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Abstract

Droplet micro�uidics is a useful tool that can be used to carry out biolog-
ical and chemical experiments at high speed and with enhanced e�ciency.
Many applications such as biological cell culturing and chemical analysis and
screening require on-chip storage and manipulation of the droplets. The goal
of this thesis work was to design a micro�uidic chip that can store droplets
on-chip and to explore its potential applications.

The primary aim of this research was to develop a micro�uidic system
where droplets could be stored on the same chip from which they were gen-
erated. With this aim, several materials were investigated and examined
to realize such a microchip. A Parylene AF4 coated polydimethylsiloxane
(PDMS) chip was �nally produced to generate and store the droplets. The
main applications of on-chip storage droplets are related to cell storage and
cell culture. These uses require a microchip that is made out of a biocom-
patible material, and both PDMS and Parylene are biocompatible. Droplets
containing biological cells were generated and stored to evaluate the on-chip
storage system. The droplets were stored more than four days on the devel-
oped chip.

In addition to the on-chip storage of water droplets, agarose droplets
were also generated and stored. Agarose is often used as a support to cul-
ture human and animal cells. Agarose solution can form a stable gel at
low concentrations, it is free of contamination, and does not adhere to cells.
The elasticity of the microenvironment has a signi�cant impact on cellular
growth. The agarose droplets allow the encapsulation of cells, which can then
be cultured in di�erent elastic environments. This enables the investigation
of the impact that the mechanical properties of the environment can have on
cell behavior. A primary study was conducted by encapsulating yeast cells
in agarose.

The ability to carry out reactions and culture cells in microdroplets de-
pends on being able to merge microdroplets from di�erent sample �uids.
The sorting of required droplets is another important aspect of a micro�u-
idic network. A chip was designed and realized to generate droplets with fresh
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nutrients that could be merged with the stored droplets to supply nutrients
to the cells.

Droplets containing Escherichia coli and Enterococcus faecalis were stored
on-chip in AF4 coated PDMS channels for several hours, and cell growth was
observed for up to 5 hours. However, mammalian cells cannot be stored in
an AF4 coated channel for an extended period due to the lack of oxygen
and carbon dioxide. A method of supplying oxygen to the stored droplets in
a microchannel was therefore developed. Air bubbles were placed close the
aqueous droplets, separated by �uorinated oil, in the same micro�uidic chan-
nel to modulate the oxygen level by means of di�usion. The oxygen level in
the aqueous droplets was monitored by the redox indicator methylene blue.
Madin-Darby Canine Kidney (MDCK) cells were encapsulated and stored in
the droplets with the presence of air bubbles.

In conclusion, the applicability of AF4 coated PDMS chips for cell storage
and culturing was experimentally proven. All the devices were fabricated
using low-cost, rapid prototyping fabrication techniques.



Kurzfassung

Die Tropfen-Mikro�uidik ist ein nützliches Verfahren, mit dem biologische
und chemische Experimente mit hoher Geschwindigkeit und verbesserter Ef-
�zienz durchgeführt werden können. Viele Anwendungen, wie die biologische
Zellkultivierung sowie die chemische Analyse und das Screening erfordern
die Positionierung und die Handhabung der Tröpfchen in dem Chip. Das
Hauptziel dieser Forschungsarbeit war es, einen Mikro�uidik-Chip zu en-
twerfen, der Tröpfchen auf dem Chip generieren und speichern kann, um
weitere Untersuchungen zu ermöglichen und potentielle Applikationen zu er-
forschen. Zu diesem Zweck wurden mehrere Materialien ausgewählt und un-
tersucht. Letztendlich wurde ein Parylene AF4-beschichteter Polydimethyl-
siloxan (PDMS)-Chip hergestellt, der diese Anforderungen erfüllt. Die Haup-
tanwendungen von On-Chip-Speichertröpfchen stehen im direkten Zusam-
menhang mit der Zellspeicherung und der Zellkultivierung. Diese Anwen-
dungen erfordern einen Mikrochip, der aus einem biokompatiblen Material,
wie PDMS oder Parylene hergestellt ist. Um das On-Chip-Speichersystem
zu bewerten, wurden Tröpfchen, die biologische Zellen enthielten, erzeugt.
Diese verblieben mehr als vier Tage in dem entwickelten Chip.

Neben der On-Chip-Speicherung von wässrigen Tröpfchen wurden auch
Agarosetröpfchen hergestellt und platziert. Agarose wird häu�g als Träger
für die Kultivierung menschlicher und tierischer Zellen verwendet. Eine
Agaroselösung kann bei geringen Konzentrationen ein stabiles Gel bilden,
welches frei von Verunreinigungen ist und nicht an den Zellen haftet. Die
Elastizität der Mikroumgebung hat einen signi�kanten Ein�uss auf das Zellw-
achstum. Die Agarosetröpfchen ermöglichen die Einkapselung von Zellen,
die dann in verschiedenen elastischen Umgebungen kultiviert werden kön-
nen. In einer durchgeführten Primärstudie wurden Hefezellen in Agarose
eingekapselt. Diese Untersuchungen dienten dem Nachweis, dass mechanis-
che Eigenschaften der Umgebung das Zellverhalten beein�ussen können.

Um chemische Reaktionen anzuregen und Zellkulturen in Mikrotröpfchen
zu realisieren, müssen Mikrotröpfchen aus verschiedenen Flüssigkeitsproben
zusammengeführt werden. Die Handhabung der erforderlichen Tröpfchen ist
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ein weiterer wichtiger Aspekt der tropfenbasierten Mikro�uidik. Es wurde
ein Chip entworfen und hergestellt, der Tröpfchen mit frischen Nährsto�en
produziert und die gespeicherten Tröpfchen zusammenführt, um deren Zellen
mit-Nährsto�en zu versorgen.

Tröpfchen, die Escherichia coli und Enterococcus faecalis enthielten, wur-
den mehrere Stunden in dem Chip in AF4-beschichteten PDMS-Kanälen
aufbewahrt. Dabei wurde ein bis zu 5 Stunden andauerndes Zellwachs-
tum beobachtet. Da Säugetierzellen jedoch aufgrund des Mangels an Sauer-
sto� und Kohlendioxid nicht über einen längeren Zeitraum in einem AF4-
beschichteten Kanal gelagert werden können, wurde ein Verfahren zur Zufuhr
von Sauersto� zu den in einem Mikrokanal gespeicherten Tröpfchen entwick-
elt. Nahe den durch �uoriertes Öl getrennten wässrigen Tröpfchen wurden
Luftblasen in demselben Mikro�uidikkanal positioniert, um den Sauersto�ge-
halt mittels Di�usion anzupassen. Die Überwachung des Sauersto�gehaltes
in den wässrigen Tröpfchen erfolgte mittels des Redoxindikators Methylen-
blau. Des Weiteren wurden Madin-Darby Canine Kidney (MDCK)-Zellen
eingekapselt und in Gegenwart von Luftblasen den Tröpfchen hinzugefügt.

In der vorliegenden Forschungsarbeit konnte die Anwendbarkeit von AF4-
beschichteten PDMS-Chips für die Speicherung und Kultivierung von Zellen
experimentell nachgewiesen werden. Die Herstellung aller Testvorrichtungen
erfolgte unter Verwendung schneller und kostengünstiger Methoden.

vi



Contents

Abstract iii

Kurzfassung v

Nomenclature 1

0.1 List of abbreviations . . . . . . . . . . . . . . . . . . . . . . . 1
0.2 List of variables . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1 Introduction 3

1.1 Micro�ow to microdrops . . . . . . . . . . . . . . . . . . . . . 4
1.2 Digital and droplet micro�uidics . . . . . . . . . . . . . . . . . 6
1.3 Droplet micro�uidics and cell culture . . . . . . . . . . . . . . 6
1.4 Possibilities o�ered by droplets . . . . . . . . . . . . . . . . . 7
1.5 Objectives of this work . . . . . . . . . . . . . . . . . . . . . . 8
1.6 Organization of the text . . . . . . . . . . . . . . . . . . . . . 8

2 Fundamentals 11

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Micro�uidics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.1 Flow pro�le . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.2 Mixing of �uids in microscale . . . . . . . . . . . . . . 14

2.3 Droplet micro�uidics . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.1 Surface tension . . . . . . . . . . . . . . . . . . . . . . 15
2.3.2 Contact angle . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.3 Capillary force . . . . . . . . . . . . . . . . . . . . . . 19
2.3.4 Droplets generation . . . . . . . . . . . . . . . . . . . . 20

2.4 Transportation of droplets through a microchannel . . . . . . 24
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3 Fabrication 27

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

vii



3.2 Materials used to fabricate micro�uidic devices . . . . . . . . . 28
3.3 Fabrication of a PDMS chip . . . . . . . . . . . . . . . . . . . 29

3.3.1 SU-8 master mold preparation . . . . . . . . . . . . . . 30
3.3.2 PDMS-stamp preparation . . . . . . . . . . . . . . . . 33

3.4 Fabrication of micro�uidic channels on silicon . . . . . . . . . 35
3.5 Parylene deposition . . . . . . . . . . . . . . . . . . . . . . . . 37
3.6 External interface . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4 On-chip droplet storage 41

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.2 Basic aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.2.1 Surfactant in droplet micro�uidics . . . . . . . . . . . . 43
4.2.2 Properties of Parylene . . . . . . . . . . . . . . . . . . 44

4.3 Chip design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.4 Characterization of Parylene coated PDMS channels . . . . . . 47

4.4.1 Hydrophobicity of channel materials . . . . . . . . . . 47
4.4.2 Parylene thickness measurement in a microchannel . . 48
4.4.3 Di�usion of Rhodamine B into PDMS and Parylene

coated PDMS . . . . . . . . . . . . . . . . . . . . . . . 51
4.5 Droplet generation and storage . . . . . . . . . . . . . . . . . 54

4.5.1 Size and shape of droplets in a microchannel . . . . . . 54
4.5.2 Flow of droplets in a microchannel . . . . . . . . . . . 55
4.5.3 Storage of droplets . . . . . . . . . . . . . . . . . . . . 56
4.5.4 Storage of bacteria in droplets . . . . . . . . . . . . . . 58

4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5 Agarose droplets 63

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.2 Chip design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.3 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.4 Generation of agarose droplets . . . . . . . . . . . . . . . . . . 65
5.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 67

5.5.1 Heating coil . . . . . . . . . . . . . . . . . . . . . . . . 67
5.5.2 Agarose droplets dimension . . . . . . . . . . . . . . . 69
5.5.3 Agarose droplets out of the chip . . . . . . . . . . . . . 69
5.5.4 Encapsulation of cells in agarose droplets . . . . . . . . 71

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

viii



6 Droplets sorting and merging 75

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.2 Chip design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
6.3 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.4 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . 78
6.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 79
6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

7 Air-bubble as a gas reservoir 83

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
7.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
7.3 Chip design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.3.1 Optical setup . . . . . . . . . . . . . . . . . . . . . . . 87
7.4 Experimental setup and bubble generation procedure . . . . . 88
7.5 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
7.6 Reagents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

7.6.1 Fluorinated oil . . . . . . . . . . . . . . . . . . . . . . 91
7.6.2 Methylene blue as an oxygen indicator . . . . . . . . . 91

7.7 Mammalian cells preparation and encapsulation in droplets . . 92
7.8 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 93

7.8.1 Reaction time: methylene becomes colorless leucomethy-
lene blue . . . . . . . . . . . . . . . . . . . . . . . . . . 93

7.8.2 The e�ect of air-bubbles on the presence of oxygen in
a microchannel . . . . . . . . . . . . . . . . . . . . . . 94

7.8.3 Transmittance spectrum of methylene blue . . . . . . . 96
7.8.4 MDCK cell encapsulation and on-chip storage . . . . . 97

7.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

8 Conclusions and outlook 101

Acknowledgments 105

List of publications 107

Bibliography 109

ix



x



Nomenclature

0.1 List of abbreviations

Symbol Description

CO2 carbon dioxide
CVD chemical vapor deposition
DI de-ionized

DNA deoxyribonucleic acid

DRIE deep reactive ion etching

E. coli Escherichia coli

E. faecalis Enterococcus faecalis

LB lysogeny broth

MEMS microelectromechanical systems

O2 oxygen

PBS phosphate-bu�ered saline

PCR polymerase chain reaction

PDMS polydimethylsiloxane

PMMA polymethyl methacrylate

PVC polyvinyl chloride

RNA ribonucleic acid

rpm revolutions per minute

Ti titanium

UV ultraviolet

vol.% volume percent

YEPD/YPD yeast extract peptone dextrose
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0.2 List of variables

Symbol Description Unit

Re Reynolds number -
ρ �uid density kg/m2

υ characteristic velocity m/s
Dh hydraulic diameter m

Pwet wetted perimeter m

k Boltzmann's constant J/K

T absolute temperature J

µ viscosity Pa.s

ϕ molar concentration mol/m3

D di�usion coe�cient m2/s

U cohesive energy N

δ molecular dimension m

γ surface tension N/m

θs static contact angle radians

θs static contact angle radians

λ mean free path m

B0 Bond number -

R droplet radius meter

g gravitational
acceleration

m/s2
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Chapter 1

Introduction

Droplet micro�uidics came into the spotlight at the beginning of this cen-
tury. When a new technology emerges, scientists attempt to apply it in
their respective �elds. Micro�uidics technology is of interest in many �elds,
especially in biology and chemistry because of its high reproducibility, fast
reaction time, and its ability for high-throughput analysis. This thesis work
focuses on the design and realization of a microsystem for the on-chip ma-
nipulation of droplets and its applications.

For several decades, the concept of miniaturization has been employed
in every branch of science. Miniaturized systems have been realized in the
mechanical, electrical, �uidics and biological �elds. In the 1980s, the notion
of miniaturization led to the development of a new �eld known as MEMS
(microelectro-mechanical systems). MEMS endeavors to make systems less
complex, more reliable and cost-e�ective, and highly sensitive. A smart
system is de�ned by its simplicity and portability. It is often considered that
the history of micro- and nanotechnologies began in the year 1959. During
the APS (American Physical Society) at Caltech (USA) of that year, Richard
P. Feynman gave a visionary speech, entitled `There is plenty of room at the
bottom'. He mentioned that there is no physical reason why the 50 volumes
of the Encyclopedia Britannica could not be inscribed on the head of a needle.
His prediction did not remain a fantasy. In 1995, the word �IBM� was spelled
out using only a few atoms.

Chemists and biologists have continuously searched for methods to fur-
ther miniaturize their analytical systems. The miniaturization of analytical
systems is advantageous for many biological applications where reagents are
very expensive and the sample volumes are often limited. In the drive for the
miniaturization of analytical systems, the bioanalytical and microelectronics
disciplines have merged, which can be considered as the birth of the mi-
cro�uidics �eld. In 1979, the �rst silicon-based gas chromatography analysis
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system was published [1]. This work revealed that the combination of MEMS
and micro�uidics has tremendous potential. In early 1990, the concept of mi-
cro Total Analysis Systems (µTAS) was introduced by Manz and others [2].
This led to a boom in micro�uidics. In the past 25 years, researchers have
developed many new concepts and applications based on micro�uidic tech-
nology. Sample volumes were reduced to the microliter range. For instance,
consider that 105 components need to be screened in a microplate consist-
ing of 20 wells, each containing 10 µl. The required analysis time would
be several months. The micro�uidic system reported in [3] can reduce the
screening time to one week and sample volume to 100 milliliters; droplet
micro�uidics further reduces the required sample volume to 1 milliliter. A
graphical representation of the evolution of micro�uidic systems is depicted
in Fig.1.1.

Figure 1.1: Scheme of di�erent scales of �uidic systems [4].

1.1 Micro�ow to microdrops

According to the de�nition of micro�uidics, microliters (10−6 liter) of �uid
can be controlled and manipulated in the networks of a channel with dimen-
sions from tens to hundreds of micrometers [5]. In conventional micro�uidics,
a �uid sample is injected into a microchannel for investigation. Therefore,
reagents are in direct contact with the microchannel. In contrast, the sample
is surrounded by another immiscible �uid in droplet micro�uidics. Hence,
the sample has very little or no contact with the microchannel (Fig.1.2).
Therefore, one of the advantages of droplet micro�uidics over conventional
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micro�uidics is its property of compartmentalization. A single droplet in
a micro�uidic channel can be considered as a micro-reactor with an ex-
tremely small �uid volume (pico- to nanoliter), yielding little or no cross-
contamination between di�erent compartmentalized samples, which reduces
the interactions of reagents with the channel walls. It also improves the heat
and mass transfer due to high surface area to volume ratios. The frequency of
droplet generation (i.e., the throughput) can reached up to 10 kHz, whereas
robotic microtiter plate platforms can reach a throughput of approximately
1 Hz. The ultrahigh throughput and an extremely small volume of required
sample make droplet micro�uidics desirable in the �eld of biotechnology.

Figure 1.2: Schematic diagram of on-chip manipulation of droplets including
generation, sorting, and merging.

Along with the high-throughput analysis and reduced sample volume,
droplet micro�uidics o�ers on-chip processing of a sample. After loading the
sample in a droplet, reagents can be added to the sample, droplets of inter-
est can be sorted, chemical reactions of di�erent liquids can be conducted,
and the sample droplet can be separated into several smaller droplets. For
instance, cells have been encapsulated in droplets using the Poisson distri-
bution ratio, where some droplets contain a single cell, some contain two or
three cells, and some droplets are empty. To further investigate the cells
encapsulated in droplets (e.g., to verify cell viability), it is often necessary to
add reagents. This can be accomplished by following the protocols presented
in [6, 7]. Before adding reagents to the sample, droplets can be sorted to
save reagents and investigation time. For example, if single-cell droplets are
of interest, it is possible to sort those droplets from the train of droplets
using available methods [8, 9]. The on-chip manipulation of droplets gives
more possibilities and opportunities for applications in di�erent branches of
science.
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1.2 Digital and droplet micro�uidics

Digital and droplet micro�uidics both work with a very small volume of
liquid, in the range of micro- to picoliter. However, they di�er signi�cantly in
how they deal with the liquid. Digital micro�uidics is referred to as a parallel
system, whereas droplet micro�uidics is referred to as a serial system. The
idea of digital micro�uidics was inspired by the concept of a microplate. In
digital micro�uidics, microdrops are generated and treated individually on a
planar surface. Therefore, an actuation force (electric or acoustic) is needed
to perform the mixing, pumping, and drop generation (Fig.1.3). It deals
only with sample liquid (one phase); in contrast, droplet micro�uidics deals
with two liquids: a continuous phase and droplet phase. In general, an oil-
based liquid is used as a continuous phase, and the sample liquid is used as a
droplet phase, and they are immiscible with each other. The sample droplets
are generated in the continuous phase at the T- or �ow-focusing junction
[10, 11]. The generation of droplets in a microchannel requires a continuous
�ow system; therefore, micro�uidic pumps and valves, actuated by electrical,
mechanical, magnetic, or acoustic force, are needed. The physics behind
the creation and manipulation of droplets in droplet micro�uidics will be
discussed in the following chapter.

Figure 1.3: Schematic diagram of (a) digital micro�uidics (droplets on a
surface), (b) droplet micro�uidics (droplets in a channel).

1.3 Droplet micro�uidics and cell culture

In cell biology, cells are cultured in bulk medium where cells can be contam-
inated by the surrounding environment. Culturing and investigating a single
cell during its growth is impossible in traditional bulk medium. Droplet
micro�uidics o�ers the possibility to compartmentalize single cells and in-
vestigate them while they are growing. Water-in-oil droplets can carry out
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a large number of experiments in a controlled environment. Researchers
are attempting to automate the whole droplet system, including the gen-
eration, mixing, sorting, and means of readout. These developments could
lead to more possibilities and greater reliability in applying droplet micro�u-
idics in cell biology. Researchers have been able to demonstrate applications
of droplets as miniaturized laboratories for biological measurements. It has
been reported that a single Escherichia coli (E. coli) cell was encapsulated
in a droplet that contained all the nutrients needed for a cell to grow [12�14].
Mammalian cells also have been encapsulated and grown in droplets [15, 16].

Cell culturing and cellular investigation using droplets requires the on-
chip storage of droplets, but most of the methods mentioned above describe
the storage of droplets o�-chip. In the o�-chip storage methods, after gener-
ating cells encapsulated in droplets, they are taken out of the chip for storage
and incubation and then brought back to the chip for further investigation.
The continuous investigation of cells is not possible in this process. Fur-
thermore, there is the possibility of liquid displacement during the droplet
transfers. One of the research topics of this work is to develop on-chip storage
of droplets, where droplets can be generated and stored on the same chip.

