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Abstract
Conception and Phase 1 Characterization of

an EWOD-based SELEX Platform

SENE Marie-Angelique
School of Mechanical and Aerospace Eng.

Seoul National University

Aptamers are short DNA, RNA, or peptide 3D-shaped structures with the ability to
target molecules and proteins for which antibodies are not well suited, with high
specificity and affinity. Not only are these ‘chemical antibodies’ functionally similar to
traditional antibodies, but they also present various advantages such as, for instance,
their flexible structure, small size, high specificity and stability, which make aptamers a
cutting edge way to reach previously unexplored areas of therapeutics and to create
treatments that can keep up with the 21% century diseases. These aptamers are developed
through an in vitro selection and amplification process named Systematic Evolution of
Ligands by Exponential Enrichment (SELEX). This in vitro combination of chemical
reactions that synthetically isolates aptamers is performed over several rounds.
Nevertheless, some issues such as time consumption, loss of reagents, risks of cross
contamination due to constant human intervention during the SELEX process are
impeding the widespread application of aptamers in diagnostics and therapy. Thus, there
is a need for a microfluidic SELEX platform more rapid, highly efficient, completely

automatic and applicable to a wide range of targets.

Inspired by the new advances in MEMS fabrication methods, this thesis presents a
novel Electro-Wetting-On-Dielectric (EWOD) digital microfluidic platform with
various integrated features (notably heaters, mixers and isolation areas) designed to
overcome the obstacles faced in order to create the first EWOD-based SELEX platform.
This EWOD platform is designed to carry the whole SELEX process inside a droplet,

which is moved from one reaction site to the other while being submitted to the same



reaction conditions then the conventional SELEX process. This droplet movement
automation is permitted by an electric interface, which alters the droplet wettability —
thus altering its contact angle- on a dielectric surface by varying the electrical potential

applied.

This research project is composed of three major axes, two of which are within the
scope of this Master thesis requirement : (1) the design and fabrication of the first
EWOD digital microfluidic platform for SELEX implementation, (2) the Phase 1
characterization consisting of the conception and fabrication of a highly performant
RTD heater/sensor system for a precise thermal control of the SELEX process. The third
axe, Phase 2 characterization, involving the run of biological tests and the whole SELEX

process on our developed platform was established as a future final objective.

Through the conception and Phase 1 characterization, a highly performant
heating/sensing system, based on resistive heating and RTD principles, was developed
by altering the electrical properties of ITO with a novel multiple doping method in order
to obtain peculiar properties such as a TCR 3 to 4 orders of magnitude higher than

documented RTDs.

Keywords: Electro-Wetting-On-Dielectric, Aptamer, SELEX, MEMS, Lab-On-
Chip, RTD, TCR
Student Number: 2016-28096



Contents

ADSIIaCt. ..o 1
10) 11053111 T 111
LiSt Of Tables.......c.covuiiiiniiii e, vi
LiSt Of Figures........ooooviiiiiiiii i vil
Chapter 1 INtroduCtioN .........c.ceviiierinieniee e 1
1.1 IMOLIVALION...cuviieiecieciecceee e 1
1.1.1 ChalleNgES ..c.vovveciiiiiiece ettt 1

1.1.2 OPPOITUNITIES ..vvveiieeieeie et 3

1.2 HYPOhESIS oo 5

1.3 ODJECHIVES ...viiiiceeeie et 6
1.3.1 EWOD Digital Microfluidic platform development............. 6

1.3.2 Highly performant Resistance Thermal Detector system..... 7

1.3.3 Adaptation of SELEX process on EWOD platform............. 7

1.4 Thesis Organization ...........cccccceveveeiiesieeie i 7

1.5 REFEIENCES....coiiiieiice s 9
Chapter 2 Background and State of the Art...........ccccoveee. 11
2.1 APLAMEE .o 11
2.1.1 POtENLIAL.....ciieiii e 11

2.1.2 Recent progress in TherapeutiCs.........ccoouvrenereieiieineen. 15

2.2 SELEX ..t 15
2.2.1 History of SELEX ..o 15

2.2.2 Conventional SELEX Process ........cccovvvereneneneieinennn, 16

2.2.3 SELEX ProCesses reVIEW. ........c.cocvveeerrereeiesieeneenieseeeneenes 18

2.3 Microfluidic SELEX Implementations............cccccceevvernnnne, 20

2.4 RETEIBNCES. ...t cii et 24

iii 1 1



Chapter 3 EWOD Technology........cccoovvvieiieniniiesieaieenenn 27

3.1

3.2

3.3

TREOIY .. 27
3.1.1 Static Electrowetting: Lipmann-Young law ............c..c....... 30
3.1.2 Dynamic EWOD model.........ccccceviviiiviiiiieieieeie e 33
Design considerations for basic EWOD manipulations ....... 37
3.2.1 Current EWOD configurations...........ccoevveevvseeiesnsiennens 37
3.2.2 Droplet diSPENSING.......ccccvevieiieieieie e se e 38
3.2.3 Droplet transportation............ccceeeerierineneneneseeeeeee 42
3.2.4 Droplet merging and splitting.........ccccoovvivrenenencicise 44
3.2.5 Droplet MiXiNG......ccccoveiieieiieeeie s se e 45
RETEIENCES ... ittt 47

Chapter 4 Design and Fabrication of an EWOD-based SELEX

platform

4.1
4.2
4.3

4.4

................................................................................. 53
Overall system desCription............cccocvvirerinieienese e 53
OFIgINALILY ... s 59
Specific design considerations and fabrication steps...........61
4.3.1 BasiC EWOD PartS.......ccccoeiemeiiiininine e 61
4.3.1.1 Overall design ......cccovcveievie e 61
4.3.1.2 Mixing electrodes design..........c.ccooererenereiininninns 62
4.3.1.3 Heating/thermal sensing system design................. 63
4.3.1.4 FabriCation.......cccoovviiiieiiieeeeeee e 65
4.3.2 Separation PArtS .........coerererrerieininise e 68
4.3.2.1 Cassie-Wenzel wetting/de-wetting transition........ 68
4.3.2.2 DESIGN....octiiieieiteeie et 71
4.3.2.3 FabriCatioN.......cccovviiiieieeieeecce e 73
RETEIENCES. ...t 76

Chapter 5 Platform automation and Phase 1 characterization81

5.1
5.2

5.3

5.4

Automation with Dropbot System...........cccceevveveivieieeriecnnn, 81
Heater and sensor calibration...........coooveveeeeeiiiececeeeee 83
B5.2.1 CaliBration .....oveeeeeeiie ittt 83
B.2.2 REBSUITS .ottt e e 84
Effects of Diffusion on RTD sensitivity..........ccccoceeiierinenn, 89
5.3.1 Semiconductor doping for enhanced sensitivity................. 89
5.3.2 Diffusion prinCiple........c.ccoovviviieiiiieccee e 91
5.3.3 Gold and chromium diffusion mechanisms in ITO... ........ 93
RETEIENCES. ...t e 96
iv ¥



Chapter 6 Conclusion and future Work.............cccccvvvvevvnenne. 98

6.1 CONCIUSION ...t 98
6.1.1 Novel bead-less separation method..............ccocoveveiiinnnnn. 98

6.1.2 Phase 1 characterization : a highly sensitive RTD sensor. . 98

6.1.3 Complete autOMAtioN..........ccceevveveeieie e 100

6.2 Future work : Phase 2 characterization..............ccc.ccccuvenen. 100
6.2.1 Biocompatibility teSt.........cccoveviiiiiiiiiiir e, 100

6.2.2 DNA/RNA/target Mixing rate calibration....................... 100

6.2.3  SePAration teSL........c.covviiiriieiereee e 101

6.2.4 Overall SELEX process run-test.........cccocevvvvvviveresnnnenne. 101
ADSEraCt IN KON .......coovieiiie e 102



Table 2.1
Table 2.2
Table 2.3
Table 4.1
Table 6.1

List of Tables

Comparison of nucleic acid aptamers and protein antibodies.....13

Nucleic acid aptamers currently in the clinic.........c.ccccoeveens 14
Timeline of emerging modifications of SELEX .............cccccvu..... 16
Characteristics Of NASBA .......ccoooi e 57

Response of n-type silicon-based RTD doped with gold in a
nitrogen ambient, doped area : M1-> 10mm x 5mm, M2-> 10mm

X 2MM-=> 5MM X 2IMML it 99

Vi o L I



List of Figures

Figure2.1 3D structures of SSDNA aptamers. .........ccccceoveireninenenenennenees 11
Figure 2.2  Chemical structures of theophylline, caffeine, L-arginine and D-
AIGININE....c. e 12
Figure 2.3  Aptamer-mediated cell-type-specific drug delivery................... 15
Figure 2.4 Schematic diagram of an aptamer library...........cccocoeevivivveinnnnns 17
Figure 2.5 Basic principle of SELEX ProCess. .......cccccevveviveresiesieeseseenenneas 17
Figure 2.6  Schematic illustration of Capillary Electrophoresis-SELEX. .....18
Figure 2.7  Schematic illustration of Magnetic bead-based SELEX. ............ 19
Figure 2.8  Schematic illustration of Whole-cell-based SELEX. ................. 20
Figure 2.9  Schematic illustration of invivo SELEX. .........ccccooviiiiennnnn. 20
Figure 2.10 Overview of M-SELEX ProCeSS.........ccceverveiiiniiininienieieeenes 21
Figure 2.11 Design and physics of the CMACS devViCe. .......c..ccccervrerernennn. 22

Figure 2.12 Integrated microfluidic SELEX using free solution electrokinetics
a) 3D view, b) top schematic view, c)cross-sectional view along
TINE A-A s 23

Figure 3.1  Basic principle of an EWOD setup. a) EWOD configuration. b)
droplet at OV. c¢) droplet under electric potential. ...........c........... 28

Figure 3.2  Diagrams of electrowetting basics in microscopic scale. Young'’s
contact angle 9, at V =0 (a) and contact angle at VV # 0 (b).
Young'’s contact angle unchanged even if electromechanical
force is acting toward ambient from droplet..........c..ccooveveens 29

Figure 3.3  Droplet wetting transitions on a rough surface (a) Cassie state

and (b) Wenzel State........c.cocvceeiiiiciicecccc e 32
Figure 3.4  Contact of droplet on an ideally flat surface (a) and a rough
SUMTACE (1)t 33

Figure 3.5  Forces at play during droplet electrowetting-based micro-

ACTUBLION. .. v ceeeee ettt et et ettt e e e e e e et e e e e e e eaeneees 34

Figure 3.6  Open EWOD configurations, a) classical coplanar configuration,
b) variant using @ MIiCro CateNary.........c.ccecereereerereeie e eeene e 37
Figure 3.7  Closed EWOD configurations, a) classical two plate
configuration, b) ‘cross reference’ variant configuration. ............ 38

Figure 3.8  Schematic of two electrode - reservoir design employed in this thesis 39

vii F



Figure 3.9  a) liquid neck emerging from the reservoir (reservoir electrode
and adjacent electrodes are all on), b) pinch-off effect, ¢) droplet
geometry during electrowetting-based micro actuation (top
view), d) droplet geometry during electrowetting-based micro
ACtUALION (SIAE VIBW). ... 40

Figure 3.10 Electrowetting-based micro actuation causing droplet
LU L0100} ¢ OB SR 43
Figure 3.11 Electrowetting-based droplet merging. .........ccccoovvovnerincrennennen. 44
Figure 3.12 a) Electrowetting-based droplet splitting process (top view), b)
cross-section AA’, ¢) cross-Section BB, ........coccoiiiiiiiiiiiiiins 44
Figure 3.13 Open EWOD system mixing through induced self-oscillations..46
Figure 3.14 Electrowetting-based mixing through two-dimensional loop

MOTION. . ..o e 46
Figure4.1 Schematic representation of the SELEX process. ..........cc.cccueuu... 54
Figure 4.2 A schematic of the NASBA Process. .......ccccocvvviriinsienninneennns 56
Figure 4.3  Molecular beacons working prinCiple ..........ccccoovoviininiienennn 57

Figure4.4 EWOD-based SELEX platform, a) schematic layout, b)
Fabrication photo-mask design, ¢) 3D modelling, d) picture of
the fabricated platform. ... 58

