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CHAPTER 1:

Introduction

This chapter introduces the aim of this thesis, which is to perform single enzyme kinetic
analysis using microfluidics and droplet-based microfluidic technology. Short introductions

into these subjects are followed by a brief description of each chapter.
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I. Introduction

Microfluidics is a relatively new multidisciplinary research field dealing with transport
phenomena in fluid-based devices at scales reaching from single cells to the dimension of
biomolecules. The potential characteristics of micro- or nano-scaled devices are, for instance,
low consumption of reagents, precise control of fluids, and high-throughput results. These
benefits enabled this technology gaining more and more popularity in multidisciplinary

research areas during the last few decades. *

Droplet-based microfluidics

Droplet-based microfluidic is a subcategory of microfluidic technology by which two or
more immiscible fluids (i.e. oil and water) are loaded into a microfluidic device to generate
compartmented and well-confined carriers of one fluid in the other fluid (e.g. oil-in-water or
water-in-oil emulsions). Generated carriers can be used for diverse applications such as bio-
analysis, polymerization and so on. In addition, the dimension of the generated carriers can
be modulated by changing the flow rates of the two immiscible fluids or the geometry of the
fluidic channel in the device. Furthermore, the generated carriers can be simply but precisely

manipulated in the microfluidic device. >3

Single-molecule analysis
Recent single-molecule analysis studies have tried to unravel phenomena that remain hidden
in the conventional bulk experiments by encapsulating single molecules into enclosed

volumes such as vesicles,“'6

or by attaching a single molecule onto the polymer-coated
surface.”® However, when the compartmented volume is reduced, the issue of the
evaporation of reagent and the precise dimensions as well as the monodispersity’® of the
confining containers can arise. Alternatively, a droplet-based microfluidic device allows a
high rate of formation of highly-monodisperse carriers which can be used as containers to

encapsulate a single molecule for bioanalysis.
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II.  Main objective of this thesis

The main objective of this thesis is to develop a micro- and nanofluidic platform for the
generation and manipulation of tiny (femtolitre) aqueous droplets in the oil phase (water-in-
oil emulsion) for the encapsulation of a single molecule of enzyme to perform an enzyme

kinetic analysis.

IIl. Thesis Outline

In this thesis, we demonstrate the application of a micro- and nanofluidic device for the
single-enzyme analysis by encapsulating single enzymes into the generated aqueous droplets
in oil. This thesis consists of the introduction (chapter 1), a review of the generation and
manipulation of droplets and the basic enzymology (chapter 2), the design and fabrication of
our device (chapter 3), the technologies related to our device (chapter 4 and 5), the
validation of our device for the single enzyme analysis (chapter 6), and lastly the conclusion

and the perspective of our device (chapter 7).

Chapter 2: Theoretical background
In chapter 2, we review and elucidate the formation and manipulation of droplets in a
microfluidic device. In addition, the basic concept of enzymology is explained to the non-

enzymologist reader.

Chapter 3: Design, materials and realization

Chapter 3 explains the concept of the fluidic manipulation in our device. The design and the
materials of our device as well as its fabrication method are discussed. Then, devices which
are made of different materials are tested to validate the materials choice for our application.

Glass is finally selected as the most appropriate material.

Chapter 4: Low-temperature bonding technique
Chapter 4 proposes the integration method of two substrates which operates at room
temperature by using UV light and UV adhesive. Basically, the glass substrates need to be

hydrophobized for facilitating water-in-oil emulsion for our application. One idea is to



Chapter: 1

hydrophobize two patterned glass substrates and subsequently bond them by using this
bonding method since the conventional bonding approaches can ruin the surface layer of
modified substrates. This bonding approach can be applied for different materials with a thin
layer of a gluing layer. However, this technique is unsuitable for a device comprising

nanofluidic channels.

Chapter 5: In-channel hydrophobization

In this chapter, a new hydrophobization method is described to manufacture hydrophobic
glass-based devices, needed to prepare water-in-oil emulsions. Surface modification of the
micro- and nanofluidic chip is performed in-channel by using UV light and silicone oil. The

hydrophobized chip is characterized by different methods.

Chapter 6: Single-enzyme encapsulation and enzyme Kinetics study in a droplet

In chapter 6, the hydrophobized fluidic chip is used to generate droplets for the single-
enzyme analysis via a fluorescence measurement. The optical background noise is
considered and discussed for the enzymatic reaction in our study. Then, the encapsulation of
single enzymes is validated from the observed distribution of the increasing fluorescence
intensity of the product molecule. The obtained enzyme Kinetic activity was compared to the

value obtained from the experiment in bulk by a fluorescence spectrometer.

Chapter 7: Summary and perspective

Eventually, all aspects in this thesis are summed up. In addition, the outlook of our device is
detailed such as further experiments on droplet fusion, the improvement of the droplet fusion
and the further reduction of the optical background noise. Also, promising applications of

our device are exemplified and discussed in the last chapter.
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CHAPTER 2:

Brief review of droplet microfluidics and
enzyme kinetics

This chapter summarizes the theoretical background used in this thesis. First of all, the
droplet-based microfluidics which is the major technology used in this work is detailed in
aspects of (i) its potential characteristics which have attracted many researchers to employ
this technology for a wealth of applications; (ii) droplet generation which is explained in
three categories for different fluidic configurations; and lastly (iii) droplet manipulation
which is briefly reviewed to give an overview of the recent methods that people have utilized
to control the droplets in microfluidic systems. In addition, the basic concepts needed to

describe the enzymatic reaction and related technical terms are provided.
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Theoretical Background
I. Droplet-based microfluidics

a. Characteristics of droplet-based microfluidics

Droplet-based microfluidics is one subcategory of microfluidics focusing on the creation of
confined volumes from two (or more) immiscible phases. In general, the dimensions of the
microscopic patterns or channels in microfluidic devices are limited by the resolution and
the cost of microfabrication technology which hinders their usage in the miniaturization of
fluidic volumes. In addition, miniaturized fluidic channels can cause problems during fluidic
operation such as channel clogging. To avoid these limitations, microdroplets generated in a
microfluidic device offer an alternative approach to reproducibly generate confined discrete
volumes of fluid down to submicron scales." The essential characteristics of the droplet-

based microfluidic system are discussed below.

Compartmentalization

The compartmentalized droplet can be used as a platform for a vast range of experiments e.g.
biological or (bio)chemical reactions and analysis. Individual droplets of water containing
all ingredients of the reaction are isolated in an immiscible continuous phase, as a result of
which the reaction occurring inside a microdroplet is (generally) not perturbed by
contamination. Also, the product of the reaction is accumulated in a single droplet allowing
the time-resolved measurement of product for the determination of kinetic activity of the
reaction. Numerous researchers have recently demonstrated the considerable potential of the
droplet-based microfluidic technology for varied bio-analysis experiments i.e. enzymatic

2-11 12-15 16-22

reactions,” " the polymerase chain reaction (PCR), cell-encapsulated assay, as well

23-30

as for the fabrication of monodisperse microparticles on microfluidic devices.
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Figure 2-1: Applications of droplet-based microfluidics; (A)-(D) cell-encapsulated assay
[ref.16], (E) the single-cell experiment [ref.22] (Reprinted from Chemical Biology, 15, 427-437,
2008 with permission from Elsevier); (F) the study of the enzymatic reaction [ref.11], and (G)-
(J) the synthesis of monodisperse microparticles with tunable dimensions [ref.30]. (Reproduced
figure. F-J by permission of The Royal Society of Chemistry).

Precisely controlled vessels

Once formed, the droplets can be manipulated either by passive or active approaches to
maneuver them such as sorting, trapping and coalescing which will be discussed in the next
section. Capable to be precisely manipulated, the droplet is thus used as a vessel to carry the
reagent(s) to the targeted place. In addition, droplets have an advantage considering mass
transport. Due to the low Reynolds number regime in microchannels, mixing of two flows of
reagents occurs predominantly by diffusion along the surface area between two flows.
Without turbulent mixing, the reagent molecules take long time to reach the region of
another reagent causing mixing. On the contrary, droplet-based microfluidics can generate a
tiny carrier containing two (or multiple) reagents. When traveling through a microchannel,
droplets experience an internal recirculation in the droplets greatly enhancing the surface

contact area between the volumes containing the two reagents.*> * The enhanced contact
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surface area makes the mixing of two reagents inside the droplet more rapidly compared to
that in the microchannel. Moreover, this rapid mixing in droplets can still be enhanced when
droplets travel in a winding channel (See Fig.2-2). Not only the mass transfer is enhanced in

this manner but also heat transfer can quickly occur in the droplet.*®

slow mixing
aj b D ot ot high dispersion

no
dispersion

Figure 2-2: (A) Mixing between two (or more) reagents in the conventional microchannel
dominated by diffusion is slower than that in the droplet encapsulated in the continuous phase
(B) at which the chaotic advection takes place when travelling in the winding channel [ref.31].
(Reproduced by the permission of Wiley Company).

Miniaturization in a confined volume

The fluidic flows inside a microchannel can be delicately regulated enabling precise control
in the fluidic volume of the generated droplet, as will be reviewed below. In addition, a great
variety of volumes of droplets can be modulated by adjusting the flow rates, the viscosities
of two immiscible fluids or the geometry of the fluidic channels.®***® This flexibility
provides a great opportunity for droplet-based microfluidics to handle and analyze minute

amounts of precious or rare reagents.

High throughput screening
Monodisperse droplets can be generated at high formation rate for usage as reactors or
carriers. Therefore reactions in each droplet occur in parallel at the same time in one batch.

The obtained high-throughput results express the data from one single droplet and the
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average data from the whole array of droplets. The high-throughput screening from droplet-
based microfluidic device enables for example the determination of the mutated genes in the

presence of a 200,000-fold excess of unmutated genes.*’

{ Al H - B 4

&

Figure 2-3: Droplets-based microfluidic system used for the study of rare mutations of KNAS
genes. The droplet color indicates the presence of the normal gene (A-red) or mutated gene (B-
green) in droplets. The ratio of green droplets to red droplets provide the determination of the
ratio of mutant to unmutated gene in a population (C). The scale bar is 100 gm [ref.37].
(Reproduced by permission of The Royal Society of Chemistry).

b. Droplet generation

In general, droplets can be produced from two immiscible fluids such as water and oil. In
case of a water-in-oil emulsion, at the interface the water molecule is attracted to another
water molecule on the water side rather than to the oil molecule on the oil side. The
molecules at the contact area are thus in a higher energy state, and the system will strive to
minimize the surface energy and hence the surface area between the two liquids. The
minimization of the surface area creates the spherical shape of a water droplet in oil. To
create an emulsion, two (or more) immiscible fluids are required to be used, where the target
phase forming droplets is called “dispersed phase” and the phase that forms the surrounding
medium is called “continuous phase”. In general, formed droplets can be stabilized in
continuous phase by adding amphiphilic molecules such as surfactants which hinder the
droplet coalescence.® * The techniques of the generation of droplets in microfluidic devices

can be categorized by their configuration as detailed below.

1. T-junction system
Droplet formation in a T-shaped device was firstly reported by Thorsen et al.** In this

system, the dispersed phase flows perpendicularly to the main channel containing the

10
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continuous phase. At the T-junction, the tip of the dispersed phase entering the main channel
is sheared by a force from the continuous phase creating a droplet as depicted in Fig.2-4A.

The dimension of the formed droplets can be modulated by altering the fluid flow rates, the
34,35

relative viscosity between the two phases or by changing the geometry (width or depth)

of the channels.** Due to the simple configuration of the T-junction, this system is available

for multiple inlets or more complicated droplet generation systems.*

100 : -
B op=10mPas, Qo= 0028 ulis
o= 10mPas, Qg =028pulss
& 0= 100 mPa s, Qoe= 00028 uLis
& = 100 mPa 5, Qge= 02028 plss
10 - m = 100mPa s, Qe =028 pulss ':" ad

A persed phase %

_E l."f-... ‘rrr
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’ i vy, BOANRT A
é I'H-"--- H
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Figure 2-4: (A) T-junction system used for generating droplets in microfluidic devices [ref.41].
(Reproduced by permission of The Royal Society of Chemistry). (B) The dimension of generated
droplets is determined by the flow rates of the dispersed aqueous phase and the continuous oil
phase and the relative viscosity of the two phases [ref.35]. (Figure A and B reproduced by
permission of The Royal Society of Chemistry). (C) T-junction device is used to generate multiple
aqueous droplets in a microfluidic device and the continuous phase flows from right to left
[ref.43]. (Reprinted from Anal Chim Acta, 630, 124-130, 2008 with permission from Elsevier).
2. Flow-focusing system

Droplet generation in a flow-focusing system was firstly demonstrated by Anna et al. * In
the flow-focusing configuration, the dispersed phase is injected into the center of a nozzle
and sheared from two sides by two co-flows of continuous phase to generate droplets. Two
symmetric flows of continuous fluid are positioned at one single point around the narrowest

region in the nozzle providing the shear force around the stream of dispersed phase. Under

11
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such conditions, the dispersed phase is thinned and subsequent broken up forming the
droplets (See Fig.2-5A). Like a T-junction system, the break-up mechanism of droplets in
flow-focusing systems is based on applying a shear force with the continuous phase. Thus,
the size of the generated droplets is dependent on the flow rates and viscosities of dispersed
and continuous phases, the geometry of the microchannels as well as the dimension of the

nozzle 4449 (Fig.2-5).

C oilm
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Figure 2-5: (A)The flow-focusing design for generating droplets in a microfluidic device [ref.41].
(Reproduced by permission of The Royal Society of Chemistry). (B) The volume of generated
droplet is determined by the flow rates and the viscosities of two immiscible fluids [ref.36].
(Reprinted with permission from Appl Phys Lett, 85, 2649-2651, Copyright 2004, American
Institute of Physics). (C) An example of the effect of the geometry of the flow-focusing
configuration on the diameter of formed droplets [ref.49]. (Reproduced from © 2011 IEEE)

Abate et al *° reported that the flow-focusing system can generate monodisperse and stable
droplets at moderate and high capillary numbers (Ca) while the T-junction system can do so
at low and moderate capillary numbers (Fig.2-6). The capillary number (Ca) is a
dimensionless number representing the relative effect from viscosity compared to the
interfacial tension as expressed as Ca = x*V/ywhere = viscosity of continuous fluid (Pa.s),

V = fluidic velocity (ms™), »= surface tension (Nm™).

12
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T-Junction (TI) Flow Focus (FF)
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Figure 2-6: Schematic of droplet generators with different inlet channel geometries. The cross
section of each channel is 15 x 15 zm?. The emulsion contained water drops in fluorocarbon oil
stabilized by fluorosurfactant. Example images of drops generated from each device at different
capillary numbers (Ca) are shown in the lower row; Ca = 0.015 (second row), 0.04 (third row)
and 0.15 (fourth row) [ref.45]. (Reprinted with permission from Phys Rev E, 80, Copyright 2009,
The American Physical Society).
3. Co-axial focusing system

Droplets can also be produced from microfluidic devices by using a co-axial focusing
system. The mechanism is similar to the flow-focusing system but the device is fabricated
by inserting a capillary tube into the microchannel. The co-axial focusing system was firstly

reported by Umbanhowar et al.>®

The dispersed phase is introduced into a capillary tube
while the continuous phase in injected into the microchannel. At the tip of the capillary tube,
the head of the disperse phase enters into the continuous phase and is detached from the
dispersed stream by the interfacial tension between the two phases creating droplets (See
Fig.2-7A). Co-axial focusing systems can be used to generate complex systems such as
multiple emulsions in which dispersed droplets contain smaller droplets inside as shown in
Fig.2-7C.>* This integrated device could control both the size and the number of the inner

droplets (Fig.2-7B and C).
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Middle Fluid Outer Fluid (Q,)
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> k)
Figure 2-7: (A) Co-axial droplet generators in the mlcroflmdlc device by simply inserting the
capillary tube into the microchannel [ref.41]. (Reproduced by permission of The Royal Society of
Chemistry). Double emulsion can be formed either in water-in-oil-in-water (W/O/W) or oil-in-
water-in-oil (O/W/O) modules by inserting the second capillary tube into the first tube (B). The
outermost fluid which is the same phase as the inner fluid was injected to flow axially around the
second tube and the middle fluid was loaded to flow around the first tube. (C) Optical
micrographs of monodisperse double emulsion expressing the controllable size and the number
of inner droplets. (Reproduced figure B and C by the permission of Wiley Company, ref. 51)

4. Electrically-induced droplet generating system
Apart from the shear-induced mechanism from the T-junction and the flow-focusing devices
and the surface-tension induced mechanism co-axial focusing devices, the droplets can be
generated by active control using an electric field in the microfluidic device.’*** The electric
field can be used for the generation or/fand manipulation of droplets which will be discussed

in the droplet manipulation section later.

¢. Droplet manipulation

Droplet generation can be implemented using different processes as described in the

previous section. Generated droplets can be manipulated or arranged by many specific

25557 coalescing,*®®” mixing,®® " splitting,®® ® ® rearranging,*"®

76-82

operations such as sorting,

synchronizing,”*"® trapping and guiding droplets, and so forth. In general, formed
droplets can be manipulated either by passive or active approaches. Due to the diverse

requirements of specific applications and devices, the approaches to maneuver the droplets

14
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should be considered in particular in view of such requirements. The methods to manipulate

droplets have been reviewed below.

) C #nlet 2
B @0 Inlet 1 /V
[0/®) s
]

; (=) AN
R : _ \
00pm O 100 um 100 pm —— Tuning flow 3

E flow direction l expansion
o -

constriction T

Figure 2-8: Exemplified manipulations of droplets: (A) droplet sorting by electric field [ref.4]
(Reprinted figure A with permission from Anal Chem, 81, 5840-5845, 2009, American Chemical
Society), (B) coalescence of two consecutive droplets in the expansion chamber [ref.55]
(Reprinted with permission from Appl Phys Lett, 96, Copyright 2010, American Institute of
Physics), (C) droplet splitting by hydrodynamic approach [ref.63], (D) mixing inside droplet in
the winding channel [ref.31], (Reproduced figure C and D by the permission of Wiley Company),
(E ) rearrangement of droplets in the constriction and expansion microchannels [ref.71], (F)
synchronization of two droplets [ref.76] (Reproduced figure F from Microfluid Nanofluid, 11,
685-693, 2011 with kind permission from Springer Science and Business Media) and (G) droplet
trapping [ref.79]. (Reproduced figure E and G by permission of The Royal Society of Chemistry).

c.1. Active manipulation

In this method, the additional force from an electric field, magnetic field, optical field, etc. is
applied to the fluidic system in order to manipulate the droplets. This method is
advantageous due to its precise controllability and specificity, however, its drawbacks might

include possible damage to molecules, cells or particles encapsulated inside droplets, more

15
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complicated fabrication, etc. Various recent approaches to active manipulation are described
below:

Droplet formation and manipulation by electrowetting

Electrowetting (EW) for the formation of droplets was first reported by Washizu et al.®®
Conceptually, a droplet of water is brought in contact with a hydrophobic surface-coated
electrode. When a positive potential is applied to the electrode with respect to an electrode
inserted in the droplet, a negative charge is induced on the droplet surface facing the bottom
electrode. The system can then be regarded as a variable capacitance system where the
droplet deform its shape to maximize the capacitance between the droplet and the energized
electrode to minimize the total energy of the system. The result is the wetting effect as
shown in Fig.2-9. When the electrode is switched off, the surface reverts back to a
hydrophobic surface which is unfavorable for wetting, resulting in the return of the droplet

to its original shape.*

Wire electrode

Insulation

Counter electrode

Figure 2-9: Droplet manipulation by electrowetting. A hydrophobic insulating layer is non-
wetting for a conducting droplet. In the presence of electric field, the surface becomes wetting
due to the reduced liquid-solid interfacial tension resulting in a lower contact angle[ref.83].
(Reproduced figure C from © 2011 IEEE).

This concept was exploited to manipulate droplets by using complex electronic networks,

so-called digital microfluidics™ &

which nowadays is a widely-used technique in diverse
technologies.® ¥ An example of digital microfluidics involving the droplet manipulation is
shown in Fig. 2-10.%*First, a water droplet was wetting on the left electrode (Fig.2-10A) due
to field application, then it expanded to the middle electrode where the electric field was
subsequently applied (Fig.2-10B). When the right electrode was switched on and the middle
one was switched off, the droplet was split in two droplets (Fig.2-10C-D). Finally, the split
droplets were rejoined by switching the voltage back to the middle and left electrodes

(Fig.2-10E-F).
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Figure 2-10: Droplet merging and splitting device by electrowetting from three hydrophobic-
surface-coated electrodes (A) Firstly, an aqueous droplet was placed on the left electrode.(B) A
droplet expanded to the middle electrode where the electric field was applied. (C-D) When the
right electrode was switched on and the middle one was switched off, a droplet was split into two
droplets on the left and right electrode. (E-F) After switching the voltage back from the right to
the middle electrode, the right droplet was reverted to the middle sectionand coalesced to the left
droplet [ref.52]. (Reproduced by permission of The Royal Society of Chemistry).

(b)

Figure 2-11: Flow-focusing device with electrowetting actuation. (A) Top view of the device
(W;=W,=200, W= 50, L=150 and W4=500 xm). (B) Cross sectional view of the junction along
the dash line in (A). Without voltage, the oil-water interface is in the middle of the channel
(dotted curves) and with voltage, the interface is close down to the bottom [ref.53]. (Reprinted
with permission from Appl Phys Lett, 93, Copyright 2008, American Institute of Physics).

In addition, the electrowetting effect (EW) can be used to perform droplet generation since
the applied electric field can reduce the contact angle between the liquid and the surface of

the microchannel.® This method had been investigated by Gu et al.>*** Their flow-focusing
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device (FFD) with incorporated electrowetting design can generate smaller droplets than
those generated by a solely hydrodynamic flow focusing system. (Fig.2-11 and 2-12).
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Figure 2 12: Sequence images of droplet generation based on electrowetting actuatlon at the
variation of the pressure of dispersed phase (P) and applied voltages [ref.54]. (Reproduced by
permission of The Royal Society of Chemistry).

In the device of Gu et al, **

ov 25V 40V 55V 70V

the resulting droplet sizes varied with the variation of applied
electric field and applied pressures of disperse phase (P,). At zero voltage (Fig.2-12A), the
tip of the water stream was just nearby the center plane of the device and, when applying a
voltage, moved toward the bottom substrate (Fig.2-12B). When applying a higher voltage,
smaller droplets were generated (Fig.2-12C-E). Due to the electrostatic repulsion of droplets,
they moved forward and spread out after formation. At higher applied pressure (Fig.2-12K-
Y), the hydrodynamic force became dominant and the mechanism of the droplet generation

became similar to the dripping regime in a purely hydrodynamic flow focusing system.