1.4 Possibilities o�ered by droplets

Owing to the high-throughput analytical performance, droplet micro�uidics
has been employed in conducting chemical reaction, sorting particles, cell
culturing, cell investigation, drug delivery, and drug discovery. For instance,
they can be applied to PCR based analysis, where a single droplet serves as a
PCR reactor for single copy DNA molecule ampli�cation [17, 18]. Because of
the low sample volume and large number of experiments to be carried out at
the same time, droplet micro�uidics is being used for protein crystallization
and drug screenings [19, 20]. Key features of droplet micro�uidics can be
summarized as follows,

1. The sample volume is reduced down to 10−12 liter, which is 102 - 106

less than the conventional assays.

2. Ultrahigh throughput analysis, droplets generation frequency is up to
10 kHz.

3. Compartmentalization of individual reactions makes the analysis pro-
cess less or footprint free.
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4. Higher surface-to-volume ratios of droplets increases e�ective thermal
dissipation.

5. Thousands of experiments can be conducted at the same time.

6. Precise control of the sample volume. Reliable manipulation of individ-
ual droplets such as coalescence, mixing of their contents, and sorting.

1.5 Objectives of this work

Applicability of droplet micro�uidics for the diagnostic and synthesis of the
biological and chemical sample is yet to be explored. The goal of this Ph.D
project is to develop a droplet platform where droplets can be stored and
manipulated on-chip to be used in medical and biological studies. The main
research objectives are:

• Droplet micro�uidics chip design for the manipulation and on-chip stor-
age of droplets.

• Finding suitable materials and fabrication techniques for the fabrication
of the devices.

• Characterization of the fabricated device.

• Verifying the fabricated prototype for real biological samples.

1.6 Organization of the text

This thesis consists of six technical chapters and a chapter for conclusions
and outlook.

In chapter 2, entitled `Fundamentals', consequences of the miniaturiza-
tion of the �uidic system are described from a physical point of view. The
physics of the micro scale di�ers from the macroscale in many aspects. For
instance, the gravitational force is a dominating force in macroscale, whereas
the micro�uidic world tends to be dominated by surface forces like capillarity.
The Reynold number at this scale is very low, which leads to the laminar
�ow regime of the liquid and di�usion becomes the main way of mixing of
two liquids in a microchannel. Droplets generation methods and the physics
behind the droplets generation will be discussed in this chapter.
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Microfabrication methods are introduced in chapter 3. Nowadays, mi-
crochip production methods include a diversity of fabrication approaches.
The fabrication technology depends on the material that is being selected for
a speci�c device. The selection of he material depends on the application of
the device, which is addressed in this chapter. This chapter is particularly
dedicated to the soft technology based elastomer. A substantial portion of
this chapter is also dedicated to Parylene deposition technology. Parylene
has been used to overcome some drawbacks of PDMS, which is the base ma-
terial for droplet chip fabrication.

Chapter 4 is devoted to the on-chip storage of droplets. Cell cultur-
ing, chemical synthesis, and drug screening are the major applications of
droplet micro�uidic among many other applications in the �eld of biology
and chemistry. PDMS, the base substrate for droplet-micro�uidic devices, is
a porous material that causes water molecules to di�use into the bulk and
consequently causes fast aqueous droplet shrinkage. The proposed method,
in this study, prevents droplet shrinkage by coating the PDMS channels with
Parylene AF4. The obtained results are discussed at the end of this chapter.

Chapter 5, entitled `Agarose droplets', generation of agarose droplets in
a microchannel and their applications are presented. The biocompatibility
and easy processing steps make agarose attractive to the in vitro cell cul-
ture. Agarose has been used to culture cells in a petri dish for many decades.
Generation of agarose droplets in a microchip requires very a speci�c tem-
perature during the pumping of the agarose solution, the droplet generation
setup especially for agarose droplets is presented in this chapter. The size
and shape of the agarose droplets, and the yeast encapsulation procedure are
discussed.

Chapter 6 is dedicated to the principle of droplet merging and sorting,
and their necessity. Many chemical and biological reactions, and cell analysis
require the addition of reagents to the empirical droplets as well as sorting
of droplets which are of interest. A chip has been designed and fabricated
for the on-chip manipulation of droplets. The functionality of the chip is
demonstrated by merging nutrient droplets to the cell containing droplets.

In chapter 7, a method to supply oxygen to the on-chip stored aqueous
droplets is presented. By generating air-droplets (air-bubbles) in between
the aqueous droplets in a microchannel, oxygen is supplied to those aqueous
droplets. The proposed method and device are a step towards long-term on-
chip cultivation of mammalian cells and aerobic grown bacteria in droplets.
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The result of MDCK cells survival in the on-chip stored droplets for 12 hours
will be presented.

In chapter 8, some conclusions are presented and some further perspec-
tives are sketched.
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Chapter 2

Fundamentals

2.1 Introduction

The importance of droplets in the �eld of biology and chemistry has been
discussed in the preceding chapter. This chapter focuses on the principles of
droplet generation and their behavior in microchannels.

The basic physics of �uid dynamics at the microscale, where shear forces
dominate the gravitational force, is investigated in the �rst section. The �ow
pro�le and mixing of liquids at a low Reynolds number are also presented.

The second section focuses on droplet micro�uidics, where basic terms of
�uid dynamics, such as surface tension, capillary force, and contact angle, are
introduced and discussed. These terms are essential to understand the princi-
ple of droplet generation, and their subsequent �ow through a microchannel.
In the latter part of the second section, droplet-generation techniques are dis-
cussed, such as those utilizing a T-junction and a �ow-focusing junction. At
the T-junction, droplet breakup is triggered by the pressure drop across the
droplet. In contrast, the viscous stress and squeezing pressure cause droplet
breakup in a continuous phase at the �ow-focusing junction. In both cases,
the capillary number is less than unity. The variation in droplet size in each
case is also be described in this section.

Finally, droplet �ow through a microchannel is described. The material
properties of the channel, such as its hydrophobicity, hydrophilicity, and
surface smoothness, are important factors a�ecting the shape and �ow of
droplets in a microchannel, which are described in the last section of this
chapter.
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2.2 Micro�uidics

Micro�uidics involves the study of very small volumes of �uids, usually in the
range of microliters (10−6) to picoliters (10−12). At the microscale, very dif-
ferent forces from those experienced in everyday life become dominant, such
as the viscous force, which overwhelms the force of gravity [21]. Therefore, in
micro�uidics experimentation, channel sizes are in the range of micrometers,
with the �uid �ow on the order of microliters per second (µl/s). The �ow of
a �uid through a micro�uidic channel can be characterized by its Reynolds
number. The dimensionless Reynolds number (Re) states the ratio between
the magnitude of the inertial and viscous forces:

Re =
ρυDh

µ
, (2.1)

where ρ is the �uid density, υ is the characteristic velocity of the �uid,
µ is the �uid dynamic viscosity, and Dh is the hydraulic diameter [22]. The
hydraulic diameter (Dh) depends on the channel's cross-sectional geometry,
and the following equation can compute the value,

Dh =
4A

Pwet

, (2.2)

where A is the cross-sectional area and Pwet is the wetted perimeter of the
cross-section. Rectangular microchannels are commonly used in micro�uidic
applications because of the well established and convenient fabrication tech-
niques. Dh of a rectangular micro�uidic channel of width w and height h can
be calculated as follows

Dh =
2wh

(w + h)
. (2.3)

An example with the dimension of one of the micro�uidic chips presented
in this work elaborates the �ow behavior. When introducing water (ρ=1.0
g/cm3 and µ= 0.001 Pa s) to a micro�uidic channel of cross-sectional area
100×100 µm2 at an average velocity (υ) of 0.01m/s, the calculated Reynolds
number is 1, which is clearly in the laminar regime, since the empirical obser-
vations de�ned Re ≈ 2300 as the transition between laminar and turbulent
�ow behavior [23]. At a low Reynolds number, with the laminar �ow, sur-
face tension becomes a powerful force, di�usion becomes the basic method
for mixing, and evaporation acts quickly on exposed liquid surfaces.

When a Newtonian liquid, where viscosity is independent of the applied
shear stress, �ows through two parallel plates, the forces acting on the �uid
particles are (i) pressure force, (ii) gravity force, and (ii) shear stress force.

12



According to Newton's law (F = ma), the addition of all these forces is equal
to the mass of the �uid times the acceleration. This law has been extended
to �uid mechanics by Navier-Stokes equation, which is

ρ
∂~υ

∂t
= −∇P + µ∇2~υ + ρ~g, (2.4)

The right-hand side of the equation (2.4) contains pressure gradient (−∇P ),
viscosity(µ∇2υ), and gravity (ρ~g) for per unit volume. The left hand gives
the mass per unit volume(ρ) times the acceleration of the �uid. In the mi-
cro�uidic system, the channel for �uid transport is in the range of microme-
ters. Hence the viscous force dominates over the inertial force and almost no
e�ect of the gravitational force. Therefore, the Navier-Stokes equation for
incompressible �uid dynamic becomes simple [24],

µ∇2υ = ∇P. (2.5)

2.2.1 Flow pro�le

Fluid actuation through a microchannel can be achieved through both pressure-
driven �ows and electroosmotic pumping. In pressure-driven �ows, a �uid is
pumped through a device via a positive-displacement pump�such as a sy-
ringe pump�which is often used in micro�uidic experimentation. One of the
basic laws of �uid mechanics for pressure-driven laminar �ow is the no-slip
boundary condition at a channel wall [24]. The no-slip boundary condition
assumes that a viscous �uid has zero velocity at any �uid�solid interface.
The physical explanation for this is that, at the �uid�solid interface, the
force between the �uid and solid particles is greater than the force between
the �uid particles. In this work, the channel width used is in the micrometer
range, and the �uid is viscous. Therefore, the no-slip boundary condition
is applicable. Figure 2.1a shows that the �ow velocity of zero at the walls
produces a parabolic �ow pro�le within the channel.

Electroosmotic pumping is also capable of providing a constant �ow pro-
�le in a channel [24]. In this type of pumping system, an electric �eld is
applied across the channel, which creates a uniform �ow pro�le across its
entire width (2.1b).

In this study, a pressure-driven �ow system has been used to pump the
�uid into the microchannel.
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a. 

b. 

Channel wall Liquid

Figure 2.1: Flow pro�le in a microchannel. (a) Cross sectional �ow pro�le
under pressure driven �ow. The �ow velocity at the channel wall is zero. (b)
Cross sectional �ow pro�le under electro-osmosis �ow.

2.2.2 Mixing of �uids in microscale

In a microchannel of width and height in the order of micrometers and with a
low Reynolds number, �uids �ow parallel to each other. If the �ow velocity is
constant with time, the mass transfer occurs between two liquids only in the
direction of of their �ow. Therefore, the mixing of liquids in a microchannel
is only occurred by passive molecular di�usion. Di�usion is the process of
the movement of molecules or atoms from a higher concentration region to
a lower concentration region by Brownian motion, resulting in the mixing of
materials. According to Fick's law, the amount of substance that will �ow
through a unit area in one second can be calculated as follows,

J = −D∂ϕ
∂x
, (2.6)

where ϕ is the species concentration, x is the position of the species, and
D is the di�usion coe�cient. Di�usion coe�cient of large molecules in a
viscous �uid can be calculated according to Stokes-Einstein equation,

D =
kT

6πµr
, (2.7)

where k is Boltzmann's constant, T is the absolute temperature, r is the
radius of the particles (or molecules) and µ is the viscosity of the medium
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[25]. In a simple micro�uidic channel, the average di�usion time (t) of a
molecule over distance x can be calculated as follows,

t =
x2

2D
. (2.8)

As x represents the stream width of a �uid to be mixed in a micro�u-
idic channel, the di�usion time drastically increases with the increase of x.
Therefore, the mixing will be fast in a narrow capillary [26]. For instance,
sucrose of typical di�usivity D ∼ 4.4×103 in water �owing through a channel
of width 100 µm at velocity v = 100µ/s takes 2.3 seconds to be mixed. The
mixing of �uids in a microchannel, particularly the mixing of droplets, will
be discussed in chapter 6.

2.3 Droplet micro�uidics

Droplet micro�uidics is a branch of micro�uidics that studies a sample liquid
that takes the form of a drop in another immiscible, continuous liquid. The
volume of each drop is in the range of nanoliters; however, �uid dynamics at
the microscale is still valid in droplet micro�uidics. Since two immiscible liq-
uid phases are involved in droplet micro�uidics, the surface tension, capillary
number, and contact angle play a vital role in the droplet-breakup mecha-
nism and their �ow through the channel. This concept is also applicable to
bubble generation in di�erent liquids and their subsequent �ow through mi-
crochannels. Before providing a detailed description of the droplet-generation
mechanism, a brief discussion on the concepts of surface tension, capillary
number, and contact angle is necessary.

2.3.1 Surface tension

Surface tension occurs at the interface between two immiscible �uids. To
understand the underlying mechanism of surface tension, molecular interac-
tions must be investigated. Inter-molecular attraction (cohesive and adhesive
forces) in a liquid cause surface tension. As an example, it can be assumed
that a water molecule in the bulk of the liquid is in contact with four other
water molecules at any given time. However, at the interface between water
and a gas, such as air, one molecule of water is in contact with two molecules
of air and two molecules of water. Owing to the lower density of gases, the
adhesive force between air and water is lower than the cohesive force in the
bulk of the liquid. This causes a force imbalance in the water molecules at the
interface, as they experience more force toward the inner water molecules.
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This e�ect is called surface tension, which is a direct measure of surface en-
ergy. A simpli�ed view of the water�air interface at the molecular level is
shown in Fig.2.2.

Solid

Liquid

Air

Figure 2.2: Schematic view of an interface of water/air at molecular level.

Surface tension can be de�ned as follows

γ =
U

2δ2
, (2.9)

where, U is the total cohesive energy per molecule and δ is a characteristic
molecular dimension [27]. The unit of surface tension is N/m. This relation
shows that liquids with smaller molecules and higher cohesive energy creates
higher surface tension.

The same principle applies to the interface between two immiscible liq-
uids, such as water and oil, which is called interfacial tension. At the two
liquids interface, surface molecules experience less imbalance force because,
in liquids, molecules are closer compared to the molecules in air/gas. The
surface tension between water/oil is 50 mN/m [28]. Figure 2.3 illustrated a
schematic diagram at the interface of water/oil in a microchannel.

Surface tension also arises at the interface of liquid and solid. Molecules
in the water usually attracted to a solid surface by the van der Walls forces,
but they do not stick to the wall surface because of the Brownian motion
[27].
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Figure 2.3: Schematic view of an interface of water/oil at the molecular level
in a micro�uidic channel.

2.3.2 Contact angle

The contact angle is another fundamental concept in droplet micro�uidics.
When a liquid drop sits on a solid surface, an angle forms at the interface of
the liquid drop,-solid surface, and -air, which is called contact angle (Fig.2.4).
In droplet micro�uidics, the contact angle forms at the interface of a solid
wall of a microchannel and the two immiscible �uids (Fig.2.5). The contact
angle is divided into static (θs) and dynamic (θd) angles, considering the
motion of a liquid. The Young's equation de�nes the static contact angle
at the interface of solid/liquid/gas in terms of the three surface tension:
solid/liquid (γsl), liquid/gas(γlg), and solid/gas(γsg),

cosθ =
γsg − γsl
γlg

. (2.10)

Figure 2.4: Schematic view of a liquid drop on a solid surface.

Materials with a contact angle (<90◦) are called hydrophilic, while ma-
terials with a contact angle (>90◦) are called hydrophobic. The details of
hydrophilic and hydrophilic materials and their importance in droplet mi-
cro�uidics will be discussed in chapter 4.
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The contact angle at the resting position (static contact angle) of a liquid
drop is well de�ned, whereas it appears to be complicated when liquid �ows in
a microchannel. The dynamic contact angle of a �owing liquid is a balance
between capillary force and viscous force, which can be described by the
capillary number (Ca). The relation between dynamic and static contact
angle is

θd
3 − θs3 = ACa, (2.11)

where A is a coe�cient, the value of A is approximately 94 when θ is
expressed in radians [29]. Linearization of equation (2.11) has been done by
[30, 31], which yields,

θd − θs ≈
1

3

ACa

θs
2 (2.12)

When a droplet moves through a microchannel, it forms two contact
angles with the solid surface (i) advancing contact angle and (ii) receding
contact angle. A schematic view of a droplet in a microchannel is shown in
Fig.2.5.

Figure 2.5: Schematic view of a liquid droplet in a microchannel with the
advancing and receding contact angle.

According to the experimental observation, an advancing contact angle
is larger than a static contact angle, and a receding contact angle is smaller
than a static contact angle. The advancing (θa) and receding (θr) contact
angle can be calculated based on the following equations,

θa ≈ θs +
1

3

A|Ca|
θs

2 , (2.13)

θr ≈ θs −
1

3

A|Ca|
θs

2 . (2.14)

The static and dynamic contact angles for the micro�uidic systems that
have been used in this study will be discussed in chapters 4 and 5 in detail.
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2.3.3 Capillary force

The capillary action occurs in a microscale, where the surface tension domi-
nates the gravitational force. Because of the capillary force, a liquid can �ow
through a narrow tube without any external force. If a liquid �ows between
two parallel plates, where the distance between two plates is h and the liq-
uid �ow pro�le is parabolic, then the capillary force between them can be
calculated by Laplace's law [27],

F ≈ 2γcosθ

h
πR2, (2.15)

where the radius of the curvature is R and the angle between the liquid
and solid surface is θ (Fig.2.6).

Figure 2.6: Schematic view of a liquid between two parallel plates.
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2.3.4 Droplets generation

The generation of uniform droplets of a sample liquid in a continuous �ow of
an immiscible is a challenge in micro�uidics. Droplets can be produced either
in a T-junction or in a �ow focusing device. Two di�erent types of instabilities
lead to droplets breakup in a microchannel. In a T-junction, the creation of
droplets is governed by the pressure drop created by the merging droplets.
In a �ow focusing device, the capillary instability causes the generation of
droplets. In this section, the mechanism of droplet generation is discussed.

Droplets generation in a T-junction

A T-junction (Fig.2.7) is formed by two rectangular channels of the same
depth and usually merged at an angle of 90◦. The droplets formation in
a T-junction proceeds in several steps: the liquid enters the main channel,
forms a blob and develops a neck. As the blob advances downstream, the neck
elongates and becomes thinner. Eventually, it breaks up and the droplets are
generated in a continuous �ow. Figure 2.8 depicts a water droplet generation
in oil.

droplet liquid w

h

Carrier liquid

Figure 2.7: Sketch of a T-junction comprised of a rectangular channel.

The droplets generation in a T-junction depends on the capillary number
(Ca). The capillary number is de�ned as the ratio of the viscous force to the
capillary force,

Ca =
µv

γ
. (2.16)

where µ is the dynamic viscosity, v is a characteristic velocity, and γ is
the surface tension [32].
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b. Froms a blob

Oil
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300 µm

a. Fluid enters 

Figure 2.8: Water enters the channel (a); the water phase forms a blob in oil
(b); droplet elongates downstream and develops a neck (c); the water phase
breaks up and a droplet generates (d).

Droplet micro�uidics usually functions with a low �ow rate. Therefore,
the capillary number is less than 10−2, where the interfacial force dominates
the shear stresses. In a T-junction, the size of the droplets determined by
the ratio of the volumetric rates of �ow of the two immiscible liquids. For
a rectangular microchannel, the length of the droplet can be determined as
follows

L

w
= 1 + α

Qdrop

Qcont

, (2.17)

where L is the length of a droplet, w is the width of a channel, Qdrop and
Qcont are the �ow rates of the droplet and continuous phase, respectively.
In equation (2.17), α is a positive constant and of the order of one, whose
particular value depends on the geometry of the T-junction [33]. Therefore,
the length of the droplet L is always larger than the width of the channel w.
The relation (2.17) is not valid for the entire domain of variation of the ratio
Qdrop/Qcont. For small values of this ratio, L is constant. In practical, this
equation is not valid anymore. Hence, correction is required. According to
[27], the proposed solution is

L

w
= 1 + α

Qdrop

Qcont

H(Qdrop −Qcont) (2.18)
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where H is the Heaviside function: H(x) = 1 if x > 0, else H(x) = 0 [34].

Droplets generation in a �ow focusing device

In a �ow focusing device, the continuous phase �ow rate has the most signif-
icant impact on the mechanism of the droplets formation and the size of the
droplets. At the interface of two liquids, the viscous stress and the squeezing
pressure from the continuous phase liquid force the droplet phase liquid to
break into droplets. The �ow focusing micro�uidic devices are categorized
into three types depending on the channel geometry, which are presented in
Fig.2.9.

Figure 2.9: Di�erent types of micro�uidic �ow focusing devices for droplets
generation.