Figure 45 EWOD-based SELEX platform reactional stages............cccc..... 60

Figure 4.6 EWOD-based SELEX platform combined ‘closed’ EWOD

CONFIQUIALION. ..ot e 62

Figure 4.7 EWOD mixing system, a) working principle, b) photo mask
design, €) 3D MOdEl. .....coveiiciei 63

Figure 4.8 Electrowetting-based actuation and heating/thermal sensing

alternation principle, a) Movement, b)Resistive heating. ............ 64
Figure 4.9  Process flow of basic EWOD parts fabrication............c.cc.cccue... 65
Figure 4.10 Photolithography working principle.........c.ccccoeveviniiiiiieiieieenes 66
Figure 4.11 Photo mask used for electrodes patterning...........c.ccoeceveveeenennns 66
Figure 4.12 Photo mask used for gold interconnections patterning................ 67
Figure 4.13 Lift-off process working principle. ..........cccooviiiininin i 67

Figure 4.14 Irreversible Cassie/Wenzel wetting transition due to Energy
DAITIEN ..o 69

Figure 4.15 Electrowetting induced Cassie/Wenzel wetting and de-wetting
transitions working principle, a)initial spontaneous Cassie state

on bottom superhydrophobic plate, b) Wenzel state induced
viii 3



Figure 4.16

Figure 4.17
Figure 4.18
Figure 4.19

Figure 4.20
Figure 4.21

Figure 4.22
Figure 4.23
Figure 4.24
Figure 5.1

Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

through bottom plate actuation, c) droplet remaining in Wenzel
state when bottom plate potential turned off, d) reverse transition
triggered by actuating top plate, €) droplet gently resting on

bottom plate when top plate actuation stopped...........c..coevuene.. 70
Electrowetting induced Cassie/Wenzel wetting and de-wetting
transitions experimental visual feedback. .............cccoviiiinennn. 70
Electrophoretic mobility shift induced by target binding............ 71
Vertical electrodes integration to micropillars. ............ccccveevene.e. 72
Protocol adaptation to Electrophoretic mobility shifts cases, a)
when the migration speed is increased, b) when the migration
speed iS deCreased. .........coevvveeiiii e 72
Vertical electrodes fabrication process flow. .........cccccooeieienins 73
Vertical electrode arrays photo masks, a) vertical electrode 1, b)
vertical electrode 2, ¢) fabrication visual result. ..............cc...c..... 74
Vertical electrodes schematic fabrication (top view) .................. 74
Micro wells photo Mask. .........cccccvevveiiiiieiiiece e 74
3D model of the whole vertical electrodes system...................... 75

DropBot DMF automation system, a) Working block diagram, b)
Photograph of the DropBot system, ¢) Screenshot of the

affiliated SOFtWArE. .....ocveie e 82
Bath type calibration experimental SEtup.........ccocoevvniiinenienns 84
ITO Heater linear calibration. .............cccevvevievireveiieiie e 86
ITO Heater quadratic calibration.............ccceoevviiininencieieen 87
ITO RTD IESPONSE. ...ttt 87
ITO Heater TCR.....oiiie e e 88
ITO RTD normalized reSPONSE. ........ccoerverveieeniininieneesie e 88
ITO RTD SENSITIVITY. ..o 89
Degenerate semiconductor energy-based characterization. ........ 90
Carrier density in doped n-type Semiconductors (similar for p-
type SEMICONAUCTLONS). ....cveieieieieeiee e 91
Diffusion mechanism, a) substitutional diffusion, b) interstitial
(0111 {1 S]] o ST 92
Substitution-interstitial diffusion mechanisms, a) Frank-Turbull
mechanism, b) kick-out mechanism............c.ccoccevovriverieiirernennnnn, 93
N-type silicon-based RTD response, a) without doping, b) gold
doping in an oxygen ambient, ¢) gold doping in nitrogen
AMDIENT. . ... 94
ix 3



Figure 6.1 Common ITO-based RTD reSponse. ........ccccovvvrerirrnererisnninienes 99

X s B ke



Chapter 1. Introduction

1.1 Motivation

1.1.1 Challenges

Aptamers present numerous advantages compares to antibodies such as high
affinity, specificity, immunogenicity, thermal stability, low cost and high
reproducibility. Aptamers can be conjugated to nanoparticles, toxins, SiRNAS,
chemotherapy drugs among others, which make them cutting edge therapeutic tools
for contemporary diseases treatment. Various SELEX protocols for easy and rapid
aptamer generation came to light. But in order to achieve rapid high-throughput
aptamer selection and to facilitate the integration of aptamers in various
applications from research to clinical, it is urgent to develop a rapid, sensitive,
compact and low cost alternative to currently available SELEX platforms.
Microfluidic chips seems to be a good candidate but SELEX integration into
microfluidics presents some challenges specially when it comes to the critical
separation step between unbound sequences and aptamer-target complexes.
Unfortunately, one of the main causes slowing down the mainstream use of
aptamers is their fabrication technique itself. Indeed, SELEX process present
several limitations that cause aptamers to lag behind therapeutic antibodies [1.1].
One limiting factor of SELEX process is its laboriousness, with previous
improvements of conventional SELEX, the number of rounds required was reduced
to 8-12 rounds to produce highly binding aptamers. Not only is a single round of

selection, amplification and purification taking days, but also those steps are not



trivial since one must be careful not to cross contaminate the samples thus
introducing non-specific binding during selection or bias during amplification [1.2].
Therefore it became necessary to automate the SELEX process, Elligton et al., in
order to reduce the user implication in the different steps (i.e. selection, purification
and amplification), decided to use robotic workstations [1.3] [1.4], reducing the
contamination risks and improving the affinity.

The low throughput of SELEX process is also another limitation that can be
overcome by improving the process efficiency. With the conventional SELEX, not
only are non-specific interactions with the matrix and other stationary supports a
hindrance, but also, filter separations don’t have a high resolution power even if
they are straightforward. Bowser’s group showed that Capillary Electrophoresis can
be used for Selection steps [1.5]. First of all, selections are performed in free
solution, thus significantly reducing the risks of non-specific interaction with
stationary supports eliminating the need for an additional negative selection round.
Furthermore, aptamers with low nanomolar dissociation constants can be isolated
in no more than two rounds of selection thanks to the increased separation power
of Capillary Electrophoresis.

The other largest limitation to the widespread acceptance of SELEX process (thus
aptamers) is its time consuming nature. Indeed, SELEX process necessitate weeks
or even months to be completed without any guaranty of success. In order to reduce
the time necessary for separation after binding, micro beads were used to
immobilize target molecules (proteins and small molecules) [1.6] [1.7], that way
small molecules can also be used for SELEX. But this method requires a step during
which an additional affinity tag or a special functional group is added to the target

molecules creating another risk of non-specific binding. Another option: the



magnetic bead-based SELEX technique which allows the immobilization of
proteins or small molecules targets via an electrostatic interaction or a covalent
bond between the affinity tag and the substrate on the functionalized magnetic
beads. This method is attractive since magnetic beads are strong candidates for an
easy and rapid isolation of aptamer-target-complexes-immobilized beads using a
magnetic field [1.8].

Therefore, it is necessary to improve the current SELEX method to increase the
efficiency and throughput of the aptamer development system for therapeutics.
More precisely, a fully automated system, with micro liter range sample

consumption, time consuming and low cost is necessary.

1.1.2 Opportunities

Microfluidic SELEX devices were pointed out as a way to address low efficiency
and throughput of aptamer production techniques. Microfluidic chips are versatile,
simple and low cost options for POC applications, allowing parallel running
reactions in multiple channels. Indeed the use of microfluidic chips for bio essays
such as PCR or ELISA is already widespread.

In order to develop a more efficient method to generate aptamers, several
techniques for aptamers screening and in microfluidic devices were developed.
For example, a microfluidic chip using sol-gel technology was developed to capture
various proteins by their native state in a nanoporous gel without the need of
affinity-capture tags [1.9]. This chip can screen high affinity aptamers after several
cycles. But the amplification step and elution needs to be done off-chip since
microheaters were not incorporated on the chip [1.10]. The other disadvantage is

the high production cost and time consumption.
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Another alternative is the CE Microfluidic chip [1.11] used to separate aptamer-
target complexes from unbound sequences using their mobility differences. This
chip high separation efficiency decreased the number of rounds needed to 1-3
rounds. However, when a small molecule is used as the target, the aptamer-target
complex velocity is close to that of the unbound sequences making the separation
between aptamer-target complexes and unbound sequences difficult.

Magnetic bead-based microfluidic chips were also identified as a rapid, highly
efficient, automatic and applicable to a wide range of targets alternative for
microfluidic SELEX implementations. Huang et al. also used a microfluidic system
and magnetic beads conjugated with C-reactive proteins (CRP) to automatically
screen specific aptamers against CRP.

Similarly, Lou et al. developed a Continuous-flow magnetic activated chip-based
separation device to select the DNA aptamer that specifically bound to neurotoxin
type B in a single round [1.12]. But this device and the CE microfluidic chip are
only used for separation and the others steps such as the initial incubation, the
amplification and purification need to be conducted off-chip.

Nevertheless, there are a number of limitations linked to the use of magnetic beads
such as beads aggregations that may cause blockage in the microchannel; loss of
reagents and products during the throughout washing for purification ; and the
difficulty to uniformly disperse the magnetic beads throughout the sample for
oligonucleotide-target binding.

It is thus necessary to look for another alternative for a efficient and low cost digital
microfluidic SELEX platform. Electrowetting on dielectric (EWOD) became
nowadays, an emerging technology for LOC development and more precisely, for

digital microfluidic applications. This technology allow the programmable



manipulation of one or several droplets simultaneously using electrode arrays
[1.13]. Various sets of biological essays can be run through an EWOD platform due
to its flexibility, therefore, in the recent years efforts have been directed towards the
application of EWOD in biological and biomedical research. Furthermore, by
concentrating the reaction stage inside a droplet, EWOD technology not only
decreases the reagent volume but also it requires low energy consumption, it
enables simultaneous control of different droplets with a rapid droplet
transportation and it is compatible with detection instruments. Up to now, this
technology, that fits for multi-steps laboratory biochemical reactions and essays,
was developed for automatic samples preparations (including heating, elution...)
but also amplification protocols such as PCR. Nevertheless its potential is yet to be
assessed for SELEX implementation. Indeed, among the several steps required in
the SELEX process, the challenging one for EWOD automatic implementation is
the separation step between unbound sequences and aptamer-target complexes.
Indeed in order to come up with a novel bead-less separation method within a
droplet, it is necessary to investigate the physical properties in play during binding
between sequences and targets in order to use them. Notably, the principle of
change of mobility between aptamer-target complexes and unbound sequences used

in the CE SELEX development seems to be a valuable candidate.

1.2 Hypothesis

The new developments in micro/nano scale fabrication techniques combined with
EWOD technology versality can lead to the conception of the next generation
integrated digital microfluidic SELEX devices with improved efficiency,
throughput and low cost. This thesis uses the premises that a digital microfluidic
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SELEX platform can be developed using EWOD technology, coupled with
mobility properties of oligonucleotides depending on their interactions and vertical
wetting principles. We hypothesize in this thesis that by using EWOD and wetting
transition properties we can not only achieve horizontal manipulation of droplets
but also vertical manipulations that will be necessary to conduct our novel
separation technique between aptamer-target complexes and unbound
oligonucleotides using their mobility differences. Additionally, highly sensitive and
performant sets of heaters and sensors are incorporated to the device for a precise

thermal control of the SELEX process and low energy consumption actuation.

1.3 Objectives

The above mentioned hypothesis will be proved through the fulfillment of three
objectives identified as the major components of our theoretical and experimental

approach.

1.3.1 EWOD Digital microfluidic platform development

Our first objective is to fabricate mainly through soft lithography a versatile EWOD
digital microfluidic platform on which basic sample manipulation steps such as
dispensing, mixing, merging, splitting, but also more complex steps such as
heating, thermal control, elution, vertical wetting transitions can be performed. All
of this designed within a simple, low cost and user-friendly microfluidic chip with
full automation and potential integration with detection instruments for real time

monitoring of samples state.



1.3.2 Highly performant Resistance Thermal Detector system

The second objective or Phase 1 characterization is to integrate within that EWOD
platform, a highly performant Resistance Thermal Detector heating/sensing system
for a precise, highly efficient and low energy consuming thermal control of the
several SELEX steps needing heat treatment. Indeed, RTD systems can be easily
incorporated into an EWOD system without any additional fabrication steps by

converting basic EWOD electrodes into heaters or thermal sensors.

