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Abstract

There has been huge demand for point-of-care and on-site nucleic acid analysis.
Microfluidic devices or microchips have received considerable attention thanks to
their high portability, simple operation, short assay time, and low cost. One
important module is deoxyribonucleic acid (DNA) amplification as the amount of
nucleic acid sample is usually too little for direct detection. Particularly useful for
this task is continuous-flow polymerase chain reaction (CFPCR), which enables
high-speed PCR by passing an amplification reaction mixture through a
microchannel to achieve the required repeated thermal cycling. Up until now, the
fluidic flow had been controlled off-chip by bulky syringe pump, thereby seriously
affecting the portability of the microchip device. To address this issue, herein, a
CFPCR microchip with integrated on-chip electrolytic pump was developed.

The CFPCR microchip comprised an electrolytic pumping chamber, PCR reagent
reservoir, oil reservoir, and microchannel for PCR thermal cycling. The chamber,
reservoir, and microchannel were made from a polydimethylsiloxane substrate.
Platinum electrodes for the electrolytic pump were patterned onto a glass substrate,
which was then plasma-bonded to and thus sealed the polydimethylsiloxane
substrate. A feedback control system was custom-built to achieve accurate PCR
thermal cycling (±1 °C).
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Gas bubbles generated from the on-chip electrolytic pump with constant voltage
control successfully drove PCR reagent through the microchannel. CFPCR could be
completed in ~20 min with the PCR product visible by gel electrophoresis. In
addition, the effects of other key parameters, which included addition of silicone oil,
concentration of Taq DNA polymerase, and dynamic/static passivation with bovine
serum albumin on DNA amplification efficiency were studied. In fact, the on-chip
electrolytic pump could also be driven by constant current and provide a more stable
fluid flow than constant voltage control.

This work successfully demonstrated the use of on-chip electrolytic pump to
achieve fluidic control for CFPCR. Other functional modules such as sample
preparation and product detection can be readily integrated to realize a portable
device for decentralized nucleic acid analysis.

v

Acknowledgements

I would like to express my great appreciation to my supervisor, Dr. Thomas MingHung Lee, for his valuable and constructive suggestions throughout my study. His
critical and novel thinking always trigger me to think and explore more. Without his
patience, motivation, and guidance, I cannot come up with the present progress. In
this study, I learned the skills and attitude to deal with problems which would be
beneficial to my whole life. I really enjoy this study and thanks for giving me the
chance!

I would also like to take this opportunity to express my sincere thanks to my cosupervisor, Prof. Kai-Leung Yung, and my friends/colleagues Jacky Wong, Cristina
Leung, Derek Lee, Anthony Wong, Samy Leung, Baojian Xu, Brian Pow, and
Zongbin Liu at The Hong Kong Polytechnic University for their support and help
throughout my study. In addition, I would like to thank Xiaoteng Luo at The Hong
Kong University of Science and Technology for his help in the sputtering of
platinum electrodes.

Finally, I would like to express my special thanks to my father, mother, and brother
for their endless loves.

vi

Table of Contents

Title............................................................................................................................. ii
Certificate of Originality ........................................................................................... iii
Supervisor/Co-Supervisor Signatures ...................................................................... iv
Abstract........................................................................................................................v
Acknowledgements .................................................................................................. vii
Table of Contents .................................................................................................... viii
List of Figures........................................................................................................... xii
List of Tables ......................................................................................................... xviii
List of Abbreviations ............................................................................................... xix
1. Introduction .............................................................................................................1
1.1 Background........................................................................................................1
1.2 Literature Review ..............................................................................................2
1.2.1 Polymerase Chain Reaction ..........................................................................3
1.2.2 Microchip-Based PCR ..................................................................................4
1.2.3 Surface Passivation .....................................................................................14
1.2.4 Microfluidic Control ...................................................................................17
1.3 Objectives ........................................................................................................26
2. Methodology..........................................................................................................27
2.1 CFPCR Microchip ...........................................................................................27
2.1.1 Design of CFPCR Microchip .....................................................................27

vii

2.1.2 Fabrication of CFPCR Microchip .............................................................33
2.2 Electrolytic Pump ............................................................................................35
2.2.1 Design of Electrolytic Pump ......................................................................35
2.2.2 Fabrication of Electrolytic Pump................................................................37
2.2.3 Control of the Electrolytic Pump…………………………………………38
2.3 Bonding of CFPCR and Electrolytic Pump Microchip. ..................................43
2.4 Temperature Control System ...........................................................................44
2.4.1 Design of Temperature Control System .....................................................44
2.4.2 Fabrication of Temperature Control System ..............................................46
2.4.3 Calibration of Temperature Control System ..............................................49
2.5 PCR Experiment ..............................................................................................49
2.5.1 PCR Protocol ..............................................................................................50
2.5.2 Experimental Setup ....................................................................................50
2.5.2.1 Effect of Silicone Oil .............................................................................52
2.5.2.2 Effect of Concentration of Taq DNA Polymerase ................................52
2.5.2.3 Effect of Surface Passivation.................................................................52
2.5.2.4 Effect of CFPCR Duration ....................................................................53
2.5.2.5 Performance of Electrolytic Pump ........................................................53
2.5.3 Agarose Gel Electrophoresis ......................................................................54
3. Results ...................................................................................................................55
3.1 Fluidic Flow.....................................................................................................55
3.1.1 Gas Bubbles Generation .............................................................................55
3.1.2 Control of the Electrolytic Pump using Voltage Source ...........................56

viii

3.1.3 Control of the Electrolytic Pump using Current Source............................59
3.1.4 Fluidic Flow in CFPCR .............................................................................60
3.2 Temperature Control .......................................................................................62
3.3 PCR Experiment ..............................................................................................63
3.3.1 Effect of Silicone Oil .................................................................................63
3.3.2 Effect of Concentration of Taq DNA Polymerase ....................................64
3.3.3 Effect of Surface Passivation ....................................................................65
3.3.4 Effect of CFPCR Duration ........................................................................66
3.3.5 Performance of Electrolytic Pump ............................................................67
4. Discussion..............................................................................................................69
4.1 Fluidic Flow.....................................................................................................69
4.1.1 Gas Bubbles Generation .............................................................................69
4.1.2 Control of the Electrolytic Pump using Voltage Source ...........................69
4.1.3 Control of the Electrolytic Pump using Current Source............................70
4.1.4 Fluidic Flow in CFPCR .............................................................................70
4.2 Temperature Control .......................................................................................71
4.3 PCR Experiment ..............................................................................................72
4.3.1 Effect of Silicone Oil.................................................................................72
4.3.2 Effect of Concentration of Taq DNA Polymerase ....................................73
4.3.3 Effect of Surface Passivation ....................................................................73
4.3.4 Effect of CFPCR Duration ........................................................................74
4.3.5 Performance of Electrolytic Pump ............................................................75
5. Conclusions and Recommendations ......................................................................76

ix

5.1 Conclusions .....................................................................................................76
5.2 Recommendations for Future Work ................................................................77
References .................................................................................................................79

x

List of Figures

Figure 1.1 A schematic diagram of the PCR showing the three key temperature
steps.. .......................................................................................................................... 3
Figure 1.2 A cross-sectional view of the stationary microchip-based PCR developed
by Northrup et al. in 1993.. ........................................................................................ 4
Figure 1.3 A sketch of two-chamber PCR microchip developed by Poser et al. The
microchip consisted of 3 layers: a) cover; b) topside; c) backside; and 7 components:
1) inlet; 2) cover; 3) adjustment; 4) reaction chamber; 5) air chamber; 6) thin-film
heater; 7) temperature sensor...................................................................................... 5
Figure 1.4 A schematic diagram for the plastic fluidic chip developed by Liu et al..6
Figure 1.5 A continuous-flow PCR in glass chip developed by Kopp et al. in 1998.9
Figure 1.6 (A) Gel electrophoresis results of the CFPCR by Kopp et al. Lane 1 is
the control with conventional thermocycler; lanes 2 to 8 are the CFPCR with
decreasing thermocycling duration from 18.8 to 1.5 min. (B) Fluorescence signals of
the CFPCR products against thermocycling duration.. ............................................ 10
Figure 1.7 Assembly of the closed-loop CFPCR. Block with control channels at the
bottom surface (top layer), thin layer with fluid channel at the bottom surface and
glass coverslip (middle layer), and heaters with leads on a glass substrate (bottom
layer). Arrows indicate the air and fluid through-holes.. ......................................... 11
Figure 1.8 A schematic structure of the oscillatory CFPCR by Wang et al.. .......... 12

xi

Figure 1.9 Effect of linear velocity on the generation of a 500-bp PCR product.
Lanes 1 and 5 are DNA size markers; lanes 2–4 are the CFPCR products at cycle
rates of 7.8, 5.2, and 3.9 s/cycle, respectively .......................................................... 13
Figure 1.10 Photograph of the setup for a continuous-flow reverse transcriptionPCR system with fluorescence detection ................................................................. 14
Figure 1.11 Gel electrophoresis image of PCR results from Wilding et al. Lanes 1
and lane are DNA size marker; lanes 2 is PCR performed by thermal cycler; lanes 3
and 4 are PCR performed by microchip. .................................................................. 14
Figure 1.12 Gel electrophoresis results showing the effects of material and surface
area on PCR inhibition by Erill et al. ....................................................................... 15
Figure 1.13 Micropumps with different actuation methods. ................................... 19
Figure 1.14 Schematic diagram showing the principle of electrokinetic
synchronized cyclic continuous-flow PCR process. (a) Sample was filled into
reservoir 5, and 800 V was applied to the electrodes in reservoirs 5 and 6. (b) One
cycle included four steps. The DNA plug was driven when the 1.5 kV was applied
to different pairs of electrodes…………...................................................................22
Figure 1.15 An electrolytically actuated drug delivery device by Li et al.. ............ 24
Figure 1.16 Schematic illustration showing the flow (top) with PCR reagents and
fluorinated oil and (bottom) with PCR reagents only. ............................................. 25
Figure 1.17 (a–c) Bubble elimination with paraffin oil plugs at both the anterior and
posterior ends of the ink plug. (d–e) Bubble was generated without the paraffin oil
plugs. (f) PCR sample with the paraffin oil plugs .................................................... 25

