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Abstract

Micro-Total-Analysis-Systems (4 TAS) for genetic diagnosis have a great potential to
revolutionize the future of health care. However the lack of pTAS, which is fully integrated,
mass-producible and application oriented, has delayed yTAS development in real life ap-
plication. In this work, I developed designs, protocols and supporting infrastructures for a
polymer-based, fully integrable genetic diagnosis system capable of the Polymerase Chain
Reaction (PCR) and Capillary Electrophoresis (CE). Each individual module could be in-
tegrated through a novel valve/pumping design and is fully capable of hand-free operation.

These modules have been demonstrated to have a separation similar to our previous
generation glass-based chips, which have previously proved the capability of genetic diag-
nosis. The integrated PCR module has demonstrated the concept of a CMOS compatible
PCR system that is capable of mass-production. These discrete PCR modules are rapid
prototypes. Using laser-based and milling machine-based rapid prototyping methods, the
fabrication processes and module designs were developed. During this, the designs were
studied through simulations and back-of-the-envelope (BOE) calculations. At the time of
writing, the valving, PCR and CE modules have been successfully tested (with publica-
tions in print, in press and underway). In addition, a valving and CE combination has also
been successfully demonstrated for a restriction fragment length polymorphism (RFLP)
diagnostic and submitted for publication.

All of these designs were intended to be developed in a manner that could be imple-
mented in a PMMA chip, or on a future CMOS chip for greater cost reduction. This
work has developed some of the key technologies for PCR-CE in a way that is scalable to
such a CMOS system, notably with valves that can be used in a hybrid PMMA /CMOS
system, and in testing a silicon based and robust temperature control system that could
be implemented on CMOS.
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Chapter 1

Introduction

Micro-total-analysis systems (pTASs) have tremendous potential to revolutionize the fu-
ture of health care. [1] If several or all related bio-chemical processes can be integrated into
one compact portable system, there will be no need to build centralized clinical labs. By
decentralizing the analyzing process, the process time per sample will be significantly re-
duced as well as the cost associated such as sample transportation, manpower and storage.
Computer controlled automatic process will also free the highly trained technicians from
the routine tasks. However, the lack of a uTAS, which is cost-effective, fully integrated,
automatic and providing sample-to-result solution, is still preventing these technologies
from real world application. [2] This makes the current pTAS uncompetitive compared to
current solutions. In this thesis, the work presented is one attempt to reduce the gap by
developing low-cost polymer based modular yTAS. Each module performs one task of the
diagnosis process and integrated through on-chip valve/pumping. In addition, the designs
of the system have the potential to be scaled down and mass-producible for even lower
cost. In future, all of these modules can be implemented on a CMOS platform for greater
integration and cost reduction.



1.1 Objective

Micro-total-analysis system (uTAS), sometimes called lab-on-chip (LOC), as indicated by
its name, is the miniaturization of processes in an integrated device, starting with a raw
sample and performing a series of manipulations that produce a final result from which a
decision can be made. [3] pTAS has great potential to revolutionize personal healthcare
by providing fast, automated, portable and inexpensive diagnosis solutions for clinical
applications such as point-of-care (POC). [I] In a review by Chin et al. [2], the global
impact of ;4 TAS is presented with potential applications, especially for developing countries.
However, the development towards a true pTAS remains elusive, even after 25 years.

Since the first introduction of the concept by Manz et al. [1] in 1990s, researchers have
invested tremendous effort into the realization of pTAS and fascinating systems have been
demonstrated as shown in various reviews. [2, 5, (] In the most recent reviews by Kovarik
et al. [6] and Nge et al. [7], they concluded that the lack of yTAS developments is due to
an absence of a fully integrated mass-manufactured solution.

My research is intended to close the gap by developing a uTAS rapid prototyping plat-
form that is cost effective, modular but fully integrable, and capable of mass production.
In order to achieve this, I narrowed down my interest and focused on genetic diagnos-
tics. pTAS, based on the bio-marker utilized for detection, is classified into two streams:
protein analysis and DNA analysis. As reviewed by Njoroge et al. [¢] and Foudeh et al.
[9], DNA based detections have the advantages of higher sensitivity and specificity than
protein based processes, and are capable of rapid diagnosis. The rapid diagnosis capability
is critically important for infectious pathogen detection.

In terms of material, polymer based microfluidic chips have gained most attention since
they are relatively inexpensive and amenable to mass production. [7] Hot embossing and
mold-injection are techniques readily available for small scale and large scale fabrication.
These give polymer based capillary electrophoresis (CE) chips great potential over con-
ventional glass based LOC technology. However, both hot embossing and mold-injection,
have a relatively long turnaround time for new designs in small scale fabrication since
each design requires a custom made mold. Laser ablation is then selected for small scale
fabrication as its capability of rapid prototyping. For system functions, Lee and Hsing [7]
have a detailed review on DNA based pTAS and classified three main functions for such a
system: sample preparation, DNA amplification and target detection. Sample preparation
involves the processes that extract and purify the DNA from raw samples such as blood.
Then the DNA sample is amplified to a higher concentration through the PCR process.
After amplification, the product is checked for the presence of target DNA at the final



step, which provides the decision making information. In this work, I started my research
from detection to amplification with automatic integration in-mind, and since the sample
preparation is direct implementation of the clinical protocols onto micro systems, it is more
related to fluid handling and system integration. As a result, the integration related work
would greatly benefit the future development of sample preparation.

There are many different detection methods such as quantitative polymerase chain
reaction (QPCR), CE and various DNA sequencing technologies. qPCR based systems are
among the most popular for compactness and ease of realization, as the amplification is
also the detection process. For details, please refer to reviews by Ahmad and Hashsham
[10] and Almassian et al. [11]. However, as Bustin et al. [12] concluded from their review,
PCR based detection results alone are not sufficient for decision making. Further validation
of the amplicons is needed via methods such as CE and sequencing. For sequencing, the
cost and waiting-time per sample have reduced dramatically, due to the development of
the so-called next generation sequencing technology. But as mentioned by Katsanis and
Katsanis [13] in a Nature review, CE and PCR based technologies still remain the most
cost effective.

As a result of all these considerations, this thesis is focused upon the development of
an integrated PCR-CE system for genetic diagnosis. Each of the two individual modules
(PCR and CE) could be integrated through a novel valve/pumping module for hands-free
operation. In the following chapters, I will present my contribution to the development of
each module (detection, integration and amplification) and the important results.

1.2 Thesis overview

In chapter 2, I present the development towards producing a polymer based CE chip using
laser ablation and solvent-assist bonding. Starting with the initial fabrication protocol
developed by Dr. Chris Backhouse, based on the literature, I modified the protocol in
order to achieve a more uniform surface and smooth channels. By using this protocol, the
chips achieved 20 bp resolution which is comparable to the glass chip developed in our lab
previously. In addition, my polymer CE chips were used in the exploration of utilizing
the solid phase sieving matrix, agarose, for on-chip CE. Through the development, my
colleagues found the CE resolution was erratic, especially for the higher base pair DNA
strands. By using my cracking technique for examining the channel laterally, we found
that the CE resolutions for the higher base pair DNA strands were better in the channels
with a smooth bottom. This new finding was published in Proceedings of SPIE 2012. [14]



Chapter 3 presents my solution for solving the integration problem for a low cost PCR-
CE system. A novel valve design is presented for fluid handling: valving and pumping. The
novelty of the valve is its ease of reconfiguration and fast design-test cycle. By utilizing this
valve, I designed an integrated restriction fragment length polymorphism (RFLP) CE chip
that is capable of hands-free operation. By using the chip, my colleagues and I demon-
strated an RFLP analysis of the C282Y mutation in the hereditary haemochromatosis
(HFE) gene. This work has been presented at IEEE Nano 2014.

In chapter 4, I present my contribution to a collaborative project for a CMOS-based
PCR heater module. I designed the polymer-CMOS helper chip packaging technique for
testing CMOS-based silicon heater system. I have demonstrated the use of the heating
element as a temperature sensor during the heating process. This proves the concept of
a CMOS-compatible heater system that does not require device level calibration. This
is the key for future mass-production of low cost 4TAS and implementation on a CMOS
platform. This work is about to be submitted to the Journal of Micromechanics and
Microengineering.

Chapter 5 and 6 present the development of PCR heater modules using commercially
available heaters with two different chip designs: thin tape chip and 1.5 mm Poly(methyl
methacrylate) (PMMA) chip. I performed a preliminary back-of-the-envelope (BOE) cal-
culation for each of the heater designs. In addition, I have performed preliminary exper-
imental tests on the infrastructure and the thin tape chip system. Combined with the
numerical simulation done by my colleague, we decide to focus on the 1.5 mm PMMA chip
design. At the end of Chapter 6, a potential design of a fully integrated PCR-CE system
is presented.

Chapter 7 presents the conclusions and possible future directions for this project.



Chapter 2

Laser Fabricated Polymer Chip For
Capillary Electrophoresis

In this chapter, a fabrication protocol of a laser ablated PMMA-based chip was developed.
The CE chips fabricated by this protocol have been shown to be similarly capable of
diagnosis as the glass chips previously demonstrated by Dr. Backhouse’s Group [15].
Building upon our previous knowledge of glass-based CE chips, our group transferred
to polymer-based chips for ease of fabrication, low cost and speed of the design-build
cycle. However, as suggested by Jensen et al. [16] and Pfleging et al. [17], different grades
and manufactures of the PMMA substrates would have significantly different results after
processing. Thus, a reliable fabrication protocol that is customized for our lab is essential
for future development. Based on available literature findings and an initial fabrication
protocol by Dr. Backhouse, I developed an improved fabrication protocol and a unique
characterization technique for the PMMA CE chips.

The PMMA CE chip performance was tested by running CE, using hydroxypropyl
cellulose (HPC) as the sieving matrix. The PMMA-based CE chip demonstrated a 20
bp resolution, equivalent to our glass CE chip with similar dimensions. In addition, the
PMMA CE chips were used in the demonstration of agarose as a solid-phase alternative to
liquid-based sieving matrices for on-chip CE. My colleague found the CE performance was
erratic from chip to chip. By using my ’cracking’ technique as defined in Section 2.5.4, I
could inspect the channel profile both horizontally (as in almost all other literature) and
laterally. Thus, by characterizing the CE chips after the agarose CE experiments, I found
that the better resolutions were demonstrated on chips with smooth channels, especially for
longer DNA strands, which suggested that the CE resolution is correlated to the channel
smoothness. [14]



2.1 Background

Capillary electrophoresis (CE) is a very powerful tool for clinical genetic diagnostics which
has been demonstrated for various applications as reviewed by Dorfman [18]. The commer-
cially available systems such as ABI 3130 Genetic Analyzer have long been on the market
and used by clinicians and researchers. By having long capillaries (50 cm or more), these
systems have demonstrated resolution down to the 1 bp level. With advanced and com-
plicated mechanical valving and pumping accessories, some systems are fully automatic
except for loading of the sample. However, this advancement of the commercial system
comes at the expense of system size and extremely high cost per unit. By combining the
development of Lab-on-a-chip (LOC) technology, short capillaries/channels etched in Si
and glass have been demonstrated for CE by adapting micro-fabrication technology from
the semiconductor industry. As laser-induced fluorescence (LIF) is the gold standard for
DNA detection, the glass based chips are more popular than Si-based chips. Successful
DNA separations on glass chips have been demonstrated in many applications as reviewed
in Lewis et al. [19] and Ou et al. [20]. In terms of commercial systems, there are a few
table-top automatic CE systems such as the Bio-Rad Experion and the Agilent Bioanalyser
that are readily available. In our lab, we have demonstrated CE separation down to 2 mm
channels in our previous publications. [15] However, the non-recurring engineering (NRE)
cost, along with new chip design, and the slow cycle of micro-fabrication in academic labs,
were preventing us from rapidly implementing new designs and led to having limited num-
bers of chips for testing. Thus, there is great need for a new approach, which allows rapid
prototyping and is cost effective for different scales of fabrication. The polymer based
chips are the most popular alternative due to their low cost, ease of fabrication and similar
optical properties. However, the chip performance is highly dependent on the substrates
as suggested by the literature. [16, 17] Therefore, a reliable fabrication protocol is needed
for further development.

2.2 Introduction

COg laser engraving is the most popular rapid prototyping method for polymer-based
CE chips. Compared to other techniques (e.g., hot embossing and inject molding), laser
engraving requires no mask or mold, which enhances an extreme short turn-around time
for new prototypes and the low product volume is not an issue for an academic setting,
which in fact prefers low volume. CNC micro-milling is another popular alternative to
the use of the laser. However, milled channels are generally limited to a channel width of



200 pm or above due to the physical size of the mill bits. The fragile nature of the bit
requires slow mill speed and a shallow cut per pass. In general, it takes an hour or more
to fabricate a chip and constant machining, where a computer-controlled laser engraving
machine could finish in seconds. Therefore, CO5 laser engraving is the best approach for
rapid prototyping of polymer chips, with dimensions similar to glass chips, in which the
channel width is usually about 100 pm.

The work of Klank et al. [21] effectively introduced the use of CO, laser systems for the
rapid prototyping of microfluidic systems. Since that time, these laser systems have been
applied to a wide variety of applications, particularly with PMMA. Considerable early
development was done on PMMA-based electrophoretic devices for DNA analysis, notably
by Dubrow [22]. For CO, laser fabricated devices, demonstrations have ranged from PCR
systems [23] to cell culture. Zhang and Xing [24] had published a good review on these
devices. However, in term of laser-built microfluidics for DNA analysis, there has been
surprisingly little development. The work of Sun et al. [25] is one of the few exceptions.

In the literature, it has been suggested that the ablation process leaves a surface with
a surface charge that is less uniform than that of the pristine surface [26], leading to
variations in the zeta potential and the electro-osmotic flow (EOF). This variation could
strongly and reproducibly affect the resolution of the system, which determines how well
the system can detect genetic variants. It is likely that this is a major barrier to the
effective use of COs-laser-built microfluidics for DNA analysis applications. Thus, a 130
°C surface treatment is introduced to the bonding process, as suggested by the work of
Cheng et al. [27] and Sun et al. [25].

In this chapter, I describe my development for a reliable laser protocol for polymer
chip fabrication by a commercial laser engraving system from Universal Laser System Inc.
Significant effort was spend on refining the laser fabrication parameter to achieve glass
chip-like channels. A PMMA compatible sieving matrix, HPC, was used to replace POP-7,
which is typically used in glass chips. Four out of five different batches of chips, which were
tested under the same conditions, demonstrated similar chip performance. The other batch
had resolutions three times worse, but this batch had experienced a long delay during the
bonding process. In addition, the PMMA CE chips were used by my colleagues to explore
the use of a solid-phase sieving matrix, agarose. From the CE electropherograms, a CE
resolution about 20 bp was demonstrated for both matrices with PCR products less than
400 bp in length, which is similar performance to our glass CE chips. For kilobasepair DNA
fragments, a 50 bp resolution was achieved at lower agarose concentrations. Furthermore,
by using my lateral characterization technique, I found the correlation between the surface
roughness of the channel bottom and the resolution of long base-pair DNA stand. My
cracking technique is the key to identifying this correlation and has been published in the
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SPIE Photonic North 2012 proceedings. [1/]

2.3 Basics of Capillary Electrophoresis

2.3.1 Principle

CE is a separation technique utilizing the electrical force experienced by charged particles
in aqueous solution. By applying a uniform electric field across the capillary, the electrical
force experienced by the charged particles moves them towards oppositely charged elec-
trodes. The moving speeds of the particles are different based on the particles’ size, charge
and shape. In order to enhance the differences, the aqueous solutions are, in general, high
viscosity polymer solutions, referred to as sieving matrices. The concentration of the poly-
mer chains, functional groups on the chain and the average length determine pore sizes,
which are correlated to the moving speed of DNA fragments through the matrix. Thus, the
DNA molecules of different sizes are separated into different bands, which could be imaged
with fluorescence-based detection methods. A fluorescence detector is placed downstream
in the capillary and records the level of fluorescent signal. An electropherogram is then
plotted with fluorescence versus time. We can determine the size of each DNA band by

comparing its arrival time at the detector to those of known size samples, often referred to
as DNA ladders.

For microchip CE, the long capillary is replaced by micro-channels on the chip. A
cross chip design is used to form a well-defined band in the channel for detection. Fig.
2.1 is a demonstration of the CE inject and separate process. After loading the chip,
an electric field is applied across the injection channel with the sample waste well being
positive. Negatively charged DNA molecules are thus pulled into the injection channel.
Even though the sieving effect happens during the injection step, the continuous injection
of the DNA samples of different sizes from the sample well does not allow (complete)
separation. The result is a stream of DNA with short chain molecules dominating at the
front, while the rest is a mixture of long and short DNA molecules. After the front of the
stream passes the intersection, we switch to the separation step, in which the electrical
field is applied across the separation channel. The DNA molecules in the intersection are
pulled towards the buffer waste well. Since the intersection is well defined, and with no
additional supply from the sample well, the mixture of DNA is separated into discrete
bands according to size. The fluorescent labels on the DNA molecules are then detected
by a photo detector at a known distance from the intersection. The fluorescent signal is
plotted vs. time in an electropherogram as shown in Fig. 2.2. The shorter DNA fragments



(primers and primer-dimers) move faster and appear early in the graph, while the longer
fragments (DNA products) arrive later on the sensor and appear by the end (the 3rd peak).
By analyzing the locations of the peaks on the plot, we can determine the genotype of the
sample.
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Figure 2.1: Demonstration of microchip CE: a) Annotated drawing of the CE chip: Chan-
nels are filled with sieving matrix; Sample well is loaded with DNA sample, while the rest
of wells are loaded with CE running buffer. b) Injection step: DNA strands are moved
towards the positively-charged electrode, c¢) Separation step: After injection, the electric
field is applied across the separation channel. DNA samples in the intersection (a sample
plug) are pulled towards the buffer waste well. Then the plug is separated into discrete
bands of DNA, based on their length.

2.3.2 Resolution

An important criterion in DNA analysis by CE is the resolution. It is a quantitative
measure of how well each band is separated or how well we can distinguish the bands of
different sizes. There are many different ways of defining the resolution. For this thesis,
the resolution, Res, is estimated by using Eq. 2.1. The number of base pairs (L) for
the DNA strand is known either from the specification sheet if we are using a ladder or
from the design of the PCR protocol, which should yield a DNA product of known size.
The full width at half maximum of peak height (w) is used to represent the width of the
band. The time difference (¢; — t5) represents the separation distance of both peaks. The
fraction of width over time represents how many additional peaks could fit between the two
peaks. Thus, the result from Eq. 2.1 represents the increment of DNA base pairs for each
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Figure 2.2: A sample electropherogram generated from HV1 CE using HPC as sieving
matrix. The CE conditions are the same as described in Section 2.7.1. A electric field of
280 V/cm is applied across the separation channel.
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additional peak with half maximum separation. Therefore, the result is a good indication
of how well we can distinguish DNA strands of different sizes.

w1 + Wa
to — 11
where 1 and 2 represented the 1st and 2nd peak on the plot; L is the number of base pairs

for the DNA strand in each band; w is full width of each peak at the half maximum level;
t is the arrival time at the detection point for each peak.

Res = (LQ — Ll) (21)

2.4 PMMA

As stated in the introduction section of this chapter, PMMA-based electrophoretic devices
have been studied considerably by others. (e.g., Dubrow [22]) However, the CE perfor-
mance clearly depends on the nature of the substrates as shown by Pfleging et al. [17].
Therefore, it is important to choose the well-studied PMMA as the starting point.

PMMA Grade: Cast And Extruded

PMMA, based on its fabrication process, is classified into two grades: extruded and
cast. As indicated by the name, the cast PMMA is made by pouring molten PMMA into
a cast to solidify; extruded PMMA is continuously extracted from molten PMMA to form
a thin layer. The extruded PMMA has more built-in stress compared to the cast PMMA
type, which is seen as heat affected zone after laser ablation as shown by Cheng et al.
[27]. In addition, we have observed that extruded PMMA tends to shrink by about 2 % as
seen after 130 °C heat treatment prior to bonding. In terms of the laser-ablated surface,
Pfleging et al. [17] have demonstrated that cast PMMA has a more porous surface than
the extruded PMMA, which has less or no pores on the laser ablated surface. Therefore,
extruded PMMA is selected due to its smooth side wall of the channel.

PMMA Substrate The PMMA substrate used in this work is extruded Acrylite-FF,
ordered from Evonik Industry. It is the North American equivalent of the Plexiglas XT
used in Europe and Asia, as provided by Evonik Industry. This substrate is the same
material used in the publications by Pfleging et al. [17].
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2.5 Laser Fabrication, Characterization and Develop-
ment

As stated in the introduction section, the laser ablated channels could be significantly
different based on the PMMA property and the laser system. Thus, an initial laser ablation
protocol was developed in our lab by Dr. Backhouse. However, in this original protocol
the debris generated during the ablation process was not considered. Further, the channel
smoothness was not considered as important as the channel width and depth. As suggested
by the literature, I modified the protocol to minimize the amount of debris by fabricating
on both sides of the substrates and characterized the channel smoothness by using my
cracking technique. In this section, I focused on my modifications to the laser fabrication
protocol.

2.5.1 Laser System

The Universal Laser system model VLS2.3 is a bench-top CO, laser engraving machine.
A 30 W 10.6 um CO, laser module is used to generate the high power laser beam and is
directed though computer-controlled stage. According to the manufacturer’s specification,
the maximum speed is 32 inches/second. The laser operates in pulse mode with a maximum
pulse density of 1000 pulses per inch. Through a 2 inch focusing lens, the laser beam is
focused into a 25 pm spot as per manual.