1.3.3 Adaptation of SELEX process on EWOD platform

The final future objective is to run biological tests on the platform notably
concerning the vertical wetting transitions necessary for aptamer-target complexes
unbound sequences separation. The goal is to ultimately run a whole SELEX

process on our single fully automated EWOD digital microfluidic platform.

1.4 Thesis organization

This research project is composed of three major axes, two of which are within the
scope of a Master thesis requirement : (1) the conception and development of an
EWOD digital microfluidic platform for SELEX implementation, (2) the
conception and fabrication of a highly performant RTD heater/sensor system for a
precise thermal control of the SELEX process. The third axe which is the run of
biological tests and the whole SELEX process on our developed platform was
established as a future final objective and more detailed in chapter 6. Prior to the

presentation of our work, chapter 2 first establishes background knowledges and



the state of the art for aptamers and the SELEX process development. In order to
familiarize the reader with EWOD technology and the key theoretical aspects
behind it, chapter 3 presents a review of the basics of EWOD technology. In
chapter 4, our platform design and fabrication process are presented. Chapter 5
outlines the platform automation technology, its RTD system characterization and
the results discussion followed by a summary of the accomplishments and an

presentation of the future work in chapter 6.
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Chapter 2. Background and State of the Art

2.1 Aptamers

2.1.1 Potential

Aptamers are short single-stranded deoxyribonucleic acids (sSDNA) or ribonucleic
acids (RNA) that go through a selection process for binding to a define target with
high affinity and specificity thanks to their ability to fold into complex 3D structures
[2.1]. The ssDNA aptamers main 3D structures are (figure 2.1): G-quadruplexes,

hairpins (such as stems, loops, bulges...), and pseudoknots [2.2] .

hairpin structure with a bulge on th gion. The Fi pri
permission from Dr Shalen Kumar (Victoria University of Wellington, NZ).

Figure 2.1: 3D structures of ssDNA aptamers[2.3]
Up to the recent years, antibodies have been identified as the standard medium for
molecular recognition but aptamers are emerging as the new alternative. Indeed,
with the same molecular recognition method as antigen-antibody binding, aptamer-
target binding happens through the following intermolecular interactions: Van der
Waals forces, hydrogen bonding, electrostatic forces and Pi-Pi stacking of “flat-

structured” aromatic moieties [2.4]. Aptamers are small-sized, and not only are their
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binding affinity and specificity similar to those of monoclonal antibodies, but even

surpasses them. For instance, aptamers with high target structural specificity and

enantioselectivity were developed such as: the theophylline aptamer showing for its

cognate ligand an affinity 10 000-fold higher than its affinity for caffeine which

differs from theophylline by one methyl group (Figure 2.2) [2.5]. Similarly, an

arginine aptamer was developed with a 12 000-fold affinity with L-arginine than

with D-arginine [2.6].

HN NH; HN NH,
G sk o X
ek y NH NH
HC N HC
N
A2 A2
07 N N 07 >N N |
| OH OH
CH, Hy HoN N,N/IY
H H
o )
Caffeine Theophylline L-arginine D-arginine

Figure 2.2: Chemical structures of theophylline, caffeine, L-arginine and D-

arginine[2.3]

Since aptamers are made of nucleic acids, they are not considered as a foreign

agents by the immune agents [2.7]. Thus making aptamers an excellent alternative

to antibodies (Table 2.1) and cutting-edge therapeutic tools.
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Table 2.2: Nucleic acid aptamers currently in the clinic, AMD, age-related

macular degeneration; C5, complement component 5; CCL2, chemokine C-C

motif ligand 2; CXCL12, chemokine C-X-C motif ligand 12; dT, deoxythymidine;

nt, nucleotide; PDGF, platelet-derived growth factor; PEG, polyethylene glycol;

TFPI, tissue factor pathway inhibitor; VEGFes, vascular endothelial growth factor

isoform 165. [2.8]
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2.1.2 Recent progress in therapeutics

There are three different strategies for aptamer exploitation in therapeutics:
aptamers can be used as an antagonist to block the interactions of disease-associated
targets (protein-protein, receptor-ligand...); or as an agonist to activate the function
of target receptors; or, in the case of cell-type-specific aptamers, as a carrier to
deliver other therapeutic agents to the target cells or tissues [2.9];[2.10];[2.11]

(Figure 2.3).

ei.A'hm" SRNA D: Aptamer-nanoparticles.

drugs conjugates

C: Aptamer-protein 4 ix o
E: Aptamer-stick-siRNA
conjugates 53 conjugates
A - 7 ~® Stick  inkg,
%o,
s H

A Apt p
siRNA conjugates

r,v.dp?/\
f F: Aptamer.other
" molecules conjugates

Streptavidin

Cell membrane and receptors

£ A/ Linker @ Biotin [N/ siRNA e : o O naopar shee:
,":'1 gold nanoparticie
* ¥ agents o ch agents; therapy

Figure 2.3: Aptamer-mediated cell-type-specific drug delivery[2.12]

2.2 SELEX

2.2.1 History of SELEX

In the early 1990s, aptamers were first developed by two laboratories of Elligton
and Szostak [2.13] on one hand, and Tuerk and Gold [2.14] on the other. The
technique used to generate these chemical antibodies was named Systematic

Evolution of Ligands by Exponential enrichment (SELEX) by Tuerk and Gold.

15 e
- -"{\.-\| -‘T.r'

of) 8} W



Following the establishment of the conventional SELEX process, other modified
SELEX protocols were introduced (Table 2.3). In 1992, in order to avoid non-
specific binding to the environmental components (i.e. agarose matrix), the initial
aptamer library is first incubated with the matrix to eliminate the non-specific
aptamers, thus conducting a Negative-SELEX [2.15], which increases the aptamer
affinity by ten times. Another version of SELEX, called Counter-SELEX [2.16],
was introduced two years later which consist of a first aptamer incubation with

target analogues before proceeding with the actual target selection round.

SELEX type References *
1990-1993 Classic, Negative 12,5
1994 Counter or Subtractive 6,7
1993 Blended (Covalent), Photoselex (crosslinked), ecDNA-SELEX g-10
1994 Spiegelmer isolation 12
1997 Invive 13
1998 Chimeric 14
1999 Multistage, Cell Specific SELEX(CS-SELEX) 15
2000 Beacon aptamers, Indirect 16-18
2001 Toggle 19.20
2002 Expression cassefte il
2003 Tailored-SELEX .
2004 CE-SELEX 3
2005 FuMAG 24
2006 TECS-SELEX, NON-SELEX (NCEEM) 2527
2007 NanoSelection® (nM-AFM SELEX), MonoLEX 2830
2008 CS-SELEX 31,32
2009 MNext-generation SELEX 33
2010 Microfinidie-SELEX, Bioinformatics analyses 3637434
2011 Multiple-target high-throughput SELEX 3841

* references comespond to the first report of each type of SELEX; [ Setting the ground;
[ Improving the librares; O Entering the cell environment; [ Regulation and detection;
O Updating SELEX with modern Technologies.

Table 2.3: Timeline of emerging modifications of SELEX [2.17]

2.2.2 Conventional SELEX process
SELEX process conventionally involve 5 steps, starting with a DNA or RNA

library containing a 20-60 nucleotide random region in between two constant
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primer regions at the 5’ and 3’ ends (Figure 2.4). That library is then incubated with
the target of interest and aptamers with high affinity bind to the target forming an
aptamer-target complex. After separation between the unbound sequences and the
aptamer-target complexes, elution of the bound aptamers from the complexes takes
place. Then amplification of those eluted aptamers is carried on by Polymerase
Chain Reaction (PCR) or Nucleic Acid Sequence-Based Amplification (NASBA)
for instance, and additional rounds of selection are performed. After obtaining a
large number of specific aptamers from a number of rounds, those aptamers are

sequenced and their binding properties are evaluated (Figure 2.5).

e F N R —3
Constant Random Constant

Figure 2.4: Schematic diagram of an aptamer library[2.4]
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Figure 2.5: Basic principle of SELEX process
For the generation of RNA aptamers, steps such as in vitro transcription and reverse
transcription are added to the overall SELEX process. Up to 20 rounds are usually

performed for a conventional SELEX process, thus making this approach time and

g 5 M 0ot
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labor consuming. Nonetheless, with the countless SELEX process changes and
modifications, it is nowadays possible to develop aptamers in hours instead of the

weeks necessary for the first conventional SELEX.

2.2.3 SELEX processes review

Among the most common variants of SELEX processes, we can find Capillary
Electrophoresis-SELEX or CE-SELEX [2.18]. This approach differs from the
conventional method by the separation of unbound sequences from aptamer-target
complexes using their difference in electrophoretic mobility (Figure 2.5). Indeed,
unbound sequences have a higher mobility then bound sequences, therefore, the
unbound oligonucleotides can pass into the waste area while the aptamer-target
complexes remain in the main capillary. Thanks to this method, the number of
SELEX rounds can be reduced to 4.

random ssDNA library incubation with target

bound sequences

cloning and sequencing %’\

e PCR
TGIGGIGTGTCTCALCTGRAN CGTAGE
AGGAN GLCAN GT TGCANGATACGTAGE (‘_K.
GOANTCTCGETAICGTTANCGLRICGTT ) ™ L 10
TN

Figure 2.6: Schematic illustration of Capillary Electrophoresis-SELEX [2.19]
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In 1997, another variant of SELEX called magnetic bead-based SELEX was
introduced [2.20]. For this method, the target protein was coated on magnetic beads
thus allowing a magnetic separation between the aptamer-target complexes and the

unbound sequences (Figure 2.6).

incubation with target
on magnetic beads

= P rr”’n;“;ﬁ

random ssDNA library unbound ssDNA

i

magnetic separation

%
&, 2
(=

Iy

target-bound
PCR amplification B

magnetic beads
denaturation T

T e VTTY
Ty T

% cloning and sequencing
[GTGGLGTGTCTCACCTGGAATCGTAGCT

AGGAATGCCAATGTTGCAAGATACGTAGC
GGAATCTCGGTATCGTTAATCGCTATCGIT

T

Figure 2.7: Schematic illustration of Magnetic bead-based SELEX [2.19]
Although the above mentioned SELEX processes are carried on for a specific and
known target, one variant method does require the prior knowledge of the target :
Cell-SELEX (Figures 2.7). Indeed, for this type of SELEX process, target are whole
cells, eukaryotic or prokaryotic, and they can generate highly specific aptamers.
This approach can necessitate 35 rounds but usually, after 8 to 10 rounds, high
affinity aptamers can be obtained. This method is commonly used to generate

aptamers against various cell types [2.19].
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Figure 2.8: Schematic illustration of Whole-cell-based SELEX [2.8]
While SELEX is usually described as an in vitro process, an in vivo SELEX (Figure
2.8) method was developed in 1993 [2.21]. During the first in vivo SELEX process,
an infectious combination of HIV-1 DNA genomes with random mutations were
transfected into CDT4+ T cells which were then replicated, cloned and sequenced

and then used for the SELEX process.