xii

Figure 2.1 A CFPCR device consists of CFPCR microchip (top layer), electrolytic
pump (middle layer), temperature control system (bottom). .................................... 28
Figure 2.2 A CFPCR microchip consisting of four main regions: pumping chamber,
PCR reservoir, oil reservoir and PCR region. .......................................................... 28
Figure 2.3 Detailed dimensions (expressed in mm) of the CFPCR microchip. ...... 29
Figure 2.4 PCR reaction region consists of four regions: initial denaturation,
denaturation, annealing, and extension. There are 40 thermal cycles for the CFPCR.
The ratio of the denaturation, extension, and annealing are about 1:2:1 .................. 31
Figure 2.5 Diagram showing the fluidic flow within the microchip. ...................... 32
Figure 2.6 Microchannel with curved turns............................................................. 33
Figure 2.7 Schematic illustrating the CFPCR microchip fabrication procedures
using soft lithographic technique.............................................................................. 34
Figure 2.8 A photograph showing the PDMS CFPCR microchip. .......................... 34
Figure 2.9 A pair of interdigitated Pt electrodes for the electrolysis of water. ....... 36
Figure 2.10 Detailed dimensions (expressed in mm) of the electrolytic pump. ...... 36
Figure 2.11 Schematic illustrating the electrolytic pump microchip fabrication
procedures using lift-off process .............................................................................. 37
Figure 2.12 A photograph showing the electrolytic pump microchip. .................... 38
Figure 2.13 Circuit diagram for the constant current circuit………………...…….39
Figure 2.14 Front panel of the LabVIEW …………………………………………40
Figure 2.15 Calculation of the error in PID……………………………………..…40
Figure 2.16 Calculation of the proportional component in PID………………...…41
Figure 2.17 Calculation of the derivative component in PID…………………...…41

xiii

Figure 2.18 Calculation of the integral component and the output value in PID….42
Figure 2.19 Block diagram of the whole PID control. Current Input measured the
applied current to the electrolytic pump. PID calculated the output voltage to the
LM334 base on the measured current. Output Voltage measured the applied voltage
to the LM334. To Excel wrote data (Applied current to the electrolytic pump and
applied voltage to the LM334) to the excel file……………………………………42
Figure 2.20 A photograph showing the bonded CFPCR and electrolytic pump
microchips.. .............................................................................................................. 44
Figure 2.21 Design of the temperature control system. ........................................... 45
Figure 2.22 A flow chart illustrating the temperature control system for the CFPCR
device ........................................................................................................................ 45
Figure 2.23 Detailed dimensions (expressed in mm) of the heating elements. (top)
Cross-sectional and (bottom) top views. .................................................................. 46
Figure 2.24 Circuit diagram for the temperature control system. ........................... 47
Figure 2.25 A photograph showing the heaters. ...................................................... 48
Figure 2.26 A photograph showing the circuit of the temperature control system. 48
Figure 2.27 A photograph showing the CFPCR microchip with syringe. ............... 51
Figure 2.28 A photograph showing the syringe pump ............................................ 51
Figure 2.29 A photograph showing the setup of the CFPCR with electrolytic pump.
.................................................................................................................................. 54
Figure 3.1 A photograph showing the gas bubbles generated by the electrolytic
pump. ........................................................................................................................ 55
Figure 3.2 Plot of average duration of cycle against the speed of syring pump…...56

xiv

Figure 3.3 Plot of duration of CFPCR against voltage applied to the electrolytic
pump ……………………………………………………………………………….57
Figure 3.4 Plot of duration in each cycle using electrolytic pump with constant
voltage ……………………………………………………………………………..58
Figure 3.5 Plot of current against time when a constant voltage (3 V) was applied to
the electrolytic pump …………………………………………………………....…58
Figure 3.6 Plot of duration in each cycle using electrolytic pump with different
currents……………………………………………………………………………..59
Figure 3.7 Plot of average duration of each cycle against current applied to the
electrolytic pump…………………………………………………………………...60
Figure 3.8 A photograph showing the leakage of PCR reagents during the CFPCR.
The green PCR reagents leaked out through the space between the glass and PDMS.
.................................................................................................................................. 60
Figure 3.9 A photograph of the air gaps formed in the CFPCR microchannel ....... 61
Figure 3.10 A photograph showing air trapped within the reservoir after sealing the
inlets with polyimide film tape ……………………………………………..……...61
Figure 3.11 Plots of temperature against square of voltage of the three heaters/metal
blocks. ....................................................................................................................... 62
Figure 3.12 Plots of temperature of the three metal blocks against time. The time
required for the metal blocks to reach the denaturation, annealing, and extension
temperatures were 20, 25, and 25 min, respectively. .............................................. 63

xv

Figure 3.13 Gel electrophoresis image of the amplification results of CFPCR with
different concentrations of Taq DNA polymerase. Lane 1 is DNA size marker; lanes
2, 3, and 4 are CFPCR with 0.5, 1.5, and 2.5 units/20 µL Taq DNA polymerase.. . 64
Figure 3.14 Gel electrophoresis image of the amplification results of CFPCR with
dynamic passivation using different concentrations of BSA. Lane 1 is DNA size
marker; lanes 2, 3, and 4 are CFPCR with 2, 0.5, and 0 µg/µL BSA. ...................... 65
Figure 3.15 Gel electrophoresis image of the amplification results of CFPCR with
static passivation. Lane 1 is DNA size marker; lanes 2, 3, and 4 are CFPCR with 0,
2, and 5 µg/µL BSA, respectively ............................................................................ 66
Figure 3.16 Gel electrophoresis image of the amplification results of CFPCR with
different durations using syringe pump. Lane 1 is DNA size marker; lanes 2 and 3
are CFPCR of 32 and 20 min, respectively. ............................................................. 67
Figure 3.17 Gel electrophoresis image of the amplification results of CFPCR using
electrolytic pump. Lane 1 is DNA size marker; lane 2 is CFPCR using electrolytic
pump.……………………………………………………………………………….68

xvi

List of Tables

Table 1.1 Comparisons of CFPCR microchip………………………………………7
Table 1.2 Taq DNA polymerase adsorption in various materials using contact angle
measurement………………………………………………………………………..16
Table 1.3 Mechanical micropumps for PCR microchips………………………......20
Table 1.4 Non-mechanical micropumps………………………………………..….21

xvii

List of Abbreviations

bp

base pair

CFPCR

continuous-flow polymerase chain reaction

DNA

deoxyribonucleic acid

MEMS

microelectromechanical systems

PCR

polymerase chain reaction

PDMS

polydimethylsiloxane

PEG

polyethylene glycol

Pt

platinum

PVP

polyvinylpyrrolidone

RT-PCR

reverse transcription polymerase chain reaction

TBE

tris-borate-EDTA

Teflon

polytetrafluoroethylene

Ti

titanium

xviii

CHAPTER 1
INTRODUCTION

The demands for point-of-care and on-site nucleic acid analysis have been
increasing due to the rising health and safety awareness of the global community. In
view of this, fully integrated, high speed, and portable deoxyribonucleic acid (DNA)
analyzers are urgently needed. One of the key challenges is the fluidic control
without requiring any external bulky pump. This study aims to develop a
continuous-flow polymerase chain reaction (CFPCR) microchip with integrated onchip electrolytic pump. In this chapter, the background information of the study is
presented in Section 1.1, a comprehensive literature review is provided in Section
1.2, and the objectives of this study are stated in Section 1.3.

1.1 Background
Over the past few decades, the utilization of microelectromechanical systems
(MEMS) has grown rapidly in numerous fields such as automotive industry,
microelectronics,

and

telecommunications.

Recently,

the

development

of

‘BioMEMS’, MEMS technologies for biological uses, has become a popular
research topic [1]. The applications of BioMEMS improve the conditions of many
biological practices due to its remarkable characteristics including high speed
analysis, low consumption of samples and reagent, as well as high throughput and
portability.
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DNA analysis is one of the interesting fields in BioMEMS. It is important for many
applications such as medical diagnosis, environmental/food pathogen detection, and
forensic analysis. It consists of three main steps: sample preparation, amplification
(e.g., polymerase chain reaction (PCR)), and detection. Typically, these steps are
performed by using bulky and high-cost machines in a well-equipped laboratory.
However, due to the mounting need for point-of-care testing and on-site detection,
the development of fully integrated portable DNA analysis system becomes
essential.

One of the key steps for DNA analysis is PCR. The amount of DNA molecules in a
sample is usually not sufficient for direct detection. Therefore, PCR is used to
amplify the minute amount of specific DNA sequence into large quantity prior to
detection. However, conventional PCR is carried out with bulky benchtop
instrument, which hinders the development of a portable DNA analysis system. In
the next section, a literature review is provided to introduce different aspects related
to microchip-based PCR.

