilibrium value (partition
coefficient), because of the inhomogeneity of the concentration field inside and outside the
droplet at all times. Close to the droplet surface, depleted zones in the external continuous
phase were observed (see Figure 6.1c).

Liquid-liquid extraction with a co-flow device is a continuous process, which allows easier
separation of the two phases for further processing after the extraction. However, the slug- and
droplet-based extraction methods are more efficient due to the induced liquid circulations
and a relatively larger interface between both phases for the mass transfer. Assuming two
liquid phases of the same volume, a droplet in cube shows an interface around 3 times larger
compared to a configuration, in which the two liquids are arranged besides each other (larger
surface-to-volume ratio, see Figure 6.5).

Figure 6.5: A droplet in cube shows an interface around 3 times larger compared to two liquids
of the same volume arranged besides each other. This larger surface-to-volume ratio favors
the liquid-liquid extraction.
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6.2 Theory & Fundamental Principles

Liquid-liquid extraction is a diffusion-based, passive process, which is driven by an unbal-
anced chemical potential (concentration differences). Solutes also migrate to the phase in
which they are more soluble until the equilibrium conditions are reached. The equilibrium
can be manipulated by adapting the conditions such as the pH value.

Cocaine dissolved in water is negatively charged (ionized) at a pH value of 7 (acidic behavior).
In this polar form, cocaine is supposed to show better solubility in polar water than in a apolar
organic solvent [198].

pKa is the acid dissociation constant, a measure of the strength of an acid in solution. It is the
equilibrium constant of the acid-base reaction. Cocaine has a pKa value of 8.6 [68]. For pH
values higher than 8.6 most of the cocaine is found in the unionized, apolar form. Under such
conditions, cocaine prefers to be dissolved in the apolar organic solvent, rather than in the
polar water.

Consider the equilibrium of an acid in a two-phase system (here aqueous saliva and the
organic solvent PCE) at an aqueous phase pH value, such that the acid is partially ionized. The
distribution of a solute between the aqueous and organic phase is defined as the partition
coefficient (PC) or distribution coefficient (DC) and depends on the pH and the pKa value.

The distribution coefficient is defined as the ratio of the concentration of the solute in the
organic phase to the concentration of all species in the aqueous phase at a given pH, whereas
the organic phase is assumed to contain only unionized species [208]:

C= [solutelpck .
B [solute]ionized  [solyte]inionized’ (6.1)
saliva saliva

The partition coefficient is defined as the ratio of the unionized solute in each phase, such as
[208]

PC= [solutelpcg

= (6.2)
[solute]

unionized '
saliva

The partition coefficient can also be estimated from the distribution coefficient, knowing the
pKa and pH value of the system as described by [208, 209]:

log(PC) =1log(DC) - log( (6.3)

1+ 10PKa—PH) '

For pH values above the pKa value, the distribution coefficient and the partition coefficient
are the same.
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Parallel Flow Merging Droplet Generation

Drainage Extraction

Parallel Flow

Channel cross section:
I saliva : : F r l:_
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Figure 6.6: Schema of the extraction system explaining the different steps of the liquid-liquid
extraction: After the inlet, saliva with cocaine flows in parallel with PCE. Droplets are generated
at the step to increase the surface-to-volume ratio which allows faster liquid-liquid extraction.

After the extraction, saliva is drained out and the PCE droplets merged to a continuous phase.
Towards the outlet, the two phases flow in parallel, but now cocaine is dissolved in the PCE.

6.3 Design

6.3.1 Principle of the Microfluidic System for Droplet-Based Liquid-Liquid Ex-
traction

The aim of our microfluidic droplet-based liquid-liquid extraction system is to bring cocaine
from saliva to the IR-transparent PCE, in which it will be detected by IR-spectroscopy.

As presented in section 6.1, it has been suggested to replace co-flow devices by droplet-based
extraction systems showing higher extraction efficiencies, mainly due to the better surface-to-
volume ratio and internal circulations.

We designed the microfluidic system shown schematically in Figure 6.6, which produces
droplets for enhanced liquid-liquid extraction. After the cocaine extraction to PCE, the system
merges the organic solvent droplets again to a continuous phase for the cocaine detection by
IR-spectroscopy.

Via inlets, saliva containing cocaine was brought in a shallow microfluidic channel together
with PCE. Both phases were flowing in parallel towards a step in the microfluidic channel.
There, PCE droplets were generated in saliva as explained in chapter 4. In the extraction
channel, cocaine was transfered from saliva into the PCE droplets driven by the chemical
potential. After the performed liquid-liquid extraction, the PCE droplets were merged again to
a continuous phase as presented in chapter 5. To allow coalescence of the PCE droplets, first
the continuous phase saliva was drained out by a shallow side-channel and then the droplets
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were merged at the end of the extraction channel. Towards the outlet, a continuous phase of
PCE was flowing besides the saliva, like in the inlet channel, but now with most of the cocaine
dissolved in the organic phase (PCE).

6.3.2 Design Variations

We used two different designs. The liquid-liquid extraction method was developed with a first
extraction system (ES 1) shown in Figure 6.7a. For the integration with the optical detection
waveguide chip, the design was adapted and called second extraction system (ES 2) (see Figure
6.7b). The footprint of the ES 2 was reduced compared to ES 1 by folding the design twice.
Furthermore, the outlet channel was arranged collinear with the extraction channel. This
way a dead zone of stagnant flow in the extraction channel (on the opposite side of the outlet
channel) could be avoided.

The vertical dimensions of the microfluidic channels were given by a multiple of the thickness
of the scotch-tape used for the scotch-tape masters (see section 2.4.1). The depth of the inlet
channel was 50um (ES 1) and 200um (ES 2), the depth of the extraction channel always 600um,
of the saliva drainage channel 50um and of the PCE outlet channel 150um (see Figure 5.6 and
5.8).

The lateral dimensions denoted in Figure 6.7 were varied according to Table 6.1. Versions A, B,
and C of the ES 2 showed similar total length, measured from the PCE inlet to the PCE outlet.
ES 2A featured a 6mm long and 100um deep shallow channel part in the extraction channel.
ES 2B showed a shorter extraction channel and ES 2C wider extraction channels than the other
two designs.

6.4 Results

The goal was to maximize the extraction efficiency of the developed system. Our droplet-
based approach for liquid-liquid extraction showed fabulous extraction efficiencies and even
allowed cocaine preconcentration. But to successfully operate the whole extraction system,
the parameters could only be varied within a certain range, which does not allow to tap the
full potential of this droplet-based extraction method.