Invivo C\ —~ $ 188 Metabolization
n p 2 \ = \ 3
e 7 circulation .\ / - ' ~ of unbound
Initial RNA library for the first cycle [ AE AE "4 R sequences
= — S — 0 —{ 3
£ o S) € - S - N O
Of o @ Library " Animal model of :
cﬁ? Q,(‘ —————— injection \ target of interest 2
Harvesting of

liver tumour

w%ﬁ@&p }/OQ g

\I e>-( 2 (

The 2nd ~ Nth cycles

New RNA library for
next selection cycle \

Sequencin ) FP) ;
to ?denlilylJ ¥ Re-amplification of N d" )R :Tflm,l IR:“A e;:mrd;o"
m tissue or organ
aptamer bound sequences APAL, 5 9
gequences RT and PCR steps Bound §§°°"e'y of Bound sequences on the tissue
e, - und sequences vk
and in vitro transcription sequences or organ of pathological interest

Figure 2.9: Schematic illustration of in vivo SELEX [2.8]

2.3 Microfluidic SELEX implementations

In order to overcome the time and labor consuming nature of the aforementioned
SELEX process, several research group have developed rapid, highly efficient and

automatable microfluidic SELEX devices. In 2009, a platform that integrates
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magnetic bead-based SELEX with microfluidics technology, able to generate high-
affinity aptamers in one round was developed, named M-SELEX [2.22]. The
Overall M-SELEX process (Figure 2.9), for the target Botulinum neurotoxin type
A, is organized as follows : the target protein is conjugated to magnetic beads
through carbodiimide coupling; then the target and starting library are incubated
and separation between unbound sequences and aptamer-target complexes occurs

in a CMACS device (Figure 2.10) followed by aptamers amplification.

oo%
@ e N9
(;gilc:)::y):'lz NHS Target protein
) d Conjugation

@)é@ CMACS Chip
()é‘) & Separation __Sample  ————0—
_— - —_—] Buffer —s % & —

Symlle5|s ‘ bati
SSDNA Libra ny Incubation Q\g g | e -t m—
7
5 Strand PCR
Affinity g 599"’“0" % g. biotinylated primers
Measurements
5 % ‘OH Streptavidinylated
ssDNA beads biotinylated
dsDNA

Figure 2.10: Overview of M-SELEX process [2.22]

Inside the CMACS device, the combined mechanical forces along the magnetized
Ni strips (external magnet placed in dotted area of Figure 2.10 A) selectively guide
the protein-conjugated magnetic beads which are then eluted through the product

outlet while the unbound sequences are directed to the waste outlet.
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Waste Product

B
C
Sample Inlet Waste Outlet
Buffer Inlet Product Outlet
Sample Inlet 1 m— Waste Outlet

@ Magnetic beads

Figure 2.11: Design and physics of the CMACS device[2.22]
Another integrated microfluidic SELEX device using free solution electrokinetics
(Figures 2.11) was also introduced in 2017 [2.23]. For this device, an initial library
is incubated with target conjugated microbeads for affinity selection, non-binding
and weakly binding sequences are washed away through multiple buffer washes.
The remaining strong binding oligonucleotides are thermally eluted from the target
coated microbeads and transferred to another chamber with amplification
microbeads coated with reverse primers, PCR reagents are then introduced and
thermal cycles of PCR are launched resulting in amplified copies of the binding

sequences hybridized to the beads which are then thermally denatured from the
22 i [ R 1 [ [
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latter and transferred to another chamber for the next selection round.

(b)

Heater and Temperature Sensor

Selection Chamber

Amplification

Electrode Port Chamber

A

Electrokinetic
Transfer
Microchannel

Electrode Port

Outlet
Outlet

(C) Selection Chamber Amplification Chamber

\ Glassslide
Reverse Primer
- + SN -  Beuds

Electrokinetic Transfer

A-A

Figure 2.12: Integrated microfluidic SELEX using free solution electrokinetics a)

3D view, b) top schematic view, c)cross-sectional view along line A-A’[2.23]
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Chapter 3. EWOD Technology

This chapter presents a review of the fundamentals of EWOD technology: in the
case of droplet-based microfluidics, single or multiple droplets in contact with
dielectric layer are dispensed, transported, mixed, heated... [3.1] by applying DC
or AC voltage across the electrodes covered by the dielectric layer. Various EWOD
configurations can be used for droplets manipulation such as the closed EWOD
configuration or the open EWOD configuration [3.2],[3.3],[3.4]. Thus due to its
versality and simple nature, EWOD can be implemented to a wide range of
applications such as optical devices such as displays [3.5] and liquid lens [3.6], but
also lab-on-a-chips [3.7],[3.8] among others.

Electrowetting on dielectric is the principle describing the change of droplet contact
angle by applying a electric potential. Indeed, when an electric potential is applied
to the droplet through the dielectric layer, the contact angle at the interface between

it and the dielectric layer decreases [3.9].

3.1 Theory

Gabriel Lippmann first discovered the phenomenon know as electrocapillarity,
which is the foundation of electrowetting [3.10]. Electrowetting mainly consist of
the modification of the wetting properties of a solid conductive substrate, thus the
movements of partially wetting droplets above it, by applying a voltage [3.11]. This
application of an external electric potential allows the manipulation of droplets by

modifying their solid/liquid interfacial tension, thus their contact angle.
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Electrowetting evolved to EWOD after Berge added a thin dielectric layer in order
to overcome breakdown issues such as the electrolytic decomposition of droplets
[3.12],[3.13]. Figure 3.1 represent the basic setting of an EWOD device which is
composed of a sessile droplet, a planar substrate with a dielectric layer on top and

a voltage source.

(b)
(@)
] 6o
Hydrophobic ( ‘\
dielectric layer g
Hydrophobic under no potential
(©)
Electrode
Substrate

Hydrophilic under electric potential

Figure 3.1 : Basic principle of an EWOD setup. a) EWOD configuration. b)
droplet at OV. c) droplet under electric potential [3.9]
Figure 3.1 b) and c) illustrate the change in contact angle resulting from the change
of substrate wetting properties. Figure 3.1 b) shows a sessile droplet on a
hydrophobic surface without any electric potential applied to it, therefore, in this
configuration, the droplet contact surface is minimized. When a electric potential
is applied, creating a potential difference between the droplet and the electrode
under the dielectric layer as in Figure 3.1 c), the substrate wettability increases
causing the droplet to spread across the surface. This EWOD principle is governed

by the Lippmann-Young equation [3.14] (1) :

V? (3.1)

cos@=cosé, +
2716

where 6, and 6 are respectively the initial contact angle when the applied voltage
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V to the dielectric layer is zero and when V is different from zero, c is the
capacitance per unit area (F/m?) of the dielectric layer, and y.c is the interfacial
tension between air and water (~0.072 N/m).

Based on the Lippmann-Young equation, the electrostatic energy stored in the
capacitor (composed of droplet base surface, dielectric and conductive substrate
since fringe effects are neglected [3.15]) caused the change of contact angle.
Furthermore, the droplet advancing and receding can be precisely controlled since
the change in the contact angle cosine is directly proportional to the applied voltage.
By applying a voltage to the EWOD system, an electric field (caused by the induced
charge stored near the contact line), with a component parallel with the solid/liquid
interface direction, generates an horizontal electrochemical force per unit length
(N/m) from the droplet towards the ambient. Therefore, the initial contact angle
decreases macroscopically becoming 6, but the microscopic contact angle 6, does
not change [3.15]. Thus, it is important to note that the term contact angle is actually

referring to a macroscopic contact angle [3.16] or apparent.

(a) (b)

Droplet Droplet

Ambient EhAmbitnl

t
T =— Electrode — T

[

Figure 3.2 : Diagrams of electrowetting basics in microscopic scale. Young’s
contact angle 6, at VV = 0 (a) and contact angle at V # 0 (b). Young’s contact angle
unchanged even if electromechanical force is acting toward ambient from
droplet.[3.9]

Moreover, the specific capacitance for a dielectric of thickness tis :

C = eoegdlt
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where & is the permittivity of free space (8.85419x102 F/m), ¢4 is the dielectric

constant of the dielectric layer.

3.1.1 Static electrowetting : Lipmann-Young law

At microscale, due to peculiar capillarity and surface tension laws, droplets tend to
appear as a valuable candidate for microfluidics manipulations. For instance, micro
range droplets tend to take a spherical shape at their initial state (i.e. without electric
actuation) while bigger droplets tend to fall flat on the surface. When it comes to
static electrowetting, the droplet can take two shapes mainly due to two forces: the
surface tension and gravity. In the case where gravity is negligible in front of
surface tension (microscale) the droplet will be spherical. On the other hand, if
both gravity and surface tension act upon the droplet (force balance), then the latter
will be flattened [3.16].There are two ways to determine the shape of a droplet. The
first method is by using the capillary length or scale length | which is governed by

the following equation (3.3) [3.17]:

r

APLaplace I
= 3.3
AP ol (33)
hydrostatic

Where y is the surface tension, p the density, and g the gravitational constant. When
the hydrostatic pressure and the Laplace pressure are at the same order, it is possible
to deduce the capillary length I, thus the droplet shape, with the following equation

(3.4) :
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where | is the capillary length. Indeed, if the droplet size is larger than the capillary
length, then both gravity and surface tension are applied to the droplet resulting in
a flattened shape. But if the droplet size is smaller than the capillary length then the
droplet will have a spherical shape.

The second method used to deduct which force is applied to the droplet is based on
the Bond number value : if the Bond number is superior to unity, then both the
gravitational force and the surface tension are applied to the droplet thus resulting
in a flattened shape. On the other hand, if the Bond number is inferior to unity, then
only the surface tension forces are considered resulting in a spherical shape. The
capillary length expressed in equation (3.4) also gives access to the Bond number

which is without dimension. That Bond humber is expressed through this equation:

2
/4

where R is the radius of the droplet [3.16].

Additionally, the above mentioned Young equation was derived with the
hypothesis that the surface is smooth without any roughness, but in reality, due to
imperfections such as chemical residues or particles, even in the case of devices
fabricated in the CMOS range clean-room, the surface roughness cannot be
completely neglected [3.18]. Therefore, the droplet static wetting properties need
to be described taking into account the surface roughness, which corresponds to
Cassie and Wenzel wetting models or respectively non-wetting and complete
wetting models [3.19] (Figure 3.3). It is important to note that these two models are
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applicable if the droplet dimension is sufficiently large compared to the surface

roughness [3.16].

Cassie Wenzel
State State

L. L.

Figure 3.3 : Droplet wetting transitions on a rough surface (a) Cassie state and (b)
Wenzel state [3.59]

The non-wetting model or Cassie model (Figure 3.3 a)) represent the state where

the droplet rest only on the tips of the surface features leaving some air trapped in

the trenches [3.16][3.20]. This state is described by the Cassie-Baxter relation

(equation (3.6)) which give the droplet contact angle in Cassie state[3.16] :

cosd” = fi cosah (3.6)

where i represents the different chemical components of the surfaces.

This relation describes the modified wetting properties taking place on a chemically
inhomogeneous surface. Indeed, in the case of a microscopically inhomogeneous
surface, the cosine of the droplet contact angle is equivalent to the sum of the cosine
of the different contact angles of the different chemical components of the surface.
On the other hand, the complete wetting state or Wenzel state (Figure 3.3 b))
corresponds to the wetting state in which the droplet wets the surface features
completely also filling the trenches thus occupying a greater surface area than in
the Cassie state [3.16][3.20]. This state is governed by the Wenzel equation

(equation (3.7)) :
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CoS&* =r cosé (3.7)
Where r is the surface roughness and by definition is greater than 1, 6* is the droplet
contact angle, 6 is Young’s contact angle. This relation describes a hydrophilic
wetting (Figure 3.4 b) top) when the droplet contact angle 6* is smaller than
Young’s contact angle @ ; the hydrophobic wetting (Figure 3.4 b) bottom)
corresponds to the case where the droplet contact angle 6* is bigger than Young’s

contact angle 6 [3.16].

] e .
Figure 3.4: Contact of droplet on an ideally flat surface (a) and a rough surface

(b) [3.9].

3.1.2 Dynamic electrowetting model

Surface tension forces being dominant at microscale, EWOD technique appears as
an excellent method to activate and move droplets since it consist of the modulation
of surface tension. In order to induce a lateral transport of the droplet by
electrowetting-based micro actuation, interfacial gradient forces are generated by
applying an electric potential to only one side of the droplet [3.21]. In order for this
droplet micro-actuation to work, it is necessary for the droplet to be big enough to
cover not only the center of one electrode but also to overlap all adjacent electrodes
[3.22]. That way, when an electric potential is applied to one of the adjacent
33 ;q _CI:I 7 1_-_15 = - 7
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electrodes, an electromechanical force applied around the contact line will thus
induce the droplet movement with around more than 40° contact angle variation on

average [3.23].

Figure 3.5: Forces at play during droplet electrowetting-based micro-actuation
[3.9].

It is also necessary to carefully decide on the electrodes dimensions. Indeed, since
the electrowetting-based micro actuation evolves around the Young’s contact angle
and surface tension forces at the solid/liquid interface, the smaller the electrode, the
greater its electrowetting effect will be.

Another important phenomenon to take into account for a successful
electrowetting-based micro actuation is the contact angle hysteresis at the contact
line [3.25][3.26]. In order to define that contact angle hysteresis, it is necessary to
first define the notions of advancing contact angle and receding contact angle. The
advancing contact angle is caused by a rise in the applied electric potential which
results in the droplet spreading over the actuated surface. If the applied potential is
then reduced, the droplet retracts back to its initial position or equilibrium position
which results to a receding contact angle. But it is known as an empirical fact that
the advancing contact angle is larger than the receding contact angle [3.27],
therefore the contact angle hysteresis is defined as the difference between the
advancing contact angle and the receding contact angle [3.28]. For instance, the
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contact angle hysteresis for a DIW droplet in an air medium is between 7° and 9°
while the contact angle hysteresis for a DIW droplet in a silicon oil medium is
between 1.5° and 2° [3.24].