The auto-z function is used as the default focusing method. According to the laser
operating manual, the laser should be focused on the top of the substrates in order to
achieve the finest features. There are two methods of focusing: manually focusing using
the laser focus tool for each substrate or using the auto-z function. The auto-z function
automatically adjusts the laser table z-axis based on the material thickness set by the
operator. For example, if the material thickness is set to 1.5 mm, the cutting table will
adjust to 1.5 mm below the calibrated position before engraving. The auto-z function is
chosen for its simplicity.

However, for the auto-z to work correctly, the laser cutting table needs to be calibrated
such that the laser is focused on the top of the cutting table surface when the material
thickness is set to zero as stated in the maintenance section. As stated in the manual, the
laser should be calibrated if either the laser module or the lens was adjusted. (e.g., laser
module replacement and lens cleaning) Thus, it is always important to verify the laser focus
using the focusing tool before any focus sensitive fabrication as described in the cutting
table section of the laser manual. However, in order to maintain fabrication consistency
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between users, no calibration to the laser table should be performed until it is discussed
with all other users as stated in the protocol. If calibration is determined necessary, the
operator should follow the procedures on Page 86 of the laser operation manual.

2.5.2 Chip Design For Laser Machining

The CE-cross chip design is a standard design used for CE, as demonstrated by others
and in our previous publications. [15, 28, 29]. The specific design presented in Fig.2.4,
which originated from our glass chip design [15], was modified to accommodate the laser
ablation. The design files for the PMMA chips were created with Asymptote (a graphics
language) [30] and output as postscript files. After generating the postscript files,the files
are imported into CorelDraw X5 and printed through a Windows driver from Universal
Laser Systems. (Universal Control Panel, Version number 5.31.54.5)

Based on the glass 4-port-mini chip design, an initial design file, BCSv4.eps, was devel-
oped by Dr. Backhouse. In this initial design, the reservoir location and chip size are the
same as the glass chip. The separation and injection channels are approximately 19.6 mm
and 16.7 mm in length respectively. However, sharp corners are used to replace the curved
corners. The intersection is redesigned into a double-T shape. The intersection defines the
plug size and has great impact on resolution and reproducibility of the CE chip. Since
the laser engraves each line one after the other, the standard cross chip design will have
the intersection ablated twice, which leads to double the depth. Air bubbles tend to be
trapped in the recessed volume and leave the intersection more hydrophobic than the rest
of the channel. Thus, in order to have uniform channel depth, the chip was designed with
a double T intersection and had each channel engraved twice as shown in Fig.2.4. Further,
the interfaces between channels and the well (intersections of the blue and red lines) are
enforced with 3 short blue lines drawn atop. The laser control program cuts every line
drawn in the picture. As a result the joints of the well and channel were cut by the laser
three times more, which led to deeper and wider interfaces. These extra cuts made more
reliable electrical connections between running buffer in the well and the sieving matrix.
In addition, alignment marks were added for optical detection.

In order to optimize the CE operation, the design file was further modified as shown in
Fig. 2.3. In the original design file, there were eight alignment marks placed to mark the
distance from the intersection, which ranges from 5 mm to 12 mm with 1 mm increments.
Only one out of eight alignment marks was kept at 11 mm and placed beside the channel.
The original alignment marks were hard to distinguish under the yTK optics, and there
was a high possibility of aligning to the wrong position. In addition, the alignment marks
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and the channels were placed on different plates, which required high accuracy alignment.
Thus, by placing the alignment mark and channels on one PMMA plate, the required
alignment accuracy is reduced. Since there is no feature on the sealing plate, the user can
align two plates easily without using a specialized alignment jig. Further, the code was
modified so that the four channels were created from A to D as shown in Fig. 2.4. By
doing this, the channel between buffer and buffer waste well was ablated last. Thus, there
was no narrow region in the separation channel (the center of the horizontal channel) as
shown in Fig. 2.5.

BCSv4
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Figure 2.3: Composite design of 3 small electrophoretic separation chips, each containing
two intersecting channels that link 4 wells of approximately 6 uL in volume. The chips are
held in a larger assembly 10 cm x 2.7 cm in size, and contain 2 alignment holes. The left
plate is the channel plate which contains the channel and wells. The well at the top left
of each is the buffer waste (BW), that on the top right is the sample well (S), that on the
bottom left is the sample waste (SW) and that on the bottom right is the buffer (B) well.

T -

Figure 2.4: Chip design for laser ablated PMMA chips. The double layer channels and

double -T intersection are formed by overlay A, B, C and D channels shown around the
chip. The four channels were created in the order from A to D.
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Narrow

Figure 2.5: Tmages of the intersections with and without a narrow region: a) Intersection
ablated by the original design file; b) Intersection ablated by the modified design file. There
is no narrower region along the separation channel (the horizontal channel). The images
were taken at different zoom factors. Both channels had similar channel width. (Note: All
the images were taken with the stereo microscope used in Section 2.5.4.)
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2.5.3 Laser Engraving Protocol

Instead of printing the design files directly as in the initial protocol, the engraving protocol
was modified to ensure higher channel cleanness. In this section, each modification is
explained.

First, the PMMA substrate was placed in front of the exhaust of the laser table by a
taped down alignment frame. By doing this, the strong air flow carried most of the ablated
PMMA away and left a cleaner surface.

Second, the laser vector cutting and the channel engraving were performed on different
sides of the PMMA plates. After printing to the Universal Control Panel, the design file
was laser ablated in two steps. The black raster and red vector cut were printed first. Two
plates were cut out from the PMMA sheet. Each plate was approximately 10 cm long
and contained two alignment holes as shown in Fig. 2.3. The channel plate, the plate
with wells, was flipped upside down before engraving the blue channels. This modification
solved two problems with the initial protocol. First, by ablating the channel after the well,
the PMMA re-flow caused by the well cut is eliminated. Thus, the well-channel interface is
kept open as shown in Fig. 2.6. Second, the amount of debris deposited around the channel
region is significantly reduced. Since the amount of debris generated is proportional to the
amount of PMMA removed by laser ablation, the well-cut generates much more debris
than the channel engraving as shown in Fig. 2.7.

Channel > ™

(a)

Figure 2.6: Images of the well-channel interfaces generated using two different approaches:
a) The channel was ablated before the well; b) The channel was ablated after the well. If
the channel is ablated before the well, the heat generated by the well cut can cause reflow
of the PMMA around the well and lead to closed channels.

Third, different z-axis settings were used for different features. As described in Section
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Figure 2.7: Images of the debris generated by different laser ablation settings: a) Debris
along the well cutting line; b) Debris along the ablated channel. The well-cut lines gen-
erated much more debris along the path than the channel ablation. In order to minimize
the amount of debris on the channel surface, the channel is ablated on the other side.

2.5.1, the laser focus is adjusted by the z-axis setting. Thus, the laser beam is in focus
when the Z-axis is set to 1.5 mm (e.g., black raster). However, the blue channel lines
were 0.7 mm out of focus in order to achieve a smooth channel bottom. More details are
explained later in Section 2.8.2. Further, the well-cut lines were out of focus by 1.5 mm.
This was intended to ensure smooth well edges, which is crucial for a leak-free seal between
the pipette tip and the well during the chip cleaning procedure of the CE protocol.

Distinct laser settings were assigned to different colors at each stage to distinguish the
difference between the shallow engraved channel and the deep through cut. Table 2.1
summarizes the laser settings for each color.

Mode Color | Power (%) | Speed (%) | PPI (%) | Z-axis (mm)
Rastering of text Black | 36 100 500 1.5

Vector cut of frames Red | 20 3 1000 3.0
Engraving of channels | Blue | 0.8 3 1000 0.8

Vector cut of individ- | Red | 100 8.6 1000 0.0

ual chips

Table 2.1: Laser driver settings for laser ablation.
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2.5.4 Channel Characterization: The Cracking Technique

In contrast to approaches described in the literature, the laser ablated channels were char-
acterized laterally. In the literature, it was most common to show the cross-section view of
the channel. However, the v-shaped cross-section does not provide information about the
lateral direction along the channel. The lateral information could be critically important
as presented in Section 2.8.2. Thus, instead of the v-shaped images the top and lateral
cross-section images of the channels were used to determine the channel characteristics.

In order to obtain the lateral cross-section information, a technique referred as cracking
technique was used to show the side view of the channel. As shown in Fig. 2.8, PMMA
coupons are laser ablated at different focus setting with the same channel engraving pa-
rameters as listed in Table. 2.1. In the design, two blue lines were drawn on each other to
simulate the CE channels which ablated twice for the double-T intersection. After abla-
tion, the bottom right section of each coupon is cracked off by used two pairs of flat-head
pliers alone the engraved line.

H

Figure 2.8: Design of the PMMA coupon for the cracking test. The bottom right section
will be cracked off in order to show the side view of the blue ablation line. In order to show
the effect of the CE channel, the same channel engraving parameters are used for the blue
line.

The top and side-view images of each coupon were taken to characterize the channel.
A stereo microscope with a camera (model zm-4tw3-for-9m, from AmScope, California,
U.S.A.) was used to take images of the channels. A top view image was taken for the
left half of the channel in order to measure the channel width. Then, the coupon was
inserted into a binder clip and placed with the channel side up in order to take the lateral
cross-section images of the channel. Fig. 2.9 shows the top and lateral cross-section images
of the engrave channel with laser setting in Table 2.1 except the z-axis was set to 1.5 mm
(in focus cut). The laser beam was set in focus to show the rough channel bottom. The
width and depth were 106+5 pm and 144416 pm respectively. The higher uncertainty
of the channel depth was a result of the bumps at the bottom, which were results of the
pulse mode laser. It is clear that by examining the chip laterally, not only the width and
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depth of the channel but also the channel smoothness were obtained. For quality control,
a sample chip of each batch was cracked along the separation channel to verify the channel
smoothness.

Channel

(b) Lateral Cross-section View

Figure 2.9: Cross-section of CE chip channel: from the images, the width of the channel is
106£5 pm, and the depth is 144424 pum. The large uncertainty of the depth is caused by
the bumps at the channel bottom. In order to show the bottom smoothness, the channel
was ablated as per fabrication protocol, except the laser beam was set to be in focus.

2.6 PMMA Bonding And Development

An improved PMMA bonding protocol was developed to ensure reproducibility of the
PMMA CE chips. In order to form microfluidic channels, the bonding process is crucial
to the fabrication of the PMMA microfluidic chips. As reviewed by Chen et al. [31] and
Tsao and DeVoe [32], there are a variety of bonding techniques available, such as ther-
mal bonding, solvent bonding and others. Thermal bonding usually requires heating the
assembled substrates to above the glass transition temperature, T, of PMMA, and a pos-
itive pressure in the region of 130-150 KPa is applied during the bonding process. [33, 3]
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However, the pressure and the relatively high temperature could cause micro channel de-
formation, which might lead to clogged channels and affect the reproducibility. There are
variants of either low temperature (95 °C)/high pressure (1 MPa) [35] or high temperature
(165 °C)/low pressure (20 KPa) [25] that have been demonstrated, but they face the same
problem in that the PMMA is soft and may deform during the process. Solvent bonding
of PMMA has been demonstrated at temperatures much lower than 7j or even at room
temperature [36-38], but the deformation of the channel is still a challenge depending on
the type of solvent and the exact condition used. In addition, the exposure of the channel
to the solvents could lead to unwanted surface modification or filled channels with softened
PMMA. In order to solve this, Kelly et al. [39] used a phase-changing sacrificial layer to
fill the channels before solvent bonding in order to prevent the exposure. Despite the pro-
tected channel, this is a much more complex process than regular solvent bonding. Other
bonding techniques, such as adhesive tape bonding and microwave bonding, are usually
involved with introducing other materials between the PMMA layers. As a result, it breaks
the surface homogeneity of the channel. Utilizing the advantages of both the thermal and
the solvent bonding process, Klank et al. [21] had demonstrated the solvent-assist thermal
bonding of PMMA by immersing the PMMA layers in ethanol for 10 minutes before lower
temperature thermal bonding. The ethanol rinse softens the PMMA surface and assists
thermal diffusive bonding of PMMA. The required temperature and pressure are signif-
icantly lower than either single technique alone. Due to the relatively low solubility of
PMMA in ethanol, there is no significant channel deformation caused by this immersion
process. Therefore, ethanol assisted thermal bonding was chosen.

Based on an initial bonding protocol developed by Dr. Backhouse, an improved protocol
was developed with precise cleaning/rinsing steps and surface heat treatment (130 °C for
10 minutes). These modifications are intend to minimize the surface effect and improve
reproducibility of CE as suggested by the literature. [25, 27]. A significant amount of effort
was spent on the development of the bonding process to optimize the chip performance.
By following the steps documented below, the chip performance from batch to batch was
shown to be consistent as in Section 2.7.1

2.6.1 130 °C Surface Treatment And Annealing

A 130 °C surface treatment was added based on some suggestions that it can improve the
uniformity and reproducibility of the channel surface. The work by Cheng et al. [27] has
shown that 170 °C treatment for 30 minutes can reduce the surface roughness from microns
to nanometers. Further, Sun et al. [20] suggested that the PMMA monomer and broken
polymer chain generated by the laser beam could be removed or reconnected by near-180
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°C baking. By bonding their chip at 165 °C, the EOF of their chip was comparable to the
native PMMA. However, it clearly relies on the properties of the PMMA substrates. After
baking at 160 °C for 10 minutes, the Acrylite-FF substrates was completely melted and
unable to retain any features.

In addition, the PMMA vapor generated by the ablation can readily condense near the
region of ablation to form a liquid on the surface (referred to as sweat). The monomers
can be absorbed into the bulk PMMA or evaporate, while the less- completely degraded
polymer is left as a particulate residue on the surface. In an effort to minimize this effect,
the laser engraver system is forcefully vented (at about 150 cfm). However, there is still
noticeable amount PMMA residue deposited around the ablation area.

As suggested, in order to achieve a uniform channel surface, the laser patterned PMMA
strips are placed in a forced-air oven (Model No. 6916, Fisher Sci.) at 130 °C for 10
minutes. Then, the PMMA strips are gradually cooled down to 80 °C and kept for 1 hour
for additional annealing. 130 °C is the maximum temperate before the Acrylite-FF loses
its laser ablated feature.

2.6.2 Solvent Bonding

After 130 °C heat treatment, the laser patterned PMMA strips were rinsed in nominally
99.9 % ethanol for 30 s, then blown dry for 15 s by blowing dry clean air. The assembly
was sandwiched between two microscope stacks and clamped with standard stationary
Bulldog paper clip (Staples, Canada) and placed again in the oven for an hour at 110 °C,
and then allowed to cool to room temperature. The assembly now contains three bonded
microfluidic chips that are cut free using the detachment power settings (for PMMA that
is now 3 mm thick). The chips are then annealed again for an hour at 80 °C. At various
stages in their fabrication, the chips were inspected with a stereo microscope and camera.

2.7 Capillary Electrophoresis Characterization

In this section, the CE performance of the PMMA chips was evaluated using two different
sieving matrices, HPC and agarose. Sample electropherograms are presented for clear
demonstration. As mentioned above, there have been significant developments in laser
rapid prototyping microfluidic devices. However, there are few published articles about
laser ablated channels being used for DNA separation. One of the few exceptions is the
work by Sun et al. [25] and their work is still the best representation of the laser ablated
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channels for CE in the field. In contrast, PMMA micro channels fabricated by other
techniques, such as wire imprinting [10] and injection molding [11], have been presented
in various publications. The surprisingly little work with the laser ablated channels could
be related to the depolymerization of PMMA, which is described by Sun et al. [25]. The
redeposited debris on the surface could lead to uneven EOF inside the channel, which
affects the resolution of DNA separation. As suggested by the literature, the channel
surface was reconditioned to its original state by reducing the amount debris generated
and the 130 °C high temperature treatment. This is most likely the main reason for the
successful demonstration presented in this work. Since this section is focused on the CE
performance, I only present representative results for each sieving matrix.

In terms of criteria for DNA mutation detection following a PCR, Ugaz et al. [12]
estimated that a resolution of 20 bp (adjusted based on 2.1) was the minimum requirement
for effective sizing of DNA less than 1 Kbp. So this criterion is used to evaluate the CE
performance for both sieving matrices.

2.7.1 Capillary Electrophoresis: Hydroxypropyl cellulose (HPC)

I started with the glass chip CE protocol developed in our lab, and so commercially available
sieving matrix, POP7, was used. However, the PMMA chips delaminated shortly after
being exposed to POP7 polymer. The exposure time before delamination occurred varies
from chip to chip, but five out of five test chips exposed to POP7 were delaminated after
testing. Prior to the testing, all chips were optically inspected and cleaned with pressurized
water. No sign of leakage was observed during the inspection. For comparison, a chip from
the same batch was loaded with HPC and stored overnight with no sign of delamination.
The ammonia content in the POP7 matrix is the most likely cause for the delamination due
to its strong basicity. HPC was chosen as the alternative due to its performance and EOF
control as demonstrated on glass chips by Sanders et al. [13]. For using the new sieving
matrix, a protocol for HPC was updated from the original glass POP7 protocol. The CE
electropherogram presented is performed as described in the protocol with the HPC made
by Dr. Glerum, following a protocol based on the work of Sanders et al. [13].

Reagents And Sample Loading
The 3.5% HPC polymer solutions was prepared by dissolving the polymer in an appro-

priate amount of 5x TBE buffer. The solution was stirred overnight and then diluted to
final concentration with Mill-QQ water. The diluted solution was then stirred to allow for
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sufficient mixing. The final solution was degassed and filtered through a syringe filter with
5 um pore size. 1x TBE buffer and 0.1x TBE buffer were diluted from the 5x stock solution
prior to sample loading. The channel was first filled with the sieving matrix. Then, 2 uL
DNA samples (usually PCR products) were diluted with 8 yL 0.1x TBE buffer and loaded
in the sample reservoir. 10 pL of 1x TBE buffer was loaded in each of the other three
reservoirs.

CE Resolution

The filled chip then placed in the 4TK system for CE. The detection module was placed 11
mm away from the intersection and an equivalent of a 280 V/cm electric field was applied
during the CE process. A sample HPC CE electropherogram is shown in Fig. 2.10. Two
PCR product samples, 52M (236 bp) and HV1 (364 bp), were loaded and separated.
The calculated resolution is 20.9 bp for the run shown in Fig. 2.10. This resolution is
comparable with our prior work with glass chips [15] in that our resolution ranged from
20 bp to 40 bp, depending on the separation distance. According to Ugaz et al. [12], this
resolution meets the minimum requirements for effective sizing of DNA in the 100 - 1,000
bp range.

Reproducibility

In order to demonstrate the reproducibility of the improved fabrication protocol, five
batches of the CE chips were fabricated over the course of two months, following the
same fabrication protocol. A test chip was selected randomly from each batch and tested
by performing HPC CE with the f2M PCR product following the HPC CE protocol. Four
out of five batches of chips demonstrated similar CE performance with HPC, as shown in
Fig. 2.11. The other batch had a resolution 3 times worse than others, but it is likely
caused by a 5-day delay during the bonding process. The bonding was performed 4 days
after the 130 °C treatment due to a unexpected oven failure.
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Figure 2.10: HPC CE electropherogram at 280 V/cm at 11 mm using §2M and HV1
products: a resolution of 20.9 bp was demonstrated. This resolution is the same as the
resolution with the glass chip at similar separation distance [15] and is sufficient for sizing
common diagnosis PCR products according to the work by Ugaz et al. [12].
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Figure 2.11: Electropherograms of HPC CE with B2M PCR products. From bottom up,
the 5 groups of electropherograms were CE results of chips fabricated on 2012-08-13, 2012-
08-20, 2012-08-28, 2012-09-04 and 2012-09-26. Each group consists of the 3rd, 4th and 5th
injection of the 1st load for each chip. In order to generate the plot, the 1st peak of each
electropherogram was aligned to the 20 s mark. Then, in each group a half second offset
was introduced for each run in order to show clear peaks. The 2nd group from the top
had a resolution 3 times worse than others, and it is likely caused by a 5-day delay prior
to bonding due to unexpected oven failure.
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2.7.2 Agarose Capillary Electrophoresis: Old Material With A
New Application

Inspired by the conventional agarose slab gel technique, agarose was used in the polymer
chip as a solid (or semi-solid) sieving matrix for CE. Hong et al. [11] in their earlier work
had demonstrated the use of agarose on a PDMS/PMMA microchip. An electric field
of 71.4 V/cm was applied across the 400 ym wide channel filled with 2 % agarose. The
achieved resolution is about 100 bp in the 200 to 300 bp range, at a separation distance
of 8 mm. Similarly, Ugaz et al. [15] demonstrated similar 70 bp resolution at a 10 mm
separation distance on a glass/silicon chip. An agarose concentration of 1% was used to
fill the channel, and a 30 V/cm electrical field was applied across the separation channel,
which is 40 pym deep and 400 pm wide. The lower concentration of agarose was intended
to ease the replacement of agarose matrix after use. Later, Zhao et al. [16] demonstrated
a resolution of about 30 bp on a PDMS/glass microchip filled with 2 % agarose. The
imprinted channel was 65 pym deep and 17 pym wide. The separation distance was 35 mm
with an applied electrical field of 110 V/cm. Improved resolutions are expected from the
longer separation distance. Interestingly, Zhao et al. [10] got around the agarose refilling
problem by demonstrating durability of the agarose matrix. After 34 runs of a single fill,
the agarose matrix was still capable of sufficient separation.