1.2 Literature Review
In this literature review, a brief introduction of PCR is given in Section 1.2.1. This
is followed by a detailed summary of various types of microchip-based PCR in
Section 1.2.2. Then, surface passivation for microchip-based PCR is introduced in
Section 1.2.3. Finally, microfluidic control is discussed in Section 1.2.4, with
particular focus on on-chip micropumps.

2

1.2.1 Polymerase Chain Reaction
PCR is an important molecular biology technique to amplify DNA exponentially. It
was first introduced in 1986 by Kary Mullis [2]. The reaction involves thermal
cycling at three temperatures of denaturation (95 °C), primer annealing (50–55 °C),
and extension (70–75 °C), as shown in Figure 1.1. In denaturation, a doublestranded DNA molecule is separated into two single-stranded DNA molecules. In
primer annealing, a pair of primers, which are short oligonucleotides, bind to a
specific region of a DNA template in a complementary manner (i.e., A–T and C–G
base-pairing) to define the amplification region. In extension, nucleotides are added
one-by-one by Taq DNA polymerase to extend the hybridized primer. After one
thermal cycle, the number of specific DNA sequence is doubled. Therefore, one
single DNA molecule can theoretically be duplicated to 230 copies (i.e., one billion
copies) after 30 thermal cycles. Normally, conventional PCR thermal cycler takes
about 1–2 h to complete 30 cycles of PCR.

Figure 1.1 A schematic diagram of PCR showing the three key temperature steps.
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1.2.2 Microchip-Based PCR
In recent years, there have been many researches on microchip-based PCR due to its
benefits of low consumption of reagents/samples, short analysis time, highthroughput, and small size. Generally, microchip-based PCR can be classified into
stationary and continuous-flow types [3-4].

The stationary PCR involves thermal cycling inside a reaction chamber. The speed
of the stationary PCR depends to a great extent on the heating and cooling rates.
With MEMS technology, the size and thermal mass of the device are greatly
reduced, thereby improving the temperature cycling rate and thus the overall
reaction time is significantly reduced. In 1993, a stationary PCR microchip was first
introduced by Northrup and co-workers, as shown in Figure 1.2 [5]. Polysilicon
heaters were patterned under a silicon reaction chamber for thermal cycling.
However, the repeating heating and cooling processes in each cycle took up a
significant fraction of the total amplification time.

Figure 1.2 A cross-sectional view of the stationary microchip-based PCR developed
by Northrup et al. in 1993.
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To improve the throughput of PCR microchip, Poser et al. developed a device
which could perform more than one PCR at the same time by using multi-chamber
stationary PCR microchip. A sketch of their design is shown in Figure 1.3 [6].

Figure 1.3 A sketch of two-chamber PCR microchip developed by Poser et al. The
microchip consisted of 3 layers: a) cover; b) topside; c) backside; and 7 components:
1) inlet; 2) cover; 3) adjustment; 4) reaction chamber; 5) air chamber; 6) thin-film
heater; 7) temperature sensor.

Since then, many research efforts have focused on temperature control [7-12],
surface treatment [13-14], fluidic flow [15-18], real-time detection [19-20],
multiplex PCR [21], and integration with other steps in DNA analysis [22]. In 2004,
Liu et al. developed a fully integrated microchip to perform DNA analysis (Figure
5

1.4) [23]. Sample preparation, DNA amplification in a stationary chamber, and
detection were all included in a single microchip. The flow of reagents in the
microchip was regulated by microvalves and micropumps. The micropumps
included thermopneumatic and electrochemical pumps. However, the whole
analysis process was time consuming. The time required for sample preparation,
DNA amplification, DNA hybridization, and fluidic control were 50, 90, 60, and 10
min, respectively.

Figure 1.4 A schematic diagram for the plastic fluidic chip developed by Liu et al
[23].
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CFPCR microchips can be classified into unidirectional, rotary closed-loop, and
oscillatory types. The comparison of CFPCR microchips is provided in Table 1.1. In
1998, the first CFPCR microchip was developed by Kopp et al., as shown in Figure
1.5 [24]. Instead of changing the temperature of the reaction chamber, PCR solution
was repeatedly transported through three temperature regions in a unidirectional
microfluidic channel for thermal cycling. This type of PCR addressed the problem
of low heating and cooling rates of the stationary PCR. The theoretical time for
achieving thermal equilibrium was less than 100 ms for Kopp’s design. The total
amplification time was controlled by the sample flow rate and dimensions of the
microchannel, which could be adjusted easily.

Table 1.1 Comparisons of CFPCR microchip.

Pumping method
Syringe pump
Thermal gradient
Syringe pump
NA
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump

Duration PCR Base
(min) cycle pair
10
100
13.4
NA
92
93
34
8.5
11
23
30
47
70
70
10-15
9-45

40
35
40
NA
35
40
42
33
35
30
40
30
35
35
33
40

392
112
99
120
143
143
292
323
180
79
418
240
572
572
249
392

Type of
target

Type of CFPCR
microchip

References

dna
dna
dna
rna
rna
rna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna

unidirectional
closed-loop
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
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Syringe pump
Syringe pump
Pneumatic micropump
Syringe pump
Syringe pump
Syringe pump
NA
Thermal gradient
Syringe pump
Syringe pump
Syringe pump
NA
Syringe pump
Magnetohydrodynamic
force
Capillary force
Syringe pump
Micro peristaltic pump
Syringe pump
Micro Injector
Thermal gradient
Thermal gradient
Rotary pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
Vapor pressure
Syringe pump
Syringe pump
Electrokinetical force
Syringe pump
NA
Magnetic force

8.5-34
8-30
100
NA
9
59.5
NA
8.16
23
17-52
18.7
35-40
12

26
30
45
30
40
40
25
20
30
30
30
31
40

500
430
350
450
230
NA
NA
99
298
298
200
230
287

dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna

unidirectional
unidirectional
closed-loop
unidirectional
unidirectional
unidirectional
unidirectional
closed-loop
unidirectional
unidirectional
unidirectional
unidirectional
oscillation

41
42
43
44
45
46
47
48
49
50
51
52
53

NA

20

142

dna

closed-loop

54

30 500
30 230
NA NA
30 1460
35 NA
35 700
NA 295
30 199
25 150
20
90
20 176
34
85
30 181
15 120
20 500
26 489
40 134
50 113
20 >600
27 500
20 300
20 NA
25 247

dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna
dna

closed-loop
unidirectional
oscillation
unidirectional
oscillation
closed-loop
closed-loop
closed-loop
closed-loop
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
unidirectional
closed-loop
unidirectional
unidirectional
closed-loop

55
56
57
58
59
60
61
62
63
64
24
66
67
68
69
70
71
72
73
74
75
76
77

23
12-18
NA
60
13
73
NA
30
35
NA
18.7
17
11
2.3-24
1.7-3
40
2
40
14.6
18.1
9-70
NA
40
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Syringe pump
Syringe pump
Syringe pump
Syringe pump
Syringe pump
* NA = not available

38
30
10
NA
35

30
25
30
20
35

240
450
134
500
278

dna
dna
dna
dna
dna

oscillation
unidirectional
unidirectional
oscillation
oscillation

78
79
80
81
82

Figure 1.5 A continuous-flow PCR in glass chip developed by Kopp et al. in 1998.

Kopp et al. successfully amplified the target gene in less than 19 min with an
observable PCR product band in gel electrophoresis, as shown in Figure 1.6. The
amplification efficiency was comparable to the commercial thermal cycler. The
main limitation of the unidirectional CFPCR is the difficulty in adjusting the
number of thermal cycles [25].
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Figure 1.6 (A) Gel electrophoresis results of the CFPCR by Kopp et al. Lane 1 is the
control with conventional thermal cycler; lanes 2 to 8 are the CFPCR with
decreasing thermal cycling duration from 18.8 to 1.5 min. (B) Fluorescence signals
of the CFPCR products against thermal cycling duration.

In 2002, Liu et al. developed a rotary closed-loop CFPCR [62], as shown in Figure
1.7. In their design, PCR reagent was repeatedly circulated through a circular closed
microchannel by pneumatically controlled on-chip valves with peristaltic pumping
capability. The closed-loop CFPCR allows the adjustment of the number of thermal
cycles. However, its main limitation is the bulky off-chip pumping system.
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Figure 1.7 Assembly of the closed-loop CFPCR by Liu et al. Block with control
channels at the bottom surface (top layer), thin layer with fluid channel at the
bottom surface and glass coverslip (middle layer), and heaters with leads on a glass
substrate (bottom layer). Arrows indicate the air and fluid through-holes [62].

An oscillatory CFPCR was developed by Wang et al. in 2005, as shown in Figure
1.8 [59]. Their design consisted of only one straight microchannel with three
independent temperature zones for thermal cycling. The PCR process was
performed by driving PCR reagent back and forth through the microchannel. The
oscillatory CFPCR allows the adjustment of the number of thermal cycles. However,
external pump is needed.
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Figure 1.8 A schematic structure of the oscillatory CFPCR by Wang et al.

Hashimoto et al. investigated the effect of flow velocity on amplification efficiency
of CFPCR [68]. In their experiments, 500- and 997-base-pair (bp) DNA were
amplified in 1.7 min (5.2 s/cycle) and 3.2 min (9.7 s/cycle) for 20 cycles,
respectively. The amplification time of CFPCR was limited by the enzyme kinetics
of Taq DNA polymerase (i.e., extension step with a rate of 1,000 bp/min). The
amplification signal was observed at cycle rate as low as 5.2 s/cycle, as shown in
Figure 1.9.
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Figure 1.9 Effect of linear velocity on the generation of a 500-bp PCR product from
Hashimoto et al. Lanes 1 and 5 are DNA size markers; lanes 2–4 are the CFPCR
products at cycle rates of 7.8, 5.2, and 3.9 s/cycle, respectively.

