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is integrated on the outer wall of the microscope glass coverslip. Figure 4-1a shows the
schematic of the microfluidic device assembly. The thin film thermopile is fabricated on
a 50 um polyimide (Dupont, USA) support using a thermal evaporation technique
detailed by Guilbeau e al. [61]. Two shadow masks with complementary patterns are
used to deposit bismuth and antimony metal layers on the polyimide support. First, a 0.8
um thick bismuth film is deposited onto the polyimide support using a shadow mask, and
1.2 um thick antimony film was evaporated onto Kapton using the shadow mask with a
complementary design. Figure 4-1b shows the fabricated thermopile on a polyimide
support. The thermopile is 3 mm wide by 6 mm long and has 50 thermocouple junctions
with a theoretical Seebeck coefficient of 5.95 wV(mK)™'. The thin film thermopile
fabricated on polyimide support is integrated on to the microfluidic device using
superglue. Conductive silverprint (GC Electronics, USA) was placed on the thermopile
contacts and thin copper sheet (3M™ VHB™ Tape, 3M, USA) to provide electrical

contact to the thermopile. The fabricated micro-calorimeter is shown in Figure 4-1¢.

Figure 4-1: Fabrication of the micro-calorimeter. a) Schematic showing the fabrication
of microfluidic device (not drawn to scale). b) Bismuth (Bi)- antimony (Sb) thin film
thermopile fabricated on a 50 um polyimide support. ¢) Micro-calorimeter:
microfluidic device with integrated thermopile.



60

4.3  Experimental Setup

Experimental setup used in this charactarization study is shown in Figure 4-2.
The entire setup is placed in a Faraday cage to reduce the noise interference with the
recording system. To isolate the temperature field within the microcalorimeter from the
surroundings, the device was placed within an enclosure. Two syringe pumps (Pumpl 1
Elite, Harvard Apparatus, USA) are used to introduce water (house Deionized (DI)
source) and ethanol (Ethyl Alcohol Pure 200 Proof, EMD Chemicals Inc., USA)
continuously into the experimental device. A voltmeter (Nano-voltmeter 34420A,
Agilent, USA) measures the thermopile output, which is recorded into a computer

through a LabView SignalExpress interface (National Instruments, USA).

Computer

Figure 4-2: Schematic of the experimental setup.

4.4 Experimental Procedure
Two categories of experiments were performed: continuous and bolus mixing of

water and ethanol.



61

44.1 Continuous Mixing/Steady State Response

Continuous mixing of ethanol and DI water is used to characterize the steady state
performance of the system. Syringe pumps are programmed to change the ratio of flow
rates in inlet 1 and 2, respectively. The ratios are changed to move the mixing interface
from the center to the edges of the channel where the thermopile junctions underneath are
located. Several volumetric flow rates with varying flow ratios were used to characterize
the steady state response. The microfluidic device at the different flow rate ratios

indicates the mixing interface as shown in Figure 4-3.

|
|

@ - T ©

Figure 4-3: Fluid flow in the micro-calorimeter showing mixing interface for different
flow rate ratios. Dashed white lines represent the walls of the microfluidic device. The
dashed red line represents the interface between the fluids driven through inlet 1 and 2.
DI water is driven into one inlet, and DI water mixed with green dye is driven into the
other inlet. a) Flow rate ratio 1:1 b) flow rate ratio 2:1 and c) flow rate ratio 4:1.

4.4.2 Bolus Mixing

Mixing of a bolus sample is also studied, as in practical applications; the sample

used for detection is limited by volume and cost. An injection valve (Rheodyne® Model
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9725 Injector, Chrom Tech, Inc., USA) is used to inject a S ul ethanol sample as a bolus
into one of the inlets, while continuously pumping DI water in both the inlets. The
mixing interface is adjusted so that it is positioned on one of the junctions of the

thermopile. Several volumetric flow rates were used to study the response of the

thermopile.

4.5 Results and Discussion
4.5.1 Experimental
4.5.1.1 Continuous mixing/steady state response

To characterize the performance of the micro-calorimeter, the heat released
during the mixing reaction between water and ethanol was measured. The flow rates for
the water and the ethanol streams were adjusted to change the location of the reaction
zone relative to the measuring or reference junctions of the thermopile. The location of
the fluid interface between the flow streams is a function of only the ratio of the flow
rates. The nature of the mixing reaction, though, is additionally affected by the magnitude
of those flow rates. The thermopile voltage responded sharply to changes in the reaction
zone location. Flow rate ratios are programmed to move the interface from the center of
the channel to either side of the channel. Three volumetric flow rates are used and the
thermopile output is recorded. A typical recording of the thermopile output for the
different ratios of the flow rates for a total volumetric flow rate of 200 pl/min is shown in
Figure 4-4. When the mixing layer is equidistant from the measuring and reference
thermopile junctions, nearly zero voltage is transduced. The non-zero voltage indicated in
Figure 4-4 for a 1:1 ratio is from a slight thermal asymmetry caused by the unequal

thermal conductivities of the two flow streams.
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Figure 4-4: Thermopile output for different flow rate ratios for a total volumetric flow

rate of 200 pl/min. Syringe pumps are programmed to change the flow rate ratios from
1:1,2:1, and 4:1.