In this section we present the optimization of the extraction efficiency of the extraction system
by pointing out the influences of several parameters. First, the pH value is adjusted and then
the extraction efficiency is evaluated for varying geometrical dimensions. The extraction
efficiency was always determined by comparing the concentration of cocaine extracted to PCE
with the one of cocaine in saliva. The cocaine concentration was measured by an appropriate
mass spectrometry method (UPLC-MS) which is described in section 2.2.
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(b) Second extraction system ES 2 which was more compact for the integration with the optical waveg-
uide for detection. Some of the chips showed an additional shallow part in the extraction channel as
indicated. Spaces were designed for the integration of the optical waveguide which were sealed after
bonding by PE.

Figure 6.7: Design of the microfluidic extraction systems with dimensions of the microfluidic
channels (width w, length | from the PCE inlet to the outlet, length I’ of the extraction channel,
see Table 6.1).

6.4.1 pH Value Optimized Extraction Conditions

To measure the distribution coefficient, we mixed 1ug/mL cocaine in saliva together with the
same volume of PCE. After 24 hours, at equilibrium conditions, the cocaine concentrations
in saliva and PCE were determined by mass spectrometry (section 2.2). At pH 7 already 94%
of the cocaine was found in PCE. At pH 8 more than 99% of the cocaine was transfered to
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Table 6.1: Dimensions of the microfluidic channels on the extraction systems (ES) (see also
Figure 6.7). The depth of the inlet channel was 50um (ES 1) and 200um (ES 2), the extraction
channel always 600um, the saliva drainage channel 50um and the PCE outlet channel 150um
(see Figure 5.6 and 5.8).

device ES1A | ES1B | ES2A | ES2B | ES2C
length of the first part [, [mm] n.a. n.a. 235 21.0 25.0
length of the first part (extraction channel only) li [mm] n.a. n.a. 14.5V 12.0 18.0
length of the second part Iy [mm] n.a. n.a. 11.5 11.5 12.0
length of the third part I3[mm] n.a. n.a. 33.0 30.5 30.0

length of the third part (extraction channel only) [5[mm] | n.a. n.a. 15.0 12.5 13.0

width of the first part w; [mm] 1.5 0.7 0.5 0.5 0.9
width of the second part wy [mm] 1.5 0.7 0.9 1.0 1.1
width of the third part ws[mm] 1.5 0.7 1.0 1.1 1.3
total length ;o [mml] 41.0 25.0 68.0 63.0 67.0
total length of the extraction channel [}, [mm] 36.0 18.0 41.0 36.0 43.0
footprint of the extraction channel Almm?] 54.0 12.6 32.6 31.3 46.3

1) contains a 6mm long and 100um deep shallow channel part

PCE. From these data, the distribution and partition coefficient for cocaine in the saliva-PCE
system were calculated (see Figure 6.8). For pH values higher than 9 most of the cocaine was
unionized (pKa = 8.6) and the distribution and partition coefficient showed the same values.

As explained in section 6.2, more cocaine is extracted by PCE when the cocaine is unionized.
Therefore, the pH value has to be at least higher than the pKa of 8.6. It was chosen always to
adjust the pH value to 9 for saliva samples as a sample pretreatment step (see section 2.1.4).
This way more than 99% of the cocaine was dissolved in PCE and we could avoid the risk of
etching our silicon substrate of the optical waveguide by components of buffers for higher pH
values (hydroxide).

6.4.2 Influence of the Flow Rates on the Extraction Efficiency

The extraction efficiency grew with the total flow rate (saliva flow rate + PCE flow rate) of the
system (see Figure 6.9). The extraction efficiency also benefited from unbalanced flow rates
(higher saliva than PCE flow rate). More cocaine was available for the same amount of PCE.
Saliva was flowing through a bead of packed PCE droplets in the extraction channel where
the cocaine was absorbed by the PCE droplets. This unbalance of the flow rates even allowed
preconcentration of cocaine in PCE and thus, an extraction efficiency higher than 100% (see
Figure 6.9). The design ES 1A had a wider and longer extraction channel than design ES 1B
and showed higher extraction efficiency.
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Figure 6.8: Distribution coefficient of cocaine in PCE and human saliva measured by UPLC-MS
and calculated partition coefficient (see equation 6.3 in section 6.2) [209]. The higher the
pH value, the more cocaine is uncharged and preferably found in the apolar PCE. Error bars
indicate the propagated measurement error of the UPLC-MS measurement.

Extraction system 1A (10uL/min saliva : 10pL/min PCE)
Extraction system 1A (20uL/min saliva : 5uL/min PCE)
Extraction system 1A (40uL/min saliva : 10pL/min PCE)
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Figure 6.9: Effect of different flow rates and flow rate ratios on the extraction efficiency. The
unbalanced flow rates (more saliva than PCE) allowed preconcentration of cocaine in PCE and
therefore an extraction efficiency higher than 100%. The extraction efficiency was determined
measuring the cocaine concentrations in PCE and saliva by mass spectrometry (UPLC-MS)
(error bars indicate the propagated measurement error).

6.4.3 Influence of the Geometrical Dimensions on the Extraction Efficiency

Flow rate parameters were chosen so that the extraction systems were working robustly
(20uL/min saliva spiked with cocaine, 5uL/min PCE). Compared to microfluidic H-filters
(flow rates 20u L/ min) with the same total length (PCE in contact with saliva) and a channel
width of 1.5mm, our extraction system (ES 2) showed a 2-3 times better extraction efficiency,
but also a higher standard deviation (see Figure 6.10). The measurement uncertainty was
calculated using the standard deviation of measurements performed on several chips with the
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Figure 6.10: Comparison of the extraction efficiency of microfluidic H-filters and our extraction
systems. Our extraction systems show a better extraction efficiency. The extraction efficiency
was determined measuring the cocaine concentrations in PCE and saliva by mass spectrometry
(UPLC-MS). Error bars indicate the standard deviation for measurements performed with 5 to
10 devices.

same geometry (same master used for molding, see section 2.4). The standard deviation was
larger than the propagated error of the mass spectrometry measurements (~ 10%). The large
deviation of the measurements was most likely due to the turbulent flow conditions (vortexes)
in our system causing it to be larger than the deviation measured with the microfluidic H-filter
which provides stable laminar flow conditions. Five to ten devices were measured per data
point. A larger data set would provide more information about how to improve the accuracy
of the measurements.