(a) Figure 2.9a presents a co-�owing device, in which the dispersed phase
�ow channel is sandwiched between two continuous phase �ow channels
[35, 36]; (b) the dispersed phase channel positioned with both the continuous
phase channels at 90◦ angle (Fig.2.9b), which is aligned to a short-narrow
channel and then to a wide downstream [10, 37]; (c) in this cross junction
geometry (Fig.2.9c), all the channels dimensions are the same. The disperse
phase channel is also positioned at the right angle with both the continu-
ous phase channels [38, 39]. To date, little is known about the role of all
relevant dimensionless parameters of droplet formation in a �ow focusing
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device. So far, the functioning of such devices has been mostly approached
experimentally [36, 40, 41].

The droplet formation regimes in the �ow focusing device are squeezing,
dripping, and thread formation. The squeezing regime occurs at a low �ow
rate and the droplet size is larger than the channel through which it is in-
jected. In this regime, the droplet phase coming from the channel blocks the
�ow of continuous phase liquid. Therefore, high upstream pressure of the
continuous phase arises that squeezes the neck of this blockage and pinch
o� a droplet [33, 42]. As the �ow rate increases, viscous stress increasingly
deforms the droplet phase liquid, which forms an elongated cylindrical neck
that is narrower than the channel width. Droplets pinch-o� from the end
of the neck due to a combination of end-pinching and capillary instabilities
[43]. At still high �ow rates, the continues phase �ow stabilizes the neck of
the droplet phase �ow, elongated it further downstream. At the end of the
thread, the droplet pinch o�. In the thread formation regime, non uniform
droplets are formed.

Figure 2.10: Droplets break up at �ow focusing device. Water enters the dis-
perse phase channel (a); the water phase blocks the �ow of continuous phase
(oil) liquid (b); droplet elongates down stream and develops a cylindrical
neck (c); water phase breaks up and a droplet generates (d).

Considering the width of the channels, the viscosity of the two liquids,
and the �ow velocity of both continuous and droplet phase, the capillary
number is rede�ned for the �ow focusing device as follows [37].

Ca ≡ µcw∆U

σ∆z
(2.19)

where ∆z is the distance between the end of the droplet phase inlet and
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the contraction, and ∆U is the di�erence between the average velocity of the
continuous phase and the droplet phase.

∆U =
Qcont

worh
− Qcont

2wch
(2.20)

The above de�ned capillary number of equation (2.19) for a �ow focusing
device encompasses all the upstream dimensions along with the continuous
phase �ow rate, viscosity, and interfacial tension. The size of the droplets
generated in a �ow focusing device depends on the ratio of volumetric �ow
rates, viscosity, and expansion ratio. These three variables are de�ned as
follows, the ratio of volumetric �ow rate,

φ ≡ Qdrop

Qcont

(2.21)

the ratio of viscosity,

λ ≡ µdrop

µcont

(2.22)

and the ratio of expansion,

Λ ≡ wmain

wbreak

. (2.23)

Several studies have examined the dependence of droplet size, formation
time, transitions between regimes, and thread length on the volumetric �ow
rate ratio [11, 44, 45]. These studies suggested that the droplet's diameter
and the time of formation both increase with the increase of φ. The thread
formation regime occurs at a very small �ow rate ratio (φ� 1) and the thread
length decreases with increasing of the �ow rate ratio. In the squeezing and
thread formation regime, studies show that the droplet diameter is una�ected
by the viscosity ratio [46, 47]. In contrast to this, viscous stresses become
increasingly important in the dripping regime. In the dripping regime, the
droplet size decreases as the viscosity ratio increases above λ > 0.01 [37].

2.4 Transportation of droplets through a mi-

crochannel

Droplets �ow in a microchannel depends on the density of the �uids, the
�ow rate of both �uids, and the interfacial tension between them. It can be
explained by the Weber number,
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We =
ρv2l

γ
, (2.24)

where ρ density of a �uid, v velocity of the �uid, l characteristic length
(typically droplet diameter), and γ surface tension. Additionally, the mobil-
ity of the droplets depends on the surface properties of the channel wall, such
as surface smoothness and hydrophobicity/hydrophilicity of the microchannel
surface. Water a�nity of material de�nes its hydrophobicity or hydrophilic-
ity, and this is measured by the contact angle, which has been explained in
section 2.3.2. The contact angle of a water droplet in oil in a microchannel
depends on the composition of the oil phase as well as the water phase.

The �ow of water droplets in oil will be described in detail in chapter 4
and air/oil/water �ows in microchannel will be described in chapter 5.

2.5 Summary

This chapter focused on discussing the basic terminology and principles of
�uid dynamics in the context of micro�uidics, the di�erent droplet-generation
methods, and the �ow of droplets through a microchannel. Fluids at the mi-
croscale have very di�erent features than those at the macroscale. At the
microscale, the gravitational force has almost no e�ect, whereas the vis-
cous force, capillary force, and surface tension dictate �uid behavior in a
microchannel. The behavior of droplets in a microchannel also di�ers from
that in conventional �uid mechanics. In droplet micro�uidics, interfacial
forces are more dominant than other forces.

The following chapter focuses on the selection of materials in droplet
micro�uidics, chip designs, and fabrication technologies. These factors are
highly dependent on the �uid behavior in a microchannel. All of the �uid
parameters discussed in this chapter have been investigated thoroughly and
considered in chip design and material selection.
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Chapter 3

Fabrication

3.1 Introduction

An principles of �uid dynamics at the microscale were discussed in the previ-
ous chapter. The e�ects of channel material and dimensions on the behavior
of a �uid in a microchannel were also presented. This chapter outlines the
materials conventionally used in fabricating micro�uidic devices and the tech-
niques developed for their fabrication. In the latter part, the materials and
fabrication methods used to develop the micro�uidic chip in this study will
be discussed.

To date, the techniques used for fabricating micro�uidic devices include
micromachining, soft lithography, injection molding, laser ablation, and em-
bossing [48�53]. Each of these techniques has its own advantages and disad-
vantages. Therefore, the selection of a material and fabrication method often
depends on the application of the device. The �rst part of this chapter fo-
cuses on the materials used to fabricate micro�uidic chips and the parameters
to be investigated before selecting a material.

The soft lithography technique will be discussed in the second section of
this chapter, with particular focus on the replica molding process of Poly-
dimethylsiloxane (PDMS), which includes the preparation of an SU-8 mold
on a silicon wafer and the casting of PDMS.

Microchannels were fabricated on silicon to measure the penetration depth
of Parylene C and Parylene AF4. The third section of this chapter presents
the fabrication method of a silicon channel using reactive-ion etching tech-
niques. A PDMS channel surface was coated with Parylene AF4, which pre-
vents the evaporation of droplets in microchannels. As a result, the droplets
can be stored in a microchannel for an extended period of time. The depo-
sition process for Parylene is discussed in section four.
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3.2 Materials used to fabricate micro�uidic de-

vices

A wide range of materials is used to fabricate micro�uidic devices, such as
conventional silicon or glass and, more recently, polymers or paper [54�57].
The �rst generation of micro�uidic devices was fabricated using standard
photolithography with silicon or glass [54, 58]. These two materials are prefer-
able for use in capillary electrophoresis and applications involving solvents.
Both silicon and glass are biocompatible, resistant to organic solvents, and
adhere su�ciently to metals [59]. However, the high-cost fabrication tech-
nology, complex bonding process, and use of dangerous chemicals (such as
hydro�uoric acid) in the fabrication process limit their applicability in mi-
cro�uidics [60].

Polymers gained widespread usage in the fabrication of micro�uidic de-
vices several years after the use of silicon and glass. They have garnered
attention in the �eld of micro�uidics because of their accessibility, inex-
pensiveness, and simple fabrication process. Various polymer materials are
available in the market, such as PDMS, Parylene, poly(methylmethacrylate)
(PMMA), polycarbonate (PC), SU-8 photoresist, and polyimides, providing
great �exibility in choosing the appropriate material. Based on their physi-
cal properties, polymer materials are classi�ed into three groups: thermosets,
thermoplastics, and elastomers. SU-8 photoresist and polyimides belong to
the thermoset group. Typically, thermosets are optically transparent, resis-
tant to most solvents, and stable at high temperatures [61, 62]. However,
their sti�ness and high cost limit their usage in some micro�uidic applica-
tions.

Polymethylmethacrylate (PMMA), Te�on, and polycarbonate (PC) be-
long to the thermoplastics group. Some thermoplastics, such as Te�on, are
optically transparent and shows excellent resistance to organic solvents. Un-
like thermosets, thermoplastics can be reshaped multiple times by reheating,
and can therefore be used in thermomolding fabrication processes. The ther-
momolding process can produce thousands of replicas at a high rate and low
cost. However, it requires metal or silicon templates. Therefore, it is ex-
cellent for commercial production but is not economical for producing small
batches.

Polydimethylsiloxane (PDMS) is the most commonly used elastomer in
micro�uidic applications [63, 64]. Unlike thermosets and thermoplastics,
PDMS is �exible. Further, it is biocompatible, relatively inexpensive, and
has a simple fabrication process, making it preferable for the production of
prototypes.
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Recently, hydrogels have been garnering increased attention, particularly
in the culturing of 3D cells, owing to their biocompatibility and high porosity
with controllable pore size [65, 66]. However, hydrogels support a lower
resolution than polymers in microfabrication.

Further, paper-based devices have recently been introduced for micro�u-
idic applications. The preparation of these devices is very cost-e�ective
and simple, as most processes do not require speci�c laboratory conditions.
Therefore, such devices are promising for use as commercial point-of-care
devices.

All the materials mentioned above have been used to fabricate droplet-
generation chips, with the exception of hydrogels and paper. This thesis
focuses on droplet micro�uidics and its applications, particularly cell cultur-
ing in droplets. The material suitable for the purpose of this study must
be biocompatible, transparent, and inexpensive for rapid prototyping. Bio-
compatibility is necessary as it is a critical requirement for cell culturing.
Droplet investigation and analysis methods are primarily based on image
processing, which necessitates optical transparency of the chip. In research,
designed devices are often fabricated in small batches and need their designs
altered frequently, which requires a low-cost and simple fabrication tech-
nique. Among the materials discussed earlier in this chapter, PDMS ful�lls
these requirements. However, like any other material, PDMS has certain
advantages and disadvantages, which will be discussed in chapter 4. It is
often necessary to use a hybrid material to overcome these disadvantages. A
hybrid micro�uidic chip fabricated using both PDMS and Parylene is used
in this study. The fabrication process of the micro�uidic chip using these
two materials is discussed in this chapter.

3.3 Fabrication of a PDMS chip

PDMS is suitable for laboratory uses and the rapid prototyping of micro�u-
idic devices. It is nontoxic to proteins and cells as well as permeable to
oxygen and carbon dioxide. This permeability also has drawbacks, which
will be discussed in the following chapter. Another signi�cant advantage of
PDMS is its optical transparency. It is optically transparent from 240 nm to
1100 nm [63].

The PDMS devices are fabricated using soft lithography techniques [67�
70]. It is an alternative microfabrication approach to conventional pho-
tolithography. The development and expansion of soft lithography techniques
took place in the last two decades. These techniques include cast molding
[71], embossing [72], injection molding [73], and replica molding [68]. The
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replica molding technique is typically used for PDMS device fabrication and
also used for the development of chips that are used in this study. It con-
sists of two processes: a master mold preparation and a stamp preparation.
The master mold is a template that carries an inverse replica of the desired
structure. Conventional lithography is the most general way to prepare mold
on a silicon substrate. The stamp is an elastomer, such as PDMS. Several
materials can be used as a mold such as SU-8, PMMA, polystyrene (PS),
and Ordyl- dry �lm photoresist. SU-8 on silicon is used as a master mold in
this study. Therefore, further discussion will be focused on the preparation
of the SU-8 mold.

3.3.1 SU-8 master mold preparation

After introducing the SU-8 product in 1996 by MicroChem, it is gaining
interest in photolithography. It is a negative photoresist designed for micro-
machining. Its high viscosity allows for �lm thicknesses of 4 to 120 µm in
a single coat. Moreover, it is capable of producing very high aspect ratio
structures (over 5:1) [74]. It is also possible to get a SU-8 �lm thickness of
below 2 µm and above 3 mm. The resist solution needs to be diluted with
the solvent to obtain a �lm thickness of fewer than 2 µm. Multicoating is
necessary to achieve �lm thickness above 120 µm. Fabricated SU-8 structures
are chemically inert and provide a high degree of biocompatibility [75].

In this study, 100 µm depth SU-8 channel structures of di�erent width
(25 µm, 50 µm, 100 µm, 200 µm, 300 µm) were prepared on a silicon wafer
(4′′ diameter, 525 µm thickness). Surface adhesion between a substrate and a
photoresist is crucial for uniform and stable coatings. SU-8 is an organic ma-
terial, and the contact angle of cured SU-8 is 73◦, which is hydrophobic [74].
Therefore, the adhesion between SU-8 and hydrophilic inorganic substances
(oxidized silicon wafer) is not good enough. Studies suggest that SU-8 shows
the most robust adherence with titanium (Ti) and titanium dioxide (TiO2)
[76]. Therefore, before the deposition of SU-8 on the silicon substrate, Ti-
prime (adhesion promoter) was spin-coated and cured at 120◦C for 2 mins
on a hot plate. Ti-prime adsorbed by the inorganic silicon substrate and
formed a thin organic layer, which can be wetted by SU-8. Afterward, SU-8
�lm was deposited on the substrate and soft-baked to remove the solvent
and to improve resist-substance adhesion. A hot plate is preferable than a
conventional oven for soft baking, as a thin skin may form on the surface
of the resist in the oven. This skin prevents solvent evaporation, resulting
in the incomplete drying process, which can cause high �lm stress during
post-exposure baking.

After soft baking, the resist was exposed to UV-light (350 nm wave-
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lengths) through a mask using contact lithography, mask directly in contact
with the substrate, to achieve optimal resolution. A post bake was done to
increase the cross-link of the exposed resist and to stabilize against the sol-
vent during the development process. Immersion development of the SU-8
was done with MicroChem′s SU-8 developer. After development, the wafer
was rinsed with isopropanol and dried with compressed nitrogen. In the case,
where the SU-8 is exposed to a higher temperature during regular operation,
a hard bake is necessary. It improves the mechanical property of the SU-
structures. The temperature of the hard bake should be 10◦ higher than
the expected device operating temperature, and it also helps to anneal any
surface crack of the SU-8 structure.

SU-8 
photoresist

Silicon

a. SU-8 deposition

c. UV exposer through mask

d. SU-8 developing

Mask

UV light

b. Soft baking

Figure 3.1: Fabrication steps of SU-8 master mold.

The main process steps for the fabrication of SU-8 layers with a thickness
of 100 µm are as follows,

• Pre-bake of the silicon wafer on a hot plate at 120◦C for 2 mins.

• Spin coat of an adhesion promoter (Ti-prime) and cure on a hot plate
at 120◦C for 2 mins.

• Spin coating of SU-8 3025 at 1500 rpm for 30 seconds.
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• Soft bake on a hot plate at 65◦C for 1 min and 95◦C for 120 mins.

• Exposure to UV light for 130 seconds (depends on the wavelength and
thickness of the SU-8 structure).

• Post exposure bake on a hot plate at 65◦C for 1 min and 95◦C for 10
mins.

• Developing SU-8 for approx. 15 mins.

Figure 3.2: Photograph of SU-8 structure on a silicon wafer (a); Scanning
electron microscopic (SEM) photograph of a meander shape channel includ-
ing an inlet (b); SEM image at the corner of a channel structure (c).

Inverse SU-8 microchannels of di�erent width (25 µm, 50 µm, 100 µm,
200 µm and 300 µm ) and height of 100µm on a silicon wafer can be seen in
Fig.3.2. Twenty channels, of length 85 mm each, are accumulated on a silicon
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wafer of diameter 100 mm, which will be used as a master mold for PDMS
casting. Scanning electron microscopic (SEM) photographs of fabricated
SU-8 structure is presented in Fig.3.2(b & c). From the SEM images, it can
be seen that the fabricated SU-8 structure has a smooth surface. Surface
roughness hinders the droplets generation and transportation through the
PDMS microchannel. The PDMS channel surface smoothness depends on
the surface smoothness of the SU-8 structure. Therefore, in the following
chapters for the analysis of the droplets generation and transportation in a
microchannel, the surface roughness e�ect will be ignored.

3.3.2 PDMS-stamp preparation

After the commercialization of PDMS in the early 70s of the last century, it is
gaining interest from di�erent branches of science because of its biodegrad-
ability [77]. It is a silicon-based organic polymer. At room temperature
and pressure, PDMS is a colorless, odorless, and highly viscous liquid. The
chemical structure of PDMS is presented in Fig.3.3.

.

Figure 3.3: Polydimethylsiloxane (PDMS) chemical structure.

The general formula of PDMS is MDnM, where Dn represents the number
of dimethylsiloxy units and M represents trimethysiyl [78]. The viscosity of
the liquid PDMS depends on the number of D-units in the molecule. D-unit
also de�nes the molecular weight of the PDMS. The D unit is capable of
expanding within the polymer. The polymerization of this material is pos-
sible by hydrolysis [78]. Nowadays, the hydrosilylation addition has been
commonly used to prepare cross-linked PDMS materials [79]. PDMS con-
tains two vinyl end groups, which can react with cross-linker leading to a
three-dimensional cross-linked network [80]. The rate of the hydrosilylation
reaction depends on the type and molecular structure of the catalytic com-
plex, the vinyl groups of the PDMS, and the number of Si-H groups on the
cross-linker. In this work, sylgard 184 silicone elastomer kit was purchased
from Dow corning, USA, which consists of a liquid linear PDMS and a cross-
linking reagent. To prepare solid PDMS, the liquid PDMS was mixed with
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the cross-linker at a mass ratio of 10:1. Depending on the applications of the
fabricated device, the PDMS/cross-linker mixing ratio can be varied. During
the mixing, it is common that air bubbles trapped in the mixer due to the
high viscosity of the PDMS, which later on causes degradation of the device
performance. Therefore, it is necessary to remove the trapped air bubbles.
The mixer was degassed in a vacuum desiccator until all trapped bubbles
were removed. Afterward, the degassed PDMS was poured on the previ-
ously prepared SU-8 mold containing channel structures in a Petri dish. The
PDMS can be cured at room temperature, which requires approximately 24
hours. To shorten the curing time, PDMS can also be cured at an elevated
temperature and the curing time reduced with the applied temperature. The
curing time and temperature, used to fabricate the microdroplets production
and the processing chips in this work, is 4 hours and 65◦C, which have been
found the optimal temperature and time for further processing of the device.
After curing, the PDMS structure was gently peeled o� from the wafer and
each PDMS channel structure was separated by a sharp scalpel. Inlet and
outlet holes were made with a hollow needle of 800 µm inner diameter by
punching through the PDMS.

Sealing a micro�uidic channel is very crucial, as leakage of liquid from a
channel can destroy the whole measurements. Like glass or silicon, sealing
of channels made in PDMS does not require high temperature ( 600◦C for
glass to glass and 800◦C for silicon to silicon) and pressure [81]. The typical
method of sealing a PDMS channel on glass is oxygen [O2] plasma processing
of the surface of both materials. This is an irreversible sealing technique of a
PDMS channel. Exposure to oxygen plasma creates silanol (Si-OH) groups
on the PDMS surface, and -OH functional group on the glass surface. When
the surfaces are bought into contact, the polar group form covalent -O-Si-O-
bonds with oxidized PDMS. Therefore, the bonding is irreversible. It should
be noted that the two surfaces must be cleaned and dried before the plasma
process for better sealing. As well as the two surfaces must be brought into
contact quickly after the plasma process since the oxidized PDMS surface
reconstructs in contact with air. The main process steps for the PDMS
casting are as follows

• Mixing PDMS with curing agent at 10:1 mass ratio.

• Degassed trapped bubble in the mixed PDMS using vacuum desiccator.

• Pouring the mixed PDMS on to the previously prepared SU-8 mold
seated in a Petri dish and degassed again to remove bubbles.

• Heat the PDMS on a hot plate at 65◦C for four hours.
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• Peel o� the PDMS from the mold and cut each individual chip.

• Make inlet and outlet holes with a hollow needle of 800µm inner diam-
eter.

• Clean glass slides of width and length of 25×76 mm with isopropanol
and dry at 100◦C for 2 min.

• Bond the PDMS channel on the glass slide by plasma treatment of the
both surface at 250 Watt for 10 sec.

Figure 3.4: Additional fabrication step for a PDMS chip, starting from the
SU-8 mold on silicon.