Droplet formation and manipulation by dielectrophoresis

Generally, dielectrophoreisis (DEP) is a method to manipulate electrically neutral but
polarizable particles or fluid droplets by applying non-uniform electric fields. A DEP device
generally comprises two electrodes with different dimension for generating an
inhomogeneous electric field through the media or surrounding fluid and the particle or

inner fluid (droplet). In case of particles or droplets that are highly polarizable compared to

18



Theoretical Background

the medium or surrounding fluid, the particle or droplet moves forward to the region of high
electric field intensity. Compared to the EW-based device, the DEP-based system can be
used to manipulate dielectric droplets such as oil which are widely used in droplet-based

microfluidic applications.

Fan et al ® proposed a device to manipulate dielectric droplets by dielectrophoresis (DEP)
(Fig.2-13). The dielectric droplet of silicone oil can for example be controlled by DEP
actuation (Fig.2-13A-G). A 150-nL silicon oil droplet positioned on the center electrode
(Fig.2-13B) was split into two drops when high voltage (420V) was applied at the two
electrodes indicated by two arrows (Fig.2-13C and D). Subsequently two 75-nL oil droplets
were transported to any specific position in the presence of electric fields (Fig.2-13E-F) and
finally both were merged at the center electrode (Fig.2-13G). Moreover, they integrated both
the dielectrophoresis and electrowettting actuation into the same platform as illustrated in
Fig.2-13H. This device can be used to manipulate both aqueous droplets and dielectric oil

droplets separately by EWOD and DEP, respectively.

Figure 2-13: (A) A cross-sectional view of the device with DEP actuation of dielectric droplets.
(B)-(G) a sequence of images of the manipulation of the silicone oil droplets. (H) A cross-
sectional view of the device with DEP and EWOD actuation of dielectric droplet and water
droplet, respectively. (I)-(N) a sequence of images of the manipulation of the silicone oil droplets
and aqueous droplets on the DEP and EWOD actuated device [ref.84]. (Reproduced by
permission of The Royal Society of Chemistry).

Electrostatic actuation for generating and coalescing droplets
Electrostatic actuation can be used to generate a tiny droplet with precisely-controlled timing

and also merge two opposite charged droplets generated separately from microfluidic device
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incorporated with two electrodes (Fig.2-13).%® Via this actuation method, tiny droplets can
be formed in large microchannels without the problem from clogging in narrow fluidic
channels. When applying an electric field to one electrode in the water stream, the water-oil
interface was charged and the charge remained in a droplet after droplet formation.
Meanwhile, at another electrode, the tip of the water stream was charged with the opposite
charge and then locally formed a droplet containing the opposite charge. Both charged
droplets were contacted together at the outlet channel and coalesced by the electrostatic field
(Fig.2-13A). In the absence of applied electric field, a slightly different frequency of droplet
generation enabled the desynchronization of two charged droplets hindering the droplet
fusion (Fig.2-13B). However, upon the application of electric field, two droplets were
generated in a synchronized manner and later coalesced due to the electrostatic force

between a pair of the oppositely charged droplets generated from two electrodes (Fig.2-13C).
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Figure 2-14 (A) Droplet generation and coalescence by using electrostatic charge. Droplets
containing opposite charges can be generated by applying a voltage across two aqueous streams.
(B) Without applied electric field, the generated droplets from two streams which were different
in size and frequency were not fused (Scale bar: 100 zm). (C) With applied electric field of 200V
across the 500-um separation of the nozzles, the simultaneous droplet formation and droplet
fusion can be achieved [ref.63]. (Reproduced by the permission of Wiley Company)

Droplet sorting by electrostatic actuation

Oh et al ¥ proposed a microfluidic device consisting of three electrodes for electrostatic
actuation to sort aqueous droplets in oil phase. The first grounded electrode was placed in
the aqueous stream while the other two electrodes for positive or negative pulse were placed
under the entrance of each sorting channel (Fig.2-15A). In the absence of the applied electric

field (Fig.2-15B), after droplet formation, the formed droplets flowed along the streamline
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of laminar flow and then entered the middle channel. Since a water stream behaves as a
conductor whilst oil is an insulator, electrostatic actuation charges the water-oil interfaces as
a capacitor. In the presence of an applied electric field (Fig.2-15C) either from the left or
right electrode, upon droplet formation, the water stream was charged and charged
molecules remained at the water-oil interface. After the droplet formation, the charges
redistributed on the surface of a conductive droplet due to the repulsion inside a droplet.
When travelling to the junction, the precharged droplet was guided to the left or the right
sorting channels (Fig.2-15D) corresponding to the charging electrode. Since the electrostatic
force impelled the precharged droplet to cross over the streamline of laminar flow, the

electric field, the dimension of the droplet, the flow rate and the applied electric field played

=

/fﬁ'\

important roles in the successful droplet sorting (Fig.2-15D).
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Figure 2-15 (A) Schematic of the concurrent droplet charging and sorting by electrostatic
actuation with three electrodes. One electrode was placed inside the aqueous stream, the others
were placed either in the left or right sorting channel. Droplets travel along the microchannels
with (B) or without (C) the applied electric field. Charging and sorting droplets with the
actuation voltage of 120 V, the droplet generation frequency of 200 droplets/s was reached.
(aqueous phase : DI water, oil phase : 2% Tween-20 in hexadecane solution [ref.87]. (Reprinted
with permission from Biomicrofluidics, 3, Copyright 2009, American Institute of Physics).

Manipulation of droplets by magnetic actuation

Recently, many researchers have employed magnetic actuation into microfluidic devices for
manipulation of droplets.> 8 One example shown here is a magnetic droplet-manipulation
microdevice for polymerase chain reaction (PCR).* This device consisted of the reaction

chamber in the middle and two magnet handling channels beside the reaction chamber
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(Fig.2-16A-B). An aqueous droplet containing streptavidin conjugated superparamagnetic
beads in mineral oil inside the main chamber was maneuvered by the permanent magnet
located in the handling channels. The magnetic beads-containing droplet was transported to
merge consequently with single droplets containing different reagents (primer, template
DNA and PCR mixture) individually placed in the chamber (Fig.2-16A). After droplet
fusion and incubation, DNA was captured on magnetic beads by means of biotin-
streptavidin binding, and the reaction could take place. After reaction, amplified DNA on
magnetic beads was collected and then magnetically extracted from a droplet by the magnet
(Fig.2-16C). Subsequently, the manipulated DNA was merged into the wash buffer droplets

to remove non-specifically amplified DNA.
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Figure 2-16: Schematic diagram of the microdevice employing a magnetic droplet-manipulation
in perspective view (A) and cross-sectional view (B).(C) Capture and purification of amplified
DNA using magnetic beads [ref.15]. (Reprinted figure C from Sensor Actuat B-Chem, 130, 583-
588, 2008 with permission from Elsevier)

Optical manipulation (optical tweezers)
Optical trapping is an alternative method to maneuver droplets by focusing a laser beam
onto the droplet. ® Due to the different refractive index of droplets and the surrounding

solution, a focused laser beam is refracted on the droplet/medium boundary. This refraction
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induces a photon momentum change resulting in a force generated at the droplet or particle
which is in the order of pN. Unlike many other ways of active manipulation, optical
manipulation is contactless, generally non-destructive, and three-dimensional which is
advantageous and promising for many biological applications. The principle of optical
trapping including its application for chemical analysis has for example recently been

%1% tilized an optical approach to manipulate droplets or

reviewed.*® Several recent studies
microparticles. For instance, He et al *° used optical trapping to transport a single target cell
or subcellular structure or particle close to the oil-water interface before droplet formation.
When the droplet was formed, the targeted molecule was encapsulated into the formed

aqueous droplet (Fig.2-17).
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Figure 2-17: Sequences of images showing the encapsulation of a single B lymphocyte into an
aqueous droplet in silicone oil with 3wt% Span 85. Optical trapping was used to transport the
cell close to the water-oil interface (A-C). After the droplet formation, a cell was entrapped in a
droplet as shown in (D) [ref.95]. (Reprinted with permission from Anal Chem, 77, 1539-1544,
2005, American Chemical Society).

Droplet manipulation by using microvalves

Microfluidic valves have been employed into microfluidic systems to control the fluidic
streams by using external forces to allow or stop the flows. The most commonly used valve
is the pneumatic-actuated valve where the valve is switched on and off by air. The concept
and applications of microvalves in microfluidic systems have been reviewed before in the
literature.”® The microvalves-integrated microfluidic system exemplified here was reported
by Zeng et al.”’ They utilized pneumatic-based microvalves into a microfluidic device to
control precisely the droplet generation as well as droplet fusion (Fig.2-18). The volume of
aqueous stream for one droplet is adjusted by varying the opening time of a microvalve
(Fig.2-18A). Moreover, the device integrating two microvalves can individually control the
generation of two droplets in parallel (Fig.2-18B) enabling synchronization and further
fusion of two generated droplets. By synchronously switching on and off microvalves, a pair

of droplets can meet each other and fuse in a controlled manner (Fig.2-18C).
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aqueous inlet

Figure 2-18: Microvalves-integrated microfluidic device for droplet generation and fusion. (A)
The opening time of a microvalve regulated the droplet size; the opening times for figure I-VIII
were 50, 150, 200, 300, 350, and 450 ms, respectively. (B) Schematic of two microvalves
integrated into microfluidic device to control separately two aqueous streams. Droplet pairs can
be generated simultaneously by synchronously switching on and off microvalves. (C) The process
of the controlled fusion of droplet pairs. Droplets with brown (1) and green (2) ink solutions
were generated with opening times of the microvalve of 80 and 60 ms respectively [ref.97].
(Reproduced by permission of The Royal Society of Chemistry).

c.2. Passive manipulation

Via this method, generated droplets are handled or manipulated without application of
additional external force. The droplet manipulations are now accomplished by
hydrodynamic approaches using a modified geometry or by surface energy approaches. It
has the advantages that no external forces are applied which might damage the particles or
molecules encapsulated in generated droplets. In addition, devices can be simply fabricated
without need of additional layers of electrode and insulating layers or the need for an

optimized design of electrode.

Geometry-induced manipulation

By-pass channel to alternate droplet traffic

When droplets that are sorted alternatingly at a T-junction enter the outlet channel, the size
and number of droplets can increase the hydrodynamic resistance along that channel.”
Therefore, the sorting process at the T-junction (Fig.2-19A) becomes nonlinear due to the
increasing fluidic resistance which makes it more difficult to achieve the alternation of
droplets. By integrating a by-pass channel into a T-junction (Fig.2-19C), * when a first
droplet enters the left channel ry, the continuous fluid in the by-pass channel flows from

right to left, thus the flow rate in a channel r, (Q,) becomes larger than that in a channel ry

N
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(Q1). As a consequence, the consecutive droplet flows into the channel r,. The accomplished
alternation of droplets depends on the position and geometry of the by-pass channel as well

as the distance between consecutive droplets.

Figure 2-19:(A) A microfluidics droplet generation device with a T- junction; (C) a microfluidic
device with a by-pass channel, (B) and (D) are the equivalent circuits of the network (A) and (C),
respectively [ref.99]. (Reprinted with permission from Appl Phys Lett, 89, Copyright 2006,
American Institute of Physics).

Alternation of droplets by dual nozzles

Frenz et al *® proposed a microfluidic dual nozzle for the production of water-in-oil droplet
pairs. In their device, two dispersed streams were pinched off separately by the continuous
phase at the double nozzles connected together by a microchannel to generate droplets. Then
they flowed along the upper or lower arm channel and eventually entered the confluence
channel (Fig.2-20).
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Figure 2-20: Alternating droplet formation from dual nozzles (a) Symmetric module when the
flows of two dispersed phases were identical and (b) Asymmetric module when the flows of two
dispersed phases were different [ref.100]. (Reprinted with permission from Langmuir, 24, 12073-
12076, 2008, American Chemical Society).

Conceptually, when the first generated droplet entered the upper channel, the fluidic
resistance in that channel became higher. Therefore, the oil flowed downward to pinch off

the tip of the second stream at the lower nozzle to form the second droplet. When the second
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droplet entered the lower arm channel, the fluidic resistance in the lower channel increased,
then the oil flowed upward to the first nozzle again. The switching of oil flow alters the
sequence of the droplet generation from the first and second dispersed phases leading to the
regular production of the droplet pairs. Their device can alternate two droplets with
identical or different size (Fig.2-20). However, this coupling concept was invalid when the
size of droplet was smaller than the width of the channel since the droplet was too small to

alter the oil flow.

Droplet sorting using geometry-induced hydrodynamics

After droplet formation, generated droplets are transported along the microchannel by the
carrier fluid. When the size of generated droplets is larger than the dimension (width or
height) of the fluidic channel, the droplet is constrained by the channel walls and is non-
spherical. On the other hand, when the droplets are smaller than the channel dimensions, the
droplet remains of spherical shape to minimize the surface area. Mazutis et al *** employed
this concept to sort different-size droplets in a microfluidic system. In their device the larger
droplets (¢>24um) were squeezed along the vertical axis in the 20-um-deep microchannel

whereas the smaller droplets (¢~18um) remained of spherical shape.

Mixture
of droplets

Smaller
droplets

Figure 2-21: A schematic of the passive size-dependent fractionation of droplet mixtures. Larger
droplets were 20 pL and smaller droplets were 3 pL [ref.101]. (Reprinted with permission from
Appl Phys Lett, 95, Copyright 2009, American Institute of Physics.

Due to these size differences, the average velocity of the larger droplets was 1.2-fold lower
than that of the smaller ones and the larger droplets thus obstructed the passage of the

smaller droplets. However, the wide main channel (50um) allowed the smaller ones to move
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in flow paths alongside the walls (Fig.2-21). When arriving at the separation junction where
two side narrow channels (23 um) split off from the main center channel, the hydrodynamic
flow dragged the smaller droplets into the narrow channels while the larger droplets stayed

in the center of the channel and continued to flow in the main channel (Fig. 2-21).

Bifurcation channel for droplet control

Lee et al "® demonstrated a new method to precisely control droplets in microchannels by
employing microfluidic bifurcation channels with outlet restrictions based on droplet
bistability (Fig.2-22). When a droplet reaches the bifurcation channel, it entered either the

top or bottom branch channel (Fig.2-22A) and it then encountered a narrow restriction (w;).

Figure 2-22:(A) A bifurcation channel for a “trap-and-release” scheme of droplets with w = 200
um and w, = 30 zm. P; and P, were the pressures at two sides of the trapped droplet, Q = the
total flow rate of the dispersed and continuous phases. (C)-(J) The “trap-and-release” scheme of
droplets with the flow rates of dispersed and continuous phase 30 and 70 wL/h, respectively.
Time interval between the images was 133ms. (B) The droplet alternation in the bifurcation
channel (w=200 zm, w,=30 um); the two outlet channels were separated by a micropillar array
in between with 50 zm square pillars at intervals of 50 um. (Disperse phase: DI water,
Continuous phase: silicone oil) [ref.76]. (Reproduced figure F from Microfluid Nanofluid, 11,
685-693, 2011 with kind permission from Springer Science and Business Media).

In general the droplet will minimize its surface energy by deforming its shape to obtain the
smallest surface area in the channel. The droplet requires an extra pressure from the flow in
main channel to deform its shape to pass through this restriction aperture. The extra pressure
should be larger than the Laplace pressure at the restriction side governed by the surface
tension between two phases, the height of the channel, the widths of the main channel (w)
and the restriction aperture (w,). When the droplet “B” was trapped at the lower aperture
(Fig.2-22C), the consecutive droplet (droplet “A”) flowed to and blocked the upper aperture
(Fig.2-22E-F). Subsequently the droplet “B” which had already slightly deformed its shape
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obtained more pressure until it was released from the restriction aperture as soon as the
operating pressure difference was larger than the Laplace pressure (Fig.2-22G-H). The
alternation of droplets could be also achieved from the bifurcation channel with two outlet

channels which were separated by a micropillar array in between (Fig.2-22B).

Furthermore, a bifurcation channel with two outlet channels which had a single bypass in
between them (Fig. 2-23) could switch the droplet pathway from the upper channel to the
lower channel. Similar to the concept of the “trap-and-release” scheme, when the first
droplet was trapped at the restriction aperture, the succeeding droplet would then flow to
another aperture. Then, the excess pressure from the continuous phase exerted on the first
trapped droplet would deformed it until it would be released through the restriction aperture.
When the continuous phase flowed with a flow rate Q into either the upper or lower branch,
it was then divided into two flows in the straight outlet channels (Q3) and in the bypass way
(Qy). After releasing, a droplet can flow into either the straight channel or into the bypass
channel depending on the ratio of the shear force exerted on the droplet by the flows into the

straight channel (Q3), or the bypass channel (Q,), as well as the widths of both channels.

Figure 2-23:(A) A bifurcation channel for an ““switching” scheme of droplets (w = 200 gm, wy =
50 um and w, = 30 um). P, denotes the outlet pressure where a droplet blocks the continuous
phase and P; denotes the outlet pressure where the continuous phase flows through the
restriction. (C)-(H) Sequences of images expressing the switching of the consecutive droplets.
(Disperse phase: DI water, Continuous phase: silicone oil) [ref.76]. (Reproduced figure F from
Microfluid Nanofluid, 11, 685-693, 2011 with kind permission from Springer Science and
Business Media).

Guiding and trapping droplets using anchors patterns
In general, the surface tension between two immiscible fluids drives the droplets to their

lowest energy shapes. When the energetically-favorable shapes equilibrate with the drag
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I 77 ysed this

force acting on the droplets, the droplets can be stationary. Baroud et a
concept to guide and trap droplets in microfluidic devices by integrating microwells into the
bottom of a microchannel (Fig.2-24A). In their device, a microchannel with a high ratio of
width to depth was used to squeeze formed droplets. Squeezed droplets with high surface
area traveled along the channel until they reached the microwell and then deformed to their
lowest energy shapes by penetrating into the well (Fig.2-24A). The droplets were thus
trapped onto this well. An external force was therefore required to detach the droplets from
the well which depends on the radius of the droplet (R) and the width of the microwell (d).
In the presence of the array of microwells, a series of droplets can be trapped for static

observation (Fig.2-24C).

c ‘ ] hole
ﬂ:: ;@ Q D D
mOY0 (D 0" 3]

!
holes

Figure 2-24:(A) Schematic of the microfluidic device with an anchor to trap a droplet. (h and W
were the height and width of the microchannel, p and d were the depth and the width of the
microwell and R was the radius of the droplet) (B) A water droplet trapped at a hole with oil
flowing from left to right. (C) An array of anchored droplets. Scale bar 250 um [ref.79].
(Reproduced by permission of The Royal Society of Chemistry).

Trapping system for halting droplets

An alternative simple approach to halt the movement of droplets is the integration of a
trapping system into a microfluidic device. % %> 1% A large amount of small-volume
droplets can be captured at an array of trapping sites designed specifically for certain
dimensions of droplets. Also, the number of the trapped droplets per one trapping site can be
adjusted for any specific purpose e.g. a study of the droplet-droplet interface. ®

Furthermore, Huebner et al *® proposed a microfluidic device at which the droplets can be

trapped and later released by liquid flow from a microfluidic trapping structure which is
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difficult to achieve by other methods. Their device for the trap-and-release module consisted
of the trapping array (Fig.2-25) contained in an expansion chamber. When the continuous
phase with the droplets reached the trapping site with the opening in the centre of the site,
one single droplet (green droplet in Fig.2-25B) followed the streamline of fluidic flow which
passed through the opening aperture of the site. This droplet was eventually trapped on that
site and closed the aperture (Fig.2-25C). The opening aperture was used not only as a single-
droplet-trapping module but also as a trap-and-release module. After the entrapment of the
droplets (Fig.2-30D trap), the liquid flow was stopped. Then the direction of the liquid flow
was reversed (from right to left in Fig.2-30D), the liquid stream could then pass through the
opening aperture and release the trapped droplets from the trapping sites.
A = B =
il o] b = ::

Figure 2-25: (A)-(C) Sequence of images expressing the double droplet trap system. (A) The first
droplets (pink) were loaded toward the back-side cup of traps when the liquid flowed from left to
right. (B) The direction of the flow was reversed, and the droplets were transferred into the front-
side of the downstream traps. (C) The second droplets (green) were loaded from the right and
captured in front of the first droplets [ref.80]. (Reproduced by permission of The Royal Society of
Chemistry). (D) A design of an individual trap (¢=1109. (B) Illustration of the flow profile of
continuous phase flowing upward. Liquid flowed through the opening aperture of the trap or
alongside the traps. (E) A green droplet was trapped at the aperture hindering the fluidic flow
through the aperture. (F) The images of the release-and-trap module; trapping mode at t = 0 sec
when the liquid flowed from left to right and release mode at t = 2 sec, the white arrow indicated
the liquid flow direction. Scale bars: 75 uzm [ref.103]. (Reproduced by permission of The Royal
Society of Chemistry).

c.3. Droplet Fusion

In the droplet-based microfluidic device, the droplet fusion is another essential manipulation

process to merge two (or multi) droplets creating the mixing of two (or multi) discrete liquid
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segments. Droplet fusion in microfluidic devices can be achieved when two (or more)
droplets are brought in close contact. In general, amphiphilic molecules i.e. surfactant are

added to the emulsion to stabilize the formed droplets. ***

As a result an external force might
be required to perturb the layer of surfactant molecules at the interface of the two droplets.
Some examples of the droplet fusion either by active approach (electric field, laser beam) or

passive approach (‘hydrodynamic approach, surface induction) are demonstrated here.

Electrofusion of droplets

Electric field can be used to merge two droplets by integrating electrode layer onto the
microfluidic chip. This approach enhances the efficiency and the controllability of the
droplet fusion. Additionally, for the study of (bio-)chemical reactions, the reaction time
often needs to be precisely controlled. Therefore, the timing-controllable electrofusion is

beneficial for this case. Takeushi et al 1®

exploited electrofusion to control accurately the
fusion time between two droplets used as microreactors inside a microfluidic device. The
applied electric field had to be in parallel to the axis of the contacting droplets to initiate the
fusion. Two consecutive droplets flowed in the main channel and then moved close together
due to hydrodynamic forces in an expansion chamber. In the presence of the electric field,
the two droplets then coalesced and the reaction was started. Precise starting times of

chemical/biological reactions could be accurately determined in their device (Fig.2.26).
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Figure 2-26: Schematic diagram of the electrofusion device. Two consecutive droplets were
contacted together in a fusion chamber (100 x 750 zm). The widths of the microchannels for
dispensed phase and continuous phase channel were 100 and 250 um, respectively, and the
depth of all channels was 200 zm. (dispersed phases : aqueous solutions with blue ink and beta-
galactosidase; oil phase: 4 wt% Span 80 in hexadecane solution) [ref.105]. (Reproduced by
permission of The Royal Society of Chemistry).
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Droplet fusion using transient cavitation bubbles

Apart from the manipulation of droplets by the optical tweezer, another usage of optical
methods is the droplet fusion by using cavitation bubbles generated from a laser beam. Li et
al ® employed a laser beam to specifically heat a tiny point inside an aqueous droplet
resulting in the fusion of two droplets positioned in each other’s vicinity (Fig.2-27). When
the laser was focused into the upper droplet, a vapor bubble was created and instantaneously
grown (Fig.2-27B). Due to the rapid expansion in volume of the bubble, the internal
pressure was reduced and in turn the bubble began to shrink creating a thin oil film between
the two droplets (Fig.2-27C). Eventually, the fusion occurred during the retraction of the
interfaces (Fig.2-27D-F). In their work, the growth of the bubble is anisotropic and more
directed downward to the other droplet due to the higher viscosity of the oil as compared to
that of the dispersed phase which was placed downward. Moreover, they successfully fused
two droplets both in static (stationary droplets) and dynamic (flowing droplets) scenario via
this method.

