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Abstract

Integrated microfluidic devices for biomedical analysis attract lots of
interest in the MEMS (Micro-Electro-Mechanical-Systems) research field.
However, the characteristic Reynolds number for liquids flowing in these
microchannels is very small (typically less than 10). At such low Reynolds
numbers, turbulent mixing does not occur and homogenization of the solutions
occurs through diffusion processes alone. Hence, a satisfactory mixing
performance generally requires the use of extended flow channels and takes
longer to accomplish such that the practical benefits of such devices are
somewhat limited. Consequently, accomplishing the goal of u—TAS requires the
development of enhanced mixing techniques for microfluidic structures.

This study first presents a microfluidic mixer utilizing alternatively
switching electroosmotic flow and proposes two microchannel designs of
T-form and double-T-form micromixer. Switching DC field is used to generate
the electroosmotic force to drive the fluid and also used for mixing of the fluids
simultaneously, such that moving parts in the microfluidic device and delicate
external control system are not required for the mixing purpose. Furthermore,
this study also proposed a novel pinched-switching mode in the T-form
microfluidic mixer, which could be effectively increase the perturbation within
the fluid to promote the mixing efficiency. In this study, computer simulation for
the operation conditions is used to predict the mixing outcomes and the mixing
performance is also confirmed experimentally. Result shows the mixing
performance can be as larger as 95% within the mixing distance of 1 mm
downstream the common boundary between the different sample fluids. The

novel method proposed in this study can be used for solving the mixing problem
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in a simple way in the field of micro-total-analysis-systems.

Furthermore, in order to demonstrate the proposed micromixer is feasible
for on-line bio-reaction, this study designs a fully integrated device for
demonstration of DNA/enzyme reaction within the microfluidic chip. The
microchip device contains a pre-column concentrating region, a micro mixer for
DNA-enzyme mixing, an adjustable temperature control system and a
post-column concentration channel. The integrated microfluidic chip has been
used to implement the DNA digestion and extraction. Successfully digestion of
A-DNA using EcoRI restriction enzyme in the proposed device is demonstrated
utilizing large-scale gel electrophoresis scheme. Results show that the reaction
speed doubled while using the microfluidic system. In addition, on-line DNA
digestion and capillary electrophoresis detection 1is also successfully
demonstrated using a standard DNA-enzyme system of ¢X-174 and Hae I1I.

Finally, this reasearch also proposes a novel cell/microparticle
manipulation platform by integrating an optical tweezer system and a micro
flow cytometer. During operation, electrokinetically driven sheath flows are
utilized to focus microparticles to flow in the center of the sample stream then
pass through an optical manipulation area. An IR diode laser is focused to
generate force gradient in the optical manipulation area to manipulate the
microparticles in the microfluidic device. Moving the particles at a static
condition is demonstrated to confirm the feasibility of the home-built optical
tweezer. The trapping force of the optical tweezer is measured using a novel
method of Stocks-drag equilibrium. The proposed system can continuously
catch moving microparticles in the flowing stream or switch them to flow into
another sample flow within the microchannel. Target particles can be separated

from the sample particles with this high efficient approach. More importantly,
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the system demonstrates a continuously manipulation of microparticles using
non-contact force gradient such that moving parts and delicate fabrication
processes can be excluded. The proposed system is feasible of high-throughput
catching, moving, manipulation and sorting specific microparticles/cells within
a mixed sample and results in a simple solution for cell/microparticle
manipulation in the field of micro-total-analysis-systems.

In this thesis, low-cost soda-lime glass substrates are adopted for the
microchip fabrication using a simple and reliable fabrication process. Three
kinds of novel microfluidic devices including an electrokinetically-driven
microfluidic mixer, a high throughput DNA/enzyme reactor and an optically
cell manipulation platform are successfully demonstrated. It is the author’s
believes that the results of this study will give important contributions in the
development of micro-total-analysis-systems in the future. With the success of
this study, we have a further step approaching to the dream of lab-on-a-chip

system for bio-analytical applications.

Keywords: electroosmotic flow, micromixer, optical tweezer, cell manipulation,

biomedical analysis, microfluidic
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¢ =-75mV

\ 4 electrokinetic diameter k=32
4 fluid viscosity ~ u=10°N-s/n’
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electrokinetic force

-OH
Marienfeld
25 mm X 75 mm % 1.0 mm
400
Piranha 3.5
AZ4620
AZ4620 buffered

oxide etchant, BOE
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(a) Glass cleaning (d) PR developing (9) Via holes drilling
and hard baking

(b) PR coating and

soft baking (e) Glass etching

(c) Lithography (f) PR stripping (i) Fusion bonding
3.5
3.3.1
200 Piranha
H,SO, % H,0, % =3 1 10 DI
water 100
3
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100