3.4 Fabrication of micro�uidic channels on sil-

icon

Micro�uidic channels on silicon are fabricated to measure the penetration
depth of Parylene into the channel and thickness of the deposited Parylene
layer along the channel. The fabrication process begins with a spin coating
of a 10 µm positive photoresist on a silicon wafer (4′′ diameter, 525 µm thick-
ness) followed by soft baked for 3 min. Soft bake is necessary to remove the
solvent and to improve resist-substance adhesion. Afterward, the photoresist
was exposed to UV-light (MA6 Karl Süss KG.GmbH) through the channel
containing mask and developed (AZ400K) to remove the exposed resist. A

35



100 µm depth rectangular channel in silicon was achieved by reactive ion
etching (DRIE) (ALCATEL etching tool). DRIE is an anisotropic etch with
a very high aspect ratio (width to height). It allows fabricating a vertical
wall of the silicon wafer at almost 90◦. One cycle of a DRIE process is a
combination of three steps: an etch step of silicon, a passivisation step of a
polymer, and an etch step of the passivation layer. In the silicon etch step,
particles (argon) are ionized and accelerated, which hit the silicon substrate
from the vertical direction and remove materials. The ionized particles can
also attack the sidewall of the silicon and destroy, which is prevented by de-
positing a thin chemically inert polymer layer on the substrate (Si). This
deposition process is called the passivation step. The polymer layer on the
sidewall of silicon can not be etched by radicals (sulfur hexa�uoride). But,
it can be destroyed by the direct impact of the radicals, which allows etching
the passivation layer on the bottom of the trench. These three steps switch
back and forth through the whole DRIE process until the desired depth of
the channel reached. Finally, the remaining photoresist has been removed
from the silicon surface by oxygen plasma.

Figure 3.5: One cycle of the deep reactive ion etching process.

The main process steps of the fabrication of 100µm silicon channel are as
follows

• Spin coating of 10 µm positive photoresist on a silicon wafer.

• Soft bake on a hot plate at 110◦C for 3 min.

• Exposure to UV-light for 130 seconds.

• Developing the exposed photoresist.

• DRIE etching of the silicon.
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Figure 3.6: Fabrication of a microchannel on a silicon wafer.

• Plasma removal of the photoresist.

3.5 Parylene deposition

Parylene is another potential polymer, which is being used to fabricate mi-
cro�uidic devices because of its biocompatibility, chemical inertness, and
optical transparency [82, 83]. Properties of Parylene and the necessity to be
used together with the PDMS will be described in chapter 4. Parylene can be
vapor-deposited on a substrate, which facilitates to coat an uneven surface,
an assembled micro�uidic channel, and the surface where other deposition
methods cannot be used (cardiac assist devices, electrosurgical tools, etc).
The deposition thickness of a Parylene layer is in the range of several hun-
dred angstroms to 75 µm [84]. In this study, Parylene AF4 is deposited on an
assembled PDMS channel (PDMS channel is bonded on a glass slide). The
deposition of Parylene on PDMS has three main steps: (i) PDMS surface
cleaning and activation, (ii) Primer deposition, and (iii) Parylene deposition.
Surface cleaning is crucial for the adhesion between the two materials. The
surface of the PDMS channel was cleaned by oxygen plasma. The adhesion
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of PDMS requires silanol (Si-OH) groups on the PDMS surface and -OH
functional group on the other material. The silanol group on the PDMS sur-
face was created by oxygen plasma. Since Parylene does not have any -OH
functional group, a secondary layer is necessary between PDMS and Pary-
lene for better adhesion. Silane-174 (PPS, Germany) is a coupling agent with
the general formula RnSiX(4 − n), where X represents hydrolizable alkoxy
group (CH3O-) and R is a nonhydrolyzable organic radical that enables the
Silane-174 to bond with Parylene [85]. During the hydrolysis process X
group creates -OH functional group and bonded on silanol (Si-OH) groups
on the PDMS surface. When the polymer Parylene comes to the contact
of the silane, R groups react and bonded with the Parylene. In this work,
the PDMS surface was activated by an O2/CF4 plasma for 3 minutes at 50
Pa, followed by an oxygen plasma exposure for 5 minutes and �nally, primer
silane -174 (PPS, Germany) was deposited.

For the Parylene deposition on a silicon channel, the channel surface was
activated by the oxygen plasma exposure for 5 minutes at 50 Pa. A 2% (v/v)
silane-174 of pH 4.5 - 5.5 solution was prepared by adding 95% ethanol and
5% water. Afterward, plasma-activated silicon was dip-coated in the silane
solution for 10 min, followed by air-dried for 24 hours at room temperature.

The deposition process of Parylene takes place in three steps: (i) the solid
dimer is vaporized at a temperature of 150◦C; (ii) the vapor is pyrolysed at a
temperature of 680◦C and the dimer becomes a stable monomeric diradical;
(iii) the monomeric vapor is deposited on the sample in a vacuum deposition
chamber at room temperature [86, 87]. The pressure and temperature for
each step is summarized in Fig.3.7.

Figure 3.7: Simpli�ed scheme of Parylene deposition process.

The deposition of Parylene was conducted on the assembled channel of
both silicon and PDMS. Since it is a chemical vapor deposition method, the
vaporized Parylene enters through the openings of the channel and deposits
on the channel surface. The silicon channel was covered with polyvinyl chlo-
ride (PVC) foil, and the inlets and outlets were opened by removing the foil
using a sharp scalpel. A schematic diagram of a Parylene coated PDMS
channel and a silicon channel can be seen in Fig.3.8.
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Figure 3.8: Parylene deposition on an assembled silicon (a-d) and PDMS
channel (e).

3.6 External interface

Lab-on-a-chip technology aims to integrate laboratory function on a single
chip. Nowadays, several biological and chemical processes are being carried
out in a single chip, which previously was done in a test tube or well plates.
Nevertheless, an external interface is still required to inject liquids in a mi-
cro�uidic chip and their analysis. In this study, �uidic connections are used
to feed �uids into the microchannel using a pressure-driven �ow method,
which was discussed in section 2.21.

Fluidic connection

Droplet generation in a microchip requires a continuous pressure-driven �ow
of both continuous and droplet phase liquids into the microchannel. External
syringe pumps are used to supply the liquids to the micro�uidic chip inlets.
Microtubes carry liquids from a syringe to the micro�uidic chip inlets. A
photograph of a micro�uidic chip with connected microtube is presented in
Fig.3.9.

A �uidic connection is very crucial for the droplet generation setup. The
size of the droplets in a micro�uidic channel depends on the �ow rate of the
continuous phase and the droplet phase. During the generation process of
droplets, if there is a slight change in the �ow rate of any phase, the droplet
size will be changed immediately. The pulsating characteristic of the �uidic
pump is another critical factor in the variation of the size of the generated
droplets. The choosing of a micro�uidic pump for the droplets generation
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Figure 3.9: Microtubes are connected to inlets of a PDMS chip.

set up depends on the �ow stability, settling times, and �ow rate depending
on the applications. The �ow rate required for micro�uidic set up in the
range nano- to milliliter per minute. A pulsating free micropump with a �ow
rate of min. 0.6 nl/min. to 3 ml/min. for 1 ml syringe, has chosen for the
droplets generation setup. The experimental setup of each experiment will
be discussed in the following chapters.

3.7 Summary

This chapter presented the fabrication technologies used to produce micro�u-
idic devices. It focused on the selection of materials for a micro�uidic device
and fabrication technologies. Both the material and fabrication technology
required depend on the applications of a particular device. For instance, a
cell-culturing micro�uidic device must be biocompatible, a droplet-generation
device must be hydrophobic, and a droplet-storage micro�uidic chip should
be liquid-impermeable. In research, the exact design speci�cations of a mi-
cro�uidic device are seldom known in advance; they often change as the
project matures. Therefore, the fabrication technologies involved in pro-
ducing a micro�uidic chip should be as simple as possible. The fabrication
technology presented in this chapter was PDMS casting, a SU-8 replica mold,
a silicon channel, and the deposition process of Parylene. A hybrid-material
microchip of PDMS and Parylene were used in the droplet-storage appli-
cation. The details of the PDMS�Parylene device will be discussed in the
following chapters.
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Chapter 4

On-chip droplet storage

To facilitate chemical reactions and analyze living cells in droplets, it is
necessary to develop a method for droplet storage. Droplets can be stored
either on-chip or o�-chip, depending upon the system itself and the intended
application. This chapter introduces a new on-chip droplet storage method
and describes its applications. The introduction section of this chapter gives
an overview of existing droplet storage methods and their advantages and
disadvantages.

The basic-aspect section focuses on the working principle of the surfactant
and the properties of di�erent variants of Parylene. During storage, neigh-
boring droplets tend to merge�using a surfactant with a continuous-phase
liquid prevents this. Further, PDMS and Parylene are the base materials for
the storage chip. Parylene coated PDMS channels prevent the di�usion of
aqueous droplets into the PDMS, inhibiting droplet shrinking. The fabrica-
tion procedure of the storage chip has been presented in chapter 3.

This chapter is divided into two main parts: (i) characterization of Pary-
lene coated PDMS channels and (ii) investigation of droplet generation and
on-chip storage in the Parylene coated PDMS channels. The experimental
procedure and resulting Parylene properties, such as hydrophobicity, pene-
tration depth, and absorption barrier, are discussed in the characterization
section. The droplet generation and on-chip storage section presents the ex-
perimental results of long-term on-chip droplet storage and biological cell
survival in these droplets. The theory of droplet generation and their �ow
through a microchannel have been discussed in detail in chapter 2.

Finally, an outline of the current limitations and future perspectives of
this storage method are presented. The work presented in this chapter has
been published in [88, 89].
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4.1 Introduction

New applications of droplet micro�uidics are continually emerging because
of the unique properties of micro-droplets, such as high reproducibility, high
throughput, and uniform size [90, 91]. In the �elds of chemistry, biology,
and pharmacology, scientists are developing a system with a fast reaction
time, low sample volume, and high throughput. Droplet micro�uidics of-
fers suitable alternative solutions that meet these requirements. It is heavily
applied in microparticle synthesis, biomedical analysis, cell culturing, and
drug delivery. Wang et al. synthesized �uorescent silica nanoparticles with
a �ow-focusing micro�uidic system, where they improved nanoparticle-size
uniformity by using droplet-micro�uidic techniques [92]. Nisisako et al. have
developed a droplet-based method to produce oil-�lled polymeric microcap-
sules, where the system is capable of tuning the size and shell thickness of
each individual capsule [93]. Another droplet-based platform has been devel-
oped that facilitates the culture and encapsulation of mammalian cells [94].
These experimental processes often demand on-chip storage of droplets for
longer periods of time.

To date, the materials used for fabricating micro�uidic devices include sil-
icon, glass, PMMA, SU-8, polycarbonate, Parylene, and PDMS. The advan-
tages and disadvantages of each material have been discussed in section 3.2.
From these materials, PDMS is the most widely used material for droplet-
generation chips because it is chemically inert, biocompatible, hydrophobic,
transparent, cost-e�ective, and porous. This porosity makes PDMS perme-
able to both gases and liquids. Gas permeability makes its use convenient
for cell-based studies since oxygen and carbon dioxide can di�use through
[95, 96]. However, liquid permeability allows water to di�use through PDMS
and eventually evaporate, which limits its application to micro�uidic chan-
nels for the storage of droplets on-chip [94, 97].

A method has been reported in literature, where after generating hun-
dreds of droplets in a PDMS chip, the droplets were transferred to polyvinyl
chloride (PVC) tubes for storage by using electrovalves. This type of system
is complex to use because it involves manipulating valves that a�ect droplet
handling. An on-chip storage method, where sample droplets were stored,
used water-�lled PDMS channels to reduce sample evaporation in adjacent
PDMS channels [98]. However, the reservoirs did not fully surround the stor-
ing channels, which led to only a partial reduction in sample evaporation.
In another sample-storage method, the PDMS chip was stored in a water
bath after the generation of droplets [99]. However, continuous monitoring
of the stored droplets was not possible in this case [100]. Therefore, we aim
to develop a solution to on-chip droplet storage, where the properties of the
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PDMS channel can be improved.
In recent years, Parylene (poly p-xylylene) has been receiving increased

attention for use in microfabrication technology. Parylene can be deposited
in vapor form on a post-fabricated (assembled) PDMS channel. This vapor
penetrates into the microchannel and covers the walls. Such Parylene coated
PDMS channels are used for on-chip droplet storage and facilitate the storage
of droplets for two days on the same chip in which they are generated. A
microchannel used for droplet-storage measurements is shown in Fig.4.1

Figure 4.1: Parylene AF4 coated PDMS microchannel.

4.2 Basic aspects

4.2.1 Surfactant in droplet micro�uidics

Droplets must be stored on a chip for the length of time required to com-
plete an assay, which can be on the order of hours or days. During the
storage of aqueous droplets in a microchannel, it has been found that, with
time, neighboring droplets begin to come closer and eventually merge. Water
(H2O) is a polar inorganic compound, the oxygen and hydrogen in a water
molecule have a high di�erence in electronegativity, resulting in its polariza-
tion. Hydrogen can form a �hydrogen bond", which is capable of creating a
very strong intermolecular force and is the cause of the strong cohesive forces
of water molecules. Because of this force, neighboring water droplets are at-
tracted to each other and the oil phase between them drains out. Eventually,
they merge and produce one large water droplet. In several applications of
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droplet micro�uidics, such as cell culturing or protein crystallization, merg-
ing of stored droplets is not desired; therefore, a surfactant is essential for
such applications. A surfactant is an amphiphilic organic substance with a
hydrophilic head and a hydrophobic tail. Hence, it has an a�nity to both
water and oil. Usually, a surfactant is mixed with the continuous phase (oil)
prior to droplet generation. During the storage of droplets in a microchannel,
surfactants gather at the interface between water and oil, forming an inter-
facial surfactant layer (Fig.4.2). This stabilizes the droplets and prevents
coalescence. This surfactant layer also decreases the surface tension between
the two phases [101]. Further, it rigidi�es droplets by slowing them down. In
accordance with the Marangoni e�ect, as a droplet moves, the distribution
of the surfactant becomes non-uniform [102]. Excess surfactant gathered at
the rear of the droplet results in a decrease in surface tension in this region.
This generates a stress opposed to the direction of �ow and makes droplets
slower.

Figure 4.2: Surfactant gathered at the water-oil interface of a water droplet.

Over the past few years, several surfactant molecules have been developed
for application in micro�uidics. Two factors must be considered when select-
ing a surfactant for use in droplet micro�uidics: biocompatibility�which
allows cells to be stored and cultured in a droplet�and the characteristic
that allows aqueous droplets to be generated in oil within a microchannel.

4.2.2 Properties of Parylene

Parylene is a relatively new biomaterial used in the production of micro�u-
idic chips, although it has been used in non-biological applications for several
decades. The application of Parylene has drastically increased after the de-
velopment of the Gorham process, which facilitates the deposition of Parylene
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via chemical vapor deposition (CVD) [103]. Using this method, the Parylene
�lm thicknesses of several hundred angstroms to 75 µm can be achieved. Sev-
eral variants of Parylene have been developed, including Parylene N, C, D,
and AF4/HT [84]. These variants of Parylene have been developed by replac-
ing the aromatic or aliphatic hydrogen atoms with other atoms or chemical
groups. The chemical structures of Parylene N, C, D, and AF4/HT are shown
in Fig.4.3. Parylene provides a pinhole-free barrier to protect against bodily
�uids, moisture, chemicals, and atmospheric gases. It also o�ers some unique
properties such as being biocompatible and pinhole-free, along with having
the ability to form a highly conformal �lm. Parylene possesses a low sticking
coe�cient (<1×10−3) at room temperature, which allows it to easily pass
through narrow microchannels [103].

Figure 4.3: Parylene structure

Parylene C is used in several applications because of its high deposition
rate, conformal coating, and low cost. A Parylene C coated PDMS channel
has been documented in literature, where the Parylene C suppressed the
absorption of �uorescent dye into the PDMS [104]. The penetration depth
(depth into a tubing) of Parylene C is low; therefore only a short distance
of an assembled PDMS channel can be covered with it (typically only a
few millimeters) [105]. Very often in biochemical analysis, a large number
of samples must be processed simultaneously; therefore, a longer channel
is required. Longer Parylene coated PDMS channels can be achieved by
coating an open channel and a microscope glass slide separately with a layer
of Parylene, and bonding them afterward. Nevertheless, bonding Parylene
on Parylene requires high pressures and elevated temperatures (200◦C for
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Parylene C and 350◦C for Parylene AF4), which PDMS cannot withstand
[106].

In the chemical structure of Parylene AF4, a hydrogen atom of the aro-
matic group is replaced by �uorine. The advantages of �uorination are high-
temperature stability (up to 450◦C), a low coe�cient of friction, and a high
penetration depth. Among all variants of Parylene, AF4 has the highest pen-
etration depth, which allows it to coat a longer length of the channel [86].
However, there is a lack of research on the applications of Parylene AF4 in
micro�uidics. A preliminary investigation on droplet storage in AF4-coated
PDMS channels has been addressed in [89]. Further, the properties of the
di�erent variants of Parylene are summarized in Table 4.1.

Table 4.1: Parylene properties [84, 86]
Properties Parylene AF4/HT Parylene C Parylene N Parylene D

Continuous service temperature 350◦C 80◦C 60◦C 100◦C
Short-term service temperature 450◦C 100◦C 80◦C 120◦C

Penetration ability* 50x dia 5x dia 40x dia 2x dia
Water absorption (% after 24 hours) <0.01 <0.1 <0.1 <0.1

*Depth into tubing

4.3 Chip design

The primary function of the chip is to generate droplets and store them for
an extended period. A T-junction device with a 23-mm-long channel (width
and depth of 300×100 µm) has been used to generate and store the droplets.
The droplet-generation principle at a T-junction has already been discussed
in chapter 2. For the storage of droplets, the PDMS channel was coated with
Parylene AF4. The penetration depth of Parylene depends on the width
and depth of the channel. An experiment was conducted to measure the
Parylene thickness by varying the channel width. Silicon channels of various
widths were fabricated, sealed, and coated by Parylene. The thickness of
the Parylene was then measured. The results are shown in Fig.4.5. Parylene
AF4 can penetrate more than 25 mm from one end of a channel (with a
width and depth of 300×100 µm). Another experiment was conducted to
examine the absorption barrier of Parylene by storing indigo-carmine solution
in the Parylene coated channel, the result of which is presented in Fig.4.6.
The experimental results revealed that a Parylene AF4 with a thickness of
1.2 µm can prevent the di�usion of indigo carmine solution. Based on the
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experimental results, an optimum droplet-storage channel length, width, and
depth were chosen. Subsequently, a PDMS channel was fabricated using
standard soft lithography and plasma bonded onto another layer of PDMS,
which was then bonded with a glass slide. The inside of this PDMS-on-
PDMS bonded channel was then coated with Parylene by CVD. The channel-
fabrication process and Parylene-deposition process have been discussed in
detail in chapter 3. The fabricated chip used for droplet-storage experiments
is shown in Fig.4.1.

4.4 Characterization of Parylene coated PDMS

channels

Several experiments were conducted to characterize the Parylene coated
PDMS channels. In particular, they were used to store aqueous droplets
and biological samples. Droplet generation and subsequent droplet trans-
port through the microchannel require hydrophobic channel surfaces. The
hydrophobicity of the Parylene coated PDMS channel was analyzed by mea-
suring the contact angle of a water droplet on its surface. The experimental
procedure and results are presented in the following section.

The absorption of molecules into the PDMS surface prevents PDMS mi-
crochannels from being used in many biological and chemical applications. A
pinhole-free Parylene coating can prevent this absorption. Herein, the barrier
properties of Parylene were investigated by storing Rhodamine B solution in
a Parylene coated PDMS channel.

4.4.1 Hydrophobicity of channel materials

Hydrophobicity is a physical property of a material that de�nes its tendency
to repel water from its surface. Generally, hydrophobic substances are non-
polar. Therefore, they are attracted to neutral or nonpolar solvents and
repel polar solvents such as water. Since hydrophobic surfaces prevent water
from sticking to channel walls, hydrophobic channel materials are required
to generate water droplets in oil and transport them through the channel
[107, 108]. Although a material's hydrophobic property is dependent on its
molecular structure, its surface pro�le can also a�ect this property. A rough
surface is more hydrophilic than a smooth one. Since CVD of Parylene pro-
duces pinhole- and prone-free surfaces, the e�ect of surface roughness on
hydrophobicity can be neglected.

The hydrophobicity of a material can be ascertained by measuring the
contact angle of a water droplet on the surface of the material using Young's
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law. The mathematical explanation of the contact angle has been covered in
section 2.3.2. The contact angle of a water droplet resting on the material
surface (Parylene C coated PDMS, AF4 coated PDMS, and uncoated PDMS)
was measured using a goniometer (KRÜSS GmbH, Germany).