The short amplification time of CFPCR has attracted considerable attention to
further develop this system. Researches have focused on the thermal control [28, 44,
66, 68, 83, 84], real-time detection [69], fabrication and materials [39, 41, 42, 46, 67,
75, 85-88], fluidic control [61, 64, 89-93], integration with other steps in DNA
analysis [94], and parallel processing [95]. Nevertheless, the utilization of bulky
equipment such as syringe pump would reduce the portability of the device. An
example of a continuous-flow reverse transcription-PCR is shown in Figure 1.10
[94].
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Figure 1.10 Photograph of the setup for a continuous-flow reverse transcriptionPCR system with fluorescence detection [94].

1.2.3 Surface Passivation
Biocompatibility is one of the most important issues for successful DNA
amplification in PCR microchip. Due to the high surface area to volume ratio, the
surface property of the microchip has significant influence on the amplification
efficiency. Wilding et al. showed that the PCR amplification efficiency in a bare
silicon microchip was lower than that in the conventional thermal cycler, as shown
in Figure 1.11 [96].

Figure 1.11 Gel electrophoresis image of PCR results from Wilding et al. Lanes 1
and 5 are DNA size marker; lane 2 is PCR performed by thermal cycler; lanes 3 and
4 are PCR performed by microchip.
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Erill et al. conducted a study to investigate the inhibition arising from the nonspecific adsorption of Taq DNA polymerase onto surfaces in glass−silicon PCR
microchips. As shown in Figure 1.12, their results suggested that the inhibition
effect in microchips was dependent on both the surface material(s) and area [97].

Figure 1.12 Gel electrophoresis results showing the effects of material and surface
area on PCR inhibition by Erill et al [97].

Prakash et al. studied the adsorption of Taq DNA polymerase on various materials
which were commonly applied in microfluidics [98]. Contact angle measurement
was used to investigate the adsorption behavior (Table 1.2). Materials such as glass
and SU8 had contact angles < 30° after 600-s incubation with Taq DNA polymerase
and continued to recede (termed as propagating adsorption materials), whereas
materials such as polytetrafluoroethylene (Teflon) and polydimethylsiloxane
(PDMS) had contact angles > 40° after 600-s incubation and did not recede further
(termed as contained adsorption materials).
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Table 1.2 Taq DNA polymerase adsorption in various materials using contact angle
measurement.
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To reduce PCR inhibition by the surface material of microchip, surface passivation
is applied to minimize the interaction between the surface and PCR reagents.
Generally, the passivation can be classified into static and dynamic types. Static
passivation involves pre-coating the inner surface of microchip with PCR-friendly
chemical before performing PCR [4]. For example, Rodriguez et al. placed bovine
serum albumin (BSA) solution in a microchip’s reaction chamber for 2 to 3 min to
perform the static passivation [99]. Shoffner et al. treated a microchip’s reaction
chamber with a silanizing agent for 15 min, followed by incubation of polymer
solutions such as polyadenylic acid and polyvinylpyrrolidone (PVP) for 1 h [100].
Dynamic passivation involves the addition of a passivating agent to PCR mixture
such BSA, PVP, and polyethylene glycol (PEG). Friedman and Meldrum used BSA
to prevent Taq DNA polymerase from adsorbing onto microchip’s reaction chamber
surface [101]. Xia et al. minimized the surface effect of PDMS–glass microchip on
PCR by using PEG and PVP [102].

1.2.4 Microfluidic Control
One important aspect of CFPCR is fluidic control. An external syringe pump is
commonly used for this purpose. However, this makes the overall size of the system
too large for portable applications. Alternatively, an on-chip micropump can be used
to achieve an integrated and self-contained device. Micropumps can be classified
into mechanical and non-mechanical types with different actuation methods, as
shown in Figure 1.13 [103].
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The mechanical micropumps usually involve periodic movement of diaphragms to
drive fluids by different actuation methods such as electrostatic, piezoelectric, and
thermopneuamtic forces. Different mechanical micropumps were integrated to the
stationary PCR microchips for fluidic control, which are summarized in Table 1.3
[15]. However, the fabrication of these micropumps is complicated, which is not
conducive to their widespread use [57, 104, 105].

The non-mechanical micropumps involve the conversion of non-mechanical energy
to kinetic energy for driving fluid flow (Table 1.4 [103]). In contrast to mechanical
micropumps, non-mechanical pumps are relatively simple in design and fabrication
[103]. The power consumption is another important consideration. Electroosmotic
and electrohydrodynamic micropumps have high power consumption. In 2004,
Chen et al. developed electrokinetic micropumps for CFPCR chips with adjustable
cycle number, as illustrated in Figure 1.14. However, the required voltage is very
high which is not suitable for portable device [73]. On the other hand, electrolytic
micropump has much lower power consumption.

Electrolytic pump is based on the electrolysis of water. Chemical reactions are
driven by external voltage or current source, leading to the generation of gas
bubbles based on the following two half-cell reactions:
Anode: 2 H2O → 4 H+ + 4 e− + O2 (g)

(1)

Cathode: 2 H2O + 2 e− → 2 OH− + H2 (g)

(2)
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Figure 1.13 Micropumps with different actuation methods.
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Table 1.3 Mechanical micropumps for PCR microchips.

20

Table 1.4 Non-mechanical micropumps.
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Figure 1.14 Schematic diagram showing the principle of electrokinetic synchronized
cyclic continuous-flow PCR process by Chen et al. (a) Sample was filled into
reservoir 5, and 800 V was applied to the electrodes in reservoirs 5 and 6. (b) One
cycle included four steps. The DNA plug was driven when the 1.5 kV was applied
to different pairs of electrodes.
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By adjusting the voltage or current applied to the electrodes, the volume of gas
bubbles generated can be controlled. Under isobaric conditions, the theoretical
maximum strain and stress that can be achieved are about 136,000% and 200 MPa,
respectively [106].

Electrolytic micropumps with different designs had been developed [107-114],
which were applied to many applications such as dosing systems and drug delivery
applications. Böhm et al. developed a micromachined electrochemical pump for
dosing precise amount of liquid [115]. In their design, oxygen and hydrogen gases
were generated by applying positive and negative pulses sequentially to platinum
(Pt) electrodes. The volume of gas produced was given by the following equation:
∆V =

3i (∆t1 − ∆t 2 )
Vm
4F

(3)

where ∆ V = volume of gas produced, i = current, ∆ t1 = duration of the positive
pulse, ∆ t2 = duration of the negative pulse, F = Faraday’s constant (96,485 Cmol−1),
and Vm = molar gas volume (24 dm3mol−1). Böhm et al. further developed the
electrochemical micropump into a closed-loop control system [116]. The cell
impedance of the reservoir was used to control the applied current for the actuation
of the micropump.

Li et al. designed a drug delivery device for the treatment of incurable ocular
diseases [117], as shown in Figure 1.15. The device consisted of interdigitated Pt
electrodes, which were patterned on an oxidized silicon substrate. Gas bubbles were
generated by the electrolysis of water and acted as the actuation force.
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Figure 1.15 An electrolytically actuated drug delivery device by Li et al.

Another concern for microfluidic control in CFPCR is the formation of bubbles due
to the high temperature in the denaturation zone. The presence of bubbles in a
microchannel causes irregular and unstable flow of PCR mixture, and thus the
amplification efficiency is reduced. In 2006, Nakayama et al. prevented bubbles
generation by introducing fluorinated oil in front of PCR mixture to increase the
internal pressure of the flowing stream, as shown in Figure 1.16 [71, 118]. Wu et al.
suggested the introduction of highly viscous paraffin oil plugs at both the anterior
and posterior ends of an ink sample, as shown in Figure 1.17. In addition, the
theoretical basis for bubbles formation and elimination was provided [119].
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Figure 1.16 Schematic illustration showing the flow (top) with PCR reagents and
fluorinated oil and (bottom) with PCR reagents only.

Figure 1.17 (a–c) Bubble elimination with paraffin oil plugs at both the anterior and
posterior ends of the ink plug. (d–e) Bubble was generated without the paraffin oil
plugs. (f) PCR sample with the paraffin oil plugs.
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1.3 Objectives
PCR has been widely used in DNA analysis for numerous applications such as
medical diagnostics, food and water monitoring, and biological warfare defense.
Nonetheless, portable DNA analysis systems for point-of-care or on-site DNA
testing are still rare in the market. One of the main reasons is the use of stationary
PCR, which has long operation time due to the heating and cooling processes. On
the other hand, CFPCR, which does not require repeated heating and cooling
processes, enables ultra-fast DNA amplification. Syringe pump is commonly used to
drive PCR mixture through a microchannel in CFPCR chip. However, it is difficult
to integrate the bulky syringe pump into a portable device. Toward a self-contained
CFPCR microchip, a small size, low power consumption, and easy-to-fabricate
micropump should be chosen. In this study, the goal is to develop a portable
microchip-based CFPCR device with on-chip electrolytic micropump. The effects of
applied voltage of the electrolytic micropump on amplification time and efficiency
are studied. In addition, the effects of the presence of a silicone oil plug,
concentration of Taq DNA polymerase, and dynamic/static passivation with BSA on
amplification efficiency are studied.
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CHAPTER 2
METHODOLOGY

The design and fabrication of the CFPCR device with on-chip electrolytic pump will
be presented in this section. The device consists of three main components: CFPCR
microchip, electrolytic pump microchip, and temperature control system (Figure
2.1). The design and fabrication of the CFPCR and electrolytic pump microchips are
discussed in Section 2.1 and Section 2.2, respectively. The bonding of the CFPCR
microchip with the electrolytic pump substrate is presented in Section 2.3. The
design and fabrication of the temperature control system are discussed in Section
2.4. Finally, the PCR experiments are detailed in Section 2.5.