10

mJ/cm®

60~70

5000 rpm

150

35 b ~ d

HMDS hexamethyldisilazane

AZ4620
500 rpm/s
5000 rpm 30
100 3
3 um
g-line 365 nm 169

AZ400K DI Water=1 3

100

150 10
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buffered-oxide-etchant, BOE

0.9 um/min

KOH DI=1 4

3.34

35 ¢
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3.35

3.5

[13 2

35 1 5 /min 580

10 3.6 3.7

3.7

34
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_49 -



Poly-Methyl-Meth-Acrylate, PMMA

DNA
DNA
3.1
3.8
3.1 PMMA
(108 kg/m?3) T() (kg/cm?) () (kg/cm?) (min) ()
¢}
31600- 13.2-
1.17-1.20 106 33600 115-140 153 5-10 95
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Design

v
Embossing tool Heating of substrate
fabrication —>| and tool to above Ty
Keep contact

Drilling of holes

|Bonding |

Hot embossing

|

Cooling of tool and
substrate below T,

!

Demolding

3.8
3.4.1
CBL5009Du-AZP, Clean Surface
Technology, Japan
3.9
AZ1350
50 mJ/em’ AZ400K
DI Water=1 3 20 120
5 Cr CR-7T 15
KOH
BOE
0.9 um/min
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Mask

‘/v/ Photoresist
: = Cr metal layer

Glass substrate

(a) UV exposure

(b) Developing

(c) Cr etching

(d) PR stripping

(e) Glass etching

3.9
342
3.11
[61]
1.
2. 1 kg/cm’
3. 10 /min 25 120

-52-
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15 kg/em®
10

15 kg/em® 10 /min

PMMA substrate

Glass master (a) Alignment

(b) Hot embossing

(c) PMMA chip

3.10

| P=1kglcm? P = 15 kglcm?

0
© O O «
o
I T O O I O

0 T T | T T T T g
0 10.0 20.0 30.0 40.0
Time (min)
3.11
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fusion bonding

low azeotropic solvent bonding [62]

3.12
1.
2. 20%
C,H,C, C,H;OH=1 4 1 Kg/cm®
10
3. 10

-54 -



3.5

3.5.1

(a) Alignment

(b) Addition of the solvent

(c) Clipping

3.12

E-400, Nikon, Japan

V-gear, Taiwan

Excitation filter

590 nm

N32B407' 1 OHZO

CCD

3.13

DVD PKB,

DXC-190, Sony, Japan

510-560 nm Dichroic mirror 575 nm Barrier filter

I mM

pH = 9.2, Showa, Japan 10* M
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Rhodamine B
10 Hz MP-3500, Major

Science, Taiwan T

Collector Lens

| Florescence

Mercury Lam
y P : Filter Module

Power Supply

5X

Computer

NA =0.15

I_St

ol

Direct Switching Mode

3.13

Scion Image beta

4.02 http://www.scioncorp.com
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100 um

G [63]

[lc-cdy
o=|1-=% x100%
[ "|co—C-|dy

3.52 DNA-
DNA-
¢X-174 DNA

Thermo-Electric cooler

60 V/cm 4 Hz

-57-
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10

A-DNA

3-1

A-DNA



6 uL  A-DNA 0.45 p g/uL, Takara, Japan -60

V/ecm 1 uL EcoRI

2 units, GeneCraft, Germany 5uL buffer SH 10x,
GeneCraft, Germany 8 uL

14 pL Na,B,0,-10H,0 10 mM, pH =9.2

1%
agarose gel DNA
$X-174 DNA S5uL  ¢$X-174 DNA 0.5
ug/ul, Takara, Japan -60 V/cm
2 uL Hae 1 units, Takara, Japan
3 ulL buffer M 10x, Takara, Japan

10 pL 15 uL
N32B4O7'10H20 10 mM, pH:92

3.14

R928, Hamamatzu, Tokyo, Japan

Model 9524, SISC, Taipei, Taiwan
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High voltage PMT detector
power supply

Pin hole

Band-pass filter

Computer

Focusing lens

3.14
3.53
/
3.15
MP-3500, Major Science,

Taiwan (electro-osmotic flow, EOF)

1 mM Na,B,0,-10H,0  pH = 9.2, Showa, Japan

PS Polystyrene, PS
Duke Scientific, CA, USA Sum, 10 pum 12 um
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1.58 1.05 g/em’

3.16

CW Continuous Wave SDL-2364-1.2, JDS
Uniphase, USA 830 nm I'W
100 NA 0.8
SZX9, Olympus, Japan
DVD PKB, V-gear, Taiwan CCD