As suggested by these earlier work, agarose might not be able to provide sufficient sep-
aration for post-amplification analysis of DNA and comparable resolution as other com-
mercial CE systems. (e.g., 5 bp as specified by the Bio-Rad Experion System Manual)
However, the high durability and solid nature of agarose presents an interesting future for
off-the-shelf operation. By pre-filling the microchip with agarose, the end user could avoid
the complex filling process and be ready to perform CE in seconds. Since agarose is a solid
in the channel, it is much easier to store in a sealed package. Further, the agarose is less
susceptible to EOF, which is a flow of fluid by electric field due to surface interaction. Since
the polymer matrix is solidified in the micro channel, EOF of fluid is largely suppressed
compared to the liquid based sieving matrices. In addition, the work by Zhao et al. [10]
suggested that a better resolution could be achieved in longer channels. Thus, if a small
chip size is not critical, a better resolution is likely to be achieved.

In our lab, my colleague, Victoria Northup, and I jointly demonstrated CE with agarose
using the PMMA CE chips. The CE runs were performed by Victoria Northup. The chip
fabrication and the post-experiment channel inspection were performed by Tianchi. It is
important to mention that these chips were from the earlier batches, fabricated with a
focused laser beam and different from the chips used for HPC.

For demonstration purpose, the CE results for 52M PCR product separation in 2 %
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agarose are shown and the separation of 100 bp ladders in a 0.65 % gel (separation of the
100 bp ladder up to 1.5 Kbp) are shown in Fig. 2.12 and Fig. 2.13 respectively.

Unfortunately only the 52M product was loaded to run CE by Victoria. An electric field
of 100 V/cm was applied, and the detection point was 11 mm away from the intersection.
I cannot calculate the real resolution of Fig. 2.12 as there is only one peak for double-
stranded DNA, so I estimated the CE performance by calculating the fraction of product
peak width (w) over the time difference between the product peak and the primer peak,
%. However, this is a crude approximation compared to the real resolution value. The
calculated values in agarose and HPC are 0.188 and 0.042 respectively. Thus, the resolution
for the agarose is estimated to be 4.5 times worse, about 90 base pairs. Nevertheless, this

estimated resolution is similar to that of the work demonstrated by Hong et al. [11].
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Figure 2.12: CE separation in 2 % agarose using 52M product on a laser ablated CE
PMMA chip: the product and the primer are well separated. An electric field of 100 V/cm
was applied for both injection and separation. The detection point was set at 11 mm.
Comparing to HPC-52M separation, the % for agarose and HPC are 0.188 and 0.042
respectively. Thus, the CE resolution of 2% agarose is about 3 times worse than HPC and
estimated to be 90 bp. This experiment was performed by Victoria Northup. The CE chip

was fabricated by Tianchi following the initial protocol by Dr. Backhouse.
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For the kilo-bp DNA ladder, 0.65 % agarose was used with an injection field of 42
V/em and a separation field of 25 V/cm. The detection point was 11 mm away from the
intersection. The size standard was a 100 bp ladder (from New England Biolabs, NEB)
with lengths of 100, 200, 300, 400, 500, 517, 600, 700, 800, 900, 1000, 1200 and 1517 bp.
With the resolution of our chip, the 500 and 517 bands will run together, giving a total
of 12 discernible peaks. All peaks are double-stranded DNA fragments. Thus, the real
resolution was about 50 bp in the 200-300 bp range. From the electropherogram, it is clear
that all 12 different sizes of DNA fragments were well separated.
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Figure 2.13: 0.65% agarose CE using the 100 bp ladder with a separation field of 25
V/cm at 11 mm after the intersection. The size standard was a 100 bp ladder with DNA
fragment lengths of 100, 200, 300, 400, 500, 517, 600, 700, 800, 900, 1000, 1200 and 1517
bp. The resolution was about 50 bp in the 200-300 bp range. All 12 expected peaks are
apparent, with the 500 bp and 517 bp bands run together. This experiment was performed
by Victoria Northup. The chip was fabricated by Tianchi following the initial protocol
provided by Dr. Backhouse.
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2.8 Discussion

2.8.1 Resolutions

One of the key characteristics for CE is the resolution. For consistency, the separation
distance for both sieving matrices was 11 mm. HPC, as a replacement for POP7, showed
20 bp resolution at 11 mm separation distance on a PMMA chip. This resolution meets
the requirement for post-amplification analysis of DNA as suggested by Ugaz et al. [12]
which was 40 bp (after adopting the same resolution definition). Agarose demonstrated
similar or better resolutions as compared to the literature. Under similar conditions (100
V/em and 11 mm distance), 2 % agarose had a resolution estimated to be 90 bp, which
is the same as the work by Hong et al. [11] and Zhao et al. [16]. At lower concentration,
0.65 % agarose sieving matrix showed a 50 bp resolution with an applied electric field of
28 V/cm as used by Ugaz et al. [15]. Even at low concentration, the agarose resolution
in the 200-300 bp range is still about 2 times worse than the HPC matrix. However, as
mentioned earlier, the capability of off-the-shelf operation by filling the chip with agarose
is a great advantage over the liquid phase sieving matrices. Further, it seems to suggest
that agarose separation performs better at lower concentration and electrical field. Future
work will be needed to optimize these parameters.

2.8.2 Surface Roughness Vs. Resolution

Since refilling a CE chip with agarose is difficult as described in the literature, the chips used
for agarose CE were single use. As mentioned by Hong et al. [11], the filling of agarose
could be a challenge due to its high viscosity at 2 % concentration. By reducing the
agarose concentration, Ugaz et al. [15] claimed the agarose could be loaded reproducibly.
Even though the 1 % agarose could be removed from the device, which allows multiple
loads on the same chip, the solid agarose residue could deposit on the channel wall (which
was either glass or silicon). For the PMMA chip, agarose had stronger binding to the wall
which led to single agarose load of each chip. Even at 0.6 % concentration, it was found
to be difficult to completely remove the agarose from previous fills during our CE test.
As a result, a large number of chips were consumed during the experiments. Importantly,
these chips were fabricated in different batches before the defocused laser beam was used.
Thus, the laser focus was not well controlled as the updated protocol provided. As a result,
during the testing process, a large variation was observed from chip to chip in terms of
resolution for long base pair DNA strands.
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By using the cracking technique explained in Section 2.5.4, representative PMMA chips
based on resolution were examined laterally and photographed. A collage was assembled
from the images, showing the last 3 mm section of the separation channel as shown in
Fig. 2.14. Three electropherograms are presented, on the right side, for the 1st, 3rd and
5th chips, respectively. From Fig. 2.14, it is clear that the surface roughness has a strong
correlation with the CE resolution. The resolution, separation range and channel roughness
for all five chips are listed in Table. 2.2.
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Figure 2.14: Channel roughness vs chip performance: a) Collage showing depths of each
channel, the channel roughness increases from the top to bottom; number of peaks resolved
using 100 bp ladder for each chip is: 12, 5, 4, 3 and 2 respectively; b) Representative
electropherograms for the 1st, 3rd and 5th chips.

Further, the periodic bumps at the bottom of the channel were found to be generated by
the VLS laser pulse. Since our laser system operates in pulse mode, which is intended for
finer feature size, the channel was ablated by a series of equally spaced dots as determined
by the laser control program. The highest pulse rate available is 1000 pulse per inch
(or 25.4 pm spacing between dots). From Fig. 2.14, the depth of bumps is inversely
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Chip No.(as in | Channel Resolution | Separation Total Number of
Fig.2.14) Roughness Range Resolved Peaks
1 10.5+3pm | 50 £ 10 bp | 100-1500 bp 12

2 12.0 £ 3pm | 100 £ 10 bp | 100-800 bp 5

3 15.0 £ 3pm | 130 £+ 10 bp | 100-400 bp 4

4 16.5 £+ 3pm | 150 £+ 20 bp | 100-300 bp 3

5 22.0+3pm | 160 £ 20 bp | 100-300 bp 2

Table 2.2: Resolution and separation range vs. channel roughness. The channel roughness
is defined as the bump height at the bottom of the channel. Resolutions for all chips are
calculated for the 200-300 bp region. The separation range is determined by the maximum
DNA species length that could be resolved.

proportional to the quality of CE separation and cut-off number for maximum resolvable
DNA strand length. In order to reduce the bump depth, the laser beam was defocused to
evenly distribute the laser power as shown in Fig. 2.15. A series of test cuts was made with
the laser focused from 2.4 mm above to 0.8 mm into the PMMA substrates, in 0.2 mm
steps as described in Section 2.5.1. As shown in Fig. 2.16, the relative channel roughness
(bump height to channel depth ratio) decreases as the laser focus moves into the substrates.
However, the relative channel roughness stays nearly constant while laser focus moves in
the opposite direction. Therefore, the final laser focus is set to 800 um into the surface.
By doing this, the bump depth dropped from 24.5 ym to 12.5 pm as shown.

Figure 2.15: Channel roughness vs laser focus: a) Laser beam focused on the top of the
PMMA surface and the bump depth is 24.5 £3 pm. The channel is 106+5 pm wide and
144425 pm wide. b) Laser beam was out of focus by 800 um into the substrate, and the
bump depth was 12.5 +3 pm. The channel is 12845 pym wide and 120£12 pym deep. By
defocusing the laser, the channel roughness was reduced by near 50 %.
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Channel Depth, Channel Width and
Bump Height vs. Laser Focus
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Figure 2.16: Plot of channel characterization vs. laser focus: a) Plot of channel depth (blue
diamond), channel width (red square) and bump height (green triangle) vs. laser focus.
b) Plot of the bump height to channel depth ratio vs. laser focus: Laser beam focus was
adjusted from 2.4 mm to -0.8 mm relative to the substrate surface in 0.2 mm increments
while a test chip was ablated at each setting. The bump height to channel depth ratio is
plotted as a function of the focus distance (z-axis). From the plot, the ratio decreases as
the laser focal point moves into the substrates. The ratio is relatively constant when laser
focal point moves in the other direction.
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2.9 Summary

In this chapter, I present the development of the standard operating procedure (SOP) for
both chip fabrication and running with HPC sieving matrix. By following this protocol,
the HPC has demonstrated sufficient resolution, 20 bp, which meets the requirement for
DNA diagnosis determined by Ugaz et al. [12]. To the author’s knowledge, this is the first
demonstration in which HPC was used on PMMA chips. In addition, agarose has proven
to be sufficient for PCR product separation, but the best resolution achieved is about two
times less than HPC. By using my snap technique, the lateral examination of the chips

showed strong correlation between the channel smoothness and CE resolution. This new
finding is published in SPIE Photonic North 2012.
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Chapter 3

Integration For Hands-Free
Operation

Lack of integration is one of the main reasons for current pTAS not being competitive in
the clinical market. After demonstrating reproducible fabrication and operation protocols
for a CE chip, I continued to work on the fluid handling module, which is intended to be an
easily fabricated and integrated valving and pumping system. In this chapter, a novel laser
rapid-prototyping mono-layer valve design is demonstrated. In contrast with the normal
construction of the diaphragm valve, the presented design utilized a detachable membrane,
mono-layer valve structure and reusable external pneumatics. The detachable membrane
does not require any bonding process. It is held down by a reusable manifold with standard
footprint. Channels and vias are laser ablated into one single layer of PMMA substrate
and a tape layer is laminated to the bottom to form a closed channel. The CNC machined
manifold is connected to external pneumatic control lines, which consist of air/vacuum
source, solenoid valves and a computer control unit. Each part of the valve is aligned
within a 50 pm tolerance through 2 alignment pins and held together by 4 screws. This
design is fully scalable for further miniaturization, to a portable handhold system and also
flexible, for rapid design changes due to rapid laser machining. In addition, we combined
this valve design with the CE chip that I previously demonstrated and performed a RFLP
analysis for the HFE C282Y mutation. This is a complete demonstration of the system
for potential CE diagnosis. This system had been described and demonstrated at IEEE
Nano 2014. This valve is one of the major components of a paper about to be submitted
to Journal of Micromechanics and Microengineering.
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3.1 Introduction

As mentioned in the introduction, the lack of integration and automation are the main
reasons that the pTASs are not gaining traction in commercialization or getting used
outside the research laboratories. [0, 7] In order to move forward, it requires valving and
pumping to control and transfer the solutions and reagents. Since pumping could be simply
achieved by arranging the valves in series and operating in peristaltic motion, the limiting
factor is the microvalves. In the past, various on-chip microvalves have been developed such
as pneumatic valves, magnetic valves, phase-change valves and burst valves as reviewed
by Oh and Ahn [17]. However, there seem to be few new developments in this area. In
the most recent review by Au et al. [13], the author presented a thorough overview of the
field and focused on valve and pump designs that are available for Bio-MEMS applications
particularly. However, the majority of references are dated before the end of the year 2008
(13 out of 117 total reference were published after 2008). Within those new publications
after 2008, phase-change valves and burst valves are the new focus. In terms of pneumatic
valves, Au et al. [18] used the same reference as Oh and Ahn [17] and indicated little new
development. This lack of development of pneumatic microvalves is most likely as the result
of the excellent work done by Dr. Mathies’s group [19] and Dr. Quake’s group [50]. They
have demonstrated each of their valve designs in various applications and publications.
As stated by Huang et al. [51], the pneumatic valve has been the most widely used valve
design. However, it is clear that almost all of the pneumatic valve designs are realized by
micro-fabrication, which requires a clean-room and high cost equipment (e.g., lithography
and plasma bonding) as in Quake’s valve, or labor intensive and reiterative assembly as
required by the Mathies’s membrane valve. In order to solve this problem, Huang et al. [71]
replaced the irreversibly bonded pneumatic control channels with double-sided adhesive.
This allows the reuse of the pneumatic control layers and reduces the times of disconnecting
and connecting the external pneumatic infrastructure. In earlier work from our group, we
had demonstrated on-hip valves on glass-based chips with phase-change actuation. [52]
The system requires no external pneumatic control, but the slow phase-change actuation
did not allow pumping operation. Mohammed et al. [73] targeted the same goal by using
laser rapid prototyping, but their focus is the capillary passive valve design. The closest
example of a laser ablated pneumatic valve was demonstrated by Lounsbury et al. [51],
which utilizes laser ablated vias as valve ports. However, the valve actuation was done
by tightening screws (which provides the force to keep the valve closed), thus it is not
capable of pumping operation. Further, the infrastructure of hosting the screws requires
complex assembly and is time consuming. Combining all these inspirations, I developed
a novel on-chip microvalve (and micropump) using rapid laser prototyping without the
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need of complex fabrication and assembly. The novelty lies in the ease of fabrication and
reconfiguration of this valve design to realize a hands-free fluidic handling platform for
1TASs.

In this chapter, I present the details of my novel on-chip valve design by laser rapid
prototyping for complete microfluidic manipulation: valving and pumping. By using a
laser ablated polypropylene film and a CNC machined manifold with o-rings, the external
pneumatic control is applied through the manifold by in-house air/vacuum supply. Four
screws were used only to keep the manifold pressed against the membrane. Unlike other
diaphragm valves, the membrane is simply aligned by a couple of alignment pins and
seals to the valve structure by pushing the o-ring against the surface. No bonding of any
sort is required. The reusable manifold eliminates the need to disconnect the external
pneumatic lines. In addition, the single layer design of the valve allows fast rerouting of
the microfluidics in several minutes. By utilizing these advanced features, an automated
restriction fragment length polymorphism (RFLP) analysis has been demonstrated for HFE
mutation detection. The microvalves allow the user to simply load and run with no other
human input for a complete genetic diagnostic.

3.2 Laser Rapid Prototyping Valve Module

3.2.1 Novel Mono-layer Valve Design

As shown in Fig. 3.1, this novel mono-layer on-chip valve design consists of laser patterned
1.5 mm PMMA, a PP membrane, a bottom layer and a manifold. In addition, the pneu-
matic control module is connected to the manifold by Tygon tubes. Similar to our previous
work [55], the pneumatic control is enclosed into a single module controlled by computer
scripts. Other than the manifold, which is fabricated by a CNC machine, the rest of the
valve is laser ablated by the Universal Laser System used in the previous chapter.

The mono-layer definition refers to the laser ablated PMMA layer. Even though the
valve technically consist of four parts (manifold, membrane, PMMA layer and tape layer),
the microfluidic structure is all laser ablated on the single layer. The manifold and mem-
brane are both reusable, and the tape layer is only there to close the channel structure.
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Figure 3.1: A schematic for the vertical membrane valve: Laser engraved trenches and
applied tape form the channels at the bottom. Two channels are connected through laser
drilled vias when the membrane is pulled up by vacuum. The valve is closed when positive
air pressure is applied.

3.2.2 Standard Manifold Footprint

By using the standard footprint of the manifold, which is the only part requiring CNC
machining, the estimated design-build time ranges from 2 hours for minor changes to 2 days
for a complete redesign including the manifold. Since laser ablation is the only fabrication
process for the chip, one can easily redesign the channel route and fabricate a new batch.
This is significantly shorter than our glass based systems which in general require weeks to
finish. Further, unlike the manually glued latex disc by [19] or the lithography patterned
channel by [50], there is no manual alignment required for the assembly. By laser engraving
alignment holes on the chip and PP membrane, they are aligned with + 50 pm through
alignment pin on the system. In addition, since the PP membrane is a non-sticky film
different from Lounsbury et al. [51], a series of valves could be employed for peristaltic
pumping operation. Therefore, this simple mono-layer valve module is a simple load-and-
go system that has full fluid handling capability.

3.2.3 Valve Deflection
Membrane Deformation

As shown in Fig. 3.1, the membrane deflection, w(r), could be calculated using the model
of a circular, clamped diaphragm under uniform pressure give by [56, 57]:
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wir) = PETLZD) Ly 3.1)

where r is a radius of the membrane, v is the Poisson ratio of the material, P is the applied
pressure (Pa), r, is the valve membrane radius (m), Y}, is the Young’s Modulus (Pa) and
t is the thickness (m).

The maximum stress experienced by the membrane is also given by Blake [70] as shown
in Eq. 3.2. This value must be kept under the tear strength of the material in order to
prevent the valve membrane from bursting. By rearranging the equation, one can find the
maximum allowed pressure for a membrane as shown in Eq. 3.3.

3Pr,?

Omaxr — F (32)
A0 man

Pma:c = 3y 2 (33)

By integrating the volume under the membrane, the volume displacement, V,emprane, i
the valve caused by the membrane deflection can be easily estimated by Eq. 3.5.

T3P (ry)4 (1 — v?) r
) 1—(—)%? 4
membrane / / 16YMt3 ( (rv) ) dOrdr (3 )

7P(r,)%(1 —v?)
16Y,,t3

(3.5)
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For these above calculations, the property values of polypropylene (PP) used are listed
in Table 3.1. The valve radius, r,, is defined by the size of the small o-ring as 1.25 x 1073
m. In order to the keep the stress below the tear strength, the maximum pressure, P4, is
calculated to be 54.6 KPa. Thus, the maximum membrane deflection, w,—q, is calculated
to be 164 pm. The volume change, V,emprane, 18 0.269 pL.

Material Thickness  Young’s Poisson Tear
(um) Modulus Ratio Strength
(GPa) (MPa)
PP 40 2 0.4 40

Table 3.1: Polypropylene materials properties |

, 99
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Material Type Power (%) Speed (%) PPI Z-axis (mm) # of

Passes
PMMA vector cut 20 5 1000 1.5 1
PMMA channel engrave 18 25 1000 1.5 2
PMMA vias 18 25 1000 1.5 10
PCR tape vector cut 5 10 1000 0.1 1
PP membrane cut 5.1 25 300 0.1 1

Table 3.2: Laser ablation setting for microfluidic chips with integrated valves. The low
power multiple passes cutting parameter is the key for generating small vias through 1.5 mm
PMMA sheet. These cutting parameters have been optimized for best valving performance
and reproducibility.

3.2.4 Materials And Fabrication

Materials

The PCR tape (part# AB-1170) is ordered through Fisher Sci. It is designed for gPCR
application and has great optical transparency. The 40 pm thickness PP membrane is from
Staples Canada (Part #10524). The pressure chambers in the manifold are made with 1.5
mm radius o-rings (McMaster Carr, 9263K545). The PVC manifold is a custom part
machined by a CNC milling machine.

Fabrication

Similar to CE laser engraving, the PMMA, PCR tape and PP sheet are laser patterned
in the laser with the parameters listed in Table 3.2. After laser ablation, PMMA chips are
annealed for 1 hour at 80 °C and then optically inspected for closed vias and channels.
Prior to the chip assembly, all substrates are cleaned with a deionized water dampened
Clean-room wipe. Then, the PCR tape layer is laminated to the bottom of the chip.
The pneumatic control pressures are down-regulated to -11/4-20 psi from the in-house
air/vacuum supply.

3.2.5 Results
Preliminary Test With The Early Tape-based Design

In an early attempt towards an integrated PCR-CE chip as in Chapter 5, the microfluidic
channels and PCR chambers were fabricated by stacking layers of PCR tapes. However,
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there are a few problems with this design. First, the PCR tape cannot be ablated as
well as the PMMA. The laser cannot cut the adhesive and leaves sticky residues along the
channel. Thus, the channel had to be at least 400 ym wide in order to manually remove
the adhesive residue by a pair of sharp-tip tweezers. Second, the adhesive and the tape
surface are hydrophobic. Thus, the chip has to be primed with deionized water before use.
Third, vapor lock, a combined result of the wide channel and the hydrophobic surface, in
the channel caused erratic behavior. Even with the priming process, there was still a high
pumping failure rate. Therefore, this design was replaced with the current PMMA based
design.