When a drop rests on the surface of a material, an angle is formed at the
interface between the liquid drop, the solid surface, and air, which is called
the static angle. The static contact angle can be simply measured using
Young's equation (equation 2.1). In the case of droplets moving through a
microchannel, two contact angles form with the solid surface�the advancing
and receding contact angle�which have been discussed in chapter 2. To
determine the hydrophobicity of the material, the static contact angle of a
water drop on its surface was measured. The hydrophobicity of uncoated
PDMS, Parylene AF4 coated PDMS, and Parylene C coated PDMS was
measured. Five consecutive measurements were made for each material at
room temperature. The contact angle of a water droplet on the PDMS
surface was 105±4◦, which is consistent with values found in the literature
[109]. The measured average contact angles of Parylene C coated- and AF4-
coated PDMS were 95±4◦ and 120±4◦, respectively (Fig.4.4). Parylene AF4
coated PDMS shows a signi�cantly higher degree of hydrophobicity, resulting
in an improved droplet �ow through the channel.

Although PDMS is a hydrophobic material, its hydrophobic properties
change with droplet storage time. Further, cleaning and heat treatment are
required to reuse PDMS chips. For some applications, such as cell storage
in a microchannel, PDMS channels cannot be reused. This is because the
cells stick to the channel walls and cannot be washed away. On the other
hand, the hydrophobicity of Parylene AF4 does not change over time. In the
droplet-storage experiments, water droplets were stored in the Parylene AF4
coated channel for more than two days. After two days, the stored droplets
did not adhere to the channel wall. This facilitates the reuse of the device
for several measurements.

4.4.2 Parylene thickness measurement in a microchan-

nel

During the chemical vapor deposition of Parylene, the vaporized Parylene
molecules enter into the assembled PDMS channel through the openings (in-
lets and outlet) and deposit. The thickness of the deposited Parylene C
and AF4 was measured along the channel length. Both PDMS and the thin
Parylene layer are elastic; to make sharp cuts in AF4 coated PDMS chan-
nels is di�cult using general dicing technologies. Therefore, the thickness
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Figure 4.4: Contact angle measurement of (a) Parylene C coated PDMS and
(b) Parylene AF4 coated PDMS.

of deposited Parylene was measured in silicon channels. Microchannels of
di�erent widths 300 µm, 200 µm, 100 µm and 50 µm were prepared on a 100
mm diameter silicon wafer of thickness 525 µm. The length and depth of
the channels are 85 mm and 100 µm, respectively. The fabrication process
was described in chapter 3. The silicon channel was sealed with PVC foil
and the sealed channels were coated with Parylene. Afterward, the channels
were diced (Kulicke & So�a Industries Inc., USA), at 3 mm distances. The
PVC foil was gently peeled o� from the silicon surface. To measure the AF4
thickness, the surface of the Parylene coated PDMS chip was milled by a
focused ion beam (FIB). Before the milling process, a thin layer of gold (10
nm) was deposited on top of the AF4 layer, which prevented charging during
the FIB process. The thickness of the AF4 was measured in each section
by scanning electron microscopy (SEM) (Zeiss, Germany) and electron high
tension (EHT) of 10 kV was used for each measurement.

The deposition principle of Parylene into a long narrow channel can be
described by the molecular �ow during the vapor deposition process [110].
The mean free path λ of the Parylene monomer in the vacuum deposition
chamber is far larger than the characteristic size (i.e., the hydraulic diameter
Dh) of the micro�uidic channel. In other word, the Knudsen number λ is
much larger than 1, hence the free molecular �ow condition is satis�ed, for
which intermolecular collisions rarely happen. The Knudsen di�usion coe�-
cient for the free molecular �ow is only dependent on the molecular weight,
the deposition temperature and the channel size. The results show that the
penetration depth of AF4 is higher than of Parylene C, which is consistent
with literature [86, 106]. Parylene AF4 has the highest in-tube penetration
ability because of its lower coe�cient of friction (static: 0.15, dynamic: 0.13)
and lower molecular weight (244 gram/mol). Parylene C possesses a higher
coe�cient of friction (static and dynamic: both 0.29) and higher molecular
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weight (277 gram/mol) [84, 86]. The measured thickness in the silicon chan-
nel is presented in Fig.4.5(c,d). The thickness of the deposited layer decreases
as a function of increasing distance from the entrance of the microchannel.
In Fig.4.5, the measurement results are depicted showing the penetration
ability of Parylene C and AF4 in silicon etched microchannels. To achieve a
deposited thickness of at least 4 µm in a channel with a cross-section of 100
× 300 µm2, the maximum channel length for Parylene C and AF4 are 11
mm and 24 mm, respectively (Parylene enters the microchannel from both
sides). The kilogram price of AF4 dimer is about twenty times higher than
that of Parylene C. In addition, Parylene AF4 requires twice the amount of
dimer to achieve the same deposited thickness. However, the measurement
results show that the penetration ability of Parylene AF4 is two to three
times as much as that of Parylene C. This allows longer storage channels to
accommodate micro-droplets. Additionally, Parylene AF4 has a continuous
service temperature of 350◦C, whereas Parylene C can only withstand 125◦C
[86]. PDMS has a continuous service temperature of approximately 200◦C.
Therefore, AF4 coated PDMS channels can be used for applications where
higher working temperatures or device sterilization is required.

Figure 4.5: SEM photographs of Parylene C on silicon (a); Photograph of
Parylene AF4 on silicon (b); The measured thickness along the channel for
Parylene C (c). The measured thickness along the channel for Parylene AF4
(d).
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4.4.3 Di�usion of Rhodamine B into PDMS and Pary-

lene coated PDMS

Absorption of �orescent and other organic molecules is a troublesome prop-
erty of PDMS. Small molecules di�use and absorb into the PDMS surface
and bulk, which limits the application of PDMS. Non-porous coating of Pary-
lene on PDMS suppresses molecules absorption into the PDMS. A solution
of Rhodamine B was stored in Parylene AF4 coated PDMS channels and
in non-coated PDMS channel. Rhodamine B is an organic �uorescent sub-
stance, with excitation and emission wavelength of 553 nm and 627 nm,
respectively [111]. It di�uses into the cured PDMS, and was used as an indi-
cator to characterize the di�usion and absorption barrier of the AF4 coating
in the channel. A coated and a non-coated channel of 85 mm long with
depth and width of 100 × 200 µm, are used in this measurement setup. A
1% (w/v) solution of Rhodamine B in DI water was prepared and injected
into the channels at a �ow rate of 100 µl/hr. The chips were placed on the
�uorescent microscope stage (Nikon, Japan) such that the �eld of view was
the same for each chip. A reference image was taken at t=0, immediately
after the solution was injected. A sequence of images was taken every 10
minutes to monitor the di�usion and absorption of Rhodamine B molecules
into the PDMS. Fluorescent emission of the Rhodamine B was �ltered out
using a 521-565 band-pass �lter and images were taken using a camera (Nikon
D5100) mounted on a microscope. At time t=0, no absorption and di�usion
of Rhodamine B was observed in both non-coated PDMS and AF4 coated
PDMS channels. After some minutes Rhodamine B absorption into PDMS
in the non-coated channel becomes visible. It results in a broader �uorescent
pro�le of the channel width, which can be seen in Fig.4.6(b). A quantita-
tive analysis of the di�usion length of Rhodamine B into the PDMS was
conducted by comparing the intensity pro�le at t=0 and t=10 min, see Fig.
4.6(c). The di�usion length of Rhodamine B into PDMS is estimated by cal-
culating the pixel value of the �uorescent intensity along the x-axis (shown
in Fig.4.6 (a)) using a customized software script (MATLAB). The di�usion
length of Rhodamine B into the bulk PDMS after 10 min. is 100±20 µm.
Three successive measurements were conducted to obtain each data point.

The same test was conducted to investigate the possible improvement of
the absorption and di�usion barrier performance of Parylene AF4 coatings
in PDMS channels (Fig.4.6(d-f)). At t=10 min, no di�usion or absorption of
Rhodamine was observed. The storage time was prolonged and a sequence
of images was captured every hour. Figure 4.6(f) depicts that the intensity
pro�le of AF4 coated PDMS channel at t=0 and t=12 hours overlap each
other, which shows that di�usion of Rhodamine B into the AF4 coated PDMS
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Figure 4.6: (a,b): Di�usion of Rhodamine B molecules into the PDMS for
non-coated channels; (c): Intensity pro�le of Rhodamine B di�used into
the PDMS in non-coated channels at t=0 and t=10 mins; (d,e): Storage of
Rhodamine B in a Parylene AF4 coated PDMS channel; (f): Intensity pro�le
of Rhodamine B in the AF4 coated PDMS channel at t=0 and t=12 hours.

channel did not occur.

The penetration length during Parylene AF4 deposition is higher than
for Parylene C, which is presented in Fig.4.5. A measurement was conducted
by storing Rhodamine B solution both in AF4 coated PDMS channels and
C coated PDMS channels. For both cases the channel was 85 mm long with
depth and width 100 × 200 µm, respectively, which is shown in Fig.4.7(a).
Both channels were �lled with 1% (w/v) Rhodamine B solution with a �ow
rate 100 µl/hr and the solution was stored in the channels for 60 min. A
noticeable change of Rhodamine B di�usion into the PDMS is found at a
channel length of 20 to 22 mm distance from the inlets of the AF4 coated
channel, whereas in Parylene C coated channel it was at a channel length of
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4 to 6 mm. At this location Rhodamine B molecules start di�use into the
PDMS in the Parylene coated PDMS channel (Fig.4.7(b,c)). A quantitative
measurement of Parylene thickness in an assembled channel has been con-
ducted. The AF4 layer thickness at a channel length 22 mm is approximately
1.2 µm. On the contrary, there is no Parylene C layer visible after 12 mm of
the channel length from the inlets.

Figure 4.7: A schematic diagram of an 85 mm long channel with depth and
width of 100±20 µm (a). The location of C coated channel length, where
Rhodamine B starts to di�use into the channel material (b). The location
of C coated channel length, where Rhodamine B starts to di�use into the
channel material (c)
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4.5 Droplet generation and storage

Extensive experiments have been conducted to study droplets in a Parylene
coated microchannel, storage of droplets in the channel and culturing cells
in the stored droplets. This section is dedicated to the study of droplets
in a micro channel. The uniformity of droplets size is one of the important
advantage of droplet micro�uidics. The size and shape of droplets has been
studied and the result will be presented in the following section. The channel
properties play an important role on the �ow of droplets through a channel.
The e�ect of Parylene coated surface on the �ow of droplets was studied and
will be discussed in this section. At the end of the section, experimental
result of droplets storage and culturing cells in the stored droplets will be
presented.

4.5.1 Size and shape of droplets in a microchannel

The size and shape of droplets in a microchannel depend on the channel
geometry, channel materials, �ow rate of the continuous and droplet phase,
density of the liquids, and the concentration of the surfactant. If these prop-
erties are kept constant, the size and shape of droplets vary with the droplet
generation structure such as T-junction and �ow focusing. The mathematical
explanation of the size of the droplets in a microchannel has been presented
in section 2.3.4. During experiments, it was observed that the larger droplets
have a �attened shape and smaller droplets have a spherical shape. The �nd-
ings are linked to the surface tension and gravitational force. For the larger
droplets both forces act on the shape of droplets, whereas, for the smaller
droplets only surface tension is an active force. This can be explained by the
Bond number [112], which is

B0 =
ρgR2

γ
, (4.1)

where γ is the surface tension, ρ is the density, g is the gravitational force,
and R is the droplet radius. If B0 < 1, the droplet is spherical in shape,
otherwise the gravitational force �attens the droplets. Droplets of di�erent
size and shape are presented in Fig.4.8 and Fig.4.9. However, in a narrow
rectangular microchannel, where the radius of the droplet is larger than the
width of the channel, the shape of the droplets cannot be explained by the
Bond number. The larger droplets take �attened shape because of the narrow
channel. The experimental result of agarose droplets presented in the chapter
5 agrees with this conclusion. Figure 5.5 showed that the �attened shape
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agarose droplets in a microchannel take spherical shape when they are taken
out of the chip.

Figure 4.8: The size and shape of aqueous droplets at di�erent �ow rate.

4.5.2 Flow of droplets in a microchannel

The transport of droplets in con�ned �uidic networks in microchannels is
necessary for many droplets applications such as PCR, chemical reactions,
and bioengineering. However, less research has been conducted on the un-
derstanding of �ow characteristics and their related factors for the systems
involving the �ow of droplets. Rectangular microchannels were used for
the storage and for the other applications of droplets in this research work.
Therefore, only droplet �ow through a rectangular microchannel will be dis-
cussed. Several factors in�uence the �ow of droplets in a micro�uidic net-
work, such as the density of the �uids, the �ow rate of both �uids, and the
interfacial tension between them, which is explained in section 2.4. Channel
roughness also has a signi�cant impact on the �ow of droplets in a microchan-
nel. It is directly related to the frictional resistance imparted on the droplets
by the channel surface. As the channel size decreases, surface roughness
becomes an important parameter. The SU-8 mold to produce the PDMS
channel is fabricated using photolithography to ensure a smooth surface.
Typically, the microchannels imprinted in the PDMS layer are closed with a
glass slide or with another piece of PDMS. This bonding is usually done by
a plasma process. Due to the plasma process, the smoothness of the channel
can be a�ected. However, the conformal pinhole-free coatings of Parylene
into the PDMS channel ensures a smooth surface of the channel. Therefore,
the in�uence of the surface roughness on the �ow of droplets is very small,
so small that we have not detected it in our experiments.

The travel speed of droplets depends on the size and viscosity of the
droplets. Smaller droplets travel faster than larger droplets. The smaller
droplets are located in the middle of the channel where the �ow velocity
is the highest. Whereas the larger droplets are near to the channel wall/in
contact where the �ow velocity is zero. The �ow pro�le of a liquid in pressure
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Figure 4.9: Various sizes of droplets and their �ow in Parylene coated a
PDMS microchannel. The larger droplets are in contact/near to the channel
wall, where the �ow velocity is zero. The smaller droplets are located in the
middle of the channel, where the �ow velocity is the highest.

driven �ows was explained in chapter 2.

4.5.3 Storage of droplets

PDMS is permeable to liquid and gas, which causes shrinkage of water
droplets in the channels, whereas Parylene AF4 coated PDMS suppresses the
shrinkage. Droplets were stored both in AF4 coated and non-coated PDMS
microchannels for several hours and the volume loss of droplets in time was
measured. In both cases, 23 mm long micro�uidic channels of depth and
width 100 × 300 µm, respectively, were used. The fabrication steps of PDMS
and Parylene coated PDMS channel is discussed in details in chapter 3. The
inter-droplets distance was maintained at a distance of at least the droplet
diameter to prevent undesired merging of the stored droplets. The droplets
were generated in the microchannel using a T-junction geometry, the princi-
ple of T-junction has been discussed in chapter 2. Mineral oil with a viscosity
of 30-60 mPa.s (20◦C) and a density of 1.06 g/mL at 20◦C was used as the
continuous phase. DI water was used as the droplet phase for the on-chip
droplets storage measurement. The continuous phase (oil) and the droplet
phase (DI water) were kept in two separate 1 ml glass syringes (Hamilton) at
room temperature. The syringes were �xed in two separate syringe pumps
(Legato 180 dual, KD-scienti�c), which continuously supplied the liquid into
the microchannel. PEEK microtubings of 250 µm inner diameter carried
liquid from the syringes to the microchip. The microchip was �xed on the
inverted routine microscope stage (TS100 Nikon, Japan). A camera (Nikon
D5100) was �xed with the microscope to analyze and take photographs of the
stored-droplets. The experimental setup of droplets generation and storage
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is presented in Fig.4.10.

Figure 4.10: Experimental setup for the generation and storage of droplets.

The continuous phase and the droplet phase were pumped to the mi-
crochannel at a �ow rate 10 µl/hr and 4µl/hr, respectively. After �lling the
microchannel with the droplets, the inlet and outlet tubes were removed and
the chip was completely sealed with water-resistant adhesive tape (Farnell,
Germany). Depending on the droplets size approximately 20 droplets were
stored in the microchannel for each storage measurement. Reference images
of the droplets were taken at t=0, just after disconnecting the microtubes
from the chip, then the chip was kept at 37◦C in an incubator (Panasonic
MCO-5AC-PE). A sequence of images was taken every hour up to 48 hours
of droplets storage. The microscope stage was �xed in such a way that the
�eld of view was the same for each measurement. Five successive measure-
ments of droplets storage were conducted maintaining the same environmen-
tal condition. The coalescence of stored-droplets in the microchannel was
prevented by adding a surfactant (span 80) of a concentration of 1% (v/v) to
the mineral oil. A signi�cant decrease in droplet shrinkage in the AF4 coated
PDMS channel compared to the non-coated PDMS channel was noticed. As
PDMS is porous, water di�used away from the droplets into the PDMS and
eventually evaporates. After four hours of storage, the droplets were com-
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pletely gone (Fig.4.11(a)). On the other hand, in the AF4 coated channel
the droplets lose less than 10% of their initial volume. AF4 has the lowest
water absorption properties (< 0.01 %, for a thickness of 25 to 76 µm) among
the di�erent types of Parylene [84, 86]. The AF4 layer on PDMS suppresses
water molecules to di�use into the PDMS (Fig.4.11(b)). The comparison of
droplets volume reduction in non-coated PDMS and in AF4 coated PDMS
channels is presented in Fig.4(d). Each data point presented in Fig.4.11(d)
is the average normalized value of approximately 100 stored droplets. In the
AF4 coated PDMS channel the droplets showed only 20±2 % volume reduc-
tion after 48 hours of storage time. The volume of droplets was calculated
by using a customized software script (MATLAB) that counts pixels from
captured images.

It must be taken into account that the droplets also lose volume to the
surrounding oil. It has been reported in literature that water molecules from
the droplets dissolve into the surrounding hydrocarbon oil [113]. To recon-
�rm this statement, an additional measurement was conducted to analyze the
di�usion of water molecules from the droplet into the surrounding oil during
the storage. For this, smaller droplets (not touching the channel wall) and
comparatively bigger droplets (touching the channel wall) were stored using
the same setup and environmental condition as used for long-term droplets
storage. In this case, the oil-surrounded droplets are approximately 100 µm
in diameter, which is less than half of the size of the channel width. Droplets
were then stored in the same condition as for larger droplets. The shrink-
age of the smaller droplets were measured in time and compared with the
larger droplets shrinkage (Fig.4.11(e)). The volume loss for small droplets is
�ve times higher than the volume loss of larger droplets. The surface area
to volume ratio and the higher inter-droplets distance between the smaller
droplets results in a higher dissolving rate. It is noted that in the �rst
�ve hours droplets lose 50% of their total volume-loss measured in 48 hours
(Fig.4.11(d)). By reducing the inter-droplets distance the droplets shrinkage
in AF4 coated channel can be reduced. However, during the storage measure-
ment, it was noticed that the droplets are more stable when the inter-droplets
distance is at least the diameter of the stored droplets.

4.5.4 Storage of bacteria in droplets

Storage of a biological sample in a droplet is an application for on-chip storage
of droplets among the many other applications. To demonstrate the on-chip
storage of a biological sample, bacterial populations of E. coli and E. faecalis
were encapsulated in droplets and stored for several hours in a Parylene AF4
coated PDMS channel. The encapsulation of bacteria in droplets followed
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Figure 4.11: Photograph of a stored droplet in a non-coated PDMS channel
and an AF4 coated PDMS channel, taken at t=0, at t=4 and at t=6 hours
(a,b); Photos show that Parylene AF4 coating signi�cantly improves the
channels storage properties. Photograph of the droplets storage chip (c);
Change of droplets volume over time (d); At 5 hours of droplets storage
at 37◦C, there is no droplet phase visible any more in the PDMS channel,
whereas in the Parylene AF4 coated channel the droplet loses only a small
part of its volume; The comparison of volume loss of smaller and larger
droplets (e).

the Poisson distribution equation, which is explained else where [114]. Since
each droplet encapsulated a su�cient amount of cells, they have well followed
the Poisson distribution ratio. 25% (w/v) Lysogeny broth (LB) medium with
14% (w/v) sucrose in DI water was used as a culture medium to grow E. coli.
At �rst E. coli was cultured in agar gel. Later a loop cluster of cells was
taken with an inoculating loop holder (1 mm inner diameter), and diluted in
1 ml LB medium. Afterwards, cells were centrifuged and washed, and again
diluted in another 5 ml fresh LB medium. This bacteria diluted LB medium
was used as a droplet phase. The bacteria-containing droplets in oil were
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generated using the same set-up and procedure as used for droplets storage
measurements. After encapsulating the bacteria in the droplets, the inlets
and outlet of the chip were sealed with an adhesive tape. Reference images
were taken right after the generation of the bacteria-containing droplets. The
chip was kept at 37◦C in an incubator. A sequence of images was taken every
30 minutes up to 12 hours. E. faecalis was stored and cultured following the
same protocol as used for E. coli. It was observed that during the storage
the population of both bacteria increased. Figure 4.12 illustrates growth of
E. coli and E. faecalis in microdroplets.

