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Abstract

Nucleic-based acid technology (NAT) is a reliable and well-established method in
molecular diagnosis for the detection of bacterial infection. Specifically, PCR (polymerase
chain reaction) is the most popular technique to amplify the number of DNA or RNA copies
in the sample. However, due to the thermal cycles in the PCR method, advanced equipment
and technologies are required to precisely control the temperature during the cycles. To
overcome this limitation, isothermal amplification methods have been developed which
function at constant temperatures and help reduce the need for state-of-the-art machines to
perform the amplification. Among isothermal amplification methods, LAMP (loop
mediated isothermal amplification) has demonstrated robustness and sensitivity compared
to PCR. Additionally, microfluidic lab-on-a-chip (LOC) technology can facilitate the
intensive processes which have been used traditionally in laboratories by automating the
required procedures, reducing the volume of the reagents and minimizing the cost and the
time of experiments. Although many microfluidic LOC devices have been developed in
order to be used in resource poor settings, there is still a need for a simple setup which is

inexpensive, accurate and can be performed without the need for a trained technician.

In this thesis, a disposable microfluidic device was developed which is capable of
performing high-throughput DNA amplification by using a simple segmentation method in
order to digitize the sample into multiple micro-wells. Moreover, design and fabrication of
a disposable, inexpensive flexible heater which is an inevitable part of the setup using a
direct write process was introduced in order to provide the required energy for the LAMP
reaction. Parallel real-time DNA amplification with limit of detection down to few copies
per micro-well in less than an hour was illustrated. Using E. coli 0157, it was demonstrated

that the detection time of E.coli can be as quick as 11 to 55 minutes with sample
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concentrations varying from 700,000 copies/micro-well (11 minutes), 70,000
copies/micro-well (18 minutes), 700 copies/micro-well (31 minutes), 7 copies/micro-well
(40 minutes) and 0.07 copies/micro-well (55 minutes). Finally, the capability of the device

for on chip reagent storage up to 3 days without using any coating methods was illustrated.
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Chapter 1: Introduction

1.1 Motivation

According to the data from Center for Disease Control and Prevention, around 48
million people get sick in the USA from foodborne diseases annually which results in
128000 hospitalization case and 3000 death reports. Foodborne illness costs Americans
billions of dollars each year. Some microorganisms that were reported as the biggest
reasons of foodborne illness by the U.S. Public Health Service are campylobacter,
clostridium botulinum, E. coli, listeria monocytogenes, norovirus and salmonella, either
because of the severity of the sickness or the number of cases of ilIness they cause. Between
them, E. coli was chosen as the representative model organism to study in this project since
it causes about 73,000 cases of foodborne illness each year in the U.S. which could be

found in beef, raw milk, unpasteurized juices and ciders and even drinking water.

Early diagnosis of these bacteria could be lifesaver and reduce the cost of treatment.
Moreover, the majority of the deaths due to the aforementioned diseases happen in poor
countries where cost is a vital concern. Therefore, developing an inexpensive and at the
same time precise, accurate and fast device for diagnosis of infectious bacteria is the main

focus of the point-of-care (POC) research.

In this regard, various diagnostic methods are available such as immunoassay,
detecting by specific epitopes on the pathogen cell membrane or their produced toxin, and
nucleic-acid-based technology (NAT). Among them, NAT plays an important role in
molecular diagnosis. Moreover, microfluidics can be used to automate the point-of-care
devices and reduce the cost of operation by decreasing the volume of the required reagents,
as well as eliminating the need for skilled laboratory technicians. Another advantage of

1
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using microfluidic devices in point-of-care applications is the capability of performing
high-throughput experiments. For instance, several amplification reactions can be
performed simultaneously on the same device to detect multiple targets which is known as
parallel or multiplex amplification. In this thesis, a disposable and inexpensive microfluidic
device to perform parallel DNA amplification is introduced that is capable of detecting

multiple pathogens.

1.2 Organization of the chapters

The Organization of the chapters is as follows:

Chapter 2 presents a broad background review on the nucleic-acid-based
technology (NAT) and its importance in molecular diagnosis. Isothermal and non-
isothermal amplification methods are introduced, followed by the role of microfluidic
technology in order to make the detection faster, cheaper and easier. Finally, high-
throughput amplification microfluidic devices are categorized into four groups based on
the method which was implemented to distribute the sample into various micro-chambers

or micro-channels.

Chapter 3 covers the design criteria and the challenges that are required to be
tackled, followed by illustrating a schematic from the device composed of two main
components, the micro-well and the flexible heater. Next, the material which were used in
fabricating the device are presented, as well as the reagents existed in the amplification
solution. The fabrication method of the micro-well component as well as the plotting
method to fabricate flexible heaters are explained in detail. Also, the experimental setup

including the large-field-of-view fluorescence detection setup and other equipment that
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were used in performing the experiments are introduced. Finally, the sample preparation

method, the sample loading technique and image processing procedures are discussed.

Chapter 4 describes the result of the experiments. First, the characterization results
of designing the micro-well component is discussed, followed by analyzing the fabricated
flexible heater in comparison with the commercially available heaters. Finally, the DNA
amplification results of the integrated device are presented, as well as the ability of the

device in order to perform parallel DNA amplification.

Chapter 5 concludes the thesis by highlighting the main contributions of this
research. Finally, a number of suggestions are proposed for the future work and in order to

increase the efficiency of the device.
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Chapter 2: Literature Review

2.1 Introduction

Nucleic acid-based technology (NAT) plays a key role in molecular diagnosis
where the main purpose is to detect a target by the means of manipulation of biomarkers
such as nucleic acids. Nevertheless, most of the techniques and approaches that have been
used in this field, need to be performed by a trained technician and are time and energy
consuming which increases the cost. Early diagnosis of diseases helps quick treatment,

increases the survival rate and reduces the overall cost [1][2].

It has been shown that detection techniques which are based on nucleic-acid
manipulation are more accurate and sensitive compare to other available methods such as
detecting by specific epitopes on the pathogen membrane or their produced toxin, since all
living organisms have unique sequence of nucleic-acids which can be found either in
single-stranded RNA or double-stranded DNA. Deoxyribonucleic acid or DNA is a
molecule which contains the genetic information and is located inside of a cell. DNA plays
the main role in all the functions of a cell, including the growth, development, functioning
and reproduction. This information is stored as a code which consists of four chemical

bases, adenine (A), guanine (G), cytosine (C), and thymine (T).

Cell lysis is the method to break the cell membrane [3] and release its contents in
order to extract the DNA or RNA, and is one of the most important steps in sample
preparation for DNA analysis. Without cell lysis, no DNA is available for analysis. There
are many different methods to lyse the cell, some of which are chemical disruption [4],

mechanical lysis [5], thermal lysis [6][7], or even by applying electric field [8]. It has been
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demonstrated that all of the mentioned methods are reasonably efficient to lyse bacteria and

also mammalian cells.

The next step after cell lysis is to analyse the extracted nucleic-acids. Since the
amount of extracted nucleic-acids is relatively small, the DNA is copied several times over
in a process known as nucleic-acid amplification in order to makes its detection easier. In
the next sections, the amplification methods are described and categorized more in detail,

followed by recent innovations in microfluidic devices for high-throughput screening.

2.2 Nucleic-acid amplification methods

There are many techniques to perform DNA amplification. These methods can be
broadly classified based on their conditions (mainly temperature) of operation as:
isothermal and non-isothermal. In isothermal methods, the temperature is kept constant. On
the other hand, in non-isothermal techniques, the temperature of the amplification mixture

is changed precisely between specific temperatures and cycled multiple times.

The most popular and well-known amplification method is called polymerase chain
reaction (PCR), developed by Kary Mullis in 1983, which fits into the category of non-
isothermal methods. PCR process goes through many cycles and each cycle has three
different temperatures to control three steps called denaturation, annealing and extension
[9]. After each cycle, the number of DNAs double. So, even if there is just one DNA

molecule in the sample, the number of DNAs after 20 cycles (22°) is over a million.

The three steps of the PCR is shown in Figure 2.1. The first step is called
denaturation which happens at a high temperature between 90 and 95 Celsius. In this
reaction, double-stranded DNA breaks into two single-stranded DNASs. The next reaction
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is called annealing which happens at the temperature around 55 Celsius. In this reaction,
the specific designed primers match with the corresponding sequence on the single-
stranded DNA and bind at those locations. Finally, the third reaction is called extension
where the Tag DNA polymerase, binds to one end of the primer sequence and copies the
sequence of the single-stranded DNA between the two primers and turns it to a double-
stranded DNA [9]. The primers provide specificity to the PCR process as it is the presence
of these double stranded primers that provide the cue for the polymerase enzyme to bind
and copy. Thus, with appropriate design of the primers, the right sequence of DNA can be

selectively amplified from the sample.
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Figure 2.1 The principle of PCR. Each cycle has three steps including denaturation,

annealing and extension [9].

PCR was the first amplification methods that was invented. Several variations based
on the PCR method were developed later in order to increase its sensitivity and robustness.

Some examples are as follows. Quantitative real-time PCR was used to quantify the number
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of DNAs in the sample based on the intensity of fluorescence signal [10][11]. Reverse-
transcription PCR (RT-PCR) was implemented for RNA quantification based on the
intensity of fluorescence signal [12]. Also, nested PCR was developed to eliminate

contamination because of false primer binding [13].

Although PCR is the most established method that is currently being used in
laboratories and biology facilities, it needs relatively expensive and state-of-the-art
technologies to precisely control the thermal cycling. Therefore, PCR may not be the best

method to implement point-of-care diagnostics in resource-poor areas.

As a solution to this problem and in order to perform a fast diagnosis, isothermal
nucleic acid amplification methods have been developed. These methods work at constant
temperature and there is no need for expensive instrumentation in order to perform and
control the amplification. Consequently, by advent of these technologies, a new door has
been opened to the development of point-of-care devices. Some of the isothermal nucleic
acid amplification methods include nucleic acid sequence- based amplification (NASBA)
[14], transcription mediated amplification (TMA) [15], strand displacement amplification
(SDA) [16], rolling circle amplification (RCA) [17], helicase dependent amplification
(HDA) [18] and loop mediated isothermal amplification (LAMP) [19].

Each of the aforementioned techniques has some advantages and disadvantages
compare to each other. For instance, NASBA has been used to amplify RNA sequences as
an alternative to RT-PCR by using two specific primers to the target RNA and three
enzymes. It can produce one billion RNAs in around 1.5 hours at constant temperature
around 40 Celsius [14]. However, the low temperature reduces the specificity of the
reaction in comparison with other methods. Another example is SDA to replicate DNA

sequences by using a restriction endonuclease and a strand displacing DNA polymerase.
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Although SDA is an isothermal amplification method, it requires an initial high temperature
step in order to denaturize the dsDNA to start the reaction [16]. SDA takes almost 4 hours
to be completed which makes it an inappropriate candidate to be used for the purpose of
fast diagnosis. HDA is another isothermal amplification method which has been used
frequently and needs single-stranded DNA-binding proteins in order to eliminate rewinding
of the denatured double helix and it uses the DNA replication fork mechanism [18]. This

additional protein increases the complexity and the cost of the reaction [1][20].

Among all the isothermal nucleic acid amplification methods, LAMP has been the
most widely used method by scientists due to its high efficiency and specificity [21]. The
latter is because of the use of four unique primers which are designed based on six regions
on the sequence of the target. Moreover, LAMP is capable of amplifying the number of
DNA:s in the sample to billions in less than an hour which makes it an ideal candidate to
implement on Lab-on-a-Chip devices for the purpose of fast diagnosis. Additionally,
LAMP is capable of amplifying RNA as well just by adding reverse transcriptase to the

reaction [22].

As it was mentioned earlier, there are four specific primers involved in the LAMP
reaction, two inner and two outer primers, called F3, B3, FIP and BIP. In the initial steps
all four primers are used. However, later in the cycling stage just inner primers, FIP and

BIP, participate.
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Figure 2.2 The principle of loop mediated isothermal amplification (LAMP) [23].

First the inner primer FIP hybridizes to F2c in the target DNA and starts strand
synthesis (Figure 2.2a). Then, the outer primer F3 which is shorter in length and lower in
concentration compare to FIP, slowly hybridizes to F3c that results in making a dumb-bell
form DNA which is rapidly converted to a stem—loop DNA (Figure 2.2b) which is the basis

of the second part of the LAMP reaction, cycling. In the cycling stage, FIP helps to make
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two loops at the opposite sides of the sequence (Figure 2.2c). Next, BIP helps to finish the
cycling stage (Figure 2.2d). It is interesting to mention that the target sequence is amplified

3-fold every half cycle in the LAMP reaction [19].

2.3 Implementing microfluidic technologies in NAT

Microfluidic lab-on-a-chip (LOC) technology is attractive to implement with
conventional laboratory scale NAT as it could be used to automate the assay, reduce the
time for analysis and most importantly use less reagents and require less sample [24]. All
the laboratory steps can be integrated in a single chip by the means of microfluidic devices
[25] which can lead to higher throughput as well. Automated systems can perform not only
DNA amplification but also sample processing prior to it, are desirable due to the minimum
contamination issues which are one of the key challenges for NAT. Microfluidic has
entered into many different applications where NAT assays have been used such as
pathogen detection [26], cancer cell analysis [27], microinjection [28], drug discovery [29],

and so on.

Before the introduction of microfluidic technology, the typical time for performing
conventional PCR reactions was between two to three hours because of the high heat
capacity of the solution which resulted in 20 to 30 seconds for each denaturation and
annealing steps [30]. However, recent research showed that these times can be reduced
significantly [31]. Therefore, modern PCR machines are able to perform PCR amplification
in around 30 minutes. Moreover, the typical time of performing LAMP reaction is around
60 minutes which has the ability to amplify the number of DNAs from a few to 10° copies

with high specificity for the target sequence [19].

10



M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

The biggest advantage of microfluidic technology is the high surface to volume
ratio which drastically increases the heat transfer rates, either to increase or to reduce the
temperature. Also, the sample volume is significantly lower compared to the conventional
methods which makes it easier to have more PCR cycles in the same amount of time which

eventually leads to faster amplification and diagnosis.