(a@{b)
Bubble Thin oil film Initialized

Figure 2-27: Schematic mechanism of the two equal-sized droplets fusion using a laser-induced
cavitation bubble. The dispersed phase was an aqueous solution with ink (viscosity ~ 2 cSt), the
continuous phase was Cargille oil with 2 wt% Span 80 (viscosity ~ 1250 cSt) [ref.62].
(Reproduced by permission of The Royal Society of Chemistry).

(e) ()

Droplet fusion by pillar structures

Recently, a novel method for controllably merging droplets by exploiting a pillar array in a
microfluidic system was proposed.®* This approach employed the difference in
hydrodynamic resistance of the continuous phase and the surface tension of the dispersed
phase to stop or de-accelerate a droplet. Then consecutive droplets can flow to meet and
merge with the first droplet (Fig.2-28). In this design, the pillars divided the fusion chamber
to be the middle branch of width W,, and two side branches of width W, and W3 which were
interconnected via side channels of width Ws as depicted in Fig.2-28A. Conceptually, the

first droplet slowed down at the pillar array due to the expansion of the channel and reached
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the pillar array. In the pillar array, as W, was larger than W;, the droplet remained and
deformed in the middle branch (Fig.2-28A and B). Subsequently, the asymmetry
deformation of the droplet generating a differential pressure between the head and the tail of
the droplet from the different Laplace pressures between the head and tail of the droplet due
to the different radii of curvature (Fig.2-28B). This pressure difference, balanced with the
total hydrodynamic pressure drop (AP) between the tail and the head of a droplet, enabled
the quasi-stationary state of droplet in the pillar array leading to the trapping of the droplet.

N

& Channel wall

Figure 2-28:(A) Droplet fusion device with pillar array consisting of two channels connected at
a Y-junction and a fusion chamber containing a pillar array. (B) Schematic illustration of droplet
trapped at the pillar array. (C) Sequence of images showing the fusion of two adjacent droplets
[ref.64]. (Reproduced by permission of The Royal Society of Chemistry).

Droplet fusion by surface patterning

Fidalgo et al ® proposed a new method of droplet fusion based on surface energy patterning
inside microfluidic channels. The hydrophilic polyacrylic acid (PAA) was patterned by
using UV photopolymerization on a planar benzophenone-containing PDMS substrate. Then,
the patterned substrate was bonded to a PDMS microfluidic chip by using oxygen plasma
activation. The covalent bonding of the pattern to the PDMS substrate was strong enough to

withstand the plasma activation. In this device, alternating aqueous droplets were generated
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from a double T-junction channel (Fig.2-29). When passing through a hydrophilic pattern,
the droplets were trapped or slowed down due to the lower surface energy between aqueous
droplets and the hydrophilic surface and subsequently two droplets merged together. The
trapped or mixed droplet was subsequently released when the viscous drag force overcame

the surface energy stabilization.

r-=--

L
OIL a s =B
.'._L). o) ) (o] Ce _Ce [OCe = E}:
IB

com ojoME d T p o cen O

t= 0 0.9 1.6 4.6 6.1 ms
Figure 2-29: Sequence of images expressing the surface induced droplet fusion. The pair of

droplets were generated at two T-junctions (A and B) then passed through a hydrophilic pattern
(the shadow section in the dot rectangle) (t=0ms). They were subsequently trapped and fused
(t=0.9, 1.6ms). Finally, the fused droplet was released (t=4.6ms). The channel was 50 xm wide,
and 25 um deep. The length of the hydrophilic pattern was around 100 um [ref.60]. (Reproduced
by permission of The Royal Society of Chemistry).

d. Conclusion of droplet-based microfluidics

Multisteps and constriction structures are still required ?

From this review, when the droplets are used as microreactors, most research works has
been done by loading each reagent into droplets separately in a T-junction or flow-focusing
configuration. A pair of the reagent-encapsulated droplets are subsequently synchronized
and finally coalesced either by active or passive approach to mix two (or more) reagents
resulting in the reaction occurring. Furthermore, the droplet fusion by a passive scheme
mostly requires a constriction structure to confine and manipulate the generated droplets
Generally, the dimension of this constriction structure is smaller than the droplet size. This

requirement might be problematic for the case of droplets of um dimensions.

II. Enzymes

Enzymes and enzymatic kinetics
Enzymes are biological macromolecules yielding the conversion of one or more substrate

molecules into one or more different product molecules in biochemical reactions. Enzymes
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have remarkable properties such as catalytic power, specificity, and regulation.'®

They can
increase the reaction rate as high as 10*fold " by decreasing the activation energy towards
the transition state of the substrate. The study of enzyme kinetics enables the understanding
of the enzymatic mechanism and the efficient usage of enzymes to selectively enhance or
inhibit the rate of specific enzyme-catalyzed processes.

The fundamental reaction mechanism in enzymology, known as the Michaelis-Menton

mechanism, is written as;

E+S++ES~E+P Eqn.(2-1)

Where; E = Free enzyme,
S = Substrate,
ES = Enzyme-substrate complex,
P = Product,
ki = Rate constant for formation of ES,
K = Rate constant for conversion of ES to E+S,
Ko = Rate constant for product formation.
The rate of consumption and formation of ES is expressed as
d[ES
% =k, [E][S]-k,[ES]-k,[ES] Egn.(2-2)
At the steady-state, the rate of production of ES is equal to zero,
K[EI[S]1=k_[ES]+k,[ES] Eqn.(2-3)
k.[E
[ES]= KEIIS] Eqn.(2-4)
k,+k,
While K = X4 k+ K2 and [E], = [E] + [ES], thus
1
K+[S] K+[S]
[ES]= [EL[S] Eqgn.(2-6)
K +[S]
The rate of product formation, v, is given by v =k,[ES], thus
v = K[ELIS] Eqn.(2-7)
K +[S]

The turnover number (K.y) is defined as the maximum number of substrate molecules
converted to product per one enzyme molecule per unit of time which is a first-order rate

constant equal to k,, thus
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— kcat[E]t[S] Eqn(2_8)
K +[S]
At high concentration of substrate ([S]>>K) the formation rate tends to reach a maximum

value (V=Vnax) , therefore Vinax = Keat*[E]: . Hence Eqgn.(2-8) can then be rewritten as:

V= Vinax [S] Eqn.(2-9)
K +[S]
When v=V,/2, [S] = K. Thus K corresponds to the concentration of substrate when the

velocity is half-maximal and it is known as the Michaelis constant (Kp,).

Therefore, Egn.(2-9) can be rewritten to “Michaelis-Menten Equation” as shown below

_ ViulS] )
= K. +[S] Eqgn.(2-10)

K [S]

m

Figure 2-30: An illustration showing the dependence of the production rate (v) on substrate
concentration ([S]). Ky, is the concentration of substrate at v=V,/2.

From Eqgn.(2-10), at low concentration of substrate, the reaction is first order in [S], but at
high concentration of substrate, the reaction is zero order in [S]. At intermediate values of

[S], the reaction is of a fractional order in [S].
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CHAPTER 3:

Design, Material and Realization

In this chapter, the design of our fluidic system will be described in aspects of the concept of
fluidic network and fluidic manipulation. Then, the selection of materials for fabrication of
the device is discussed in relation to properties and fabrication procedures. Next the
preliminary tests performed to choose the material for our device are illustrated. Then the
experimental (fluidic and optical) setups are detailed. Lastly the fluidic flow rates in each
channel network are determined by a circuit simulation program in order to estimate the
necessary length of the detection line and to verify the ratio of fluidic flows of dispersed and

continuous phases at the splitting T-junction.
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Design and Realization

I. Conceptual Design

The droplet-based microfluidic platform had been designed and fabricated to encapsulate
single (or more) molecules for bio and chemical analysis. The fabricated platform was
utilized to generate and facilitate the water-in-oil (W/O) emulsion at which the aqueous
droplets were used to encapsulate molecules. The characteristics of this fluidic system such
as the size of carrier, the regulation of fluidic flow, droplet coalescence and the detection of

the targeted molecules are described below.

Miniaturization of the carriers

In general, the single-molecule encapsulation can be implemented either by
compartmentalization or dilution. In the water-in-oil (W/O) emulsion, the size of the water
droplets can be modulated by adjusting the flow rates and the viscosities of water and oil as

well as the geometry of fluidic channel.*?

By adjusting the size of droplets, the amount of
encapsulated molecules in droplets can be simply adjusted. For instance, when 1.6-nM
enzyme solution is compartmented into an array of 1-uL aqueous droplets, one generated
droplet contains [1.6x10°x10°x6.02x10%*] ~ 10° enzyme molecules. The single-molecule
encapsulation by dilution can become problematic due to the abundant amount of solvent
molecules compared to that of enzyme molecules creating high background noise. By
compartmentalization, the confined tiny droplets can encapsulate one single enzyme with a
small amount of solvent. To achieve the single-molecule encapsulation, the enzyme solution
is, for example, compartmented into 1-fL droplets resulting in an average of one molecule
[1.6x10°x107°x6.02x10% ~ 1] per 1-fL droplet. Moreover, when the volume of solvent is
reduced from 10° L to 10™ L, the background signal from the solvent diminishes 10° fold
resulting in a high signal to noise ratio in the measurement. In addition, as mentioned in the
previous chapter, the W/O emulsion used as carriers for any reactions would be beneficial
for low contamination, precisely-controlled reaction with high-throughput results since each

droplet is isolated in the continuous phase, the reaction in each droplet can take place
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independently in parallel providing plentiful results at the same time and the generated

droplets can be simply manipulated in the microfluidic device.

Figure 3-1: (A) An illustration of the enzyme solution dissolved in 1-4L carrier (enzyme: red and
water: grey). (B) By dilution, single-molecule encapsulation can be achieved but the excess
amount of solvent provides high background noise. (C) By compartmentalization, the enzyme
solution is confined as tiny droplets containing single enzymes.

Regulation of a small flow rate

In our design, a T-junction had been utilized to generate droplets. The dimension (width and
height) of this junction as well as the channel for facilitating the flow of generated droplets
should be scaled down to be of comparable size to the droplet dimensions. Conventionally,
small fluidic flow rates can be obtained from pressure-driven systems such as a pressure-
driven pump or a hydrostatic adjustment. However, it is difficult and time consuming to
precisely control the flow rate to transport the liquid from a reservoir to the fluidic channel.
At the minimal flow rates of classical syringe pumps very high pressures will be generated
due to the high resistance of the nanochannel network, creating leakage problems.
Furthermore, when very high flow velocity is generated in nanochannels, the droplets are
more difficult to be maneuvered and observed. To enable the regulation of very small flow
rates, we designed a splitting junction to split a tiny portion from the fluidic flow (generated
by a classical syringe pump) in a main microchannel (Qy,) to flow in a nanochannel (Q,).*
The splitting ratio (Qn/Qm) is thereby governed by the geometry (width, length and height) of
nano- and microfluidic networks downstream from this junction to the outlet and given by;

Qn _ Lwh’ Eqn.(3-1)
Qm IWH?®
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Qutletl w A

Outlet2

Inlet

Figure 3-2: Schematic of a splitting junction to distribute a flow from a main microchannel to a
nanochannel governed by the geometry of channels downstream of this junction.

For instance, when the width, height, and length of microchannel from a splitting junction to
the outletl were 20, 5 and 1000 um and those of a nanochannel to outlet2 were 5, 0.5, 500
um respectively, then the splitting ratio (Q./Q.) was equal to (1000x5x0.5%)/(500x50x5°) =
1/5000 implying that when Qj, = 5001 pL/min, Q, and Qn were 1 and 5000 pL/min,
respectively (split ratio 1:5000).

Droplet Fusion Concept

A tremendous amount of work on droplet manipulation and fusion in microfluidic systems
has recently been reported in the literature as discussed in the previous chapter. Briefly, the
droplets can be generated from the microfluidic system with T-junction, flow-focusing or
co-axial focusing systems or with the electrical induction. %> Generated droplets are then
manipulated and/or coalesced either by passive or active approaches. Generally, the W/O
emulsions are generated and droplets are collected from one microfluidic device and
subsequently loaded into another device for manipulation and coalescence.® However, in
case of the generation of sub-fL droplets, when loading generated droplets into the second
device, it is difficult to manipulate tiny droplets inside a microchannel, since the dimension
of the channel should be comparable hence very narrow and/or shallow. In view of this, we
think it is more convenient to integrate both droplet generation and droplet coalescence
schemes into one chip by implementing the droplet fusion immediately (or within a short

period of time) after generating droplets.
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Figure 3-3: Schematic of a nanofluidic network consisting of two T-junctions; A: at the first
junction, the first aqueous droplet (blue) is created in the oil phase. B: First droplet flows to
contact the tip of a second aqueous stream (green). C and D: Two aqueous solutions merged
creating the product droplet (purple). The arrows express the fluidic direction.

In our design, the simple approach to fuse droplets is by using the shear stress from a first
aqueous droplet formed upstream and the continuous oil phase (see Fig 3-3). "8 In addition,
Baret et al ° reported that after droplet generation at the time-scale of ~ ms, the surfactant
does not fully cover the water/oil interface and the coverage of surfactant is asymmetric
between the front and rear of the droplet. It is expected that droplet fusion can more easily
occur directly after the droplet generation if full coverage of the surfactant onto the interface
is not yet reached. In general, droplets can be formed and stabilized in continuous phase by
adding amphiphilic molecules such as surfactants. Surfactants play essential roles in the
droplet-based microfluidic technology by reducing the interfacial tension between two
immiscible fluids and hindering droplet coalescence. * '° After the generation of droplet, the
surfactant molecules diffuse on the interface and rearrange to form the layer covering the
interface of the two fluids. In our system, inside a nanochannel the shear force from a first
droplet with the continuous phase should however be large enough to rearrange the
surfactant layer. After rearrangement of this layer, two aqueous droplets merge and their

contents diffuse simultaneously while the surfactant molecules rearrange again at the
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interface of the two phases and form a layer surrounding the merged droplet. In the absence
of surfactant, the required shear force might be less than in the case with surfactant, however,

the merged droplets might not be stable or might merge with consecutive droplets.

Concept of Detection Channel

After fusion of the two aqueous droplets, a merged droplet as described above will contain
the enzyme molecules and the substrate, and subsequently the enzymatic reaction takes
place generating a product. An enzymatic reaction creating a fluorescent product is the
model reaction for our first study (more details on the fluorescent product and the detection
will be given in chapter 7). In the outlet channel, the merged droplets have to be retarded or
even trapped for the measurement of the increasing fluorescent intensity of the product as a
function of time. Therefore, an expanding outlet channel was designed to slow down these
droplets. Due to the high surface energy of the longitudinally deformed droplets in a narrow
nanochannel, when arriving at an expanding nanochannel, the droplets deform to a pancake-
like shape which is more stable, and further flow in the outlet nanochannel (Fig.3-4).
Subsequently, the time-resolved measurement of fluorescence can be performed in many
droplets simultaneously. Also, the droplets can be halted just by simply stopping all the flow

from the pumps.

Figure 3-4: Schematic of merged droplets flowing into the outlet channel at which the increasing
amount of product is detected by a fluorescence microscope and a high-sensitivity camera.

Alternative ideas are an outlet channel expanding in the z-axis (gravitational axis) or an
outlet channel with a change in the depth from nanometer to micrometer range. The
changing depth will reduce Laplace pressure around the droplets which is governed by the

interfacial tension between two immiscible liquids as well as the depth of the channel.
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Therefore, entering the deeper channel section droplets will take on a spherical shape to
reduce surface energy. However, the detection of spherical droplets might be problematic
since droplets can become located on top of each other leading to misinterpretations of the

fluorescence at the intersecting areas.

II. Material Selection

In the micro- and nano-fabrication technology, there are several materials available for the
fabrication of microfluidic devices, i.e. silicon, glass, polymers. However, some properties
of these materials are of high concern regarding the specific requirements of our device, for
instance, light transmission for optical measurement, low autofluorescence, suitable surface
energy with the liquids used (hydrophilicity/hydrophobicity), the possibility to obtain a high
aspect ratio of the patterns and so on. After patterning, two (or more) substrates are
assembled together and the quality of bonding is also crucial in the case that high pressure
must be applied to a device, for example for the nanofluidic devices with high fluidic
resistance. Hence, the types of material for device fabrication were preliminarily considered

in these different aspects as depicted in a table 3.01.

In practice, several materials are commonly used for fabrication of microfluidic devices in
our laboratory, namely, glass, polydimethylsiloxane (PDMS), SU-8, polyimide and parylene.
Firstly discussing glass, there are several categories of glass materials considering their
composition but the most commonly used glasses for fabrication of fluidic devices are
borofloat (borosilicate glass substrate) and fused silica. Borofloat is preferable for
microfabrication due to its better mechanical properties. Glass material is rigid and two glass
substrates can be bonded by thermal bonding technique at high temperature (650°C) creating
high bonding strength from siloxane (Si-O-Si) bonds.™ Glass surfaces are hydrophilic with a
contact angle (C.A.) of around 25°. Fluidic channels can be patterned by wet or dry etching
processes. However, the etching process can create rough surfaces and can also undercut
structures which makes it difficult to pattern channels whose depth is much larger than the
width. Most significantly, the glass surface must be hydrophobized to enable the generation

of the required water in oil emulsion.
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Secondly, PDMS s a flexible polymer commonly used in many laboratories, but its intrinsic
properties should be well considered for every individual application. PDMS is fabricated
from a casting technique against the master.*? If the surface of the master is smooth, then the
casted PDMS device is also smooth. Due to low Young’s Modulus of PDMS, in fluidic
channels with a small depth or a high width-to-depth ratio, the top wall (roof) can collapse to
the bottom wall ***’
Due to the hydrophobic surface of PDMS (C.A.~105°), the PDMS-based device can be

immediately used for the generation of water-in-oil emulsion without surface modification,

making it more difficult to construct such devices from this material.

which is an advantage of the material. A disadvantage is, that solid PDMS is permeable to
gaseous or small molecules which might be absorbed onto the surface or penetrate inside the
bulk of the PDMS.

SU-8 and polyimide can be fabricated by standard photolithography.'® *° High-aspect ratio
patterns can be formed with a smooth surface using these polymers. Patterned substrates
made from these materials have to be bonded by using an adhesive layer such as the polymer
itself or another gluing layer. % The contact angle of these materials is around 70-90°. Next,
parylene (C.A.~80-90°) can be deposited onto silicon or glass substrates with fluidic
channels as a thin layer by vaporized deposition. The parylene-coated substrate is then
bonded to another parylene-coated surface or another substrate by thermal bonding at the

glass transition temperature of parylene (90°C). 2+ %

For single enzyme detection, the signal of the detected substrate molecules is very weak
compared to that from the surroundings i.e. solution and substrates. Hence, one of the most
significant issues for detection of low amounts of substance is the autofluorescence from the
substrate and solution. Consequently, these polymers (SU-8, polyimide, parylene) are

discarded from our selection due to their auto-fluorescence. 2 2

Eventually only two
materials have been deemed appropriate for the fabrication of our device, namely,

borosilicate glass and PDMS. The details of these materials will be discussed here.
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III.  Polydimethylsiloxane (PDMS)-based Microfluidic Device

Polydimethylsiloxane (PDMS) is an elastomeric polymer widely used in microfluidic device
fabrication. Due to its excellent properties such as optical transparency, non-toxicity and
non-flammability, bio- and chemical compatibility as well as its simple fabrication protocol,
PDMS is one of the most commonly used materials for cellular and biological studies in the
laboratory. Thus, also in view of its hydrophobicity and relatively low autofluorescence,
PDMS was the first material to be considered for the fabrication of the devices for our
experiments. The fabrication procedure comprises two main steps, namely, (i) producing the
master with an inverted pattern made from SU-8 on the silicon substrate and, (ii) casting of
the PDMS polymer (Fig. 3-5).

(1 The master with an inverted pattern

1) Silicon wafer was oxidized at 1050°C by thermal oxidation (Amtech Tempress,
USA) to generate a thin layer (250 nm or 500 nm) of silicon dioxide on the
silicon substrate. Positive photoresist (OIR907-17) was spin-coated on the
SiO,/Si substrate, patterned using a mask aligner (EVG-620, using 4 s exposure
at 12 mW/cm?) and developed in the developer (OPD4262, Fujifilm, Japan).

2) SiO, was etched by immersion into buffer hydrofluoric acid solution (BHF)
(VLSI Selectipur, BASF) to form the inverted nanochannel.

3) The negative photoresist SU-8 (Microchem, Germany) was spin-coated onto
the patterned SiO,/Si substrate, photolithographed using a mask aligner, and
developed in RER600 (Fujifilm) to form the inverted microchannel.

4) The SU-8 patterned Si master was hard-baked at 150° C for 1 hour to crosslink
the polymer and eliminate remaining acidic photoinitiator inside the polymer.

5) Fluorosilane molecules (1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane: FDTS)
bought from Sigma Aldrich were deposited onto the SU8-based silicon master
by vaporized deposition to enhance the quality and resolution of the pattern

from a subsequent casting step.

“ Due to the fact that FDTS is highly reactive to water and air, FDTS is prepared under nitrogen flow and
then place together with the Si master in the desiccator and store under vacuum for a few hours.

49



Chapter: 3

(if) The replica of patterns from PDMS polymer

1) Sylgard 184 PDMS base (a pre-polymer) and PDMS curing agent (a cross
linker) were mixed together in the standard ratio of 10:1 w/w. Both were
bought from Dow Corning, USA.

2) The mixture was poured on top of the patterned silicon wafers, degassed and
cured at 60°C for 10 hours.

3) PDMS cast was peeled off from the master, cut into individual chips and
punched to create the access holes by a punching cutter (Harris Uni-core, USA)
for fluidic inlet and outlets.

4) A PDMS chip was bonded to an glass substrate after oxygen plasma treatment
of the PDMS (Harrick Plasma Cleaner, USA).

o Photolithography and
Thermal Oxidation I Wet-Etching (BHF)
1. Si wafer 2. Thin layer of 5iO, on Si 3. Inverted nanochannel on Si
@ Photolithography PDMS Casting
4, Spin-coated SU8 on 5. Inverted microchanneland 6.PDMS mixture casted on
Si0,/Si wafer nanochannel on Si0,/Si wafer the Si master

Oxygen Plasma

7. PDMS with micro- 8. PDMS chip with punched 9. PDMS chip bonded to
and nanochannels access holes a glass slip

Figure 3-5: Schematic diagram showing the fabrication protocol of PDMS chips

One single PDMS master can be used to produce numerous PDMS replica for several times.
This replication as well as the cost of material itself make PDMS-based devices promising in

aspect of rapid production and low expense in the laboratories.
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Experimental results

We encountered problems during the fabrication procedure of the PDMS-based chips due to
the flexibility of PDMS. Flexible PDMS layers can cause some problems when the aspect
ratio (width to height of the channel) is too high, causing the top wall of the channel to

collapse and stick to the bottom wall, as shown in Fig. 3-6.