DXC-190, Sony, Japan

CCD Camera

T ax >
10X @ Eyepiece

! Fluorescence Filter Module

Collector Lens
Hg Lamp . E

M
= |R-cut Filter
063-57¢ Zoom Microscope Body

N

&/

| |Power Suppl
PPy na-02| Objective Lens

Diode Laser,
830 nm
<y
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CCD Camera

Hg lamp module

Stereomicroscope

Dual inter-lock system
light guide
XY stage
Microscope
Objectives

Reflection Mirror

Fiber coupled
laser diode
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41T

4.1.1
4.1 90 V/cm
4.1 a b T
41 c¢
41 d
T
(a) Hectrical potentail (b} Streamline

! |

|
|
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IIJ.BEI!EI.EQIIEI.1 EI!S ua{ 134 0.2 \¥

(c) Numerical model (dy Experiment

41T A
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4.3

4.4
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10 Hz
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43T

44T

1000 pm

Mixing Efficiency (%)

—

‘

90 V/cm

4 Hz
10 Hz N

line=>Numerical model
symbol=>Expeiment ~ >

300 600 900 1200
Downstream Distance (pm)

1500
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4.1.2

1.20 B

4.5 200 MQ

4.6 200 MQ

90 V/cm

46 c 4 Hz

50, 100, 150, 200 MQ
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4.7 1 Hz

2 Hz
4 Hz T I mm
97% SHz 6 Hz
87%  80%
(a) Step 1
Electrical potential Streamline
o
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(b) Step 2

=
0.25!
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46T
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4.1.3

120 V/em

1 mm

2 Hz

4.9

180 V/cm
4.8
T I mm
4.8
90%

60 V/cm
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97% 180 V/em

90%

10 Hz
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S 70}
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= 40t ,’I/ /' ---------- A 90 V/icm 4
c I — — — — < 120 V/cm
X 30} ! v —_———- — V¥ 180 V/icm A
= 4&/',/ line => Numerical model
20 év, symbol => Experiment
Pullback = 200 M ohm
10+
0 1 1 1 1 1 1 1 1 1 1

0O 1 2 3 4 5 6 7 8 9 10
Switching Frequency (Hz)

48T

T 1000 pum
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(a) 60 V/cm, 2 Hz

(b) 180 V/cm, 8 Hz

49T
42 T
4.2.1
T
4.10
100 V/em 4.10
b c cis-injection
trans-injection
4.11 100 V/em
411 a
T 4.12
2500 pm 41%
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411 b

1 4 2 3
4.12 2500 pm
65%
(a) Electrical potential
[94] 91/
. =
(c) Streamline of Type B
Ll 1] 3
\\\\\\i\¥ e i
zﬂ?iézi?EA—?z = — = =
AL
4.10 T 100 V/em
a b
C
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4.11

4.12

4.2.2

(a) Type A

{b) T'p'II"E B

.

T

4.13

100
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o1

N
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Mixing Efficiency (%)
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o

Mumernical model

Expernmeant

A - - - - Type A parallel flow
® —— Type B parallel flow
Downstream
’—»

Pk line =>Numerical model
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500 1000 1500 2000
Downstream Distance (pm)
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413 a Step 1 100 V/cm

1 2 4 3 3
Step 2
413 b 4 3
1 2 3 4
4.13 3 4
4.14 100 V/em
l1Hz 8Hz I 2
2 1 T
3 4 1 2
4.14 a
1 Hz 4.14 a
1 Hz
414 b
2 Hz
2 Hz

8 Hz 4.14 ¢
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4.15
0 Hz
47.2% 1 Hz
2 Hz
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1200 pum
Step 1
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Electrical potential
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0 8Hz

Luix = 1200 pm

1000 um

4 Hz

73.5%

Streamline

8 Hz

=75 -




Mumerical model Expenment
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4.2.3

4.16 T

T 1200 pm

100 V/em
90%
100
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>
S 80F T
Q
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o 70+ 7
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4.3 DNA-

4.3.1 DNA
DNA
T
DNA 250 ng/p L
4.17 DNA
DNA
DNA
DNA

1.2-1.5 cm

-78 -
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400

350
300 |
250
200
150

100 r
—e— Theoretical value

50

Concentration (ng/uL)

—e— Experimental value

0 2 4 6 8 10 12 14
Time (min)

4.17 DNA

4.3.2 DNA
4.18 A-DNA
37 M1 A-DNA
Hind DNA marker 7  band 23130 bp 9416
bp 6557bp 4361 bp 2322bp 2027bp 564 bp M2 100 base-pair

ladder marker

A-DNA/EcoRI A-DNA
21.4kb, 7.4 kb, 5.8 kb, 5.6 kb,49kb 3.5kb DNA
DNA

DNA DNA band 214 kb 7.4 kb
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DNA 18
EcoRI 18 DNA