Comparing the values of ES 2 (averaged design B&C) with the ones of ES 1 (averaged design
A&B) which were achieved under the same conditions (20uL/min saliva with 500ug/mL
cocaine, 5uL/min PCE), the extraction efficiencies of ES 2 are a little bit lower, probably
because of the different surface to volume ratio. For the ES 2, 4 times larger droplets (based
on a 200um deep inlet channel instead of 50um for ES 1) were required for a better and more
stable merging capability.

The lateral geometrical dimensions of the channels (length, width) were varied, but no signifi-
cant influence on the extraction efficiency was observed. However, microfluidic extraction
systems with the design ES 2A showed significant better extraction efficiencies than the other
two (ES 2B&C). As mentioned in Table 6.1, this design contains in addition a 6mm long,
100um deep shallow part in the extraction channel, which squeezed the passing droplets. This
influence will be further investigated and verified in section 6.4.5.
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6.4.4 Extraction Efficiency at Different Concentrations

The extraction systems showed better extraction efficiency at low cocaine concentrations
(20png/mL) than at high concentrations (500ug/mL), whereas for microfluidic H-filters no
dependence was observed (see Figure 6.10b).

6.4.5 Influence of the Induced Turbulences on the Extraction Efficiency

The effect of induced vortexes on the extraction efficiency was investigated with a microfluidic
chip (see Figure 6.11a) consisting of straight channels of uniform length (55mm), depth
(600um), and width (1.5mm), but containing a different number of shallow channel parts

channel inlets

Ny 8
\\\

shallow channel part

channel outlets

step-down inducing vortexes

(a) Microfluidic structure to evaluate the influence of shallow channel parts (steps-down) on the
extraction efficiency. This chip contains four parallel channels with different number of shallow channel
parts (6mm long, 50um deep).

700
600

500
400+
3001
200+
100+
0-

1 2 3 4

steps in the microfluidic channel

extraction efficiency [%)]

(b) Steps induce vortex mixing. The more steps included in the channel, the larger the extraction efficiency. Error
bars indicate the larger value of either the standard deviation or the propagated measurement error of the mass
spectrometry measurement (UPLC-MS).

Figure 6.11: The extraction efficiency depends on the number of steps-down (after shallow
channel parts) in the microfluidic channel.
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(6mm long and 50um deep). Applying the same conditions as for the extraction systems
(20 L/ min saliva with 500ug/mL cocaine, 5uL/ min PCE) droplets were produced at the first
step. The following shallow parts did not merge the droplets (no drainage). The droplets were
squeezed and during the shape relaxation at the step after a shallow part, the same vortex
phenomenon (inducing mixing) occurred as it was observed at the droplet generation step
(see section 4.4.4). In these test channels no merging geometry was integrated. The droplets
were collected at the outlet and merged by a centrifuge prior the determination of the cocaine
concentration by mass spectrometry (see section 2.2).

An obvious trend was observed: The more steps-down integrated in the microfluidic channel,
the higher the extraction efficiency (see Figure 6.11).

6.5 Discussion

In this section we discuss the improvements of the extraction efficiency of our system and
the modifications from the first to the second extraction system. Then we also compare our
system with the state-of-the-art microfluidic H-filter.

6.5.1 Improvements of the extraction efficiency

We improved the extraction conditions of cocaine to PCE by increasing the pH value above the
cocaine pKa value of 8.6. Already at pH 9, more than 99% of the cocaine was transfered to PCE.
Therefore, we adjusted the pH only to 9 avoiding the risk of etching our silicon substrate of the
optical waveguides by components of the buffers for higher pH values (see section 2.1.4).

Our microfluidic liquid-liquid extraction approach using small (smaller than the microfluidic
channel width) droplets showed fabulous efficiencies and even allowed preconcentration of
the solute in the organic solvent unlike other droplet-based approaches which even failed to
reach the theoretical equilibrium value given by the distribution coefficient [197]. Within the
integrated extraction system the extraction efficiency was limited (to 20 — 30%) by parameters,
which were fixed to enable successful and stable operation of the extraction system. We
had to find a tradeoff between maximized extraction efficiency (up to 180%, using flow rates
of 40uL/min (saliva) and 2uL/min (PCE)) and successful operation of the system (droplet
coalescence for detection in a continuous organic phase). To optimize the extraction efficiency,
small droplets with large surface-to-volume ratio should be produced with highly unbalanced
flow rate ratios at high flow rates to induce vortex mixing; however, in these conditions our
system was not able to merge the droplets for the following detection.

A much higher saliva than PCE flow rate (such as 40uL/min (saliva) and 2uL/min (PCE),
see Figure 6.9) would provide more cocaine for a certain amount of PCE and would result
in preconcentration. However, the drainage channel we designed was not large enough to
drain all saliva from a highly unbalanced flow rate ratio, which inhibited coalescence of the
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PCE droplets. For the ES 2 the flow rate ratio of saliva to PCE was found to be optimal for
coalescence at a ratio of 4 : 1.

The lateral dimensions of the microfluidic channels had no significant influence on the extrac-
tion efficiency. Much more obvious was the effect of shallow parts integrated in the extraction
channel, which squeezed the droplets and during their shape relaxation, turbulences were
induced in the laminar flow. The higher the number of shallow parts (more vortex mixing), the
larger the extraction efficiency. Increasing the number of shallow channel parts from one to
four, a 45% higher extraction efficiency was observed in a test device (see Figure 6.11b). In
order to proof the increased extraction efficiency in system ES 2A was caused by the explained
vortex mixing, the additional shallow channel part (see Figure 6.7b) was removed. Indeed
this resulted in a 10 — 20% lower extraction efficiency (comparable with the other extraction
systems without additional shallow part, see Figure 6.10a).

6.5.2 Changes from the First to the Second Extraction System

The main geometrical improvement was the collinear arrangement of the PCE outlet channel
with the extraction channel to avoid a region of stagnant flow in the extraction channel.
Furthermore, to reduce the footprint of the microfluidic device, the channel was bended twice
in the second extraction system, which was then more convenient for the integration with the
optical waveguide.

On the second extraction system, larger droplets were produced to avoid them to enter and
clog the saliva drainage channel.