Figure 3-6: PDMS-based fluidic chip (Left), and the roof collapse in the fluidic channels (Right).

In general, the roof collapse results from the intrinsic properties, low Young’s Modulus, of
PDMS. Some parameters upon fabrication procedure as shown earlier can fine tune these
elastic properties of the polymer, such as the curing conditions (time and temperature) and
the mixing ratio of PDMS base and curing agent. >° Briefly, with a lower mixing ratio
(1:5), the Young’s Modulus of PDMS increases compared to a higher mixing ratio (1:10) at
the same other parameters. In addition, the PDMS mixture can be cured longer to obtain a

higher Young’s Modulus.

In our design, one of the most critical geometries among several dimensions was the
nanochannel with a width of 10 um and height of 250 or 500 nm. With the standard PDMS
fabrication protocol (mixing ratio of 1:10, curing condition at 80°C for a few hours) both
nanochannels collapsed. Subsequently, the fabrication protocol was adapted to using PDMS
mixtures at the ratio of 1:5 and curing in the oven at 60°C overnight. Using this protocol, the
500-nm-deep nanochannel could be successfully constructed, but the roof collapse still

occurred in 250-nm-deep nanochannels.

Solid PDMS is hydrophobic with a contact angle of around 105° and is permeable to

gaseous or small molecules.** **

In addition, minute amounts of non-polar liquids such as oil
might be able to penetrate through PDMS surface. Therefore, preliminary swelling tests
were performed by immersing PDMS slabs into different solutions for four days. The

dimensions and mass of the samples were measured before and after immersion.
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Table 3-02: Preliminary Swelling Test.

Water Qil

H,O | Fluo® | H,0+Surf® | Fluo+Surf® | HD® SO" | SO+Surf?

Swelling Ratio: S

1.00 | 1.00 1.00 1.00 1.20 1.28 1.30
(S=D/Dy)?
Mass Change (%) | 0.1 0.1 0.1 0.1 55.4 76.7 83.8
Note: a) D and Dy are the length of PDMS slabs in the solvent and in air, respectively
b) 0.5 mM fluorescein solution C) 2% Tween20 in water
d) 2% Tween20 in 0.5 mM fluorescein solution  e) Hexadecane
f) Silicone Oil 1 cSt 9)5% Span80 in Silicone Oil 1 ¢St

From these preliminary tests we found some evidence that PDMS absorbs negligible
amounts of aqueous solution. However, we do have evidence that quite large amounts of
non-polar liquid were absorbed into PDMS samples also in the presence of surfactant. The
resulting swelling ratio for the hexadecane was corresponding to those found in the literature
for other hydrocarbon oils (S~1.2-1.44). * This property will be highly problematic in our

experiments, since we will use an oil as the continuous phase.

Furthermore, PDMS might not be the best choice for single molecular studies since it
expresses autofluorescence.® Even though this autofluorescence is less than that of other

polymers, it is still worse than that of glass substrate.

Another significant disadvantage of PDMS-based device is their low bonding strength. As
shown before, PDMS can be bonded to PDMS or glass slides by first using oxygen plasma,
however, the bonding strength reported in the literature is quite low, compared to whole-
glass devices. For our design, the fluidic chip contains a long nanofluidic network creating a
high fluidic resistance and consequently high pressure is required to introduce solution into
the chip (approximately at least a few bar). This high pressure can create leakage in the
PDMS-based device either at the interface PDMS and the substrate or at the fluidic
connection. The bonding method for a whole-glass device e.g. borosilicate is thermal
bonding whereby siloxane bonds (Si-O-Si) are formed at the glass transition temperature of
borofloat (650°C) ™ and the thermally bonded device can withstand the high applied

pressure which is up to 20 bar. *

52



Design, Material and Realization

In addition, PDMS-based fluidic devices were tested by generating aqueous droplets
containing fluorescein solution in the oil phase by a nanofluidic network. During
transportation of tiny aqueous droplets (¢p~2-5 um) to the 500-nm-deep nanochannel, the
fluorescence intensity inside the droplets decreased rapidly and they eventually became dark.
We ascribe this phenomenon to mass transport of water from the droplet to the continuous
phase and the PDMS, driven by an energy gradient. The movement of water molecules
changes the aqueous droplet pH and dimension causing the observed dramatic change in
fluorescent intensity. Also fluorescein and oil can be absorbed into the PDMS. This
changing intensity will be highly complicating in case of time-resolved measurements of the
fluorescence intensity to investigate enzymatic reactions. Eventually, we therefore decided

to use an alternative material (glass) for fabrication of our device.

>

gy o AT

Figure 3-7: An illustration showing the changing size of generated water droplets in the oil
phase when droplets are transported through a nanofluidic channel in the PDMS-based fluidic
device; water phase: 0.01 mM fluorescein solution, oil phase: 1% Span 80 in hexadecane; the
width and depth of the nanochannel are 2 and 0.5 gm, respectively The arrow indicates one
generated droplet, which changes its dimension when travelling through the nanochannel.

IV. Glass-based Microfluidic Device

Due primarily to the intrinsic properties of PDMS (permeability to small molecules, low
Young’s Modulus) and the quality of bonding, PDMS would not be the best material to
create the tiny aqueous droplets in oil for our experiments. Glass-based devices represent the
second most promising approach for us due to the rigidity of glass and the bonding strength
resulting from the thermal bonding process. The fabrication process is shown in Fig. 3-8.

1) Borofloat wafer (Schott Technical Glasses, Germany) was photolithographed

and wet-etched by BHF mixture solution to create nanochannels.
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2) A thin layer gold/chromium (Cr/Au) was sputtered onto the nano-patterned
substrate with a thickness of 15/150 nm (Cr is used as an adhesive layer for Au
onto the glass substrate).

3) The Au/Cr layer was patterned by photolithography and wet-etched in Au and
Cr etchants (Merck), consecutively.

4) The patterned glass substrate was wet-etched in 25% HF solution to create
microchannels prior to Cr/Au removal.

5) Access holes were made by powderblasting and subsequently the patterned
wafer was pre-bonded to the glass plate.

6) Pre-bonded glass wafers were thermally bonded in the oven at 650°C for 1 hour
with heating and cooling ramping steps.

7) Thermally bonded glass wafers were diced to obtain individual glass chips

which were then connected to the in-house manufactured chip holder for fluidic

connection.
Photolithography and
Au/Cr Sputterin
@ Wet-Etching (BHF) /Cr Sp 4
1. Glass wafer 2. Nanochannel on a glass wafer patterned glass wafer
Photolithography and
Wet- Etchmg (HF25%) Powderblasting
4. Patterned Au/Cr layer 5. Micro- and nanochannel 6. Glass wafer with
for microchannels on a glass wafer powderblasted holes
Thermal Bonding Dicing

7. Thermal-bonded glass 8. Glass chip
wafer to a glass cover
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Figure 3-8: Schematic diagram of the fabrication of the glass-based fluidic device.
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In general, patterning micro- and nanochannels on glass wafers can be accomplished either
by wet etching (shown here) or dry etching. By dry etching, a sharp profile of the channel
wall can be obtained but the surface roughness also becomes larger. Rough surfaces can
create some problems, for example, debris can become stuck to the surface especially inside

the nanochannels. Therefore wet etching was used for our fabrication approach.

For the wet etching, we used a HF mixture solution containing HF and hydrochloric acid
(HCI) in a ratio of 9 to 1 to obtain a smoother etched surface as will now be explained.® The
borofloat glass substrate consists of SiO, and metal oxide molecules i.e. CaO, MgO, Al,0s.
HF molecules can react with these metal oxides forming insoluble products onto the surface
of substrate which prevent HF molecules etching the underneath substrate causing a
nonuniform etched surface. Added HCI can transform these insoluble products to soluble

molecules improving the uniformity of the etched surface.

After the fabrication procedures detailed here, the glass chip presents a hydrophilic surface
(C.A.~25°) which is not appropriate to facilitate the generation of W/O emulsions which
requires a hydrophobic surface. Our subsequent hydrophobization approach as well as

conventional hydrophobization methods will be discussed in chapter 5 of this thesis.

V. Fluidic and optical setups

Fluidic Connection

After hydrophobization (detailed in chapter 5), the glass-based chip was mounted into an in-
house manufactured chip holder and connected to a neMESYS syringe pump (Cetoni,
Korbussen, Germany) with fused silica tubing (¢=360um), and fluidic connectors bought
from Upchurch Scientific (WA, USA). The neMESYS syringe pump is a flow rate-driven
pump with three modules enabling to individually manipulate three different solutions into
the fluidic chip.

Optical Setup
The chip holder incorporating a fluidic chip was placed on top of an epifluorescence

microscope (DMI 5000M, Leica) equipped with a specific filter cube (L5) for the excitation
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and emission wavelengths of 480 and 520 nm, respectively. A mercury lamp was used to
direct a UV-containing light beam to the filter which allowed light with only specific
wavelength (480 nm) pass through. Then, this light reaches the fluidic channel and excites
the fluorescein molecules. Subsequently fluorescent molecules emit photons at 520-nm
wavelength which can pass through the filter and are collected by a photodetector. To enable
detecting very tiny amounts of fluorescent molecules, a highly sensitive camera is required.
In our experiment, an electron multiplying CCD camera (EMCCD, Andor Ixon, UK) was
therefore attached to the microscope. The EMCCD camera uses photodetectors that multiply
collected photons up to a few hundred folds, and thereby it is very sensitive to any weak
signal sources including thermal noise.*® Hence, it is required to cool the camera down to
low temperature (-65°C) by an interior cooling system. The fluid flow and emulsion were

visualized and recorded by the Andor Solis program.

Syringe Pump Reservoirs

(product & waste)

Objective Lens

Filter Cube )
UV Lamp

EMCCD
Camera

Computer r
et

Figure 3-9: Illustration of the microfluidic chip mounted on the epifluorescence microscope and
connected to the fluidic setup.
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VI. PSPICE simulations

In order to determine the direction and the quantity of fluid flow in the complex fluidic
system, the fluidic network was simulated in a program designed to model electronic
networks, namely PSpice. To simplify this determination, only three electrical parameters,
electrical potential (V), current (1) and resistance (R), were considered in this simulation. In
case of a device fabricated from polymers whose surfaces are flexible, the electrical capacity
representing the flexibility should be included into a simulation which would make it more
complicated than the case of rigid material such as glass. In our case, the device was
fabricated from glass and capacity was discarded. The representation of each electrical

parameter of the fluidic system is shown in the table below:

Table03-3: Fluidic parameters and equivalent electrical parameters

Fluidic Parameter (Unit) Electrical Parameter (Unit)
Pressure (Pa) Potential (V)
Flow rate (um?/s) Current (A)
Fluidic Resistance (Pa.s/um®) Electrical Resistance (V/A=Q)

Basis data: 1. Glass-based device

2. Flow-rate driven pump (fixed flow rate)

3. Contact angle of hydrophobized surface inside a chip ~ 105°

4. DI water as aqueous phase; Silicone oil 1 ¢St as continuous phase

5. No surfactant added in oil phase

6. Interfacial tension between water and silicone oil ~ 30 mPa.s at 25°C
7. Viscosity of W/O emulsion ~ viscosity of oil

8

. Fluidic resistance from the tubing and the access holes are negligible
The conversion of fluidic parameters to electrical parameters was performed by comparing
two equations that relate effort variables (V, AP) to flow variables in the two domains,
namely Ohm’s Law (Eqn.3-2) and the Hagen-Poisseuille equation (Eqgn.3-3), shown below
V=IR Eqn.(3-2)
where V = Electrical potential (V)

| = Electrical current (A)
R = Electrical resistance (Q2)
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12nL
AP = dl 3Q Eqn.(3-3)
wh
where AP = Pressure Drop (Pa) n = Fluidic viscosity (Pa.s)
L = Length of fluidic channel (um) Q = Volumetric Flow rate (um®/s)
w = Width of fluidic channel (um) h = Height of fluidic channel (um)
Since V is equated to APand | to Q, therefore,
1271
R= 773 Eqn.(3-4)
wh

Our microfluidic device consisted of four fluidic networks for three fluidic streams, oil
phase, 1% water stream and 2" water stream and the outlet network for emulsion whereas

each fluidic network comprised the microfluidic and nanofluidic channels (Fig. 3-10A).

The conversion of a fluidic resistance into an electrical resistance is exemplified here. The
dimensions of the inlet microchannel of the 1* water stream were 100 um width, 3900 pm
length and 5 um height and the viscosity of water ~ 1 mPa.s. Hence, the fluidic resistance
along this channel was equal to 12x(1x10°%)x3900/[100x(5)°] ~ 0.00374 Pa.s/um®. In the
equivalent circuit the relation between AP and Q can now be modeled as the relation

between V and | using the R given in Eqn.(3-4).

In addition, since streams of fluids were applied into the network by three constant flow-rate
pumps, current sources were used to represent these pumps. Furthermore, to generate the
aqueous droplets in oil, the water stream needed extra pressure to overcome the Laplace
pressure present at the interface between water and oil. The Laplace pressure is related to the
interfacial tension between two immiscible fluids, and the radius of curvature of the

meniscus (half the height of the nanochannel in this case) as shown in Eqn.3-5.

2
AP = %OSH Eqn.(3-5)

The contact angle of water on the hydrophobic surface of our device was approximately
105° and the interfacial tension between water and silicone oil (1cSt) ~ 30 mPa.s (in case of
the absence of surfactant) while the height of the junction (nanochannel) was 0.5 pm.
Therefore, the Laplace pressure was equal to (2x(30x107)x(cos105°)/(0.5x10°®) = -31,058
Pa. This extra constant pressure can be represented by a voltage source providing a potential

in the opposite direction of the current source in the simulation.
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Manochannel

| Micrachanmnel

Fiow Rase-Driven Pump (W2) e gnd water )

stream
000374

. Nanochannel

dvi Microchannel

Figure 3-10: (A) An illustration of the fluidic system containing microchannels (blue) and
nanochannels (pink) superimposed onto the equivalent electrical network modeled in the PSpice
program (B). The arrows indicate the direction of fluidic flows in each channel.
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Figure 3-11: Simulated fluidic circuit when the flow rates in the inlet of 1st water stream, 2"
water stream and oil are 1.62x10° 1.6x10°, and 0.8x10°A, respectively. Potential (in Volt)
represents pressure (in Pa) and current (in A) represents flow rate (in pm?s).

From this simulation we calculated that when the applied fluidic flow rates for 1% and 2™
water streams and oil stream were 1.62x10°, 1.6x10° and 0.8x10° pm?®/s or 0.0972, 0.09 and
0.045 pL/min, respectively, the resulting flow rate in the detection channel was around 300
pm3/s. Using this resulting flow rate, and assuming the detection time needed for the
enzyme reaction was around 600 s, the total volume of fluid in the detection line must be
(300pm?/s) x (600s) = 180,000 um?®. Since the height and the width of the detection line
were 0.5 and 100 um, respectively, the total length of the detection line must be at least
180,000/(0.5x100) = 3600 um. Considering the ratio of oil and water phases at the T-
junction which facilitated the droplet formation, the Quater1, Qoil, Qwater2 Were 90, 120 and 80
um?/s, respectively. The flow rate for each stream should be regulated in such a way as to

create droplets.
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Design, Material and Realization

The conceptual design of our micro- and nano-fluidic platform to generate water-in-oil
emulsions was discussed in detail in this chapter. To achieve the single-molecule
encapsulation, the solution is required to be compartmented into femtolitre droplets. These
tiny droplets were maneuvered in the nanofluidic networks. The materials used for
fabrication of this platform were considered in many aspects and further validated for our

applied device.
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CHAPTER 4:
Low-temperature, Simple and Fast

Integration Technique of Microfluidic Chips
by using a UV-curable Adhesive

In the fields of MicroElectroMechanical Systems (MEMS) and Lab On a Chip (LOC), a
device is often fabricated using diverse substrates which are processed separately and
finally assembled together using a bonding process to yield the final device. Here we
describe and demonstrate a novel straightforward, rapid and low-temperature bonding
technique for the assembly of complete microfluidic devices, at the chip level, by employing
an intermediate layer of gluing material. This technique is applicable to a great variety of
materials (e.g., glass, SU-8, parylene, UV-curable adhesive) as demonstrated here when
using NOA 81 as gluing material. Bonding is firstly characterized in terms of homogeneity
and thickness of the gluing layer. Following this, we verify the resistance of the adhesive
layer to various organic solvents, acids, bases and conventional buffers. Finally, the

assembled devices are successfully utilized for fluidic experiments.”

" This chapter had been published as “ Low-temperature, simple and fast integration technique of
microfluidic chips by using a UV-curable adhesive, Lab on a chip, R. Arayanarakool, S. Le Gac,
and A. van den Berg, 2010,10 (16). pp. 2115-2121.
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Introduction

In MEMS or microfluidic technologies, the structured components of devices are often
separately fabricated from different substrates and subsequently assembled to obtain a final
device. This assembly step can be done either at the wafer-scale or at the chip level. In
general, the assembly is broadly categorized into two major groups, direct bonding and

bonding with an intermediate layer.

The direct bonding generally utilizes harsh conditions such as a high temperature, a high
electric field or plasma to promote bonding between two substrates i.e. fusion bonding,
anodic bonding, and plasma-based bonding. For fusion bonding a temperature higher than
800°C is employed e.g. for bonding of silicon wafers.! With anodic bonding, a high voltage
(few hundred volt DC) is applied between the two substrates to assist the bonding and to
enable to decrease the bonding temperature to 300-450°C.% ® Plasma activation* is widely
used for bonding a polydimethylsiloxane (PDMS) to a great variety of materials (PDMS,
glass, silicon). Milder conditions have been reported for direct bonding with a pre-treatment
step prior to bonding, for instance, using plasma® or UV exposure® before direct bonding.
Direct bonding techniques present several main drawbacks. Firstly, they require harsh
conditions (high temperature, oxidative plasma, high voltage) or a pre-treatment step which
may damage delicate structures in the devices or surface-immobilized molecules. Secondly,
the surfaces must be extremely clean, flat and smooth to form a strong bond. Thirdly, this
bonding process is time-consuming and labor-intensive and requires the access to dedicate
equipment such as clean-room facilities.®*

On the contrary, bonding with an intermediate layer can be done at a low temperature or
even in the case of substrates with high surface roughness or the presence of micron-sized
contamination.'* Moreover, polymers which provide a great variety of properties to
individual application can be used as intermediate layers, for instance, epoxy-glue,*
Hysol,?? parylene,?® 2* or PDMS.?® These materials are cured with a thermal process which
usually requires long curing times especially when a high bonding strength is needed. In
addition, some of the thermo-curable materials have shown some practical difficulties for

bonding. PDMS, for example, expresses a high thermal expansion and therefore shrinks at
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Low-temperature Bonding Technique

low temperature after thermal curing, notably leading to misalignment® or detachment of
the bonded substrates. In addition, several thermo-curable materials need to be mixed with a
solvent to obtain the thin layer needed for bonding, solvent then evaporates from the gluing
layer after bonding.*® #" %% In some cases, the polymerization of the gluing materials can
create gaseous by-products. The gaseous by-products or evaporating solvent can form gas
bubbles between two substrates after the curing step. These gas bubbles can remain in the

glue and subsequently decrease the bonding strength of the integrated substrates.

Alternatively, UV-curable adhesives can be used as an intermediate layer and cured by UV
irradiation for a short time (a few minutes or even seconds) at ambient conditions. This
approach using UV-curable materials has recently gained in popularity and has been adapted
for the assembly of capillary electrophoresis (CE) chips,®” ?® Surface Plasmon Resonance

® immunoassay platforms,®*® and integrated microfluidic devices for

(SPR) sensor chips,?
genetic analysis.®* Also, the applicable choices of the adhesive material can be selected for

bonding a great variety of substrates such as glass, silicon or polymers.

In this work, we propose a bonding technique to enable the assembly of two patterned
substrates by applying a thin layer of gluing material to the first structured substrate. Then it
is aligned and bonded to another substrate prior to the final curing step. Our technique is
derived from the Stamp and Stick technique® with enhanced control on the application of
the gluing layer. In our methodology, the UV-curable adhesive is first prepared as a thin
layer on a transfer wafer using spin-coating technique and subsequently pre-cured by UV
light, while being covered by a PDMS slab (See Fig.4-1). During this pre-curing step, as the
polymerization is inhibited in presence of oxygen,® the thin layer of glue in contact with
oxygen in the PDMS slab still remains uncured, and is subsequently transferred to the
structured substrates before assembly to the cover substrates. Finally, the glue is fully cured
by UV irradiation. Microfluidic structures were made from glass, SU-8, and assembled with
glass cover slips or parylene-coated silicon substrates. Glass substrates are standard in the
field of LOC, while parylene is widely used as an insulating layer for electrical
measurements.* Bonding was demonstrated here at the chip level. We characterized the
quality of the bonding in terms of uniformity and thickness of the gluing layer and the
leakage test of the integrated chip.
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(1) Spin-coatinga glue (1) Precuring a glue against PDMS (11) Transferring a glue
on a dummy wafer slab to obtain a thin layer of glue toaroller

L
‘ < PDMS slab \/
l]V'ﬁﬁﬁ uncured glue™ &

(IV) Laminatinga glue to a (V) Bonding a microfluidicchip (V1) Final curing by
microfluidicchip to another patterned substrate UV irradiation
uncured glue
uncured glue K \/
~J "
*f‘ UV T

Figure 4-1: IIIustratlon of the bonding procedure with the aid of a roller. The process starts with
the formation of a thin layer of glue on a transfer wafer by spin-coating (1), and subsequent UV
pre-curing of the glue (11). Following this, the glue is partly cured (shown in purple) and the top
of the gluing layer remains uncured (light blue). Uncured glue is transferred to a roller (111)
before being laminated onto the microfluidic chip (IV). Finally, the chip with a thin layer of glue
is assembled to a cover substrate (V) and finally cured by UV irradiation (VI).