Despite the high failure rate, this chip design had proved that the valve is capable of
retaining water at PCR temperatures. Three test chips filled with water were placed on a
hotplate with the valve closed and held at 94 °C for 1 hour. All of the three chips were
able to keep the water content. Therefore, there is no leak at either the valve or the chip
during the PCR process.

Pump Rate

From the experiment results, the pump rate was approximately 0.1 +0.01 pL/cycle. More
than 30 runs were performed during the pumping and the RFLP experiments described
in later section. All of these runs demonstrated successful fluid pumping. Therefore it is
clear that this valving module is capable of automatic reagent transportation. In order to
measure the actual pumping rate, a red food coloring solution was used. During each test,
3 puL of solution was loaded in each of the three bottom wells on a test chip as shown in
Fig. 3.2. In order to empty each well, 30 pump cycles were required with an on/off switch
time of 0.2 s, which was controlled by a computer script. Therefore, the pumping rate is
calculated to be 0.1 £0.01 pL/cycle. By using the in-house air/vac supply, the pneumatic
control pressure is down regulated to -11/4-20 psi for on/off state. Even though the P,
was estimated to be 54.6 KPa in previous section, the membrane experienced no change
after being applied with 80 KPa (-11 psi) pressure. Thus, the applied vacuum is regulated
to the maximum available negative pressure, -80 KPa. The estimated volume per pump
circle became, Vi, emprane = 0.394 pL. The estimated pump rate was four times higher than
the actual rate. This is likely due to the lack of accurate mechanical properties for the PP
film used and these actual mechanical properties could change dramatically based on the
actual composition and molecular weight.
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3.3 SP-CE Integration For Auto-RFLP

After demonstrating working pumping with this valve module, the valve design was used
on a RFLP analysis chip for HFE exon 4 (C282Y) mutation detection. [60] In a RFLP
process, the DNA sample is digested by restriction enzymes into restriction fragments.
These fragments are then separated according to their length by CE. By examining the
electropherogram, clinicians could easily diagnosis the presence of the targeted mutation.
A lab-on-a-chip implementation of an RFLP system had been demonstrated previously in
our lab by Footz et al. [(0]. However, the system was not fully automated. The enzyme was
manually loaded between the 1st and 2nd run. Thus the system still faces the problems
of the conventional RFLP approach, being labor intensive and at higher risk for cross
contamination.

By utilizing the valve presented in this chapter, a fully automated chip based RFLP
analysis has been realized. In this new system, the operator only needs to load the sample,
CE buffer and enzyme buffer into each designated well. Then, the sample loading and
enzyme loading processes will be automatically performed by a computer program. The
complete choreography of the RFLP process on the auto RFLP chips is shown in Fig. 3.2.
For demonstration purpose, the injection and separation was performed on a commercial
confocal electrophoresis system (Micralyne Microfluidic Toolkit or pTK).

Fig. 3.3 shows the electropherogram of testing our auto-RFLP system with the uTK.
As clearly shown in the curves, a new peak appeared between the primer and product peak.
This is consistent with the prediction. The digested 158 bp fragment, in the presence of
SnaBI, would appear before the longer 436 bp C282Y PCR product.
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Figure 3.2: Choreography for the auto-RFLP process: the implementation of pumping
realizes the complete hand-free operation of RFLP. a) A sample chip is first stored with
buffer in the buffer waste (BW), sample waste (SW), buffer (B) and sample (S) wells. b)
The S well buffer is then replaced with sample. The system automatically pumps water
¢) and buffer d) in to the sample well through peristaltic action using three valves. After
mixing an inject-separate is done. e) The enzyme is mixed with the sample. After 10
minutes of digestion a second run is done.
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Test of Automated Digestion on Commercial Confocal System
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Figure 3.3: Demonstration of auto-RFLP on a commercial confocal system: The bottom
is the electropherogram of the undigested PCR product; The top is the product after 10
minutes on-chip enzyme digestion at room temperature. An injection field of 43 V/cm and
a separation field of 40 V /cm were applied. The detection point was 11 mm away from the
intersection. After one inject and separation, the enzyme was pumped to the sample well
and waited for 10 minutes at room temperature before the next injection and separation.
It is clear to conclude that the micro valves and pumps have successfully mixed the enzyme

with the sample.
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3.4 Summary

In this chapter, a novel on-chip mono-layer valve design has been presented and fabri-
cation protocol by laser ablation was developed. This design is capable of valving and
pumping. By utilizing this valve, an automated electrophoresis diagnosis was successfully
demonstrated in conjunction with a commercial confocal system. It had shown that a com-
plete, well-established molecular biology protocol can be fully integrated using this valve
design. It also enabled the continuing development towards a fully integrated PCR-CE
rapid prototyping platform.
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Chapter 4

CMOS Compatible Thermal PCR
Module

All that is missing in order to implement PCR-CE on a single chip is a compatible temper-
ature control module. A key challenge with such modules is to know the true temperature
in the PCR chamber and this often leads to device-level calibration at the time of man-
ufacture - a major impediment to manufacture. This makes the system not suitable for
mass-production and less cost effective. Working with our collaborators at the University
of Alberta (UofA), a novel silicon-based heater was developed and fabricated by them.
The heater device was then integrated here into a PMMA helper-chip for testing of its
performance. Although the heater did not meet the expected specifications and was not
able to attain the temperatures needed for PCR, the design was shown to be insensitive to
run-time variations and capable of being operated without device-level calibration at the
time of manufacture. This work has led to a manuscript that is about to be submitted.
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4.1 Introduction

Portable PCR based genetic diagnosis systems have been demonstrated in various places.
There are commercially available portable systems such as the Miniopticon from Bio-Rad
and the R.A.P.I.D system from BioFire. However, in general they are relatively large in size
and similar or more expensive relative to current desktop qPCR systems. Various research
groups have demonstrated compact on-chip systems such as the work by Lounsbury and
Landers [61] and our previous TTK system [55]. However, both of these compact systems
require device level calibration at or after the time of manufacture, a key challenge for future
implementation. Thus after successfully demonstrating CE separation and integration on
polymer chips, the next missing piece of this puzzle is a compatible PCR module. The
review by Ahmad and Hashsham [10] of thermal systems for genetic analysis gives a good
survey of past development. As noted by Ahmad and Hashsham [10], the verification of
the real chamber temperature is a challenge, often calling for calibration runs or the use of
sensors that perturb the temperature distribution. In 2008, our group had demonstrated
a integrated PCR desktop system. [55] However, the extensive calibration required for
precise temperature limited the system from further application. In 2013, I had an great
opportunity to be involved in a CMOS based heater project, which was aiming at solving
the problems and moving further.

In order to reduce the perturbation of the sensor on temperature uniformity, the heater
is both the heating element and the sensing element. There are two major potential
advancements: 1) no device level calibration; 2) uniform temperature distribution in the
chamber. The sensing is relying on the temperature coefficient of electrical resistance
(TCR) of the heater film, which is an easily calibrated parameter through the fabrication
process. Due to the advanced quality control developed by the CMOS industry, sample
device calibrations are expected at batch level only. Since no dedicated sensor is placed
in the heater region, the temperature uniformity in the chamber is affected only by the
heater design and boundary conditions.

For this work the heater chips were designed and fabricated by our collaborators. After
receiving the fabricated chips, I developed a helper chip system to interface with the tiny
Si chip which includes electrical, pneumatic and fluidic connections. However, due to
fabrication defects, I had to change my plan from using the helper chip to a simple PCR
tape solution. From these chips, I proved the concept of the dual purpose heater design
for CMOS and demonstrated heater uniformity at 43 °C. However, without the helper
chip system, I could not demonstrate the full PCR process due to air bubble formation at
targeted temperatures (e.g., 55, 72 and 94 °C'). In addition, during the test I found the
heater Al traces showed evidence of corrosion after testing, which led to electrical failure.
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This is different from the previous work from our group by Martinez-Quijada et al. [62].

4.2 Why CMOS?

After learning the lesson from previous glass-based systems [55], which required exten-
sive calibration, thin Al film on Silicon (CMOS-compatible) designs were selected as an
alternative. The CMOS industry has developed a great level of process control for high
precision and high quality. Thus, the batch level calibration can be expected for a CMOS
based system. Further, a CMOS-compatible process also means an easy transition to mass
production. Both of these are essential to the realization of a true integrated, low-cost and
portable uTAS. The review by Saha and Chaudhuri [63] provides a good overview of the
state of the art about CMOS/MEMS integration. However, due to the high non-recurring
engineering cost, for the near term it is critical to develop and use these technologies in an
intelligent packaging fashion, or “helper chip”, which could in future be used for a complete
CMOS-based PCR-CE system.

4.3 PCR-CE Integrated CMOS Plan: A Helper Chip

System
Although micro-channels [29], micro-heaters [62], and all electronics can be integrated
(including HV, detection and interface) [0, (5], the key challenge for CMOS is that there

is not yet an available valve technology, which does not perturb the temperature uniformity
of current heater design. Hence in this work, the design is tested along with PMMA-
based valving system. Based on the skills and experience that I developed with the laser
fabrication of CE and valve modules, I developed a helper chip which is constructed of
multiple layers of laser patterned PMMA and double-sided tapes. As shown in Fig. 4.1, the
helper chip is an integrated system consisting of electrical connection, pneumatic controlled
valve, fluid connection and optical illumination/detection and is directly coupled to the
CMOS chip in order to form a fully functional devices.

4.4 CMOS PCR Module Design

The CMOS PCR module consists of a Si heater die with a helper chip with polymer
microfluidic layers and a polymer membrane. The polymer microfluidic layers are made
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_PCR Chamber

Figure 4.1: A schematic diagram of the intelligent packaging showing functions of: valving,
thermal control and interface. Valving is done by deforming a membrane through external
pneumatic control modules. The thermal circuit is connected through pogo-pins on exposed
Al pad. The HV module is connected by inserting Ni electrodes into the open reservoirs,
which is connected to the CE parts of the UofA chip. The Cu plate at the bottom is a
heat-sink for rapid cooling of the chamber.
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Figure 4.2: A zoom in cross-section view of the PMMA-Si helper chip design above the
heater chip region. (The drawing is not to scale.)
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of KMPR, which is a photo-resist material readily available for microfluidic application.
KMPR is similar to SU-8, and its thermal and mechanical properties has explored previous
by our group. [66] Fig. 4.3 shows the cross-section and top view of the chip. In this module,
the heater structure consists of a Si base, an aluminum film heater deposited on KMPR
and three layers of KMPR fluidic structure atop. The aluminum heater was built upon the
base KMPR layer through lithography and etching as described in reference [62]. The top
three KMPR layers support a variety of microfluidics functions and are transfer bonded to
the heater layer as demonstrated previously. [I5]. The thickness of each layer is from the
top to bottom as shown in Fig.4.3a, 40 ym (PP), 25 pm, 20 pm, 20 pgm, 20 gm and 500
pm (Si). The thickness of the Al film is designed to be 100 nm.

Grid Heater CE Waste Well

PP

2
1

|
B siicon [ ] kvMpr | Liquid

. Metal |:| Polypropylene PCR Chamber PP Membrane

(a) A: Cross-section view (b) B:Topview

Sample Waste Well

Sample Well

Figure 4.3: Drawing for the UofA Si heater chip: A. Cross-section drawing for the heater
stack of CMOS heater atop the Si substrate; B. Top-view drawing of the proposed CMOS
stack heater design showing the PCR chamber (center well). The wells, channels and vias
are parts of the fluidic system that is intended to fill the chamber and to perform capillary
electrophoresis. The fluidic parts are the same ones covered in Chapter 3

As shown in Fig. 4.3b, the heater is only extended enough beyond the chamber to
ensure uniformity inside the chamber region in order to conserve power. Since thermal
transport is a diffusive process, we estimate that this distance should be at least twice
the thickness of the polymer stack (which is 125 pm in total). We would expect that
edge effect can be neglected as long as the heater extends beyond the chamber by 250 ym
or more. Most of the temperature change will occur within a range of about 125 um at
the outermost edge of the heater. However, this is a rather crude approximation. Since
the design of this heater chip was developed by my colleagues at the UofA, the detailed
verification can be found in Dr. Martinez-Quijada’s thesis [67]. In the heater design, the
chamber radius is set to be 1200 um. The heater grid is thus 350 pm further from the edge
of the chamber.
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4.5 Thermal Robustness

As mentioned in the introduction, the device level calibration and uniformity are the
two biggest concerns for any PCR heating system. By properly designing the heater, the
chamber temperature uniformity could be achieved. However, the first concern has only got
a partial solution. By utilizing CMOS, we get a trustworthy set of specifications from the
manufacturer by fine process control. In addition, we need a system that is not dependent
on varying external environments. This is what we refer to as the thermal robustness of a
thermal system. In this section, the robustness of the Si based heater design is discussed
with a simple 1D resistive divider model.

Rather than deal with the bulk structure of the thermal system, it is common to describe
such a system in terms of electrical equivalent network circuits. There is an analogy to
be drawn between the voltage difference, current, electrical resistance and capacitance and
the temperature difference, heat flow, thermal resistance and thermal capacitance. [68, 6]
Eq. 4.1 are used to calculate the approximate value for each components in the resistive
divider network as shown in Fig. 4.4. In the lateral direction, a very thin, low-conductivity
structure can dramatically increase the lateral resistance and reducing the horizontal heat
flow. So, the heat flow is constrained to flow vertically, which results in a one-dimensional
system. Therefore, we can make a 1D approximate of our PCR module.

d
= — 4.1
M =3a (4.12)
1 T2
R, =——In— 4.1b
YT omkd (4.10)
Ry = ! (4.1¢)
H = hc A .1cC
Where thickness d (m), thermal conductivity k (-2), area A (m?), outer radius 5 (m),
inner radius r; (m), natural convective heater transfer coefficient h, = 5.6 m?/K.

By applying the proper thermal properties of each material, one can find the thermal
resistance of each layer as listed in Table 4.1. The total vertical resistance above the heater
is ~ 23.7x 103 % The resistance below the heater is 14.3 % So, the heat flow through the
top is about 0.006 % of the heater flow to the bottom. Therefore, the heater is insensitive
to the external environment atop the PCR module; the loss by conduction is dominant such
that even a large change in the h, value does not affect the result significantly. In addition,
by applying a voltage divider equation to the circuit above the heater, the temperature
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difference between chamber bottom and heater, Th — T'c, is proportional to product of
the resistance ratio, i fftom ~ 0.0006, and the temperature difference between heater and
the room temperature, 73 °C. Similarly, the temperature at the top of the heater is also
very close to the heater. Therefore, we can approximate the chamber temperature by the
heater temperature, which is easier to measure.

Material Conductivity Thickness Resistance
D d(um)  Re(E)
KMPR 1,2,3 0.2 20 13.9
KMPR 3 0.2 25 16.5
PP membrane 0.22 40 26.5
Water 0.67 45 8.9
Si 163 500 0.40
Al 237 0.1 ~ 0
Convection 23628
Lateral 387

Table 4.1: Thermal resistances for a 1550 um heater operating at 95 °C. [58]

4.6 Initial Specification Of The Si Heater

In order to realize this PCR system, I developed a list of design requirements by working
together with our partner at the UofA. Each of the design requirements is carefully deter-
mined. (e.g., fabrication tolerance, resistance, circuit design). However, there were a few
unexpected changes when the chips were received. This section describes the specification
agreed upon by both groups. Later, in the result section I will discuss the actual values
for these parameters.

The key design requirements are listed below:

e Reliable electrical connection. Each connection should last for 2 hours or more.

e The silicon die outer dimensions are 11.91 mm x 8.93 mm as specified. The chip
bottom is 1.28 mm away from the nearest electrical pad. The left and right edges
are 20 um away from the nearest electrical pads. All dimensions are specified with a
tolerance of +40 pm.
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Figure 4.4: A thermally resistive divider presentation of the stack heater: the heater flow
is dominant in the vertical direction

e Ideally the heater resistance should be above 50 2 at 95 °C, but it cannot be lower
than 25 Q at 95 °C.

e Open channels and vias.

First of all, a reliable electrical connection is the key to operating the heater through
the helper chip design. The 2 hours requirement is based on the time it takes for a regular
PCR to finish. As shown in Fig. 4.1, the original design has a push-down pogo-pin on the
Al pad to form the electrical connection to the heater. However, the electrical connection
failed quickly upon applying electrical power as tested by the UofA. As an alternative
solution, the UofA suggested using a heat-cured conductive epoxy (part #8331-14G, MG
Chemicals) to permanently bond a wire to the contact pads. From their test, the epoxy
significantly increased the lifetime of the connection up to several hours.

Secondly, in order to align the KMPR microfluidic structure to the fluidic ports of the
heater chip, a recess is precision-milled into the Cu heater sink for tight alignment. By
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having a close fit between the recess and the chip, we can expect an easily aligned system.
As specified by the UofA, the dicing saw would cut the chip to a size of 11.91 mm x 8.93
mm (L x W) with a tolerance of &+ 20 pm per cut. Based on this, my colleague, Nemanja
Kliska, had developed a machining protocol to make a recess that was milled to be 11.92
mm x 8.94 mm +£25 pm.

Thirdly, the maximum voltage supply is 10 V or less, and current should be ideally below
200 mA but no more than 400 mA. The 10 V is the maximum vlotage that a LabJack U6
could handle. The 200 mA is the maximum current output for a single LT3092 current
source. However, according the application note provided, two of them could be connected
in parallel for more power. Thus, the power maximum density is 2 W/7.55 mm? (171
W/in?) or 4 W/7.55 mm? (342 W/in?) for single or double current sources. Thus, by
using Ohm’s law the heater resistance should be at least above 25 €2 in order to keep the
current under 400 mA.

Finally, in order to transport fluid, the microfluidic structures such as channels and
vias need to be open and not leaking. Proper bonding of the KMPR layers is essential to
the success of this system.

4.7 Methods And Material

4.7.1 Determination Of Chamber Temperature From TCR

Heater temperatures can be estimated from the resistance change of the heater. Following
Eq. 4.2 where « is the TCR, Ry and Rj are heater resistance at room temperature and
sampling temperature respectively, the heater temperature can be found during the heating
process. Since one can easily prove the chamber temperature, T¢, is approximately equal
to T}, due to close proximity, the chamber temperature can be estimated from the TCR
and heater resistance.

Ty = ———— 4+ Troom (4.2)

However, since the heater is larger than the chamber area as required for a uniform
chamber temperature, there needs to be a small correction factor. From the design work
done by my colleague, Dr. Jose Martinez-Quijada, a small correction factor is applied to
the original equation as shown in Eq. 4.3. The € is accounting for the fact that a small
portion of the heater (mostly outside the chamber edge) is not at uniform temperature due
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to edge effects. We refer to ea as being the effective TCR. of the heater in the system. As
described in previous section, the polymer stack between the heater edge and the chamber
edge is more susceptible to the edge effect. For a rough approximation, one can take the
heater radius minus half the polymer stack thickness, 65 pum, to be the boundary for the
uniform temperature region. So, one can estimate €.simateq Would be 0.92; a more accurate
estimate is found from a 3D simulation by Dr. Jose Martinez-Quijada. The simulated
€simulated Valve 1s found to be 0.96.

In summary, Jose and I have analyzed the Si heater system based on a 1D resistive
divider model and the 3D simulation. Since, the correction factor, €, is small and close to
1 and can be determined quite accurately, we conclude that the chamber temperature can
be found from the heater resistance change based on the TCR as in Eq. 4.3.

Ty = ———— + Troom (4.3)

4.7.2 TCR Measurements

From the earlier testing results, the heater had a time varying resistance which seemed
to be due to electromigration, especially near the contact pads. Therefore, the TCR
measurements were made in two different ways: a standard 4-point method and a non-
four-point method.

The standard four-point method eliminates the uncertainty caused by the resistance in
series with the load (ie. the contact resistance at the contact pad). Since the contact resis-
tance could change during the test as suggested by the early tests, a non-four-point method
was used at the University of Waterloo (UofW). The second approach can determine the
heater resistance without constantly apply any current.

Four-point measurement of TCR

After fabrication, the TCR of the heater film were measured at the UofA. The chips were
placed atop an aluminum heat-sink which was in good contact to a hotplate (Echotherm
TM HS40, Torrey Pines Scientific). Spring loaded pogo-pins were placed on a PMMA
holder and were used to contact the heater without scratching the contact pads on the
chip. The Al heat-sink and the chip were heated by the hotplate with a temperature
accuracy of less than 1 °C. A multimeter (HP-34401A, Hewlett Packard) were used to
measure the resistance in 4-point mode as described by Martinez-Quijada et al. [62]
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Non-four point measurement of TCR

The TCR of the heater film was also measured on a chip from the same fabrication batch
at the UofW. The resistance between each possible pair of contact pads was measured
at each of set temperatures while the whole assembly was heated inside a convection
oven(model #6916, Fisher Scientific). By solving the resulting system of equations, the
heater and the contact resistances at each pad were calculated. In order to minimize
thermal variation due to air flow, the heater chip was placed in a metal box with the
lid closed. A thermometer was used to monitor the temperature inside the box within
0.5 °C. The 4 wires were attached to the chip using a low-melting-point solder (ROTO
144F, RotoMetal Inc). A digital multimeter (U1252A, Agilent) was used to measure each
resistance with a repeatability of 0.01 €2. The oven temperature ramped from 30 to 90
degrees with 10 degree increments. While taking the measurement, the oven was brought
to equilibrium by waiting for 1 hour after reaching the target temperature.