2.1 CFPCR Microchip
In this section, the design of the CFPCR microchip is given in Section 2.1.1. This is
followed by the fabrication procedures in Section 2.1.2.

2.1.1 Design of CFPCR Microchip
The fluid storage, partitioning, and guidance are the main design considerations for
the CFPCR microchip. It consists of four main regions: pumping chamber, PCR
reservoir, oil reservoir, and PCR region, as shown in Figure 2.2. The dimensions of
the design are detailed in Figure 2.3.
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Figure 2.1 A CFPCR device consisting of CFPCR microchip (top layer),
electrolytic pump microchip (middle layer), and temperature control system
(bottom).

Figure 2.2 A CFPCR microchip consisting of four main regions: pumping chamber,
PCR reservoir, oil reservoir, and PCR region.
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Figure 2.3 Detailed dimensions (expressed in mm) of the CFPCR microchip.

The pumping chamber acts as a reservoir for containing an electrolyte solution,
which is used for the generation of gas bubbles to drive fluid flow. It should be
noted that a pair of interdigitated Pt electrodes are positioned at the bottom of the
pumping chamber (on the electrolytic pump microchip, details given in Section 2.2).
To ensure sufficient amount of the electrolyte for the bubbles generation, the
pumping chamber is designed to be a through hole in a PDMS substrate and is
sealed at the top with a glass slide. Then, the volume of the electrolyte becomes
dependent on the thickness of the PDMS substrate, which can be easily adjusted
during fabrication. Take the thickness of the PDMS substrate to be 4 mm and an
area of 6.1 × 6.1 mm2, the maximum volume of the electrolyte in the pumping
chamber is 149 µL.

29

The PCR reservoir and oil reservoir are used for the storage of PCR mixture and
silicone oil, respectively, prior to the amplification reaction. Two inlets are located
in the PCR reservoir and oil reservoir for fluid injection. The maximum volume of
PCR mixture and silicone oil that can be introduced to the CFPCR microchip is 21.3

µL and 14.7 µL, respectively.

The PCR region is divided into four zones: initial denaturation, denaturation,
annealing, and extension, as shown in Figure 2.4. In this study, the number of
thermal cycles is designed to be 40 for achieving high amplification. The relative
duration of the denaturation, annealing, and extension steps are controlled by the
microchannel length ratio in the three temperature zones. The ratio used in this
work is 1:2:1. The width of microchannel in the PCR region is 100 µm and the
height of the microchannel is 125 µm (defined by the photoresist thickness, details
given in Section 2.1.2).
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Figure 2.4 PCR region consisting of four zones: initial denaturation, denaturation,
annealing, and extension. There are 40 thermal cycles in the CFPCR microchip. The
microchannel length ratio in the denaturation, extension, and annealing zones is
1:2:1.

Regarding the fluidic flow, the electrolyte in the pumping chamber is first
electrolyzed by the electrolytic pump to form gas bubbles. Pressure is built up inside
the pumping chamber, which drives PCR mixture in the PCR reservoir and silicone
oil in the oil reservoir through the PCR region to perform DNA amplification.
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Finally, the product is collected at the outlet. The fluidic flow within the CFPCR
microchip is shown in Figure 2.5.

Oil
PCR reagents
Outlet
Electrolyte

Figure 2.5 Diagram showing the fluidic flow within the microchip.

According to Green et al., the problem of non-specific protein adsorption was
related to the geometry of the microchannel. The adsorption problem was reduced
for a microchannel with curved turns [120]. Therefore, in this study, microchannel
is designed to have curved turns instead of sharp turns, as shown in Figure 2.6.
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Figure 2.6 Microchannel with curved turns.

2.1.2 Fabrication of CFPCR Microchip
The CFPCR microchip was fabricated using soft lithographic technique using
silicon as a substrate, as shown in Figure 2.7. Photolithography was performed to
fabricate the CFPCR microchip pattern on the silicon substrate. To achieve high
process reliability, the silicon substrate was cleaned and dried prior to the coating of
photoresist. The silicon substrate was cleaned with a piranha solution (H2SO4:H2O2
= 10:1) for 15 min, followed by a deionized water rinse and dehydration on a hot
plate (200 °C). A negative photoresist (SU-8 2050) was spun on the silicon wafer at
1,500 rpm to produce a thin uniform layer (125 µm) and was then baked at 95 °C
for 15 min. The pattern of the CFPCR microchip was photolithographically
transferred to the SU-8 photoresist, followed by baking at 95 °C for 10 min. Then, it
was incubated in SU-8 developer for 10 min, washed in isopropyl alcohol, distilled
water, and then baked at 200 °C for 2 h. After the fabrication of the silicon master,
silicone elastomer and its curing agent (Dow Corning, USA) were mixed in a ratio
of 10:1 and poured onto the master. Then, it was degassed under vacuum for 30 min,
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cured at 80 °C for 1 h, and peeled from the master. The inlets and outlet were
formed by needle-punch and the pumping chamber was formed by cutter-pierce.

Figure 2.7 Schematic illustrating the CFPCR microchip fabrication procedures using
soft lithographic technique.

Figure 2.8 A photograph showing the PDMS CFPCR microchip.
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2.2 Electrolytic Pump
In this section, the design of the electrolytic pump is discussed in Section 2.2.1.
Then, the fabrication procedures for the electrolytic pump on a glass substrate are
detailed in Section 2.2.2. Finally, the control of the electrolytic pump is discussed in
Section 2.2.3.

2.2.1 Design of Electrolytic Pump
The main function of the electrolytic pump is to drive all the silicone oil and PCR
mixture through the PCR region so that the PCR product can be collected at the
outlet of the CFPCR microchip. In view of this, the volume of the gas bubbles
generated by the electrolytic pump must be larger than the total volume of the PCR
reservoir (21.3 µL), oil reservoir (14.7 µL), and microchannel in the PCR region
(27.5 µL, as the total length is 2.2 m), i.e., 63.5 µL.

According to Cameron et al., the theoretical maximum strain resulted from the
generated bubbles was about 136,000% under isobaric conditions. Given that the
volume of the electrolyte stored in the pumping chamber is 149 µL, the maximum
volume of gas bubbles generated is 203 mL, which is much greater than 63.5 µL.
Therefore, the volume of the designed electrolytic pumping chamber suffices for
driving all the PCR mixture to the outlet.

The electrolytic pump consisted of a pair of interdigitated Pt electrodes, as shown in
Figure 2.9. The detailed dimensions are shown in Figure 2.10. This electrode
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geometry could improve the pumping efficiency by reducing the current path
through the solution as well as lowering the heat generation [77].

Figure 2.9 A pair of interdigitated Pt electrodes for the electrolysis of water.

Figure 2.10 Detailed dimensions (expressed in mm) of the electrolytic pump.
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2.2.2 Fabrication of Electrolytic Pump
The electrolytic pump was fabricated on a glass substrate using lift-off process, as
shown in Figure 2.11. First, the glass substrate was cleaned with a piranha solution
(H2SO4:H2O2 = 10:1) for 10 min, followed by a deionized water rinse and
dehydration on a hot plate (200 °C). Then, a positive photoresist (AZ 4620) was
spun at 3,500 rpm on the glass substrate to produce a thin uniform layer and was
baked at 110 °C for 3 min. The pattern of the electrolytic pump was
photolithographically transferred to the photoresist. It was incubated in the AZ
developer for 2 min, followed by washing in distilled water. Titanium (Ti, 10 nm)
and Pt (100 nm) were sequentially sputtered onto the patterned glass substrate. After
that, the AZ photoresist layer (together with the Ti and Pt on top) was removed by
acetone in an ultrasonic bath, followed by deionized water rinse.

Figure 2.11 Schematic illustrating the electrolytic pump microchip fabrication
procedures using lift-off process.
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Figure 2.12 A photograph showing the electrolytic pump microchip.

2.2.3 Control of Electrolytic Pump
The electrolytic pump was driven by constant voltage or constant current. For
constant voltage, 3 V was applied, unless otherwise specified. For constant current,
four different levels were tested (i.e., 350, 400, 440, and 480 µA). A 3-terminal
adjustable current source (LM334 from Texas Instruments, USA) was used. The
input voltage for LM334 was controlled by LabVIEW (National Instruments, USA),
as shown in Figure 2.13. A proportional–integral–derivative (PID) algorithm was
used in LabVIEW.
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Figure 2.13 Circuit diagram for the constant current circuit.

The PID algorithm adjusts the output of the system to a setpoint by a control loop
feedback mechanism. The proportional, integral and derivative terms are summed to
determine the output of the PID controller. The algorithm of the PID controller is as
follows:

The proportional (P), integral (I) and derivative (D) gain, upper limit, lower limit
were inputted in the PID to determine the input voltage to LM334. To calculate the
error of current between the actual value and the setpoint, the input current of the
electrolytic pump was feedbacked to PID to adjust the input voltage to LM334. The
PID control programs are shown in Figure 2.14 to Figure 2.19.
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Figure 2.14 Front panel of the LabVIEW program.

Figure 2.15 Calculation of the error in PID.

40

Figure 2.16 Calculation of the proportional component in PID.

Figure 2.17 Calculation of the derivative component in PID.
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Figure 2.18 Calculation of the integral component and the output value in PID.