2.3.1. PCR microfluidic devices

In general, microfluidic PCR devices can be categorized into two main groups,
stationary PCR devices and flow-through PCR devices. In the case of the former, the
amplification solution is kept stationary in a chamber or a micro-channel and it does not
flow through the device [32][33][34][35][36][37]. Designing a stationary PCR device is
easier compared to the flow-through format since there is no need for any extra
instrumentation to control the flow rate. However, the heat transfer rate of this design is
normally slower compare to the other group since in addition to the sample, the whole
device should be heated up which results in a larger thermal mass and consequently slower
cycling time. The reaction volume of a typical microfluidic stationary PCR devices have
been reported to be between the range of 0.45 nL [38] to 50 uL [39]. Additionally, the
heating rate of the microfluidic stationary PCR devices were reported between the range of

3 Celsius/second [40] to 175 Celsius/second [41].

On the other hand, the flow-through PCR devices have smaller thermal mass
[42][43][44][45][46][47]. In this design, sample flows through micro-channels and passes

through the areas on the device with different temperatures. The advantage of this design
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over the previous format is the smaller thermal mass. Therefore, there is no need to cool
down the device as in the case of the stationary devices. Therefore, the experiment time can
be reduced to the minimum time possible which is the time required for the chemical
reaction to happen. However, it is crucial to control the flow rate to give the solution enough
time in each region to reach to the equilibrium state at the expected temperature. For
instance, G. Munchow et al [48] reported a microfluidic flow-through PCR device which
was able to perform 40 cycles in 300 seconds. Additionally, the reaction volume of the
microfluidic flow-through PCR devices were reported between the range of 500 nL [49] to

8 ulL [48].
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Figure 2.3 A flow-through PCR device example. Three heating regions are shown in the

figure [43].
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Flow-through PCR devices normally require a pumping setup to control the flow
rate. Several pumping methods have been introduced, including syringe pumps
[45][50][51], electro kinetic micro-pumps [52][53], peristaltic micro-pumps [54],
piezoelectric micro-pumps [55] and so on. However, there have been some attempts to
perform flow-through PCR without the need for the pumps to eliminate the use of bulky
equipment. For instance, thermal gradient drive convective flow was used to move the
sample between different temperature zones and performed PCR successfully [56][57]. In
this method, the driving force for the fluid to flow is the temperature difference between
denaturation, annealing and extension regions which results in buoyancy driven instability
when the sample is heated up from below that can cause the fluid to move vertically from
higher temperature zone (lower density) to the lower temperature zone (higher density).
This type of convective flow is known as Rayleigh Bernnard convection and can be
characterized through Rayleigh number (buoyancy forces over diffusion forces). When
Rayleigh number passes a threshold number according to the dimensions, a circulatory
motion can occur. This circulatory motion was exploited to move the fluid between the

temperature zones for thermocycling.

2.3.2. Isothermal amplification microfluidic devices

As it was explained earlier, isothermal amplification methods, specifically LAMP,
is more suitable for implementing on the point-of-care LOC devices as compared to PCR
primarily because of the simpler instrumentation that is required. Several attempts have

been made to miniaturize the LAMP amplification devices using microfluidic technology.

One of the first attempts was introduced by Y. Baba et al [58] in 2004 where they

showed the amplification and detection of prostate-specific antigen gene with the
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concentration of 23 fg/#L and the well volume of 10 pL in around 15 minutes using

LAMP by using microchip-based electrophoresis. However, in order to perform the

electrophoresis, a power source which was capable of providing 750 volts was required.

After that, many other research groups have demonstrated significant improvements
for implementing LAMP to LOC devices. For instance, C. Lin et al [59] successfully
illustrated a device for amplification of Hepatitis B virus (HBV) with the low concentration
of 50 Copies/tube in 60 minutes in a micro-reactor with volume of 25 pL by electrophoretic
analysis. Moreover, an optical detection unit was used in order to quantitatively detect the
by-product of the LAMP reaction (magnesium pyrophosphate). Although they decreased
the detection limit significantly, a miniature spectrometer was required for the suggested

detection method.

Later, H. Noji et al [60] displayed LAMP in a PAA gel-based micro-chamber at a
single molecule level using fluorescent imaging by drastically reducing the volume of
required reagents including template and primers down to 75% lower which resulted in 10
uL sample solution. Also, the limit of detection was lowered down to 2 ADNA molecule in
50 minutes of incubation at 65 Celsius. Titanium deposition with the thickness of 200 nm
on glass was used to fabricate the micro-heater and the sensor. Although the detection limit
was lowered significantly, the efficiency and the repeatability of the method was as low as

50%.

In another study, a disposable, plastic cassette with thermo-responsive PDMS valve
[61] in order to seal the reaction chamber was presented, made out of a composite of PDMS
and expandable microspheres. The device had the potential to be used in point-of-care

applications. The limit of detection was as low as 10 E. coli DNAs per well with the volume

14



M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

of 20 uL in an hour. However, a commercially available flexible heater was used to heat

up the device to the required temperature which resulted in high cost of operation.

In order to make the device cheaper and easier to perform, H. Bau et al [62]
introduced a self-heating cartridge without the need for any temperature control systems by
using paraffin as a phase change material with high latent heat capacity for keeping the
temperature constant. The required energy for the reaction to happen was provided from an
exothermic chemical reaction which its rate was controlled by the rate of added water to
the reaction chamber. A paper filter was responsible for controlling the flow rate of the
added water based on the capillary action. the device was capable of detecting as few as 10
E. coli DNAs per well with the volume of 15.6 pL in 60 minutes. However, just end-point
detection method was introduced. Therefore, their device lacked the real-time detection

technology.

G. Lee et al [63] introduced an integrated microfluidic device which was capable of
doing extraction and amplification on one run which significantly reduced the chance of
contamination. Extraction was done by hybridizing the target DNA by using specific probe-

conjugated magnetic beads which were purified by applying a magnetic field. The limit of
detection (LOD) was 10 fg/ML of MRSA bacterium and the amplification was performed

in under 60 minutes with the chamber volume of 20 L.

In another study, LAMP amplification and detection of E. coli was demonstrated
without the need for the DNA extraction and purification steps in a single chamber with

the volume of 35 pL [64]. The electrochemical detection method was chosen to achieve the

limit of detection of 48 CFU/  in 35 minutes.
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2.4 High-throughput amplification microfluidic devices

One of the promising aspects of implementing microfluidic technology in the
medical diagnostics is the capability of performing high-throughput experiments. For
instance, several amplification reactions can be performed simultaneously on the same
device to detect multiple targets which is known as parallel or multiplex amplification.
Parallelization can potentially reduce the cost and the time of the operation as well as
increase the reliability of the results by decreasing the chance of false negative and positive
results. Many efforts have been made towards multiplexing pathogen detection which are

discussed in detail in the following sections.

There are various methods available to classify high-throughput lab-on-a-chip
devices. In this thesis, high-throughput devices are categorized based on the mechanism
which was used to distribute the sample into various micro-chambers or micro-channels.
Therefore, four main groups are introduced including pipette-based sample distribution,
capillary-based sample distribution, centrifugal-based sample distribution and droplet-

based sample distribution.

2.4.1. Pipette-based sample distribution

In this section, high-throughput devices which their sample distribution method into
various micro-chambers or micro-channels was based on pipetting are introduced in order

to perform isothermal or non-isothermal amplification techniques.

In 1998, M. Chaudhari et al [65] introduced a micro machined PCR silicon device
composed of 18 well array with volume of 2 pL each which could perform PCR
amplification by controlling the temperature precisely, with precision of 0.1 Celsius.
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Thermochromic liquid crystals (TLC’s) were implemented in the vessels with a layer of
polymer around them to measure the temperature gradient accurately. Also, the samples
were loaded into the chambers manually. It was shown that the device is capable of amplify
a PCR solution with human DNA concentration of 1200 copies/pL in 40 cycles. However,
additional instrumentation required to perform the PCR amplification with this method

including PID temperature controller, fiber optic lights and digital video effects generator.

Q. Xiang et al [66] introduced a simple, cheap and disposable device including a
miniature thermal cycler and a PDMS micro-array part. Three micro-chambers were
implemented in their design for the means of parallel PCR amplification. A puncher was
used to fabricate the micro-chambers with different sizes, 3, 2 and 1 mm in diameter which
resulted in 7, 3 and 0.9 uL in volume, respectively. Therefore, there was no need for any
micromachining or photolithography techniques. Also, the micro-chambers were covered
by mineral oil to seal the device in order to eliminate sample evaporation during the PCR
thermal cycling. E. coli bacterium was used as the DNA template in order to perform 35
PCR cycles in 85 minutes. The lowest DNA concentration tested was 0.019 ng/ uL which
was amplified in 45 minutes. However, the manual punching method is not suitable for

scaling up to 100s of micro-wells.

J. Luo et al [67] illustrated an octopus-like microfluidic device for simultaneous
amplification of eight LAMP reactions with the volume of 20 uL each. The detection
method was based on electrochemical detection of methylene blue (MB) since it is an active
indicator for dsDNA through intercalation which can be monitored by measuring the
change in the redox current with respect to the voltage [68]. The device composed of two
parts, the etched ITO glass and the PDMS. The former was patterned by using a laser to

make conductive electrodes on ITO. The latter was fabricated by using a master mold made
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with lithography and was attached to the ITO glass by applying air plasma. Afterwards, the
wires were connected to the electrodes by applying silver paste. Moreover, the chambers
were pre-treated with specific set of primers before loading the sample. A ZNJR-B smart
thermostat electric heating plate was used to provide constant temperature of 63 Celsius
during the amplification time. The parallel amplification and detection of three respiratory
bacteria including Mycobacterium tuberculosis (MTB), Haemophilus influenza (HIN), and
Klebsiella pneumonia (KPN) was shown successfully as a proof that this device could be
used in clinical detection. The limits of detection were 28, 17 and 16 copies/uL for MTB,
HIN and KPN, respectively, in 45 minutes. However, the sample loading process involved
a lot of pipetting steps which could potentially increase the chance of cross contamination.
In addition, the sample volume of each chamber was relatively high compare to other

devices which directly affected the overall cost.

In another study, multi-chamber PCR device was presented composed of a plastic
chip fabricated by thermal forming and a multi-layer thermal cycler made of high thermally
conductive silicon [69]. The design consisted of 16 chambers with volume of 20 uL each
in order to perform multiple PCR amplification. Also, a custom designed software could
control the temperature of each micro-chamber individually. 30 PCR cycles could be
performed in 15 minutes. No detail information about the PCR solution, DNA
concentration and limit of detection of the device was reported. However, this study lacked

two important factors, the low fabrication cost and the simplicity of the design.

C. S. Liao et al [70] demonstrated a micro-PCR device which was fabricated on
soda—lime glass substrates by using photolithography and lift-off techniques in order to
minimize the temperature non-uniformity. Moreover, the heaters and temperature sensors

were located inside the micro-chambers with the volume of 10 uL in order to monitor the

18



M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

temperature in real-time. Parallel amplification of five common upper respiratory tract
infection microorganisms including Streptococcus pneumoniae, Haemophilus influenza,
Staphylococcus aureus, streptococcus and Neisseria meningitides with concentration of 10
ng/ uL were illustrated. 30 PCR cycles were performed before the amplification products
were analyzed by using gel electrophoresis method. It was shown that the efficiency was
comparable to the results of commercially available PCR machines. However, myriad of
pipetting steps were required in order to fill the chambers and also to perform gel

electrophoresis. Also, real-time detection of the amplification was not shown.

X. Fang et al [71] presented a multichannel microfluidic device which was capable
of performing eight LAMP reactions in micro-channels simultaneously with the volume of
5 uL each. Conically shaped inlets and outlets were implemented manually which helped
to fill the channels without trapped bubbles. The novel part of the paper was the detection
method, which was based on turbidity as a result of appearance of a white by-product,
magnesium pyrophosphate, as the LAMP reaction happened. The turbidity could be either
detected qualitatively by naked eye or quantitatively by a digital fiber optic sensor with
sensitivity comparable to the benchtop fluorescent microscopes. Pseudorabies virus (PRV)
was used as the DNA template. Also, the limit of detection was reported 10 fg/ uL where
the LAMP reaction was performed in water bath for an hour at the constant temperature of
63 Celsius. The disadvantages of using this device were dealing with a lot of pipetting steps
which could increase the chance of cross contamination, non-reproducibility of the device
because of manually implemented conically shaped inlets and outlets, as well as the need

of specific optic equipment for quantitative detection.

In 2005, Z. Q. Zou et al [72] introduced a multi-chamber array device which was

located on top of a printed circuit board (PCB) to accurately control the temperature for
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performing PCR. Platinum sensors at the bottom of each reaction chamber were responsible
for measuring the temperature individually. This device composed of 4 micro-wells with
the volume of 2.5 uL each. The amplification of 10 ng DNA in 25 pL solution (the
specification was not reported) was illustrated. Although their device showed a good
potential to control the required temperature to perform 30 PCR cycles in 30 minutes due
to the precise control over every micro-chamber, it was not an ideal candidate for
disposable applications in terms of cost since it needed so many steps for fabrication
including micromachining, photolithography as well as surface treatments which resulted
in high cost of fabrication. Also, this method needed many pipetting steps in order to load
the sample into micro-chambers and to extract the samples after the amplification in order
to be analyzed by using electrophoresis methods. Additionally, real-time detection of the

amplification was not shown.

W. Oh et al [73] designed a dual mode plastic cartridge with built-in valves
including sample loading mode and sample sealing mode. A plastic fitting composed of the
pipette tip guides and the rubber sheet facilitated the sample loading by using pipette, and
sealed the device properly in order to eliminate evaporation and cross contamination. It was
claimed that this sealing method had no dead volume with no leakage even when the
temperature was increased to 100 Celsius for 30 minutes or the pressure raised to 8.1 Psi.
Four micro-chambers with the volume of 0.95 uL each were designed in order to perform
parallel PCR amplification by using an external silicon-based heater plate. A HBV plasmid
DNA was used as the DNA template to perform 50 PCR cycles in 25 minutes. Moreover,
the lowest DNA concentration tested was 10° copies/ uL which was amplified in about 12
minutes. However, performing high-throughput amplification by using this device was not

feasible in resource-poor areas due to the need for many required pipetting steps which
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could increase the chance of cross contamination as well as the need for a well-trained

technician.

P. Neuzil et al [41] developed an ultra-fast microfluidic device for performing high
throughput PCR including 10 PCR reactions simultaneously, which was able to go through
40 cycles in less than 6 minutes. After a few steps of deposition and lithography, the
prepared silicon wafer was soldered to a printed circuit board (PCB) to enhance the
mechanical support and for better electrical connections. Each reaction contained 100-nL
of PCR solution covered by 1.1 uL of M5904 mineral oil to eliminate sample evaporation
and cross contamination. The PCR solution and the mineral oil were dispensed manually
by using an adjustable pipetter onto the glass cover slip. The template used in the
experiments was CDNA converted from total RNA of brain tissue from transgenic GFAP—
GFP mice. A successful PCR amplification was illustrated in 14 minutes (the concentration
was not reported). However, the detection setup introduced in the paper could only support
one fluorescent sample per analysis. Although this device was capable of performing 40
cycles of PCR in a short time, it lacks the simplicity in terms of design and fabrication.
Also, many pipetting steps were required in the sample loading process which is an

important issue for devices to be used in resource-limited areas.

Y. Matsubara et al [74] presented a silicon micro-array chip which used a new
method for DNA concentration quantification by counting the number of micro-wells
which showed high florescence signal. The common method which had been used
previously for quantification was based on real-time fluorescence intensity curve. The PCR
solution was dispensed into the micro-chambers with volume of 40-nL each by using a
nanoliter dispensing system. Also, the micro-chambers were covered by mineral oil to
eliminate evaporation and cross-contamination. In order to fill the micro-chambers easily,
an oxidized layer was left inside the micro-wells by photolithographic techniques to make
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the surface hydrophilic. A conventional thermal cycling system was used to perform 40
cycles of PCR in 100 minutes. Moreover, parallel amplification and detection of five
different genes related to E. coli was illustrated. The limit of detection was 0.4
copies/micro-well. Although this device showed a highly parallel amplification efficiency
with low limit of detection, it needed sophisticated facilities and machines for device
fabrication, sample loading, amplification and detection including a nanoliter dispensing
system and a thermocycler. Moreover, the cost of operation and the disposability of the

device could not satisfy the required criteria in order to be used in point-of-care settings.