In the case of a droplet micro actuation using adjacent electrodes (Figure 3.5), it is
possible to determine the minimum required voltage for the droplet actuation when
there is a contact angle hysteresis. First of all, the x direction component of the

capillary force applied on the droplet interface is described as :

Fx =dy(cosd— coséy ). (3.8)

The advancing component and the receding component of the capillary force in
the x direction can be deduced by including the contact angle hysteresis « in
equation (3.8) :

FA = dy (cosf+a)

FR =—dy(cos6, —a). (3.9)
By hypothesizing that the contact angle « is neglectable in front of 6 and 6o the

previous equations can be written as:

FA =dyfcos@—a(cos6+ sing)]
(3.10)

FR =—dj[cosé —a(cos b — sinéy )].

By adding the advancing component and the receding component of the capillary

force in x direction :

Fx =djfcos@—cosé ] — dyafcos@+ sind—coséy +sinG].  (3.11)
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By injecting the x component of the capillary force (equation (3.11)) in the
Lipmann-Young equation in the minimum displacement condition, the following

relation can be generated :

%cvz—dya[cose+sin0—c056’o +sing 1>0.  (3.12)

Which gives the square value of the minimum required voltage :

V2 2y . :
mn = —_afC0S@+sind—cosh, + sing, ] (3.13)

c

Leading to the following simplified value of the minimum required voltage or

threshold voltage (V1= Vmin):

V ~2 | yasinb
T c (3.14)

This final equation confirms that the threshold potential is a consequence of the
contact angle hysteresis «. Furthermore, it is possible to reduce this threshold
potential by playing on the system parameters such as applying a large Young’s
angle, a low droplet surface tension or a large capacitance. If this contact angle
hysteresis phenomenon was inexistent, then it would be possible to transport a
droplet with the smallest of applied voltages (i.e. there would be no set minimum

required voltage).
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3.2 Design considerations for basic EWOD manipulations

3.2.1 Current EWOD configurations

A wide range of EWOD configuration designs have been developed up to now,
notably, as mentioned in the beginning of this chapter, there are two main
configuration categories, one of them is the ‘open” EWOD configuration [3.29],
consisting of a single plate where actuation and ground electrodes are coplanar, in
this case the droplet needs to sit on both an actuation electrode and a ground
electrode while overlapping the other adjacent electrodes in order for the micro
actuation to be successful (Figure 3.6 a)). This system is easier to fabricate and
some droplet manipulations such as mixing or purification can be easily performed
[3.30]. A variation of this configuration (Figure 3.6 b)) was developed by using a
micro catenary as a ground electrode instead of having coplanar actuation and

ground electrodes [3.31].

Figure 3.6 : Open EWOD configurations, a) classical coplanar configuration, b)
variant using a micro catenary [3.37]

The second main configuration is the ‘closed” EWOD configuration [3.32],

consisting of a top plate containing the ground electrode and a bottom plate

containing the actuations electrodes (Figure 3.7 a)). This configuration requires

more fabrication steps than the open system but it enable a large variety of droplet
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manipulation techniques and also can prevent fast droplet evaporation [3.33]. A
variant of this ‘closed’ system was implemented by Fan et al. who were able to
reduce the amount of electrodes by using a cross reference system (Figure 3.7 b)).
Indeed, this configuration is composed of multiple electrodes, with variable roles
depending on transportation needs (actuation or ground), on the top and bottom

plates [3.34].
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Figure 3.7 : Closed EWOD configurations, a) classical two plate configuration, b)
‘cross reference’ variant configuration [3.37]

In the case of our research project, we will mainly focus on creating a combination

of the open micro catenary, the closed two plates and the cross referencing

configurations which will be explained more in details in chapter 4.

3.2.2 Droplet dispensing

In order to create and manipulate various droplets from a common sample, it is
necessary to incorporate a droplet dispensing system to the EWOD platform. This
droplet dispensing system (in a ‘closed’ two plate EWOD configuration) is
composed of a large electrode, the reservoir, followed by one or two gradually
smaller electrodes which serve as intermediaries between the reservoir and the
‘active area’ (with standard sized electrodes) where droplet manipulations such as

mixing, merging, transport, heating and so on take place [3.35]. By designing the
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reservoir electrode and the intermediary electrode in such a way, the liquid is
coerced into gathering in the front part of the reservoir and into overlapping on the
first ‘active area’ electrode. This type of design has been employed for this thesis
EWOD platform (Figure 3.8) by using one reservoir electrode and one intermediary

electrode :

Figure 3.8 : Schematic of two electrode - reservoir design employed in this thesis
A small droplet is formed from the reservoir by the following process : first of all,
the reservoir electrode, the intermediary electrode, and a number of adjacent
electrodes are activated gradually, thus allowing a liquid chain to be extracted from
the reservoir all the way to the last activated electrode (Figure 3.9 a)). Then, when
the liquid reaches the final electrode where the droplet is to be formed, all the
electrodes between the reservoir electrode and the ‘final’ electrode are switched off
which results in a pinch-off effect of the liquid neck by keeping some of the liquid
on the activated ‘final’ electrode and by forcing the rest to pull back to the activated
reservoir electrode (Figure 3.9 b)). Several design parameters influence the success
of this dispensing method and the size of the resulting droplet : gap between
electrodes, gap between top and bottom plates, reservoir size, electrodes size, and

the number of electrodes used for pinch-off among others.
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Figure 3.9 : a) liquid neck emerging from the reservoir (reservoir electrode and
adjacent electrodes are all on), b) pinch-off effect, c) droplet geometry during
electrowetting-based micro actuation (top view), d) droplet geometry during

electrowetting-based micro actuation (side view)

The physics behind this dispensing droplet technique was explained [3.36][3.37]
by using the Lippmann-Young and the Laplace equations. Indeed, starting from the
Laplace equation, the expression of the electrode geometry effects on the pressure

inside the liquid is given by:

& iy = YLMG - %) (3.15)

Where Yum is the interfacial tension in the liquid-oil medium, R is the principal

radius of curvature represented in Figure 3.9 ¢) and r is the principal radius of
curvature described in Figure 3.9 d). Once a liquid neck is starting to emerge from
the reservoir, because of the liquid curvature differences between the reservoir and
the front of the neck (Figure 3.9 e)), a pressure difference is created. In order for
that neck to fully emerge, the electrowetting force resulting from the applied

potential has to overcome the previously mentioned pressure difference :
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Where d is the gap between the top and bottom plates, 6b1 and 6b2 are the contact
angles respectively for the bottom plate reservoir liquid and for the front liquid neck
(Figure 3.9 d)). The relation between the contact angle, the applied voltage and the

threshold voltage is given by the following Lippmann-Young equation :

EnE
2yimt
Where t refers to the dielectric layer thickness, 6, and 6 are respectively the initial

cos 8(V) —cosB, = (V — Vp)? (3.17)

contact angle when the applied voltage V to the dielectric layer is zero and when V
is different from zero. By injecting the equation (3.17) into the equation (3.16) with
the condition P1 > Py, the static condition for the liquid neck formation can be

deducted :

fi By (31g)

1 1 geV-rpt 1 4
Tl Tz 2}/LMtd Rz R1

In order to achieve the pinch-off effect (Figure 3.9 b)), the condition P, > P (i.e.
the pressure in the reservoir needs to be smaller than the pressure in the pinch-off
area) :

101 EEV-Vp? 1 1 (3.19)

P>P b ——— > —— —
T T 2yimtd Ry R4

Where R, < 0 at the pinch-off boundary. From this equation ( equation (3.19)), it
was shown that for a successful pinch-off process, it is better to have a small droplet
size and a large aspect ratio [3.36]. Furthermore, by using the number N of
electrodes used for the liquid neck expansion and the droplet radius Rs, the

magnitude of the curvature radius R can be deducted :

gy =% (320)
2
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Thus, by injecting this equation into the previous one :
1 1 EGE(V_VT)E l Z

P>Po—m—m——>—
A 1 t, 1 2ymid R1+(N2+1)R3

(3.21)

From this equation, the following general rule was deducted : “ As long as the
aspect ratio of droplet size/gap is greater than approximately six, only one electrode
is required for on-chip droplet dispensing from a reservoir” [3.36][3.37]. Moreover,
there are several factors that can help achieve a better control of dispensed droplet
volume and droplet dispensing reproducibility. First of all, the nature of the ambient
plays a significant role, indeed in the case of an oil ambient, the oil phase hinders
the pinch-off process, issue that does occur in the case of an oil medium, thus, an
air medium allows a better droplet dispensing reproducibility [3.33]. On the other
hand, if the number of pinch-off electrodes is reduced, the amount of liquid volume
added by the retracting part of the neck to the formed droplet can be reduced thus

the dispensed droplet volume can be controlled [3.35].

3.2.3 Droplet transportation

As mentioned previously (3.1.2), by applying an electric potential to adjacent
electrodes on which the droplet overlaps, the droplet transport can be induced due
to resulting the electrochemical force applied to one side of the droplet (Figure
3.10). Even though both AC and DC voltages can be used for electrowetting-based
micro actuation of a droplet, AC voltage is a better candidate due to several reasons
. first of all, by using an AC voltage, the contact angle hysteresis effect can be
considerably reduced [3.38], the movement of non-aqueous liquids in an air
ambient and the movement of solvents in an oil ambient can be facilitated [3.39]
[3.40]. But also, the EWOD platform reliability can be increased by reducing the

42 7



effect of charges trapped in the insulation layer since an alternating electric field is

used [3.33].

Figure 3.10 : Electrowetting-based micro actuation causing droplet transport
[3.58]

One of the critical parameters for droplet transportation is the droplet operations
speed. Indeed, the maximum transfer rate directly influences the amount of
manipulations that can be performed in a unit time [3.37]. Indeed, in order to
produce a device with high throughput, it is necessary to achieve high transportation
speeds. It is already established that for the droplet velocity to be independent of
the electrode dimensions, the electrode pitch necessarily scales inversely with the
droplet transfer rate [3.33]. Up to now, not only is the transport of micro/nano
particles such as magnetic beads, and other airborne particles in solution
demonstrated [3.41][3.42], but also the transport of non-biological electrolytes,
ionic liquids, insulating droplets has been shown [3.40][3.43][3,44].

But in the case of biological applications, the droplet transportation can be hindered
notably because some biomolecules tend to absorb on hydrophobic surfaces making
the latter permanently hydrophilic which greatly affects the EWOD platform
reliability. Therefore, to overcome this issue, several modifications were done to
biological protocols and EWOD platform designs : notably, silicon oil was
proposed as an ambient [3.45] but some compatibility issues with some organic
solvents often used in biological essays might ensue; the use of non-ionic surfactant

additives was also proposed as a widely applicable alternative [3.46] [3.47]. But
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also, design-wise, the addition of “skins” or removable polymer coatings was
proposed as a way to renew the EWOD platform surface thus getting rid of the

absorbed bodies by easily changing the platform surface after use [3.48].

3.2.4 Droplet merging and splitting

The simplest electrowetting-based droplet micro actuation is droplet merging
(Figure 3.11), indeed the merger of two droplets moved towards the same electrode

is a natural and instant phenomenon.

Figure 3.11 : Electrowetting-based droplet merging [3.37]

On the other hand, droplet splitting is a more complex manipulation which was
described as followed [3.49]. Firstly, a droplet spread in three switched on
electrodes is considered, then the center electrode is switched off resulting in the
droplet wetting the remaining uncovered parts of the two opposite electrodes

which are still on (Figure 3.12 a)).

Figure 3.12 : a) Electrowetting-based droplet splitting process (top view), b)

cross-section AA’, ¢) cross-section BB’[3.37]
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Thus the radii of curvature r; and r2 increase due to a decrease in the right and left
contact angles at three-phase points, resulting in the formation of a neck of radius
R1 which triggers the splitting process. In order to severe that neck, the following
condition should be met :

1 1 €0§Byy — cosBy,

Where d is the gap between the top and bottom plates, the smaller this gap, the
easier the splitting process will be. But there is a limit to the gap value above which
the splitting process cannot be achieved. In the case of square electrodes of size e,
that limit value is given by [3.50] :

d
— = —cosb, (3.23)

Where , 6, is the initial contact angle when the applied voltage V is zero.
In order to increase the uniformity of this splitting process, several parameters such

as applied voltage, timing, electrode shape can be enhanced [3.51].