Experimental Details

Chip Bonding

Bonding of the chips was demonstrated at the chip level (8 mm x 8 mm). UV-curable
adhesive (NOA 81, Norland Product), used as gluing material, was firstly spin-coated (500
rpm for 5 s followed by 4000 rpm for 20 s) on a transfer wafer, then pressed by a flat PDMS
slab and pre-cured by UV irradiation (365 nm) for a few seconds. After peeling off the
PDMS slab, a thin layer of gluing material was transferred to the microfluidic chips either
using the stamp and stick technique® or with the help of a roller (See Fig. 4-1).
Subsequently, the microfluidic chip with a thin layer of glue was aligned and pre-assembled
with the cover substrate. To promote homogeneous spreading of the glue between the two
substrates; the pre-assembled chips were placed in an oven (60°C) for a few hours. Finally,
integrated chips were exposed to UV irradiation (365 nm, 5 min) for curing the gluing

material, and ultrasonically cleaned in ethanol for 15 min and dried before use.
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Characterization

Homogeneity of the gluing layer

To examine the homogeneity of the gluing layer between two substrates, a 0.04 wt%
fluorescent dye (Rhodamine B, Sigma, Zwijndrecht, The Netherlands) was first added to the
glue. After bonding, chips were imaged using a microscope (Olympus IX71 Inverted
Microscope, Germany) equipped with a mercury lamp together with appropriate filters, and
a camera connected to a computer. The intensity patterns of the dye-supplemented glue were

measured using Analysis Docu Software (Olympus Soft Imaging Solutions).

Thickness of the gluing layer

The thickness of the gluing material after bonding was characterized by SEM techniques and
fluorescence microscopy. After bonding, the integrated sample was first diced using a dicing
machine (Disco DAD-321), coated with a thin layer of gold and then imaged by Scanning
Electron Microscope (SEM, JEOL 5610, Tokyo, Japan). Alternatively, a fluorescent dye was
mixed with a glue prior to the bonding of two chips. After bonding, the integrated chip was
diced and imaged by using an inverted fluorescence microscope. Furthermore, to assess the
reproducibility of this bonding technique, the thickness of the gluing layer was measured
(Veeco Dektak 8, USA) after each step of the procedure.

Chemical Test

Chemical tests were performed to verify the resistance of the UV-curable adhesive used for
bonding two substrates to a variety of solvents and solutions, namely, isopropanol, ethanol,
acetone, hydrochloric acid (1% vol) solution, sodium hydroxide (1% wt) solution, water and
PBS buffer (pH 7.4). The integrated chips were immersed in these solutions for several
hours, rinsed using DI water and dried. Afterward, we observed whether integrated chips

were still bonded and whether the glue between two substrates disappeared.

Fluidic Test

To check the quality of bonding from integrated chips, an aqueous solution of 0.625 mM
fluorescein solution (Sigma, Zwijndrecht, The Netherlands) was introduced by capillary
force from the side of the chip. The behavior of the liquid was observed using fluorescence

microscopy. Movies and pictures were recorded using Analysis Docu Software.
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Results and Discussion
Optimization of the bonding method

In the beginning, we employed SU-8 precursor diluted in its developer (RER600) as a
bonding agent, we however encountered a number of problems. Firstly, air gaps were
observed between the two substrates due either to poor spreading of the SU-8 glue or
resulting from the formation of gaseous by-products of polymerization or evaporation of the
solvent during the thermal curing step. At the same time, SU-8 glue appeared in the
microfluidic channels resulting in clogging after curing of the glue. With the optimized
protocol, most of these problems could be solved but a large number of curing steps had to
be implemented to promote evaporation of any solvents present in the resin as well as the

application of a high pressure to enhance spreading of the glue.

In a second phase, NOA 81 was used as a gluing material. The thickness of the adhesive
layer on the transfer wafer had to be dramatically decreased and optimized to alleviate
clogging of the microfluidic channels. Alternatively, the adhesive had to be partially cured
by a short UV exposure, so-called pre-curing step, to reduce the thickness of uncured glue.
One unsolved problem was the homogeneity of the gluing layer since the glue was prone to

aggregate and became inhomogeneous when detaching the chip from transfer wafer.

Therefore, we further modified the method for transferring a thin layer of the glue from a
transfer wafer onto the microfluidic structures by using a roller as illustrated in Fig. 4-1.
Thereby, the homogeneity of the gluing layer was greatly improved, and a thinner layer of
glue could easily be transferred onto the microfluidic chip. Still the process of transfer had to

be fast to prevent the glue from aggregating prior to bonding.

This improved procedure was finally successfully applied for bonding various materials,
such as glass, SU8 together with glass cover slips or parylene-coated substrates. We
subsequently assessed the capability of the technique in terms of dimensions of the
microchannels. We successfully bonded channels of 15 um height and down to 20 um width
without any problems. Only channels narrower than 20 um still gave problems and would

require another level of optimization to be bonded using this technique.
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Bonding characterization

Homogeneity of the layer of adhesive

We characterized the homogeneity of the adhesive layer with fluorescence measurements by
mixing a fluorescent dye (Rhodamine B) with the glue before bonding. The fluorescence
intensity profile of the dye was measured after assembling and final curing. Fig. 4-2 shows
channels fabricated from glass and SU-8 after bonding to glass cover slips or parylene-
coated silicon substrates using a dye-supplemented adhesive, as well as the intensity profiles
measured across the channels along the dashed line added on the pictures (insets in Fig.4-2).
The pictures and graphs both show a uniform layer of glue between the two substrates for
the different devices, without any adhesive inside the channels. It should be noted that the
SU-8 channels (Fig. 4-2 C and D) give an overall higher intensity than glass channels; we
believe this is due to the auto-fluorescence of the SU-8 resin. On other aspects, a peak in the
fluorescent intensity is detected at the edge of the microchannel. A first reason for this could
be the accumulation of adhesive at the edge of the channel. However, this is not likely to
happen as we do not detect any glue aggregate on the channel walls when imaging a cross-
section of a channel (See next section, Fig 4-3). A second and most plausible explanation is

the reflection of light at the channel walls.

Figure 4-2: Homogeneity of the gluing layer of UV-curable adhesive applied between a
microfluidic substrate and a cover lid, for different materials. For visualization purpose, the glue
was mixed with Rhodamine B (0.04%wt). Glass-based microchannels (depth: 20 pm) bonded to
a parylene-coated silicon substrate (A) or bonded to a glass cover lid (B); SU-8-based
microchannels (depth: 15 um) bonded to a parylene-coated silicon substrate (C) or bonded to a
glass cover lid (D). Inset: Fluorescence intensity profiles measured across the microchannel
along the dashed lines shown.

Thickness of the adhesive layer

After bonding, the chips were diced perpendicularly to the channel and the resulting cross-
section imaged using SEM technique and fluorescent microscopy. Fig. 4-3 represents the
results for both visualization techniques for a glass channel bonded to a glass cover lid.

From this, the thickness of the adhesive layer is determined to be 1.15 + 0.44 um -using
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thirty chips- for a channel height of 14-18 um. The obtained fluorescence image in Fig4-3B
shows that no glue appears inside the channel, confirming that the higher fluorescence

intensity observed previously at the channel edge must be due to the reflection of light.

o BT

Gluing layer

m

Figure 4-3: Thickness of gluing layer in a cross section view of a glass-based microfluidic chip
bonded to a glass cover lid using UV-curable adhesive and our bonding technique are visualized
by (A) SEM and (B) Fluorescent Microscopy. (B) Fluorescent image shows the gluing layer (in
red) between two bonded substrates after supplementation of the glue with a fluorescent dye
(Rhodamine B). The dashed line in Fig. 4 B is the profile of the microchannel. The thickness of
gluing material was measured to be 1.15 + 0.44 pum.

Moreover, after dicing the integrated chips, the cover lid was not detached from the substrate

with the microchannels, showing the good bonding strength obtained with our technique.

The thickness of the gluing layer was measured after each step of the bonding process to
assess the reproducibility of the bonding method. Table 1 summarizes the results for the
spin-coating, pre-curing, laminating, and transfer steps. After spin-coating, the thickness of
the gluing layer was found to be 7.4 um, which was relatively thick for bonding shallow or
narrow microchannels. After the UV pre-curing step, the thickness of uncured glue was
reduced to 2.9 um due to the polymerization of the glue. Afterward, a 1.3 um-thick layer of
glue was attached to the roller during the transfer step. Finally, only a 1.2 um-thick layer of

gluing material was laminated onto a microfluidic chip.

Table 4-1: Thickness of the gluing layer at each step of the bonding procedure when using a
roller to transfer the glue (Bonding procedure scheme shown in Fig.4-1) from seven samples.

Step Thickness of the gluing layer (um)
Spin-coated glue (4000 rpm, 30 sec) 7.4 +0.68
UV pre-curing (Uncured glue) 29+0.22
Rolling (Transferred glue on a roller) 1.3+£0.34

Glue actually transferred on the microfluidic chip

(without cover lid) 12+0.31
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Chemical Tests

Chemical tests were performed to examine the resistance of the gluing layer to a number of
chemicals and solutions, namely, ethanol, isopropanol, acetone, and water, hydrochloric acid
(1% vol), sodium hydroxide (1% wt) and PBS buffer. After immersing integrated chips into
these solutions for several hours, no detachment of the substrate was observed. These tests
confirmed the good chemical resistance of NOA 81 to these solvents and solutions, as

expected from the information given by the supplier (Norland Product).

Fluidic tests

An aqueous solution of fluorescein was introduced in the channels by capillary action, and
the behavior of the liquid was followed with a fluorescence microscopy. We did not detect
any leakage of the dye solution outside the channels and between the two bonded substrates,

illustrating the good quality of the bonding and correct curing of the glue.

Conclusion

We report here a novel technique to assemble microsystems using an intermediate layer of
UV-curable material. The layer of glue was uniform and was shown to be reproducibly
prepared with a thickness of 1.15 um. Assembled devices were successfully diced without
detachment of each substrate and were leakage-free when liquid was introduced into the
channels by capillary force. Though this work focuses on one particular adhesive material,
NOA 81, the bonding methodology described here is more universal and can be employed
for other gluing materials as well. Our bonding technique is also suitable for assembling two
structured substrates, which is not the case for most of the bonding techniques using an

intermediate gluing layer which are limited to one structured wafer.
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CHAPTER 5:

In-channel UV-patternable Hydrophobization
of Micro- and Nanofluidic Networks

In this chapter, a new method to hydrophobize glass-based micro- and nanofluidic networks
is proposed. Conventional methods of hydrophobizing glass surfaces often create particulate
debris causing clogging especially in shallow nanochannels or require skilful handling. Our
novel method employs oxygen plasma, silicone oil and ultraviolet (UV) light. The contact
angle of the modified bare glass surface can reach 100 ° whilst the inner channels after
treatment facilitate stable and durable water-in-oil droplet generation. This modified
surface was found to be stable for more than three weeks. The use of UV in principle enables

in-channel hydrophobic patterning.”

" This chapter had been published as “ A new method of UV-patternable hydrophobization of
micro- and nanofluidic networks, R. Arayanarakool, L. Shui, A. van den Berg, and J.C.T. Eijkel,
Lab on a chip, 2011, 11 (24). pp. 4260-4266”
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Introduction

In a droplet-based microfluidic system, the emulsion can be formed either as water-in-oil
(W/O) or oil-in-water (O/W) depending on the surface properties of the material of a chip,
facilitating different usages' such as, the encapsulation of cells in water droplets in the oil

phase?® or the polymerization of microparticles from the emulsion of non-polar droplets

7-12

with dissolved monomers in the water phase.” ™ In general, polydimethylsiloxane (PDMS)-

1322 However, its intrinsic

26, 27 28-31

based microfluidic devices are used to generate W/O emulsions.

properties i.e. oil adsorption, 2>

gas and small-molecule permeability, roof collapse,
and low bonding strength inhibit its usages especially in nanofluidic devices, as shown in
chapter 3 of this thesis. Alternatively, glass-based microfluidic devices can be used after
chemical hydrophobization by silanization using e.g. perfluorodecyltrichlorosilane
(FDTS),*** or octadecyltrichlorosilane (ODS).*** However, these chemicals are quite
reactive to oxygen or water in air causing the formation of particulate debris in the shallow
channels. The modification operation must therefore be skillfully handled under nitrogen
atmosphere or water-free conditions and even then particle formation often occurs.

Especially the intersections of micro- and nanochannels are critical areas for particulate

clogging.

Apart from its use in chips to create w/o emulsions, hydrophobic patterning is a promising
technique applicable to various lab-on-a-chip devices for example to create hydrophobic

40-42 4344 and so on. However, almost all the

valves, cellular or biomolecular attachment
modification approaches are successfully performed on a plane wafer before bonding but not
in the enclosed system, and rarely approaches enabling in-channel hydrophobic patterning

have been reported. Zhao et al *

proposed two approaches to pattern hydrophobic surfaces
in the enclosed microfluidic system. In the first approach, they utilized multistream laminar
flows of silane solution and solvent to pattern a hydrophobic area in a glass-based
microchannel network. However, this method was limited by the preformed channel
networks. Alternatively, in the second approach, the hydrophobic surface was initially
formed by photocleavable self-assembly monolayers with a 2-nitrobenzyl group prior to UV

irradiation through a photomask to pattern the hydrophilic regions. However, the method
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still required several steps to perform the photolithography. Additionally, Vong et al *

proposed an alternative approach to pattern hydrophobic sites inside a fused silica capillary
tube using trifluoroethyl undec-10-enoate (TFEE) with a 10-hour UV exposure. The TFEE
molecule was used to create a hydrophobic surface with high surface coverage due to less
steric hindrance and could also be used as a linker for further surface coupling with primary
amines. Even though this method provided patterned hydrophobization with high surface
coverage and the opportunities for further surface coupling, it took quite a long time (10

hours) to achieve the whole procedure.

The authors found that simple microchannels of down to 2 um depth and 60 um width could
be hydrophobized using conventional methods both liquid based hydrophobization (ODS or
FDTS) and vapour-based hydrophobization (hexamethyls8ilazane, HMDS), as reported both
by the authors and in many literature reports. ** ** *® Problems however arose when these
methods were tried in micro- and nanochannels networks, where at the interface of micro-
and nanochannels and also inside nanochannels clogging occurred. Even though clogging
could possibly be removed by flushing, it will be difficult to perform this method in the

complex microfluidic network or nanochannels.

Here we propose a novel approach to hydrophobize glass surfaces inside closed channels
which is suitable for micro- and nanochannel networks in which the intersections of micro-
and nanochannels are critical areas for particulate clogging. Furthermore, this method allows
easy patterning of the surface. The method is based on the use of silicone oil, which has a
low toxicity, unlike other chemicals generally used in the surface modification by other
methods. Also, it is widely used in droplet-based microfluidic experimentations, and
available in a variety of viscosities. Via this method that does not produce particulate debris,
the hydrophobization is more conveniently obtained than by the conventional methods

especially in sub-micron fluidic channels and the complicated fluidic networks.
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Experimental Details

Surface Modification

The micro- and nanofluidic chips have been fabricated from borosilicate glass substrates and
thermally bonded as earlier described in chapter 3. Prior to the modification process, the
glass chip was cleaned and dehydrated in the oven at 120°C for 2 hours. Subsequently, the
chip was activated by oxygen plasma (Harrick Plasma Cleaner, NY, USA), at a pressure of
400 mTorr and a power of 30W for 10 min. Then, silicone oil (Sigma-Aldrich, The
Netherlands) was applied into the fluidic chips using a syringe pump. All types of silicone
oil (silicone oil 1, 5, 20 and 50 cSt) were purchased from Sigma-Aldrich, the Netherlands.
(The optical and fluidic setups have been earlier detailed in chapter 3.) After filling with
silicone oil, the chip was exposed to UV light (680 mW cm, Konrad Benda UV-lamp short
and long wave UV-8S/L, Germany) with a wavelength of 254 nm. The lamp was placed at a
fixed distance (~0.5 cm) from the samples. During UV exposure, the glass chip was
immersed into silicone oil to prevent the evaporation of oil. Finally, the glass chip was
cleaned by octane, acetone and isopropanol. Alternatively, a stainless-steel mask was used to
confine hydrophobic patterns on the glass chip upon UV exposure. The procedure of the

modification is illustrated in Fig. 5-1.

l. Oxygen Plasma IIl. Application lll. UV Exposure IV. Clean-up
Activation of silicone oil
E [— ]
s & n gu

[ 1 Glass Surface s — - [=——T]

[ ] Hydrophobized Surface Mask
E = m Ay

Figure 5-1: Schematic diagram of the procedure of the surface modification by using UV-light
and silicone oil.

Characterization
Contact Angle Measurement
Static contact angle measurement of the outer surface of a glass chip was performed using a

Dataphysics System (Dataphysics, OCA20, Germany) in the sessile drop mode using DI
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water before and after hydrophobization using various modification parameters such as UV-
treatment time, and oil type as shown in Fig. 5-2 and Table 5-1. In the first approach, the
samples were treated by oxygen plasma and then exposed to UV light. In the second
approach samples were irradiated by UV light directly without oxygen plasma treatment.
The third samples were activated by oxygen plasma, immersed into the oil and then stored in
the dark for two hours instead of being irradiated by UV light. Furthermore, the stability of
the modified surfaces was investigated by immersing the modified samples into different-
polarity solvents (Water, Ethanol, Acetone, Silicone Qil, Octane) for 24 hours as well as by
keeping the modified samples in atmospheric circumstances for 3 weeks. All solvents used

in this stability test were purchased from Sigma-Aldrich (The Netherlands).

X-Ray Photoelectron Spectroscopy (XPS)

XPS characterization had been conducted with a monochromatic X-ray beam (Al KR,
1486.6 eV, 100W, Quantera, Physical Electronics). Mapping was done at 3 X 10 Torr and
detector angles of 70 and 45°. XPS spectra were taken from a bare glass substrate and a

modified glass sample.

W/O Emulsion Generation

The micro- and nanochannel network modified by this approach was used to generate a W/O
emulsion. The homogeneity of the surface modification inside the nanochannel sections was
judged by observing the undisturbed flow of water droplets in the oil phase, since any
unmodified glass surface would present a hydrophilic area on which water droplets would be
trapped. The aqueous phase in these experiments was DI water and the oil phase was 0.5
wt % Span80 in hexadecane. The viscosity of water and oil phases » 1 and 3 mPa.s,
respectively. All chemicals used in this test were bought from Sigma-Aldrich Chemie
GmbH (Germany).

Hydrophobic Patterning
Hydrophobic areas were patterned both on the plane glass sample and in an enclosed
microchannel system using the above-mentioned procedure in combination with an in-house

produced stainless steel mask. The UV-exposed area became hydrophobic whereas the
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unexposed area remained hydrophilic. After modification, on the plane substrate, vaporized
water was condensed onto the hydrophobic patterned surface. Difference in dimensions of
condensed droplets then expressed the diverse hydrophobicity on the patterned surface.*’ In
the enclosed microchannel device, DI water would flow into hydrophilic microchannels by
capillary force, but would cease to flow when reaching the hydrophobic area. The magnitude
of the additionally applied pressure that would make the water resume its flow through the

hydrophobic sector was used to determine the contact angle inside the hydrophobic section.

Results and Discussion

Contact Angle

The effects of oxygen plasma and UV exposure on the surface modification were
determined from the change in the contact angle of the outer surface of a glass chip. A table
5-1 gives a comparison of the contact angle of surface hydrophobized by the different
processes (with or without O, plasma activation and UV exposure steps) when applying
silicone oil 50 cSt in combination with two-hour UV exposure. It was shown that only one
step of either oxygen plasma or UV exposure does enhance the contact angle but to a lesser
extent than the combination of both steps (see Table 5-1). The effect of oxygen plasma and

UV exposure is discussed in the next section.

Table 5-1: Contact angle measurements of glass surfaces before and after modification using
different modification approaches.

After Modification

Before Modification
O2(+), UV (+) O2(-), UV (+)  Oz(+), UV (")

31.9+3.9 100.9+2.8 68.2+0.2 89.0+4.0

Note: Three different approaches of surface modification were carried out
(1) With oxygen plasma [O,(+)] and with UV exposure [UV(+)]
(2) Without oxygen plasma [O(-)] and with UV exposure [UV(+)]
(3) With oxygen plasma [O,(+)] and without UV exposure [UV(-)]
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Figure 5-2: Contact angle measurement of the outer glass surface before (date 0™) and after

modification (until three weeks). Inset: images of water droplet (2xL) onto the glass surface

before and after surface modification.

In addition, as can be seen from Fig.5-2, modification of the glass surfaces by silicon oil 50
¢St in combination with 2-hour UV exposure results in a contact angle of 100° measured
from several samples. Additionally, the UV treatment times were varied from 10 min to 6
hours to investigate the optimal time for modification. Three-hour curing time proved the
optimal condition for silicone oil 50 ¢St since the obtained contact angle then reached a
maximum (105.9°). When the sample was treated by UV irradiation for a longer time, the
resultant contact angle decreased and showed higher deviation. Other types of silicone oil
(Silicone Qil 1, 5 and 20 cSt) were also tested (Fig. 5-3) showing the same trend of resultant
contact angle as a function of treatment time. The optimal curing times were found to be
dependent on the type of oils, and the hydrophobic surface modified by silicone oil 50 cSt
provided the highest contact angle among these oils. Overexposure was found to heat the oil
(temperature increase to 45°C after 2 hours) causing the evaporation of oil or the formation

of tiny air bubbles in the oil phase.
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Figure 5-3: Contact angle measurement of the outer glass surface at different UV-treatment time
(min) and types of silicone oil.

X-Ray Photoelectron Spectroscopy (XPS)

XPS data of unmodified and modified samples are shown in Fig. 5-4 (A-D). A survey
spectrum of both samples (Fig. 5-4A) shows the changes in the atomic ratio of each element
especially for carbon (C1s), oxygen (O1s) and silicon (Si2p). High-resolution spectra of C1s,
O1ls and Si2p are individually illustrated in Fig. 5-4 (B-D). An obvious increase in carbon
atom content from 11% to 34% (Fig. 5-4B and Table 5-2) was attributed mainly to the
formation of fragments of silicone oil molecules. The peak of C1s from the unmodified glass
surface might be assigned to the contamination of organic compounds on the surface. In
general, the binding energy of Ols in SiO, and in hydroxyl groups is 533 and 532 eV,
respectively.*”® The shift of binding energy for O1s after modification (Fig. 5-4C and Table
5-2) was mainly due to the absence of OH groups resulting from the formation of a silicone
oil layer onto the glass surface. The binding energy of Si2p in the silicone oil molecule (Si-C
or Si-O bond) and in SiO; is 102 and 103 eV, respectively.”® After hydrophobization, more
silicon atoms with a binding energy of 102 eV were observed in the Si2p XPS data as
opposed to an unmodified sample, verifying that silicon oil molecules were attached onto the
glass surface (Fig. 5-4D and Table 5-2). The atomic ratio of each element (Cls, O1ls, Si2p)
and of the shifted binding energy (O1s, Si2p) after modification are shown in Table 5-2.
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Figure 5-4: XPS results of bare glass and modified glass substrate; (A) Survey spectrum, (B)
C1s spectrum, (C), Si2p spectrum and (D) O1s spectrum. The enhancement of carbon atom
content in modified substrate was attributed to the formation of fragments of silicone oil.

Table 5-2: Atomic ratio of C1s, Ols and Si2p from the XPS results.