As explained above (section 6.5.1) in order to obtain the optimum extraction conditions,
droplets should be generated with highly unbalanced flows and at high flow rates (to induce
vortex mixing); however, in these conditions the designed system was no more able to merge
the droplets (not enough saliva drainage). For the ES 2 the flow rate ratio of saliva to PCE was
found to be optimal at a ratio of 4 : 1. Therewith, the designed drainage channel managed
to drain out enough saliva to cause merging of the PCE droplets at the step-up at the end of
the extraction channel. The stable operation of the system was observed up to 20uL/min
saliva flow rate and 5uL/min PCE flow rate. PCE droplet coalescence could not always be
ensured for larger saliva to PCE flow rates such as 24uL/min:6uL/min, 32uL/min:8uL/min
or40uL/min:10uL/ min.

6.5.3 Comparison with the State of the Art

We developed a microfluidic liquid-liquid extraction system to transfer cocaine from human
saliva to the IR-transparent organic solvent PCE under continuous flow conditions. The state-
of-the-art microfluidic H-filter also would allow continuous extraction and in addition easy
separation of the liquids after extraction [204, 205], but our system showed a 2-3 times better
extraction efficiency. To perform best, the H-filter would require microfluidic channels smaller
than 50um (diffusion length of cocaine), but they would be clogged immediately by saliva.
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Compared to H-filters, slug-based extraction systems not only depend on diffusion, but also
on induced liquid circulations which allow additional mixing in the laminar flow [202]. Also
in our system mixing is supported by vortexes created during the droplet generation step as
explained in section 4.4.4.

The droplet based approach suggested by [197], shows a better surface-to-volume ratio for
higher extraction efficiency than the slug-based approach (see Figure 6.5). Furthermore, the
smaller the PCE droplets in the same amount of saliva are, the better this ratio. The suggestion
of a droplet-based approach is a promising idea, but ends up with an emulsion after the
extraction process instead of two separated phases, which does not allow further processing
or detection. Droplets as large as the channel width were proposed, which resulted in a
limited volume of the continuous phase between the droplets and also depleted regions were
observed (see Figure 6.1c). To overcome the diffusion limited problem (see section 6.1.1) in
our system, vortexes generated by shallow channel parts induced mixing and so they provided
a more homogeneous solute distribution and a higher extraction efficiency (see Figure 6.11).
Furthermore, our droplets were smaller than the channel width. The continuous phase could
flow around the droplets. If the continuous phase was flowing at higher flow rate (compared to
the dispersed phase), even cocaine preconcentration up to 180% in PCE droplets was achieved
(see Figure 6.9). Our droplet-based approach therefore provides an attractive method of
microfluidic liquid-liquid extraction.

6.6 Summary

The set goal was to transfer cocaine from the saliva sample to an IR-transparent organic phase
in order to be detected by waveguide IR-spectroscopy in the continuous organic phase.

Here we presented a liquid-liquid extraction system which transfered continuously cocaine
from human saliva to the organic solvent PCE. We followed and improved the idea of droplet-
based liquid-liquid extraction. Our approach of producing droplets smaller than the width of
the microfluidic channel achieved promising results based on vortex mixing in the laminar
system (up to 40% higher extraction efficiency in a test device) and on unbalanced flow rates
allowing cocaine preconcentration in PCE (extraction efficiencies up to 180% measured).

We presented a compact microfluidic system including on the same chip: droplet generation
(see chapter 4), liquid-liquid extraction, and droplet merging (see chapter 5). This integrated,
serial arrangement of the components fixed some parameters within a certain range, which
did not allow to tap the full potential of this droplet-based extraction method.

However, our system developed for droplet-based liquid-liquid extraction showed a 2-3 times
larger extraction efficiency than the state-of-the-art microfluidic H-filter. Optimized con-
ditions for most efficient extraction at robust system performance (for ES 2) were found at
the flow rate ratio of 4 : 1 with the following flow rates; 20 L/ min saliva spiked with cocaine,
5uL/min PCE.
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4 Integrated Cocaine Sensor for Saliva
Samples based on IR-Spectroscopy

The results shown in this chapter are based on the knowledge developed and presented in
the previous chapters. Here we present an integrated optofluidic device which is the output
of a close collaboration together with the micro-optics group of Prof. Hans Peter Herzig at
EPFL. Germanium strip waveguides on silicon substrates were integrated with microfluidic
systems to detect cocaine as a pilot demonstration in the framework of the project IrSens. In
the evanescent field of the waveguide, cocaine absorbed the light of a wavelength near 5.8um
which was emitted from a quantum cascade laser.

Some of the information presented in this chapter was both published in the journal Lab on a
Chip [210] and at the uTAS 2012 conference [158].

7.1 Introduction

Integrated optofluidic systems including microfluidics and laser detection of chemical ana-
lytes were first demonstrated in 2006 [14] (see section 1.2).

Chemical detection and identification based on mid-infrared (mid-IR) spectroscopy have
been widely used for samples in gases, liquids, or solids. In the condensed phase, attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR) conveniently probes the
analyte in the evanescent field. Such tabletop setups are limited to laboratories due to their
large footprint [211, 212]. During the last few decades, the progress of mid-IR spectroscopy
with mid-IR fiber probes or planar waveguides largely reduced the device size and the required
sample volume [213]. Such waveguides were based on silver halides, chalcogenide glasses,
GaAs or hollow waveguides [214-218]. In addition, mid-IR quantum cascade lasers (QCLSs)
provide light sources with high power, high tunability, and compact sizes which can further
reduce the size of sensor systems [219].

Microfluidic systems have been used in combination with IR-detection as presented in section
1.2.3. The most commonly used techniques are chromatography and electrophoresis on a
separate microfluidic chip for sample preparation and preconcentration prior to the conven-
tional IR-detection.
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Figure 7.1: Planar chalcogenide waveguide integrated with microfluidic sensor [216].

Recently, optical waveguide-based detection techniques were presented in combination with
microfluidic systems. A SU-8/PDMS microfluidic device integrated with a planar chalcogenide
glass waveguide on a silicon substrate was presented in 2007 for detection of N-methylaniline
at the wavelength of 1.55um (see Figure 7.1) [216]. A limit of detection of 0.7 vol. % (7ug/mL)
was achieved for N-methylaniline in a non-absorbing solvent (carbon tetrachloride). Ultra-
sensitive mid-infrared evanescent field sensors combining thin-film strip waveguides with
quantum cascade lasers were published in 2011 [220]. Acetic anhydride was detected with a
wavelength of 10.3um with a limit of detection of 19.4 ng (= 18pL droplets deposited on the
waveguide surface).

Beside, commercial products combining QCLs and flow cells for the detection of oil in water
are available [221].