3.2.5 Droplet mixing

Electrowetting-based droplet mixing is a critical and complex process when it
comes to microscale biological application due to the difficulty to create a
mechanically-induced turbulent flow rate. Specially, in the case of EWOD
platforms, in order to achieve a high throughput implementation, it is necessary to
conduct active mixing processes rather than passive ones which have a low mixing
rate (due to extremely low Reynolds number and reduced volume flow rate [3.52]).
To create an effective electrowetting-based active mixing process, it is necessary
to induce disordered flow patterns inside the droplet.

In the case of an ‘open’ EWOD configuration, high mixing rates ( 15 ms for 0.5 uL

droplets [3.30]) can be achieved by using a single electrode and by inducing self-
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oscillations inside the droplet (Figure 3.13)[231].

Figure 3.13 : Open EWOD system mixing through induced self-oscillations
[3.57]
In the case of a ‘closed” EWOD configuration, the mixing rate greatly depends on
the aspect ratio and the smaller the gap between the top and bottom plates (optimum
aspect ratio : 0.4 [3.33]). Several active mixing protocols were developed for a
‘closed’ configuration, among them: a linear translation of the droplet along several
electrodes back and forth which achieves a mixing rate slightly higher then that of
a passive mixing because of the reversibility effect induced by laminar flow [3.54]
even if the mixing time can be increased with an enhanced transport rate and the
amount of electrodes used [3.55][3.56]. On the other hand, instead of a linear
translation, a continuous loop two-dimensional motion (Figure 3.14) drastically
improves the mixing rate ( 2.8 s for a 1.32uL droplet zig-zagged along a 2x4

electrode array) [3.55][3.56].

Figure 3.14 : Electrowetting-based mixing through two-dimensional loop motion
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Chapter 4. Design and Fabrication of an
EWOD-based SELEX platform

4.1 Overall system description

This chapter will give a detailed presentation of the device designed and fabricated
for this research project. As mentioned in chapter 2, several microfluidic platforms
have been created for SELEX process implementation, but all those platform could
carry only some steps of the SELEX process notably the separation step or the
amplification step. But also, these platforms are flow-through-based thus
necessitating a significant amount of reactant.

Our platform on the other hand, is an EWOD-based digital microfluidic platform
designed to automatically carry out the whole SELEX process without any user
intervention needed. First of all, it is necessary to break down the different steps of
this SELEX process in order to explain more in detail how will our platform carry
them out automatically.

A mentioned in chapter three, the SELEX process (Figure 4.1) is composed mainly
of five steps for DNA or RNA aptamer generation. Even though this platform is
designed to generate both DNA and RNA aptamers, for the sake of explanation, we
will consider the case of RNA aptamer generation. After a preliminary denaturation,
a random RNA library is first ‘incubated’ in a micro-liter droplet with the target for
the selection process to take place resulting in two categories of oligonucleotides :
the ones that formed a aptamer-target complex and the unbound oligonucleotides.

For this step, two integrated heater/thermal sensor systems will be used alongside
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the basic EWOD electrodes.

Then comes the following step which is the separation between the unbound
sequences and the aptamer-target complexes. Up to now, when it comes to
microfluidic implementations of the SELEX process, this step is mainly carried out
using magnetic micro-beads coated with the target, therefore, after binding, those
beads conjugated with the whole aptamer-target complexes are ‘trapped’ using a
magnetic field and the unbound sequences flow through the waste channel. For this
thesis, the separation step will be handled differently, by applying the principle of
electrophoretic mobility used for CE-SELEX [2.18], the Cassie/Wenzel wetting
transition phenomenon and the electrowetting-based splitting process in order to
conduct the whole separation process in one droplet. Thus a novel design of micro
range electrode arrays will be used for this step.

After separation comes the elution step where, after discarding the unbound
sequences, the aptamer-target sequences are eluted before proceeding with the
selected oligonucleotides amplification. For this step, we opted for a thermal-based
elution, thus the previously introduced heater/thermal sensor system will also be

used.
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Figure 4.1 : Schematic representation of the SELEX process
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Then comes the amplification step for which, the NASBA process will be used.
NASBA or Self-Sustained Sequence Replication (3SR) is a sensitive, isothermal
transcription-based amplification process. Not only is its isothermal nature an
advantage for simple heating system integration without the need of a special
thermocycling system, but also the amplification and detection (if necessary) is not
time consuming : an HIV-1 NASBA and detection time of 90 minutes for up to 48
samples was demonstrated [4.1]. Figure 4.2 shows the activities that take place
during a NASBA process: following the selected RNA sequences denaturation, an
initiation phase takes place where a specific forward primer is hybridized to the
RNA, followed by an extension of the primer while the RNA is degraded (using
RNase H) in order to achieve the hybridization of a specific primer to the cDNA.
That primer is then extended to form a double-stranded T7 promoter sequence
which will be used by the T7 DdRp to produce many RNA copies to our targeted
RNA. Then comes the amplification cyclic phase during which the reverse primer
hybridizes with the formed RNA which will be degraded during the extension
process; then the cDNA will bind to the forward primer to enable that cDNA
extension while using the forward primer as a template. This results in the formation
of a double stranded T7 promoter and, using the T7 DdRp, a new RNA copy will

be produced at each cycle.
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Figure 4.2 : A schematic of the NASBA process
Even though the chemistry behind the NASBA process is quite complex, it is a
natural process that requires only a trigger. Indeed, a primer ‘mix’ containing all
the components required for this NASBA (except the enzymes) is mixed with the
aptamer, after hybridization, the enzymes are added and a self-sustained
amplification is carried on at 41°C. Depending on the user’s preferences, it is
possible to carry on a real-time monitoring of this amplification process by adding
to the mixture molecular beacons [4.2] (Figure 4.3) allowing both amplification and
detection to take place simultaneously. Those molecular beacons are DNA
oligonucleotides containing a quencher at their 3’ end and a fluorophore at their 5’
end. Since the two ends have complementary sequences, the molecular beacon
adopts a hairpin configuration which allows the quencher to absorb the fluorophore
light. The hairpin loop sequence being complementary with amplified RNA
sequence, the molecular beacon binds to that RNA which induce the quencher-
fluorophore ‘complex’ separation thus the light emitted by the fluorophore

increases in intensity and can be detected [4.1].
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The different characteristics of NASBA are presented in the following table:
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For this amplification step, a mixing electrode and a heating/thermal sensing system
are integrated to our EWOD platform.

Following this amplification, the droplet is directed to either an outlet for
sequencing and characterization or it is directed to the following SELEX round
operating line.

Based on this above detailed SELEX process, we developed an EWOD platform
(Figure 4.4)) with two operating lines each corresponding to a SELEX round and in
between them, transition electrodes and two different outlets (Figure 4.4 a)) are
added in order not only to automatically move from one round to the other, but also
to give the user the freedom to decide up to how much rounds will the sample be

directed to an outlet for sequencing and characterization.

Top plate

Bottom plate

d) -

Top plate electrodes made with ITO/gold

[ S
Bottom plate electrodes made with ITO/gold

Figure 4.4 : EWOD-based SELEX platform, a) schematic layout, b) Fabrication

photo-mask design, ¢) 3D modelling, d) picture of the fabricated platform
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4.2 Originality

The EWOD-based SELEX platform developed in this thesis (Figure 4.5) is based
on various novel concepts, from fabrication methods to biological protocols
reconfiguration.

First of all, up to now the whole SELEX process has not been implemented on an
EWOD platform which allows to contain the whole aptamer generation reactions
in a single puL range droplet thus saving a significant amount of reactants.
Moreover, by using a completely automatic system, the user can launch a chain of
droplets moving on the different parts of this platform one after another, that way,
it is possible to run a large number of SELEX processes simultaneously.

But also, specially for the separation part, a new protocol based on a new
exploitation of several principles combined such as the Cassie/Wenzel wetting/de-
wetting transitions, the electrophoretic mobility properties of oligonucleotides, and
vertical electrowetting-based droplet splitting, therefore avoiding the use of any
foreign body which will require throughout washing thus reactants loss.

In order to guaranty a good progress of the SELEX process or any other biological
essay, heat generation and temperature control play a significant role, therefore, in
the phase 1 characterization of our platform we focused on the conception of a
highly sensitive integrated RTD transparent heater/ thermal sensor system which
operates with a low threshold voltage using a novel material double doping

protocol.
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4.3 Specific design considerations and fabrication steps

Our device design, the fabrication steps and the principles used are detailed in this

part.

4.3.1 Basic EWOD parts

In between the several ‘specialized’ electrodes of our platform, are basic EWOD

actuation electrodes fabricated through deposition and patterning soft lithography

clean room processes.

4.3.1.1.  Overall Design

The overall platform was fabricated on a glass substrate using transparent
materials to allow an easy future integration of optical detection or control systems.
Indeed, ITO was used as the conductive material for actuation. When it comes to
the dielectric layer, it is necessary to optimize the dielectric material to reduce the
device failure rates due to dielectric layer breakdown. For our device fabrication,
we settled for SU8 which acts not only as a dielectric, but also as a hydrophobic
layer [4.3], therefore there is no need to have additional fabrication steps for a
hydrophobic layer deposition.

Moreover, due to a limitation in the number of electrodes that can be used for the
automation system integration, it was essential to combine different ‘closed’
EWOD. As mentioned in chapter 3, during the recent years, several EWOD
configurations have been developed (Figure 3.7), thus we used for our system
(Figure 4.6), a ‘cross-referencing’ configuration with a large common ground
electrode on the top plate and a micro catenary.
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Bottom plate Top plate

Figure 4.6 : EWOD-based SELEX platform combined ‘closed” EWOD

configuration

4.3.1.2.  Mixing electrodes design

As mentioned in chapter 3, several mixing methods have been developed up to now,
even though the laws of mixing inside a droplet are yet to be well defined in a
theoretical point of view [4.4][4.5], according to empirical results, in order to
achieve a high throughput system, the most efficient mixing method is attained by
creating a chaotic flow inside the droplet. Thus we have designed a mixing system
composed of several electrodes that a programmed to induce the droplet rotation on
its main axis using the vortex principle (Figure 4.7). The center electrode is always
turned on whiles the peripheric electrodes are switched on / off following a rotation
pattern . The electrodes used for this mixing system are fabricated through the same

protocol than basic EWOD actuation electrodes.
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Figure 4.7 : EWOD mixing system, a) working principle, b) photo mask design,

¢) 3D model

4.3.1.3. Heating/thermal sensing system design

The micro heaters and RTD integrated to our platform can create a uniform heating
and a fast thermal response while minimizing the power needed to operate the
whole system [4.6].

Due to the crucial role that heating plays in a vast majority of biological essays
such as PCR, NASBA, cell culture among others, several microfluidic heating
implementations have been developed such as Peltier-based [4.8], lasers [4.9], hot
plates [4.10], incubators [4.11] external heating systems. But also, integrated
heating systems using resistive heaters [4.12], microwaves [4.13], or again micro-
Peltier devices [4.14].

In the case of this EWOD platform, since conductive electrodes are already
patterned for electrowetting-based droplet micro actuation, it is more
straightforward to use that conductive material to also pattern the heating/ thermal
sensing system alongside the EWOD electrodes. Several heating options can be
implemented in a ‘closed” EWOD configuration such as microwave dielectric

heating, dielectrophoresis Joule heating or resistive Joule heating.
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Microwave dielectric heating is achieved by inducing dissipation of the energy
associated with the alignment of induced and intrinsic dipole moments due to the
applied high frequency electric fields [4.15]. On the other hand, when a current
resulting from applied high frequency electric fields circulates through a droplet,
the triggered dielectrophoresis phenomenon can induce heat dissipation [4.16]. But,
since these two methods are dependent on the chemical composition of the liquid
involved and since the integration of a thermal control and feedback system is
difficult, it is necessary to look for another heating option.