Element Atomic Ratio (%)
Sample c 0 Si
532eV | 533eV 102eV 103eV
Bare Glass 11.1 60.5 27.9
96 4 4 96
532eV | 533eV 102eV 103eV
Modified Glass 34.3 36.7 27.4
75 25 40 60

Stability

Contact angles of the hydrophobized surfaces measured before and after immersion into
various solutions with different polarities (water, ethanol, acetone, octane, and silicone oil)
until 24 hours are shown in Fig. 5-5. Also, the contact angles of the samples stored in

atmospheric circumstances were measured until three weeks after modification as illustrated
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in Fig.5-2. After 24-hour immersion into different solutions, the contact angles slightly
decreased with maximally around 5° (Fig. 5-5) and almost remained constant for three
weeks in case of the samples stored in the atmosphere (see Fig.5-2). These data indicate the
good stability of the hydrophobized surface modified with this approach in different-polarity
solvents. We interpret the results as showing that the solvents applied can remove a
physisorbed layer of silicone oil or organic compounds on the glass surface, but not break

covalent bonds of the hydrophaobic layer formed at the surface.
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Figure 5-5: Stability of the hydrophobized glass surface in several solutions with different
polarities until 24 hours.

In-channel Modified Surface

After hydrophobization, neither particulate debris nor clogging was found in the glass-based
micro- and nanofluidic networks, which is especially remarkable inside the nanochannel
network (Fig.5-6 Left) and the intersection of micro- and nanochannels (Fig.5-6 Middle),
where standard hydrophobization methods tended to cause particle deposition. When water
was applied in the microfluidic channel, the contact angle deduced from the meniscus shape

was above 90° as shown in Fig. 5-6 (Right).
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/ Air

Water
Figure 5-6: Micro- and nanofluidic networks after modification. No clogging or formation of
particulate debris occurred. (Left) Nanochannel network (width: 6 and 8 xm). (Middle)
Intersection of nano- and microchannel. The width of hanochannel and microchannel were 100
and 150 um, respectively. (Right) Meniscus of water phase against air in microchannel after

surface modification (arrow indicates the flow direction of fluid); the width of the channel was
100 pm. The depth of all nanochannels and microchannels was 500 nm and 5 zm, respectively.

Homogeneity of hydrophobization (W/O Emulsion)

After modification, the modified glass-based chip was used for generation of water-in-oil
droplets. The fluidic chip consists of micro- and nanochannel networks with a T-junction of
the nanochannels where the tip of the water stream was detached by shear force from the oil
stream forming water droplets flowing in a continuous oil phase. Fig.5-7 (Left) shows the
successful generation of 50-fL water droplets at the nanochannel T-junction (width: 10 um,
depth: 0.5 um). When performing this fluidic experiment for a few hours, the formed
droplets continuously homogeneously flowed in the nanochannel outlet (width: 100 pm,
depth: 0.5 um) without droplets sticking on the channel wall as illustrated in Fig.5-7 (Right).
This stands in contrast to cases of inhomogeneous coating, where water droplets would

become stuck on hydrophilic surface patches.

Figure 5-7: (Left) Water-in-oil droplet formation in a hydrophobized glass chip (water phase :
DI water and oil phase : hexadecane with 0.5wt% Span80), (Right) generated aqueous droplets
flowing in outlet channel without sticking shows the homogeneous coating obtained by this
method; (all channels were 1 x#m deep and the width of the inlet and outlet channels was 10 and
100 um, respectively. The blue lines visualize the confinement of the nanofluidic network.
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Hydrophobic Patterning

After illumination incorporated with a metal mask and clean-up, the hydrophobic pattern on
a plane glass surface was characterized by exposing the surface to vaporized DI water. The
difference in hydrophobicity on the surface then caused different dimensions of condensed
droplets on the glass surface.*’ Due to the larger surface energy on the hydrophilic area (the
wetting effect of water on a hydrophilic surface), condensed droplets were larger and flatter
than those on the hydrophobic area. Flatter droplets on the hydrophilic surface also showed a

brighter image than those on the hydrophobic surface as illustrated in Fig. 5-8.

_.' °°|
,OO 9900809 [#) 0“
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|

OMVN0020 )
Figure 5-8: Patterned hydrophobic surface on a bare glass substrate illustrating the
hydrophobized area on the right side and unmodified area on the left side. Vaporized water
condensed onto the patterned hydrophobic surface creating smaller droplets due to lower
surface energy; on the contrary, larger and flatter droplets condensed onto a hydrophilic glass
surface because of better wetting.

For the micro- and nanofluidic chip, the hydrophobic patterning was tested by using the

principle of hydrophobic valving as described earlier in the literature.** %

The water phase is
wetting on hydrophilic sectors and non-wetting on hydrophobic sectors. In our chip, the
sections that are exposed to only oxygen plasma and silicone oil in the experiments on free
glass surfaces are expected to be hydrophilic (6<90°) while the sections exposed to oxygen
plasma, silicone oil and UV light will be hydrophobic (6>90°). We indeed observed that
after treatment of the channels the water spontaneously but slowly advanced through the
section treated with oxygen plasma and silicone oil while it ceased to advance when
reaching the border of the sectors treated with oxygen plasma, silicone oil and UV. The
pressure needed to resume the flow through the non-wetting sector can be described by a
model of capillary filling. This given pressure is ruled by the water/gas interfacial tension

(%vg), the radius of curvature of the aqueous phase which is related to the height (h) and the
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width (w) of the fluidic channel, and the contact angle of the hydrophobic surface (o) as

shown in the following equation:

P==2y, h;—chos O shob Eqgn. (1)
The hydrostatic pressure (Phyarostatic) OF Water as adjusted by the positions of a water reservoir
and the microchannel system (AH) was used to provide a relatively low pressure to the water
as shown in eqn. (2) where p is the density of water and g is the gravitational acceleration.
Poyarostatic = £9(AH) Eqn. (2)
In our experiment, the height and the width of the fluidic channel were 5 and 100 um,
respectively, and the surface tension between water and air (y%g) ~ 70 mN m™. A height
difference (AH) of around 35 cm was needed to introduce water into the hydrophobic sector.
The applied pressure was therefore approximately 34 mbar or 3,418 N m? according to

egn.(1) yielding a contact angle of the in-channel hydrophobic surface of about 96.4°. f

Discussion: Possible Mechanism

The glass surface is first activated by oxygen plasma enabling removal of contaminants such
as dust, grease, and organic compounds from the glass surface. Plasma can also enhance the
number of hydroxyl terminated groups (OH) on the surface of SiO, as shown in Fig. 5-8,
causing a higher surface energy and decreasing water contact angle.* In general, when
silicone oil is applied to the glass surface, the oil would physically adsorb onto terminal OH
groups on the glass surface due to Van der Waals attraction and hydrogen bonding between
the oxygen atoms in the polymer backbone and the silanol groups on the glass surface.*
With oxygen plasma activation, oil was seen to spread out faster than without plasma

activation which we interpret as the result of an increasing number of hydroxyl surface

groups.
OH OH--0O OH O-HO Plasma OH OH O OH O OH
Exposure ‘ ‘ | | ‘ |
| Glass _— Glass |

Figure 5-8: The effect of oxygen plasma activation on the glass surface

" To avoid confusion between the contact angle from the hydrophobic valving calculation and the one
from the contact angle measurement by a sessile drop method, it is worth mentioning that the contact
angle determined from the hydrophobic valving concept is the advancing contact angle which is
different from the static contact angle measured by a sessile drop method.
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The effect of irradiation on polydimethylsiloxane (PDMS) molecules has been reported
earlier in the literature.”® Silicone oil has the same molecular structure as PDMS. Upon UV
exposure, photons from the UV lamp with a wavelength of 254 nm have an energy of 469
kJ/mol (4.88 eV) which is enough to break some bonds in the silicone oil molecules forming
radicals of oil molecules. We propose that these radicals diffuse to the surface and react with
the hydroxyl groups on the glass surface, leaving the non-polar tails of the oil molecules in

contact with the solution forming the hydrophobic surface.

The application of oxygen plasma and subsequent exposure to silicone oil resulted in a
higher contact angle (89°) despite the lack of UV irradiation. This increase was probably due
to the effect of oxygen plasma on a hydroxylated silica surface (Si-OH). As mentioned
before, the oxygen plasma can remove organic contaminants and break hydrogen bonds
between hydroxyl groups (OH) and their neighboring oxygen atom causing more OH groups
on the surface. Furthermore, hydroxylated silica (Si-OH) can form strained edge-shared
tetrahedral Si-O-Si bonds by heating at high temperature (above 650°C)** or by oxygen
plasma treatment.® Dehydroxylated siloxane bonds were reported to have a greatly

5254 This strained

enhanced reactivity compared to hydroxyl groups on the silica surface.
form might be highly reactive to silicone oil molecules even without molecular radical

formation of oil by UV irradiation.

Alternatively, the glass surface could be activated by a chemical approach i.e. application of
basic solution of sodium hydroxide solution into the fluidic channels. This could be the
alternative method to activate the surface inside nanochannel which possibly is too small for

plasma can reach and activate.

A long exposure led to a decrease of the observed contact angle and increased the observed
deviation. Long exposure times might lead to the creation of a multilayer of oil molecules or
the formation of unexpected molecular products. The evaporation of oil or the formation of
air bubbles occurring from heating upon UV-overexposure probably also inhibited a high
surface coverage causing the higher deviation of the contact angle. From our measurement,

after two hour UV irradiation, the silicone oil was heated to the temperature of 45°.
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Conclusion

In micro- and nanofluidic technology, approaches to hydrophobize in-channel microfluidic
systems have rarely been reported. Commonly-used modification methods are accomplished
in a plane wafer before bonding and/or require skilful handling procedures. Moreover,
nanofluidic networks are more problematic for any modification approach especially in the
aspect of debris left over after modification. In our novel approach, in-channel fluidic
networks were hydrophobized by filling with silicone oil in combination with plasma
activation and UV irradiation. The treatment can reduce the surface energy resulting in
contact angles of 100° or more remaining stably hydrophobic in solvents of different
polarity for more than three weeks. Layers were characterized by XPS. Glass-based micro-
and nanofluidic chips were successfully modified without the formation of particulate debris,
and could be used to produce W/O emulsions verifying the homogeneity of modified surface.
It was finally shown that this method lends itself to selective in-channel hydrophobization

by the application of a UV mask.
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CHAPTER 6:

Single-molecule Encapsulation and
Detection in a Droplet-based Micro- and
Nanofluidic Device

In this chapter, the encapsulation of a single molecule of enzyme into a droplet-based
carrier in a microfluidic device is performed for single enzyme kinetic analysis. The single-
enzyme detection from our device is discussed in aspects of the concept of detection, the
design of the device, the device material, etc. Devices are produced and operated and finally,
the successful encapsulation of single enzyme into a droplet is validated by fitting to the
Poisson distribution. The obtained enzymatic activity is furthermore compared to a result

from a bulk experiment by fluorescence spectroscopy.
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Single-molecule detection

Recently, many researchers have investigated the behavior of biomolecules in the single-
molecular level to unravel the phenomena which remain hidden in the conventional bulk
experiment. " For instance, they attached or confined individual molecules by means of
attachment to a polymer-coated substrate.*® Alternatively, microfluidic technology provides
better and simpler confinement of the single molecule (i.e. enzyme) in numerous methods
such as PDMS microwells,* surface-immobilized droplets® or liposomes.® ” Moreover,
droplet-based microfluidics can be employed to generate scalable carriers to encapsulate
individual molecules with high-throughput results. In addition, the microfluidic device also
potentially provides precisely-controllable manipulation of the generated carriers in a

miniaturized and automated fashion.

Generally, the measurement of single or a few molecules in solution is hindered by the
background signal from the environment such as the solvent surrounding the target
molecule(s) as well as the material of the device. In the first case, at low concentrations of
target molecules, the background noise from the solvent becomes larger that from the target
molecules. However, this issue can be avoided by compartmentalization of the solution to
tiny carriers and the signal from these tiny carriers are consequently detected as described in
chapter 3 of this thesis (See Fig.6-1). Hereby smaller carriers allow higher concentrations of

enzymes to be used and consequently higher signal-to-noise ratios.

In the latter case, the materials used to make a device can create some noise disturbing the
measurement of the target signal. The polymer-based materials expressing high levels of
background noise are therefore unsuitable to make devices for low-signal detection. Thus a
glass material (Borofloat type) was used to fabricate the device in our system due to its
excellent properties including the lower auto-fluorescence compared to polymer-based

materials as discussed in chapter 3.2

Droplet-based microfluidics will be used to provide the tiny compartmented aqueous
droplets which are used as isolated enzyme carriers. This system is advantageous due to its

10,11

flexibility to change the types of reactions and the amounts of the reagents. In addition,

the dimensions of these generated droplet carriers can be made monodisperse.** ** Moreover,
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our platform fabricated from a glass borofloat material does not encounter the problem of
the evaporation/dissolution into the chip material which is generally unavoidable in the

device made from polymer-based materials such as polydimethyl-siloxane (PDMS).**

Figure 6-1: (A) An illustration of the enzyme solution dissolved in an aqueous carrier (enzyme:
red and water: grey). (B) By dilution, the single-molecule encapsulation can be achieved but the
excess amount of solvent provides high background noise. (C) By compartmentalization, the
enzyme solution is confined as tiny droplets containing single enzymes at high concentration. (D)
One box represents one droplet encapsulating single enzyme (red sphere). In the presence of
substrate molecule shown as ““S, the substrate molecule binds to the enzyme molecule and
generate the product molecule shown as “P”. (E) In the beginning at t; single droplet
encapsulating one enzyme molecule and the excess amounts of substrate molecules express non-
fluorescence intensity. When the fluorescent product molecules are produced, the fluorescence
intensity inside each droplet will gradually increase from t, to t; and t, (E-G). The product
formation rate is used to determine the kinetic activity of this enzyme.

The micro and nanofluidic platforms used for generating the aqueous droplet emulsions have
been fabricated and subsequently hydrophobized as earlier mentioned in chapter 3 and 5 of
this thesis. An enzyme which produces a fluorescent product was chosen as model molecule
to verify the single-molecule encapsulation into these generated droplets. The evolution of
the fluorescent product can then be related to the kinetic activity of this enzyme. In addition,
the histogram of the increasing fluorescent intensity in each droplet can be used to determine

the number of enzymes encapsulated in each compartment.

In our experiment, we used the enzyme of p-glucosidase extracted from the

hyperthermophilic archaeon Pyrococcus Furiosus (provided by Microbiology Group,
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Wageningen University, The Netherlands). This enzyme is hyperthermostable meaning it

can function at high temperature.> *°

Two substrates were available, (i) 4-
Methylumbelliferyl-g-D-glucopyranoside  and  (ii)  Fluorescein-S-D-glucopyranoside
(FLDGIu), which after reaction with this enzyme formed as fluorescent products 4-

Methylumbelliferone (4-MUF) or fluorescein, respectively, as illustrated in Fig.6-2.

, .= 450 nm
Hjl B-glucosidase e\
FOGN D,(,]\/ q
4-Methylumbelliferyl-5-D- glucopyranoside 4-Methylumbelliferone
p-glucosidase A =514 nm
HO
COOH

Fluorescein-j3-D- glucopyranoside Fluorescein

Figure 6-2: The two substrates reacting with the enzyme p-glucosidase; (Top) 4-
methylumbelliferyl--D-glucopyranoside creating the product 4-methylumberriferone (4-MUF)
whose emission wavelength is 450 nm; (Bottom) fluorescein-£-D-glucopyranoside creating as
product fluorescein whose emission wavelength is 514 nm.

4-MUF has the maximal excitation and emission wavelengths at 360 and 450 nm,

respectively, whereas fluorescein has those at 490 and 514 nm, respectively (Table 6-1).1*°

In addition, the intensities of the fluorescent products are pH-dependent, leading to

significantly reduced intensities below the maximal intensity at the optimum pH. ¥

Table 6-1: The excitation and emission wavelength of the fluorophores 4-MUF and
fluorescein as well as the optimum pH to express the highest fluorescence intensity.

Fluorescence Excitation Emission Optimum pH
Wavelength (nm) Wavelength (nm)
4-MUF 360 450 >10
Fluorescein 490 514 >8

The two major criteria used to select the substrate for our device are (a) the fluorescence
intensity and (b) the autofluorescence from the borofloat at specific wavelength. Considering

the first criterion, B-glucosidase expresses a maximal Kinetic activity at pH 5 which activity
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becomes lower at higher pH values. The fluorescence intensity of both fluorescein and 4-
MUF is also pH-dependent, decreasing with pH values lower than the optimal one (Table 6-
1). Fluorescein should thus be preferred due to smaller difference between its optimum pH
condition and the pH for maximal kinetic activity. Initially, phosphate buffer saline (PBS)
solution at pH 7 was used as the dispersed phase for our fluidic experimentations.
Considering the second criterion, devices made from borofloat glass (Borofloat Scott,
Germany) can express autofluorescence, even though this auto-fluorescence is less than that
from polymer-based devices. This autofluorescence can obstruct the optical observation of
the samples especially in case of low concentrations of fluorescent molecules. The
autofluorescence of borofloat glass is dependent on the excitation wavelength used and its
emission spectra are shown in Fig.6-3, where also the emission wavelengths of 4-MUF and
fluorescein are indicated. %°

Relative Intensity Relative Intensity
120 120
\o 4-MUF 100 Fluorescein
i Excitation Wavelength: 365 nm i Excitation Wavelength: 488 nm
80 &0
w40 5=
20 20

5
Q L o
300 400 i 500 00 700 800 00 500 550 600 650 700 750 EDO B850 200

Aem= 450 nm Wavelength & [nm] Aom=314am

Figure 6-3: The autofluorescence of Borofloat 33 glass substrate at the excitation wavelengths of
365nm (Left) and 488 nm (Right). At the emission wavelength of 450 nm (light blue dot line, left),
the relative autofluorescence intensity is around 40 while at the emission wavelength of 514 nm
(green dot line; Right), the relative autofluorescence intensity is around 5. [fig. from ref.20]

Wavelength & [nm]

In case of 4-MUF (Ae=365nm, A.m=450nm), when the molecule is excited at 365 nm, the
relative autofluorescence intensity from borofloat at the emission wavelength of 4-MUF is
around 40 A.U. (Fig.6-3 Left). In case of fluorescein, when the molecule is excited at 488
nm, the relative autofluorescence at the fluorescein emission wavelength is just around 5
A.U. (Fig.6-3 Right). Therefore, also according to this second criterion fluorescein is
preferred. Consequently, on the basis of both the high product fluorescence intensity at the
pH of the solution and the autofluorescence from the material, fluorescein-g-D-

glucopyranoside (FLDGIu) was selected as the substrate for the enzymatic reaction.
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Calibration
Prior to the kinetic measurement of the enzymatic reaction, the fluorescent intensity of the

product was calibrated to relate it to the concentration of the fluorescent product. To perform
this calibration, a fluorescein solution in PBS buffer at pH 7 and silicone oil with 4 wt%
Span 80 were loaded into the fluidic system to produce aqueous droplets in a continuous oil
phase. The fluorescence intensities of the fluorescein solution were measured at different
concentrations of fluorescein as depicted in Fig.6-4 showing that the fluorescence intensity
is proportional to the concentration of fluorescein in the uM range. This calibration curve is
used later to convert the measured increasing intensity to the increasing concentration of

fluorescent product and hence the turnover number of the enzymatic reaction.

124 R

1.0 4 4

0.0 T T T T T T T T
o 2 4 -] 8 10
[Fluorescein] / pM

Figure 6-4: A calibration curve of the fluorescence intensity against the concentration of the
fluorescein at pH 7.

Photobleaching

One drawback of the fluorescein molecule is the relatively high rate of photobleaching, due
to the photo-induced chemical destruction during the exposure to the excitation light in the
presence of oxygen molecules.?’ Via this process, the fluorescence intensity reduces
irreversibly leading to the misinterpretation of the amount of fluorescent molecules in the
system. To avoid this problem, oxygen molecules should be removed from the system and
an anti-oxidant reagent can be added to the solution. Addition of an anti-oxidant reagent e.g.
n-propyl gallate (nPG) to a solution can hinder photobleaching especially in the fluorescein

2224 Thys, in our study, nPG was added to the aqueous solution. The experimental

solution.
details of the effect on photobleaching in our system are described in the appendix A.
Generally, upon the observation the UV light was exposed to the system for a few seconds

only for every single snapshot taken.
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Kinetic activity in the bulk experiment determined
with a fluorescence spectrometer

To verify the reliability of the experiment performed in our droplet-based microfluidic
platform, we have to compare the enzyme kinetic activity obtained from our device to that
from the bulk experiment under identical conditions. Therefore, the kinetic activity of the
enzymatic reaction using FDGIlu as substrate was first determined using a fluorescence
spectrometer (Perkin Elmer). From this experiment, the obtained production rates of the
reaction are plotted as a function of the concentration of substrate (Fig.6-5). To ensure
obtaining a correct turnover number and K, for the enzymatic reaction, we used different
models to plot the data from the fluorescence spectrometer as summarized in Table 6-2.
More details of each fitting methods are described in the appendix B. The data obtained
from the Michaelis-Menten Plot was chosen due to the homogeneous distribution of the data
along this fitting curve (Fig.6-5) as well as the R? value of almost 1 (see more details in the
appendix B). Consequently, K, and K from the bulk experiment performed by a

fluorescence spectrometer (Michaelis-Menten Plot) are around 26 uM and 5.7 sec™.

0.5

& Data
—— Michaelis-Menten Fit

K, =25.6 uM
K. =5.66sec’

cat

0 ZID 4ID 60 85 1!)0 1I20
[S] / uM
Figure 6-5: The experimental result of the enzymatic reaction of 3-glucosidase using substrate
FDGIu from a fluorescence spectrometer and a fitted Michaelis-Menten curve.

Table 6-2: Kinetic activity determined from the bulk experiment by a fluorescence
spectrometer and plotted by different methods.

Fitting Methods

Michaelis-Menten Lineweaver-Burk Eadie-Hofstee Hanes—-Woolf
Keat (s€C™) 5.66 6.80 5.67 5.67
K (ULM) 25.6 34.4 25.6 26.4
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Single-enzyme kinetics in a droplet-based
microfluidic device

As explained in the previous section, the single molecule should be encapsulated into
miniaturized droplet carriers. For this purpose a fluidic platform consisting of a microfluidic
network and a T-junction nanofluidic network was used (Fig.6-6). The oil solution and the
aqueous solution were individually loaded into the device at positions 1 and 2 indicated in
Fig.6-6 Left, respectively, and subsequently both fluids flowed to the microchannels as
shown as large arrows in Fig.6-6 Left. When reaching the splitting channels between micro-
and nanochannels at the positions 3 and 4 for the oil and aqueous phase networks,
respectively, tiny portions of both fluids were split off into the nanochannels as indicated as
the small arrows. Subsequently at the T-junction in the nanofluidic network (Fig.6-6 Right),
shear was exerted on the tip of the dispersed phase stream by the continuous phase

generating femtolitre droplets which flowed to the outlet nanochannels.