7.2 Theory & Fundamental Principles

An optical waveguide is a physical structure that guides electromagnetic waves in the optical
spectrum. The most common types of optical waveguides are the optical fibers and rectangular
waveguides. The latter can be split in strip waveguides and the flatter slab waveguides, also
called planar waveguides. Compared to a slab waveguide, a strip waveguide has higher fraction
of energy in the evanescent field and hence shows increased limits of detection [220].

For the optical detection, we used a single-mode total reflection strip waveguide, in which
the light bounced several times forming a surrounding evanescent field. An evanescent wave
is a near-field standing wave with an intensity that decays exponentially with distance from
the boundary at which the wave was formed. Evanescent waves are a general property of
wave-equations and occur in all phenomena to which a wave-equation applies. They are
formed at the boundary between two materials with different wave propagation properties.
Their highest intensity is within one third of a wavelength from the surface (interface between
two materials) of formation. The evanescent field waves can be excited very efficiently with
light near the visible range. [222]
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Figure 7.2: Scheme of the waveguide spectroscopy sensor concept in liquid. The light emitted
from the QCL is coupled into a Si/Ge single-mode waveguide. The evanescent field of the
mode (about 5% of the injected light) is then interacting with the analyte within the liquid.
After analyte interaction, the light is collected and focused onto a quantum cascade detector.

The analyte (cocaine) in the liquid phase was detectable because it absorbs energy of the
evanescent field surrounding this waveguide (see schematic in Figure 7.2). The information
about the analyte concentration can be determined by measuring the intensity of the light
at the waveguide output. The wavelength of the laser light was chosen to accord with the
characteristic absorption peaks of cocaine [223].

7.3 Design

This section presents the design of both parts of the optofluidic system. First we describe the
optical waveguide and then we present the two different integrated microfluidic systems. The
first optofluidic system is called 'detection-evaluation system’ and detects different cocaine
concentrations in PCE. The second device is called 'extraction-detection system’ and integrates
the liquid-liquid extraction and the waveguide detection.

In this section also the optical and microfluidic experimental setup for the characterization of
the optofluidic systems is introduced.

7.3.1 Optical Waveguide

The mid-IR waveguide is made from a mono-crystalline Ge layer grown on a Si substrate, by
means of standard photolithography and reactive ion etching using CFj. Intrinsic Ge and
Si have low absorption in a wide range of mid-IR. This material combination is Si-process
compatible and can be integrated with the current Si technology. Figure 7.3 shows the cross
section view of the fabricated strip waveguide. The waveguide is designed for single mode,
transverse magnetic polarization at the wavelength of 5.8um, while the thickness is 2um and
the width 2.9um [224].
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Figure 7.3: Image of the cross section of a Ge waveguide on silicon, taken with a scanning
electron microscope. The waveguide was designed for the wavelength of 5.8um (thickness
2um, width 2.9um).

7.3.2 Integration with the Microfluidic System

The single-mode strip waveguides were integrated with a microfluidic system made by rapid
prototyping of NOA81 as explained in section 2.4.2. After usage, the low-cost, disposable,
polymer microfluidic system can be detached from the optical substrate by soaking everything
in acetone and the waveguide can be recycled.

In the microfluidic system, small openings were fabricated to let the waveguides enter the
microfluidic channel. These gaps were sealed afterwards by melted polyethylene or by epoxy
glue (2 tone epoxy, Devcon) which absorb less IR-light than the material of the microfluidic
system [123].

Two different integrated systems were fabricated and tested. On the one hand, the simplified
‘detection-evaluation system’, where the microfluidic part consists only of simple straight
channels (1mm wide, 7mm long, and 50um deep), showing one microfluidic inlet and one
microfluidic outlet per channel (see Figure 7.4). The microfluidic channel sits over an optical
waveguide of ~ 8mm length. This system was built to verify the detection method and to
determine the limit of detection in PCE.

Figure 7.4: Integrated 'detection-evaluation system’ with two waveguides covered by simple
straight microfluidic channels showing one inlet and one outlet per channel.
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On the other hand, a more complex integrated optofluidic system, the so called ’extraction-
detection system’, was built. The 'extraction-detection system’ combines the droplet-based
microfluidic liquid-liquid extraction of cocaine from human saliva and the strip waveguide
detection in PCE. Compared to the 'detection-evaluation system’ this device shows an around
4 times longer optical waveguides (~ 23.8mm). Figure 7.5 shows the microfluidic system,
the design of the waveguides as well as a photograph of the complete integrated 'extraction-
detection system’.

7.3.3 Optical Experimental Setup

The integrated sensing devices, consisting of an optical waveguide and a microfluidic system,
were evaluated by a QCL light source emitting light at a wavelength of 5.71 + 0.01um (wave
number 1750 + 5cm™!). The laser was provided by our collaborators of the group of Prof.
Jéroéme Faist at ETHZ and was fabricated as described in [225].

The measurement setup consisted of a tabletop optical system measuring the waveguide
output. The light emitted from the QCL was coupled into the strip waveguide with a 1/f ZnSe
doublet. After interaction with the sample in the liquid chamber, the light went through a
waveguide bend and was redirected to a liquid nitrogen cooled MCT (mercury cadmium
telluride) detector by two parabolic mirrors. The use of a bended waveguide avoided the QCL
stray light of the emission axis from being detected, which increased the signal to noise ratio.
The setup is presented in Figure 7.6.

7.3.4 Microfluidic Experimental Setup

Here the fluidic setups for the simple ’evaluation-detection system’ and the more complex
‘extraction-detection system’ are explained.

Detection-Evaluation System

For the 'detection-evaluation system’ no saliva was involved but different concentrations of
cocaine in PCE . The PCE solutions were pumped with a syringe pump at a constant flow rate.
Different concentrations were selected continuously while pumping by using a six-way valve.
For easy characterization of the 'detection-evaluation system’ pure PCE was alternated with
PCE solutions with cocaine. Step by step the concentrations were changed between 100ug/mlL,
300ng/mL, and 1000pug/mL.

Extraction-Detection System

The flow rate in the fluidic system of the ’extraction-detection system’ was also controlled by a
syringe pump (see Figure 7.7). PCE was provided in parallel with either pure saliva or saliva
spiked with cocaine (chosen by a fluidic valve). First pure saliva was injected into the system,
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A

(a) This 3D schematic shows the microfluidic part upside down with the surface
bonded to the substrate (with waveguides) on top. In red the position of the
integrated waveguides is indicated.
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(b) Design of the optical waveguides in blue. The yellow square represents the
footprint of the microfluidic system.