E. coli is a rod-shaped bacteria with approximately 0.5 µm width and 2
µm length [115]. Immediately after transferring the cells from bulk medium
(agarose) to fresh liquid medium, the populations temporarily remains un-
changed. The time necessary to recover from physical damage or shock after
transfer is the so-called lag-phase [116]. E. coli takes approximately one hour
for the �rst generation to start growing including the lag-phase in the stored
droplets. After the lag-phase, E. coli growth in droplets takes approximately
25 min. for each generation. It was found that the exponential growth phase
of E. coli in this experiment was up to 5 hours; afterwards the bacteria
stopped growing due to a lack of su�cient nutrients.

E. faecalis is spherical in shape. In growth conditions, they can elongate
and appear coccobacillary as can be seen in Fig.4.12(b). E. faecalis form
short chains or are arranged in pairs during growth [117]. Like E. coli, E.
faecalis takes a longer time for the �rst division because of the lag-phase, it
takes approximately two hours for the �rst generation to start growing. The
experimental result shows that E. faecalis in droplets takes approximately 50
minutes for each generation. In practice, a single device could be used more
than ten times for droplet storage experiments.
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Figure 4.12: Growth of bacterial population in droplets. E. coli encapsulated
and their growth inside a droplet (a, c); E. faecalis growth inside a droplet
(b, d). Su�cient nutrients were present in the microdroplet for multiple
generations of bacterial growth.

4.6 Conclusions

A micro�uidic system for the on-chip storage of droplets was designed and
fabricated. The di�usion of water into the PDMS substrate was suppressed
by coating the PDMS surface with Parylene AF4. Experiments con�rmed
that droplets could be stored for at least two days, even at an elevated
temperature of 37◦C, with only a small reduction in volume. The di�usion
barrier of Parylene AF4 was also examined using Rhodamine B solution,
where no di�usion was observed. When storing Rhodamine B solution, it
was found that the droplets did not wet or adhere to the surface of the
channel wall, indicating that the hydrophobicity of Parylene AF4 coated
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PDMS is maintained over time. A single device could be used more than
ten times for droplet-storage experiments. After the storage measurements,
the droplets were removed from the chip by applying under-pressure to the
outlet. The channel was ready for the next measurement after cleaning with
isopropanol. The method presented produces biocompatible materials as
PDMS and Parylene AF4 are used to fabricate the micro�uidic chip. The
successful culturing of E. coli and E. faecalis in the stored droplets con�rm
that the device has practical use. The proposed method has great potential
for long-term on-chip biological and chemical processing. The limitation of
the proposed on-chip storage method is that it is di�cult to store mammalian
cells, which require a balanced environment of oxygen and carbon dioxide to
survive. A solution to this will be presented, along with experimental results,
in the following chapter.
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Chapter 5

Agarose droplets

Agarose has been used in cell culture for several decades. Agarose solu-
tion can form a stable gel at a concentration as low as 0.3% (w/v) at room
temperature. It has a very low ionic concentration and is free of contami-
nating impurities that may a�ect the growth of cells. This chapter presents
a micro�uidic chip to generate agarose droplets and on-chip gelation of the
generated droplets. The applications of agarose droplets will also be dis-
cussed. In the last part of the chapter, the encapsulation of yeast cells in
agarose droplets is presented.

5.1 Introduction

The elasticity of the microenvironment on cellular growth has a signi�cant
impact [118]. For example, elastic moduli of brain tissues (0.1-1 KPa) is
di�erent from the elastic moduli of bone tissues (1.5×107) [119]. Hence in
vitro culture, some cells need a solid surface to grow whereas other cells can
grow on both solid and liquid environments. Cells can sense the sti�ness of
the surrounding environment by adhering to and pulling upon it. Because of
this, when cells are being transferred from a solid surface to a liquid medium,
it takes some time to adapt to the environment which is called lag-phase.

In the past decades, micro�uidics create new opportunities for studies
of cell biology. It has been used for the generation of well-de�ned cellu-
lar microenvironments by encapsulating cells in droplets or microgels. The
encapsulation strategy o�ers several advantages: the ability to create 3D
cellular environments with well controlled dimensions and chemical and me-
chanical properties. The use of agar droplets allows the encapsulation of
cells and culture them in a di�erent elastic environment, which enables the
investigation of the role of the mechanical properties of 3D environments on
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cell behavior [120].
The primary objective of this chapter is the description of a method

for throughput production of agarose droplets and on-chip gelation of the
droplets. These generated droplets can be used to encapsulate cells. Agarose
has been used in biological research because it is biocompatible, non-adhesive
to cells and non-adsorptive to proteins. A primary analysis of the biocom-
patibility of the agarose droplets has been done by encapsulating yeast cells
in it.

5.2 Chip design

The primary function of the device is to generate uniform agarose droplets
and provide su�cient time for the on-chip gelation of the generated droplets.
A T-junction device of width and height of 100 ×100µm has been used for
the generation of agarose droplets. The droplet generation principle at the
T-junction has been discussed in chapter 2. The required gelation time of
agarose depends on the type of agarose, the concentration of the solution, the
volume of the solution and temperature of the environment [121]. The gela-
tion time plays a signi�cant role in the chip design. The length of the droplet
phase (agarose solution) carrying channel from inlet to the T-junction should
be as short as possible to prevent gelation of the agarose solution. After the
generation of the agarose droplets, the droplets need time for gelation. As
mentioned previously, the gelation of agarose depends on the concentration
of the solution. The higher the concentration the less time it requires to
solidify considering all other factors being constant. A short microchannel
followed by a T-junction should be su�cient to create and solidify high con-
centrated agarose droplets. However, a high concentrated solution cannot
be fed through a narrow channel due to the electroviscous e�ect [122]. A 1
wt.% agarose solution in DI water is capable to �ow though the narrow chan-
nel and can encapsulate cells when droplets are generated. Therefore, a long
channel preceded by a T-junction has been used to provide su�cient time for
gelation and to store a large amount of droplets. A meander shape channel
is used to minimize the size of the chip (Fig.5.1). The chosen material for
fabricating the chip is PDMS. The advantage and disadvantage of a PDMS
channel have been discussed in chapter 3 and 4 in details. The fabricated
PDMS channel was bonded on a glass slide to seal the channel.
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Figure 5.1: Schematic diagram of agar droplets generation chip.

5.3 Materials

For the fabrication of the device, the same materials and processing steps
were applied as described in detail in chapters 3 and 4. As described in
chapter 4, droplets generation requires a continuous phase and a droplet
phase liquid. Mineral oil of viscosity 30-60 mPa.s (20◦C) with surfactant
(Span-80) was used as the continuous phase and was purchased from Sigma
Aldrich, USA. An ultra-low gelling temperature agarose solution was used as
the droplet phase. Agarose with gelling temperature in the range of 26-30◦

was also obtained from Sigma Aldrich, USA. A 1 wt.% agarose solution was
prepared by dissolving 10.3 mg of powder agarose in 10 ml of DI water and
then heated on a hotplate stirrer to 65◦ until the agarose dissolved completely.
Long time exposure to a high temperature of agar solutions can lower the
gel strength. The e�ect is accelerated by decreasing pH. Therefore, during
the experiment, it was avoided to expose agar solutions to high temperatures
and maintain the pH between 6 to 7. Saccharomyces cerevisiae (yeast) cells
were encapsulated in agarose droplets in a microchannel. Yeast was obtained
from a local supermarket, and then it was cultured in the laboratory in YPD
(Carl Roth, Germany) medium at 32◦C on a hot plate for 24 hours. Yeast
cells were stained with acridine orange; cells were washed with phosphate
bu�ered saline (PBS) before staining. Both chemicals were obtained from
Carl Roth, Germany.

5.4 Generation of agarose droplets

A micro�uidic channel of width and height 100×100 µm, respectively, were
used to generate agarose droplets. The chip comprised a T-junction for the
generation of droplets, which was followed by a long channel to store them.
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The chip was placed on the inverted routine microscope stage (TS100 Nikon,
Japan) to monitor droplets generation and gelation. A camera (Nikon D5100)
was �xed with the microscope to analyze and take photographs of the agarose
droplets. Since droplets generation requires a continuous �ow of both liquid,
syringe pumps (neMESYS low pressure) were used to feed the liquid to the
microchannel inlets. Two syringes of volume 1 ml, one for continuous phase
and one for droplets phase, were purchased from Braun, Germany. The
agarose solution with concentrations of 1 wt.% was supplied to the droplet
phase inlet of the micro�uidic device using a microtube that carries agarose
solution from a syringe to the chip inlet. As previously mentioned the gelling
temperature of the agarose is 26-30◦C. At room temperature the agar formed
gel, and gel cannot be injected into the narrow microchannel. Therefore, it
is necessary to maintain the temperature of the agarose solution above 30◦C
before injecting the solution into the microchannel. Two separate heating
coils were developed, one for a syringe and one for a microtube. A 1 ml
syringe (Braun, Germany) was warped by a 20cm long coil of resistance 62.4
Ω/meter. The relation of the coil temperature, applied voltage, and current
will be discussed in detail in the result section. The mineral oil with 1 wt.%
span 80 was supplied to another inlet of the micro�uidic device using an
independently controlled syringe pump. At the T-junction, the stream of the
agarose solution broke up and released droplets. The gelation of agarose took
place in the long channel. The micro�uidic chip was kept on a cold plate
at 10◦C to ensure complete gelation of the agarose droplets. A schematic
diagram of the agarose droplets generation setup is depicted in Fig.5.2

Cell encapsulation

Yeast cells were encapsulated in the agarose droplets to investigate the cell
encapsulation rate and the behavior of cells in the droplets. Before encap-
sulating yeast in agarose droplets, cells were stained with �uorescence dye
named acridine orange for better visualization. Acridine orange is perme-
able to cell membrane; therefore, it can stain both a live and dead cell. It
can combine with both DNA and RNA by intercalation or electrostatic at-
traction respectively. The acridine orange-DNA complex is excited at 480
nm and emits at 510 nm, and RNA complex is excited at 440-470 nm and
emits at 510 nm [123]. The excitation light from 440-480 nm can be used
to detect the cells in droplets. To stain yeast, 0.01% (v/v) acridine orange
stock solution was prepared in PBS. 2 ml of the cultured yeast solution was
centrifuged at 1000 rpm at room temperature for 3 min and washed with
PBS bu�er. Then 200 µl stock solution was added to the washed yeast and
incubated at 37◦ for 5 min. Afterward, the incubated yeast centrifuged at
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Figure 5.2: Schematic diagram of agar droplets generation setup.

1000 rpm for 3 min and washed with PBS bu�er. Finally, the washed cells
were suspended in 1 ml previously prepared 1 wt% agarose solution, which
was used as the droplets phase for the generation of droplets. The chips were
placed on the �uorescent microscope stage (Nikon, Japan) such that the �eld
of view was the same for all the measurements. The agarose droplets encap-
sulated stained yeast cells in it were generated using the same setup and
chip as used to produce agarose droplets in the previous section. A reference
image was taken at t=0 time, immediately after the droplets were generated.
A sequence of images was taken during the storage. Fluorescent emission of
the acridine orange was �ltered out using a bandpass �lter and pictures were
taken using a camera (Nikon D5100) mounted on the microscope.

5.5 Results and discussion

5.5.1 Heating coil

As described earlier, the aqueous agarose solution forms gel at a temperature
below 26◦C. Therefore, before generation of the droplets in the microchannel,
it is necessary to maintain the solution temperature above 26◦C. Heating coils
have been developed for the agarose solution containing syringe and for the
microtube. When current passes through a conductor, there is a generation
of heat due to the ohmic loss of the conductor.
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Figure 5.3: The change of temperature of the coil with the applied potential
(DC).

A 20 cm long wire was wrapped around the 1ml plastic syringe and a
voltage (DC) was applied across the coil. During the experiment, the applied
voltage slowly increased, and the induced heat was measured. At the applied
voltage 5 volt (DC) for the 20 cm long wire, the induced temperature is above
30◦C to keep the agarose solution in liquid form. Each data point presented
in Fig.5.3 is the average value of �ve successive measurements. The required
time for the generation of droplets is approximately 30 min.; therefore, a
sequence of measurements was conducted for each data point for 60 mins.

A microtube carries the agarose solution from the syringe to the mi-
crochip. While the solution is transported through the tube, due to the very
small volume of �uid the temperature drops and the agarose solution formed
gel. Therefore, a second coil was developed for heating the microtube and to
get the surrounding temperature above 30◦C. A 35 cm long wire was used
make the coil. The result has been presented in Fig.5.3. 10 volt (DC) was
applied to get the temperature above 30◦C around the microtube.
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5.5.2 Agarose droplets dimension

The main advantages of droplet micro�uidics is its reproducibility. When
droplets are used to culture cells in it, the size of the cell containing droplets
is crucial. Size and shape of the generated droplets in the microchannel has
been studied (Fig.5.4). It has been described in detail in chapter 2 that
the size and shape of the generated droplets at T-junction depends on the
channel dimension, �ow rate, and the viscosity of the used liquid. Figure
5.4(a) illustrates how the size of the droplets changes with the �ow rate ration
of droplet and continuous phase. The size of the agarose droplets decreases
with the decrease of the �ow ratio decrease and the inter-droplets distance
increase. Each data point presented in Fig.5.4 is the average value of 100
agarose droplets generated in a microchannel. For the droplets dimension
studies, mineral oil with 1 wt.% span 80 was used a continuous phase, and
agarose solution with concentrations of 1 wt.% was used as a droplet phase.
An experiment has been conducted to generate droplets by changing the
concentration of the agarose solution. If the solution concentration is lower
than 1 wt.%, the agarose droplets are not solid enough, and it breaks while
taking out of the chip. The necessity of agarose droplets out of the chip will be
discussed in the following section. If the concentration is higher than 1 wt.%,
it is not possible to feed the solution into the microchannel. Because of the
electroviscous e�ect, a high concentrated solution requires higher external
pressure (in pressure-driven �ow) to �ow through a narrow channel. The
bonding between the microtube (carries liquid from syringe to the inlet of
the channel) and the channel-inlet is not strong enough to survive such a
high pressure, hence generation of droplets is not possible. In this study, a
larger size of the droplets has been generated to encapsulate yeast cells. In
a large droplet, the amount of nutrient to feed the cells is higher; therefore,
cells can survive for an extended period.

5.5.3 Agarose droplets out of the chip

One of the important applications of agarose droplets is culturing cells in
the droplets. Many cells require oxygen to survive and grow. The generated
agarose droplets contain a limited amount of nutrients. After a certain pe-
riod, additional nutrients are required to grow the cells in droplets. Once
the agarose droplets are geli�ed additional nutrients can be added only by
the di�usion process. Thus adding nutrients on-chip is a very challenging
task. Taking agarose droplets out of the chip and store them in nutrients
rich medium can solve the problem.

An experiment was conducted, where droplets were taken out of the chip
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Figure 5.4: Variation of size of the agarose droplets with respect to the �ow
rate ration of droplet phase and continuous phase. Mineral oil with 1 wt.%
span 80 was used a continuous phase and agarose solution with concentrations
of 1 wt.% was used as a droplet phase.

before complete geli�cation; many of the droplets started to merge with each
other due to the lower gel strength. To avoid the coalescence of droplets over a
period of times, it was important to achieve su�cient pre-gelation of droplets
in the downstream channel of the micro�uidic device. Complete droplet
gelation was carried out by placing the micro�uidic chip, containing libraries
of droplets, in the refrigerator at 4◦ C for at least 2 hours. Afterwards, the
chip was kept at room temperature for an hour and then droplets were taken
out of the chip for further examination. Figure 5.5 depicts agarose droplets
out of the chip. The droplets were kept in the oil for several hours and no
change of shape of the droplets was observed.
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Figure 5.5: Optical microscopy image of agarose microgel droplets. The
droplets were taken out of the micro�uidic chip after complete gelation.

5.5.4 Encapsulation of cells in agarose droplets

Yeast (saccharomyces cerevisiae) cells haven been encapsulated in agarose
droplets. The dimension of yeast cell varies with species. The dimension of
the yeast used in this experiment is 3 - 4 µm in diameter. Stained yeast cells
with acridine orange were encapsulated in the agarose droplets for better
visualization. The stained cells were diluted in agarose solution and then
the cell containing agarose solution was used to generate droplets. Cell en-
capsulation e�ciency in agarose droplets can be explained using the Poisson
distribution equation, which has been explained in chapter 4.

Yeast can not survive in an environment of more than 35◦C for an ex-
tended period. Thus maintaining the right temperature is a very crucial.
However, to prevent the agarose solution to become geli�ed, the temperature
should be more than 30◦C. The temperature of the yeast diluted agarose
solution was precisely maintained in between 30◦C to 33◦C during the gener-
ation of droplets. The cells encapsulated droplets were generated using the
same experimental setup that was used for generating agarose droplets.

After encapsulating yeast in agarose droplets, droplets were stored on-
chip for 4 days. The photograph of the encapsulated yeast in droplets is
presented in Fig.5.6. During the storage time, it has been observed that some
of the stored cells have tendency to go out of the droplet. Since there is no
gravitational force in a droplet, cells moves around in the liquid droplets. At
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the time of encapsulation some cells are already at the edge of droplets, during
the storage they break the oil/water barrier and enter into the surrounding
oil, although the percentage is very low. The amount of cells where this
takes place is less then 3%, which was determined by counting cells using a
microscope.

Figure 5.6: Cells encapsulated in agarose droplets.
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5.6 Conclusions

We have realized a high throughput agarose droplets generation chip, where
agarose droplets can be generated and stored in the same chip. A peripheral
setup was realized to maintain the speci�c temperature to prevent the geli-
�cation of the agarose solution before entering into the chip. By changing
the �ow rate of the continuous and droplet phase it is possible to generate
di�erent size of droplets. The main application of the agarose droplets is
cell storage and culturing. Yeast cells have been successfully encapsulated
in agarose droplets. Encapsulation of yeast is one step forward towards the
encapsulation of mammalian cells in agarose droplets. This method has po-
tential to be used in storage and culturing of mammalian cells.
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Chapter 6

Droplets sorting and merging

This chapter is focused on the design of a micro�uidic chip where droplets of
di�erent liquids and sizes can be generated and merged independent of their
size and inter-droplet separation. The application of on-chip droplets sorting
and merging is presented in the introduction section of the chapter. The
state of art of droplet sorting and merging methods has also been discussed
in the introduction. A design of a micro�uidic chip where droplets with cells
can be generated and stored for several hours is presented in the chip design
section. A method to generate droplets with fresh nutrients to merge with
the stored droplets to supply nutrients to the cells is also discussed in the
design section. Finally, realization and characterization of the designed chip
are discussed. The result presented in this chapter has been published in
[124].

6.1 Introduction

Droplet micro�uidics has drawn attention from biological and chemical com-
munities by o�ering a nano-environment for culturing cells and performing
a chemical reaction, high-throughput capabilities and reducing experimental
cost enormously. For example, in the macro scale, drug screening and gene
expression analysis are expensive because of the use of expensive and limited
available reagents. Droplet micro�uidics reduces the use of reagents by 1000
times or more compared to the macro scale. Many chemical and biological
reactions and cell analysis require the addition of reagents to the empirical
droplets as well as sorting of droplets those are of interest.

Precise merging and mixing of droplets is of crucial importance in droplet-
based systems where biological and chemical processes take place. Under
normal operating conditions the mixing of �uids in micro-channels is di�-
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cult due to the laminar �ow regime, which has been explained in chapter 2 in
detail. Mixing is mostly determined by di�usion. Most of the studies found in
literature about droplets merging and mixing are based on the inter-droplet
separation or droplet size [6, 125]. In addition, many research works are
dealing with integrated active elements such as microvalve or electrodes for
droplets merging [126, 127]. Due to the required high voltage, active merging
is not suitable for cell based assays. A method has been reported in litera-
ture where merging or mixing of di�erent reagents to the micro-droplets was
realized by injecting liquids at the time of droplets generation [128]. This
method cannot be used in on-chip cell culturing and viability test of cul-
tured cells in droplets. In on-chip cell culturing, droplets need to be stored
in a micro-channel to grow cells prior to adding reagents. On-chip droplets
storage signi�cantly reduces the complexity of the hands-on inter-device op-
eration and the sample processing time. The necessity and applications of
on-chip droplets storage have been discussed in chapter 4. During the ex-
periments, it has been found that the growth rate of the cells in the droplets
decreased in time due to the decrease of available nutrients. Merging droplets
with fresh nutrients to the cell containing droplets can solve this problem.

In this work, a micro�uidic chip has been designed and realized where
droplets with encapsulated cells can be generated from one side of the chip
and stored for several hours. From the other side of the channel droplets
with fresh nutrients can be generated and merged with the stored droplets
to supply required nutrients.