For an easier integration for an EWOD platform, a resistive heater and RTD system
seems to be an excellent candidate [4.17]. Indeed, not only is the temperature
linearly proportional to the resistance [4.17], but also, the same electrode can be
used for both heating and RTD feedback control [4.18]. Indeed, with this method,
heating/RTD and electrowetting-based actuation can be controlled separately using
the same electrode by altering the electrical bias levels [4.19]. This alternation
between actuation and heating (Figure 4.8) is achieve through the following
operation: in order to move, an electrical potential is applied between the top ground
electrode and the bottom actuation electrodes (Figure 4.8 a)) and for heating, the
potential is applied through the single bottom plate resistive heating electrode thus

rendering it biased (Figure 4.8 b)).

1

)
== =

Figure 4.8 : Electrowetting-based actuation and heating/thermal sensing

alternation principle, a) Movement, b)Resistive heating [4.18]
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ITO is also an excellent conductive material candidate since it allows a more
sensitive RTD feedback [4.20] through a higher thermal coefficient of resistance,
and it does not degrade through heating like other metals such as copper. Gold was
used as an overall interconnection material due to its high conductivity and its

resistance to oxidation [4.19].

43.1.4. Fabrication

The fabrication was carried on in a MEMS clean room at the Seoul National
University Inter-university Semiconductor Research Center.
Several microfabrication processes were used for this fabrication (Figure 4.9) :

photolithography, wet etching, evaporation and lift-off.

ITO-coated Glass wafer

Photolithography
/ Wet etching

ITO-coated Glass wafer

Spin coating

Su8

ITO-coated Glass wafer

Figure 4.9 : Process flow of basic EWOD parts fabrication
First of all, a 200nm ITO coated glass wafer was first cleaned using acetone and
isopropyl alcohol combined with ultrasonication steps. After blow drying with a
nitrogen gas gun, the wafer was dehydrated on a hot plate. In order to carry on with
the ITO electrodes patterning, photolithography (Figure 4.10) was first carried on

to remove some parts of a Photoresist (PR) in order to create an etching mask. That
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mentioned PR (AZ1512) is first spin coated on the previously cleaned and
dehydrated ITO coated glass wafer, then after the pre exposure baking steps, our
previously designed photo mask (Figure 4.11) is used for exposure with the Aligner
MAG: the PR is selectively exposed via a UV light passing through the transparent
parts of the photo mask, which modifies the chemical properties of the PR. Then,
after post exposure bake, the exposed PR was developed revealing the desired
pattern. Then the wafer was again baked before wet etching in order to avoid
affecting the PR etching mask during the etching process. After wet etching, the PR

etching mask was removed using a PR stripper solution.

Photoresi-stj/
- !
. . UV light
Spin Coating \\ \\\\

N—

Exposure
with Aligner
MA6

=l

Hard Bake (optional) Develop and Rinse Post-Exposure Bake

Figure 4.10 : Photolithography working principle

Figure 4.11 : Photo mask used for electrodes patterning
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The gold interconnections (Figure 4.12) were patterned through lift-off process
(Figure 4.13) : before metal deposition, a combination of Lift-Off Resist and PR
were coated and patterned followed by E-gun evaporation of chrome and gold,
afterwards lift-off is carried on through sonication in an acetone solution resulting

in the metal interconnections patterning.

Figure 4.12 : Photo mask used for gold interconnections patterning

LOR coating
evaporation
Wafer Aufcr
Wafer

PR coating
Wafer Lift-off

Patterning Wafer
Wafer

Figure 4.13 : Lift-off process working principle
As mentioned before, SU8 was used as a dielectric and a hydrophobic layer also

using photo lithography.
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4.3.2 Separation parts

The second critical part, alongside the heater/thermal sensor system, is the
aptamer-target complexes and unbound sequences separation step. Indeed, up to
now, since no bead-less separation method inside a droplet has been developed,
an EWOD-based implementation of the whole SELEX process in one platform
was still not developed. This following sub-sections will define more in details

how this novel separation method works and the different principles used.

4.3.2.1 Cassie-Wenzel wetting/de-wetting transition

As defined in chapter 3, the Cassie [4.22] and Wenzel [4.23] wetting states are the
two extreme of static wettability on textured surfaces (such as superhydrophobic
surfaces) describing respectively the non-wetting state and the complete wetting
state [4.21] which present different surface energies [4.24].

Superhydrophobic surfaces have emerged as a valuable tool for LOC, heat transfer
or energy systems applications. A superhydrophobic surface is, like a lotus leaf, a
surface on which a droplet can roll down easily with a slight tilt [4.25]. By studying
the surface of that lotus leaf, it was possible to artificially produce
superhydrophobic surfaces by creating a dual roughness [4.26-4.43]. On those
surfaces, electrowetting was used to induce the Cassie/Wenzel transition [4.44] by
reducing the solid-liquid interfacial energy with the applied electric potential. This
induced transition was achieved not only for micro structured surfaces
[4.45][4.46][4.47], but also for nano structured surfaces [4.48][4.49][4.50][4.51].
As a result, the following observation came to light : there is no complete and

spontaneous reversibility of this Cassie/Wenzel wetting transition, when the
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applied voltage is turned off, mainly due to an energy barrier (Figure 4.14) for the

de-wetting or reverse transition [4.47][4.48].

intermediate

I Eneroyv barvier

“II I"I"l I stabile

Crassic-Baxter state |

mieta=stahle

—_ | | L

Wenzel state

Figure 4.14 : Irreversible Cassie/Wenzel wetting transition due to Energy barrier
[4.52]

Different attempts were made to induce the de-wetting transition over the years,

even if that reverse transition was successfully achieved, the methods disadvantages

outweighed the achievements.

On one hand, reversibility was achieved by using an oil ambient to reduce the

dissipative forces and to promote competitive wetting [4.50]; but also, electrolysis

was used to generate a gas layer leading to the Cassie/Wenzel de-wetting transition

[4.53]. But these two methods are not applicable for biological applications.

On the other hand, reversible wetting transitions were observed through current

pulse application to vaporize a layer of liquid [4.48] but this method is associated

with significant mass loss which is not desirable for our application.

However, Kumari et al [4.21] used a three-electrode electrowetting-based system

to induce Cassie/Wenzel wetting and de-wetting transitions without sample loss

and without complex additions to the basic superhydrophobic design. In this setup

(Figures 4.15, 4.16), a two plates ‘closed” EWOD configuration with a micro
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catenary is used to form the three-electrode combination : that micro catenary is
used as the ground electrode while either the top or the bottom plate can be used to
apply the electric potential between the targeted electrode and the droplet. The
droplet is initially in Cassie state (Figure 4.16 a)), when an electric potential is
applied between the superhydrophobic bottom plate electrode and the droplet, the
droplet transitioned into Wenzel state (Figure 4.16 b)) and kept that state even after
the potential is removed (Figure 4.16 c)). The reverse wetting transition is triggered
by applying an electric potential between the top plate electrode and the droplet
(Figure 4.16 d)) and finally, the droplet deposited gently onto the superhydrophobic
bottom plate when that previously applied potential is turned off (Figure 4.16 €)).

This method was proved to be repetitive, thus reliable.

(b)

[ Conducting Si

Oxide layer (1 um )

Il su-s-2025

W Teflon

B Al wire (diameter of 25 um )

Figure 4.15 : Electrowetting induced Cassie/Wenzel wetting and de-wetting
transitions working principle, a)initial spontaneous Cassie state on bottom
superhydrophobic plate, b) Wenzel state induced through bottom plate actuation,
c) droplet remaining in Wenzel state when bottom plate potential turned off, d)
reverse transition triggered by actuating top plate, e) droplet gently resting on

bottom plate when top plate actuation stopped [4.21]

(a) (b) (c) (d) (e)

Figure 4.16 : Electrowetting induced Cassie/Wenzel wetting and de-wetting

transitions experimental visual feedback [4.21]
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As mentioned previously, CE-SELEX was developed around the electrophoretic
mobility changes induced during the binding process between the oligonucleotides
and the targets. Binding with a target triggers an electrophoretic mobility change of
the aptamer-target complex, which modifies the migration time of that complex
compared to the non-binding oligonucleotide (Figure 4.17)[4.54]. Unbound
sequences co-migrate in a single band while aptamer-target complexes migrate
either faster or slower depending on whether the target increases or decreases the
complex mobility.

Separation of Binding and
Non-binding DNA

Eph vectors
— —

+é:§'_ -

a

EOF vect'or

Figure 4.17 : Electrophoretic mobility shift induced by target binding [4.54]
By combining this electrophoretic mobility change phenomenon and the
Cassie/Wenzel wetting and de-wetting transitions, it is possible to perform the

aptamer-target complexes/unbound sequences separation inside a droplet.

4.3.2.2 Design

Using the above mentioned phenomenon, an EWOD-based separation method
was designed. That separation happens when the droplet transition to Wenzel state
is achieved and the potential is removed (Figure 4.15 c)) : at that stage the
selective migration of aptamer-target complexes (Figure 4.17) is induced by

integrating vertical electrodes to the micropillars used to achieve a
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superhydrophobic surface (Figure 4.15).
After the migration is induced, the droplet is vertically split between a daughter
droplet containing the aptamer-target complexes and a daughter droplet

containing the unbound sequences (Figure 4.18).

Figure 4.18 : Vertical electrodes integration to micropillars
As mentioned previously, the binding can slow down or increase the complex
mobility, and the developed separation method can easily adapt to those variations

with the versality of EWOD actuation (Figure 4.19).

Thermal Elution

&\ ==
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)

b)

)

Figure 4.19 : Protocol adaptation to Electrophoretic mobility shifts cases, a) when

the migration speed is increased, b) when the migration speed is decreased
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Furthermore, to fabricate the superhydrophobic surface used for the wetting
transitions, SU8 micropillars were designed in order to ensure that the droplet will
be in Cassie state initially and will transition to Wenzel state when an electric

potential is applied.

4.3.2.3 Fabrication

Following the previous fabrication steps, in order to fabricate (Figure 4.20) the
two vertical electrodes on top of the basic EWOD actuation electrode, a
combination of patterning through lift-off, using a photo mask (Figure 4.21),
followed by electroplating growth and dielectric deposition, repeated twice
(Figure 4.22). Then micro wells (Figure 4.23) are patterned to form the final

microstructure for the superhydrophobic effect.

Figure 4.20 : Vertical electrodes fabrication process flow
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Figure 4.21 : Vertical electrode arrays photo masks, a) vertical electrode 1, b)

vertical electrode 2, c¢) fabrication visual result

Figure 4.22 : Vertical electrodes schematic fabrication (top view)

Figure 4.23 : Micro wells photo mask
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Figure 4.24 : 3D model of the whole vertical electrodes system
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Chapter 5. Platform automation and Phase
1 Characterization

5.1 Automation with DropBot system

The fabricated platform was directly actuated, without any packaging, using the
DropBot DMF automation system developed by the Wheeler Lab [5.1].

Through this system, it is possible to induce electrowetting-based micro actuation
of droplets. Up to 120 independent channels can be driven, and it is possible to
measure in real-time the droplet position, velocity, and the electrostatic driving
force, which enable, regardless of the DMF platform used, a more accurate
control of the electrowetting-based biological essays protocols. It is also possible
to maintain precise and uniform actuation forces by using a real-time tuning of

applied potentials [5.2].
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Figure 5.1 : DropBot DMF automation system, a) Working block diagram, b)

Photograph of the DropBot system, ¢) Screenshot of the affiliated software [5.1]

Actuation can be done through an interactive interface (Figure 5.1 c)) on which
the user can mouse-click on the real-time visual feedback overlay to actuate a

given electrode.

With this system, it is possible to enter the whole SELEX protocol designed for
our EWOD platform and automatically run that protocol using a closed-loop

controlled system.
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5.2 Heater and sensor calibration

As mentioned in chapter 4, the resistive heating electrodes principle was used for
our EWOD-based SELEX platform heater/thermal sensor system. After fabrication,
it is necessary to run calibration protocols to assess the RTD response to
temperature changes in order to determine the heater actuation input necessary and

the sensor performance.

5.2.1 Calibration

The heater/thermal sensor system is calibrated using the bath type experiment.
Through that calibration technique, it is possible to compute the temperature
coefficient of resistance (TCR) and the sensitivity of the heater/thermal sensor
system [5.3]. This bath type calibration technique give a linear variation of
resistance in function of temperature, which depends on various parameters such as
: the purity of the conductive material, the uniformity of the actuating layer among
others. With the bath type calibration setup, a gradual step variation of temperature
is applied, using a laboratory hot plate (Fisher Scientific ISOTEMP) with constant
stirring to reduce the time needed to reach a steady state temperature and
uniformity, and the corresponding changes in resistance were obtained using an
LCR meter since the heater/thermal sensor system is passive thus necessitates a
constant current input (about 10mA) (Figure 5.2). A beaker is also used, containing
the EWOD platform and K type and J type thermocouples to measure the bath
temperature. Those thermocouples are placed in different location to get a uniform

assessment of the bath steady temperature in order to achieve an accurate
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calibration monitoring[5.4].