Three total volumetric flow rates such as 100 ul/min, 200 pl/min and 400 pl/min
are imposed at different flow rate ratios. The thermopile outputs are plotted for different
volumetric flow rates Figure 4-5. Analysis of steady state response provides the thermal
time constant of the micro-calorimeter. First order derivatives represent the time constant
analysis of the micro-calorimeter. The rise of the first derivate indicates how fast a

steady state is achieved, and the fall indicates the thermal time constant of the system.
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Figure 4-5: Steady state response of micro-calorimeter for different volumetric flow
rates a) 100 pl/min, b) 200 pl/min and c¢) 400 pl/min.

45.1.2 Bolus mixing

Thermopile output for injection of a 5 ul ethanol sample was recorded (Figure
4-6) for total volumetric flow rates of 100, 200, and 400 pl/min in the microfluidic
calorimeter. A flow rate ratio of 1:4 in the inlets is used for different total volumetric
flow rates. When the ethanol sample is perfused over the thermopile junctions, the
thermopile output changes because of the heats of mixing of ethanol and water. As the

bolus sample passes over the thermopile junctions, the thermopile output reaches the

baseline. The peak height of the signal represents the maximum change in the
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temperature detected by the thermopile, and the area under the curve represents the total

heat detected for the bolus injection.
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Figure 4-6: Thermopile output for a bolus injection of ethanol sample using an
injection valve.

4.6  Conclusion
The performance of the micro calorimeter was characterized by measuring the
heat released during the mixing reaction between water and ethanol. The ratio of flow
rates is adjusted to change the location of the reaction zone relative to the measuring or
reference junctions of the thermopile. Analysis of steady state response provides the
thermal time constant of microcalorimeter. As the flow velocity increases, the time

constant to reach steady state response decreases.



CHAPTER §

CONCLUSIONS

This research work focused on realizing technologies and methods towards an
integrated lab-on-a-chip system for automated nucleic-acid analysis. This work has led to
the development of novel microscale nucleic-acid amplification technique, a new simple
method for the fabrication of all-glass microfluidic devices, and design considerations
involved in the calorimetric sensing technology for a potential integration into lab-on-a-
chip system for point-of-care applications. Each of these developments were
demonstrated and characterized in this work.

Significant scientific research findings that have resulted from this work include
the following:

1. Oscillatory-flow thermal gradient PCR: oscillatory-flow methodology was adopted
to the thermal gradient system for spatial amplification of nucleic acid sample. This
technique overcomes many existing limitations related to microscale continuous-flow
PCR such as cycle number limitation, cross contamination. The method was suitable
for the amplification of DNA and RNA without any additional temperature
requirement for reverse transcription step in RNA amplification. Real-time analysis
of nucleic acid sample for amplification and melting detection was performed using
this system by recording and analyzing fluorescence images. Nucleic-acid

amplification demonstrated in this work was achieved in 40 minutes.
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2. Simultaneous pattering and bonding of glass microfluidic devices in a
microwave oven: a novel and simple method was developed fabricated for the
fabrication of microchannels and bonding to achieve microfluidic devices. A hobby-
grade microwave kiln is used to obtain temperatures above 900°C for meting and
fusing glass. A sacrificial layer (kiln paper) acts as a pattern and forms the channels in
the glass-fusing stage. Rectangular and circular cross-section glass microchannels
with a feature size of 350 pm were fabricated through this technique. Research grade
all-glass microfluidic devices were fabricated in under 4 minutes.

3. Optimization of thermal sensing method for nucleic-acid detection: thermal
sensing of biochemical reactions is characterized for successful commercialization of
this technology. Thermal signal response is based on the flow velocities and the
thermal time constant of the system. Steady state responses are characterized to
obtain maximum sensor output. The design considerations of the system and
optimization parameters were identified to obtain maximum sensor output and to aid

in successful integration of this sensing method for lab-on-a-chip automated analysis.



CHAPTER 6

FUTURE WORK

This section discusses the directions of future study that will provide potentially

valuable insight towards lab-on-a-chip system for point-of-care applications.

6.1 Quantitative Analysis
The microfluidic geometry used for oscillating-flow PCR in this work is a simple
design. By changing the geometry (Figure 6-1) and repeating the design on the same
chip, quantitative analysis can be performed. The standard PCR sample and the test PCR
samples can be loaded with oil plugs in the system. When the PCR is performed using
oscillating-flow, a single fluorescence image acquired can be used to quantitatively
determine the difference between the standard and the test sample. By performing PCR

using this technique, complexity related to multiplex analysis is eliminated.
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Figure 6-1: Geometry for quantitative analysis.