C. Duarte et al [75] presented a silicon-based microfluidic device for detection of
foodborne pathogens using LAMP. Four arrays of 6*6 micro-wells with the volume of 30-
nL each were fabricated on a silicon wafer by micromachining. Also, silane was coated on
the surface of the micro-wells in order to prevent the adsorption of biomolecules. Prior to
amplification, the primer sets were injected precisely in the micro-wells by using a micro-
injector IM-300, followed by covering the micro-wells with mineral oil after dehydration
of the primer solutions. The same micro-injector was used to insert primer-less solutions in
the micro-wells. Next, the chip was put on an mK1000 heated stage in order to provide
constant temperature of 65 Celsius. The lowest tested concentration of E. coli was 3
copies/micro-chamber which was amplified in 65 minutes. It was shown that primers re-
suspended in the primer-less solution and the amplifications were done successfully.
However, it was shown that the efficiency of the re-suspension of the primers decreased by
time. For instance, after 10 days, the false negative ratio which was an indicator of the shelf
life of the primers, increased drastically compare to day one. Although parallel detection
of three foodborne pathogens were shown successfully without cross contamination (E.
coli, Salmonella and Listeria), this device was not an ideal candidate to be used in resource-

poor areas due to the required equipment like the micro-injector, the heated stage and the
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fluorescence microscope for the real-time detection. Moreover, fabrication cost and
disposability of the device were two other factors which make it not suitable for point-of-

care devices.

T. Morison et al [76] demonstrated a microarray consisting of 3072 micro-chambers
with volume of 33-nL each. It was claimed that the accuracy and precision of the real-time
PCR was close to 384-well microplate but with less volume and higher throughput.
Stainless steel was used as the substrate and the microarray pattern was implemented on its
surface using photolithography and etching. Also, after a few deposition steps, the inner
surface of the micro-chambers were became hydrophilic and compatible with PCR reagents
and the outer surface of the micro-chambers were became hydrophobic to ensure a precise
sample loading. Moreover, a 4-axis robot (XYZ0) was used to store the primer mix in the
chambers. The RT-PCR was performed on a CycA amplicon titration and it showed that
the device was capable of amplifying even 1 copy of the template (human heart and human
liver RNA) per micro-well. Also, 66 uL of PCR solution was required to fill the whole
device. On the other hand, the fabrication cost was not mentioned in the paper and it was
estimated to be relatively high compare to other techniques. Additionally, some advanced
machines were needed to fabricate the device and perform the amplification such as 4-axis
robot (XYZ6). Moreover, this device cannot satisfy the disposability criterion in order to

be used in resource-poor settings.

2.4.2. Capillary-based sample distribution

In this section, the second group of high-throughput lab-on-a-chip devices,

capillary-based sample distribution, is presented. In this group, the sample is separated into
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different micro-channels or micro-wells through capillary action in order to perform either

isothermal or non-isothermal amplifications.

N. Ramalingam et al [77] introduced a microfluidic device containing 5 unsealed
micro-arrays with the volume of 5 pL each, which were connected fluidically through a
loading channel. However, the micro-reactor inside each micro-array had the volume of
192-nL. The sample was spread through the chambers based on capillary flow without a
need for micro-valves and micro-pumps in order to reduce the complexity of the operation.
Moreover, an absorbent pad was implemented in the waste chamber in order to remove the
extra solution after sample loading. Also, the chambers were preloaded with HDA primers
to perform HDA isothermal amplification. In terms of parallel amplification, 5 real-time
HDA reactions were performed on this device at constant temperature of 62 Celsius for 30
minutes. A circular plasmid of SARS cDNA was used as a DNA template with the
concentration of 0.01 ng/ uL. Additionally, the evaporation problem which is the biggest
issue in open chambers designs, was studied carefully. The disadvantage of this device was
the large waste solution volume, 96% of the initial sample, including expensive reagents

such as primers and enzymes which resulted in high cost of operation.

X. Fang et al [78] presented an octopus-like microfluidic device contained 10
micro-channels pre-coated with specific LAMP primers to perform parallel LAMP
amplification. All channels had a same inlet but different outlets. Also, in order to prevent
the cross-talk of probes among different micro-chambers, the inlet was connected to thin
micro-channels with low-mass-transfer coefficients, followed by dimension gradient
bridges and micro-chambers with the volume of 3.4 uL each at the end of the channels.
Parallel amplification of three influenza A subtypes including flu A virus, seasonal HIN1,

and pandemic H1IN1 subtypes were illustrated with limit of detection of 9, 10 and 8
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copies/uL, respectively, within 0.5 hour. The qualitative detection by naked eye and
quantitative detection by fluorescent microscopy and gel electrophoresis were shown
successfully. Moreover, real-time detection of the LAMP reaction based on the change in
the turbidity of the solution was displayed by implementing optical fibers and a mirror
underneath the chip. However, advanced facilities were required in order to perform
turbidity-based quantitative detection. Also, due to the loading mechanism introduced,

significant amount of solution including expensive reagents was wasted.

M. Tourlousse et al [79] introduced a microfluidic device for performing parallel
LAMP reactions which contained 15 interconnected micro-chambers with the volume of 1
uL each. This device composed of three layers which were fabricated by using a hot
embosser machine and a digital knife plotter. The primers were lyophilized in the micro-
chambers prior to the layers assembly by using a pipettor. To avoid surface treatment in
order to make it hydrophilic for more efficient sample loading, the inlet was designed in a
way to be fitted with a 200 pL pipette tip. Therefore, the sample was injected into the micro-
channel by the means of the pipettor pressure and the trapped air inside the micro-channels
escaped through the hydrophobic air vents located at the end of the channels. Moreover,
parallel amplification of salmonella, campylobacter jejuni, shigella, and Vibrio cholerae
with template concentration of 10° copies/uL was illustrated. Although the lowest limit of
detection was not reported, the sensitivity between 10-100 copies/ uL was achieved in 20
minutes. Beside the fact that this design displayed a good potential to be used in resource-
limited areas, the fabrication process needed cumbersome facilities and delicate aligning of
layers by a trained technician and the process of filling may not be scalable to hundreds of
nanoliter micro-wells due to the many pipetting steps. Also, the lyophilisation process
needed a lot of pipetting steps which could possibly increase the risk of cross

contamination.
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R. D. Stedtfeld et al [80] presented a wireless device for genetic testing called Gene-
Z composed of a disposable microfluidic array, fluorescence detector, and an iPod Touch
or an iPhone for data analyses. The design of the microfluidic device consisted of 4 arrays
with 15 interconnected, pre-treated micro-wells with the volume of 1 pL each, which was
fabricated by using hot embossing method. The device design and the sample loading
method by using a pipettor were similar to the previous described device [79]. It was
claimed that it took a few seconds in order to fill all the channels completely. There was
one LED per micro-well in the detection setup as an excitation light. Also, the highest
sensitivity that was reported using Gene-Z was 13 copies of E. coli per reaction well in less
than 30 minutes. In conclusion, Gene-Z showed a high potential to be used and
manufactured in commercial scale for point-of-care applications. It was claimed that the
whole package would cost around $600 and each disposable chip would cost $1.24 which
are reasonable prices to be used at resource-poor areas. However, the process of filling may
not be scalable to hundreds of nanoliter micro-wells due to the many pipetting steps. Also,
half of the sample including expensive reagents was wasted by using the loading method

introduced which was quite considerable since it resulted in higher cost of operation.

R. D. Stedtfeld et al [81] fabricated a microfluidic card with a novel distribution
mechanism called airlock and it was designed to be used in Gene-Z machine [80]. An
acrylic sheet was used as the substrate for the card and was patterned by using a laser cutter.
The design composed of 64 interconnected micro-wells with the volume of 1.8 uL each.
The loading mechanism was based on capillary action in a way that an air bubble which
was called airlock, was trapped between two successive micro-wells. Therefore, the airlock
eliminated the mixing of the sample between the micro-wells. Also, the micro-wells were
pre-treated with specific primer sets before loading the sample. This design was just

suitable for isothermal amplification since by performing PCR, the airlock would move
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around due to the temperature cycling and disturb the proper position of the sample. The
sensitivity of the device was reported 20 copies of E. coli stx2 per reaction in 30 minutes.
Although this card was fabricated on a cheap material and there was no need for
sophisticated equipment for fabrication, it still needed the Gene-Z in order to amplify and
detect the signals. In addition, 160 microliter of sample was needed to fill the device
completely which was relatively high compare to other designs. Moreover, around 30
percent of the injected sample was wasted in the connected micro-channel which could be

considered as a flaw in its design.

C. N. Liu et al [82] developed a PCR-capillary electrophoresis (PCR-CE) device
with four parallel systems. Each system had a separate chamber with volume of 380-nL
and a capillary electrophoresis channel with the length of 5 cm for the means of detection.
This device illustrated a decent sensitivity, down to 10 copies of pUC19 DNA per reaction
in 30 minutes. The fabrication method was complicated where four different layers should
have fabricated separately. Additionally, this method was readjusted to perform RT-PCR
for RNA amplification by the same group of people by adding an extra step at beginning
of the amplification for reverse transcription followed by 30 cycles of PCR [83]. Moreover,
after each perform, the glass and PDMS parts were removed. Also, the channels and
chambers were needed to be cleaned by using piranha to avoid cross contamination.
Consequently, this device was not the best of its own to use in resource-poor areas where

limited facilities, cost and time are vital factors.

Yu et al [84] presented one of the first attempts for high-throughput PCR
amplification back in 2003. A microarray consisted of 1064 micro-chambers with the
volume of 25 nL each was tested by fabricating a 3D mold which was made by doing two
layers lithography. The chambers were connected to each other by the means of main and
sub-channels. End-point detection method was performed by using a cofocusing Raman
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spectroscopy. The identification of point mutations in the anemic family was shown by
performing 30 PCR cycles in 45 minutes by using a thermocycler. Also, the limit of
detection and DNA concentration were not reported. The disadvantages of this method
were lack of real-time amplification as well as the need for advanced machines such as

Raman spectroscopy machine and thermocycler.

O. Frey et al [85] presented a multi-channel microfluidic device with integrated
liquid handling with capability to perform 10 parallel PCR reactions. The sample with the
volume of 100-nL was precisely controlled and moved through different temperature zones
by using a pneumatic actuation setup. Therefore, the sample was shuttled back and forth
through the channel over three constantly heated regions. It took 0.5 second in order to
move the sample from one heating area to the next one (12 mm distance). Also, the
fluorescent detection was performed by focusing an inverted microscope on the second
chamber of the channel where the extension reaction occurred (72 Celsius chamber). The
PCR amplification of a plasmid DNA (the bacterium strain was not reported) with a
concentration of 4.4 = 10° copies/uL was shown in 3 minutes (12 PCR cycles). Although
the actuation and heating were done externally which reduced the overall cost, this method
still required extra equipment to adjust the samples in parallel channels and lots of pipetting

to perform parallel amplifications, which made it hard to be used in poor-resources areas.

Q. Zhu et al [86] introduced a novel digital LAMP microfluidic device which was
able to compartmentalize the sample without the need for any external equipment. The key
point is the PDMS porosity and its ability to dissolve air molecules. This design consisted
of 4 main micro-channels and each micro-channel was responsible to connect 1200 micro-
chambers with the volume of 6-nL each. After the PDMS device was fabricated, it was put
in a vacuum chamber for 40 minutes to get rid of the trapped-air in the PDMS. Therefore,
after the device was brought out of the vacuum chamber, there was a pressure difference
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between the PDMS and the ambient pressure which was the driving force for the sample to
fill the micro-channels and micro-chambers. Next, the sample filled the chambers
completely followed by injection of fluorinated oil through the inlet port. Due to the
pressure difference, the fluorinated oil filled the micro-channel and pushed the sample out
of the micro-channel and discretized the micro-chambers. It was shown that the micro-
chambers were disconnected after the fluorinated oil completely filled the micro-channel.
Also, the serial dilutions of the DNA template (the B-actin DNA) were tested in order to
quantify the initial concentration of the sample. The higher the concentration, the more
micro-chambers were amplified. It was shown that the device was capable of quantifying
the template concentration of 0.005 copies per micro-well. Moreover, a bench-top PCR
machine was used to provide the constant temperature of 63 Celsius for 40 minutes in order
to perform the LAMP reaction amplification. However, a CCD camera was required for the

detection process as well as a well-trained technician.

J.S. Marcus et al [38] proposed a high-throughput microfluidic device to perform
parallel RT-PCR in 72 micro-chambers with volume of 450-pL each. The push-up valves
in each device were controlled by using an individual pressure sources. Multilayer soft
lithography was used to fabricate the negative master mold. The device composed of three
layers of PDMS and a glass coverslip which resulted in eight flow channels composed of
two channels as the controls. Human male total RNA was used as the template. A flat plate
thermal cycler was used to perform 30 cycles of RT-PCR which took about 75 minutes.
End-point fluorescent microscopy was used for detection. Also, the limit of detection was
reported as low as 34 copies/chamber. On the other hand, no real-time detection was
illustrated. Additionally, some advanced facilities were required in order to use this device
for point-of-care applications such as an individual pressure sources, a thermal cycler and

a fluorescence scanner.
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R. F. Ismagilov et al [87] introduced a microfluidic device called SlipChip
composed of two plates which could move or slip relative to each other. The SlipChip
mechanism is illustrated in Figure 2.4. The bottom and top plates contained lyophilized
reagents in the micro-wells and micro-channels for loading the sample, respectively (Figure
2.4c). After loading the sample using a simple pipettor into the micro-channel, which was
made by ducts in the bottom plate and wells in the top plate (Figure 2.4e), the top plate is
slipped relative to the bottom plate in order to compartmentalize or digitize the sample into
1280 micro-wells with volume of 2.6-nL each containing specific dehydrated primers
(Figure 2.49). A lubricating layer of fluorocarbon was implemented between two plates to

make the slipped move smoother.
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Figure 2.4 The SlipChip mechanism. (c) Lyophilized micro-wells located in the bottom
plate. (e) Loading the sample in the micro-channel was made by ducts in the bottom plate

and wells in the top plate. (g) Sample compartmentalization after the slipped move [87].

30



M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

This device was used by the same group for various applications including but not
limited to digital PCR for quantitative measurement of the DNA template concentration
[88] and digital RPA as an isothermal amplification method [89]. In order to perform digital
PCR, a thermocycling machine (Eppendorf) was used. The limit of detection of SlipChip
device was reported 1 fg/uL of S. aureus which resulted in 0.008 copies per well after 35
PCR cycles in 77 minutes. Also, the end-point detection was illustrated by using a Leica
stereomicroscope in order to quantify the initial concentration of the template. Moreover,
the mechanical slipping mechanism may not be suitable for scaling up to 10,000 wells or

more. Additionally, the heater was not integrated into the device.

2.4.3. Centrifugal-based sample distribution

The third category which is also known as lab-on-a-CD devices, is based on
centrifugal forces due to the rotation of the device in order to distribute the sample. At a
constant RPM, the applied force to the sample increases by moving from the center of the

CD to its edges linearly.