(c) Image of the NOA81 microfluidic system integrated with the opti-
cal waveguides on a silicon substrate.

Figure 7.5: Integrated optofluidic 'extraction-detection system’.
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(a) Image of the experimental setup. (b) Schematic of the included components.

Figure 7.6: Optical components of the measurement setup for both integrated systems: QCL
light source, light beam shaping components, optofluidic sensing device and the MCT detec-
tor.

Figure 7.7: Tubing for the integrated setup using only one syringe pump: 1) syringe pump, 2)
syringe with PCE (small diameter), 3) syringe with saliva, 4) syringe with cocaine spiked saliva,
5) selection valve, 6) optofluidic chip, 7) microfluidic waste.

then saliva experienced the same pretreatment (see section 2.1.4) but spiked with cocaine
(500u1g/mlL), followed again by the pure saliva. By selecting different syringe diameters also
the flow rate ratio between PCE and saliva was adjustable.

7.4 Results

Different cocaine concentrations dissolved in PCE were measured with the ‘detection-evaluation
system’ (see Figure 7.5) by pumping the liquids through the microfluidic device at a flow rate
of 50uL/min. The waveguide output light intensity was detected promptly when we switched
between different concentrations of cocaine as shown in Figure 7.8. Between each concentra-
tion, we added 5-7 minutes of pure PCE solvent. The signal always reached again the baseline
while pure PCE was flowing in the channel. The device responded well to each change of
the concentration. The transmission drop (energy absorption of the cocaine molecules) was
linearly proportional to the cocaine concentration, while the lowest detected concentration
was 100ug/mlL.
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The ’extraction-detection system’ first extracted cocaine from saliva to PCE, then detected
cocaine further downstream in the microfluidic channel with the optical waveguide. Figure
7.9 shows the detection of 500.g/mL cocaine by switching between pure and spiked saliva at
constant flow rates of 20 L/ min for saliva and of 5.4 L/ min for PCE.
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Figure 7.8: Waveguide output intensity with different cocaine concentrations in the organic
solvent PCE using the short waveguides on the ‘detection-evaluation system’: in the dynamic
measurement, the smallest detected concentration was 100ug/ml.
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Figure 7.9: Optical detection of cocaine extracted from saliva to PCE on chip during the mea-
surement using the integrated optofluidic 'extraction-detection system’. The concentration of
cocaine in saliva was switched between zero and 5008/ mL.
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Table 7.1: LOD of different systems detecting cocaine in saliva or systems using integrated
optical waveguides.

System [ Analyte [ Matrix [ LOD [ Time to result [ Reference
our detection-evaluation system’ cocaine PCE 100ug/mL real time (158, 210]
our 'extraction-detection system’ cocaine saliva 500p8/mL real time [158, 210]
tabletop ATR-IR spectrometer cocaine saliva (evaporated) 10pug/mL ~10min [223]
different immunoassay systems cocaine saliva ngl/mlL-range ~20min see Table 2.4
mass spectrometry cocaine saliva nglmL-range several hours [228]
integrated chalcogenide waveguide N-methylaniline carbon tetrachloride 7ug/mL (0.7vol.%) n.a. [216]
integrated GaAs waveguide acetic anhydride air (droplets on waveguide) 18pL/19.4ng n.a. [220]

7.5 Discussion

The lowest detected cocaine concentration in PCE of our integrated 'detection-evaluation
system’ was 100ug/mL. This simple device featured a really fast response time compared
to less reliable and portable systems based on immunoassay (where the time-to-results can
exceed 20min, see section 1.2.2) or compared to the reliable state-of-the-art cocaine detection
by mass spectrometry (time to result: several hours) which makes it applicable for trustable
real-time measurements. Even a faster response than the one shown in Figure 7.8 can be
achieved by shortening the supply tubing as presented in [210] or by directly integrating the
pumping on the microfluidic system by micro pumps [226, 227].

Using the more complex ’extraction-detection system’ a cocaine concentration of 500ug/mL
in saliva was extracted to PCE and detected. Concentrations in real saliva samples can exceed
1000ng/mL for 2-4 hours after consumption [45]. By detecting a cocaine concentration of
500ug/mL we are far from this concentration as well as from the detection limit of 20ng/mL
proposed by the SAMHSA (see section 2.1.2). Table 7.1 compares the limit of detection (LOD)
of different systems detecting cocaine in saliva or systems using integrated optical waveguides.
Furthermore, the device developed here not only lacks of a fairly high LOD, but the system
needs also to be calibrated before application in the field.

The integrated optofluidic system, the so called ’extraction-detection system’, showed much
higher relative sensitivity compared to measurements in PCE with the simple 'detection-
evaluation system’ (compare Figure 7.9 to Figure 7.8). This increase resulted from the usage of
a longer optical waveguide.

The relative sensitivity was better, but the detected intensity of the signal was at a really low
level (less than 0.1mV), because when the optical waveguides were in contact with the highly
light absorbing aqueous liquid once, the output signal dropped and stayed low.

The microfluidic system is working well, continuously extracting cocaine from saliva to PCE
and then merging PCE droplets towards the waveguide area as shown in Figure 7.10. However,
our system suffered from a basic fluidic design flaw occurring during the initialization phase
of the microfluidic system: as explained in Figure 7.11, the initialization phase started from an
empty microfluidic channel. PCE droplets were produced in saliva. Since the PCE droplets
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optical waveguide

Figure 7.10: Integrated ’extraction-detection system’ on the chip holder performing the mi-
crofluidic droplet-based liquid-liquid extraction (continuous operation) while real time optical
detection.

were embedded in the aqueous continuous phase saliva, the channel walls always got wetted
first by saliva (step 1, Figure 7.11b). The same applied for the hydrophilic optical waveguide
channel (step 2, Figure 7.11b). The PCE droplets arriving first at the step were stopped,
squeezed, and then merged together (step 3, Figure 7.11b). Meanwhile the saliva continued
to flow over the optical waveguide instead of separating out via the shallow drainage side-
channel. As soon as the pressure on the droplets was high enough, they merged and a
continuous phase of PCE left through the shallower channel containing the optical waveguide
(continuous operation phase). Since saliva was in contact with the hydrophilic surface of the
optical waveguide first, a very thin lubrication film of saliva was remaining on the waveguide
in the continuous operation phase (PCE surrounded by a thin film of saliva, slug-like flow)
[4, 229, 230]. Assuming the slug-like flow is comparable to the phenomenon of a large inviscid
bubble moving at small capillary number in a microfluidic channel, the thickness of the
lubrication film e can be estimated by the nonlinear law 7 oc C a3 [231], where h is the height
of the microfluidic channel. The capillary number of 0.00715 in our system would result in an
estimated thickness of this lubrication film of ~ 5um.