4.7.3 Heater Control

A custom designed linear voltage-current convertor was used to drive the heater. A USB-
based data acquisition device (U6, LabJack) was used to drive the convertor and collect
data. A Python script running from a windows computer was used to control the U6. The
current gradually increased to a preset level and was held there for 200 s. The LabJack
U6 collected the current and voltage readings during the entire run. The resistance could
be determined within 0.004 €.

4.7.4 Determination of Temperature From Temperature-dependent
Fluorescence

The fluorescence of Rhodamine-B (RhB) is temperature dependent and can be used as a
non-invasive temperature measurement as in Ross et al. [70]. However, since the fluores-
cence is protocol-dependent, RhB was first calibrated in our lab. My colleague, Gordon
Hall, performed the calibration in this section.

The RhB powder (part # 83689, laser grade, Sigma Aldrich) was dissolved to make 1
mM concentration solution with MilliQ) water through a series dilution and stored in the Al
foil covered 10 mL conical tube. 20 L of 1 mM RhB solution and 40 pL of 5x TBE buffer
was diluted together with 140 ulb MilliQQ water to 100 M RhB working concentration in 1x
TBE buffer. An optical spectrometer (USB-4000, OceanOptics) was used with a cuvette
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Temperature Dependence of Fluorescence for Rhodamine B (10uM)
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Figure 4.5: Rhodamine-B (RhB) calibration curve: relative fluorescence vs temperature.
By fitting a third order polynomial as by Ross et al. [70], the characteristic equation was
found to be T = 132 — 2501 + 2201% — 7913. This calibration was performed by Gordon
Hall in October 2012.

holder, which was placed inside a Styrofoam box and heated with a circulating water bath
(Model S-1, MGW Lauda). A thermometer was placed against the holder and immersed
in thermal paste (part #10004, Cortec Spray Technology) for good thermal contact. 1 mL
of the 100 ym RhB solution was loaded into an acrylic cuvette, and then placed in the
holder inside the box. The water temperature was increased from 30 °C to 78 °C with 2
°C steps. In order to fully equilibration the system, it was held at each temperature for 2
hours before taking each measurement. In order to minimize photobleaching effects, the
LED illumination was only turned on before taking the measurements.

By fitting the data with a third order polynomial as described by Ross et al. [70], the
equation was found to be:

T =132 — 2501 + 2201* — 791° (4.4)

where T is the temperature and [ is the fluorescence intensity normalized to the value
at 22 °C. Therefore, the temperature could be found by comparing the RhB fluorescence
intensity to the intensity at room temperature (22 °C).
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4.7.5 Optical Determination Of Chamber Temperature

In order to optically determine the chamber temperature, the 100 M RhB solution was
loaded into the chamber to represent the PCR brew. A microscope (Micromaster by
Fisher Sci.) was modified to be used as a fluorescent microscope. A proprietary absorbing
color filter (cutoff wavelength~ 560 nm) from Teledyne-DALSA was placed in the center
column after the objective lens. A CCD camera (part # MU900, Amscope) with a C-mount
relay lens was held by the eyepiece holder to capture the real-time image of the chamber
during heating. A Kingbright LED (part# WP710A10QCB/G, Digikey) was used as the
excitation light source. It was attached to a PMMA plate with 60 degree angle for alignment
and better illumination. By using provided software (Toupview), a steady stream (1 frame
each 2 s) of jpeg images was acquired under a fixed set of conditions. (Please see appendix
for detailed setting.) For synchronization, the image acquisition started 30 s (15 frames)
before turning on the heater current program. The collected images were then processed by
ImageJ. [71]. In order to determine the chamber temperature, a average intensity of each
image were measured using the ImageJ measurement tool. A center circle of 200 ym radius
was selected for the averaging. The relative intensity to the room temperature was then
calculated. By fitting the relative intensity to Eq. 4.4, the average chamber temperature
was found and plotted as in Fig. 4.8.

The LED was turned on for the entire duration of the heating program and kept running
for another 60 s (30 frames) after turning off the heater. The long duration was used to
capture the cooling rate of the heater. However, this leads to a large impact on the signal
due to photobleaching. To correct for photobleaching, a chip loaded with fresh RhB was
placed under the microscope with the LED turn on for 30 minutes. The same image
acquisition was performed, but no electrical connection was made. By processing the
images, the photobleaching-caused fluorescence decay rate was obtained, which was 0.9 %
per 100 seconds.

In addition, two other CCD sensors, the EMCCD senor and the Meade DeepSkylmager,
were tested for the signal detection. Both of the CCD sensors are designed for low-light-
condition applications. The EMCCD sensor amplifies the signal by providing a higher
gain. The Meade camera allows longer integration time for signal amplification. Since
the EMCCD sensor was not supported by the manufacturer, a third-party frame capture
hardware and software had to be used. Despite the difficulty of setting up the EMCCD
sensor, its imaging performance was found similar to the Amscope camera. For the Meade
sensor, the integration time required for get a image of similar intensity was about 1000
ms, which is 10 times longer than the Amscope camera. Therefore, the Amscope camera
was used.
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4.8 Results

4.8.1 Heater TCR Verification

As provided by the UofA, the Al thickness was measured to be 150 £10 nm. Using the
standard 4-point measurement method, my colleagues at the UofA took two chips from
the same fabrication batch and measured the TCR: 2.07 &+ 0.019 x 1073 1/K. Chips from
the same batch were measured at the UofW with the non-4-point method. The TCR
measurements were consistent with the ones obtained from 4-point method and showed a
TCR of 2.06 +0.05 x 1073 1/K.

4.8.2 Si Heater Specification Verification
Electrical Contact On Al Layer

As described in Section 4.6, the conductive epoxy seemed to be a promising alternative to
the pogo-pin design, however the connections were not reliable and difficult to work with.
First, the provided epoxy protocol did not consider the presence of the polymer helper chip
atop the Al contact pad. Since the original design was intended for the small pogo-pin,
there was very limited space for electrical contacts. Even though electrical connection can
be made by carefully filling the pogo-pin recess with the epoxy, the suggested heat cure
process was the next problem. After curing the epoxy, the electrical connection presented
earlier became open circuit. Fortunately, the heater chip turned out undamaged after
disassembling the helper chip. Thus, by a couple additional tests, the cause of the electrical
failure was the thermal expansion mismatch between the silicon and the helper chip at the
curing temperature. As a result, the epoxy was cured at room temperature for 12 hours
even though it is not recommended by the manufacturer. However, the electrical connection
turned out to be unreliable with applied current. During the preliminary electrical test at
the UofW, about 50 % of the chip epoxy connections experienced electrical failure upon
applying a current of around 200 mA for 5 minutes. After two of the chips failed, I started
to test the connection on Al foil instead. Short wires were glued to a freshly polished Al foil
surface. The resistance between wires was measured to verify proper electrical connection.
Then a 400 mA current was passed through each pair of wires for 30 minutes or until
electrical failure. By calculating the failure rate, my experiments show that one out of
every three epoxy connections would fail within 30 minutes. After subsequent meetings
with the UofA, they revealed that they had a similar 30 % failure rate. Since both groups
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showed a similar failure rate, it seems unwise to run a chip that requires four electrical
connects.

The final solution was the use of a low melting point solder, Field’s metal, which can
provide a stable electrical contact at high current. Since the microfluidics on the Si chip
were not functional (see the section below), the helper chip was replaced with a small piece
of PCR tape. Thus, the electrical wires were directly soldered to the Al pads using the
Field’s metal to form the electrical connections.

Si Chip Dimensions

The dimensions of the as-delivered Si heater chip were out of the specified tolerance. The
received chip dimensions ranged from 11.95 mm to 12.32 mm in length and from 8.98 mm
t0 9.40 mm in width. All of them were out of specification, and none of them could fit into
the recess. Precision machining of an assembly to fit each (differently-sized) silicon chip
was not feasible (weeks per assembly). As a stopgap measure, an oversized recess in Cu
was made.

Heater Electrical Resistance And Power

After receiving the heater chip, the resistances were measured and ranged from 25 to 28
2 which just met the minimum requirement. However, according to the later verified
simulation, the heater design required a power density of 4.5 W/7.55 mm? to reach 95 °C,
which was larger than the maximum power available for two LT'3092 current source. In
order to achieve 95 °C on these heaters, the current was boosted up to 450 mA and the
maximum voltage was changed to 20 V. The consequence was a redesign of the electrical
measurement circuit. In order to achieve higher current, three LT3092 units were connected
in parallel.

Microfluidic Structure

The most significant problem was the closure of the microfluidic structure. In order to make
use of the microfluidics on the multilayer KMPR structure, the fundamental requirement
is open channels and vias. Since the channels in KMPR layers are only 100 gm in width,
the fiber and particulates in the air could cause the blockage in the channels. From the
past experience with glass chips, the fluid drying process tends to draw fiber and dirt into
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the channel and causes irreversible blockage. Thus we kept the chips sealed in a clean gel
box and only opened the seal before assembling the helper chip system.

Before going into the details, it is important to have a brief idea about the chip condi-
tions for various batches. Table 4.2 summarized the details and comments provided by the
UofA. It was clear that the batch #2 was the only batch of chips that had proper heater
and microfluidic structures. Batch #4 was requested after the closed channel issue was
discovered for the second batch. However, the fourth batch arrived after we decided to
use tape instead of the helper chip. Further, the fourth batch experienced the same mois-
ture problem as other batches during the water bath test as described in Section 4.8.5.
Therefore, the batch #2 was the only batch tested with the helper chip design.

Batch # Arrival Time Number of Chips | Comments
1 Dec 2012 3 There were defects in the
metal layer.
2 Dec 2012, March 2013 4,2 Good chips with proper
metal.
3 June 2013 4 Delamination issue with the

bonding. Leaking may
prove to be an issue with the
chips

4 Aug 2013 10 Supposedly good chips with
open channel and ok bond-
ing. Minor delamination oc-
curred at the non-critical re-
gion (e.g., the chip edge,
near the Al contact pad)

Table 4.2: Summary of different Si heater batches. The number of chips is only for the
U1550 type chips, since other heater design were not used for this project. Batch #2
was shipped to us in two shipments. The first three batches were not useable due to
malfunctioning microfluidics and delamination. The 4th batch was the only good batch, but
it still has the moisture problem of the 2nd batch and did not meet the sizing requirements.

Before the helper chip system assembly, all Si heater chips were inspected under the
stereo microscope as shown in Fig. 4.6. From the images, it was clear that all the mi-
crofluidic features were present in the KMPR layers. The higher magnification Micromaster
microscope was used in an attempt of achieving better details. However, the opaque silicon
prevents the use of the bottom illumination, and the short focus distance of the objective
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Figure 4.6: Amscope Camera Image of the Si heater chip during the chip inspection. The
channel, via and wells are clearly shown in the picture. The light colored area has Al layer
under the KMPR. In order to take this image, a 2X magnification lens was attached.

lens projects a shadow on the chip. Since all the features were presented and properly
aligned, we proceeded with the helper chip assembly.

However, during this initial test, one of the two channels on the tested chip did not fill
with water. Even using a syringe to fill the chip with pressurized deionized water, there
was no water filled into the channel. Instead, the pressured water went through the space
between the PP membrane and KMPR layer and leaked into the chamber and outside.

At first glance, the problem was thought to be a clogged channel caused by fibers
since the test was not performed in a cleanroom. After carefully dissembling the system,
there was no clogging present on the Si chip and the microfluidics in the polymer helper
chip tested open by flowing through deionized water. Then, the alignment issue due to
out of specification chips was thought to be the problem. However, it was impossible to
optically inspect the vias through 3 layers of different polymers of the helper chip. Thus,
the only alternative, if microfluidics on the Si chip were functional, is that the alignment
was suspect.
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In order to verify the functionality of the KMPR microfluidics, a small drop of deionized
water was loaded on to the wells. The water did not fill in the channel which was different
from our previous work. [62] The contact angle of the KMPR was about 90 degree with
deionized water. Then 2 L of ethanol was loaded at the vias and inspected under micro-
scope. The ethanol quickly vaporized and did not fill into the channel. Same tests were
performed at the loading wells. One of the channels did not fill with ethanol. A total of 3
chips were tested similarly, and all of the chips had at least one of the two channels that
was not filled with ethanol. (4 out of 6 tested channels were failed.) After several weeks
of conversations with our partners at the UofA, it was revealed that the KMPR layers of
the second batch were over dosed with UV light during the fabrication. This could explain
why the contact angle changed from 60 degrees to 90 degrees. The chips from the same
batch were inspected with SEM at the UofA (Fig. 4.7) and it is clear from the SEM images
that some of the channels and vias were closed right after fabrication.

Since the 3rd batch had shown signs of poor bonding during fabrication, the possibility
of having functional KMPR fluidics was very small. Since another batch of fabrication
had not been planned for this project yet, the arrival time of a new batch was unclear.
In addition, the whole fabrication process, from laser ablation to the final assembly, took
about 10 days. It was not feasible to continue with this approach and a fallback plan was
developed. Since the KMPR microfluidics was not functional, the helper chip was replaced
with a single layer of PCR tape in order to cover the channel.

ignal A= SE1 Date 18.Jun 2013
oto No. = 389 Time 14:4137

et miet IR
(a) Channel Open (b) Channel Closed (c) Via Closed

Figure 4.7: SEM images of the UofA heater chip: a) the channel is open; b) The top
KMPR layer collapsed and bonded in front of the channel; ¢)The edge of the via collapsed
and bonded to the channel bottom layer. From the UofW testing, the statistics shows a
rough 60 % failure rate for each channel. Thus, due to the limited number of the available
chips, it was not feasible to continue with the helper chip approach unless this problem is
fixed by the UofA. The SEM image was provided by Matthew Reynolds on 18 June 2013.
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4.8.3 Optical And Electrical Temperature Measurements

Repeatable runs at temperatures less than 45 °C had shown excellent temperature agree-
ment between optical and electrical measurements. Fig. 4.8 shows an example run at
43 °C. The two traces, blue and green, showed the chamber temperature determined by
TCR and fluorescence respectively. The blue trace was calculated using the resistance
measurements collected during the experiment. The resistance change was converted to
temperature change using the TCR value. Then the absolute temperature was obtained
by adding the temperature change to the room temperature measured by a thermometer.
The green trace was calculated by using the optical method described in Section 4.7.5.
In order to synchronize the two traces, the optical data collection was started 30 seconds
earlier with a frame rate of 2 seconds/frame. The two traces thus differed no more than 2
seconds in time after removing the first 15 frames from the optical detection.

The two traces agree with each other within 0.3 °C, which is well below the 1 °C
requirement. Although the current was held constant after reaching the target setting
(250 mA), the heater temperature increased gradually with time. I noticed the heat-sink
was slowly warming up during the testing process and reached approximately 35 °C. This
explains the continuing increase in chamber and heater temperature during the test process.
This phenomenon is unexpected from the 3D simulation at the UofA, which assumes that
the heat-sink was a perfect heat absorber at room temperature. However, this gradual
increase is not a problem once we incorporate a temperature controller. It will decrease
the current based on the resistance change as the heat-sink warms up.

Unfortunately, the runs at higher chamber temperatures (from 45-70 °C) did not pro-
vide useful information. At higher temperatures, bubbles appeared in the chamber and
expanded during heating process. This distorted the fluorescent intensity by varying the
optical depth of the RhB solution film in the chamber. In addition, the air bubbles formed
hotspots due to the low thermal conductivity of air. This perturbed the spatial temperature
distribution for the chamber. More details are presented in Section 4.8.5.

Since the main goal is to demonstrate the agreement between optical and electrical
methods, we can certainly say that the TCR-based temperature determination is good for
the Si heater system.
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Figure 4.8: Heater temperature measurement at constant input power. For t < 80 s,
the control program increased the input current in steps to reach 250 mA. While for 80
s<t<280 s, the heater input current was held at 250 mA as programed. The slope of the
lines in the latter period is attributed to the heat sink warming up by an estimated 3 °C.
The divergence between the two traces for t<25 s is due to the electrical noise introduced
by the current source at low current region and that for t>280 s is due to the difference of
the cooling rates. Optical (green line) and electrical (blue line) temperatures compared as
heat sink warms up showing that even as external parameter change (primarily the heat
sink temperature), the two temperatures tracked each other within 0.3 °C.
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4.8.4 Determination Of Temperature Uniformity From Optical
Temperature Measurement

For such a compact system it is difficult to uniformly illuminate the chamber. In order to
remove this non-uniform background, fluorescent images of the chamber were taken at room
temperature with illumination. Fig. 4.9a shows the illumination profile of the fluorescence
in the chamber. Since the illuminating LED was placed close to the top edge, it is clear that
the top of the chamber had more illumination than bottom. Since the fluorescent of the
dye is a relatively attenuated at elevated temperature, the darker region (e.g., the bottom
part) may have a low signal that could not be counted by the CCD element. This could
lead to a distortion of the plot as shown in the right end of Fig. 4.9d. So, if the scaled down
value is less than 1 count, the region needs to be excluded. In addition, the random noise
is another factor that could be correlated to the distortion. Thus, any readings less than
5 counts at room temperature were excluded as shown in the shaded region. Therefore,
the top half of the chamber excluding the first 100 pm was chosen as the sample area for
the uniformity measurement as indicated by the yellow dotted line in Fig. 4.9c. A value
of 0.57 was found to give an approximate match. It was applied to the room temperature
image, which corresponds to a temperature of approximately 40 °C. Then the chamber
image at 43 °C was subtracted from the scaled room temperature image. This produced
a flat, relatively uniform field, which has a slightly darker (cooler) center shown in Fig.
4.9c. By performing a running average of 20 pixels along the yellow line, we extracted the
temperature profile and found the temperature variation is £0.65 °C, which was better
than the 1 °C specification.

4.8.5 Limitation Of The Current Taped Chamber Si Heater Chip

During the test process, we ran into two main issues for the Si based heater: air bubbles
and moisture-related heater failure.

Air Bubbles

During our testing process, the expansion of air bubbles in the chamber prevented us from
measuring the chamber temperature at higher target temperatures as shown in Fig. 4.10.
First, the expansion of air bubbles caused the tape layer to deform outward. This increased
the optical depth for the fluorescence measurement, which led to a higher optical signal and
would result in a lower temperature reading. As a result, the optical measurement showed

66



(a) Contour plot of the room (b) Contour plot of the cham- (c¢) Chamber fluorescence im-
temperature fluorescence im- ber fluorescence image at age at 43°C after correction
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Figure 4.9: Optical demonstration of the chamber temperature uniformity: a) A fluores-
cence image of the chamber at room temperature to show the nonuniform illumination
profile; b) A fluorescence image of the chamber at 43 °C; ¢) The result of subtracting the
43 °C chamber fluorescence from the scaled room temperature with markup of the central
undistorted region. d) Counts vs distance (um) from the chamber top edge plot for the
room temperature (blue +) and the 43 °C (red x) chamber images. Both sets of data
follow the same general behavior due to the illumination. The shaded regions indicate
excluded data where signal distortion occurred due to the low signal intensity.

67



a decreasing temperature while the TRC measurement indicated the opposite. This agreed
with the results show in Fig. 4.11. Second, the air bubbles also caused a localized hot spot
on the heater due the different thermal properties between air and water. This prevented
us from measuring the heater uniformity and affects the accuracy of the TCR-based heater
temperature.

There are two ways for air bubbles to be introduced to the chamber. First, air bubbles
are trapped in the chamber during loading. Since the fluid channels are not functional, the
taped chip approach is used. As a result, the loading process is done manually by pipette,
a small drop of solution to the chamber and cover it with tape. During this process,
air bubbles are likely to be trapped in the chamber since the KMPR surface is slightly
hydrophobic. Second, dissolved air reappears from the solution at high temperature. The
solubility of air in water decreases as the temperature increases. So, at higher temperature,
air bubbles will appear even if no air was trapped during the loading process. However, if
the chamber were pressurized to 20 psi, there would be not air bubbles appearing, since
there is little change in terms of air solubility from room temperature to 100 °C at that
pressure. [72]

Through practicing, the trapped air bubbles could be eliminated. However, air bubbles
will always appear in the chamber at elevated temperature. Unless we move away from
the taped chamber approach, this will always be a problem.

Al Heater Failure: KMPR In Moisture

The other major problem was unexpected heater failure after several hours of testing. In
our group’s earlier work[(2], the Al traces on KMPR, successfully passed the water bath
TCR calibration, which required the heater to be exposed to water for a couple of hours
at elevated temperature. However, unexpected heater failures were observed with these
heater chips. Fig. 4.12a shows the image of one of the chip used for the RhB test. From the
image, corrosion-like heater damage appears on most traces. In an attempt to reproduce
this failure, a heater chip from the same batch (Batch #2) was placed in a water filled
conical tube and heated in a hot water bath at 95 °C for 30 minutes. The images of the
chamber before and after are showing substantial damage as in Fig. 4.12. Similar heater
damage appeared on the after image. Similar results were confirmed by the UofA group
on the batch #4 chips. In addition, they found that without moisture, the tested heater
lasted longer.

However, through subsequent work by David Sloan at the UofA, he found that the
KMPR Si heater chips fabricated by Teledyne DALSA do not have such a problem.
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Figure 4.10: Image of bubble expanding: a) fluorescent image at room temperature; b)
Image of the chamber at 350 mA input current (or 55 °C equivalent). At higher current,
the air bubble area was significant in the chamber. This caused the chamber to deform
outward in order to compensate for volume increase, which in turn increased the optical
depth.

Therefore, it is clear that the combined effects of moisture and heating cause corrosion-
like heater failure. However, this is most likely a fabrication issue since both the earlier
work by Martinez-Quijada et al. [62] and the chips by Teledyne DALSA do not have such
a problem.