M. Focke et al [90] presented a centrifugal microfluidic cartridge which was
fabricated by a novel method called microthermoforming. The main master mould was
made out of PMMA using a milling machine. Then, a PDMS replica was made out of the
PMMA mould by casting. This PDMS replica could be used at least 140 times as the master
mould in the hot embossing process to make a polymer foil which was the main substrate
of the cartridge. This design consisted of four main segments and each segment had eight
micro-chambers with the volume of 10 uL each. The limit of detection of this device was
reported 10 copies of exfoliatin toxin A (ExfA) per reaction well in 50 minutes. Although

this novel cartridge decreased the fabrication cost and time, it still required a Rotor-Gene
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2000 thermocycling instrument for two reasons, performing the PCR cycles and more

importantly for the real-time detection.

Similar to the previous paper, a microfluidic lab-on-a-foil device was introduced by
S. Lutz et al [91] for performing recombinase polymerase amplification (RPA). The
fabrication method was pretty similar to the fabrication method of M. Focke et al [90]
device. Also, the same thermocycler, a Rotor-Gene 2000, was used to perform RPA in order
to keep the temperature constant at 37 Celsius as well as for real-time fluorescent detection.
The design consisted of six main segments and each segment had five micro-chambers with
the volume of 10 pL each. A capillary siphon and a centrifugo-pneumatic valve in
conjunction with the modified Rotor-Gene 2000 were in charge of distributing the fluid
into 30 different micro-chambers which could potentially amplify 30 different samples with
Iyophilized reagents beforehand. The antibiotic resistance gene mecA of Staphylococcus
aureus was used as the template. The sensitivity was reported 10 copies per reaction well
in less than 20 minutes. Again similar to the previous mentioned paper, although this device
decreased the fabrication cost and time, it needed expensive equipment such as the

thermocycler beside to the lots of pipetting steps to perform parallel amplifications.

A rotary RT-PCR system to perform parallel amplification was introduced by J.H.
Jung et al [92] which combined stationary and flow-through designs. The propeller-shaped
device had three micro-chambers with the volume of 1 uL each which were precisely
rotated and controlled by a stepper motor using a LabVIEW program on top of three
stationary heaters which provided the required temperatures for PCR. After performing the
PCR, the samples were collected for electrophoresis. Therefore, no real-time detection were
illustrated using this setup. Influenza A H3N2 viral RNA was used as the template. The
limit of detection was as low as 2 copies per chamber in 25.5 minutes of performing PCR

followed by 5 minutes electrophoresis. Although a high-throughput design was not tested
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in this paper, this simple design had the potential for high-throughput amplification by
implementing a lot of micro-chambers in the design of each segment. Also, the suggested

device required pipetting steps after amplification in order to perform electrophoresis.

S. J. Oh et al [93] presented a high-throughput microfluidic device to perform
LAMP by combining the centrifugal approach and colorimetric detection by using
Eriochrome Black T (EBT) which is a metal indicator based on the change of the
concentration of the metal which in LAPM reaction is magnesium pyrophosphate. The
device composed of four layers including two polycarbonate (PC) layers which were
patterned by using CNC machining, one double-sided adhesive layer which was shaped by
a cutting plotter, and a pressure sensitive adhesive foil layer. Five main segments with 5
micro-chambers with the volume of 12.5 uL each were implemented in the design. Each
segment included two zigzag-shaped micro-channels for holding the LAMP master mix
and primer mix. After loading all solutions in the device and putting it on the custom-made
centrifugal system, the solutions were moved to the micro-chambers sequentially by
increasing the RPM after it passed the burst RPMs which were 500, 1000 and 2000 for the
LAMP master mix, the LAMP primer mix and DNA template, respectively. A lab oven
which was set at 65 Celsius, was used for 60 minutes to provide the required temperature
for the LAMP reaction. The detection could be done either qualitatively with naked eye
due to the change of the color of the mixture from purple to sky blue or quantitatively by
measuring the UV-vis absorbance of the EBT using a spectrophotometer. Also, detection
sensitivity and specificity were analyzed thoroughly. The limit of detection of the device
was reported 380 copies of E. coli O157:H7 per chamber in an hour using the colorimetric
based detection introduced. However, for completely loading all the solutions and samples
into the device, 35 pipetting steps were needed which could possibly increase the chance

of cross contamination. Also, an oven was needed as a heat source which added an extra
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equipment for performing the device, on top of the custom-made centrifugal system for
sample distribution. In addition, real-time detection of the reactions were not possible with

this configuration.

2.4.4. Droplet-based sample distribution

The last group of the categorization is droplet-based sample distribution which is
based on two phase flows. In droplet-based microfluidic devices, myriad number of discrete
volumes can be generated in short amount of time based on immiscible phases, normally
water in oil. One of the methods to generate droplets is T-junction configuration where two
channels intersect with each other perpendicularly, one containing the disperse phase and
one the continuous phase. The uniformity of the droplets is an important issue which can
be controlled by manipulating the geometry of the channels, viscosity of the solutions, flow

rates and the surface wettability [94].

N.R. Beer et al [95] presented the first microfluidic device to generate picoliter size
droplets in order to perform PCR amplification. T-junction method was implemented to
generate 10-pL size droplets which were controlled by an off-chip valving system. This
device was able to generate around 1000 droplets per second. According to the Poisson
statistics, each droplet contained less than one copy of the DNA template. The PCR was
performed by using a Melcor 3628 Peltier device with a PID controller which could finish
40 PCR cycles in 108 minutes. A Nikon TE2000-U microscope was used for real-time
fluorescence detection. Moreover, Vaccinia Western Reserve genomic DNA was used as
the template. The limit of detection was reported 0.06 copies per reaction which was
amplified in 18.3 cycles (22 minutes). Therefore, this device showed a significant reduction

in the volume of PCR reactions compare to commercial PCR machines and it was capable
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of amplifying and detecting single copy of the DNA template. However, many state-of-the-
art facilities were required in order to use the device such as two pumps to control the flow
rates, an off-chip valving system, a PCR thermocycling machine, an expensive
fluorescence microscope as well as cumbersome data analyses procedures which made it

hard to use at resource-poor areas.

X. Leng et al [96] introduced a novel approach for high-throughput PCR
amplification based on generating nanoliter-volume agarose droplets with PCR reagents in
carrier oil. The device was able to generate 500 uniform agarose droplets per second. The
size of the droplets were tunable based on the width of the channels and the flow rates. By
diluting the PCR sample, it was shown that statistically, there were no more than one DNA
template in each droplet with the volume of 3-nL which helped to quantify the initial
concentration of the sample. Lambda DNA was used as the template to perform PCR. After
the amplification, the temperature was reduced below the gelling point. Then, the agarose
droplets turned into the solid gels to be able to keep them separate even after removing the
carrier oil. Fluorescent detection was done after the amplification by staining the beads with
SYBR Green. Therefore, no real-time detection was illustrated in this setup. The limit of
detection was reported 0.15 copies per reaction after 25 PCR cycles. Also, having an
accurate setup for controlling the flow rates was a vital factor to generate uniform size
droplets which eventually, increased the operation cost. Additionally, the suggested
detection method involved collecting and washing the beads after the amplification,
staining the beads and taking the fluorescence picture followed by data analyses steps

which was complicated and cumbersome for point-of-care applications.

Y. Zeng et al [97] developed a microfluidic emulsion generator with the capability
of producing 3.4 million nanoliter-volume droplets per hour which was capable of
analyzing a single cell. The size of the droplets was 2.5-nL. This device contained four
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main layers including 3 layers of glass wafer and one layer of thin PDMS membrane. A
homemade pneumatic setup was used to control the micro-pumps. E. coli O157:H7 cells
was used as the template for PCR amplification. Also, a multicolor flow cytometer was
used to analyze the droplets after performing the emulsion PCR. Detection of different
pathogens was illustrated by staining each pathogen with a specific fluorophore. The limit
of detection was reported 1: 10° E. coli 0157 cells in a high background of normal K12
cells in 30 minutes. Moreover, various designs were shown for the device ranging from 4
to 96 channels to generate droplets. Although this device displayed a great potential to
perform parallel emulsion PCR, it was highly depended on the multicolor flow cytometer
for detection which is an expensive machine and made it unfeasible to be used in resource-
limited regions such as third world countries. Also, the disposability of the device was not

discussed which could drastically increase the operation and fabrication costs.

2.5 Summary

This chapter provided an overview on nucleic-acid-based technology (NAT) and its
key role in molecular diagnosis. A general categorization of nucleic-acid amplification
methods was presented based on thermal condition of the amplification reaction followed
by introducing PCR and the most recent developed isothermal methods in detail. Also, the
advantages of using microfluidic devices in biomedical field were discussed by going
through the recent innovations and novelties of high-throughput amplification devices in
order to produce and fabricate a sensitive, disposable and inexpensive point-of-care tool to
be used in resource-poor countries where early diagnosis of deadly bacteria could be a

lifesaver. Finally, high-throughput devices were classified into four groups based on the
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mechanism which was used to distribute the sample into various micro-chambers or micro-

channels, and the advantages and disadvantages of each of them were explained.
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Chapter 3: Device Design, Materials and Methods

In the previous chapter, nucleic acid based diagnostic methods were discussed and the
microfluidic devices that have been developed to automate and parallelize them were also
detailed. Although several improvements have been made, a low cost simple method to

perform DNA amplification in the field has not been achieved.

In this chapter, the design criteria and constraints for such a device for resource poor
settings are detailed. Next, a design of a microfluidic device that could meet the design
criteria is proposed. The device includes two components, the micro-wells and the flexible
heater. First, the design of the micro-well component is discussed by introducing the design
constraints, followed by the parameters which affect the signal intensity and the limiting

factors using lithography method.

Then, the flexible heater design process is presented, including CAD design in
AutoCAD and design simulation using COMSOL Multiphysics Software to analyse the
uniformity of the temperature gradient. Then, device fabrication including the micro-well
and the flexible heater components, sample preparation, experimental setup containing
large field of view fluorescence detection system and image processing method using

ImageJ are explained in detail.
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3.1 Device design

3.1.1. Design criteria

The intended purpose of the device was to design a simple to use, fast, inexpensive
and disposable device to perform isothermal parallel DNA amplification in order to be used
in resource poor settings where there is no access to expensive instrumentation or skilled

personnel.

The first criterion which was considered in designing the device was the volume of
the sample which was defined according to the end application. Typical DNA based assays
use a 25 pL volume for analysis as the reagents used such as the polymerase enzymes and
the primers are expensive to prepare in larger volumes or high concentrations. A pre-
concentration or enrichment step as well as a purification step usually precedes the DNA
amplification in order to obtain enough detectable concentration of the sample DNA.

Therefore, the total micro-well volume was designed to accommodate a total volume of 25

ML.

The next criteria to be considered was the viscosity of the sample. The viscosity of
the sample is critical factor that must be considered in the filling of the microscale
amplification chambers. Since pre-processing of the sample will be performed, the DNA
will be suspended in a buffer solution and the typical viscosity will be similar to that of

water. Therefore, DNA suspended in buffer medium was used as a sample solution.

Other important criteria in designing the device were cost and time of operation. As
it was discussed in detail in chapter 2, parallel amplification strategy, performing different

reactions simultaneously on one device, was implemented on many recent devices in order
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to reduce the cost, the time of operation and the chance of cross contamination by
decreasing the required manipulation steps [98]. Moreover, another part of the device
which directly affects the final cost of the device, is the energy source required to provide
the constant 65 Celsius temperature during the amplification time. Therefore, plotting

method was used in order to fabricate inexpensive flexible heaters.

Finally, the simplicity of operating the device is another criterion in designing the
device. An ideal microfluidic device does not require any advanced technologies or trained
technicians in order to perform the device and analyse the data. In this regard, a simple
segmentation method in order to generate a large number of aliquots of the sample is
introduced, which eliminates the use of high-tech and expensive equipment such as micro-

pumps or two phase flows.

In the next section, the schematic of the designed device is presented.

3.1.2. Schematic of the device

According to the design criteria which were discussed in the previous section, a
microfluidic device to perform parallel DNA amplification was designed. The device
composed of two components, a micro-well array and a flexible heater. The schematic of

the device is illustrated in Figure 3.1.
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Microwells Interconnects wires

Figure 3.1 The schematic of the device. (a) The micro-well array. (b) The flexible heater.

(c) The integrated device.

The device is designed to have an array of micro-wells that could partition and hold
small volumes of the sample and the amplification mixture as shown in Figure 3.1a. Groups
of wells are surrounded by a moat that isolate it from the next group of wells. The moat
was designed so that the adjacent groups of wells could be filled with different reagents or
samples without cross-contamination. Finally, a low cost flexible heaters (Figure 3.1b)
were designed to be attached to the bottom side of the thin micro-well array in order to
uniformly heat the wells and the samples in them to the isothermal amplification

temperature.

The micro-well array uses a simple segmentation technology has been developed

previously in our lab to uniformly aliquot nL- pL volumes of materials into the wells or the
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array by simply moving the sample back and forth on top of the array. This technology has
been used for cell culturing application as it is shown in Figure 3.2 [99] but not for DNA
amplification. Ayyash et al used it to detect bacterial viability and drug resistance based on

oxygen consumption or production of metabolites.

Figure 3.2 The micro-wells design for bacteria detection application where the dimension

of each nano-well was 100*100*100 pum [99].

The key element of the segmentation technology was to make the inside of the
micro-wells hydrophilic and the outside hydrophobic which helped the sample to fill the
micro-wells smoothly. This method was the foundation of this thesis which is described in

detail in section 3.6.

This simple segmentation method could potentially be used for aliquoting precise
sample volumes into multiple micro-wells for parallel amplification. However, in order to
use this sample loading method for the purpose of DNA amplification, the dimensions of
the wells such as the shape and the height and the spacing between them have to be
determined and are optimized in section 4.2 in chapter 4, based on the requirements and
constraints, such as having the minimum number of trapped bubbles and maximum

difference between the positive and the negative signals.
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As it was discussed in the previous section, performing parallel DNA amplification
was one of the design criteria. In this regard, four separate regions were designed on the
chip in order to show the ability of the device to perform parallel DNA amplification for
more than one pathogen at a time. For instance, in the case of food contamination, assays
for common foodborne pathogens such as E. coli, Listeria, Salmonella and others are

conducted on the sample simultaneously along with appropriate negative control.

The designed chip could potentially parallelize those assays by immobilizing
appropriate primers in the wells so that a sample could be distributed in all the wells and
then parallel assays could be conducted. These four regions were separated by the means
of the waste channel which was implemented in the design for two reasons, to collect any
extra sample that was dispensed and to prevent the reagents from one region to get mixed
with the reagents from another region during sample loading step. The efficiency of the

waste channel in the design is illustrated in section 4.2 in chapter 4.

3.1.3. Challenges to be tackled

In this section, two challenges which were required to be tackled in designing the

micro-well component, are presented.

3.1.3.1 Trapped bubbles

Bubble formation is a big issue in most PDMS-based microfluidic systems due to the
hydrophobicity of the PDMS surface and temperature or pressure gradient in channels or

wells [100].
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In the sample loading step, bubbles can be trapped in the micro-wells due to the
presence of the surfactants and the other constituents of the DNA amplification mixture. In
order to show the difference between the filling efficiency of the amplification solution and
DI water, Figure 3.3 is illustrated. A micro-well component composed of micro-wells with
dimensions of 320*320*100 um was filled once with methylene blue solution (0.05 M) in
DI water to be able to observe the filling process with the naked eye (Figure 3.3a), and once
with a positive amplification solution contained primer mix, master mix, DNA staining dye
(EvaGreen 20X) along with the extracted DNA from E. coli STEC eae with the
concentration of 4*10° Copies/uL (Figure 3.3b). The sample loading process is described

in section 3.6.