We tried to prevent the saliva-waveguide contact by initializing the microfluidic system with
channels filled with PCE - with and without blocking the PCE outlet by a valve during the
initialization phase. It could not be avoided that saliva touched the optical waveguide and
remained as a thin layer on the surface of the waveguide. To overcome this issue, it could be
tried to make the optical waveguide completely hydrophobic by a surface treatment which
should force the saliva to leave only through the hydrophilic saliva outlet channel. Another
approach could be to design an additional PCE outlet channel in parallel to the detection
channel. This way, one channel would be closed after the initialization phase and another
channel (pre-filled with PCE) then opened for the detection only.
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Initialization phase:
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(a) Image of the microfluidic system during the initializa- (b) This schema shows the initialization and

tion phase (step 3): The PCE droplets were stopped at the continuous operation phase of the mi-

the step and saliva fills both the drainage and the detec- crofluidic system. The initialization phase is

tion channel. The yellow line indicates the location of the presented in three steps: 1) Continuous phase

series of cross section views shown in Figure 7.11b. saliva with embedded PCE droplets were fill-
ing the empty hydrophilic channel, 2) Saliva
reached the step first and started to wet the
channel with the waveguide, 3) PCE droplets
were stopped at the step and were squeezed
together while saliva flowed over the waveg-
uide. In the continuously operating state, PCE
droplet were merged and continuous organic
phase left through the channel, but a very thin
saliva film was remaining on the waveguide
(slug flow).

Figure 7.11: Initialization of the microfluidic droplet-based extraction system.

The mentioned saliva layer (~ 5um) covering the optical waveguide after the initialization
phase absorbed most likely the largest amount of energy of the evanescent field which shows
its highest intensity at about one third of the used wavelength measured from the waveguide
(5.7um/3 =1.9um) (see section 7.2). The evanescent field technique is of advantage for the
detection of analytes in a highly absorbing matrix, because the field only interacts within a thin
layer of the liquid. In the case of a large volume of a transparent matrix (PCE) surrounded by a
thin highly light absorbing saliva layer, a transmission measurement (light shining through
the sample) in combination with an IR-transparent chip material, would probably be better
suitable, since the liquid-liquid extraction of cocaine from saliva to PCE was shown to be
efficient (see chapter 6).
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Chapter 7. Integrated Cocaine Sensor for Saliva Samples based on IR-Spectroscopy

Regarding the waveguide detection system, the limit of detection of our device could be
improved by using longer waveguides and an integrated splitter with a reference waveguide.
The noise needs to be reduced by stabilizing the temperature and by avoiding mechanical
vibrations. Furthermore, there is a shift of the average output-power observed based on the
fluctuation of alignment between the laser and the waveguide. This could be avoided by
integration of the waveguide and the light source on the same substrate.

The QCL light source and the optical waveguide are already portable, but the additional
components of the optical system are still based on a tabletop setup and not applicable for a
POC device.

To handle the liquids in the microfluidic system a bulky syringe pump was used. This driving
system is not handy for a portable POC system. The syringe pump SPS01 from LabSmith is
much smaller and portable [232]. There are also portable, battery powered pumps available on
the market with a footprint of a coin e.g. Bartels Micropumps [226] or pumps from Osmotex
[227]. The pumps mp6 from Bartels (Bartels Mikrotechnik, Dortmund, Germany) were tested,
but not applied in the research project, because they show lower accuracy in terms of the flow
rate and need to be calibrated before use.

However, to the best of our knowledge we showed in this chapter for the first time the suc-
cessful integration of a low-cost microfluidic system for sample preparation together with
optical detection by IR spectroscopy. Thanks to the microfluidic liquid-liquid extraction of
cocaine from the highly absorbing saliva to an IR-transparent solvent, cocaine detection by
IR-spectroscopy was feasible (see absorption spectra in Figure 1.6).

7.6 Summary

In this chapter we presented with two systems the successful integration of a low-cost microflu-
idic part with the IR-waveguide spectrometry chip. The first 'detection-evaluation system’
measured quantitatively different cocaine concentrations in PCE with a LOD of 100ug/mL.
The second ’extraction-detection system’ performed the liquid-extraction of cocaine from
saliva to PCE together with the detection on the same device with a LOD of 500ug/mL in
saliva. The low limit of detection of the ’extraction-detection system’ suffered from an issue
occurring during the initialization of the microfluidic system which reduced the detectable
signal intensity. The microfluidic system performed well, but the combination with an evanes-
cent field detection was not the most suitable one. Nevertheless, for the first time cocaine
detection in human saliva succeeded on a compact, integrated optofluidic system, even if the
LOD of our systems did not reach our expectations.
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Summary & Outlook

The goal of this research was to develop a compact, portable microfluidic system for cocaine
detection in human saliva by IR-spectroscopy. We also wanted to develop a low-cost, dispos-
able chip which is easy to fabricate by a low-cost rapid prototyping method. Therefore, we
chose polymer as the chip material which satisfied the above requirements, but asked for
further specific material characterization. Furthermore, the microfluidic system itself had to
be integrable with the optical waveguide for detection purpose. The task of the microfluidic
device was to transfer cocaine from the IR-light absorbing saliva to an IR-transparent organic
solvent enabling its detection.

Saliva is a good matrix for road side testing, but also a complex, non-Newtonian fluid which
tends to clog microfluidic channels. Hence, it required specific description and sample
pretreatment. We characterized the UV-polymer NOA81 for microfluidic applications and
developed a simple rapid prototyping method using scotch-tape masters. Equipped with these
tools we designed a new microfluidic droplet-based liquid-liquid extraction method to transfer
cocaine from saliva to the IR-transparent organic solvent PCE. Our system included a simple
and robust droplet generation method as well as a merging geometry. Then, this microfluidic
system was successfully integrated with a waveguide chip for the optical detection of cocaine.

8.1 Summary

First, for our application we emphasized the nature of saliva and its usage as an easily accessi-
ble sample matrix for the detection of cocaine in the human body. We explained the saliva
sample pretreatment, which had to be applied prior to its processing on microfluidic chips
in order not to clog the microfluidic channels and to allow reproducible measurements. We
focused on the influence of these pretreatments on the rheological behavior of this body fluid.