4.9 Conclusion

In summary, we have demonstrated a CMOS-compatible heater system for integrated PCR.
This system does not require device level calibration and capable of mass production via
current CMOS technology. By comparing the electrical and optical methods for temper-
ature determination, we found the results agree with each other. Thus, we have proved
the concept of a robust thermal design. In addition, we have developed a helper chip for
the UofA Si heater and related supporting structure. However, due to out-of-specification
chips and other issues, the helper chip system could not be tested.
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Figure 4.11: Measured chamber temperature vs time plot with the input current steps
up to 350 mA: TCR measurement agrees with optical measurement at low input current;
As chamber temperature increases with the input, the agreement was interrupted. By
tracing the collected images, which have time stamps, the interruption occurred during the
formation of air bubbles. After 350 s, significant air bubble formation appeared as shown
in the right half of Fig. 4.10.
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Figure 4.12: Heater failure after heating under water: a) Image of a chip after optical
temperature detection. From the image, corrosion appeared on most traces. b) Image of a
Si heater chip from the same fabrication batch before water test. ¢) Image of chip shown
in b) after water bath heating. The chip was immersed in water and heated at 95 °C for
30 minutes. There is a significant amount of delamination and corrosion-like damage to
the Al trace. Both chips were selected from the batch #2. The stereo microscope with the
Amscope camera was used to take the images. Similar results were observed at the UofA
with on chips selected from the batch # 4 under similar conditions.
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Chapter 5

PCR-CE Platform With Discrete
PCR Heater Module Plan: Tape
Based Thin Chips

With the failure of the silicon chip, a fallback plan was developed using a discrete heater,
with the temperature determined from either the TCR of the heater or a thermocouple.
Simulations were done to investigate the relationship between the chamber and heater
temperature, while initial back-of-the-envelope (BOE) calculations were made of this rela-
tionship. The chamber temperature was monitored via the TCR, the thermocouple and via
fluorescence. The run-to-run variation of these indicated that the TCR was not a reliable
method of measuring the temperature and the thermocouple had an offset introduced by
the assembly process. These issues called for a redesign that was performed in the next
chapter.
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5.1 Introduction

As learned from the previous chapter, the CMOS heater may behave differently with
moisture. Thus, I decided to move on with commercially available heater while waiting
for a stable CMOS heater from the UofA. The essence of the CMOS thermal design of
Chapter 4 was that a sufficiently small and thin chip can be very closely coupled to the
heater and temperature sensor. In the absence of a viable heater from the UofA, I sought
to build a suitable temperature control module from a discrete thin film heater and a very
thin microfluidic chip. The initial design was done analytically with further simulation
via an open-source computational fluid dynamics program, OpenFOAM, performed by a
colleague (Nemanja Kliska). The heater system was experimentally tested while waiting
for the simulation results. In addition, a pressurized chamber was added above the chip in
order to prevent the formation of air bubbles.

In order to keep our heater scalable and compatible with our CMOS heater, a thin
film heater from Omega Canada was used as an alternative heating element. The dual-
purpose heater design was kept and a new control system was built for the new heater
specifications. By laser patterning qPCR tape and lamination, a multilayer microfluidic
structure was created to imitate the KMPR on Si substrates. Due to the lack of sim-
ulation and customization, we cannot use the same power based control algorithm used
for the silicon chips. As a result, a software PID controller was programmed in Python
script for temperature control. The chamber temperature was monitored via the heater
TCR, the embedded thermocouple and via fluorescence. However, the run-to-run temper-
ature variation experienced by the chip indicated that the heater TCR was not a reliable
determination of the chamber temperature. Further, the thermocouple temperature had
an offset introduced by the assembly process which could vary for each assembly. An
even larger run-to-run temperature fluctuation was observed based on optical temperature
measurements. This was strongly related to the warping of the thin tape layer under pres-
sure. Further, from the 3D numerical simulation obtained after the preliminary test, the
oversized heater (compared to the chamber area) senses not only the temperature of the
chamber but also the surrounding PMMA. This leads to a temperature variation between
the heater sensing temperature and the chamber temperature. A potential solution is a
thin copper spreading layer above the heater as verified by simulation. However, I decided
to move on with a rigid chip approach in the next chapter due to the hard-to-solve warping
problem.
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5.2 Discrete Heater System Design

This section gives design details for the PCR system with a discrete heating element.
The main point of this approach is to build a system to demonstrate on chip PCR in a
timely fashion by utilizing the known-to-be-good CE and valve modules and the knowledge
learned from the Si heater system. The material and the final drawings are presented first.
However, the iterative process of achieving the final design was based on simplified 1D
analysis. Then, 3D numerical simulation was used to further valid this system. The
system has been built and tested based on the 1D analysis while waiting for the simulation
results.

In order to proceed quickly, a rectangular heater element was chosen from the Omega
Canada available inventory. Even though there are circular heaters, their designed oper-
ating voltage is 115 V. Thus, a 2 inch by 0.5 inch rectangular heater was selected from the
28 V heater series, which was in stock.

Thin tape material was used to construct the chamber. In order to keep the viability
of the Si heater model, a thin chip is the key design requirement. By using the robust Si
heater system design from previous chapter, the tape based thin chip design was developed
as an integrated PCR-CE system. The PCR tape material was used to construct the PCR
chamber because the tape thickness is only 100 gm which is much less than 1.5 mm PMMA,
our other readily available material.

Previously demonstrated CE and valve modules were implemented. A standard 4-port-
mini chip was laminated on the tape-chip to form a standard tape-bottom CE chip for
use with the yTK. The PMMA CE chip was connected to the PCR tape chip by a via
located in the sample well. A PMMA support chip was laminated to the chip for the PCR
region. This allowed us to build the PMMA valve in Chapter 3. Since the main focus
of this chapter is the thermal behavior, only the PCR related region is presented in this
section.

5.2.1 Materials And Equipments

As shown in Fig. 5.2b, the manifold was milled from 1/2 inch thick PMMA block as
described in Chapter 3. The vias and supporting structure for the chip was built out of
1.5 mm PMMA substrates. The PCR chamber and microfluidic channels were built from
qPCR tape (AB1170, Fisher Sci). The thin film heater was ordered from Omega Canada
(KHLV-0502/(10), Omega Canada). The heater is constructed by sandwiching 0.0001 inch
etched Al between 0.002 inch Polyimide Film and 0.001 inch FEP adhesive as provided by
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the manufacture. The total thickness is 0.006 inch (150 pm). The insulation layers atop
the Cu plate and the chips were made of the qPCR tape. A Labjack U6 micro controller
was used to operate the system. A dual-channel bench-top power supply was used to power
the system. Two channels of the power supply were operated in series mode to output 32
V for the heater circuits. For valving and pumping, we used the in-house built pneumatic
module described in Chapter 3. The 5 V fixed voltage output port on the power supply
was used to power the pneumatic module.

5.2.2 Discrete Heater System: Cross-section And Top-view

The figures presented in this section are the detailed drawing for this discrete heater system.
The figures are not drawn to scale (except Fig. 5.2a). The heater system consists of three
components: 1. pneumatic control structure; 2. chip and membrane; 3. heater, insulation
and heat-sink. Not shown in these figures, all parts are aligned through 6 alignment pins
in the Cu heat-sink. Four machine-screws (size #4-40) are used to screw down the top
layers to the base.

A top-down view of the discrete heater system is shown in Fig. 5.1. The heater and
the manifold do not cover the entire heat-sink. The relative location and size is shown.
The actual size of the heater is about a quarter of the heat-sink area. The manifold has
the same length but double the width. Two slice points are labeled to indicate the slice
direction for the cross-section pictures.

Two cross-section views of the heater system are shown for more detail. In order to
show the scale of the system, the cross-section view of the system along the slice point A
is shown in Fig. 5.2a. The pneumatic control structure is directly atop the membrane and
consists of two parts: 0.5 inch pneumatic manifold and 0.25 inch cap for applying 20 psi
to the chamber. The chip and membrane layers are sandwiched between the manifold and
the insulation atop the Cu plate. Along the slice point B, a zoomed-in view of the chamber
section is presented in Fig. 5.2b, and a detailed description of each layer is listed in Table
5.1. As described in the previous chapter, the membrane is a single layer of 40 ym thick PP
film and pressed against the top of the chip. The chip is laser ablated and closed with PCR
tape to form a closed fluidic structure. Both the two movable components are aligned to
the heat-sink base through six alignment pins which are not shown in these figures. Three
layers of the same PCR tape are laminated on the heat-sink in order to reduce the overall
power consumption.
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Figure 5.1: A top-down view of the discrete heater system is presented. A PMMA manifold
is directly atop the membrane. The heater layer and the insulation layers are laminated to
a 0.25 inch Cu plate. The chip layer is sandwiched between the membrane and the heater.
As stated in Section 5.2, a rectangular heater is used due to availability. Two slice points
are labeled which indicate the direction of the cross-section views which are shown in Fig.
5.2a and 5.2b.
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Figure 5.2: Cross-section views of the discrete heater system: a)Longitudinal cross section:
a drawn to scale view along the slice point A; b)Lateral cross section: A zoomed-in view
of the dotted section along slice point B with detailed labeling. The lateral view is not to
scale in order to provide more details on the microfluidic region.
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Name Description

Manifold PMMA pneumatic manifold

Membrane 40 pm PP film

CP4 1.5 mm PMMA as chip support layer

CP1,CP2 and C3 | 100 pm PP tape forms the channel and chamber

PP4 100 pm PP tape used to tape heater down to the heat-sink
heater A Omega Heater (2 inch by 0.5 inch)

PP1, PP2, PP3 100 pm PP tape as insulation layers

Cu plate Heat-sink

Table 5.1: List of all the layers in Fig. 5.2b
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5.2.3 Basic Design Requirements

The requirements for this discrete heater system are listed here.

e Chamber temperature variation: less than 1 °C. Since the Omega heater is much
larger than the similar chamber for the UofA Si heater and the lateral thermal resis-
tance is high due to the thin tape structure, we focus more on the vertical gradient
than the horizontal one.

e Maximum power density: 10 W/in?. This is limited by the Omega heater specifica-
tion.

5.2.4 An Analytic Model

In order to finalize the design, a simplified 1D model is used in an iterative process of
finding the proper design values. Similar to the UA Si heater in Chapter 4, a thermally
resistive divider network is used to represent the discrete heater system.

Concept Of A Simple 1D Model

A 1D model is representative of the near-chamber region (which is circular symmetric.) as
long as it is sufficiently far from the edge. Since the circumstances dictated the use of a
rectangular heater, as explained in Section 5.2, the region of validity is expected to be the
smaller of the distance in the two directions.

Similarly to the Si heater design, a thin isolation region formed between the edge of the
chamber and the edge of the PMMA recess allows us to construct an even simpler 1D model
as in chapter 4. A simple 1D representation of the heater system could be constructed if
the lateral heat flow is much less than the vertical. In order to reduce the system to 1D,
the chamber region needs to be isolated from the surrounding environment (or structure).
A very thin, low-conductivity structure can lead to a high thermal resistance in the lateral
direction. Hence, the lateral heat flow is reduced. If this flow/loss is small enough to be
neglected, the resistive network structure can be reduced to only vertical flow, which turns
the device into a 1D system.

Therefore, if the taped chip were thin enough, the device will be insensitive to the
lateral boundary conditions. A uniform chamber temperature will be achieved.
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A Thermally Resistive Divider Design

The analogy of electrical parameters is used to represent thermal flow of the system. [68, 6]
Temperature difference, heat flow and thermal resistance can be treated similarly to voltage
difference, current and electrical resistance.

Vertical Thermal Resistance
By applying the electrical resistance analogy, the thermal resistance could be calculated

by the area, A (m?), thickness, d (m), and the vertical thermal conductivity, k (:27):
d

Rlayer = k'_A

(5.1)

The heat flow, H (W), is similar to current as it crosses each layer:

AT
Rlayer

H =

(5.2)

where AT is the temperature difference.
Lateral Thermal Resistance

As shown in the heater cross-section view, the chamber area is less than the heater area.
The circular recess in the 1.5 mm PMMA layer (which is used to reduce the thermal mass)
is also away from the edge of the chamber. The lateral resistance, Ry, caused by edge
effect of the PMMA surrounding, can be approximated by the cylindrical section formed
by the region between the edge of the chamber and the edge of the recess.

. 1 T2
Ry = ln(ﬁ) (5.3)

where r; is the inner radius; ro is the outer radius, and dis the thickness of the cylinder.
For the purpose of estimating RL, we use r1= 2.5 mm, r,=3.5 mm and d= 400 um. By
substituting in the values for the tape chip, R, = 669.4 % I will reference back to this
value in a later section.

Thermally Resistive Divider Network

As shown in Fig. 5.3a, an electrical resistor-network representation is drawn to illustrate
each layer of the heater structure, which was replaced as a resistor. So, the temperature
at any node in the structure could be calculated. The symbol for each layer resistance and
node are listed in Table 5.2. Table 5.3 has listed the material properties and the vertical
resistance for 2.5 mm radius chamber of each layer.
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Figure 5.3: Resistive divider network of the thin chip and the Omega Heater system: a)
Circuit representation of the heater analytic model; b) Heater cross-section with thermal
resistance labeled.
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Symbol | Description Corresponding Layer

T, Room Temperature -
R.ir3 | Convection above the cap layer

Reop | 1/4 inch PMMA cap layer above the manifold PMMA Cap
Ryiro 1/2 inch air above the membrane layer Manifold

T, bottom temperature of the pp membrane -
R 1.5 mm air above the chip CP4

T, chip surface temperature -

R top tape layer of the chip CP3

Te chamber top surface -

R, water-filled chamber CP2

T chamber bottom surface -

R, bottom tape layer of the chip CP1

Ry tape layer above heater PP4

Ty heater temperature -

Ry, tape layer/layers below heater PP1, PP2 and PP3
T.. Cu surface temperature -

R, Cu heat-sink Cu plate

Ths heat-sink temperature -

Table 5.2: List of temperatures and thermal resistances labeled in Fig. 5.3a, and the
corresponding layers in Fig. 5.3b.

Heat Losses: Convection vs Conduction

Heat loss through air could occur by either conduction or convection, which could result
in significantly different thermal behavior. In general, convection loses heat faster, but it
is more sensitive to the air conditions (i.e. flow rate, air volume). Conduction is simpler
and more stable. The Rayleigh number, RA, could be used to determine which of the two
is dominating the thermal flow in a closed volume of air or fluid. [73]

gBATL?

VK

RA = (5.4)

where ¢ is acceleration due to gravity, £ is coefficient of thermal expansion, AT is
temperature difference, L is the characteristic length, v is kinematic viscosity and s is
thermal diffusivity.
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Material Conductivity Thickness Resistance

k(o) d(mm) R(gy)
PMMA 0.2 5 mm 1273
AT conductive 0.02 1.5 mm 3820
pp-tape 0.22 0.1 mm 23.15
water 0.67 0.1 mm 7.60
cu 400 5 mm 0.64
AT conpective (Rair2 and Rair3) 9095
Lateral (Ry) 669.4

Table 5.3: Thermal conductivity and resistivity for a 5 mm diameter chamber

In order to find the critical distance, L, where the convection becomes dominant, an
air layer between two parallel surfaces was used as a simple model. One surface is kept at
20 °C, and the other is at 95 °. For estimation, I take g = 9.8 m/s*, 3 = 3.44 x 1073 1/K,
AT=T75°C, v = 1511 x 107 m?/s and x = 1.9 x 107° m?/s. For a fluid layer between
two rigid boundaries, the critical Rayleigh number is 1708. [73] By applying all of these
parameters into Eq. 5.5, the critical distance is found to be:

JRA .
L<¢ ﬁA;’K = 0.00579m = 5.79mm (5.5)
g

Therefore, at a distance larger than 5.79 mm between two surfaces which are 75 °C apart
the convection heat loss dominates the air thermal flow.

However, from Eq. 5.4 the critical distance is inversely proportional to the temperature
difference. For the 0.5 inch air chamber, in order to keep the chamber in convective heat
loss, the minimum critical temperature difference is estimated to be AT, inimum= 4.36 °C.
As a result, if the temperature difference is less than 4.36 °C' between the membrane and
the bottom of the PMMA cap, the 0.5 inch air chamber will be in the conductive region.
This will be verified in later section after introducing the boundary conditions for the
system.

As shown in Fig. 5.2a, R,i2 is convection and R, is conduction heat loss. We can
find R, = 3827 % With a heat transfer coefficient, htc, of 5.6 %, the effective thermal
resistance of the R,;o is:

1 K
= 9095— (5.6)

Hair = 100 = 1 7 W
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Based on the above critical lengths, the 1.5 mm thick air pocket is in the conductive
region, while the 0.5 inch air chamber is convective. However, as the manifold temperature
increases with time, the air chamber might be dominated by conduction if the temperature
difference is less than 4.36 °C.

5.2.5 Time Constant

In contrast to the Si heater system in the previous chapter, the taped chip is about 4 times
the thickness of the silicon chip. A slow time response of the system is expected, which
we can estimate from the resistance and capacitance of the chip, using Eq. 5.7. In order
to estimate the time constant, we lumped the chamber bottom tape layer (R.) and the
chamber (R.) together as the thermal resistance. The heat capacitance includes all the
layers in charmer region above the heater, which are the chamber bottom tape layer, the
water-filled chamber and the chamber top tap layer. By substituting the value, thermal
resistance is Ripermal = 34.2 %; heater capacitance (C) is C' = 0.013 % The time constant
is 7 = 0.45 s for the heating process for the chamber region only.

T = Rthermalc (5 7)

C = pcAd (5.8)
where p is the density of the material.

In order to estimate the time constant of the bulk material, Eq. 5.7 could be simplified
to the following equation:

T = Rthermalc = _(pCAd) = (59)

Thus, the time constants for the bulky PMMA structures above the chamber layer are
estimated and listed in Table 5.4. If the steady state is defined as reaching 98 % of the
final value, the heating time for the bulky PMMA structure (the chip, the manifold and
the cap) is about 4.5 hours. Since a PCR process in general takes about 2 hours to finish,
it is clear that the overall system is far from reaching the steady state.

84



Material Thickness  Density Heat Ca- Conductivity Time con-

pacity) stant
cm 07%3 gLK crIfL/K S

Air pocket  0.15 1.2x107° 1.0 2.57x107* 0.1
Air cham- 1.25 1.2x1073 1.0 2.57x107*  7.30
ber
PMMA 0.15 1.2 1.5 0.002 20.25
chip
PMMA 1.25 1.2 1.5 0.002 1406.25
manifold
PMMA 0.5 1.2 1.5 0.002 225
cap
Total 1.9 1.2 1.5 0.002 3249
PMMA
structure

Table 5.4: List of the thermal time constants

5.2.6 Boundary Conditions

In order to analyze this thermal resistive divider network, the boundary conditions are
presented in this section. For all the boundaries, the room temperature is kept at 20 °C.

In the vertical direction, both the top and bottom boundaries are kept at constant
temperature. Based on the results in Section 5.2.4, the air above the PMMA cap, Rgu.3,
is in the convection region. At infinity, R,;.3 is connected to the room temperature, T,.
The bottom of the Cu heat-sink is kept at room temperature with a Dirichlet condition
by assuming a perfect heat-sink is attached. Within the heater system, the heater layer is
kept at 95 °C in order to represent a feedback controller.

In the lateral direction, an insulating boundary condition is to the the edge of the
chamber in order to simplify the system to 1 dimensional space. For the chamber region,
the total vertical resistance, which is the vertical resistance of the chamber area above
the heater layer, is R,_champer = Rpt + Rep + Re + Ry = 77 % The lateral resistance is
estimated to be Ry = 669.4% as calculated in earlier section. So the lateral heat flow is
about 10 times less than the vertical flow for the chamber region. Therefore, an insulating
boundary condition could be applied. In reality, the lateral heat flowed the opposite the
direction and increases with time as the PMMA structure heats up during the process. So,
the insulating condition may not be valid after hundreds of seconds. However, this is too
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complicated for a simple model. As a result, a 2D numerical simulation was requested for
further validation.

5.2.7 Maximum Chamber Depth

From the 1D model, one can estimate the temperature drop from the bottom to the top
of the chamber. The heat flow to the top, H,,, could be estimated as:

Th - Ta
H, =
P Rht + Rcb + Rc + Rct + Rairl + Rair? + Rcap + Rair?)

(5.10)

where the lateral heat flow is neglected as described earlier. The chamber temperature
difference (or vertical temperature variation), 7., — T, is the product of H,, and chamber
thermal resistance, R.. By setting the maximum 7T,, — T.; to be 1 °C, one can estimate the
maximum chamber thickness by using the 1D model. From R., we can find the maximum
thickness of the chamber. Ry, R4 and R, are one layer of PP-PCR tape with a thermal
resistance of 23.15 % for 5 mm diameter chamber.

Ty — T = HupRc (5].1)

The worst case scenario is at the beginning of the heating process. Since the air chamber
is still at room temperature, the heat flow is much higher than the steady state due to
the larger temperature difference. A much higher temperature drop should be expected
for this initial state. As estimated in the previous section, the time constants for both
the chamber layers and the 1.5 mm air pocket are within the same order of magnitude.
Therefore, I can assume the chamber layers and the air pocket reach the same time state
during the heater process.

Let us assume room temperature is applied at the membrane layer at the initial state.
The top of Ry will be at 20 °C. In other words, Reire, Reap and Rgips are all neglected.
Other parameters are: 1), = 95 °C, Ry; = Ry = Ry = 23.15 %, R,-1 = 3820 %
and T, — T,, = 1 °C. By substituting the numbers, R, is found to be 52.6 %, which
corresponds to a thickness, depgmper = 0.69 mm =~ 700 pm. Therefore, when the chamber
thickness is less than 700 pm, vertical temperature variation is less than 1 °C for the worst
case scenario.