Figure 3.3 A micro-well component composed of micro-wells with dimensions of

320*320*100 um was filled (a) once with the methylene blue solution (0.05 M) in DI water
44



M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

and (b) once with positive amplification solution. The high reflective edges are evident in

the micro-wells with trapped bubble inside.

As it is shown in Figure 3.3a, no bubble were trapped in the micro-wells which were
filled with the methylene blue solution (0.05 M) in DI water. However, half of the micro-
wells in Figure 3.3b had trapped bubbles inside them. Therefore, it indicated that the bubble
formation problem was due to the presence of the surfactants and the other constituents of
the DNA amplification mixture. As a result, the dimensions of the micro-wells such as the
shape and the height and the spacing between them are required to be optimized to achieve

higher filling efficiency which are explained in section 4.2 in chapter 4.

Additionally, as it is shown in Figure 3.3b, trapped bubbles could cause high
reflective edges which conceivably increases the cross-talk problem that results in high
background noise [101]. Moreover, since the device is heated up to 65 Celsius to perform
LAMP amplification, a trapped bubble may undergo expansion which can potentially

detach the sealing of the device from the PDMS surface and provoke leakage of the sample.

Additionally, other than hydrophobicity of the PDMS, the viscosity of the sample
is another factor which manipulates the filling process. Due to the presence of surfactants
in the master mix which is one of the components of the amplification sample, the contact

angle of the amplification solution is smaller than the DI water [100].

3.1.3.2 Difference between positive and negative samples

Another challenge to be tackled in designing the micro-wells component is the

capability of the device to differentiate between the amplified and unamplified micro-wells
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as well as the ability to observe the real-time S-shaped amplification curve. The wells
cannot be shallow as the contrast between the amplified and unamplified wells will be
lower than the detection sensitivity. However, shallow wells can be filled with less solution
which reduces the cost. Therefore, an optimization is needed in order to choose the

appropriate height.

The difference between the positive and negative samples is directly related to the
Signal to Noise Ratio (SNR). The higher SNR results in more reliable signals and lower
possibility of the false positive results. According to the observations, the height of the
micro-wells had the most significant effect on the signal intensity. The higher height brings
about more powerful fluorescence signal. The reason behind this phenomenon is although
the camera is focused on one horizontal layer inside the micro-well, somewhere between
the top and the bottom surfaces, the emitted intensities from other layers accumulate and

increase the gross intensity of the micro-well.

Micro-wells with different heights were fabricate to analyze the effect of the height on

the intensity. The protocol developed in this regard can be found in appendix A.

Spacing between the micro-wells is a key factor in terms of crosstalk problem. The
bigger spacing results in lower crosstalk problem but causes having less micro-wells in a

specific area.

3.1.4. Flexible heater design

As it was described in chapter 2, the end goal of the project is to design a cheap,
affordable and portable device which is disposable at the same time as well. A heat source

is an inevitable part of the setup since the LAMP reaction works at 65 Celsius.
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Although various options are available to use as a heat source in order to provide
the required energy for the LAMP reaction, including the commercially available flexible
heaters, portability of the device circumscribes the choices. One of the options is the
commercially available flexible heaters, for instance Kapton® Insulated Flexible Heaters
(Omega, QC, Canada) which satisfies the portability, but not the cost and disposability

criteria. For instance, a 5*5 cm Kapton heater costs CAD $55.

Moreover, the temperature gradient is not uniform all over these kinds of heaters.
A hot spot was observed at the center of temperature gradient of these heaters due to the
higher heat transfer rate at the edges compare to the center of the heater. This is not an ideal
heater since all the micro-wells need to be at the same range of temperature to be able to

compare the results of the micro-wells together.

Based on the described reasons, the idea of designing and fabricating a cheap, portable
and disposable heater was ignited with the goal of designing a flexible heater with
temperature uniformity more than or equal to the commercially available heaters. Plotting
method was used to make heaters which was previously developed in our lab, CAMEF, by

Juncong Liu. This method is introduced in section 3.3.2.

The main criteria which were considered in designing flexible heaters, were the
uniformity of the temperature gradient, the fabrication cost and the electrical power
consumption which are analysed in detail in section 4.3.2 in chapter 4. The uniformity of
the temperature gradient depends on the pattern of the design and the fabrication cost

depends on the total length of the used micro-wire as well as the material of the micro-wire.

In the following sections, all the materials which were used in both the device

fabrication as well as in the experiments and sample preparation are presented. Next, the
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experimental setup is described in detail. Finally, the image processing technique is

presented and the reasons behind each steps.

3.2 Materials & Experimental Setup

First, materials for device fabrication are listed, followed by reagents that were used
for the biochemical assays and sample preparation. Also, equipment which were used in

experimental setup, are introduced.

3.2.1. Silicon wafer

Silicon wafers were used as a substrate in the photolithography process to define
mold for the fabrication of the micro-wells. Different sizes of wafers are available, from 1
to 12 inches (2.5 to 30.5 cm). The 3-inch (7.6 cm) silicon wafer (University Wafer, MA,

USA) was selected as it was suitable to fit the design of the device.

3.2.2. Photoresist

SU-8-100 (Microchem Corp, MA, USA), which is a negative photoresist, was
chosen to fabricate PDMS molds. SU-8 is an epoxy-based photoresist which is commonly
used in micromachining and microelectronic applications where chemical and mechanical
stability are important. There are two types of photoresist, negative and positive. The
former crosslinks upon exposure to UV light and becomes insoluble in the photoresist

developer. While, the latter undergoes chemical modification and becomes more soluble to
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its photoresist developer after exposure to UV light. A negative photoresist was chosen for
making the molds as it is more long lasting and has higher structural strength as compared
to the positive photoresists. Although many versions of SU-8 are available, SU-8-100 was
chosen as it is capable of producing layer thicknesses between 100 to 700 pm that is needed

in this device design.

3.2.3. Polydimethylsiloxane (PDMS)

PDMS (Sylgard 184 silicon elastomer kit, Dow Corning Corp, MI, USA) is a
transparent polymer which is commonly used in the microfluidic field. The chemical
formula is CH;[Si(CH3),],Si(CH3)3, n being the number of monomers repetitions. The
reasons behind selecting PDMS as the main material of the device in this thesis are some
of its unique properties like transparency, biocompatibility, inertness, non-flammability
and most importantly, the ability of PDMS to replicate features in micro/nanometer scale
for rapid prototyping of microfluidic devices [102], which makes it an ideal material for

biomedical research.

3.2.4. Sealing film

Microseal B PCR plate sealing film (Bio-Rad Laboratories, ON, Canada) was used
to seal the PDMS micro-array device. This is a commonly used clear polyester for high
sensitivity optical assays. It was chosen as the sealing film because it is less water
permeable compare to other sealing options and can prevent the sample evaporation due to

the amplification temperature.
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3.2.5. Micro-wire

Different micro-wires, in terms of material (silver, copper and nichrome) and size
(25 to 500 um), were considered for the fabrication of flexible heaters. Smaller wires are
harder to work with since the chance of breakage increases. Finally, X-Wire™ Coated
Copper Bonding Wire (Microbonds Inc., ON, Canada) with wire diameter of 25 and 50 um
was chosen as the suitable one for the fabrication of the flexible heaters using plotting

method which is described in section 4.3.2.

3.2.6. Pressure sensitive adhesive (PSA)

PSA film (3M, ON, Canada) was used to hold the micro-wires patterns that were
created in the plotting process in place. The films are a bilayer stack of adhesive (91 um)
and liner (102 pum) and made of acrylic. This material is rated to be used for a short period
of time (minutes to hours) at 148 Celsius and for longer periods of time (days to weeks) at
temperatures up to 93 Celsius. It comes in standard sheet size of 60.9*91.4 cm which is

then cut to shape.

3.2.7. Electrical interconnects

In order to make a rigid connection between the micro-wires that are embedded in
the device and external electrical connection, a highly conductive copper electrical tape
with conductive adhesive (76555A641, McMaster Carr, Cleveland, USA) was used. So,
the chance of breaking the micro-wires was reduced when connecting it to the power

supply. The width of the tape was 6.35 mm with the thickness of 0.09 mm. The thickness
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of the copper and the acrylic adhesive layers were 0.03 mm and 0.05 mm, respectively.
Also, the working temperature range of this tape was between -40 to 162 Celsius. The
electrical resistance through adhesive layer with dimensions of 0.63 cm and 2.5 cm was

0.010 ohm.

3.2.8. Bacterial DNA

The bacterial DNA that was used in this thesis was extracted from Escherichia Coli
(E.Coli) bacteria. Various extraction methods can be used in order to extract the DNA from

the bacteria which were explained in section 2.1 in chapter 2.

E. coli is a gram-negative, rod-shaped, coliform bacterium. Most strains are
harmless but some can cause food-poisoning and diarrhoea. They can be commonly found

in the lower intestine of humans and animals.

The serotype which was used in these experiments was the one containing the Shiga
toxin eae virulence factor gene of E. coli 0157. Shiga toxin-producing Escherichia coli
(STEC) strains are the main group of food-borne pathogens. Also, the protein which is
responsible for the attachment of the bacteria to intestinal epithelial cells is encoded by the
chromosomal gene eae, is called intimin. The stains which have this eae genes are
responsible for severe diarrhea and hemolytic uremic syndrome [103]. As it was mentioned
in the previous chapter, Pathogenic E. coli causes about 73,000 cases of foodborne illness
each year in the U.S. Also, it can easily and economically be grown in laboratories. So,

because of these reasons, it was chosen as the model to study in this thesis.
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3.2.9. DNA staining dye

EvaGreen 20X (Biotium, CA, USA) is a green fluorescent nucleic acid dye which
shows higher efficiency compare to other common dyes in different applications such as
gPCR, high resolution DNA melt curve analysis (HRM) and capillary gel electrophoresis.
After intercalation in dsDNA, the peak of the excitation spectrum is 500 nm and the peak

of the emission spectrum is 530 nm (Figure 3.4).

Excitation
Emission

400 450 500 550 600
Wavelength (nm)

Figure 3.4 The excitation (left) and emission (right) spectra of EvaGreen dye [104].

EvaGreen is considered as a very stable dye, thermally and hydrolytically. Also, the
dye is not fluorescent by itself but becomes highly fluorescent when it intercalates with
dsDNA. EvaGreen Dye binds to dsDNA through a mechanism called release-on-demand.
The dimeric dye molecule which may have a hairpin structure is non-fluorescent or
minimally fluorescent by itself. Before the dye binds to dSDNA, there is an intermediate
state called an open random conformation which can be found in lesser quantity compare

to the dimeric form. After the dye binds to the dsDNA in the open random conformation,
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the fluorescent intensity increases significantly. As the amplification moves forward and
more dsDNA produces, this ratio changes and more open random conformation can be

found which enhances the release-on-demand mechanism [105].

Moreover, another advantage of EvaGreen over other staining dyes such as SYBR
Green 1 is that it is completely impermeable to cell membranes and also does not enhance
cell mutations. Because of all these properties, it was chosen as the DNA staining dye in

this thesis.

3.2.10. Fluorescein dye (free acid)

A highly concentrated solution of fluorescein dye (Sigma-Aldrich Co., ON,
Canada) was used to test the filling of the device since it is auto fluorescent (no need to
have double stranded molecules to get intercalated with) and soluble in water. Also, the
excitation peak and the emission peak are 494 nm and 521 nm, respectively; since they are
close to the excitation peak and the emission peak of the EvaGreen dye, the same detection

setup was used.

3.2.11. Methylene Blue

Methylene Blue (0.05 M) (Sigma-Aldrich Co., ON, Canada) was used to add blue
color to the water for the filling tests to be able to be able to see the water with the naked

eye.
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3.2.12. Master Mix without dye

Master Mix 1SO-001nd (Pro-Lab Diagnostics, ON, Canada) was used for
isothermal amplification. The master mix contains OptiGene’s proprietary novel GspSSD
LF DNA Polymerase as well as the deoxynucleotide triphosphates (ANTPs) and MgSOs at
their optimum concentrations. This master mix does not contain any specific reverse-
transcriptase (RT) enzymes. Primers, sample DNA and an intercalating fluorescent dye

should be added to the master mix to perform the LAMP reaction.

3.2.13. Primer Mix

The Primer Mix was provided by our collaborator in department of pathology and
molecular medicine at McMaster University, Professor James Mahoney’s laboratory. It had
a proprietary sequence and consisted of 6 specific primers including F3 and B3 primers at
0.2 uM, FIP and BIP primers at 0.8 uM, and LF and LB primers at 0.4 uM, for detection

of eae virulence factor gene of E. coli (Escherichia coli) 0157.

3.2.14. Film sealing roller for PCR plates

A Film sealing roller for PCR plates (Bio-Rad Laboratories, ON, Canada) was used

to properly and uniformly stick the PCR film to the PDMS device.
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3.2.15.

Power supply

A GPS-3030DD power supply (GW INSTEC, New Taipei City, Taiwan) was used

as a power source to heat up the flexible heater during the experiment. It can provide

voltage up to 30 volts and current up to 3 amps.

3.2.16.

Kapton heaters

Kapton heaters, HK913 (Minco, MN, USA) were used as a reference to compare

their performance with the flexible heater made by plotting method. The main used material

of these heaters is Kapton with the thickness of 0.05 mm made out an etched-foil resistive

heating element and is capable of tolerating 200 Celsius. The performance parameters

which were considered in the comparison between these heaters were temperature

uniformity, cost as well as electrical power consumption.

Model 1 2 3
(HK913-C) (HK913-D) (HK913-J)

Resistance () 120 160 275

Heater Size (cm?) 21.3 (3.8 5.6) | 25.8 (4.6 X 5.6) | 34.2 (3.3 Radius)

3.2.17.

Table 3-1 Kapton Heaters specifications.

Thermocouple

The 5SRTC flexible thermocouple (Omega, QC, Canada) was used to measure the

temperature inside the waste channel at the proof of concept stage of the project. Its

flexibility brought about easier insertion into the channel. The diameter of the thermocouple

55




M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

was 0.51 mm with a Kapton insolation layer around it. Also, the maximum service
temperature of the thermocouple was 260 Celsius. Additionally, the temperature sensitivity

of this thermocouple was 0.6 Celsius at the temperature above 0 Celsius.

3.2.18. Thermometer

The thermocouple was connected to the Fluke 50 series Il thermometer (Fluke, ON,
Canada) to read the working temperature inside of the waste channel with the accuracy of

0.05% + 0.3°C.

3.2.19. FLIR ONE thermal imaging camera

FLIR ONE (FLIR, MA, USA) was used to determine the temperature distribution
from the top surface of the flexible heater in order to compare it with the simulation results.

This device works based on infrared signal detection.

3.2.20. ESEQuant tube scanner

In order to validate the microfabrication amplification device and compare its
performance to existing systems, an ESE-Quant TS95 (QIAGEN, Hilden, Germany) tube

based isothermal amplification system was used.

This machine is capable of performing eight separate reactions simultaneously. Also,

it can provide a set temperature in the range of 15 to 95 Celsius which makes it possible to
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run a variety of isothermal amplification reactions. Moreover, this machine is also capable

of measuring the intensity of the fluorescence in the amplification mixture in real-time.