Figure 5.2 : Bath type calibration experimental setup

5.2.2 Results

Using the previously described calibration method, it was possible to determine the
heater calibration curves (Figures 5.3,5.4),the sensor response (Figure 5.5), the
TCR (Figure 5.6), the normalized response (Figure 5.7) and the sensitivity (Figure
5.8) of our thermal system.

The relationship between temperature and measured resistance is generally defined
by :

Rr = Ro(L + ar*AT) (5.1)

AT =T-To (5.2)

where Ro and Ry are, respectively, the resistances of an RTD at the initial
temperature To and at a temperature T; ot represent the average

resistance/temperature relationship of the RTD known as TCR; AT is defined as the

variation in a temperature relative to the initial temperature. That TCR is given by :

RT—RoO
" Ro(AT)

o (5.3)
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For more precision, these values can be defined with the Callendar-Van Dusen

equation to give a general behavior [5.5][5.6] :

R_ =1lta [T 6 [100 ] [100] B[100 ] [%]3] &4

Where a is the above described constant which characterizes the normalized slope
in the 0°C - 100°C range, & is the Callendar constant (Equation (5.5)) which defines
the disparity between the actual temperature Ty and the temperature calculated
using the linear formula (Equation (5.2)), B is the Van Dusen constant (Equation
(5.6)) which serves for the conversion of negative temperatures based on the
disparity between the actual temperature T, and the temperature calculated using

only a and 8. These two constants are described by [5.7] :

R+TH —RO
Ty - ——1 710

_ Rox*xqa
6= Tu—1 Tn (5.5)

X_
100 100

T _%4_6 [100 ] 100,
B= [TL— TL (56)

X_
100 100

The quadratic version of Equation (5.4) is used for a more accurate calibration of

the heater/thermal sensor system used in this thesis :

Rr=Ro (1 + AT + BT?) (5.7)
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Where A and B are two constants defined by the following [5.5] :

)
A=a[1+m (5.8)

od
= — 5.9
B 1002 (5.9)

The obtained experimental curves are as follows :
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Figure 5.3 : ITO Heater linear calibration
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Figure 5.8 : ITO RTD sensitivity
As it is shown by the experimental results, the heater/thermal sensor created in
this thesis present not only high responses to a change as small as 0.1°C (Figure
5.5) with high TCR(5.6), but also selective sensitivity depending on the
temperature range observed (Figure 5.8). The causes of these results will be

explained in the following section.

5.3 Effects of Diffusion on RTD sensitivity

In this thesis, the common performance of our ITO RTD system was enhanced

using mainly by doping the ITO material used for RTD patterning.

5.3.1 Semiconductor doping for enhanced sensitivity

It is necessary to first state that ITO, is a heavily doped semiconductor or degenerate
semiconductor which has a behavior similar to metal conductor while keeping its
other semiconductor characteristics. Indeed, when the semiconductor is doped to a

certain extent, The impurity atoms are close to the extent that donor/acceptor
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electrons/holes can interact with each other which leads the Fermi level to be

included inside the band (Figure 5.9) [5.8].

heavily doped n-type heavily doped p-type
semiconductor semiconductor
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Figure 5.9 : Degenerate semiconductor energy-based characterization [5.9]
Moreover, the performance of an RTD system relies mainly on the resistivity of the
material used for the sensor patterning. That resistivity can be expressed through

the lattice temperature as below :

1

P = e@me@+mmp@) ¢

Where p is the resistivity (Q-cm), (] is the charge of the electron (C), Ne (Np) the

free electron (hole) density (cm?) in silicon, and e (p) is the mobility of electron

(hole) (cm?/V-s) [5.10].

Through this relation, we can see that, for heavily doped material such as
degenerate semiconductors, impurity scattering has a prominent effect at low
temperature. Furthermore, due to higher impurity scattering, the mobility decreases

with an increase in impurity concentration for a given temperature [5.11].
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Thus, since most of semiconductors operate in the saturation region (Figure 5.10),
it is possible to enhance a semiconductor-based RTD sensitivity by doping the
material which will change the slope of the material freeze-out zone to match the

one of the intrinsic zone.

intrinsic

saturation

log E

freeze-out

T

Figure 5.10 : Carrier density in doped n-type Semiconductors (similar for p-type

semiconductors) [5.12]

5.3.2 Diffusion principle

The diffusion process is described as the movement of atoms from a high
concentration area to a low concentration one. While liquid and gas diffusions are
done through flow, solid diffusion is achieved through jumping of atoms across a
fix network of sites. Furthermore, solid diffusion can be divided into two categories
: the self-diffusion, in which the host atoms migrate through their own lattice, and
the inter-diffusion, in which impurity atoms migrate in the host lattice. In the self-
diffusion case, host atoms migrate from a normal lattice position to an adjacent
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vacancy through the substitutional diffusion mechanism, while in the inter-
diffusion case, impurity atoms migrate from an interstitial site to a neighboring
empty interstitial site which corresponds to the interstitial diffusion mechanism

(Figure 5.11).
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Figure 5.11 : Diffusion mechanism, a) substitutional diffusion, b) interstitial
diffusion [5.11]
Moreover, Fick’s diffusion laws define two types of diffusion : the steady state
diffusion which is independent of time and the non-steady state diffusion for which
the diffusion rate is a function of time [5.13].
According to the first Fick law, which defines the steady state diffusion through the
relation between the diffusive flux and the existing concentration gradient :

_ ~dc
J=-D_ (5.11)

dc
Where J defines the diffusive flux, D is the diffusion constant and T represents

the concentration gradient.

On the other hand, the non-steady state diffusion is defined with Fick’s second law
which establishes the proportionality between the rate of compositional change and
the rate of concentration gradient change:

dc _d%

— =D (5.12)
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5.3.3 Gold and chromium diffusion mechanisms in ITO

There are generally two types of dopant or diffusers distinguished using their
diffusion mechanism, thus their diffusion rate : slow diffusers, such as groups Il1
and V diffusers, necessitate intrinsic point defects such as vacancies or self-
interstitials in order to diffuse via the substitutional mechanism, on the contrary,
fast diffusers, such as gold and chromium, diffuse using the substitutional-
interstitial process but more predominantly the interstitial mechanism [5.14].
Indeed, substitutional-interstitial diffusion can be divided into two types of
mechanism : the Frank-Turnbull mechanism (Figure 5.12a)) and the kick-out

mechanism (Figure 5.12 b)).
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Figure 5.12 : Substitution-interstitial diffusion mechanisms, a) Frank-Turbull

mechanism, b) kick-out mechanism [5.15]

As mentioned in the heater/thermal sensor system fabrication process in chapter 4,
the interconnection section of the ITO-based RTD is doped first with chromium
followed by another doping with gold (Figure 4.9). Chromium is first deposited

through evaporation at room temperature and it diffuses into the ITO layer
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underneath it. Afterwards gold is also deposited by evaporation, and diffuses
through the chrome layer into the ITO layer. As a result of this process, two main
behaviors stood out from our RTD calibration results (Figures 5.5, 5.6, 5.8) : the
high sensitivity recorded and the three-regions sensor response. Each of these two
characteristics can be attributed to each of the metals used for RTD performance
enhancing by doping.

On one hand, semiconductor-based RTD doping using gold is an already
established process to enhance the RTD performance by improving its sensitivity
[5.11]. Indeed, depending on whether an oxygen or a nitrogen ambient the RTD
response will be either exponential or linear, respectively (Figure 5.13). In our
study, a nitrogen ambient was used in order to allow a better monitoring of the other

metal effect on the RTD performance (in this case a three region response).
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Figure 5.13 : N-type silicon-based RTD response, a) without doping, b) gold
doping in an oxygen ambient, ¢) gold doping in nitrogen ambient [5.11]
On the other hand, semiconductor-based RTD doping using chromium is not,

according to our knowledge, a well established process yet, thus the effect of
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chromium doping on our RTD system was defined based on empirical evidences.
Therefore, we hypothesize in this thesis that chromium is responsible for the three

linear regions visible in the RTD response (Figure 5.5).
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Chapter 6. Conclusion and Future work

6.1 Conclusion

6.1.1 Novel bead-less separation method

We designed and fabricated in this thesis, in the best of our knowledge, the first of
its kind EWOD-based SELEX platform in order to overcome the issue of low
throughput, time consuming and laborious characteristics of the SELEX process
which impedes the raise of aptamers as the next cutting edge therapeutic tool.
Notably, by using an EWOD-based DMF, it is possible to reduce the amount of
reactant used, and we designed a novel aptamer-target complexes and unbound
sequences separation method combining the electrophoretic mobility change

principle and the Cassie/Wenzel reversible wetting transitions.

6.1.2 Phase 1 characterization : a highly sensitive RTD sensor

We created in the process an ITO-based RTD for our heating/thermal sensing
system enhanced through a novel doping protocol in a nitrogen ambient. Indeed,
we simultaneously doped our ITO material with two different metals, using the
metal-metal inter-diffusion process, each triggering a specific modification of the
RTD performance characteristics. On one hand, by doping with gold, the RTD
response was increased drastically compared not only to other ITO-based RTD
developed so far (Figure 6.1), but also compared to other gold doped

semiconductor-based RTD in nitrogen ambient (Table 6.1) regarding the doped
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surface area. Our dopants were deposited only in the interconnection area (1,47mm

x 1,27mm) in order to avoid the possible corrosion issues among others.

Resistance (Q)
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Figure 6.1 : Common ITO-based RTD response [5.4]

Diffusion Parameters Linear Equation Accuracy | Sensitivity
Sample

(Ambient/*C/Mask) R=f(T) (%) (°C)
S6 N,/ 1000 / M2 R =-733.93T + 86220 97.98 733.9300
S7 N,/1050 /M1 R=-2736.2T + 341676 | 97.54 |2736.2000
S8 N,/ 1050/ M2 R=-1869.6T + 205340 | 9961 [ 1869.6000
S9 N2/1050 /M3 R=-7.1141T+12581 | 9842 7.1141
S10 N,/ 1100/ M2 R=-28323T+331694 | 9833 |2832.3000

Table 6.1 : Response of n-type silicon-based RTD doped with gold in a nitrogen
ambient, doped area : M1-> 10mm x 5mm, M2-> 10mm X 2mm-> 5mm x 2mm
[5.11]

On the other hand, by doping with chrome, we were able to produce a RTD with a
three-linear-regions-based response, with each region being used for different
ranges of temperatures with a significantly high sensitivity going from 2099,86

0Q.°C™'t0 9300 Q.°C™.
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6.1.3 Complete automation

A complete automation of the platform was also achieved using the DropBot
system thus guarantying with the other features developed for this platform, a high
throughput, efficient, time and reagent saving and with no constant user interaction

needed during the whole SELEX process.

6.2 Future work : Phase 2 characterization

In the scope of this Master thesis, we limited our EWOD-based SELEX device
characterization to the phase 1 which focuses on the heating/thermal sensing system
calibration and characterization. The second phase of characterization, mainly
covering several biological characterizations mentioned below, can be carried on

as a future work goal leading to a more comprehensive study of this device.

6.2.1 Biocompatibility test

In this phase 2 characterization, biocompatibility tests will be run first to confirm
that the different material used to fabricate this platform are suitable for the SELEX

process through an empirical monitoring.

6.2.2 DNA/RNA/target Mixing rate calibration

As mentioned in chapter 4, the electrophoretic mobility changes depends on the
target used and on whether it slows down or accelerates the aptamer-target

migration velocity. Thus it is necessary to run electrophoretic mobility change
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monitoring for several target in order to adapt in advance the electrowetting-based

micro actuation automated protocol accordingly.

6.2.3 Separation test

Furthermore, after the electrophoretic mobility change monitoring, our novel
separation protocol will be tested with actual oligonucleotides sequences and

previously tested targets.

6.2.4 Overall SELEX process run-test

Finally, the whole SELEX process will be run afterwards with various actuation
velocities and various targets in order to determine the characteristic empirical

duration of each specific protocol.
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