6.2  Integration

Once the PCR is achieved, the system can be integrated with the thermoelectric
sensor for on-chip detection. Symmetric PCR (equal concentration of primers) has been
demonstrated in this dissertation, PCR variant such as asymmetric PCR can be performed
to obtain one strand of target sequence in excess after the amplification. The amplified
product can then be moved to the integrated thermoelectric sensor region to detect the
amplified product. DNA hybridization reaction can be implanted over the thermoelectric
sensor region to detect the amplified product. One advantage of using this approach is
that the signal to be monitored is electrical, as opposed to optical. Only a voltmeter is
required for such measurement, which provides an extremely simple way to fully

automate the analysis system.



APPENDIX A

RT-PCR EXPERIMENTAL PROTCOL

A.1  Stock Solution Preparation

The following steps are involved in the solution preparation:

1.

Prepare the Forward and Reverse primers to 100 uM stock and dilute to 10
uM.

Prepare RNA to a stock concentration of 100 ng.

A.2  One Step SYBR Prime Script RT-PCR protocol
Prepare the following reagents on ice. < Per reaction >. Table A-1 details

the regents list and concentrations for the preparing the mixture.
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Table A-1: Reagents for one-step RT-PCR.
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Reagents Volume Final Conc.
2X One Step SYBR® RT- 10 ul 1X
PCR Buffer 4
PrimeScript 1 step Enzyme 0.8 ul
Mix 2
PCR Forward Primer (10 0.8 ul 0.4 uyM™’
HM)
PCR Reverse Primer (10 0.8 ul 0.4 uM™!
HM)
Total RNA 2 ul "2
RNase Free dH20 5.6 ul
Total 20 pl

* 1: The final concentration of primers can be 0.4 uM for most reactions. If this
does not work, determine the optimal concentration within the range of 0.2 - 1.0 uM.
* 2: It is recommended to use 10 pg - 100 ng total RNA as templates.
2. Start reaction Gently spin down PCR capillaries, then start the reaction after
setting them in the LightScanner
Stage 1: Reverse transcription
42 °C 5 min. 20 °C/sec.
95°C 10 sec. 20 °C/sec.
1 Cycle
Stage 2: PCR reaction

95 °C 5sec. 20 °C/sec.
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60 °C 20 sec. 20 °C/sec.
40 Cycle

Stage 3: melting curve analysis

95°C0sec. 20 °C/sec.

65 °C 15 sec. 20 °C/sec.

95°C0sec. 0.1°C/sec.

Note: Heat inactivatioﬁ prior to PCR should be 95 °C for 10 sec. There is no need
to heat at 95 °C for (5-15 min). for initial denaturation, as is required for chemically
modified Taq polymerase. If longer heat treatment is performed, the enzyme activity
decreases and the amplification efficiency and the accuracy in quantification can also be
affected.

3. Analyze after completion of reaction. After the reaction is completed, verify
amplification curve and melting curve. Establish the standard curve when
quantitative analysis is necessary.

4. Different thermocycling parameters for PCR are detailed in Table A-2 and Table

A-3.



A.3  Shuttle PCR
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Table A-2: Recommended shuttle PCR protocol for Takara kit.

(30 - 34 sec.) *1

Step Temp. Time Detection Remark
Denature 95°C 3 -5 sec. Off Since the target size
amplified for real-time PCR
is generally shorter than 300
bp, denaturation at 95°C for
3 - 5 seconds is sufficient.
Annealing/ | 60 - 66°C 20 - 30 sec. On Please try each standard
Extension

protocol at first. The
temperature should be
optimized within the range
of 60 - 66°C if optimization
is required. When the
reaction does not proceed
efficiently, extend the time
or change to a 3-step PCR
protocol.
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Three Step PCR
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Table A-3: Recommended three step PCR protocol for Takara kit.

Step

Temp.

Time

Detection

Remark

Denature

95°C

3-5sec.

Off

Since the target size
amplified for real-time PCR
is generally shorter than 300
bp, denaturation at 95°C for

3 - 5 seconds is sufficient.

Annealing

55-60 °C

10 - 20 sec.

Ooft

Please try 55°C for 10
seconds first. When non-
specific amplified products
are generated or when the
amplification efficiency is
low, optimize the annealing
temperature. Longer
annealing time may
sometimes improve the
amplification efficiency.

Extension

72 °C

6-15 sec.

(30 - 34 sec.) *1

On

When the amplified size is
less than 300 bp, the time
should be determined within
the range of 6 - 15 seconds.
Longer extension time can
cause non-specific
amplification.

Cycle: 30 - 45cycles

* 1: Detection step must be set at more than 30 seconds for instruments of Life

Technologies. For 7700 and 7500 Fast, it should be set at 30 seconds, for 7000 and 7300,

at 31 seconds, and for 7500, at 34 seconds.
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