Figure 3.5 The ESE-Quant TS95.

The ESEQuant Tube Scanner is accompanied by the Tube Scanner Studio software
(version 2.07.06 - BioLight Luminescence Systems, Baden-Wirttemberg, Germany),

which can process the data and plot intensity time curves and also other detailed analysis.

3.3 Device fabrication

Fabrication of the device was a multi-step process as shown in the fabrication process
flow (Figure 4.3). The device consisted of a micro-well array and a flexible heater that were
fabricated separately and then integrated together at the final step. The fabrication of the

micro-wells started with photolithography technique for making the master mold which
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started with photoresist spinning (Figure 3.6a), followed by UV exposure through the
photomask (Figure 3.6b) and developing the master mold in the SU8 developer to remove
the photoresist in the unexposed regions (Figure 3.6¢). The next step was PDMS casting
(Figure 3.6d) and peeling off the PDMS (Figure 3.6e). The second part was the fabrication
of the flexible heater using plotting technique which was performed by writing the designed
pattern on PSA (Figure 3.6f) and attaching the connectors to the micro-wires (Figure 3.6g).

And finally, the assembly of the device by putting the micro-well and flexible heater parts

together (Figure 3.6h).
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Figure 3.6 Fabrication process flow. (a) Photoresist spinning. (b) UV exposure. (c) After
developing. (d) PDMS casting on master mold. (e) Peeling off the PDMS. (f) Writing the
designed pattern on the PSA. (g) Attaching the connectors. (h) The final assembly.

58



M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

These steps are described more in detail in the following sections.

3.3.1. Fabrication of the micro-well array

The master mold to fabricate the micro-array was made using photolithography,
which was firstly introduced by Xia et al [106]. Photomask with micro-array pattern was
designed in AutoCAD (Autodesk Inc., San Francisco, USA) and was sent to CAD/Art
Services Inc. for ultra-high-resolution printing on transparency sheet. The master mold with
high-thickness features was made in clean room following the procedure which is explained
in detail in Appendix A. As a brief description, first, the photoresist was spin coated on the
silicon wafer (Figure 3.6a). Then, the photomask was aligned with the wafer, the
photoresist was exposed to the UV light (Figure 3.6b). Finally, the photoresist was
developed in SU8 developer to get rid of the unexposed area of the photoresist to UV light
(Figure 3.6c).

PDMS pre-polymer contained two components, the PDMS base and the cross-
linker which were mixed in the weighted ratio of 10:1. After they were mixed vigorously
for 1 minute by using plain applicator sticks in a plastic beaker, the mixture was placed
under the vacuum for 10 minutes to remove any trapped bubbles. Then, the uncured PDMS
was poured on top of the master mold which was placed in a plastic petri dish (Figure 3.6d).
Next, the petri dish was placed on a flat surface hot plate (to get uniform thickness all over
the device) which was set at 80 Celsius for 2 hours. Afterwards, the PDMS was ready for
peeling off. The cured PDMS elastomer was peeled off and device was cut from it (Figure

3.66).
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3.3.2. Plotting micro-wire integration technique for making flexible heater

The technique for fabrication of the heater was adapted from previous work
developed in the lab [107]. In the following sections, this method is explained briefly,
starting with pattern design in AutoCAD, writing the pattern on PSA film and finally,

assembling steps.

The pattern of the micro-wire was designed in CAD based on the design criteria
discussed in section 3.1.4 and saved in the .dxf format which was then transferred to the

Cricut Explore One Machine (Figure 3.7).

Figure 3.7 An example of a designed pattern in AutoCAD.
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Next, the micro-wire was fed to the customized pen on the Cricut Explore One
Machine and the pattern was written on a PSA film which was laminated on a 30.5*%30.5
cm standard grip adhesive cutting mat (Cricut Explore, Provo Craft & Novelty, Inc.). It is
important to adjust the height of the pen to get the best adhesion between the micro-wire

and the PSA film (Figure 3.6f).

Since the micro-wires are thin, fragile and susceptible to damage, a suitable method
to interface them with external connectors was needed. For this purpose, copper tape
(McMaster Carr, Cleveland, USA) was used which had an adhesive layer on one side. Thus,
each end of the heater was sandwiched between two layers of copper tapes in a way that
the micro-wire was in contact with the copper side of one tape and with the adhesive side

of the other one (Figure 3.69).

After connecting the copper connectors, the PSA film was cut and peeled off.
Consequently, a heater on an adhesive layer was patterned which can be attached to either
a thin layer of PDMS (Figure 3.8a) or another layer of PSA film (Figure 3.8b) to protect
the micro-wires from breaking. The end product was a flexible heater that had some
advantages over commercially available flexible heaters which will be discussed in chapter

4.
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Figure 3.8 Flexible Heaters. (a) Covered with a PDMS layer to protect the micro-wires. (b)

Covered with a PSA film to protect the micro-wires.

3.3.3. Final assembly of the device

After fabrication of the microarray and the flexible heater, they were assembled
together to form the final device by aligning the center of the micro-array with the center
of the flexible heater (Figure 3.6h). To achieve the perfect bonding between these two parts,
either air plasma could be used if the top layer of the heater was covered with PDMS, or
by using the adhesive layer of the PSA film if the top layer of the heater was covered with
a PSA film. The perfect adhesion was crucial because if air bubble got trapped between
them, it could affect the heat transfer from the heater into the wells and create a non-uniform

temperature distribution. The integrated device is shown in Figure 3.9.
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Figure 3.9 The integrated device including the micro-wells and the flexible heater made

with plotting method.
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3.4 Experimental setup

In the following sections, the experimental setup that was used to test and

characterize the device developed in this thesis is described.

3.4.1. The schematic of the experimental setup

The schematic diagram of the experimental setup is shown in Figure 3.10. It consists
of the device, an optical measurement unit, an electrical control unit, and the power supply.
The optical measurement unit contains the required optical components for fluorescence
microscopy. The power supply was used to apply current to the flexible heater in order to

provide the required energy to keep the temperature of the device constant at a set value.

Also, a thermometer was used to determine the temperature using a thermocouple
located in the waste channel. The electrical control unit regulates the exposure time and the
period that the LED excites light in order to minimize the possibility of the photobleaching

effect. Also, the pictures were saved on an SD card for further analyses on laptop.
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Electrical Control Unit

(The device)

(The power supply)

Figure 3.10 The schematic of the experimental setup.

3.4.2. Sample holder

A sample holder was designed according to the size of the device to hold it steady
during the experiment to have a same reference point for all the images. It was designed in
AutoCAD (Autodesk Inc., San Francisco, USA) and composed of two parts, the transparent
laser cut part and the 3D printed part, which were put together to form the sample holder
(Figure 3.11). The former (the frame) had the dimensions of 13.2 cm in length, 11.6 cm in
width and 4.5 cm in height made out of a 6 mm transparent acrylic sheet. The latter (the

glass slide holders) composed of two parts with the same dimensions of 8 cm in length, 7
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cm in width and 1 cm in height which were 3D printed in order to hold two glass slides. As
a result, the device could be sandwiched between these two glass slides. Also, the distance
between the holder and the camera was adjustable in the detection system, which is

introduced in the following section.
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Figure 3.11 The sample holder composed of two parts, the frame and the glass slide

holders.

3.4.3. Large field of view fluorescence detection system

This detection system was designed by Reza Ghaemi (another student in the lab)
for large field of view fluorescent microscopy in our lab, CAMEF. It contains a DSLR

camera, Nikon D810 (Nikon, Tokyo, Japan), with 36 MP resolution, a 3D printed filter
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cube to hold a 492 nm excitation filter (Edmund Optics, NJ, USA), a 525 nm emission filter
(Edmund Optics, NJ, USA), a 506 nm dichroic mirror (Edmund Optics, NJ, USA) and a
blue LED (Edmund Optics, NJ, USA) as the source of excitation light. To reduce the
interference from external light, an enclosure was designed to fit all the parts inside as it is
shown in Figure 3.12. A black, non-transparent acrylic sheet was used as the material of

the box and was cut by using laser cutting technique.

Figure 3.12 The large field of view fluorescence detection system.
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A software called ControlMyNikon 5.3 Pro (Tetherscript Technology Corp.) was
used to remotely control the camera to periodically take images at a set frequency so that
there are no mechanical motion or misalignment between the camera and the device during

the course of imaging.

3.4.3.1 Electrical control unit

An electrical control unit was designed to control the amount of time that LED is
being on and off. Overexposing of the dye to the excitation light during the amplification
time, can cause photobleaching of the dye which prevents recording the real time
fluorescence signals. The user can set the exposure and the interval times at the beginning
of the experiment. In these experiments, the exposure time was set to 8 seconds with the
interval time of 1 minute. So, a picture was captured every minute. All the pictures were
saved on an SD card for further analyses on a laptop using ImageJ freeware

(http://imagej.nih.gov/ij/).

3.5 Sample preparation

In this section, the protocol which was used for sample preparation is presented. All
the reagents were stored in the freezer at the temperature of -4 Celsius. Before starting the

sample preparation protocol, the reagents were brought out of the freezer. Between 10 to
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15 minutes was required for the reagents to reach the room temperature. The reagents were
mixed by using either a vortex mixer (Thermo Fisher Scientific, Massachusetts, USA) or
by pipetting the reagents for few times to obtain a homogenous solution. Two different
samples were used in the experiments described in the results section, positive and negative
samples. Unless specified alternatively, positive samples typically had volumes of 25 uL
composed of 14.62 uL of the Master Mix, 5 uL of the Primer Mix, 5 uL of the DNA
template and 0.38 pL of the EvaGreen 20X. The negative solution had the same
composition, except for the DNA template part which same amount of deionized water was

added instead.

3.6 Sample loading

In this section, sample loading technique was described. First, the surface of the
device was made hydrophilic, followed by sample loading on top of the micro-array device

and sealing the device to eliminate evaporation during the amplification time.

3.6.1. Autoclaving of the pipettes and the tips

To avoid any kind of contamination, all the pipettes and tips were autoclaved before
performing an experiment by using a benchtop autoclave machine (TUTTNAUER, NY,

USA) located at Biointerface Institute at McMaster University.

69



M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

3.6.2. Surface modification of PDMS

PDMS is an inherently hydrophobic material, with a water contact angle of 95-110
degrees. This feature is not desirable in this application since it prevents sample from filling
the micro-wells. If the PDMS micro-wells can be made hydrophilic, then the wells can be
easily and automatically filled by simply loading the sample on top of it, and spreading it

by using a glass slide.

There are different ways to make the surface of PDMS hydrophilic, such as 1)
application of a hydrophilic polymer to its surface, 2) oxidization of the surface by plasma
treatment or electrical discharge. It should be noted though that surface modified PDMS
slowly recovers its hydrophobic properties due to the diffusion of uncross linked PDMS

chains from the bulk onto the modified surface [108].

After the device was ready, it was placed in the chamber of the Oxygen Plasma

Cleaner (Harrick Plasma, NY, USA) to be exposed to air plasma for 70 seconds.

After the PDMS surface was made hydrophilic, the prepared sample was loaded on
top of it by using a clean pipette and tip (Figure 3.13). Then, the sample was slowly

dispensed all over the device by using a clean glass slide back and forth on the device to
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spread the sample and fill all the micro-wells. This process was also used to get rid of excess

sample which was pushed into the waste channel.

Sample Tip

Waste Channel PDMS Hydrophilic Wells Waste Channel

Figure 3.13 Sample loading on top of the hydrophilic PDMS surface.

3.6.3. Device sealing

It is crucial to seal the device to eliminate sample evaporation during the
amplification time. In this regard, microseal B PCR plate sealing film (Bio-Rad
Laboratories, ON, Canada), a clear polyester for high sensitivity optical assays was used to
seal the PDMS micro-array device (Figure 3.14). The PCR film had been cut prior to this

step to the right dimension to cover the device properly.
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A film sealing roller for PCR plates (Bio-Rad Laboratories, ON, Canada) was used
to properly and uniformly stick the film to the PDMS device. This process also pushed the

extra sample into the waste channel.

(a)
Seallng Tape
Sample
Waste Channel PDMS Hydrophilic Wells Waste Channel
(b) Sealing Tape
Waste Channel PDMS Hydrophilic Wells Waste Channel

Figure 3.14 Device Sealing. (a) Before attaching the sealing tape. (b) After attaching the

sealing tape.
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3.7 Image processing method

In this section, image processing and data analyses methods that were used to analyse
the result are described. Images were saved in the raw format which gave the user more
options at the time of analysis. The images were converted from the raw format to either

TIFF (8 bit) or TIFF (16 bit) or JPEG format using ViewNX-1 (Nikon Inc., NY, USA).

ImageJ (a freeware from National Institute of Health) was the core of the image
analysis part which is a public domain software. After loading a converted picture on
Imagel, the three channels, Red, Blue and Green were split. Only the green channel was
used in the analyses. This method works as an extra software filter in conjunction with
hardware filters in detection setup, like the excitation and the emission filters and the

dichroic mirror, to increase the sensitivity and efficiency of the analysis [109].

The software was used to extract the intensity of the green channel of the images.
Then, the average intensity of each well was computed using a custom written macro. This
process was performed for each of the images captured over time during the amplification
process. The relative increase of the fluorescent intensity in the green channel was then
computed, by subtracting the intensity at time "t" with the corresponding intensity at t=0.
This calculation normalized the variation in the illumination intensity and other such
environmental factors. This procedure was also performed for a negative sample where
there should be no amplification. The key point in defining the threshold time was the
average increase in the intensity of the negative sample which could be due to the primer

dimers. A positive amplification was then defined as an event when the increase in the
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intensity of a well was more than 5 standard deviations of the average increase of the

intensity for the negative sample.

3.8 Summary

In this chapter, the design methodology of the device, including two parts, the micro-
wells part and the flexible heater, was explained. First, the design of the micro-wells was
introduced by presenting the criteria, followed by design constraints and parameters and
effect of each of them on the device design. Next, the device fabrication method and
materials which were used, were explained completely, followed by presenting the
experimental setup that contained the large field of view detection system which was
designed in-house. Then, the sample preparation and loading methods were described
thoroughly. In the end, the image processing methodology was introduced to make the

analyses technique more clear.

In the next chapter, the characterizations of the device that was designed and
fabricated are discussed including the filling of micro-wells and effect of the height and the
width of the micro-wells on the fluorescence intensity, followed by flexible heaters

characterization and finally, DNA amplification results.
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Chapter 4: Results and Discussions

4.1 Introduction

In this chapter, the experiments performed to characterize and validate the
microfluidic parallel DNA amplification device are described and the results obtained are
presented and discussed. First, experiments characterizing the filling of micro-wells and
effect of the height and the width of the micro-wells on the fluorescence intensity are

discussed.

Next, various designs for flexible heaters are characterized by analysing the
temperature uniformity across their surface, followed by calculating the fabrication cost
and the electrical power consumption. Last but not least, DNA amplification in these wells
are demonstrated and the effect of DNA concentration on the amplification time, false
negative ratio and the signal intensity was analysed. Finally, parallel DNA amplification

and primer mix dehydration are demonstrated.