Current Input

To Excel

Voltage Output
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Figure 2.19 Block diagram of the whole PID control. Current Input measured the
input current to the electrolytic pump. PID calculated the input voltage to LM334
based on the measured current. Voltage Output measured the applied voltage to
LM334. To Excel wrote data (Applied current to the electrolytic pump and applied
voltage to the LM334) to an excel file.

2.3 Bonding of CFPCR and Electrolytic Pump Microchips
The CFPCR microchip was bonded to the electrolytic pump microchip by plasma
bonding technique. Prior to the plasma treatment, the CFPCR and electrolytic pump
microchips were cleaned with acetone, ethanol, and deionized water under
sonication for 5 min each, followed by drying in an oven at 80 °C for 1 h. Then, the
cleaned microchips were put inside the chamber of plasma cleaner (Harrick, USA).
Vacuum pump was used to reduce the pressure of the chamber for plasma
generation and the plasma cleaner was turned on to the highest power for 1 min to
achieve plasma bonding. Immediately after taken out from the plasma cleaner, the
CFPCR and electrolytic pump microchips were aligned, brought into contact, and
bonded (Figure 2.20).

43

Figure 2.20 A photograph showing the bonded CFPCR and electrolytic pump
microchips.

2.4 Temperature Control System
In this section, the design, fabrication, and control of the temperature control system
are provided in Section 2.4.1, Section 2.4.2, and Section 2.4.3, respectively.

2.4.1 Design of Temperature Control System
PCR requires very precise temperature control. In this study, the temperature control
system comprises metal blocks, thermal sensors, resistors, and other electronic
components. The geometry design of the metal blocks is based on the relative
duration of the denaturation, annealing, and extension steps of the CFPCR
microchip, as shown in Figure 2.21. A feedback control is used for the temperature
control system, as shown in Figure 2.22. The potential drawn by the resistance of
the thermal sensor is compared with a reference value by using a comparator
(LM393 from Texas Instruments). When the potential of the thermal sensor exceeds
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the reference value, the output of the comparator would be ground, i.e., no heat
would be generated. If the potential of the thermal sensor is below the reference
value, voltage is applied to the resistor, which in turn increases the temperature of
the metal block. The detailed dimensions of the metal blocks are shown in Figure
2.23.

Figure 2.21 Design of the temperature control system.

Power
supply

Comparator

Resistor

Metal
block

Thermal sensors
Figure 2.22 A flow chart illustrating the temperature control system for the CFPCR
device.
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Figure 2.23 Detailed dimensions (expressed in mm) of the heating elements. (top)
Cross-sectional and (bottom) top views.

Resistive heating is used for the heating process. By applying a constant voltage, the
ideal heating power is given by:

P=

V2
R

(4)

where P is the power, V is the applied voltage, and R is the resistance of the resistor.
The temperature can be controlled by adjusting the applied voltage to the resistor.

2.4.2 Fabrication of Temperature Control System
Each heater and thermal sensor set was built according to the circuit diagram as
shown in Figure 2.24. A voltage of 9 V was applied to the circuit. R1 was used to
adjust the target temperature of the heater by changing the reference voltage of the
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LM393. When the applied voltage of the non-inverting input (+) was greater than
the inverting input (–) of the LM393, the output of the LM393 was on. As the output
was connected to the gate of the RFD14N05, this would turn on the RFD14N05 and
the heater. R2 was used to adjust the voltage to each heater for the temperature
adjustment. Photographs of the fabricated temperature control system are given in
Figure 2.25 and Figure 2.26.

Figure 2.24 Circuit diagram for the temperature control system.
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Figure 2.25 A photograph showing the heaters.

Figure 2.26 A photograph showing the circuit of the temperature control system.
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2.4.3 Calibration of Temperature Control System
The temperature control system was calibrated by measuring the surface
temperature of a glass substrate (same as the electrolytic pump glass substrate)
placed on top of the heater. The power applied to the heater was adjusted by
changing the resistance of a variable resistor (R2) until the voltage is high enough to
achieve the desired temperature. Then the variable resistor (R1) was adjusted to turn
off the heater when the actual temperature is higher than the desired temperature.
Take the calibration of heater for 94 °C as an example, the voltage to the heater was
increased to about 8 V by increasing the resistance of the variable resistor (R2).
When the temperature was higher than 94 °C, the resistance of the variable resistor
(R1) was reduced to lower the reference temperature and vice versus.

2.5 PCR Experiments
Apart from thermal cycling profile, PCR amplification efficiency is influenced by
many factors such as reaction mixture and surface passivation of the reaction
chamber surface. To optimize the amplification efficiency of the CFPCR device, the
effects of the presence of a silicone oil plug in front of the PCR mixture (Section
2.5.2.1), concentration of Taq DNA polymerase (Section 2.5.2.2), and surface
passivation with BSA (Section 2.5.2.3) are studied. In addition, the effect of
amplification time is investigated in Section 2.5.2.4. Finally, the performance of the
electrolytic pump is investigated in Section 2.5.2.5.
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2.5.1 PCR Protocol
All PCR reagents were purchased from Invitrogen (USA), unless otherwise stated.
A master mix (20 µL) was prepared for the CFPCR experiments, which contained 4

µL of 5× Green GoTaq® Flexi Buffer (Promega, USA); 1.2 µL of 25 mM MgCl2;
0.4 µL of 10 mM dNTPs (10 mM each of dATP, dCTP, dGTP, and dTTP); 1 µL of
10 µM forward primer (5’-TGGCATTGACCCTGAGTGATT-3’); 1 µL of 10 µM
reverse primer (5’-TAATGATACCGATGAAACGAGAGA-3’); 0.5 µL of 5 U/µL
Taq DNA polymerase;; 0.2 µL of 1 ng/µL template DNA (pBR322, amplification
region: 1732 to 1876); 0, 0.5, or 2 µg/µL of BSA; and UltraPure™ DNase/RNasefree distilled water.

2.5.2 Experimental Setup
Prior to using the electrolytic pump for the CFPCR device, a syringe pump was used
in studying the effects of silicone oil, concentration of Taq DNA polymerase,
surface passivation, and duration of CFPCR on amplification efficiency. A syringe
needle was glued to the pumping chamber of the CFPCR microchip by using epoxy
(Alteco, Japan), as shown in Figure 2.27. To perform CFPCR, PCR reagent and
silicone oil (Invitrogen) were injected to the PCR reservoir and oil reservoir through
two inlets, respectively. Then, all inlets were sealed with a polyimide film tape (3M,
USA). A glass slide was bonded on top of the film tape using double-sided adhesive
tape. After that, the CFPCR microchip was aligned onto the temperature control
system and the syringe pump was used to create the desired flow rate. Finally, the
products were collected at the outlet with a pipette tip.
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Figure 2.27 A photograph showing the CFPCR microchip with syringe.

Figure 2.28 A photograph showing the syringe pump.
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2.5.2.1 Effect of Silicone Oil
The fluidic flow is an important issue in CFPCR. According to Nakayama et al., the
introduction of an oil plug in front of the PCR reagent could ensure the stability of
the flow. To test this in our CFPCR device, 10 µL of silicone oil (Invitrogen, USA)
was introduced to the oil reservoir. A control experiment was performed without the
oil plug.

2.5.2.2 Effect of Concentration of Taq DNA Polymerase
Taq DNA polymerase was likely to be adsorbed to the surface of the PDMS
microchip [4] . Therefore, the amount of Taq DNA polymerase in the PCR reagent
was critical to the amplification efficiency. The effect of different concentrations of
Taq DNA polymerase was studied by changing the concentration of Taq DNA
polymerase in the PCR reagent. In this study, 0.5, 1.5, and 2.5 units/20 µL of Taq
DNA polymerase were tested.

2.5.2.3 Effect of Surface Passivation
To avoid the non-specific adsorption of PCR reagent to the wall of the microchip,
BSA was used as a surface passivation agent. Both dynamic and static passivations
were studied. To study the effect of dynamic passivation, PCR reagents with 0, 0.5,
and 2 µg/µL BSA (Biolabs, UK) were prepared to perform CFPCR. To study the
effect of static passivation, the microchannel and reservoir were pretreated with 0, 2,
or 5 µg/µL of BSA for 1 h, and followed by drying in oven at 80 °C for 1 h.
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2.5.2.4 Effect of CFPCR Duration
The fast thermal cycling of CFPCR is attractive, but the amplification efficiency
may be affected if the cycling time is too short. In this study, the effect of the
duration of CFPCR on the amplification efficiency was investigated. The duration
of CFPCR was the time for the PCR reagent to pass through the PCR reaction
region. It was controlled by changing the flow rate of the syringe pump.

2.5.2.5 Performance of Electrolytic Pump
In this study, sodium sulfate (Na2SO4) was chosen as the electrolyte solution for the
electrolytic pump. The procedures to perform CFPCR by using electrolytic pump
were similar to that using syringe pump, except that 200 µL of 1 M Na2SO4 was
added to the pumping chamber for the former one. The pumping chamber was then
sealed with a polyimide film tape, followed by the bonding of a glass slide on it
using double-sided adhesive tape. Finally, the CFPCR microchip was aligned onto
the temperature control system and constant voltage/current was applied to the
electrolytic pump for the generation of the gas bubbles.
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Figure 2.29 A photograph showing the setup of the CFPCR device with electrolytic
pump.