For the 100 pm deep chamber, the temperature difference is estimated to be 0.15 °C'. In
addition, the maximum offset between heater and PCR chamber bottom could be estimated
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for 100 pm chamber in the above worst case scenario:

T, — Ty = Hup(Rht + Rcb) = 0.89°C (5.12)

Therefore, for a 100 pm deep PCR chamber, the temperature difference is much less
than the 1°C requirement, and the temperature offset between the heater and the chamber
is only 0.89 °C in this worst case scenario.

5.3 Requested 3D Simulation For Discrete Heater Sys-
tem

As stated at the beginning of this chapter, the 3D simulation was required to validate
the discrete heater system. The 1D analytic model is a simplified model that neglects the
lateral heat flow of the system. However, this is true only at the beginning state of the
heating process. As the PMMA structure around the chamber region heats up with time,
the lateral flow may increase and break the assumption for the 1D system. Therefore, after
proving the viability through the simple 1D analytical model, 3D simulation was expected
to provide further validation of the discrete heater system. This 3D simulation work was
carried out by my colleague, Nemanja Kliska. In this section, the detailed requirements
for requested simulation work are presented.

5.3.1 Boundary Conditions And Assumptions

Boundary conditions and assumptions are listed below to setup the simulation model. The
surrounding room temperature is set to be 20 °C'. The Robin condition (or convective
boundary condition) is applied to the top surface of the PMMA cap and the outside of the
manifold (right edge) with a constant convective heat transfer. Similar to the 1D model,
the bottom of the heat-sink is modeled by a Dirichlet condition (the boundary is kept at
a constant value), which is kept at room temperature. By assuming cylindrical symmetry,
a Neumann boundary condition (the flux at the boundary is kept constant) is applied in
the center as shown in Fig. 5.4.

Inside the heater region, a Dirichlet condition is assumed at the heater surface to
represent a PID controlled heater. The heater target temperature should be set to 55 °C,
72 °C and 95 °C for each step of the PCR process.

From the spatial and time-domain variation, we should be able to verify the chamber
temperature uniformity and temperature offset between the heater and the chamber.
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1. Room temperature is set to be 20 °C.

2. Robin condition: Constant convection heat loss on all surfaces exposed to the sur-
rounding air, unless specified otherwise.

3. Dirichlet condition: T¢,, = 20 °C'. The Cu plate is in contact with a perfect heat-sink,
which is assumed to be at 20 °C.

4. Neumann boundary condition: There is no heat flux across the boundary.

5. Heater has spatially uniform temperature at the set temperature. This assumes that
the heater can cool instantaneously as required - clearly a non-physical situation.
Nevertheless, the simulation would provide insight into the heating stages where
Tehamber can vary (upwards) almost instantaneously.

Robin convectiyve condition

I Neumann condition

>

Dirichlet condifion T=22C .
Chamber

40 um PP membrane
PMMA
Heater
100 um PP Tape
Copper

. Thermocouple

Figure 5.4: Cross-section view of the heater system with boundary conditions labeled.
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5.4 Experiments

While waiting for the 3D simulation result, the discrete heater system was built based on
the result of the 1D model. The fabrication process and control circuitry were based on the
design used in Chapter 4 with minor modifications. A software PID controller was used to
control the heater temperature based on TCR similar to the Si heater system in Chapter
4. A thermocouple plugged into a compatible digital multimeter was used to monitor the
heater temperature. Rhb filled chips were used to monitor the heater temperature optically
during the testing process similar to what has been described in Chapter 4.

Although TCR-based temperature determination was possible in Chapter 4, the lack of
symmetry and uniformity in the present design makes that technique challenging to apply.
Nevertheless, it was hoped that the technique could be applied here. It was intended that
thermocouple-based measurements would be used if needed.

5.5 Results

5.5.1 Time-domain 3D Simulation

This section summarizes the 3D simulation work done by my colleague, Nemanja Kliska.
This work provided simulation validation to my analytical model. As stated in the intro-
duction section, an open-source computational fluid dynamics library, OpenFOAM, was
used to simulate this heater system. In order to find the dynamic behavior, the standard
solver for transient multi-region conjugate heat transfer, chtMultiRegionFoam, was used
for this simulation. Finite-volume method and implicit Euler for time-stepping were used
for spatial and time-domain analysis.

Modified Boundary Conditions

The boundary conditions used were modified as shown in Fig. 5.5. For simplicity, the
heater system was represented by a cylindrical shaped system as shown in Fig. 5.2b.

First, the geometry of the simulated system was smaller than requested. The outer
edge of the simulation was the edge of the heater which is a 0.25 inch circle. The manifold
and heat-sink structure outside the heater region were ignored. Further, the manifold, the
air chamber and the PMMA cap were not considered. The reason for these is that the
total allowed computing power was limited. In order to get fine resolution (tighter mesh
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Figure 5.5: Cross-section view of the heater system with modified boundary conditions.

points) in the heater region, the bulky structures further away were ignored. As shown in
Fig. 5.2a, the heater region is only a small potion of the manifold.

Second, the Robin condition was applied atop the membrane layer. Since the manifold
is removed, the top of the membrane becomes the upper bound of the system. In addition,
according to the 1D analysis, the convective heat loss is dominant atop the membrane.
Thus, the Robin convection condition is applied.

Third, an insulating condition was applied at the outer boundary in the lateral direction.
Since the area outside the heater was removed from the simulation, the convection condition
was no longer valid. The heater outer edge is far away from the chamber compare to the
edge of manifold recess. Thus, the effect of the heater edge is much less.

Fourth, instead of constant temperature a constant power density condition was applied
to the heater. The constant power density condition is a much more realistic condition
since the same amount of electrical current goes through the heater trace. In addition,
as explained in the 1D analytic model, the lateral heat flow could change dramatically
shortly after the heating process due to the different thermal mass over the heater. Thus,
a power density approach is in favor. However, in order to verify the use of the TCR based
measurement, which is such an interesting method and compatible with the Si heater in
the previous chapter, a measurement layer was introduced directly atop the heater layer
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to measure the temperature uniformity of atop the heater layer.

Fifth, the top of the Cu heat-sink is fixed at room temperature. Similar to the manifold,
the geometry of the heat-sink is neglected for simplicity.

Other boundary conditions were the same as requested. The external boundary con-
ditions approximated the operation of the device ambient temperature (20 °C). All the
internal boundaries between layers were assumed in close contact with continuous bound-
ary conditions.

Simulation Results And Analysis

Although the system simulated was quite different from that built, some important lessons
were learned - notably that the design was such that the system could not be characterized
by a single temperature, whether measured by thermocouple or by TCR. Therefore, a power
density based approach was used. By performing a series of stationary simulation with
different power densities, my colleague first found the power density corresponding to 95 °C
was 0.41 W/mm?. This uniform power density was then used through all the simulations.
Limited by the total computational power, a maximum 10 s transient simulation was
performed for the system.

Time Constant: For the chamber region, the characteristic response time of the
average chamber temperature, 7, was found to be 2.54 s. This difference is about 6 times
slower than the value predicted through the 1D analytic model. This difference can be
caused by the radial heater flux which was neglected in 1D model.

Maximum Temperature Difference: The temperature difference within the cham-
ber and the offset temperature between the chamber and the heater are the two most
important values. From the analytic model, the maximum chamber temperature differ-
ence was estimated to be 0.15 °C in vertical direction. The temperature offset was 0.69
°C. From the simulation results in Fig. 5.6, the maximum temperature variation in the
chamber region reached 5 K for in 2 seconds. Then it gradually dropped to 1 K before it
increased slowly to a constant value of 2 K at the end. This complex behavior of the blue
line is the result of the lateral heat flux which was neglected in 1D. In terms of the average
temperature difference, the average heater temperature was 17 K higher than the average
chamber temperature at the initial state. Shortly after, the average heater temperature
was about 5 K less than the chamber. This is completely different than the 1D analytic
model which predicted a constant offset. The main cause is the large heater area under
the manifold, which has a much bigger time constant. Thus, even though the chamber
heats up quickly, the cold manifold keeps the majority of the heater surface at a lower
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temperature. Therefore, there is a radial temperature gradient above the heater surface as
shown in Fig. 5.7. This lateral temperature gradient is also the main cause of the larger
temperature difference.

20

15

10

~10 I I I I I I I I I
0
t(s)

Figure 5.6: Plot of temperature variation of the system versus time. The blue line shows
the maximum temperature difference within the PCR chamber. The green line is the result
of the average chamber temperature minus the average heater temperature.

TCR Based Temperature Determination: The TCR based temperature deter-
mination is no longer valid for this discrete system. The TCR based measurement is a
representation of the average temperature of the surface. Since the radial temperature
distribution is not uniform as shown in Fig. 5.7, TCR based measurements are no longer
indicative of the chamber temperature. Even though the concept is attractive as discussed
in previous chapter, the TCR based method is invalid unless the thermal gradient is re-
moved.

Proposed Solutions

Since the main problem is the radial temperature gradient across the heater surface, a thin
Cu layer was proposed to fix this problem. In order to minimize the radial gradient, a
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Figure 5.7: Radial temperature distribution of the top heater surface. The blue line is the

original design which showed a significant temperature change across the heater surface.
The green line (flat line) is the distribution of the modified design.
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200 pm copper layer was directly placed above the heater element and covers the entire
surface of the heater. Although of questionable usefulness in terms of PCR, it does serve
to show that the Cu layer can provide a locally uniform temperature. This highly thermal
conductive layer will increase the lateral heat flow and enhance the temperature uniformity.
As shown in Fig. 5.7, the temperature difference across the heater decreases from 11 k to
0.4 K. Thus, this new design is improved significantly in terms of temperature uniformity:.
In addition, the maximum variation within the chamber becomes less than 0.5 K for the
new design. Furthermore, the TCR approach becomes valid again thanks to the much
reduced temperature variation. However, the drawbacks for this new design are a much
higher power requirement and strong coupling of the chamber to the environment.

5.5.2 Preliminary Heater System Test Result

A mockup PCR test with 100 uM RhB solution filled chip was tested on the original heater
design (without the copper layer) on two consecutive days. The chamber temperature from
optical (dotted lines) and TCR (solid lines) methods were collected and plotted in Fig. 5.8.
The run-to-run variation of the TCR results is very small. However, the optical method
showed a great variation from run-to-run, which is about 40 K. Even within one test run,
the optical-based temperature showed a 10 K increase after each cycle.

The 10 °C temperature increase agrees with the 3D simulation results. From simulation,
the average chamber temperature was higher than the average heater temperature due to
the lower temperature of the manifold. As the surrounding structure heating up, the
average chamber temperature increases with time. Therefore, the optical temperature
measurement increases with time.

The 40 °C assembly-to-assembly variation was mainly a result of the warping of the
tape chip. Similar to the air bubble problem for the Si chip, the tape chamber deformed
randomly during the heating process. The pressurized chamber prevented the expansion
of air bubble and out gassing, but the expansion of fluid upon heating pushed the chamber
outward. In theory, we should expect a slowly bulging chamber, but the built-in stress of
the tape caused the chamber top to deform randomly. The built-in stress was introduced
during the lamination process of the taped chip. Due to the flexible nature of the tape, it
cannot be controlled with the current recessed thin chip design.
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Figure 5.8: Mockup PCR by using one tape-sealed PCR chamber on 2 different days:
Solid line is TCR determination of temperature; dashed line is temperature from RhB
fluorescence. Significant run-to-run variation and difference between TCR and RhB

value have been observed.

95



5.6 Summary

In summary, a discrete heater system was developed as a fallback plan with the failure of
the UofA silicon heater. A simple 1 dimensional analytic model was used to design the
system via iterative process with the initial BOE calculations.

For validation, time domain 3D simulations were performed to investigate the relation
between the heater and chamber temperature. However, as shown from the simulation,
the TCR based temperature control is no longer valid due to the nonuniform temperature
distribution at the heater surface. The chamber temperature variation of 5 K was also
estimated, which was much higher than the analytic result and did not meet the design
requirements. In order to fix these problems, a thin Cu layer was proposed. By inserting
a Cu layer atop the heater, a uniform radial temperature distribution was achieved. Thus,
the chamber temperature uniformity was enhanced. Further, it enabled the TCR based
temperature determination.

The preliminary testing results of the original system agreed with the simulation results
and showed the expected problems. However, the thin tape based chamber structure
presented a problem that had a larger effect on chamber temperature and was much more
difficult to fix. Therefore, instead of rebuilding the system with the proposed Cu layer, a
system redesign was performed with a rigid chamber structure in next chapter.
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Chapter 6

PCR-CE Platform With Discrete
PCR Heater Module Plan: PMMA
Based 1.5 mm Chips

Based on the results obtained in Chapter 5, I redesigned the system using a rigid chip
design. The chip was constructed from 1.5 mm PMMA substrates by laser ablation. A
copper layer of 3.25 mm radius was placed atop the heater and centered to the PRC
chamber. A K-type thermocouple was embedded in the copper to determine the temper-
ature. 1D and simple 2D analytical models were developed and simulated using lumped
resistance and capacitance models by LTspice software. The results show good agreement
between the sensor temperature and the chamber temperature. In addition, an integrated
fully automatic PCR-RFLP-CE design is presented utilizing the proven pumping and CE
modules.
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6.1 Introduction

In the previous chapter, there were two lessons learned: 1) Tape-based chips were too soft
to determine the temperature optically; 2) The TCR-based temperature determination
method did not show the accurate chamber temperature due to the lateral thermal flow.
To solve these problems, a 1.5 mm PMMA based rigid chip design was developed in this
chapter. Rigid PMMA substrates do not deform as easily as tape substrates. This pre-
vents the bubble expansion during heating. In addition, the 1.5 mm thick PMMA allows
the increase in the chamber volume by increasing chamber depth. The most important
advantage of the PMMA design is the capability of integrating Auto-RFLP functions on
the chip. Since auto-RFLP had been demonstrated on 1.5 mm PMMA in Chapter 3, a
smooth transfer for a PCR-RFLP chip could be expected.

In this chapter, I will first present the heater system design and follow with a 1D
analytical discussion for the chamber thickness. I then describe a 2D thermal resistive
model which was used to verify the system thermal performance. Further, a 3D simulation
was requested for further validation. As a proof of concept, simple PMMA chips were tested
for PCR on the heater system. The preliminary result showed successful amplification of
the target DNA. After validation, this chapter is concluded by proposing a fully integrated
PCR-~RFLP chip design for the current system.

6.2 PMMA Based Chip Design

This section describes the PMMA based chip for the discrete heater. The PMMA chip is
different from the tape based chip due to the PMMA thickness, which would increase the
thermal time constant, 7, for the system.

| Name [ Length (mm) | Description |

T chamber 2.5 The PCR chamber radius.

Tmanifold 4.0 The radius of the manifold cavity above the chamber.
Theater 6.5 The width of the heater pad.

Touter 13 The width of the manifold.

TCu 3.25 The radius of the Cu spreading layer.

Table 6.1: Design dimensions for PMMA based Heater System

The design imitated the tape chip in terms of the dimensions. However, the chamber
thickness was increased to 0.5 mm. This has two purposes: 1) The total PCR reagent
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volume became 9.8 pL, which is about the same volume as used in a regular PCR tube; 2)
The laser engraved channels had the same depth as the chamber, which eases the fabrication
process. Even though the manifold is a rectangle and covers more than just the heater,
the system was assumed to be cylindrical from the chamber center to the long edge as
discussed previously in Section. 5.2.4.

As mentioned from the previous chapter, a thin Cu spreading layer was included with
a radius of r¢, =3.25 mm, which is at the middle between the manifold and chamber edge.
For the current design, if the Cu is only under the chamber, the chamber will see a greater
edge effect. However, if the Cu is extended all the way to the manifold, the Cu will conduct
the heat away. Thus the Cu radius is chosen to be at the middle.

r-outer = (.5 inch

r-manifold=4mm

r-heater = 0.25inch
r-Cu = 3.25mm

a (] gﬁhamb}%% )
r-chamber 40 um PP membrane
=1 a— PI\H\IA

wur ¢

5 Heater

[~ 4100 um PP Tape

£ Copper /Aluminum
Thermocouple

Figure 6.1: PMMA chip cross section: the dimensions are as labeled. The cross-section is
perpendicular to the long side and only half is shown due to symmetry.

6.3 1D Resistive Model For PMMA Based Chip

Similar to the previous chapter, the electrical analogy is applied to the heat transfer of
this heater system. In this chapter, I will analyze the heater system by drawing an equiv-
alent electrical circuit with values representative of the designed system. Time-domain
simulations are performed on the equivalent circuit by using LTspice software.

99



6.3.1 Vertical Heat Flow For Chamber

Before getting into the more complicated system, I started with the simple vertical heat
flow for the system. Table 6.2 shows the related thermal constants. From top to bottom,
the heater system consists of: air, PMMA, water, heater-top layer (1 layer PCR tape layer
and a 50 pym Polyimide (PI) film), heater, heater-bottom layer (a 50um PI film and 3 layers
PCR tape) and Cu plate. The bottom of the Cu plate is set to room temperature since Cu
has such a high thermal conductivity. The vertical thermal resistance of the surface can
be calculated by the same equations presented in previous chapters. To calculated results
for the chamber region in vertical direction are included in Table 6.2.

By using these numbers, one can draw the schematic in LTspice as shown in Fig. 6.2a,
where R,; is the convective heat loss at the top, Rpyaa is the PMMA layer above the
chamber, Rp90 is the chamber filled with PCR brew, R,,; represented the material between
chamber bottom and the top of heater (CP 1), R,,» is material between the heater and
the heat-sink (PP 1, 2 & 3). R¢, is used to represent the heat-sink. A mockup PCR cycle
is simulated, and the chamber temperatures at different locations are plotted as shown in
Fig. 6.2b. The time constant for the chamber is about 11 s for each step. The chamber
temperature difference is less than 0.5 °C at the steady state.
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Material Density Conductivity Capacity Thickness Resistance Capacitance
g W J K J

cm? m-K oK cm w K
PMMA- 1.2 0.2 1.5 0.1 254.78 3.53x1072
chip
PMMA- - - - 1.3 - -
manifold
PMMA - - - 0.15 - -
pp-tape 1 0.22 15 0.01 23.15 2.94x102
Heater (50 1 0.22 1.5 0.005 11.58 1.47x1073
pm PI)
water 1.0 0.67 4.2 0.05 38.03 4.12x1072
Thin Cu 9.0 400 0.4 0.03 0.038 0.02
Cu Heat- - 400 0.4 0.5 0.64 0.35
sink
AT convective- - 5.6 W/m*K - - 9095 -
Section A,
Rair2

Table 6.2: Thermal conductivity and resistivity for a 5 mm diameter chamber in vertical
direction
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(a) LT Schematics

LTSpice simulation for PMMA based chips

: 4

Temperature, (C)

— V(chamber-bottom)

— V(chamber-center)

—  V(chamber-top)
— V(heater)

0

100 200 300 400 500
Time, (s)

(b) LT Simulation results

Figure 6.2: LTspice simulation of vertical heat flow for section A. This demonstrates that
the chamber takes 40 s to reach the linear region (or steady state). In addition, the steady

state temperature for each step is within +1 °C of the target temperature as indicated by
the light colored bands.
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6.3.2 Vertical Heat Flow For Manifold

Since the manifold is still atop the chip which is in direct contact to the heater, the manifold
will be heated up during the PCR process. However, the manifold does not heat as fast as
the chamber since its thermal mass is much higher. We can estimate its 7, to the 1st order,
by taking the product of thermal resistance and thermal conductivity. For the worst case,
I can assume the manifold is a 2 inch x 1 inch x 0.5 inch (LxWxH) solid PMMA block.
In the vertical direction, the 7 is estimated to be 1451 s (24 minutes). As shown in the
simplified equation, the 7 is independent of the area. By the definition of 7, after 57 ~ 2
hours the manifold reaches the equilibrium state.

K
Rmanifold = 492W7 (61&)
C — 2057 (6.1b)
manifold — . K, .
Tmanifold = 1451s (61C)

Since the time constant for the manifold is about 130 times longer, the manifold tem-
perature will be less than the chamber temperature. Also the thermal resistance of the
manifold affects the temperature distribution over the chip. For a simple case, one can
remove the air recess in the 1D model over the chamber and replace the water with PMMA.
Since the water thermal conductivity is 3.35 times higher than PMMA,| Ropam = 162.2 %
By adding in the Ryanifoid; RaboveCham = 12586 % From the voltage divider equation,
Tehambertop = 94.0 °C. This shows that if we wait for 2 hours, the chip under the manifold
is 1.0 °C lower than the chamber at the level of the top of chamber. Further, at the top
of the chip level, Rapovecnip = 12330 &, Renip = 417 £, Topiptop = 92.5 °C. So the worst
case is that after 2 hrs the chip temperature under the manifold will be 2.5 °C less than
the chip under recess at the top of the PMMA chip.

Since the manifold takes 2 hours to heat up, the manifold would be always at a lower
temperature than the chamber during the process of PCR.