6.2 Chip design

The aim of the droplets merging chip is to add additional nutrients/reagents
to droplets in which cells have been stored for several hours. In some cases,
droplets sorting is necessary before addition of reagents; therefore, a sorting
area is required. The designed chip consists of a T-junction followed by a
long channel, where nutrients/reagents containing droplets can be generated
and stored, a droplet sorting area, a droplet merging junction, and a storage
chamber where merged droplets can be stored. A schematic diagram of the
designed chip is depicted in Fig. 6.1. A T-junction is used for generation of
droplets and encapsulation of cells in it (left side of the chip). A 27 cm long
meander shape channel serves as a storage chamber for droplets.

During the on-chip droplets storage, the neighboring droplets come closer
with time and eventually merge, the details was discussed in chapter 4. The
oxygen and hydrogen have a high di�erence in electronegativity, resulting in
the water molecule polarized. Hydrogen can form `hydrogen bond', which
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is capable of creating a very strong intermolecular force and it gives the
water molecule cohesive force. Because of this strong force, two droplets
attract each other and the oil phase starts to drain out. There are two
methods to prevent merging droplets during their storage (i) use a su�cient
amount of surfactant with the continuous phase liquid (ii) increase the inter-
droplets distance. A large inter-droplets distance is not very practical since
the number of stored droplets will reduce signi�cantly. A high percentage of
surfactant with the continuous phase liquid will prevent the merging of the
stored droplets with the fresh nutrients droplets when it is necessary. A small
amount of surfactant with the continuous phase liquid was used and the inter-
droplets distance was the same as the diameter of the droplets to prevent
the merging of droplets during storage. An extra outlet (outlet 2) allows
sorting out the desired droplets by applying external suction. The sorted
droplets are driven to the merging area where reagents can be added for
further analysis and can be stored for a couple of hours. The selection and the
moving speed of the droplets from storage 1 and storage 2 can be controlled
independently by di�erent combinations of the pump activity at junction 1
and junction 2, and activating (blocking and unblocking) the outlets 1 and
2. For the mixing of the liquids of the merged droplets, the di�usion area
between two approaching droplets has been considered. Due to the absence of
turbulent �ow in a microchannel mixing of liquids only takes place by means
of di�usion. The di�usion of two liquids increases with the increase of the
interfacial area between them. Therefore, the droplets were merged in such a
way that they hit each other head-to-head and entered to the merged channel
in parallel. In such a way, they get more interfacial area and the di�usion
rate increase. Additionally, a serpentine channel was used to enhance the
mixing of liquids in the merged droplets. The serpentine channel induces
vortical motion in liquids and increases pressure on droplets, which leads to
faster mixing [129].

6.3 Materials

For the fabrication of the device, the same materials and processing steps
were applied as described in chapters 3 and 4. For the generation of droplets
mineral oil of viscosity 30-60 mPa.s (20◦C) with surfactant (Span-80) was
used as the continuous phase and was purchased from Sigma Aldrich, USA.
The percentage of surfactant in the oil was 0.005%. E. coli was stored in
droplets and lysogeny Broth (LB) medium was used as the culturing medium.
The process of cell preparation and the encapsulation principle has been ex-
plained in chapter 4 and 5. To visualize the mixing of liquid at the merging
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Figure 6.1: Schematic diagram of the designed chip; Blue dye containing
droplets at the left side of the channel (storage1); Red dye containing droplets
at the right side of the channel (storage 2); the droplets merging area is in
the middle of the chip.

and mixing area, indigo carmine (blue) and rhodamine B (red) droplets were
merged and mixed in the micro chip. 1 % (v/v) aqueous solution of indigo
carmine droplets were generated at T-junction 1 and 1 % (v/v) aqueous solu-
tion of rhodamine B droplets were generated at the T-junction 2; afterward,
they were merged and mixed at the merging junction. Both chemicals were
purchased from Sigma Aldrich, Germany. In the droplets sorting experiment,
�uorescent beads (Sigma Aldrich, Germany) of 10 µm diameter has been
used for better visualization of the particles. The excitation and emission
wavelength of the �uorescent beads are 553 nm and 627 nm, respectively.

6.4 Experimental setup

Generation of droplets requires a continuous �ow of both liquids, Syringe
pumps (neMESYS low pressure) were used to feed the liquid to the mi-
crochannel inlets. Syringes of 1 ml volume (Braun, Germany) were used to
store both droplets and continuous phase. Microtubes of 250 µm inner diam-
eter were used to carry the liquid from syringe to the inlet of the chip. The
droplet generation chip was �xed on a �uorescent microscope stage (Nikon,
Japan) to monitor the droplets. Fluorescent images of the beads were taken
using a camera mounted on the microscope.
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6.5 Results and discussion

As described earlier, the di�usion of molecules between two liquids increases
with the interfacial area in a microchannel. An experiment has been con-
ducted where two droplets were merged tail-to-head Fig.6.2. Hence they
entered in the merging channel in series obtaining a smaller interfacial area.
In another experiment, droplets were merged head-to-head; therefore, after
merging they entered into the channel in parallel and got the longer inter-
facial area. To visualize the mixing of liquids in a droplet, a colorimetric
method was used. In head-to-tail merging, the droplets do not mix properly
even after passing the serpentine channel area. Whereas, the head-to-head
merged droplets mixed entirely in the serpentine area of the channel. Photo-
graph (Fig.6.2) depicts that the di�usion area improves the mixing of di�erent
liquids in droplets.

Figure 6.2: Droplets merging condition; dropets merged head-to-head, where
they get more interfacial area (a); droplet merged tail-to-head, where they
get less intefacial area (b).

The droplets merging chip includes a sorting area where the desired
droplets have been sorted out from the randomly generated droplets. At
the time of generation, the size of droplets and the number of encapsulated
particles can be varied due to a slight variation of the �ow rate and the ran-
dom encapsulation methods. Therefore, sorting of droplets is crucial for the
optimization of reagents use and to save the experimental time. Fluorescent
microbeads have been encapsulated in the droplets and sorted at the sorting
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area of the chip.
The chip can be represented by its equivalent electrical circuit to un-

derstand the liquid �ow pro�le in the channel. Circuit analysis helps to
predict pressure-driven laminar �ow in a microchannel and to design com-
plex micro�uidic networks in advance. Consider, R11, R12, and R13 represent
analogous resistance of the storage 1, resistance of the waste outlet, and re-
sistance of the channel distance between merge and sorting area, respectively
(Fig.6.3). For R21, R22, and R23 same analogy is applicable for storage 2 as
for storage 1. R31 represents the resistance of the storage channel for the
merged droplets. i11, i12, i13, i21, i22, i23, and i31 are analogies to the velocity
of the droplets of the corresponding channel as shown in Fig.6.3.

Figure 6.3: Electrical equivalent circuit of the droplets merging chip of
Fig.6.1.

By applying the Kirchho� laws we can write,

i11 = i12 + i13 (6.1)

i21 = i22 + i23 (6.2)

i31 = i13 + i23 (6.3)

If we take into consideration that R11 and R21 is very large compared to
the other hydrodynamic resistance present in the circuit. From the Kirch-
ho�'s circuit law, we can say that the resistance at the waste channel is
smaller than the combined resistance of the merged and sorting channel.
Therefore, generated droplets coming from the T-junction 1 tend to pass
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through the waste channel. The sorting of droplets has been done at this
junction. Droplets of interest are being passed through the merging channel
by blocking the waste channel. Other droplets are being passed through the
waste channel. The same conditions are applicable for the T-junction 2.

Figure 6.4 presents the unsorted droplets in the storage 1 and sorted
droplets in the storage area for merged droplets. In this chip, no sensor
has been integrated. Therefore, droplets were observed through a camera
attached to the microscope and sorted out by controlling the �uid pumps.
The e�ciency of the sorting method is low due to the manual control of the
pumps.

Figure 6.4: Fluorescent beads are encapsulated in droplets in a random way.
Before sorting of droplets (a); after sorting of droplets (b).

The aim of the droplets merging chip is to add additional nutrients/reagents
to the stored cells encapsulated in droplets. E. coli has been encapsulated
in droplets, where droplet phase is E. coli diluted LB medium, and stored
for 2 hours. As the time passes, the population of the cells increases and
the amount of nutrients decreases. To grow the stored cells in droplets it is
necessary to supply them with su�cient nutrients. It has been found that
after few generations' growth of the E. coli, it su�ers from lack of nutrients,
which can be solved by adding extra nutrients droplets to the cells contain
droplets Fig.6.5.
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Figure 6.5: The droplet in (a) was generated from one side of the chip and has
encapsulated E-coli bacteria in Lysogeny Broth (LB); the droplet in (b) was
generated from the other side of the chip and contains LB medium; in (c),
the two droplets have been merged together, providing additional nutrients
to the bacteria; magni�ed view of the encapsulated cells in droplet (d).

6.6 Conclusion

A microchip has been designed and realized for on-chip manipulation of
droplets. The functionality of the chip was proven by storing E. coli on-
chip and later on by adding nutrients to them. Droplet encapsulated mi-
crobeads has been sorted out in the sorting area. The droplets sorting e�-
ciency is about 60% due to the manual control. However, automatization of
the whole system would increase the sorting e�ciency drastically. The pro-
posed method serves the basic needs for biological and chemical processing
and has great potential, therefore. By applying image processing, the system
has the potential for fully automation.
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Chapter 7

Air-bubble as a gas reservoir

A new method of on-chip droplets storage in a Parylene AF4 coated PDMS
channel was introduced in chapter 4. However, mammalian cells can not be
stored in an AF4 coated channel for an extended period due to the lack of
oxygen and carbon dioxide. A method to supply oxygen to the stored droplets
in a microchannel is presented in this chapter. The introduction focuses on
the necessity and the state of art of the on-chip oxygen reservoir. The chip
design and realization are discussed in the latter part of the chapter. Finally,
MDCK cells were stored in the droplets, and their survival in the presence of
air-bubbles is discussed. Parts of this chapter have been published in [130].

7.1 Introduction

Oxygen (O2) is an important component for many biological processes. Bio-
logical processes, such as cell division [131], enzymatic reaction [132], and the
polymerase chain reaction (PCR) [133] are accomplished in vitro. Droplet
micro�uidics has been introduced to the �eld of biology to make the in vitro
system more reliable, highly sensitive, and less complex. The fundamental
of droplet micro�uidics was discussed in chapter 2. A droplet is considered
as a test tube, where biological and chemical processes can be carried out
in an isolated environment, resulting in signi�cant reductions of instrumen-
tal footprints. Droplet storage is required to conduct biological processes
such as cell culturing, enzymatic reaction, and protein crystallization. A
micro�uidic chip made of a biocompatible material and impermeable to liq-
uid is needed to store droplets on-chip. Micro�uidic chips that are used to
store droplets are fabricated using glass, Parylene, polymethylmethacrylate
(PMMA), and Te�on capillary [134, 135]. However, oxygen cannot penetrate
into the channel limiting droplets to be applied in biological process where
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maintaining oxygen level is crucial. Di�erent approaches were introduced to
increase the oxygen levels in a microchannel. A method has been reported in
literature [136], where mammalian cells were grown in a micro-chamber and
the necessary gas was supplied from an adjacent chamber. The two cham-
bers are separated by a porous membrane, which allows gas supply from one
chamber to another. Another way is to use porous substrate materials like
PDMS through which the gas can di�use to the micro�uidic channel. In
cell cultures, where the temperature is held at 37◦C, the aqueous droplets
can quickly evaporate and pass through the PDMS, resulting in dramati-
cally increased osmolality of the liquid [134]. Because of this, cells are often
cultured in the chips under continuous �ow. The continuous �ow of liquid
induces shear stress and eventually a�ects the cell growth [137]. An existing
technique to provide oxygen in micro�uidic channels is based on thin oxygen
permeable PDMS layers separating aqueous channels from oxygen feeding gas
channels [95]. Devices using this technique consist of multiple layers making
them hard to realize because of the fragility of the thin PDMS membrane and
the need for multiple lithography steps. Another existing technique to supply
oxygen to the droplets is based on an o�-chip (in a reservoir) droplet storage
method [94, 138]. This method does not allow continuous monitoring of cells
growth because for the analysis the droplets have to be transferred back into
the micro�uidic chip. Therefore, a simple system is desired where droplets
can be generated and stored with the facility of required oxygen supply in a
single microchannel. The atmosphere comprises 20.95% of oxygen which is
the natural source of oxygen for the living organism. The traditional meth-
ods of the in vitro cells culture are a petri dish, �ask, and microplate, where
cells receive oxygen from the air. The similar approach can be applied to the
droplets in more de�ned and controlled way. To achieve this, air-bubbles can
be placed in a microchannel in series with the aqueous-droplets and used as
a source of oxygen, and carbon dioxide. However, bubbles in a hydrophobic
microchannel, necessary to generate droplets, cause problems by adhering
to the channel surface hindering the �ow of aqueous droplets through the
channel. This incident can be prevented by using another liquid between
the channel surface and the bubbles, which is immiscible with both air and
water. This liquid layer should be lipophilic in nature and biocompatible.
Fluorocarbon oil is a suitable material in this case, which also allows dif-
fusion of oxygen and carbon dioxide through the oil [139]. To prevent the
interaction between the bubbles and the channel surface, the bubbles should
be placed in the middle of the channel that can be done by using a �ow-
focusing or W-junction (Fig.7.2). According to Henry's law at atmospheric
pressure and room temperature (25◦C), the amount of dissolved oxygen in
water is 8.9 µl/liter. This amount increases with the system pressure and de-
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creases with temperature, hence, by increasing the pressure the oxygen level
in the culture liquid medium can be increased, literature indicates that high
oxygen pressure decreases cells survival rate [140] and the temperature can-
not be decreased because 37◦C is the required temperature for cells to grow.
In the current study, we demonstrate a new approach for regulation oxygen
level in a micro�uidic chip. In contrast to previous methods, air bubbles
were placed close the aqueous droplets, separated by �uorinated oil, in the
same micro�uidic channel to modulate the oxygen level by means of di�u-
sion. Initial investigations on air-bubbles as oxygen reservoir in micro�uidic
channels were presented in [130]. The oxygen level in the aqueous-droplets
was monitored by a redox indicator methylene blue. Madin-Darby Canine
Kidney (MDCK) cells were encapsulated and stored in the droplets with the
presence of air bubbles.

7.2 Theory

Gas bubbles transport through a hydrophobic micro�u-

idic channel

Transporting gas-bubbles through a hydrophobic microchannel should be
precisely taken care of. Since the uncontrolled presence of gas bubbles can
introduce signi�cant problems in a micro�uidic system by disturbing and
eventually blocking the �ow of liquid. When liquid and gas, are present in
a microchannel, the interactions on the boundaries between gas, liquid, and
solid introduce nonlinearity and instability [141, 142]. When both liquid and
gas are �owing, the situation becomes rather complex because of dynamic
contact angle. However, this phenomenon has been explained both in theo-
retically and practically in literature [141�144]. During the chip design this
event was thoroughly studied and investigated. At �rst, the behavior of a
static bubble in a polygonal capillary is discussed. The shape of the static
bubble in a polygonal capillary, composed of N sides, depends on N and the
contact angle. When θ < π/N , liquid �lls the channel wedges, and when
θ > π/N , gas �lls the entire channel cross-section [145, 146]. In this study,
we have square microchannels, hence N is 4 (Fig.7.1b), and the static contact
angle of Parylene AF4 coated PDMS is about 120◦. Therefore, the second
case is applicable in this system. The system becomes more complex when
motion is induced, which is indeed the case in this study.

In a two-phase �ow system, gas and water, the contact angle in a mi-
crochannel is de�ned with respect to the liquids; the receding contact angle
is at the front of the bubble and the advancing contact angle is at the rear
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Figure 7.1: Bubbles in a hydrophobic microchannel. The photograph was
taken at a resting position of bubbles and aqueous �ow (a); Air and water
�ow in micro channel. The �ow rate of air is 10 times higher than the �ow
rate of water. The air hindering the �ow pattern of the liquid (b); the �ow
rate of water phase is 5 times higher than the �ow rate of air. Bubbles has
been generated in between aqueous phase, however, small satellite bubbles
adhering to the channel surface hindering the �ow of aqueous phase. Small
bubbles were gather over time until a big bubble come and take them away
(c); The �ow rate of both gas and aqueous phase are equal, the bubbles has
been generated in aqueous phase, as they travel through the hydrophobic
microchannel bubbles changes its shape (d).

of the bubble. Figure 7.1a presents receding and advancing contact angle of
a droplet in a square microchannel. The hydrophobic �ow of gas/water is
quite unsteady. When both gas and water �ow through the channel, where
the input �ow rate of water is higher than the input �ow rate of gas, small
satellite bubbles generate and adhere to the channel walls due to the low
surface energy. The small bubbles are driven away from the channel in two
di�erent ways- after many bubbles merge together form a bubble occupying
the entire channel and is pushed by the liquid �ow, or a big bubble comes
and driven them away, which is demonstrated in Fig.7.1c. In the case where
both water and gas �ow rate is equal, bubbles are generated in water. During
their �ow through the channel, the advancing contact angle increases and the
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receding contact angle decreases of the bubbles as velocity increases. Thus,
the bubble shape loses symmetry with respect to the direction of the �ow,
which is depicted in Fig.7.1d. The contact angles are also in�uenced by the
roughness of the solid surface [147]. In this study the used channel rough-
ness e�ect can be ignored as after fabricating PDMS channels, the channel's
surface was coated with Parylene AF4. From the above discussion, it is un-
derstood that gas/water �ow in microchannel is quite unsteady and cannot
be used to generate aqueous-droplets in gas or the other way around. To
avoid this di�culty, a three-phase system is introduced, where gas bubbles
are surrounded by �uorinated oil that prevents gas to be in contact with the
aqueous phase and the channel wall.

7.3 Chip design

The micro�uidic platform should allow the controlled creation of gas-bubbles
and their unhindered transport through the hydrophobic microchannel. To
ensure these requirements, the contact of a gas bubble to the channel sur-
face, and to the aqueous-droplet has to be prevented. To establish these
requirements, we need a third liquid which has an a�nity to a hydrophobic
surface (lipophilic), and also immiscible both with air and aqueous. Oil, a
base chemical in droplet micro�uidics, satis�es these requirements. To pre-
vent contact of gas-bubble with the channel wall and aqueous droplets, �rst
gas-bubbles are generated in oil by using a W-junction, where gas entered
through the middle channel and oil entered through the two side channels,
that prevents gas-bubbles to be in contact with the channel surface. These
oil-surrounded droplets then brought to a T-junction where aqueous-droplets
were inserted in between two gas-bubbles. Therefore, there is no direct con-
tact between the gas-bubbles and aqueous-droplets. In Fig.7.2 a schematic
of the microchannel layout is shown which is used in our experiments. By
adjusting the �ow rates of the W-junction and the T-junction, the formation
of the aqueous droplets between gas-bubbles is easily achievable and also the
size of the bubbles and droplets can be de�ned.

7.3.1 Optical setup

An S2000 �ber optic spectrometer (Ocean optics, USA) was used for optical
measurements. A tungsten halogen light source of wavelength 200-1100 nm
(Ocean optics, USA) is used. For optical measurements, several optical el-
ements were integrated with the transparent polymer (Fig.7.3). The design
of the optical components integrated chip is adapted from [148, 149]. The
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Figure 7.2: Schematic diagram of the designed microchannel consisting of a
W-junction for air-bubbles generation and a T-junction for aqueous-droplets
generation.

light source was coupled to a multimode optical �ber (Thorlab Inc, USA)
and the other end of the optical �ber was inserted and �xed into the mi-
crochip. The light was then coupled into the on-chip polymer waveguide
and guided by total internal re�ection. The light exiting the waveguide is
focused by a concave air lens and coupled into the micro�uidic channel. The
transmitted light from the sample in a microchannel is then collected and
focused by another air concave lens to the optical �ber which is coupled to
the spectrometer. The spectrometer measures the amount of light and the
A/D converter transforms the analog data collected by the spectrometer into
digital information that is passed to the software and processed.

7.4 Experimental setup and bubble generation

procedure

A schematic of droplets and bubbles generation setup is shown in Fig.7.4.
The system consists of a liquid pumping unit that controls the �ow of liquids
to the chip (Fig.7.4a), a micro�uidic chip (Fig.7.4b), and a gas �ow control
unit (Fig.7.4c). The microchip was mounted on a microscope (Nikon, LV150).
A methylene blue solution, an alkaline solution of glucose, and FC-40 oil were
kept in separate glass syringes (1 ml Hamilton) connected to the micro�uidic
chip inlets by PEEK tubes with an inner diameter of 250 µm. The �ow was
driven by Nemesys syringe pumps (model). To inject gas to the chip, a gas
compressor was connected to a gas reservoir, which was then connected to

88



Figure 7.3: Schematic diagram of optical elements integrated in a microchip
(a). Fabricated chip (b).

a pressure control unit by Tygon tubes with an inner diameter of 800 µm.
Then, a PEEK tube with an inner diameter of 250 µm is connected from
the pressure control unit to the chip. The gas bubbles were produced in the
FC-40 oil in a W-junction and then in a T-junction aqueous-droplets were
inserted between gas-bubbles as previously described. To avoid unexpected
air-bubbles in the channel, the oil phase was �rst introduced to �ll the entire
channel. The movement of the bubbles and droplets were monitored by a
camera (Nikon D5100).