4.2 Micro-wells

In this section, the design of the micro-wells is optimized by analyzing the geometry
of the micro-wells in order to select a suitable cross sectional shape. Next, the height of the

micro-wells was optimized such that the intensity of fluorescent light from the positive and
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negative samples can be differentiated and the typical S-shaped amplification curve can be
detected. Moreover, the effect of the waste channel on the filling process is presented.
Finally, the effect of the temperature on the amplification efficiency was studied in order

to obtain an optimal range of temperature for designing the flexible heater.

4.2.1. Shape of the micro-wells

In this section, the effect of the shape of the micro-wells on the filling efficiency
and the fluorescent intensity was determined by fabricating two shapes, cylinder and
cuboid, since these shapes are suitable for microfabrication. Then, the effect of the width
of the micro-well was also tested so that the best geometry in terms of filling efficiency can

be chosen.

In order to determine the best shape of the micro-wells to achieve a complete filling,
arrays of cylindrical and cuboidal wells with the 500 pum dimensions (diameter for the

cylinder and side for the cuboid) and 700 um in height, were fabricated and filled with a

highly concentrated fluorescein solution (0.1 %) in DI water, following the method

described in chapter 3, section 3.6 (Figure 4.1). Fluorescein was used as a model dye as it
had similar emission and excitation peak as the DNA tagging dye that is used in later

experiments.
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Figure 4.1 (a) Cuboid shaped wells with width of 500 um and height of 700 um. (b)
Cylinder shaped wells with diameter of 500 um and height of 700 pm.

Moreover, two devices with different well shapes filled with the fluorescein
solution (0.1 %) in DI water, are shown in Figure 4.2 in order to compare the filling

efficiencies.

The filling results (Figure 4.2) showed that the cuboid design had higher filling
efficiency. In particular, about 7 % of the micro-wells in the cylindrical design (10 out of
144) were filled inadequately with a bubble inside. On the other hand, all the wells in the
cuboid design were filled. This experiment was performed two more times and similar

results were seen.
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Trapped
Bubbles

Figure 4.2 Filling comparison. (a) Cuboid design (500 pum width, 700 pum height). (b)
Cylinder design (500 um diameter, 700 pum height).
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The corners in the cuboid design help the solution to smoothly fill the chamber with
lower chance of having trapped bubble. Concus and Finn [110] investigated the capillary
motion of a fluid in the corner of the wedge. It was shown that the droplets tend to flow
into filaments in the corners which results in higher wettability and complete filling of the
micro-well. Moreover, interfacial free energy between the solution and the sample could

affect the contact angel and consequently the filling efficiency [111].

Therefore, between two suggested shapes, the cuboid design was chosen as the main
shape of the final design due to the higher filling efficiency compare to the cylindrical

design.

4.2.2. Width of the micro-wells

In this section, the effect of the width of the micro-wells on the filling efficiency
was analysed in order to determine the operating range of sizes that would still have
complete filling. Since according to the last section, the cuboid shape was chosen over the
cylinder, different widths of cuboids were tested. For this purpose, nine different widths,
ranging from 0.1 mm to 1.58 mm as it is shown in Figure 4.3, were designed and fabricated;
all the designs have the same height of 100 um. Therefore, the aspect ratio of these designs

was ranging from 0.06 to 1.

Then, after making the surface of the PDMS hydrophilic by the means of the air
plasma, micro-wells were filled with around 100 pL of methylene blue solution (0.05 M)

in DI water by using a glass slide to move the solution back and forth over the array three
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times which filled the wells completely, to be able to observe the filling process with the

naked eye.
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Figure 4.3 Filling efficiency of different widths of the cuboids. The widths from the biggest
to the smallest size were 1.58, 1.41, 1.22, 1, 0.7, 0.55, 0.45, 0.32 and 0.1 mm. All the micro-

wells above had the same height of 100 pm.

As it is shown in Figure 4.3, all the designs showed perfect filling efficiency which
indicated that no bubbles got trapped in the micro-wells. As a result, the width of the cuboid

was not a limiting factor in designing the geometry of the micro-wells. However, as it was

80



M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

discussed in chapter 3, the aspect ratio (width/height) of the wells have to be appropriate
so that they not only fill properly but also allow sufficient contrast between the amplified

and the unamplified mixtures.

4.2.3. Effect of the height of the micro-wells on the intensity

In this section, the effect of the height of the micro-wells on the intensity is studied.
The intensity of the emitted light from the micro-wells depends on various parameters, such
as the intensity of the excitation light, the concentration of dsDNA in the micro-well, the
fluorescent dye concentration and the height of the micro-wells. Among these factors, the
intensity of the light source was assumed to remain unchanged due to the design of the
detection setup. The concentration of the DNA is determined by the amplification

experiment and cannot be set prior.

Therefore, three designs with different heights of 100, 500 and 700 pm, and same
width of 500 um, were tested in order to evaluate the effect of the height of the micro-wells

on the intensity. In order to compare the well arrays with these three heights, a DNA sample
. . . . 6 Copies - .
with the highest available concentration of 4 x 10 /ML was amplified by using

ESEQuant tube scanner. This amplified solution was loaded into three devices each with
the aforementioned heights. Next, fluorescent pictures were taken by using the detection

setup which was developed in-house (described in section 3.4.3 in chapter 3).
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The images were saved in raw format and converted into 16-bit to be analyzed.
Therefore, the range of the intensity was from 0 to 65536 (21°). Also, the exposure time

was set to be 8 seconds for all three images. Moreover, there were 8100 (90*90) pixels per

each micro-well.
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Figure 4.4 Effect of the height of the micro-wells on the fluorescence intensity for three
different heights. (a) 100 um height and 500 pum width. (b) 500 um height and 500 pm
width. (c) 700 um height and 500 pum width.
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The results (Figure 4.4) show that the intensity of the fluorescence signal increases
with the height of the micro-wells. However, the increase is not linear. This is probably
because the camera setup collects light both from within its depth of field (200 um) and
outside it. However only a smaller fraction of the light from out of the depth of field is
collected and is strongly dependent on the distance from the focal plane. All the pictures
were taken using a lens with 105 mm focal length. Also, the F-stop number which is an
indication of the aperture was set to 4.5. A larger F-stop indicates smaller aperture.

Moreover, the depth of field in front and the depth of field behind the focal plane were 100
pm.

As it is shown in Figure 4.4, there is a rapid increase as the height of the well is
increased from 100 (smaller than the depth of field) to 500 pm larger than the depth of field
and a more gradual one beyond that. Nevertheless, since the 700 um produced the highest
signal and still was able to be filled completely and uniformly, it was chosen as the designed

height of the array.

4.2.4. Effect of the waste channel on the filling process

In order to illustrate the effect of the waste channel on the filling process, two
devices were prepared, one with the waste channel between the regions and one without

the waste channel between the regions. Then, different colorful solutions were prepared by
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mixing DI water with food dyes. Next, the solutions with different color were filled in

different regions of the device, following the method described in chapter 3, section 3.6.

As it is shown in Figure 4.5, there was no waste channel between the regions.
Therefore, the colors, red and blue, were mixed in the micro-wells located at the edges and

made a purple shade.

Mixed Colors

Figure 4.5 Two solutions were mixed when there was no waste channel between the

regions.

On the other hand, in the presence of the waste channel, the colors, blue and yellow,
did not get mixed, as it is displayed in Figure 4.6. As a result, four regions on the device

can be considered independent from each other.
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Waste Channel

Figure 4.6 Effect of the waste channel which eliminated the samples from different regions

to get mixed.

4.2.5. The final design of the micro-wells part

The final design of the micro-wells part is illustrated in Figure 4.7. The design
contains four separate regions to perform parallel DNA amplification reactions which are
distinguished by four different food dyes. Each region has 144 (12*12) cuboid micro-wells

with the dimensions of 500*500*700 um which results in the volume of 175-nL for each

micro-well.
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Figure 4.7 The final design of the micro-wells part which was filled with four different

colors.

4.3.1. Effect of the temperature on the performance of the LAMP reaction

To show the effect of the temperature on the amplification performance, a series of
. . . s Copies
positive samples with the same concentration of 4 x 10 / uL \ere prepared and

amplified at different temperatures by using ESEQuant tube scanner. The normalized real-
time fluorescence intensities of the reaction mixtures during the amplification process at all

the tested temperatures are shown in Figure 4.8.
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Figure 4.8 The normalized real-time fluorescence intensities of the positive sample with
concentration of 4 x 10° Copzes/ ul. at different temperatures by using ESEQuant tube

scanner.

These results show that the temperature at which the amplification is performed has
a significant effect on the amplification process. As it is illustrated in Figure 4.9, the
amplification temperature has a significant effect on the time at which the amplification

process is completed.
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Figure 4.9 Amplification times of the positive sample with concentration of 4 x

10° COples/uL at different temperatures by using ESEQuant tube scanner.

As a result, the LAMP reaction works in the range of 50 to 70 degrees Celsius but
with varying efficiencies. The prescribed amplification temperature is 65 Celsius since the
efficiency of the enzymes is the highest at this temperature. The experiments reveal that a
temperature range between 60 to 68 Celsius is optimal for amplification and produces
similar amplification times and intensities that are only dependent on the concentration of
the DNA present in the sample. On the other hand, as it is shown above, the LAMP reaction
does not work beyond 73 Celsius since enzymes lose their functionality in that temperature
which prevents the amplification reaction to happen. Therefore, it is essential to keep the
temperature constant in the optimal range of 60 to 68 Celsius. This range of temperature

was used in order to design the flexible heater in the following section.
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4.3 Flexible heater

As it was discussed in chapter 3, various options are available to use as a heat source
in order to provide the required energy for the LAMP reaction, including the commercially
available flexible heaters. These heaters are small and portable but are expensive and
therefore may not be suitable for incorporation in a disposable device. The requirement for
their use in this application is the uniformity of the temperature gradient which was the

main motivation to fabricate flexible heaters by using plotting method.

In this section, various commercial heaters are evaluated so that their performance
can be compared with the custom fabricated one in this thesis. The main performance
criteria were the uniformity of the temperature gradient, fabrication cost and electrical
power consumption. A new approach to fabricate flexible heaters using a new plotting

method was developed and the heaters were characterized for this application.

4.3.1. Commercially available heaters

In this section, the temperature gradient of three commercially available flexible
heaters were characterized in order to determine the suitability for heating the micro-well
array. The heaters were connected to the power source, GPS-3030DD power supply (GW
INSTEC, New Taipei City, Taiwan), and an appropriate voltage was applied across it such
that the temperature gradient stayed between 60 to 68 Celsius as it was discussed in the
previous section. The temperature of the heater is continuously imaged using an infrared
thermal camera (FLIR ONE - FLIR, MA, USA). The calibration of the infrared thermal
camera can be found in appendix E. It was found that the temperature on the entire surface
of the heater stabilizes after 1 minute. Therefore, images of the temperature distribution

was taken at this time.
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Heater 1 2 3
HK913-C | HK913-D | HK913-J
Electrical Resistance | 120 160 275
(ohm)
Voltage (volts) 12.7 15.7 26
Current (ampere) 0.109 0.104 0.099
Electrical Power 1.38 1.63 2.57
consumption (watts)

Table 4-1 Applied voltages and currents to Minco heaters in order to reach the temperature

gradient of 60 to 68 Celsius across the heater.

As it is shown in Figure 4.10, three heaters were analysed which were different in
terms of geometry and electrical resistance. To make a rational comparison between the
heaters, the largest usable area was selected in a way that all of them had the same range of
minimum and maximum temperatures of 60 and 68 Celsius, respectively, since this is the
acceptable temperature range for the amplification according to the section 4.2.6. Then, the
maximum (red triangle) and the minimum (blue triangle) temperatures were calculated in
the selected area. For the sake of comparison, all the results are summarized in the table 4-

2.

Figure 4.10 Temperature gradient of three commercial heaters made by Minco Company

which were analysed with FLIR Tools software. (a) 120 ohm. (b) 160 ohm. (c) 275 ohm.
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Model 1 2 3
(HK913-C) (HK913-D) (HK913-J)
Resistance (Q) 120 160 275
Total Heater Area (cm?) 21.3 (3.8 x5.6) | 25.8 (4.6 X 5.6) | 34.2 (3.3 Radius)
Largest Usable Area (cm?) 4 (1.7 x 2.4) 6 (2.6 X 2.3) 8.7 (3 x 2.9)
Usable Area (Percentage) 19 23 25
Maximum Temperature (Celsius) 67.7 68.8 68
Minimum Temperature (Celsius) 60 60 60
Average Temperature (Celsius) 65.1 65.8 65.9

Table 4-2 Results of the temperature gradient analyses for three commercially available

heaters.

As itis shown in table 4-2, only a portion of the heater area achieves the temperature

range that is required for amplification to occur. Comparing the usable area percentage

between heater 1, 2 and 3, it can be seen that by increasing the total area of the heater, the

usable area percentage increases in a nonlinear pattern. However, the electrical power

consumption increases at the same time by increasing the total area of the heater which

results in more wasted energy. The electrical power consumption is discussed more in detail

in section 4.3.4.

The non-uniformity of the temperature over the surface of the commercial heater

was due to the higher heat transfer rate at the edges compare to the center of the heater. To

solve this problem, either a heat spreader was required or a more uniform heater was needed

to be designed and fabricated which is the subject of the next section.
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4.3.2. Heaters made with plotting method

Flexible heaters were custom made using the plotting method described in chapter

3 in order to provide a more uniform temperature distribution.

From the previous experiments on commercial heaters, it was observed that the
temperature at the center of the heater was higher and it gradually decreased towards the
edges. This effect was due to the heat transfer from the edges to the ambient by convection.
Therefore, designs of heaters that would compensate for the temperature gradient by
distributing the heat more uniformly, were made as shown in Figure 4.11. This was
achieved by varying the spacing between the heater wires from the center where they are

less closely packed to the edges where they are more closely packed.

These designs were first simulated and tested in COMSOL Multiphysics Software
(simulation detail can be found in appendix B) and those designs that showed significant

improvement over the commercial heaters were fabricated and tested.

92



M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

Figure 4.11 The schematic of all the designs. (a) Design 1: Constant spacing, 0.5 mm, made
out of 50 um silver wire. (b) Design 2: Gradually increased spacing from 1 mm at the edges
to 2 mm at the middle made out of 50 pm silver wire. (c) Design 3: Gradually increased
spacing from 1 mm at the edges to 2 mm at the middle made out of 25 um copper wire. (d)
Design 4: Gradually increased spacing from 1.5 mm at the edges to 2 mm at the middle

made out of 50 pm silver wire.

After the heaters were fabricated, an analysis similar to the previous section were

performed on these heaters by selecting the largest usable area in a way that all of them had
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the same range of temperature which was between 60 to 68 Celsius due to the working

temperature range of the LAMP reaction.

Design 1 had a constant spacing, 0.5 mm, between the micro-wires and was
simulated using COMSOL Multiphysics Software. The detail information about the
simulation can be found in appendix B. This design was made to mimic the designs found
in commercial heaters. The simulation result (Figure 4.12) showed a hot spot at the center
of the heater which was similar to the experimental results of the temperature distribution
on commercially available heaters. This result was expected as the heat generation in the
area is uniform while the heat transfer due to convection at the edges is higher. This design
and simulation exercise confirms the observation seen in commercial heaters and therefore

was not found suitable for fabrication and further testing.
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Figure 4.12 Simulation result of Design 1 with the constant spacing, 0.5 mm, made out of

50 pm silver micro-wire.
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In order to reduce the variation of temperature at the edges and to provide a high
uniformity in temperature distribution, other designs (Figure 4.9b, Figure 4.9c and Figure
4.9d) were developed that used non-uniform distribution of spacing between the micro-
wires to provide a gradient in heat generation capacity to compensate the effects of heat

transfer.