6.3.3 Vertical Heat Flow For Insulation Region

The insulation region is defined as the area between the edge of the manifold recess and
the edge of the chamber. Since the heater is also under the insulation region, the 1.5
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mm PMMA in the insulation region also heats up during the heating process. Due to its
small thermal mass, the insulation region heats up at a much faster for the gap region is
calculated to be 71 5mmprra=20.3 °C in the vertical direction. If this region is treated
as isolated from the chamber and the manifold, the surface temperature at the chip top
could be calculated similarly to the chamber region. Since the vertical resistances are
all inversely proportional to the surface area (both convective and conductive), we can
estimate the temperature from the chamber 1D model by replacing water with PMMA.
By doing this, Reni, = 417 K/W and Tepiprop = 91.7 °C. This means that after 100 s,
the surrounding area will reach its steady state. Further, the heating from the bottom
will decrease the temperature difference laterally from the chamber edge to the manifold.
However, it requires a more complex model for a more realistic description of the system
behavior.

6.4 Simple 2D Model

In the 1D model, I have verified the vertical temperature uniformity meets the 1C design
requirement for the chamber when the chamber depth is less than 700 gm. In the horizontal
direction, since the chip thickness is 1.5 mm which is the same as the gap formed between
the chamber edge and the manifold. Thus, the same rule of thumb for the silicon heaters
and thin tape chips can no longer be applied. In order to determine the viability in the
lateral direction, I have done a series of simple BOE calculations to validate the PMMA
chip design.

For simplicity, a 2D model is constructed from the chamber to the edge of the manifold
as shown in Fig. 6.3. The heater is set to be a constant voltage source which is reasonable
with a proper feedback control for constant temperature. In the vertical direction, we have
the same drawing for the 1D model of the chamber region. In the lateral direction, we can
calculate the lateral resistance of the insulation gap. Since we know the manifold heats
up slowly, the temperature difference reduces with time. For the worst case, it is at the
beginning of heating process where the chip and manifold are still at room temperature.
So, we can assume the far end of the lateral resistance is connected to ground, which
represents the room temperature (Z,o0m). In the resistive network, RLg,, is the lateral
resistance of the gap region. By using Eq. 4.1b, the lateral thermal resistance from the
chamber edge to the edge of the manifold is found to be 249 % if we consider the total
thickness of the chip.

Due to high thermal conductivity of water, we can further simplify the system by
replacing the chamber with a node in the system as shown in Fig. 6.4. The thin Cu layer
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Figure 6.3: Simple 2D LTspice model
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Figure 6.4: Further simplified 2D LTspice schematic

atop the heater could be treated as a uniform temperature region, which is heating the chip
above. So, we used the spreading region radius, r¢,=3.25 mm, for calculating the vertical
resistance of the interfacing layer, R, = 22.6 % From the voltage divider equation, we
can find that the temperature at the edge of the chamber is Tepamper—edge = 68.7 °C above
T'voom, during the denaturing process. This is 6.2 °C less than the bottom of the chamber.
It does not meet the target specifications of the system.

RLgqp

——— =068.7°C 6.2
RLgap + Ryp1 62)

Tchamber—edge =175

However, if we reduce the chamber radius to 1 mm, the lateral resistance will increase
to 735 K/W. The interface resistance does not change since r¢, is same. As a result,
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the temperature at the edge of the chamber changed to Tiramper—edge = 72.8 °C above
Troom- The variation reduces by almost 3 times and becomes 2.2 °C less than the chamber
bottom. Therefore, if the chamber radius is reduced from 2.5 mm to 1 mm, the chamber
edge temperature will only be 2.2 °C lower for the worst case scenario.

However, in reality, the heater is under the chamber, manifold and the insulation region.
Therefore the insulation region is not only heated from one heater source, but a series of
small heater elements directly under them. The temperature change will never be more
than the calculated values. Therefore, it is certain that we have no temperature variation
more than 2.2 °C at Th=95 °C. Similarly, the difference is about 1.0 °C at Th=>55 °C.

In addition to reducing the chamber radius, I can also reduce the chip thickness in the
insulation region. By reducing the thickness by 50 %, the lateral resistance increases by a

factor of two. By applying the same calculation earlier, the chamber temperature varies
1.1 °C at Th=95 °C (or 0.5 °C at Th=55 °C).

1 4 K
In — — 249 .
orkd M2 T 2 (6.3a)

Ry, =

In summary, from the simple 2D representation for the chamber and surrounding area,
the chamber temperature variation is estimated for the PCR process. As mentioned
through this section, the estimated results are very crude approximations for the system
in its worst possible scenario. From these results, I believe that if we reduce the chamber
radius to 1 mm, the chamber temperature variation is less than 1.0 °C during the anneal-
ing step (or 2.2 °C during the denature step). In addition, this variation can be further
reduced to 0.5 °C by thinning the insulation area to 0.7 mm.

6.5 Requested 3D Time-domain Simulation

In order to further validate the heater system, a 3D time-domain simulation was requested
to study the heat transfer of the system. The boundary conditions are specified in detail
in this section. Then, I will list the requested measurements in order to study the system.

6.5.1 Boundary Conditions And Assumptions

In terms of boundary conditions, the surrounding room temperature is set to be 20 °C.
Similar to the earlier design, the Robin condition is applied to the top surface of the
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PMMA manifold and the outside of the manifold (right edge) with a constant convective
heat transfer. The heat-sink is modeled by a thin surface with a Dirichlet condition, which
is kept at room temperature. By assuming cylindrical symmetry, a Neumann boundary
condition is applied to the right boundary. However, since there is no pressurized chamber
above the membrane, the membrane and the chamber are exposed to the ambient air.
Thus, the Robin condition with convective heat loss is applied to the top of the membrane
layer and the inside of the manifold. Fig. 6.5

Inside the heater region, a constant power density is applied to the heater layer. The
thermocouple and the Cu insert are treated as a uniform Cu structure. The

Robin convection Condition

|
[
Robin convection Condition |
|

Dirichlet condition T=20C Neumann condition

Figure 6.5: The requested boundary conditions of the 3D simulation.

6.5.2 Requested Measurements

In order to study the behavior of the system, several measurements are required from the
simulation results.

Firstly, a surface profile measurement is applied to the top surface of the Cu insert.
By measuring the temperature profile along the top surface of the Cu, the temperature
uniformity can be estimated. Thus, any lateral flow could be visualized as in the previous
chapter.

Secondly, the average temperature of the chamber and the Cu are required. Since the
feedback control is based on the measurement of the embedded thermocouple, the average
temperature of the Cu insert could be used to represent the thermocouple temperature. By
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comparing these two average temperatures, the correlation between the chamber temper-
ature and the thermocouple temperature could be verified and estimated for better heat
control.

Thirdly, the maximum temperature variation inside the chamber is measured. The max-
imum variation is determined by subtracting the minimum temperature from the maximum
temperature inside the chamber region. This maximum temperature variation is used to
determine the temperature uniformity inside the chamber region.

6.6 Experimental Results

Preliminary Experimental results had shown successful PCR amplification on chip with the
discrete heater system by my colleagues Gordon Hall and Maddie Couse. PCR chambers
of 1.6 mm radius and 0.5 mm deep were tested with the HFE exon 2 PCR protocol. [60)]
The chamber was either laser ablated or milled by a CNC machine without any channel
or wells. The PCR brew was manually loaded into each chamber and capped with a small
piece of the PCR tape. The PCR thermal cycling program was modified from the one used
on a regular PCR machine as shown in Table 6.3. 30 seconds were added to each step
due to the time constant of the fluid in the chamber. After PCR, the product was loaded
onto an agarose CE chip and verified with CE on the pTK. Two out of the total three
preliminary tests were successful, as shown in Fig. 6.6. The failed test was likely due to
the use of the original PCR thermal program without the additional time.

As shown in Fig. 6.6, successful PCR tests were demonstrated on chips with different
fabrication processes. The red line represents the 2nd test on a milled chip. For the red
line, all peaks shifted to the left compared to the conventional product. This could be
caused by the changes in the buffer concentration due to the recovery process from the
chamber. However, the distance between the product (3rd) and primer (1st) peaks was
the same as for the conventional PCR product. The 2nd peak on the red line is the primer
dimer, which likely indicated the chamber temperature was slightly less than 65 °C during
annealing. This agrees with the numerical analysis in an earlier section that the chamber
temperature is about 2 °C less than the heater. The green line is the PCR product from
a laser fabricated chip. During that CE process, the agarose broke into pieces inside the
channel. Thus, the arrival time and separation distance were not comparable to other runs.
However, it does show that amplification of DNA took place. The 3rd peak after the dimer
peak in the green line is likely the result of unpredicted program failure halfway the PCR
process, forcing the operator to restart the PCR program in the middle of the run. Even
though these runs were not as good as the conventional PCR results, the demonstration
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of PCR amplification on this preliminary system is a major step forward towards the fully
integrated PCR-CE system.

Temperature (°C) Time (s)

Activation 95 120
35x  Denature 95 40 (20)
Annealing 65 50 (30)
Elongation 72 50 (30)

Table 6.3: Modified PCR thermal cycling program for on chip PCR. The program was
modified from the original protocol (shown in brackets) used for HFE exon 2.
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(gomparison of PiTK and Conventional PCR with uTK- Maddie's Data

— Conventional PCR
— Laser Well (Bad agarose)
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Figure 6.6: Electropherogram of the PCR products in agarose CE chips (Maddie Couse).
The CE condition used was the same as the 2 % agarose CE described in Chapter 2.
The blue line is the CE results of the conventional PCR; the red line is the 2nd test on
milled chip; the green line is the PCR product from a laser fabricated chip. All three
products showed successful PCR amplification. For the red line, all peaks shifted to the
left comparing to the conventional product. This could be caused by changes in the buffer
concentration due to the recovery process. However, the distance between the product and
primer peak is the same as the blue line. The 2nd peak on the red line is the primer dimer
which likely indicated the chamber temperature was slightly less than 65 °C.The green

is comparable although this analysis was complicated by apparent fracture in the loaded
agarose and interrupted PCR.
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6.7 Future Chip Designs

6.7.1 PCR-RFLP Chip

As mentioned at the beginning of this chapter, one advantage of the PMMA based chip is
that the PCR module is built upon the same substrate used for the auto-RFLP system. By
combining the PCR chip with the Auto-RFLP chip, we have developed a fully integrated
PCR-RFLP design for the PMMA chip as shown in Fig. 6.7.

_PCR Product
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CE Buffer0.1x

Figure 6.7: Top down of the PCR-RFLP chip

6.8 Conclusion

To conclude, a rigid 1.5 mm PMMA based integrated PCR-CE system design is presented in
this chapter. From the 1D and simple 2D analytical analysis, I validated the temperature
uniformity and thermal response time for the heater system. The 3D simulation was
requested for additional validation. In addition, a PCR protocol for the exon 2 of HFE gene
had been verified for a wide range of the annealing temperature. Thus, simple test chips
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were tested with this PCR protocol on the discrete heater system by my colleagues. The
successful amplification of the target DNA agrees with the analytical results. Furthermore,
an integrated PCR-RFLP chip design is presented with proven valving and RFLP modules.
However, the successful amplification is based on the high tolerance of the HFE exon 2
PCR protocol. Therefore, the 3D simulation is needed to further understand the system.
In the future, a general PCR protocol with 1 degree temperature tolerance should be tested
to prove the capability of the heater system.
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Chapter 7

Conclusion And Future Directions
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7.1 Conclusion And Future Directions

In this thesis, I have developed an improved fabrication protocol for the laser-ablated
PMMA-based CE chip. This protocol has been used to fabricate and demonstrate on chip
CE performance similar to that reported in the literature and previous work in our group.

Various designs for electrophoresis, fluidic control (e.g., valve, helper chip) and thermal
control (e.g., the Si heater, discrete heater systems) have been developed. These were
tested individually and in some integration (e.g., the auto-RFLP CE demonstration).

In addition, I have proved the concept of a CMOS-compatible PCR module, which
requires no device calibration in the joint-project with the University of Alberta. However,
the silicon heater experienced a number of issues that prevent us from further experiments.

For future work, the requested 3D simulation is necessary to further validate the im-
proved discrete heater system. Even though the preliminary PCR results of the discrete
system are successful, it is based on a specially chosen PCR protocol for HFE exon 2 that
has a high temperature tolerance. Thus, the demonstration of the heater system with a
general PCR protocol, such as the HFE exon 4 PCR protocol, is essential for expanding
the system application. Furthermore, the experimental demonstration of the heater sys-
tem with other modules in a fully integrated manner is an easily achievable milestone and
necessary for clinical applications (e.g., HFE). For the Si heater, it is critical to find the
reason for erratic fabrication results and finalize a reproducible fabrication protocol.

In terms of future improvement, all of these designs were intended to be developed in
a manner that could be implemented in a PMMA chip or on a future CMOS chip. At
present, the CMOS technology of Teledyne DALSA is capable of incorporating all of this
functionality, although valving will require further development. In the interim, the slight
modification to the current design can provide either an all-PMMA sample preparation-
PCR-CE solution or a ’helper-chip’/intelligent packaging on a CMOS chip.
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Appendix A

The Si Heater
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A.1 Amscope Camera Setting For Image Acquisition

The Toupview is the provided image capture software for the Amscope camera. In order
to eliminate any auto-correction functions, the following settings were applied for all the
RhB fluorescence measurements.

1. Color setting (Default):

(a) Temperature= 6503;
(b) Tine = 1000;

(¢) Hue = 1000;

(d) Saturation = 128;
(e) Bright = 0;

(f) Contrast = 0;

(g) Gamma = 100;

2. Exposure (Default, auto-exposure off):

b) Gain = 3.0;
(¢) Amount = 0;
(d) Midpoint = 50;

(a) Exposure Time = 200ms;
(

3. Histogram (Default):

(a) left = 0;
(b) right = 255;

A.2 Sample Python Script

A.2.1 Heater Control Program

This heater control program is modified from the current control script by Gordon Hall at
the UofW.
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# This program sets the current from 1 mA to current max mA at
tibme2 second intervals while measuring the voltage over a
resistor. It then steps down by a factor of 2 for time2 second
interval 3 times

##Filename

#datafilename = 'RhodamineB_Testl.txt’

#Initialising Labjack Variables

#lmport the U6 library

import ub

#Import the time library , used for determining the current time
import time

from time import gmtime, strftime

#lmport the sys library , used for error reporting

import sys

#Ilmport numpy, math libraries for easier calculations

import numpy as n

#Initialize LabJack
d = u6.U6()

#Filename

datafilename = ’'FieldsMetal —250mA200sec’+’Chip4—1_Round2’+
stritime ("—%Y/alod—7dMAS” , gmtime () )+ . txt’

#Define DAC channels

#Heater current source control with DACO
heater_dac = 5000

#Lock—in offset voltage control with DACI1
li_offset = 5002

#Define DIO channels

#ED control with FIO0 and FIO1
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led_dio = 6000
led_diol = 6001

#Relay control with CIO0-CIO3
relay_1 = 6016
relay_2 = 6017
relay_3 = 6018
relay_4 = 6019

#Solenoid Valve control with EIO0-EIO7

sv_1l = 6008
sv_2 = 6009
sv_3 = 6010
sv_4 = 6011
sv_5 = 6012
sv_6 = 6013
sv_7 = 6014
sv_8 = 6015

#Solenoid Valve control with FIO2—FIO6

sv_9 = 6002

sv_10 = 6003
sv_11 = 6004
sv_12 = 6005
sv_13 = 6006

#FIO7 (Register 6007) unassigned but connected on board
#Define AIN channels

#Hamamatsu AIN (AIN12)
ham_ v = 24

#Lock—in 1 out
lil_out = 4

#Lock—in 1 1—stage out
lil_1s_out =6
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#Lock—in 2 out
li2_out =8

#Lock—in 2 1—stage out
li2_1s_out = 10

#Unassigned: AIN6 (Register 12) and AIN7 (Register 14) but
connected on board

#Not connected: AIN8, AIN9, AIN10, AIN11 and AIN13. Can be
accessed by soldering a jumper wire to the appropriate DB37
pin.

current_plus = 14

#heater voltage drop = AINO/AIN1 in differential mode
#Condition Ain 0, 3, 5, 7 properly (Single Ended, Max Resolution
Minimum Gain)

.writeRegister (3000, 1)

.writeRegister (3002,1)
.writeRegister (3005,199)
.writeRegister (3007,199)
.writeRegister (1000,8)
.writeRegister (1003,8)
.writeRegister (1005,8)
.writeRegister (1007,8)
.writeRegister (1500,0)
.writeRegister (1501,0)
.writeRegister (1503,0)
.writeRegister (1505,0)
.writeRegister (1507,0)

eNeFie e MjcNcle RjcNlaNloNcNlal

#Assign heater_v as 0; d.readRegister(heater_v) will read AINO/
AIN1 differential voltage
heater_.v = 0

#Counter for printing on screen
print_increment = 0
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print _up_increment = 0
print _down_increment = 0
print_frequency = 1

#File 1/0

datafile = open(datafilename, ’'w’)

datafile.write(’Time (s)’+’\t’4+’Set Current (mA)’ + ’\t’ + ’
Measured Current (A)’ + ’\t’ + 'Voltage (V)'+'\t’ + ~’
Resistance (Ohm)’ + "\n’)

#Begin Code

time2=4
time3=200 #the holding time for the heater
#timed=0

timestep=time2

run_time=time. clock ()

maxcurrent=250%%2 Fmaximum current setting
currentstep=maxcurrent /20

mAcurrents= range (0, maxcurrent+currentstep ,currentstep)
heater_voltage=0

d.writeRegister (6013 ,1)
# For two current sources find
try:
while heater_voltage <20:
run_time = time. clock ()
#d.writeRegister (6013,1)
if run_time > print_increment+0.99:
print ’Time: {time}’.format (time =
run_time)
print_increment = print_increment+
print_frequency

for w in mAcurrents:
while run_time<time?2:
run_time = time.clock ()
DACcurrent=(float (w)*%0.5) /300
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d.writeRegister (heater_dac ,
DACcurrent)

heater_voltage = d.getAIN
(0,8,0,9,1)%10

measure_current=d.getAIN
(2,8,0,9,1)/10

R=heater_voltage/measure_current

print ’Time: {time3} s, Set
Current: {c.dac} mA, Measured
Current: {mcur} A, Voltage: {
voltage} V, Resistance: {RES}
Ohm’. format (time3 = run_time
c_dac = DACcurrent+*300, mcur=
measure_current , voltage =

heater_voltage , RES=R)

datafile.write(str(run_time)+’\t
'+str (DACcurrent+300) + '\t’ +
str (measure_current) + '\t +
str (heater_voltage)+ '\t +
str(R)+"\n")
time2=time2+timestep
#d.writeRegister (heater_dac ,DACcurrent)
#heater_voltage = d.getAIN(0,8,0,9,1)%10
#measure_current=d.getAIN(2,8,0,9,1) /10
#R=heater_voltage /measure_current
#print 'Time: {time3} s, Set Current: {c_dac} mA,
Measured Current: {mcur} A, Voltage: {voltage
} V, Restistance: {RES} Ohm’. format (time3 =

run_time , c_dac = DACcurrent*300, mcur=
measure_current , voltage = heater_voltage , RES
:R)

#datafile.write (str(run_time)+'\t’+str(w) + ’\t’
+ str(measure_current) + '\t’ 4+ str(
heater_voltage)+ '\t’ + str(R) + ’\n’)

# holding the heater for time3 and do scaning

time4 = time2+time3
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while run_time<time4:
run_time = time. clock ()
d.writeRegister (heater_dac ,DACcurrent)
heater_voltage = d.getAIN(0,8,0,9,1)%10
measure_current=d.getAIN(2,8,0,9,1)/10
R=heater_voltage/measure_current
print ’'Time: {time3} s, Set Current: {
c.dac} mA, Measured Current: {mcur} A,
Voltage: {voltage} V, Restistance: {
RES} Ohm’. format (time3 = run_time
c_dac = DACcurrent+*300, mcur=
measure_current , voltage =
heater_voltage , RES=R)
datafile.write(str(run_time)+’\t'+str (
DACcurrent*300) + ’\t’ + str(
measure_current) + '\t + str(
heater_voltage)+ '\t’ + str(R) + '\n’)
time2 =time4

for r in range(1,20,1):
while run_time<time2:

run_time = time. clock ()

DACcurrent=(float (mAcurrents[—1])
xx0.5) /(float (r)*300)

d.writeRegister (heater_dac ,
DACcurrent)

heater_voltage =d.getAIN
(0,8,0,9,1)%10

measure_current=d.getAIN
(2,8,0,9,1)/10

R=heater_voltage/measure_current

print ’'Time: {time3} s, Set
Current: {c.dac} mA, Measured
Current: {mcur} A, Voltage: {
voltage} V, Resistance: {RES}
Ohm’. format (time3 = run_time
c_dac = DACcurrent+*300, mcur=
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measure_current , voltage =
heater_voltage , RES=R)

datafile.write(str(run_time)+’\t
"+str (DACcurrent*300) + "\t’ +
str (measure_current) + ’\t’ +
str (heater_voltage)+ '\t +
str (R)+"\n")
time2=time2+timestep

d.writeRegister (heater_dac, 0)
d.writeRegister (led_diol , 0)
datafile.close ()

break

#Press ctrl+c to emergency stop the program
#1f you stopped the program any other way,
commands into the command line
except KeyboardInterrupt:
print ’Keyboard Interrupt. Program Stopped.’
d.writeRegister (heater_dac, 0)
d.writeRegister (led-diol, 0)
datafile . close ()
#PDdatafile. close ()
#Hdatafile.close ()

copy and paste these

#In case on unexpected error, the error is reported and the

program is stopped

except:
print ’Unexpected Error. Program Stopped.’

print sys.exc_info ()
d.writeRegister (heater_dac, 0)
d.writeRegister (led_diol , 0)
datafile . close ()
#PDdatafile. close ()
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#Hdatafile. close ()
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