Second, the advantages of polymers as chip material for microfluidic systems were highlighted
and we presented a low-cost, time-efficient, and highly flexible microfluidic chip fabrication
method for the UV-curable polymer NOA81 (chapter 2).
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A new suitable polymer chip material was found which met the relevant material requirements
of the project IrSens. The third aspect involved the investigation of microfluidic and IrSens
project relevant material properties, including the compatibility to IR-transparent solvents,
the low cocaine adsorption, the adjustable wetting behavior as well as the suitability for low
cost prototyping. The material characterization was presented, and the mentioned material
properties were illustrated by different applications (chapter 3).

We developed a droplet-based microfluidic liquid-liquid extraction method to transfer cocaine
from saliva to the IR-transparent organic solvent PCE including droplet generation and droplet
merging. Therefore, we aimed to develop a new, simple, and robust droplet generation
method, which can process the complex liquid saliva without clogging. The fourth aspect
concerned the droplet generation geometry (chapter 4). This geometry did not involve small
features, which could be clogged by saliva components. Our droplet generation method was
independent of the chip orientation and produced monodispersed droplets (smaller than
3%). Micro droplets could be produced at the microfluidic outlet or at a step in a microfluidic
channel (for further processing of the droplets on chip). The method also enabled high
throughput by parallelization of the droplet generation feature. The size of the generated
droplets mainly depended (linearly) on the inlet channel height of the device which allowed
to predict the droplet size. In the flow field, vortexes were observed, occurring during the
droplet generation process and enhancing the mixing in the normally laminar flow of such a
microfluidic channel.

In the fifth endeavor, after extracting cocaine, we aimed to merge PCE droplets, which were
dissolved in the human saliva, so that the cocaine could be detected by the optical waveguide
(chapter 5). Droplets in saliva were stabilized by surfactant proteins already present in saliva,
avoiding spontaneous droplet coalescence.

Several chemically assisted merging approaches were tested and failed, such as the increase
in the pH value, the salting out method, elevated temperatures, adjusted surface wettability,
or the addition of anti-foaming agents and different other surfactants.

Therefore, a physical, passive method was developed to continuously merge the droplets. The
continuous saliva phase was drained out by a shallow side-channel and then the PCE droplets
were physically deformed by the microfluidic chip geometry resulting in coalescence based
on the physical compressive and decompressive merging principles.

The sixth aspect of the project addressed the efficiency of transferring cocaine from saliva to
the organic PCE solvent using our compact droplet-based extraction system (chapter 6). Our
approach of producing droplets smaller than the width of the microfluidic channel, achieved
promising results (extraction efficiencies up to 180%) based on generated vortexes inducing
mixing in the laminar system and also based on unbalanced applied flow rates enabling
cocaine preconcentration in PCE.

The integrated, serial arrangement of the system components (droplet generation, liquid-
liquid extraction, droplet merging, detection) only permitted to set some parameters within
certain ranges, which did not allow us to tap the full potential of the presented droplet-
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based extraction method. However, our system showed at least 2-3 times higher extraction
efficiencies than the state-of-the-art microfluidic H-filter.

The seventh aspect of this work involved the successful integration of the low-cost microfluidic
parts with the IR-waveguide spectrometer chips (chapter 7). The first 'detection-evaluation
design’ measured quantitatively different cocaine concentrations in PCE with a LOD of
100ug/mL. The second ’extraction-detection design’ involved the liquid-liquid extraction
of cocaine form saliva to PCE together with the detection on the same device with a LOD
of 500ug/mL in saliva. The second "extraction-detection design’ suffered from an issue oc-
curring during the initialization of the microfluidic system, which reduced dramatically the
detectable signal intensity. The microfluidic system performed well, but the combination with
an evanescent field detection method was not the most suitable one. Nevertheless, for the
first time cocaine detection in human saliva succeeded on a compact, integrated optofluidic
system, even if the LOD of our systems did not reach our expectations.

8.2 Outlook

Future work aiming at the improvement and industrialization of the droplet based liquid-
liquid extraction system developed in this thesis should focus on five main aspects.

First, we developed a low-cost, highly flexible, and time-efficient rapid prototyping method
for NOAB81 using scotch-tape masters. If higher accuracy is needed, the scotch-tape could be
structured by laser cutting. However, this method was designed for flexible lab work and is not
suited for mass production.

Second, the geometry of the extraction system has to be improved, so that we can tap the full
potential of the presented droplet-based liquid-liquid extraction method. Additional shallow
parts with steps in the microfluidic channels would enhance the mixing by vortexes for better
extraction efficiency. Further, a particular improvement of the merging part is required to
merge small droplets with a huge surface-to-volume ratio, which are produced at high flow
rates inducing turbulences for mixing purposes and at highly unbalanced flow rates (requiring
larger drainage channels).

Third, the detection limit of the integrated system of the microfluidic part and the optical
waveguide could be improved greatly by avoiding water (saliva) contact with the optical
waveguide during the initialization phase, because a thin, but highly absorbing aqueous
lubrication layer remains on the optical waveguide.

Fourth, the portability of the device needs to be enabled by replacing the tabletop syringe
pumps. Compact, portable, and battery-powered micropumps can be integrated with the
microfluidic system.

Fifth, the integrated ’extraction-detection system’ needs to be calibrated and the accuracy
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of the extraction system to be verified. In this thesis only saliva samples spiked with cocaine
were used. The high inter- and intra-subject variations of saliva samples might also influence
the accuracy of our liquid-liquid extraction system.
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.\ Appendix:
UPLC-MS Cocaine Calibration Curve

For the the cocaine measurements at the Swiss Laboratory for Doping Analyses (LAD) a
calibration curve for the ultra performance liquid chromatography - mass spectrometer (Xevo
TQ-S from Waters) was recorded using well defined cocaine concentration standards. The
calibration curve (Figure A.1) showed linearity for the concentration range 5-2500ng/mL.
Higher concentrations had to be diluted before measuring.

Compound name: Cocaine

Cormrelation coefficient: r = 0.999901, r"2 = 0.999803

Calibration curve: 0.0361883 * x +-0.036243

Response type: Internal Std { Ref2 ), Area * (IS Conc. /IS Area )
Curve type: Linear, Origin: Exclude, Weighting: 1/x, Axis tfrans: None
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Figure A.1: Cocaine calibration curve for the UPLC-MS, Xevo TQ-S from Waters.
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