1
A B Continuous Phase

Microchannel

Continuous Phase NG | &

3 Nanochannel unclion === p
> g N
) \h Dispersed Phase ‘e

Qutlet
channel

/" b
4\"/ )\\a Outlet MNanochannel ®
: '@ channel >
= o intersection . |
2 ©
Dispersed Phase @ Microchannel
— Nanochannel
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Figure 6-6: (A) Schematic of the droplet generator using a micro- and nanofluidic network. A
dispersed phase (enzyme and substrate solution; shown in green) and a continuous phase
(silicone oil; shown in orange) were separately loaded into the microchannels at position 0 and 1,
respectively. Minute amounts of each phase split off into the nanochannels sections. A zoom-in
view of the nanofluidic network as well as the outlet channel is shown in (B). At the T-junction,
tiny droplets split off from the aqueous solution and flowed to the outlet nanochannel. Finally, at
the intersection between nano and microchannels, the squeezed droplets obtained a spherical
shape and entered the outlet microchannel where the time-resolved fluorescent measurement was
performed. The arrows express the direction of the fluid flows. The depth of the microchannel
and nanochannels are 3 and 0.5 um, respectively.
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After the droplet formation, the droplets were squeezed by the top and bottom walls of
nanochannels, generating a non-spherical shape. The squeezed droplets in the nanochannels
in principle would provide a larger detecting area as compared to spherical droplets with the
same volume. The squeezed droplets were however less stable due to larger surface areas as
compared to the spherical ones. As a result, the spherical droplets were preferably used as
carriers for prolonged observation. Therefore, the outlet microchannel was added into our
fluidic platform (Fig.6-6)at the downstream of the outlet nanochannel. At the intersection of
micro- and nanochannels, the squeezed droplet transformed to a spherical shape driven by a
reduction of the interfacial energy. Subsequently, a time-resolved measurement of the

increasing fluorescence intensity of each droplet was performed.

Experimental Details

The micro- and nanofluidic chip was made from a Borofloat glass substrate by a standard
etching technique and subsequently hydrophobized by the methods described in chapter 3
and 5 of this thesis, respectively. The hydrophobized chip was then mounted into the in-
house built chip holder and placed onto an inverted fluorescence microscope (DMI 5000M,
Leica) equipped with mercury lamp and high-sensitivity camera (EMCCD, Andor Ixon, UK).
The solutions were loaded into the chip by using a flow-driven neMESYS pump. (Details
and illustration of the optical and fluidic setups are previously described in chapter 3.) The
enzymatic reaction of B-glucosidase was studied by using fluorescein-p-D-glucopyranoside
(FDGIu) as a substrate, and yielding fluorescein as product. The increase in fluorescence
intensity was used to determine the kinetic activity. Droplets were produced from a
dispersed phase containing B-glucosidase (0.1 nM), FDGIu (200 uM) in PBS solution (pH 7)
and a continuous oil phase (silicone oil with 4% Span80), which were individually injected
into the fluidic system by a syringe pump. In the experiment in the presence of an anti-
oxidant reagent, n-propyl gallate (5% w/v) was added into the aqueous solution before
injection into the fluidic device. The enzyme was provided by the Department of
Microbiology, Wageningen University, The Netherlands. FDGIu was purchased from
Invitrogen. The other chemicals were bought from Sigma-Aldrich, The Netherlands. Before

mixing, each solution was degassed by placing into the desiccator to remove oxygen
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molecules in the solution. The aqueous and oil solutions were separately loaded into the
fluidic device to create droplets. After a large amount of generated droplets had entered the
outlet channel, all syringe pumps were stopped to halt the movement of droplets. Upon the
evolution of the fluorescence intensity in each droplet, snapshots of the array of droplets
were imaged by using a high sensitive EMCCD camera and the fluorescence intensities in
each droplet were later measured by using a program ImageJ (NIH Image). The data from

droplets in the range of 2.5 - 3 um in diameter were used for the analysis in this experiment.

Experimental results

Enzyme Kinetics in the presence of n-propyl gallate

After droplet formation, the fluorescence intensity of a single droplet was plotted against
time (Fig. 6-7). The signal from the fluorescent product initially remained less than the
background noise from the environment e.g. stemming from substrate (glass), solvent, or oil
molecules. Thus, the signal which was measured in the beginning was a fluctuating
background noise as shown in Fig.6-7. The time during which this signal was measured is
labeled as “delay time”. After this delay time, the fluorescence intensity increased
proportionally to the incubation time. The rate of increase of fluorescence intensity was then
used to determine the Kinetic activity of the enzymatic reaction. In this work, we took for

this purpose the fluorescence intensity change from the 1200™ to the 1335™ minute.
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Figure 6-7: The evolution of the fluorescence intensity from the enzymatic reaction in the
presence of nPG. In the first part, labeled as ‘delay time’, the signal from the fluorescein remains
lower than the background noise. In the second part, the fluorescence intensity increases above
the background noise and is used to determine the enzyme kinetics.
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The images of the array of droplets containing the enzyme and substrate solution after the

reaction had taken place are exemplified in Fig.6-8.

Figure 6-8: Encapsulation of enzyme and substrate into droplets. (Left) Bright-field image of the
array of droplets; (Right) Fluorescence image of the same system after incubation for 1335
minutes. The droplet size is around 2.9 um.

In this experiment, an approximately monodisperse emulsion was obtained. Only the
fluorescence of the droplets ranging from 2.5 — 3.1 um in diameter were counted (around
90%) for this analysis. We speculate that the remainder of the droplets (10 %) which were
larger than 3.1 um in diameter was produced from coalescence occurring during the
prolonged measurement. This speculation was confirmed by the size distribution of the
generated droplets (Fig.6-9). When the averaged diameter of generated droplets was around
2.9 um, the coalescence of two, three and four droplets will create larger droplets with
diameters of approximately 3.3, 4.0 and 4.6 um, respectively. These dimensions correspond

to the diameters of larger droplets in this droplet array (Fig.6-9).
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Figure 6-9: The size distribution of the generated droplets after incubation for 1335 minutes.

The increasing fluorescence intensity in each droplet between minutes 1200 and 1335 is
plotted in a histogram (Fig.6-10) revealing that the increasing intensity is periodically

enhanced and can be categorized into four peaks. We interpreted these peaks as generated by
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0, 1, 2 or 3 enzyme molecules encapsulated in the droplets. The resulting turnover number

for the enzyme activity is around 1.6 molecule of product per second.
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Figure 6-10: Histogram of the increasing fluorescence intensity from the 1200™ to the 1335"
minute. Four peaks can be interpreted as indicating the occupancy of droplets by (0, 1, 2 and 3)
enzymes.

The histogram of the occupancy of this enzyme fits well to a Poisson distribution (Fig.6-11),

Xq—A

which is expressed by f(1,x)=

' where A is a mean number of enzymes per droplet
X

and x is the number of enzymes per droplet. In this experiment a mean occupancy A of 0.7
molecules/droplet was measured while the occupancy calculated for droplets with a diameter
of 3 um and an enzyme concentration of 0.1 nM is approximately 0.9 molecules/droplet.

These data strongly suggest a successful encapsulation of single enzymes into the droplets.
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Figure 6-11: Distribution of the occupancy of enzyme in each droplet (bar chart) fitted to a
Poisson distribution with a mean occupancy A = 0.7 (dash line).
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Single-enzyme Encapsulation and Detection

From these experiment results, the obtained Ky from our droplet-based device (1.6 sec™) is
significantly lower than that from the bulk experiment (5.7 sec™). We speculated that this
difference of the kinetic activity resulted from the effect of n-propyl gallate (nPG) added as
an anti-oxidant reagent. nPG might behave as an inhibitor in this enzymatic reaction.

Therefore the further experiments were performed without the addition of nPG.

Enzyme Kinetics in the absence of n-propyl gallate

In this experiment, the aqueous solution containing the B-glucosidase (0.1 nM) and the
substrate solution (200 uM), in PBS buffer solution without the addition of nPG. Then, this
aqueous stream and the silicone oil were individually injected into a fluidic platform to
generate tiny droplets. The evolution of the fluorescence intensity recorded in the absence of
n-propyl gallate in the aqueous solution is illustrated in Fig.6-12. A shorter delay time was

observed as compared to the previous experiment in the presence of nPG (Fig. 6-7).
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Figure 6-12: The evolution of the fluorescence intensity from the enzymatic reaction in the
absence of nPG. The data at the 240" and 260™ minute were used to estimate the enzyme kinetics.
The snapshots of the array of droplets containing enzyme and substrate molecules without the
addition of nPG at minute 240 (B), and 260 (C) are shown.

The increase in the fluorescence intensity and hence the enhancement of fluorescent product
in each droplet from the 240" to the 260" minute is plotted in a histogram (Fig.6-13) when
the concentration of the enzyme solution was 0.1 nM. From this histogram (Fig.6-13), the
concentration of fluorescein was seen to be periodically increased in four peaks which can
be interpreted as corresponding to different numbers of enzymes encapsulated into the

droplets. The obtained K¢y from these experiments was around 3.8 sec™.
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Figure 6-13: The increasing fluorescence intensity from the 240™ to the 260" minute. Four peaks
can be interpreted as indicating the occupancy of droplets by (0, 1, 2 and 3) enzymes. The
continuous phase was silicone oil with 4% Span80 and the aqueous phase was FDGIlu (200 ¢M)

and, S-glucocidase (0.1 nM) in PBS solution.

To confirm this single-enzyme encapsulation and our interpretation, another experiment was
performed by using the two-fold greater concentration of the enzyme (0.2 nM) than that in
the previous experiment. The histogram of the increasing concentration of fluorescein in

each droplet is plotted in Fig.6-14. For this case the resulting K.y was around 4.5 sec™.
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Figure 6-14: The increasing fluorescence intensity from the 20" to the 30" minute. Four peaks
can be interpreted as indicating the occupancy of droplets by (0, 1, 2 and 3) enzymes. The
continuous phase was a silicone oil with 4% Span80 and the aqueous phase was FDGIu (200
4M) and S-glucosidase (0.2 nM) in PBS solution.
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In Fig.6-15, the experimental data obtained from the enzyme solutions are plotted as
fractional occurrence of droplets with enzyme occupancy (0, 1, 2 or 3) using bars of dark
grey and light grey for the 0.1 and 0.2 nM of enzyme solution, respectively. The Poisson
distributions for the first and second cases are depicted as dotted and straight lines,
respectively. As shown, the histograms for both experiments can be well fitted to Poisson
distributions (Fig.6-15) with mean occupancies A of 0.62 and 1.24. Considering the amount
of enzyme encapsulated into one droplet (diameter of 2.8 um) by calculation, we found the
averaged enzyme occupancies are around 0.7 and 1.4 molecules for the concentration of
enzyme of 0.1 and 0.2 nM, respectively. These calculated values correspond well to the
mean occupancies (A) from the Poisson fitting curve. In addition, The size distributions of

generated droplets for both experiment are highly monodisperse (approximately 97-98 %).
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Figure 6-15: Two histograms express the distribution of the occupancy of enzymes (0, 1, 2 and

3) per droplet. The dark grey bar and the light grey bar depict the data distribution when the
enzyme solution was 0.1 and 0.2 nM, respectively. The data for 0.1 and 0.2 nM enzyme solution
were fitted to a Poisson distribution as shown by a dotted line and a solid line, respectively. The
mean occupancy A for these fitting was 0.62 and 1.24, respectively.

These data indicate that single-enzyme encapsulation was obtained into the tiny aqueous
droplets generated in our device. The evolution of the fluorescence intensity as determined
from the kinetic activity of the encapsulated enzymes (3.8-4.5 sec™) was lower than the
enzymatic kinetic activity observed in bulk experiments (5.7 sec™), but much higher than the
kinetic activities observed in the presence of nPG as will be further discussed in the

following section.
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Discussion

From these experiments, the kinetic activity obtained from the experiments in droplets in our
micro- and nanofluidic device is about 25% lower than the value obtained from a bulk
experiment. This observation corresponds to several works reported before in the literature
mentioning that the kinetic activity obtained in the droplets from microfluidic devices were

marginally lower than that in the bulk experiment. > %

Furthermore, during the first period of measurement, the intensity remained almost constant
which is indicated as a delay time in Fig.6-7 and 6-12. In the second phase the intensity,
however, enhanced approximately proportionally to the incubation time. Initially we thought
this observation resulted from the fact that the signal of the fluorescein needed to be
accumulated until it overcame the background noise. However, considering the lowest
concentration of the fluorescein from the calibration curve, we found that the lowest amount
of fluorescein molecules whose signal was distinguishable was approximately 7000
molecules. In case of a K.y of 3.8 sec™, the fluorescence intensity should then start to
increase at around 30" minute. In our experiment however, it took place only at around the
230™ minute (Fig.6-12). Therefore the main cause of the delay is not the background noise.
A possible explanation is that this delay time occurs because the fluorescent product which
was generated by the reaction was consumed in a second process. Subsequently, after the
delay time, this phenomena became less pronounced (for example due to saturation) in an

increasing fluorescence concentration in the droplets.

As to the nature of this second process, firstly we can speculate that after the enzymatic
reaction, the generated product diffuses to the interface between water and oil phases and
was adsorbed by surfactant molecules. After the surface of a droplet became saturated by the
fluorescein molecules (“delay time”), the increasing intensity in the droplet was then
observed. However, in this hypothesis we need to assume that the fluorescein molecules
which became adsorbed at the interface cannot fluoresce anymore. Apart from adsorption of
the fluorescein molecules, a temporary adsorption of the enzyme and the substrate molecules
is also possible. However, it would be hard to explain why the enzyme would adsorb to the
interface only initially. Conversely, if it would be continuously adsorbed to the interface, we

should see a continuous (partial) suppression of the activity.
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Secondly, we can speculate that the fluorescein molecules diffuse into the oil phase. In
general, when two immiscible fluids are partitioned, chemicals in one fluid can cross the
partitioning border to another fluid until equilibrium is reached. From this hypothesis, the
fluorescein molecules were produced and crossed the interface to the oil phase in the
beginning (“delay time”). When reaching equilibrium, the fluorescein molecules produced
from the enzymatic reaction then remained inside a droplet resulting in the increasing
fluorescence intensity in each droplet. At present we cannot distinguish between both
hypotheses, and they must be confirmed from further investigations such as by changing the
types of surfactant and oil, performing the analysis from different dimensions of droplets

and so on.

In the experiment in the presence of n-propyl gallate (nPG), the measured kinetic activity
was only 1.6 sec™, while it increased to 3.8-4.5 sec™ in its absence. On the basis of this we
speculate that the nPG can behave as an inhibitor for the enzymatic reaction. When
considering the structure of nPG as shown in Fig.6-15A, its structure is somewhat similar to
one side of the structure of cellobiose which is a natural substrate of B-glucosidase (see
Fig.6-15). Thus, nPG might indeed inhibit or disturb the interaction between the glucosidase

enzyme and the substrate molecules.
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Figure 6-15: Molecular structures of (A) n-propyl gallate and (B) cellobiose.

Additionally, in the experiment in the absence of n-propyl gallate (nPG), the fluorescein
molecules produced from the enzymatic reaction might undergo photobleaching. Indeed, the
photobleaching effect might be less pronounced in our experiment since the half time of the
fluorescein molecule under illumination from our setup is around 5 minutes (see Appendix
A). Upon the observation, the UV light was, however, illuminated for a few seconds only for

every single snapshot taken. Otherwise this photobleaching effect might be the reason of the
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relative low value of the enzyme kinetic activity from our experiment. The effect of
photobleaching should be further investigated by experiments with other anti-oxidant

reagents.

Conclusion

We have demonstrated a micro- and nanofluidic platform for creating droplet arrays
encapsulating single enzyme molecules. The enzyme B-glucosidase was selected for a first
demonstration generating fluorescent product. Single-molecule detection is generally
prohibited by the background noise from the environment such as the solvent and the device
material which are larger than the signal from the molecule of interest. The reduction of the
background noise by compartmentalization of the system into tiny carriers allowing high
enzyme and product concentrations and selection of the proper materials played a role to
achieve single-molecule detection. Droplets were generated in a hydrophobized glass-based
device. In case of low enzymatic reaction rates, the generated droplets have to be stable
upon prolonged measurement, making it necessary to create spherical droplets. The
histogram of the rate of fluorescence intensity increase and hence the turnover number of the
enzymatic reaction in each droplet showed periodically-increased peaks revealing the
occupancy of droplets by multiples of a single enzyme. The distributions fitted well to a
Poisson distribution verifying the achieved encapsulation of single enzymes. The resulting

kinetic activity was somewhat lower than that from the bulk experiment.

Acknowledgement

We would like to thank to Serve Kengen (Microbiology Group, Wageningen University,
The Netherlands) for providing the substrate, (4-methylumbelliferyl-p-D-glucopyranoside)
and the enzyme (B-glucosidase) for these experiments as well as arranging the essential
discussions and the practical work. Also, we appreciate the training and technical support
from Richard Egberink (Molecular Nanofabrication; MNF, University of Twente, The

Netherlands) for the fluorescence spectrometer.

108



Single-enzyme Encapsulation and Detection

References

1. H.P. Lu, L. Y. Xun and X. S. Xie, Science, 1998, 282, 1877-1882.

2. W. Min, I. V. Gopich, B. P. English, S. C. Kou, X. S. Xie and A. Szabo, J Phys Chem B,
2006, 110, 20093-20097.

3. K. Velonia, O. Flomenbom, D. Loos, S. Masuo, M. Cotlet, Y. Engelborghs, J. Hofkens,
A. E. Rowan, J. Klafter, R. J. M. Nolte and F. C. de Schryver, Angew Chem Int Edit,
2005, 44, 560-564.

4. Y. Rondelez, G. Tresset, K. V. Tabata, H. Arata, H. Fujita, S. Takeuchi and H. Noji, Nat
Biotechnol, 2005, 23, 361-365.

5. S. Sakakihara, S. Araki, R. lino and H. Noji, Lab Chip, 2010, 10, 3355-3362.

6. T. M. Hsin and E. S. Yeung, Angew Chem Int Edit, 2007, 46, 8032-8035.

7. S. M. Christensen, P. Y. Bolinger, N. S. Hatzakis, M. W. Mortensen and D. Stamou,
Nat Nanotechnol, 2012, 7, 51-55.

8. B. Lu, S. Y. Zheng, B. Q. Quach and Y. C. Tai, Lab Chip, 2010, 10, 1826-1834.

9. A. Piruska, I. Nikcevic, S. H. Lee, C. Ahn, W. R. Heineman, P. A. Limbach and C. J.
Seliskar, Lab Chip, 2005, 5, 1348-1354.

10. T. T. Fu, D. Funfschilling, Y. Ma and H. Z. Li, Microfluid Nanofluid, 2010, 8, 467-475.

11. S.J. Zeng, B. W. Li, X. O. Su, J. H. Qin and B. C. Lin, Lab Chip, 2009, 9, 1340-1343.

12. A. J. C. Kuehne and D. A. Weitz, Chem Commun, 2011, 47, 12379-12381.

13. L. L. Shui, A. van den Berg and J. C. T. Eijkel, Microfluid Nanofluid, 2011, 11, 87-92.

14. Y. S. Heo, L. M. Cabrera, J. W. Song, N. Futai, Y. C. Tung, G. D. Smith and S.
Takayama, Anal Chem, 2007, 79, 1126-1134.

15. S. W. M. Kengen, E. J. Luesink, A. J. M. Stams and A. J. B. Zehnder, Eur J Biochem,
1993, 213, 305-312.

16. J. H. G. Lebbink, T. Kaper, S. W. M. Kengen, J. van der Oost and W. M. de Vos,
Method Enzymol, 2001, 330, 364-379.

17. D. M. Broadhead and J. Butterworth, Clin Chim Acta, 1977, 75, 155-161.

18. J. W. M. Visser, A. A. M. Jongeling and H. J. Tanke, J Histochem Cytochem, 1979, 27,
32-35.

19. D. W. Fink and W. R. Koehler, Anal Chem, 1970, 42, 990-&.

20. www.schott.com.

21. L. L. Song, E. J. Hennink, I. T. Young and H. J. Tanke, Biophys J, 1995, 68, 2588-2600.

22. H. Giloh and J. W. Sedat, Science, 1982, 217, 1252-1255.

23. A. K. Gaigalas, L. Wang, K. D. Cole and E. Humpbhries, J Phys Chem A, 2004, 108,
4378-4384.

24. M. Battaglia, D. Pozzi, S. Grimaldi and T. Parasassi, Biotech Histochem, 1994, 69, 152-
156.

25. Y. Liu, S. Y. Jung and C. P. Collier, Anal Chem, 2009, 81, 4922-4928.

26. L. Mazutis, J. C. Baret, P. Treacy, Y. Skhiri, A. F. Araghi, M. Ryckelynck, V. Taly and

A. D. Griffiths, Lab Chip, 2009, 9, 2902-2908.

109



CHAPTER 7:

Summary and Perspective

In the last chapter, a brief description of every chapter is given and the achieved results are
summarized. Additionally, we propose several aspects to improve our device as well as
recommend possible applications.
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Summary

In this thesis, we have demonstrated the application of micro- and nanofluidic devices to
generate an array of aqueous droplets in oil phase for single-enzyme encapsulation and
activity measurement. We chose droplet-based microfluidics for this purpose of monitoring
single-enzyme reactions since the generated droplets can be modulated by changing the
fluidic flows as well as the geometry of the micro- and nanofluidic channels. This droplet-
based microfluidics was discussed regarding the aspects of the generation and manipulation
of droplets, their applications, and the recent work which has been performed by many
researchers. The enzymatic reaction of beta-glucosidase to produce fluorescein was chosen
as the model reaction for this assay. Glass material was used to fabricate the devices to avoid
a high background noise for the optical measurements. In addition, a femtolitre
compartmentalization of the aqueous system was achieved by using devices with both
nanochannels and microchannels to diminish the background signal from solvent molecules
and substrate.

Since the glass-based micro- and nanofluidic device is inherently hydrophilic, it requires to
be hydrophobized for facilitating the formation of an water-in-oil emulsion. Conventional
hydrophobization methods were performed on plain substrates and then multisubstrates were
integrated by several integration techniques. We propose an integration technique operated
at room temperature at the chip level by using an UV adhesive. However, our integration
method puts a limit to the geometry of the fluidic channels which should be above 10 um
wide and 15 um high and therefore is not suitable to implement on devices containing
nanofluidic channels. Subsequently therefore, a new in-channel hydrophobization method
was developed by using a silicone oil and UV light. After the thermal bonding of two
patterned glass substrates, the glass-based micro- and nanofluidic device can be
hydrophobized by our method at the chip level. Finally, the hydrophobized chip can be used

to generate water-in-oil emulsions.

For the single-enzyme activity measurements, we demonstrated the successful encapsulation
of single enzymes into femtolitre carriers. The histograms of the enhancing fluorescence

intensity express the periodic increase in the fluorescence intensity, and hence the turnover
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number of the enzymatic reaction. The occupancies of the enzyme per droplet were
determined by fitting to the Poisson distribution and were found to be in agreement with the
calculated values. The obtained kinetic activity was somewhat lower than the value observed

from the experiment in bulk probably due to effects of the confined volume.