7.5 Fabrication

The fabrication of the micro�uidic chip is divided in two parts: fabrication
of the PDMS microchannel and the coating of the assembled channel with
Parylene AF4. The PDMS channel (width: 200µm, height: 100µm, and
length: 12mm) was fabricated using standard soft lithography. The SU-8
master mold, containing channel structure, was prepared on 4� silicon wafer.
Then liquid PDMS (Sylgard 184 by Dow Corning) was mixed with a curing
agent in 10:1 ratio and degassed in a vacuum desiccator to remove air bubbles.
The degassed PDMS was poured on the mold in a petri dish and degassed
again. Subsequently, it was cured on a hot plate at 65◦C for 4 hours. After
inlets and an outlet holes were punched in the chips, the chips were bonded
on a glass slide (width x length: 25 x 75 mm2) by oxygen plasma of 250 W,
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Figure 7.4: Schematic diagram of the micro�uidic setup. (a) The liquid
pumping system consists of micropumps, glass syringes and PEEK tubes.
(b) A micro�uidic chip to generate microdroplets and bubbles in �uorinated
oil. (c) Gas pumping system consists of a gas compressor, a gas reservoir
and a regulator that controls the �ow pressure of the gas. (d) Fabricated
microchip, the channel was �lled with blue dye for better visualization.

for 10s. At the �nal step, this assembled PDMS channel was coated with
Parylene AF4 (CAS 3345-29-7, 94.6%, PPS, Germany). The deposition of
Parylene AF4 is described in detail in chapter 4.

7.6 Reagents

An alkaline solution of glucose in DI water was prepared and mixed with
a solution of methylene blue in a microchannel to measure the presence of
oxygen. Methylene blue was obtained from Merck KGaA, Germany; glucose
and sodium hydroxide was brought from Carl Roth, Germany. FC-40 oil,
density 1.85 g/mL at 25 ◦C, is obtained from sigma Aldrich, USA.
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7.6.1 Fluorinated oil

Fluorocarbon oil is being used in biological applications because of its chem-
ical inertness [150, 151]. Its strong carbon-�uorine bond results in low in-
termolecular forces, low surface tension, and no solvent action on a non-
�uorinated compound. Therefore, its chemical composition does not shift or
fraction with time, which ensures stable transport properties with time and
�uid loss to the minimum. Because of the lower intermolecular bonding, it
can dissolve more gases compared to hydrocarbon oil. Moreover, �uorocar-
bon oil can dissolve large volumes of respiratory gases and this solubility is
related to the molecular volume of the dissolving gases. Its oxygen solubility
is not subjected to the e�ect of pH, and they facilitate an e�ortless transfer
of oxygen [152, 153]. Fluorinated oil has a 20 times higher oxygen solubility
and a three times higher CO2 solubility than pure water making the cul-
ture of living cells encapsulated in aqueous droplets particularly easy [139].
This makes �uorinated oil as a carrier oil to generate aqueous droplets in oil
for molecular biology assays. In addition, as compared to hydrocarbon oils,
�uorocarbon oils result in less swelling of polydimethylsiloxane (PDMS), a
commonly used material for fabricating micro�uidic channels.

7.6.2 Methylene blue as an oxygen indicator

Methylene blue (methylthionine chloride) is a dye that reversibly changes its
color upon oxidation and reduction [154, 155]. Methylene blue (MB) is re-
duced by a reductant (i.e. an alkaline solution of glucose) to form a colorless
(reduced) leucomethylene blue (MBH). The reactions are as follows

C6H12O6 + (1/2)O2 C6H12O7

C6H12O6+NaOH+MB NaC6H11O7+MBH

Glucose (GL) in an alkaline solution is slowly oxidized by oxygen, forming
gluconic acid. In the presence of sodium hydroxide (NaOH), gluconic acid
is converted to sodium gluconate. Methylene blue speeds up the reaction by
acting as an oxygen transfer agent. As the dissolved oxygen oxidizes glucose,
methylene blue itself is reduced, forming the colorless leocomethylene (MBH),
and the blue color of the solution disappears.
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7.7 Mammalian cells preparation and encapsu-

lation in droplets

The materials needed for preparing the growth medium are minimum essen-
tial medium (MEM), fetal bovine serum (FBS), MEM non-essential amino
acid solution and penicillin-streptomycin. A 50 ml growth medium was pre-
pared by adding 43 ml MEM, 4.8 ml FBS, 0.5 ml MEM non-essential amino
acid solution and 0.5 penicillin-streptomycin. MDCK cells were obtained
from Medical University of Vienna. At �rst, the cells were cultured in a
�ask. Afterwards, the healthy cells were encapsulated and stored in droplets
in a microchip.

The preparation steps of healthy cells in a T25 �ask are as follows:

• Separate the cells from the previous culture medium.

• Rinse the cells with 2 ml warm PBS. The PBS solution was kept in an
incubator for 15 min. at 35◦C.

• Remove the PBS solution.

• Add 2 ml Tryple, which protect cell's surface proteins.

• Place the cell containing �ask in the incubator for 15 mins at 35◦C and
with 5% CO2 presence.

• Check if the cells have detached from the bottom of the �ask.

• In case cells cells have not detached from the bottom of the �ask, gently
hit the �ask to stimulate the cell detachment.

• When most of the cells are detached, transfer 2 ml cell suspension in a
15 ml falcon tube using a pipette.

• Add 5 ml warm PBS to the cell suspension.

• Centrifuge the cell suspension for 3 minutes at 1300 rpm. The rpm
value is crucial, a higher number of rpm might break the cell wall and
eventually kill the cell.

• Make sure that the cell pallet is located at the bottom of the falcon
tube and remove the liquid from the cell pellet.

• Re-suspend the cell pellet in 1 ml warm PBS.
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• Add 7.2 ml of MDCK growth medium in a T25 �ask. Add 150 µl cell
suspension into the T25 �ask.

The MDCK cell was cultured for three days in an incubator at 35◦C and
with 5% CO2 presence. After incubation, cells were prepared for encapsu-
lating in droplets using the same procedure except for the last two steps. A
solution of 150 µl cell suspension in 5 ml MDCK growth medium was pre-
pared in a falcon tube, which was used for MDCK cell encapsulated droplets
generation. The microchip was �xed on the inverted routine microscope
stage (TS100 Nikon, Japan). A camera (Nikon D5100) was �xed with the
microscope to analyze and take photographs of the stored-droplets.

7.8 Results and discussion

7.8.1 Reaction time: methylene becomes colorless leu-

comethylene blue

A methylene blue solution and an alkaline solution of glucose were mixed at
a �ow rate of 40 µl and 100 µl per hour, respectively, in a long meander shape
channel. The methylene blue and the reduction solutions were entered into
the microchannel from the two inlets and mixed at the T-junction. The mix-
ing volumes were varied by varying the �ow rates of the two solutions. The
methylene blue becomes colorless with time as dissolved oxygen is consumed
by the alkaline glucose solution as depicted in Fig.7.5a. The time required
for methylene blue to become colorless (reduced color) leucomethylene blue
depends on the volume of methylene blue solution is being mixed with the
reductant solution (an alkaline solution of glucose). In this experiment, a
methylene blue solution was prepared by mixing 3 mg powder methylene
blue in 10 ml DI water. A reductant solution of glucose 2.5% (w/v) and
sodium hydroxide 2.5% (w/v) in DI water was prepared. At �rst, the reduc-
tion time was measured by mixing the two solutions in a microtube. The
relation of the reduction time with the volume ratio of two liquids is pre-
sented in Figure 7.5b. Afterward, methylene blue and the alkaline solution
was mixed in a microchannel. The reaction time increases with the increased
volume of methylene blue (Fig.7.5b). In the microchannel, the mixing of
liquids takes a longer time due to the absence of the turbulent �ow.
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Figure 7.5: The mixing of a methylene blue and an alkaline glucose solution
in a meander shape long microchannel (a). The reaction time of methylene
blue to become colorless leucomethylene in a microtube and in a microchannel
(b).

7.8.2 The e�ect of air-bubbles on the presence of oxygen

in a microchannel

The oxygen levels were measured with and without the presence of air-
bubbles in the microchannel. A solution of glucose and NaOH were prepared
in deionized water, which had an oxygen content of 9mg/L in approximate
equilibrium with the air, according to Henry's law. The methylene blue so-
lution was also prepared in deionized water. The bubbles were generated
and placed between aqueous droplets (Fig.7.6a). The methylene blue solu-
tion and the alkaline glucose solution was mixed in the microchannel in a
ratio of 1:4, respectively, to generate aqueous-droplets. The methylene blue
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in alkaline glucose solution droplets takes (10±1) min. to become colorless
without the presence of air-bubbles (Fig.7.6b); whereas it needs (35±4) min.
in the presence of air-bubbles Fig.7.6c). In these measurements, the volume
of the aqueous-droplets and air-bubbles were approximately the same. In the
previous measurement (Fig.7.6b), where methylene blue was mixed with the
alkaline glucose solution in the microchannel, the time for methylene blue to
become colorless was (5±0,5) min. With the presence of FC-40 oil, methy-
lene blue in alkaline glucose solution droplets take (10±1) min to become
colorless. As previously explained, in �uorinated oil 20 times more oxygen
can be dissolved than in water. This oxygen can di�use from the oils to the
aqueous droplets.

Figure 7.6: Droplets and air bubble generation in microchannel where FC-40
oil was used as continuous phase (a). Oxygen detection in aqueous droplets
without air-bubbles suspended in �uorinated oil (b). Oxygen in aqueous
droplets with the presence of air bubbles in microchannel (c).
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7.8.3 Transmittance spectrum of methylene blue

In the experiments, spectrometry was used to follow the methylene blue reac-
tion in an alkaline glucose solution. Droplets of methylene blue in an alkaline
glucose solution were generated placed in series of air-bubbles in FC-40 oil.
To measure the transmitted spectrum, droplets were positioned in front of
the optical setup of the chip. The light passed through the sample, and
the transmitted light was measured. Ten measurements were made on each
sample, as illustrated in Fig.7.7. The transmittance signal increases as the
methylene blue become reduced color leucomethylene blue. The transmit-
tance intensity at a wavelength of 675 nm is plotted in Fig.7.7b. For all the
measurements, the ratio of methylene blue and alkaline solution of glucose
was 1:4. However, due to the pulsating behavior of pumps, a slight change
in the volume of the two solutions is observed.
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Figure 7.7: Spectrometer trace of a methylene blue solution, an alkaline glu-
cose solution, and the reaction between the solutions in droplets (a). Spec-
trometer trace at 675 nm. The rate of reduction of methylene blue by an
alkaline solution of glucose (b).

7.8.4 MDCK cell encapsulation and on-chip storage

The MDCK cell encapsulating droplets were produced in a microchannel
using the same procedure and chip as described in Fig.7.4. The encapsulation
rate of cells in droplets has been described in detail in chapter 4. After �lling
the channel with those, the inlet and outlet tubes were removed from the
chip, and the inlets and outlets were sealed with water- resistant adhesive
tape (Farnell, Germany). Depending on the droplets size approximately six
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Table 7.1: MDCK cells storage in droplets with and without the presence of
air bubbles

Chip Nr. On-chip storage time [hr]
Chip 1 1
Chip 2 2
Chip 3 4
Chip 4 6
Chip 5 8
Chip 6 12
Chip 7 1 (without air bubbles)

droplets with cells in it were stored and used for the further measurements.
The chip was then placed in an incubator at 35◦C with 5% CO2. Several
chips, with the same dimension, have been used for the experiments.

Figure 7.8: (a) Image of MDCKcells, cultured in a T25 �ask; (b) Closer view
of MDCK cells; (c) Cells were stored in a droplet without the presence of
air-bubbles; afterward, they were transferred to microwell plate to observe
the survival of cells. The picture was taken 48 hours after transferring the
cells from microchip to microwell plate.

The mammalian cells are susceptible to the surrounding environment;
thus, the survival of mammalian cells need very sophisticated environmental
condition. The focus of this experiment is to investigate the survival rate
of the mammalian cell in a microchannel. After storing the droplets in the
microchannel as described in Table.7.1, the droplets were taken out of the
chip 1. The cells were then washed in warm PBS, centrifuged, and transferred
to a microwell plate. 1.5 ml of MDCK cell growth medium is added to the well
plate and was kept in an incubator at 35with 5% CO2. Figure 7.9 presents
the pictures of cells in a droplet after one hour of storage and the same cells
in the microplate plate after three days.
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Figure 7.9: MDCK cells encapsulated in droplets. After on-chip storage, cells
were transferred to microwell plate and their growth has been observed over
the time.

A reference picture of cell grown in a T25 Flask without storing the cells
in droplets is presented in Fig.7.8a. From chip 2 to chip 6 the same procedure
as for chip 1 has been applied except for the storage time. No dead cells have
been observed up to 8 hours of storage in droplets. A few dead cells have
been found after 12 hours of storage time. MDCK cell encapsulated droplets
with the presence of air bubbles in a chip (chip 7) has been stored on-chip
for an hour, then cells were transferred to the microwell plate using the same
procedure as Chip 1. No cell growth has been observed after three days
of storage in a microplate (Fig.7.8c). This experiment demonstrates that
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the mammalian cells can be stored at least 12 hours in a microchip in the
presence of air-bubbles in the channel, which is a big step forward to on-chip
culturing of mammalian cells.

7.9 Conclusion

We have designed and realized a multiphase micro�uidic system that enables
the di�usion of oxygen from air-bubbles to aqueous droplets without the
need of changing the medium. The di�usion of oxygen from air-bubbles to
aqueous-droplets suspended in �uorinated oil was successfully demonstrated
using methylene blue as an indicator. MDCK mammalian cells were suc-
cessfully stored in droplets with the presence of air-bubbles for 12 hours.
The proposed method and device are a big step forward to long-term on-
chip cultivation of mammalian cells and aerobic bacteria growth in stored
droplets.
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Chapter 8

Conclusions and outlook

The goal of this thesis work is the design and fabrication of a micro�uidic de-
vice for on-chip storage and manipulation of droplets. Droplet micro�uidics
represents a promising new tool for cell culturing, drug screening, and high
throughput analysis. The applications of such a system is yet to be explored.
In this thesis work, an on-chip droplets storage method and its application
have been presented. Based on the storage chip, other applications of droplets
such as agarose droplets generation and storage, and methods that provide
nutrients and oxygen to the stored droplets have been developed. The novel
methods for on-chip droplets storage and manipulation of droplets that have
been realized allow general conclusions to be drawn from the achieved results
in terms of applicability and performance. Since designs evolve over time and
since they are never �nal when they are being researched, it is necessary to
�nd a way to produce a prototype that is inexpensive and easy to fabricate.
Before going to the fabrication processes, each fabrication process has been
thoroughly investigated in terms of suitable materials and fabrication tech-
niques. Since the application of the developed chip is the storage of cells
or biological reagents on-chip, the chip material should be biocompatible in
nature. The investigation of droplets has been conducted mainly by opti-
cal microscopy, hence a transparent material is required to develop the chip.
Considering those requirements and ease of fabrication techniques, PDMS as
base material has been chosen for the primary development of the chip.

In the following sections, the major achievements of this research work
are shortly summarized and future perspectives for the continuation of the
further research in the relevant �elds are discussed.
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On-chip droplet storage

Droplet storage is required for cell cultivation, drug screening, and chemical
reactions to be conducted in droplets. Methods addressed in literature for
storage of droplets are o�-chip. In those methods droplets were generated in
a chip and transferred to a micro-tube/Te�on tube to be stored. These meth-
ods are di�cult to use where continuous monitoring of each droplet is crucial.
Therefore, an on-chip method is required for such a system. A novel storage
method has been introduced in this work, where droplets were generated and
stored in the same chip for 4 days. For storage chips, PDMS has been used
as a base material for the chip fabrication. Since PDMS is porous a drastic
volume loss of the droplets has been observed during storage. Parylene has
been introduced as a new material in combination with PDMS to overcome
the drawbacks of PDMS. Since there are di�erent types of Parylene that
are commercially available, an investigation has been conducted to select the
best type for our speci�c application. The biocompatibility, hydrophobicity,
and penetration depth of Parylene C and AF4 have been examined. AF4
showed a better performance, hence AF4 has been used for further study.

Water droplets in oil were generated and stored for 4 days at an elevated
temperature in a Parylene AF4 coated PDMS chip. The results showed that
droplets loose a very small amount of liquid from their initial volume through
the surrounding oil compared to the stored droplets in PDMS, where droplets
loose all their volume in only four hours. Although E. coli and E. faecalis
have been encapsulated and stored in droplets, this method can be applied
to other cell encapsulations and to do chemical reactions which need to be
stored for several days. For instance, yeast cells that have been encapsulated
in agrose droplets have been generated on chip and stored for several days.

Droplets manipulation

One of the great advantages of droplet micro�uidics is that droplets can be
manipulated on chip, which includes the splitting of a bigger droplet into
smaller droplets, the addition of droplets, mixing liquids in one droplet, and
sorting of droplets that contain substances of interest. A chip has been de-
signed and realized that can sort and merge droplets to provide additional
reagents to the sample droplets. In a micro�uidic channel the Reynolds num-
ber is low. Therefore, the mixing of liquids is mainly by means of di�usion.
Many methods have been introduced in literature, where acceleration of the
mixing process has been investigated. In this work, a serpentine channel has
been introduced to accelerate the mixing of two liquids in droplets. Fluo-
rescent beads were encapsulated in droplets and sorted out prior to merging
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with another droplet in the microchannel. Finally, E. coli has been encapsu-
lated in droplets, stored, and merged with nutrient droplets in the microchip.
The e�ciency of the microchip is not optimal up to level due to the manual
control of the sorting process. However, the automation of the whole system
has the capability to increase its e�ciency. The working principle and design
of the proposed microchip has great potential to be applied in the �eld of
biology and chemistry.

Storage of mammalian cells in droplets

Nowadays, many biological processes, including cell division, enzymatic re-
actions, and the polymerase chain reaction (PCR) are accomplished in vitro.
The traditional methods of in vitro cells culture are petri dish, �ask, and
microplate, where cells receive oxygen from the surrounding air. The similar
approach has been applied to droplets in a more de�ned and controlled way.
To achieve this, air-bubbles have been placed in a microchannel in series with
aqueous-droplets and used as a source of oxygen, and CO2. We have designed
and realized a multiphase micro�uidic system that enables the di�usion of
oxygen from the air-bubbles to the aqueous droplets through �uorinated oil
without the need of changing the medium. The di�usion of oxygen from air-
bubbles to the aqueous-droplets suspended in �uorinated oil was successfully
demonstrated using methylene blue as an indicator. The presence of an air-
bubble increased the oxygen in an aqueous-droplet up to 7 times compared
to the oxygen in an aqueous-droplet without an air-bubble present in the
channel. An MDCK cell line has been stored in droplets with su�cient nu-
trients in it with and without the presence of air-bubbles in the microchannel.
The result showed that with the presence of air-bubbles cells can survive in
droplets more that 12 hours whereas with the absence of air-bubbles these
cells can not survive more than 2 hours. The presented method has a great
potential in the �eld of on-chip drug screening and storage of mammalian
cells for a longer period of time.

Outlook

The storage, sorting, merging, mixing, and oxygen supplementation to the
stored droplets are individually presented in this work. Although the success-
ful implementation of all the devices has been conducted, little attention has
been given to the integration of the whole system. An outlook is provided
here for the further continuation of the project. Droplet micro�uidics has
tremendous potential to be applied in various branches of science. However,
until now, most of the processes take place only in the research lab.
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Droplet generation on a microchip requires an external setup, including
syringe pumps, syringes, and microtubes. The external setup increases the
required sample volume and a�ects the size of the generated droplets. Thus,
it is necessary to integrate an on-chip droplet generation setup.

The droplet sorting and merging chip can be automated by integrating
optical and electrical sensors and by controlling the micropump with signals
from the sensors. Image processing is another area for further automation of
the sorting and merging processes.

Mammalian cells have been successfully stored in droplets for several
hours. However, the growth of mammalian cells in droplets needs to be
further investigated..

The results presented in this work may provide tools and techniques for
the successful application of droplet micro�uidics.
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