2.5.3 Agarose Gel Electrophoresis
A 3% agarose gel was prepared by dissolving 0.9 g of UltraPure™ Agarose
(Invitrogen) in 30 mL of 0.5× Tris-borate-EDTA (TBE) buffer. Then, it was heated
in a microwave oven, followed by cooling at room temperature for 1 h. PCR product
(10 µL) was loaded into the well of the agarose gel. Electrophoresis was carried out
with a voltage of 100 V for 40 min. After that, the gel was immersed in 0.5 µg/mL
ethidium bromide for 15 min. Finally, the gel was visualized by UV
transillumination.
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CHAPTER 3
RESULTS
3.1 Fluidic Flow
3.1.1 Gas Bubbles Generation
One of the essential components of this work is the on-chip generation of gas
bubbles by electrolysis so as to drive reaction mixture through the CFPCR
microchannel. A fine control of the gas bubbles formation is important to achieve
the desired flow rate of CFPCR. Figure 3.1 shows that tiny gas bubbles were
generated gradually by applying 3 V to the interdigitated Pt electrodes with an
electrolyte solution of 1 M Na2SO4. The accumulation of gas bubbles on the
electrodes was observed.

Figure 3.1 A photograph showing the gas bubbles generated by the electrolytic
pump.
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3.1.2 Control of the Electrolytic Pump using Voltage Source
To compare the performance of syringe pump and electrolytic pump, the
characteristics were studied in both pumping mechanisms. The average duration of
cycle was calculated and plotted against the speed of syringe pump, as shown in
Figure 3.2.

Figure 3.2 Plot of average duration of cycle against the speed of syring pump.

The relationship between CFPCR duration and voltage applied to the electrolytic
pump is shown in Figure 3.3. The CFPCR duration decreases with increasing
applied voltage as more gas bubbles are produced with higher voltage. It took 22
min to complete CFPCR with an applied voltage of 3 V and 34 min with an applied
voltage of 2.8 V.
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Figure 3.3 Plot of duration of CFPCR against voltage applied to the electrolytic
pump.

One important experimental observation with electrolytic pump with voltage control
was that the duration in each cycle increased gradully (more than 60% difference
between 1st and 20th cycle), as shown in Figure 3.4. Figure 3.5 shows the current of
the electrolytic pump dropped gradually when a constant voltage (3 V) was applied.
It should be noted that the rate of gas bubbles generation is proportional to the
current level.
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Figure 3.4 Plot of duration in each cycle using electrolytic pump with constant
voltage.

Figure 3.5 Plot of current against time when a constant voltage (3 V) was applied to
the electrolytic pump.
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3.1.3 Control of the Electrolytic Pump using Current Source
When constant current was applied to the electrolytic pump, the duration in each
cycle was more stable than that using constant voltage. The deviation of the
maximum and minimum duration to the average duration was less than 20%, as
shown in Figure 3.6. When the generated gas bubbles covered the electrode, the
voltage was increased to maintain the constant current. Therefore, the gas bubbles
generation rate was kept more stable. The relationship between average cycle
duration and applied current was shown in Figure 3.7.
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Figure 3.6 Plot of duration in each cycle using electrolytic pump with different
currents.
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Figure 3.7 Plot of average duration of each cycle against current applied to the
electrolytic pump.

3.1.4 Fluidic Flow in CFPCR
Leakage and blockage problems were observed during the CFPCR. The leakage of
PCR reagents was observed. This mainly happened in the area near the pumping
chamber, as shown in Figure 3.8.

Figure 3.8 A photograph showing the leakage of PCR reagents during the CFPCR.
The green PCR reagents leaked out through the space between the glass and PDMS.
PCR involves a high temperature step of denaturation. Typical temperature of the
denaturation is 94 °C, which is close to the boiling point of water. At this high
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temperature, the evaporation of liquid and the decrease of gas solubility resulted in
air gaps formation in the CFPCR microchannel, as shown in Figure 3.9. The fluidic
flow was slowed down and eventually stopped by the presence of the air gaps.

Figure 3.9 A photograph of the air gaps formed in the CFPCR microchannel.

The presence of air in the PCR reservoir, oil reservoir, and CFPCR microchannel is
detrimental to the flow control. It makes the fluidic flow unstable and even
terminates the flow in some cases. In this study, air was easily introduced during the
sealing process of the inlets with polyimide film tape, as shown in Figure 3.10. This
is because PDMS (the material used for the CFPCR microchip) deforms easily upon
force application. Such deformation would compress the fluid inside the reservoir
and air would get in when the force is released.

Figure 3.10 A photograph showing air trapped within the reservoir after sealing the
inlets with polyimide film tape.
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3.2 Temperature Control
Another essential component of CFPCR is temperature control. The calibration
curves for the three heaters/metal blocks are shown in Figure 3.11. The plots
indicate a linear relationship between temperature of the metal block and square of
the voltage. The temperature ramping of the three heaters are shown in Figure 3.12.
The three heaters reached the desired temperatures within 25 min.

Figure 3.11 Plots of temperature against square of voltage of the three heaters/metal
blocks.
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Figure 3.12 Plots of temperature of the three metal blocks against time. The time
required for the metal blocks to reach the denaturation, annealing, and extension
temperatures were 20, 25, and 25 min, respectively.

3.3 PCR Experiment
3.3.2 Effect of Silicone Oil
In this study, silicone oil was introduced in front of the PCR reagent to eliminate the
gas bubbles generation in the microchannel. However, the adsorption of silicone oil
by PDMS was observed. Once all silicone oil was adsorbed, the flow of the PCR
reagent became unstable, irregular and eventually stopped. Therefore, it is necessary
to ensure a sufficient amount of silicone oil in front of the PCR reagent throughout
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the entire CFPCR process. The minimum volume of silicone oil needed in our
CFPCR microchip was found to be around 8 µL.

3.3.2 Effect of Concentration of Taq DNA Polymerase
The effect of concentration of Taq DNA polymerase on amplification efficiency is
shown in Figure 3.13. Three different concentrations (0.5, 1.5, and 2.5 units/20 µL)
of Taq DNA polymerase were tested. Weak PCR product bands were observed for
0.5 and 1.5 units/20 µL while a much stronger PCR product band was observed for
2.5 units/20 µL.
1

2

3

4

Figure 3.13 Gel electrophoresis image of the amplification results of CFPCR with
different concentrations of Taq DNA polymerase. Lane 1 is DNA size marker; lanes
2, 3, and 4 are CFPCR with 0.5, 1.5, and 2.5 units/20 µL Taq DNA polymerase.
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3.3.3 Effect of Surface Passivation
Figure 3.14 shows the effect of dynamic coating with different concentrations of
BSA. Without BSA, the intensity of the PCR product band was weak. When
CFPCR was performed with dynamic passivation using BSA, the intensity of the
PCR product band was much brighter than that without BSA. The PCR product
band intensity for 2 µg/µL BSA was similar to that for 0.5 µg/µL BSA.
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4

Figure 3.14 Gel electrophoresis image of the amplification results of CFPCR with
dynamic passivation using different concentrations of BSA. Lane 1 is DNA size
marker; lanes 2, 3, and 4 are CFPCR with 2, 0.5, and 0 µg/µL BSA.

Figure 3.15 shows the effect of static coating with different concentrations of BSA.
As expected, the intensity of the PCR product band with BSA was stronger than that
without BSA. Besides, it was noted that the intensity of the PCR product band for 5

µg/µL BSA was weaker than that for 2 µg/µL BSA. The unstable flow of the
reagents was observed for 5 µg/µL BSA.
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Figure 3.15 Gel electrophoresis image of the amplification results of CFPCR with
static passivation. Lane 1 is DNA size marker; lanes 2, 3, and 4 are CFPCR with 0,
2, and 5 µg/µL BSA, respectively.

3.3.4 Effect of CFPCR Duration
The effect of the duration of CFPCR is shown in Figure 3.16. With CFPCR duration
of 20 min, an observable PCR product band was obtained. This amplification time is
much shorter than that of the conventional PCR thermal cycler (about 1–2 h). In fact,
the intensity of the PCR product band for the 20-min CFPCR was weaker than that
of 32-min CFPCR.
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Figure 3.16 Gel electrophoresis image of the amplification results of CFPCR with
different durations using syringe pump. Lane 1 is DNA size marker; lanes 2 and 3
are CFPCR of 32 and 20 min, respectively.

3.3.5 Performance of Electrolytic Pump
After the above optimization with syringe pump, CFPCR was performed using the
electrolytic pump to drive the PCR reagent through the microchannel. As shown in
Figure 3.17, the target sequence was successfully amplified. The amplification time
for the electrolytic pump-driven CFPCR was 22 min. This result illustrates that our
CFPCR device with the on-chip electrolytic pump could achieve DNA amplification
in point-of-care or on-site setting.
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2

Figure 3.17 Gel electrophoresis image of the amplification results of CFPCR using
electrolytic pump. Lane 1 is DNA size marker; lane 2 is CFPCR using electrolytic
pump.
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CHAPTER 4
Discussion
4.1 Fluidic Flow
4.1.1 Gas Bubbles Generation
The gas bubbles were generated gradually by applying voltage to the electrodes.
The pressure inside the pumping chamber would be increased and used as the
pumping force for the movement of the PCR reagent. To perform CFPCR, the fine
control of the gas bubbles formation would be critical. In this study, the voltage and
current source were used. The performance of different power source would be
discussed.

4.1.2 Control of the Electrolytic Pump using Voltage Source
In this study, the average duration of cycle was found to be directly proportional to
the injection speed of the commercial syringe pump. To achieve the similar
performance by using electrolytic pump, constant voltage and constant current were
applied to the electrolytic pump.