Perspectives

Droplet Fusion

Our micro- and nanofluidic device can in principle be modified for loading enzyme and
substrate solutions separately before fusion by application of shear force as shown in Fig.7-1.
This scheme is especially suitable for fast enzymatic reactions where the reaction rapidly
proceeds after the two aqueous streams are merged as the preliminary test of this system can

be seen in appendix C
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Figure 7-1: Schematic of a nanofluidic network consisting of two T-junctions; A: at the first
junction, the first aqueous droplet (blue) is created in the oil phase. B: The first droplet flows to
contact the tip of a second aqueous stream (green). C and D: The two aqueous solutions merge
creating the product droplet (purple). The arrows express the fluidic direction.
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Expansion chamber to enhance the efficiency of droplet fusion

One drawback of the droplet fusion by the passive approach as shown in Fig.7-1 is the low
success rate of fusion as shown in Appendix C resulting from, for instance, the generation of
a droplet by the second water stream before the upcoming droplet merges to this stream, as
well as the short contact time between the two agqueous streams leading to a lower possibility
of coalescence of the two streams. In order to retard the droplet formation by the second
water stream and increase the contact time between droplet and second stream, an extra

chamber could be integrated just downstream of the second T-junction® as shown in Fig.7-2.
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Figure 7-2: lllustration of a fluidic network with an expansion chamber located downstream of
the T-junction to enhance the droplet fusion. The arrows express the fluidic flows. The expansion
chamber can retard the droplet formation and slow down the movement of the second stream
resulting in a longer time for the first droplet to contact with the second stream.

In general, a droplet is generated when the tip of the dispersed stream enters a T-junction far
enough to make the shear force from the continuous stream large enough to break up that tip.
When an extra expansion chamber would be used (Fig.7-2A), the tip of the second stream
(illustrated in grey color in Fig.7-2) enters the T-junction and the expansion chamber, and
the pressure exerting on the tip is relieved and hence this pressure takes a longer time (delay
time) to build up and become large enough to break up this tip (Fig.7-2 B). The tip of the
second water stream thus has more time to form a larger droplet. When reaching the extra
chamber, the tip of the second stream furthermore undergoes a slower movement due to the
change in the hydrodynamics, giving the consecutive droplet of the first stream (illustrated

in blue color in Fig.7-2) more time to contact and eventually coalesce with the second
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stream (Fig.7-2 B and C). After complete fusion, the fused droplet travels along this

chamber and then enters the outlet channel. (Fig.7-2 D).

Study of the effect of inhibitors

The effect of a range of inhibitors on the enzymatic reaction can be studied on the single-
enzyme level in a microfluidic platform as earlier reported in the literature for larger
numbers of enzymes. 2 In our device, a mixture of enzyme and substrate solution can be
injected into the platform to generate the first droplet and another aqueous stream containing
an enzyme inhibitor can be separately injected into the platform and then merge with the

first droplet. This scheme is similar to the schematic shown in Fig.7-1.

Alternatively, by adjusting fluidic networks for four fluidic flows (i.e. oil, enzyme, substrate,
inhibitor), all solutions can be separately loaded into the device generating droplets for
enzymatic analysis in the presence or in the absence of inhibitor in one single array as
depicted in Fig.7-3.

Oil phase

*\y Substrate

Enzyme .

Inhibitor

Reaction with
inhibitor Normal
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|
Figure 7-3:1llustration of a fluidic network with four branches of nanoc'hannels for individually

loading the oil, enzyme, substrate and inhibitor solutions. This platform can be used to study the
effect of a range of inhibitors on the enzymatic reaction in one single array.

’ \—/

Break-up of a large droplet to generate small droplets

Though the nanofluidic networks can be fabricated and used for generation of femtolitre
droplets, the multiple steps of fluidic operations inside this nanofluidic network is not so
straightforward to implement. As compared to larger fluidic channels, the nanofluidic
channels can easily become clogged by debris or any contaminants. The fluidic resistance in

the nanofluidic network is dominant in the entire fluidic chip, therefore, when the dimension
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of nanochannel is smaller, a higher applied pressure is required to inject fluids into the
device. This higher pressure can create the leakage in the fluidic setup especially at the
connectors between the capillary tubing and the fluidic device. To reduce the fluidic
resistance and avoid the aforementioned issues, we propose the idea to generate small
droplets from the break-up of a larger droplet. **

In this thesis, the tiny droplets were generated using a narrow and shallow channel (for
instance, 4 um wide and 500 nm deep) where the droplet is confined from two directions
(width and height). We think that the droplets can also be generated from a larger droplet in
a wider channel (for instance, 50 um wide and 500 nm deep) which then undergoes droplet
fusion of two reagents. Subsequently the large merged droplet is homogeneously split up to
form uniform tiny droplets. Two designs for a break-up of a large droplet which are
proposed here are (i) the array of pillars and (ii) the intersection between the nano- and

microchannels.

(i) An array of pillars inside the outlet channel: In this design, the nanofluidic network
comprises the inlet nanochannels, two T-junctions and a wide outlet channel containing the
array of pillars as shown in Fig.7-4A. After droplet fusion, a merged large droplet (shown
in green in Fig.7-4B) enters the outlet channel and collides with a pillar and breaks up into
smaller droplets which flow further and collide with other pillars generating smaller
droplets until they pass through this array in the outlet. The dimension of the obtained

droplets will be related to the applied flow rate and the size of the pillars.
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Figure 7-4: Illustration of a nanofluidic network containing an array of pillars in the outlet
channel (A). Two reagents as shown in blue and grey colors are separately injected into a fluidic
device to generate water-in-oil emulsions. After coalescence of the two reagents, the merged
droplet (green color) enters the outlet channel containing the array of pillars. The merged
droplet is then broken up after colliding with these pillars creating the smaller droplets.
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(if) An intersection between nano- and microchannels: This design is similar to our
current design. At the intersection between nano- and microchannels, the Laplace pressure
induces the break-up of the large droplets or even a stratified stream to generate
monodisperse smaller droplets. The dimension of the smaller droplets obtained from this
system is governed either by the depth of the nanochannel when the Laplace pressure is
dominant or by the applied flow rate when the shear force is dominant.* Therefore, it is not
necessary for the initial merged droplets to be very small as they can later at this intersection

be broken up to form highly-monodisperse tiny droplets.
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Figure 7-5:1llustration of a micro- and nanofluidic network with an intersection between micro-
and nanochannel. When flowing through this intersection, a merged large droplet is broken up
due to the Laplace pressure to form smaller droplets which are highly monodisperse. The size of
the obtained tiny droplets is governed by the height of the nanochannel.[ref.4]

Reduced background from a device

One prospect for improvement of our micro- and nanofluidic platform for monitoring fast
enzymatic reactions is by using a thin fused silica glass substrate for the fabrication of the
device, which expresses significantly lower auto-fluorescence than borofloat glass. The thin
fused silica glass substrate can highly reduce the background noise as compared to the
borofloat glass substrate.” It is however noteworthy that the fused silica substrate is
generally less preferential for microfabrication since it is more expensive and difficult to
handle due to its worse mechanical properties compared to a borosilicate substrate as well as

its considerably higher fusion temperature.

Enzymatic reactions at elevated temperature
In addition, in the microfluidic platform, the study of thermally induced reactions in a

precisely-controlled mode is plausible by integrating a thin-layer heater into the microfluidic
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device. During the fabrication of the microfluidic platform, a metal thin film can be
deposited and patterned onto the glass substrate to be used as the heating wire. The
integrated wire(s) can be activated by, for example, an applied electric field to precisely
modulate the temperature inside the microchannel. This integrated device might be

promising for the study of the enzymatic reaction at different temperatures.

Surfactant and Oil

Lastly, different types of surfactant and oil should be considered and further studied for their
compatibility with the biomolecules used in each reaction. In our experiments, when the
generated droplets encapsulating enzyme and substrate solution were incubated for a long
time (a few days), we found that the fluorescence intensity of all droplets became equalized.
This observation seems to suggest that the fluorescein molecules underwent diffusion
through the layer of surfactant and the oil phase. Furthermore, it was reported before that
surfactant bilayers can be permeable for small molecules and these molecule can be
transported to other droplets by diffusion. ® On the other hand, this phenomena might be
interesting since such a device could be used for studying the diffusion of drug(s) or small
molecules from one droplet compartmented by the lipid molecules to another
compartmented droplet, in a manner that shows similarity to transport processes in the

human body.
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APPENDIX A

Photobleaching Experiment

In this appendix, we present the experiment results to test the photobleaching effect on the
fluorescein solution in our existing setup. Also, an optimization of the addition of anti-

oxidant reagent (n-propyl gallate, nPG) was performed to reduce this effect.
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Photobleaching Effect

One drawback of the fluorescein molecule is its relative high rate of photobleaching by
which the fluorescent molecules lose their ability to fluoresce due to the photo-induced
chemical destruction during the exposure to the excitation light in the presence of oxygen
molecules.' Via this process, the fluorescent intensity reduces irreversibly leading to the
misinterpretation of the amount of fluorescent molecules in the system. To avoid this
problem, oxygen molecules should be removed from the system and anti-oxidant reagent
should be added to the solution. Addition of the anti-oxidant reagent e.g. n-propyl gallate (n-
PG) into a solution can diminish the photobleaching effect especially in a fluorescein
solution.”* Therefore, the photobleaching effect on the fluorescein molecules from our
existing setup and the optimization of the amount of this anti-oxidant reagent added into the
solution have to be studied. The water-in-oil emulsions were prepared from fluorescein
solution (50uM fluorescein in PBS solution at pH 7) with or without n-PG as an aqueous
phase and the silicone oil as a continuous phase. Then, the emulsion was placed between
two glass substrates for the excitation by UV lamp and observation by a fluorescence
microscope (DMI 5000M, Leica) equipped with mercury lamp and high-sensitivity camera
(EMCCD, Andor Ixon, UK). Before mixing, each solution was degassed by placing into the
desiccator to remove oxygen molecules in the solution. Firstly, no anti-oxidant reagent was
added into the fluorescent solution The light from UV lamp was exposed to one area (red
circle in Fig.A-1) and the fluorescence intensity was measured upon UV exposure (from 0 to
1080 sec) as can be seen in Fig.A-1 and Fig.A-2 Left.

840 s 1080 s
™ . o

Exposure Area
Figure A-1: The decreasing fluorescent intensity due to the photobleaching effect on an aqueous
droplet in oil without the addition of n-PG.

Then, the decreasing fluorescence intensity was plotted against the exposure time as shown
in Fig.A-2 Left. The fluorescence intensity decreased exponentially as a function of the

exposure time corresponding to the following equation,
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—t
I =1, " Eqn.(A-1)
When | = Fluorescence Intensity
I = Initial fluorescence intensity
t = Exposure time
T = Life time of a fluorescent molecule
From Eqgn.(A-1),
-t
log(1) - log(1,) = log(e /") Eqn.(A-2)
log(1) - log(l,) ;—0.434(%) Eqn.(A-3)

A plot of the logarithm of the intensity against the exposure time (Fig.A-2 Right) can thus
determine the half time (ty,) of this fluorescent molecule under the illumination conditions

of our existing setup and is found to be 5 minutes.
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Figure A-2: The exponential decay of the fluorescence intensity under illumination by a UV-
lamp from our setup (Left). The half time (ty,) of this fluorophore can be determined from the
plot of the logarithm of the intensity against the exposure time.

In addition, we performed the same experiment with other concentrations of fluorescein
solution and found, interestingly, that when the concentration of fluorescein was lower, the
half time (t1,) became relatively higher as illustrated in Fig.A-3. We speculate that this
might be the self-quenching effect by which the fluorescence intensity reduced due to the
interaction between fluorescent molecules and another fluorescent molecule or other species

molecules in the environment.
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Figure A-3: The life time (t;») of the fluorescein solution (pH 7) at different fluorescein
concentrations.

Next, the amount of the anti-oxidant reagent added into the fluorescein solution was
optimized. A solution of n-PG was prepared by dissolving n-PG powder in pure glycerol at a
concentration of 50 g/L, and then diluted with an equal volume of PBS buffer (pH 7). All
chemicals in these experiments were purchased from Sigma Aldrich, The Netherlands. The
reduction in the rate of photobleaching was then plotted against the added concentration of

n-PG as shown in Fig.A-4.

¥ ——
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Figure A-4: The half time (t,) of the quoresé]:lft#ﬁwLolecule increases proportionally with the
concentration of added n-propyl gallate.

From this experiment it is clear that the addition of n-PG to the fluorescein solution can
reduce the photobleaching effect. The higher the amount of n-PG, the smaller the
photobleaching effect in the solution. However, when the amount of n-PG was higher than 5
g/L, the photobleaching effect was found to be only marginally further reduced. Thus, the

optimal amount of n-PG in our solution was found to be around 5 g/L.
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APPENDIX B

Enzyme Kinetic Activity in Bulk Experiment
by a Fluorescence Spectrometer

In this appendix, the experimental results to determine the enzyme kinetic activity of beta-

glucosidase in bulk solution using a fluorescence spectrometer are detailed and fitted by
different fitting methods.

123



Appendix: B

Kinetic Activity in the bulk experiment determined from
Fluorescence Spectrometer

Basically, the production rate (V) of the enzymatic reaction increases when the concentration
of substrate, [S], enhances until this concentration is high enough and the production rate
reaches the maximal value (Vina). The production rate obeys the Michaelis-Menten equation
(Eqn.B-1) and is illustrated in Fig.B-1. The turnover number (Kc) Which is defined as the
number of substrate molecules converted to product per one enzyme molecule per unit of
time is equivalent to the Vn divided by the concentration of enzyme [E] as expressed in
Eqgn.B-2.

= —Vmax[s] Eqgn.(B-1)
Kn +[51]
V
K, =—% Eqn.(B-2)
cat [E]
Where % = Production rate
Vinax = Maximum production rate
[S] = Concentration of substrate
Kn = Michaelis-Menten Constant
Keat = Turnover number
[E] = Concentration of enzyme

0 K [S]

m

Figure B-1: An illustration showing the dependence of the production rate (v) on substrate
concentration ([S]). Ky, is the concentration of substrate at v=V,,/2.

To verify the reliability of the experiment performed in our droplet-based microfluidic
platform, we have to compare the kinetic activity obtained from our device to that from the
bulk experiment. Therefore, the kinetic activity of the enzymatic reaction was determined
from a bulk experiment using a fluorescence spectrometer (Perkin Elmer). From the

experiment on the fluorescence spectrometer, the obtained production rates of the reaction
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are plotted as a function of the concentration of substrate (Fig.B-2). From the displayed

fitting curve, the resulting K, and K are 25.6 uM and 5.7 sec™, respectively.
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Figure B-2: The experimental result of the enzymatic reaction from a fluorescence spectrometer
and the Michaelis-Menten fitting curve.

To ensure obtaining the correct turnover number and K, from the enzymatic reaction, we
use different models to plot the data from the fluorescence spectrometer. Another fitting
method can be employed when the reciprocal of the production rate (1/V) is plotted against
the reciprocal of the concentration of substrate (1/[S]) resulting in a so-called Lineweaver-
Burk plot. The slope and y-intercept of this figure are then equivalent to (Kn/Vmax) and
(1/Vmax), respectively, as shown in Fig.B-3.

1A ,
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Figure B-3: Lineweaver-Burk plot for determining the V.., and K, of the enzymatic reaction.

Thus, the experimental data from Fig.B-2 were rearranged to obtain a Lineweaver-Burk plot
as shown in Fig. B-4. From the Lineweaver-Burk plot, the K, obtained is 35 uM and Ky is

around 6.8 sec™.
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Figure B-4:A plot of the reciprocal of the production rate and concentration of enzyme fitted to
the Lineweaver-Burk plot. The obtained K, and K are 34.4 xM and 6.7 sec™, respectively.

Additionally, when the Michaelis-Menten equation is inverted and multiplied by Vmax

Vi _ Vi (Ko +[S]) Eqn.(B-3)
v Vina[S]

VT/ax _ Km[;—][S] Eqn.(B-4)

Vi = V[Igi“ +V Eqn.(B-5)
__ ‘g; +V, Eqn.(B-6)

Therefore, a plot of V and V/[S] can also determine K, and Vyx and is known as a Eadie-

Hofstee diagram (See Fig.B-5).

M
V {_ Vmax

Slope= -K,
— Vmax/Km

V/[s]

Figure B-5: Eadie-Hofstee diagram determining the K, and Vi«

Thus, the experimental data is plotted as the production rate (V) against V/[S] as depicted in
Fig.B-6. The obtained Ky, and Kyt now are 25.6 uM and 5.6 sec™?, respectively.
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Figure B-6: A plot of the production rate against the ratio of production rate to the
concentration of enzyme fitted to the so-called Eadie-Hofstee plot. K., and K4 are 25.6 M and
5.6 sec™, respectively.

Alternatively still, the Michaelis-Menten equation (Egn.B-1) can be rearranged as

Kn +[S]= Vi3] Eqn.(B-7)
Vv

Vmax[s] — 1 [S]+ Km Eqn.(B-S)

Vmaxv Vmax Vmax

[S] 1 K

-~ IS+ ™ Eqgn.(B-9

v Vmax[ ]+Vmax e

A plot of [S]/V against [S], so-called Hanes-Woolf plot, can now estimate the value of K,

and Vi as illustrated in Fig. B-7.
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Figure B-7: The Hanes-Woolf plot determining the Ky, and Vppax.

Therefore, the experimental data is plotted of [S]/V against [S] and fitted to Hanes Woolf plot

as shown in Fig.B-8. The resulting K, and Kcy now are 26.4 uM and 5.67 sec™, respectively.
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Figure B-8: A plot of [S]/V and [S] fitted to a Hésrie;suh\}Voolf plot estimates the values of K, and
Keat @ 26.4 M and 5.67 sec™, respectively.

Consequently, the results obtained in bulk experiments using a fluorescence spectrometer
can be fitted to determine the values of K, and K¢ of the enzymatic reaction with different
fitting methods as summarized in Table B-1. The table B-1 also includes the coefficient of
determination (R?) from the different methods.

Table B-1: Enzyme Kinetic activity determined from the bulk experiment by a fluorescence
spectrometer and plotted by different methods.

Fitting Method

Michaelis-Menten Lineweaver-Burk Eadie—Hofstee Hanes—Woolf
Kear (s€C7) 5.66 6.80 5.67 5.67
K (LM) 25.6 34.4 25.6 26.4
R? 0.99869 0.99642 0.97198 0.99656

From these fitting data, we regard the K, and K, obtained from Michaelis-Menten Plot as
the most reliable as compared to other fitting methods since the data is homogeneously
distributed along the fitting curve (See Fig.B-2) and the R? obtained from this fitting plot is
almost equivalent to 1 indicating the best fit of data to this fitting method. In addition, in this
case, the data from Lineweaver-Burk is less trustworthy since the fitting curve was highly
affected by the high value of the reciprocal of the concentration of substrate ([S]™) meaning
that in this method the data at low concentration of the substrate is very essential. Practically,
the error from a preparation of the reagent at low concentration, however, can occur which

can strongly influence the fitting data from this method in an adverse manner.
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APPENDIX C

Droplet Fusion

In this appendix, the preliminary test to investigate the droplet fusion behaviour of a micro-
and nanofluidic device is described. Two aqueous phases containing fluorescein solution
and PBS solution were used to generate two droplets for droplet fusion. The fusion
mechanism was visualized by using a high speed camera. The change in the dimension and
fluorescence intensity can identify the merged droplets from the original droplets. The
droplet fusion can be achieved by using this platform, however, the efficiency of this fusion

should be further improved.
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Droplet fusion by a passive approach

A glass-based micro- and nano-fluidic chip was fabricated and hydrophobized by the
methods which are described in chapter 3 and 5 of this thesis, respectively. This
hydrophobized chip was mounted into the in-house chip holder and placed onto the inverted
fluorescence microscope equipped with the mercury lamp and the high-sensitivity EMCCD
camera. The solutions were loaded into the chip by using a flow-driven neMESYS pump.
(Details and illustration of the optical and fluidic setups are described in chapter 3 of this
thesis.) In this preliminary test, the aqueous solution of the first water stream was a PBS
buffer solution (pH 7) and the second aqueous stream was a 25uM fluorescein solution in
PBS solution (pH 7); the oil phase was silicone oil with 4%wt Span80. Snapshots of droplet
fusion were visualized by a high-speed camera (Photron SA3) connected to the inverted

microscope.

A F il water

Qil phase stream

va

1% water
y stream

Figure C-1: (A) Configuration of double T-junctions in the nanofluidic network. At the first
junction, the first droplet (blue) was formed and flowed to touch the tip of the second water
stream (green) resulting in a merged droplet. The depth of the nanochannel is around 500 nm.

After the generation of the first droplet as shown in blue in Fig.C-1A, the generated droplet
flowed to hit the tip of the second stream (in green in Fig.C-1A). Snapshots of the
subsequent droplet fusion are shown in Fig.C-2B. The first droplet flowed to contact with
the tip of the second stream (t= 20ms). Then, the shear force exerted by the continuous phase
and the first droplet narrowed the neck of this tip (t= 24-32 ms). Eventually a second droplet
was generated by the second aqueous stream and merged with the first droplet (t=36-44 ms).

The process however mostly proceeded in a different manner, with the second stream
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generating a droplet before the arrival of the first droplet. The size of the first droplet is

around threefold larger than the size of the second droplet.

Figure C-2: A snapshot of the generated droplets after droplet fusion. The smaller and brighter
droplets represent the droplets containing fluorescein solution. The larger and darker droplets
represent the merged droplets. The droplets containing only PBS solution were invisible in this
measurement and their dimensions are around threefold larger than the size of the fluorescein-
containing droplets. The depth of the nanochannel is around 500 nm.

When entering the outlet nanochannel, the generated droplets of the first and second streams
as well as the merged droplets were visualized by a high sensitivity EMCCD camera as
shown in Fig.C-2. The smaller and brighter droplets represent non-merged droplets
containing fluorescein solution which is the second aqueous stream in Fig.C-1. The droplets
from the first aqueous stream containing PBS solution are invisible in this measurement;
their dimensions are around threefold larger than the dimensions of the fluorescein droplets.
The merged droplets are the larger but darker droplets in Fig.C-2 since, after merging two
droplets, the concentration of fluorescein is diluted resulting in a lower fluorescence

intensity.

From this preliminary test, two droplets can be merged using the generation of droplets at
two consecutive T-junctions. The fusion can be achieved by modulating the flow rates of
two streams. However, in our experiment, the success rate of droplet fusion is merely 10 %.
The cause of this is the generation of droplets by the second aqueous stream before arrival of
the first droplet. The improvement of the droplet fusion should therefore be further studied
such as the integration of the expansion chamber downstream the second T-junction as

described in the perspective section in chapter 7 of this thesis.
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