40

In Vitro In Microchip

N N I Y EEEEEEEEEEEEEEEEN
M1 M2 =10 20 30 40 50 60 70 3 6 9 12 15 18 =

4.18 A-DNA
4.3.3 DNA
DNA
DNA 419 ¢$X-174
DNA Hae DNA

6 4.19 a 12 419 b
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18 4.19 ¢ 37

HPMC 0.5x TBE 1% 1%
Yo-PRO
60 300 200 V/em
DNA 4.20
¢X-174 DNA  Hae 25
¢0X-174DNA 11 DNA 72bp 118bp 194bp 224bp 271bp

281bp 310bp 603bp 872bp 1078bp 1353 bp
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210
190 -
170
150 |-
130 -
S DY, V VL NS N N

qn | | | | | |
(@)
210 962168374

190
170

150

130
11(M

90

Brightness (mV)

Brightness (mV)

) 673 757

210
190 -
170
150
130
110

90

Brightness (mV)

0 0.4 0.8 1.2 1.6 2.0 2.4 665 748
Time (min)

()
419 $X-174 DNA  Hae

DNA A 6mn B 12min C 18 min
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180

160

140

120

Brightness (mV)

100

80
0 0.4 0.8 1.2 1.6

Time (min)

4.20 $X-174 DNA  Hae 25

4.4
4.4.1
421 a ~ f
90 75 60 45 30 15 pum
1 mM pH=9.2

10° M  Rhodamine B

4.22

12 um

~ f 45um 30pm I5Pm
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M m 423 a I 2
120 V/cm 4 3

180 V/iem 160 V/ecm 140V/ecm 120V/em 100 V/em

5
10 um PS 4.24
60 V/cm
70 V/em 15 um
()
4.21 a Oum b 75um ¢ 60 um

d 45um e 30um f 15um
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—A— Applied voltage of sample flow: 120 V/cm

35 —e— Applied voltage of sample flow: 60 V/cm
30 ¢
E [
2 25 ¢
=
S 20
=
g’ 15 r
m a
8 10 r
o
T

0
60 75 a0 105 120 135 150

Applied voltage of buffer flow (V/cm)

4.22

3 S-I—
T\

(@)

423 a b 45um ¢

30pm d ISpm e f ISy m
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(b) (h)

(d) ()

(€) (k)

(f) (1

4.24
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4.4.2

4.25
10 um 160 mW
4.25
d ~ f
425 g ~ 1
4.26 50 um/sec

10 um

250 mW 90 um/sec
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Moving direction

(b) () ()]
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(9)

4.26

443
4.27
250 mW

pm/sec 427 a b

427 ¢ ~ h
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10 pum

180



4.28

[13 29

N~

29

Spum 10pum 12 pm 2-9

4.30

(©) (9)

(d) (h)
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n

Max velocity (um/sec)

: 1.025 x 102 N-Sec-m2

Microparticle

Stream line -7 _» \

_______________ 7 Farg: Viscous-drag force (pN)

___________________ 4

V: flow velocity (m/sec)

4.28

360 - _ -
m Particle size: 5 pm
320 - | e Particle size: 10 pm A
R . . °
280 | Particle size: 12 pm :
A
L [ J
240 : . n
200 - R A -
160 R .
([ ]
120 r A .
o
80 - 4
40 &
0
0O 50 100 150 200 250 300 350 400 450 500
Laser power (mW)
4.29
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= Particle size: 5 um A
36 | | e Particle size: 10 pm R
32 | A Particle size: 12 um
A
—~ | ([ ]
\z% 28 A .
g 24 + A . ®
“8 20 * °
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[<H) L
-_cau 16 . i
5 12 - ¢ , =
A [ ] - ]
8 ° . | "
s - & "
|
0 | |
0O 50 100 150 200 250 300 350 400 450 500
Laser power (mW)
4.30
444
431 a 10 um
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120 mW
431 b ¢ 431 j k
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-92-



4.31

-03 .-



4.32 10 um

180 um/sec
220 mW
432 ¢ ~ e
4.33 5 pum
220 um/sec
1
380 mW
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(b)
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4335 um
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4.34

10 um

Sum 10 pum
180 um/sec
220 mW
434 d ~ ]
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4345um 10 um
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5.1

2 Hz

97%

DNA/

50 V/em

-99 -

1 Hz

60 V/cm

1 mm



700 pum 97%

DNA/
DNA DNA DNA DNA
A-DNA  EcoRI
A-DNA

0X-174
DNA  Hae
$X-174 DNA

Lab-On-a-Chip, LOC
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DNA

PCR
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Micro-Total-Analysis-Systems, Y -TAS

Lab-On-a-Chip, LOC
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