The voltage source was studied as it could be controlled easily. The constant voltage
was easily achieved by the power supply or battery. It was observed that the
duration in each cycle increased gradually (more than 60% difference between 1st
and 20th cycle). The main reason was the accumulation of gas bubbles on the
electrode surface. The gas bubbles covered the electrode and reduced the effective
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electrode surface area for the electrolysis of water. The duration in each cycle would
increase gradually as gas bubbles generation decrease gradually. Besides, the
decrease in rate of the electrolysis of water was confirmed by the current drop in
Figure 3.4. Therefore, the constant voltage was not suitable for CFPCR as the
extended duration would affect the efficiency of PCR in each cycle.

4.1.3 Control of the Electrolytic Pump using Current Source
The current source was kept constant by varying the applied voltage to the electrode.
When the generated gas bubbles covered the electrode, the current would be
decreased. Then, the voltage was increased to maintain the constant current.
Therefore, the rate of the electrolysis of water was kept more stable. The results
showed that the deviation of the maximum and minimum duration to the average
duration was less than 20%. This indicated that constant current source was a better
choice than using constant voltage source as the rate of the gas bubbles generation is
more stable.

4.1.4 Fluidic Flow in CFPCR
The leakage of the PCR reagent was observed during the CFPCR. As the viscous
silicone oil was introduced in front of the PCR reagent, the movement of the PCR
reagent was slowed down. If the internal pressure of the PCR reagent builds up to a
level that exceeds the bond strength of the PDMS and glass substrates, the leakage
of the PCR reagent occurred. To prevent the leakage, the applied flow rate should
not increase abruptly. In other words, a gradual increase in the applied pressure
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facilitated the silicone oil to move forward smoothly, thereby reducing the internal
pressure build-up.

During the denaturation of PCR, the evaporation of liquid and the decrease of gas
solubility occurred. The air gaps were formed in the microchannel. Eventually, the
fluidic flow was slowed down and stopped. To avoid the termination of the fluidic
flow, silicone oil was introduced in front of the PCR reagent. It could increase the
internal pressure of the PCR reagent and prevent the air gaps formation. This was
because the high viscosity of the silicone oil would oppose the advancing movement
of the silicone oil and the PCR reagent. At the same time, the gas bubbles generated
at the back (by the electrolytic pump) would push the PCR reagent to move forward.
As a result, the PCR reagent is compressed and the air gaps were eliminated.

4.2 Temperature Control
The relatively long equilibration time is due to the large thermal mass of the metal
block. To reduce the duration for reaching the desired temperature, the size of the
metal block should be reduced. By applying the same voltage, the duration for
reaching the desired temperature would be reduced as the total thermal mass
reduced. Besides, the applied voltage to the metal block could be increased. With
the same thermal mass, the increase in the energy supply would decrease the
duration for reaching the desired temperature.
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In fact, for CFPCR, it is more crucial for the heater to maintain the desired constant
temperature than to achieve a high temperature ramping rate. The temperature
fluctuations of the three heaters were within 1 °C after reaching the desired
temperatures. The small temperature fluctuations are due to the large thermal mass
of the metal blocks. This is the reason of using metal blocks as heaters instead of
using metal thin-films.

4.3 PCR Experiment
4.3.1 Effect of Silicone Oil
Nakayama’ s group prevented bubbles generation in denaturation by introducing oil
in front of PCR mixture. Using this method, the adsorption of the oil was observed
in this study. Due to the hydrophobic property of PDMS, silicone oil adsorbed onto
the inner surface of the CFPCR microchannel. During CFPCR, the amount of
silicone oil in front of the PCR reagent decreased gradually and thus the opposing
force to the PCR reagent would decrease. The flow rate of the PCR reagents
increased. If all the silicone oil was adsorbed, the flow of the PCR reagents would
be terminated. Therefore, sufficient amount of silicone oil was introduced to
eliminate this effect. Besides, non-hydrophotic material could be used for the
microchip. This can avoid the adsorption of the oil on the surface of the microchip.
In addition, sensors could be added to monitor the flow rate of the reagents. The
applied current could be varied to adjust the flow rate of the reagents.
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4.3.2 Effect of Concentration of Taq DNA Polymerase
The results showed that the brightness of the PCR product bands was related to the
concentration of the Taq DNA polymerase. The PCR product bands were brighter if
the higher concentration of the Taq DNA Polymerase was used. Regarding to the
Prakash’s study, the contact angle of the PDMS decreased after incubation of Taq
DNA polymerase. The reason was that Taq DNA polymerase was adsorbed onto the
surface of the CFPCR microchannel due to the hydrophobic property of PDMS.
This caused a decrease in free Taq DNA polymerase concentration and the
amplification efficiency. With higher Taq DNA polymerase concentration (i.e., 2.5
units/20 µL), even though a significant portion could be adsorbed, free Taq DNA
polymerase concentration is high enough to produce a bright PCR product band.

4.3.3 Effect of Surface Passivation
To compensate the adsorption of Taq DNA polymerase on the surface of CFPCR
microchannel, the increase in concentration of Taq DNA polymerase was possible
but it was expensive. Therefore, surface passivation, which was more cost effective,
was performed in this study.

When CFPCR was performed with dynamic

passivation using BSA, the intensity of the PCR product band was much brighter
than that without BSA. This suggested that dynamic passivation using BSA could
reduce the adsorption of Taq DNA polymerase. Besides, the PCR product band
intensity for 2 µg/µL BSA was similar to that for 0.5 µg/µL BSA. This indicated that
dynamic passivation with 2 µg/µL BSA was optimal in this study. The amount of
BSA was in excess if concentration of BSA was further increased.
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Regarding to the static passivation, it should be noted that the intensity of the PCR
product band for 5 µg/µL BSA was weaker than that for 2 µg/µL BSA. This can be
explained by the fact that, at very high concentration of BSA static coating (i.e., 5

µg/µL), it is difficult to completely remove excess BSA from the entire CFPCR
microchannel. The residue of the BSA would block the microchannel and the fluidic
flow was unstable.

By considering the convenience of the passivation procedures, dynamic passivation
is more suitable for practical application. This is because dynamic passivation only
involves the addition of a PCR-friendly substance in the PCR reagent while static
passivation involves the incubation and removal of the passivation agent which is
time consuming. Besides, as discussed in the previous paragraph, incomplete
removal of the passivation agent could result in unstable flow and hence lower the
amplification efficiency.

4.3.4 Effect of CFPCR Duration
With CFPCR duration of 20 min, an observable PCR product band was obtained.
This amplification time is much shorter than that of the conventional PCR thermal
cycler. The results showed that the intensity of the PCR product band was brighter if
the duration of CFPCR was longer. This also consists with Kopp’s results. The
fluorescence intensity increased if longer total cycling time was applied. This was
because the longer duration allowed the sufficient time for the PCR, especially the
extension process. Hence, this ensured the efficiency of the PCR.
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4.3.5 Performance of Electrolytic Pump
CFPCR was performed successfully using the electrolytic pump. The PCR product
band was obtained.

To improve the brightness of the PCR product band, the

concentration of the Taq DNA polymerase and the duration of CFPCR could be
increased.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions
In this study, a CFPCR device with integrated on-chip electrolytic pump has been
developed. It features simple microchip fabrication, small size, and short
amplification time. A temperature control system was custom-built with metal
heating blocks and feedback control, achieving accurate temperature control of ±1
°C. To optimize the DNA amplification efficiency of the CFPCR device, several
parameters were studied including silicone oil plug in front of the PCR reagent,
concentration of Taq DNA polymerase, as well as dynamic and static passivation
with BSA. The presence of a silicone oil plug in front of the PCR reagent prevented
evaporation and thus air gaps formation, which otherwise would seriously affect the
fluid flow. The amplification efficiency of our CFPCR device was suppressed at
Taq DNA polymerase concentrations of 1.5 units/20 µL and below due to nonspecific adsorption onto the microchannel surface. Both dynamic and static
passivation with BSA significantly reduced the adsorption, resulting in much higher
amplification efficiency than without passivation. Successful amplification was
achieved in about 20 min using electrolytic pump-driven CFPCR. In terms of fluid
control, constant current produced more stable flow than constant voltage.
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5.2 Recommendations for Future Work
First, the introduction of air into the reservoirs during the sealing process using
polyimide film tape due to the elastic property of PDMS has to be addressed for
widespread application. There are two possible solutions to this issue. One is to
increase the hardness of PDMS by chemical modification. The simplest method is to
increase the amount of curing agent during fabrication of PDMS. With less
deformable PDMS, the air introduction during the sealing process will be alleviated.
Another method is to replace PDMS with other hard materials such as
poly(methylmethacrylate) (PMMA) and polycarbonate (PC). The main purpose of
this study was to demonstrate the feasibility of using on-chip electrolytic pump for
CFPCR. PDMS was chosen due to the ease of fabrication. The material can be
replaced by other hard materials after this proof-of-concept demonstration.

Second, the adsorption of the silicone oil to the CFPCR microchannel surface is
another issue worth further investigation. This could be addressed by modifying the
surface of the microchannel to more hydrophilic. Another method is to replace the
silicone oil to other viscous fluid which does not easily adsorbed onto the
hydrophobic surface.

Third, the integration of this CFPCR device to other steps in DNA analysis has to be
carried out. To date, only a few fully integrated DNA analysis systems with
complete steps of sample preparation, amplification, and detection have been
developed. Nevertheless, these systems are not very portable due to the bulky
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supporting instrumentation for fluid handling and product detection (e.g.,
fluorescence measurement). Our CFPCR device with integrated on-chip electrolytic
pump is conducive to a portable and fully integrated DNA analyzer. In terms of
product detection, real-time electrochemical monitoring of the PCR amplicon
generation can be easily achieved in CFPCR [34]. Efforts have to be made in
isolating genomic DNA from raw sample on the same microchip platform.
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