The specification of these designs are presented in the table 4-3. These designs
varied in terms of the spacing pattern, material of the used micro-wires and the size of the

micro-wires in order to analyse the effect of each factor on the temperature gradient.

Table 4-3 Design specification of the 3 fabricated heaters. (*) Minimum spacing at the

Design 2 3 4
Micro-Wire Size (pum) 50 25 50
Micro-Wire Material silver copper silver
Spacing* (mm) 1:01:2 | 1:0.1:2 | 15:0.1: 2
Resistance (Q) 15.3 80 15

edge: Spacing increment: Maximum spacing at the middle.

The simulation results of these 3 heaters are illustrated in Figure 4.13, Figure 4.14 and

Figure 4.15.
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Figure 4.13 Simulation result of Design 2 with variable spacing from 1 mm to 2 mm made

out of 50 pum silver micro-wire.
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Figure 4.14 Simulation result of Design 3 with variable spacing from 1 mm to 2 mm made

out of 25 um copper micro-wire.
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Figure 4.15 Simulation result of Design 4 with variable spacing from 1.5 mm to 2 mm

made out of 50 um silver micro-wire.

Design 2 (Figure 4.13) showed more uniformity at the middle of the device
compared to Design 1 in the simulation due to higher convection effect at the edges which
indicated that variable spacing between the micro-wires could increase the temperature

uniformity.

Design 3 (Figure 4.14) was similar to Design 2 except for the used micro-wires in
order to analyse the effect of the wire on the temperature uniformity. As it is summarized
in the table 4-4, temperature uniformity increased 6 percentage. Moreover, electrical
resistance increases as the area of the wire decreases which is described in detail in section

4.3.4.
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Design 4 (Figure 4.15) was tested to analyse another spacing variation in
comparison with Design 2 and Design 3. As it is summarized in table 4-4, the small spacing
variation between design 2 and 4 did not have any effect on the usable area percentage

where both designs had 36 percentage usable area.

The fabricated heaters based on the three designs were experimentally tested and
the temperature distribution obtained is shown in Figure 4.16. Also, the largest usable area,
the usable area percentage, and maximum and minimum temperatures obtained were

summarized in the table 4-4.

2017-07-13 3:08:04 PM *C §2017-07-13 3:19:13 PM *C j2017-07-13 3:19:13PM

Figure 4.16 Real temperature gradients of the heaters made by plotting method. (a) Design
2: Gradually increased spacing from 1 mm at the edges to 2 mm at the middle made out of
50 um silver micro-wire. (b) Design 3: Gradually increased spacing from 1 mm at the edges
to 2 mm at the middle made out of 25 pum copper micro-wire. (c) Design 4: Gradually
increased spacing from 1.5 mm at the edges to 2 mm at the middle made out of 50 pum silver

micro-wire.
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Design 2 3 4
Heater Area (cm?) | 30.2 (5.5 x 5.5) | 30.2 (5.5 x 5.5) | 30.2 (5.5 X 5.5)
Largest Usable Area| 10.8(2.7x4) | 12.8(2.9x4.4) | 10.8 (2.2 X 4.9)
(cm?)

Usable Area 36 42 36
(percentage)

Maximum Temperature 68 68 68
(Celsius)

Minimum Temperature 60 60 60
(Celsius)

Table 4-4 Design and performance parameters of three different heaters made by plotting

method.

As a result, the heaters made by plotting (Design 3) showed higher usable area
percentage, 17 % higher, compare to the commercially available flexible heaters (Heater

model 3).

4.3.3. Cost analysis

Another important parameter of interest, especially in a disposable application is the
cost of the heaters. In this section, detailed cost analysis is shown between the heaters made
using the plotting method and compared to the cost of the commercially available heaters.
The cost of commercially available heaters is relatively high primarily due to the methods
used for their manufacture. Typically, a photopattern is used to delineate the heater pattern
onto a metal foil and then etching is performed to produce the shape. These processes are
time consuming, require expensive chemicals and also lead to production of metal and

chemical waste that eventually leads to the higher cost.
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The prices of the commercially available heaters are summarized in the table 4-5 for

few heaters from two companies, Minco and Omega. The high cost of these heaters make

them unsuitable for applications where the device is used once and disposed off.

Model Area (cm?) | Resistance (@) | Price (CAD) | Price /Area (CAD /sz)
Omega 6.25 11 48 7.7
KHLV (2.5 x 2.5)

101/5

Omega 19 40 54 2.8
KHLV (2.5x%x7.6)

103/10-p

Omega 25 108.6 55 2.2
KHLV (5x%5)

202/5-p

Omega 57.8 153.7 61 1.1
KH (7.6 X 7.6)

303/10-p

Minco 21.3 120 61 2.9
HK913-C | (3.8 x5.6)

Minco 25.8 160 61 2.4
HK913-D | (4.6 X 5.6)

Minco 34.2 275 63 1.8
HK913-J | (3.3 Radius)

Table 4-5 Summarized price information of flexible heaters from two companies, Minco

and Omega.

On the other hand, heaters made by plotting method consists of three materials, PSA
film as a substrate, micro-wires and copper tapes for connections as it was explained in
section 3.2 in chapter 3. The most expensive of these three materials is the micro-wire.

Also, the price of the micro-wire depends on the main material of the micro-wire and its
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purity, the diameter of the micro-wire and if there is any heat treatments done on the

material.

Other than the price of the micro-wire which is indicated in the table 4-5, the price
of PSA film and the copper tape are needed to be considered to estimate the cost of each
heater. A big roll of PSA film with dimensions of 30.5 cm * 55 m costs CAD 475. So, a
6 cm * 6 cm PSA film costs 10 cents. Also, since two PSA film of this size were used to
fabricate the heater, one as a substrate and one as a protector cover, it resulted in 20 cents.
Moreover, a copper tape roll of 16.5 m costs CAD 18. Each heater needs around 15 cm of
this tape which costs about 15 cents. As a result, except the cost of the micro-wires, each

heater costs 35 cents (20 cents for the PSA film and 15 cents for the copper tape).

The prices of micro-wires from two companies, Surepure Chemetals (NJ, USA) and
The Vape Mesh Company (Cheshire, UK), with different sizes and materials are
summarized in the table 4-5 in appendix C. As a result, the price of the micro-wires per
meter covers a wide range, from CAD 0.04 to CAD 13.8, which could significantly alters

the price of the whole heater.

From the industrial point of view, Nichrome which is an alloys of Nickel,
Chromium and sometimes Iron, is used in many heating applications. In the heating up
process, most metals oxidize fast and become brittle and vulnerable to breakage. However,
when heating up the Nichrome, a thin layer of chromium oxide forms on the outer layer of
the wire and prevents further oxidization which makes Nichrome a perfect candidate for
this application. Also, according to the table 4-4, NiCR80/20 with the size of 50 pum in
diameter from the Vape Mesh Company has the lowest price among all the presented
micro-wires (CAD 0.04 per meter). However, at the time of the experiments, this wire was

out of stock. Therefore, the result test of this wire is not presented. Additionally, in terms
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of the price, the Surepure Chemetals (3618) copper wire with the size of 76 um in diameter

is another good candidate (CAD 0.06 per meter).

Four different designs were illustrated in Figure 4.11 previously. To be able to
calculate the cost of the used micro-wires in each one, the length of the pattern is needed.
For this purpose, the detailed information of each design is summarized in the table 4-6

below.

Design 1 2 3 4
Length of the pattern (m) 5.1 1.9 1.9 1.8
Estimated cost of used micro-wire | 0.2 0.08 | 0.08 | 0.07
(CAD)*

Final cost (CAD)** 0.55 | 043 | 0.43 | 0.42
Price/ Area (CAD/cmZ)*** 0.018 | 0.014 | 0.014 | 0.014

Table 4-6 The estimated final cost of four different patterns. (*) NiCR80/20 with the size
of 50 um in diameter from the Vape Mesh Company (CAD 0.04 per meter). (**) Additional

35 cents for the PSA film and copper tape. (***) The area of all the heaters are 30.2 cm?.

As a result, the final price of fabricating heaters using plotting method is

considerably cheaper (almost 100 times) than buying the commercially available heaters.

4.3.4. Electrical power consumption

Another important factor in analyzing the performance of the heaters is the electrical
power consumption which can be calculated by the formula below where P is the power in
watts, V is the electric potential in volts, | is the current in amperes and R is the electrical
resistance in ohm:
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2
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Moreover, the electrical resistance of a wire can be expressed with the formula below
where p is the resistivity of the material in ohm X m, L is the length of the wire in meter

and A is the area of the cross section in m?:

. L
Based on these formula, the electrical power consumptions of all the mentioned
heaters including three flexible heaters from Minco and three fabricated heaters using
plotting are calculated and shown in the table below. All the numbers are based on

generating the same range of temperature (65 Celsius) at the center of the heater.

Heater Heater 1 | Heater 2 | Heater 3 | Design 2 | Design 3 | Design 4
Electrical 120 160 275 15.3 80 15
Resistance (Q)

Voltage (V) 12.7 15.7 26 10 17.1 10
Current (1) 0.109 0.104 0.099 0.535 0.200 0.560
Electrical Power 1.38 1.63 2.57 5.35 3.42 5.6
consumption (W)

Table 4-7 The electrical power consumptions of all the mentioned heaters.

As a result, the electrical power consumption of Minco heaters are lower than the
heaters made by plotting method. However, the reason is the material of the used micro-
wires in fabrication which were copper and silver. By changing the material to Nichrome,
it could be expected that the electrical resistance increases significantly since the resistivity

of the Nichrome is 58 times higher than the annealed copper. Therefore, the current would
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decrease drastically and in order to produce the same temperature, higher voltage is

required. So, more studies are needed to optimize the power consumption.

In conclusion, the fabricated heaters using plotting method were compared to the
commercially available heaters in terms of the uniformity of the temperature gradient,
fabrication cost and electrical power consumption. The first two criteria showed better
results especially the fabrication cost. On the other hand, the electrical power consumption
was lower in the commercially available heaters. However, as it was mentioned earlier,
more studies are needed to optimize the pattern of the heater and the used material of the

micro-wires.

4.4 DNA amplification

In this part, the result of the DNA amplification, which is the main focus of this
research, is presented. First, DNA amplification in the integrated microfluidic device is
illustrated, followed by amplification characterization and discussion. Also, the capability
of the device to perform parallel DNA amplification and on chip reagent storage are

presented.

44.1. Demonstration of amplification in the integrated microfluidic device

In this section, experiments were performed on the micro-well array device with
integrated heaters to show that it could be used to amplify DNA. The micro-well array
consisted of wells with dimensions of 500*500*700 pum and flexible heaters made with
plotting method using Design 3, were made and integrated together as it was explained in

section 3.3 in chapter 3.
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Positive and negative DNA samples were used. The positive sample contains primer

mix, master mix, DNA staining dye (EvaGreen 20X) along with the extracted DNA from
. . . . . 6 Copies
E. coli STEC eae with the highest available concentration of 4 = 10 /uL‘ The

negative sample did not contain the DNA template; instead it has DI water added to primer
mix, master mix and DNA staining dye (EvaGreen 20X). The amplification was performed
for an hour to ensure that the amplification reaction has reached completion. Fluorescent

images of the array before and after the amplification was taken and compared.

A positive sample was prepared and loaded into the device, as it was explained in
section 3.6 in chapter 3. Also, the thermocouple was implanted into the waste channel
carefully in order to monitor the applied temperature by using the Fluke 50 series Il
thermometer. Next, the integrated device was put on the sample holder and connected to
the GPS-3030DD power supply. Then, the device was heated up to 65 Celsius by applying
proper current and voltage (0.225 A and 18 V) to the device. It took 3 minutes to reach to
65 Celsius from the room temperature. After the temperature was steady, an initial
fluorescent image was taken by using the fluorescence detection setup described in section

3.4.3 in chapter 3.

Next, the amplification was performed for 60 minutes at 65 Celsius. Afterwards,
another fluorescent image was taken in order to compare the before and after amplification
fluorescent signals. It is important to mention that both pictures were taken at 65 Celsius in
order to ensure that the intensity values are comparable. It should be noted that the
fluorescence intensity of the dye is temperature dependent and decreases with the increase

in temperature.
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The same experiment procedure was performed on the negative sample which
contained primer mix, master mix, dye and DI water, instead of the DNA template. It was
expected that there would be no significant change in the fluorescence intensity after

performing the amplification.

Then, the taken images were analysed according to the method described in section
3.7 in chapter 3. The quantified comparison between positive and negative amplifications

are presented in Figure 4.17.

200 | e
180 |
160 |
140 |
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100 |

Fluorescence Increase (%)

-

No Template Positive

Figure 4.17 Demonstration of amplification in the integrated device. (a) Positive sample

before amplification. (b) Positive sample after amplification. (c) Negative sample before
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amplification. (d) Negative sample after amplification. (¢) The quantified comparison
between positive and negative amplifications. The average fluorescence increase
percentages of the positive (red) and negative (blue) samples are shown. The initial DNA

concentration of the positive sample was 4 x 10° Copies per pL.

Not all the micro-wells showed similar fluorescence increments. Therefore, the
average fluorescence increase percentage and standard deviation of all the micro-wells
were calculated and illustrated above. The average fluorescence intensity of the positive
sample started from 1800 A.U. and increased to 4800 A.U. which was 167.8 % increase
with standard deviation of 19.8%. On the other hand, the average fluorescence intensity of
the negative sample started from 1640 A.U. and increased to 1765 A.U. which was 8 %
increase with standard deviation of 9 % which showed there was no contamination either

from the device or from the solution.

This experiment demonstrated that the integrated device was capable of amplifying
the DNA in multiple micro-wells simultaneously. It was also able to show a significant

difference between the positive and negative samples as expected.

In order to analyse the spatial variation between the micro-wells, a few randomly
selected micro-wells spread throughout the array chip were analysed. Then, the
fluorescence increase between before and after the amplification, and amplification times

(as discussed in chapter 3) were calculated and summarized in Figure 4.18.

Comparison of the intensities of some of the individual micro-wells in the positive
amplification test showed that the change in intensities before and after the amplification,
and amplification times were not the same in all the micro-wells. The mean value of the
fluorescence increases of all the selected micro-wells was 210 percentage with standard

deviation of 64 percentage. Similarly, the mean value of the amplification time of all the
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selected micro-wells was 16 minutes with standard deviation of 4.5 minutes. The reasons
behind the spatial variation could be because of filling variation, interaction between the
molecules and the PDMS surface, temperature non-uniformity throughout the device or

non-uniformity of the excitation light throughout the device. In the next paragraphs, the

effect of these factors are analysed.

Figure 4.18 The spatial variation of the micro-wells at multiple random locations spread

throughout the array chip. (a) Fluorescence increase distribution. (b) Amplification time

distribution.
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In order to analyse the filling variation hypothesis on the spatial variation in
fluorescence increase, the fluorescence intensity distribution of the above amplified device

was compared to the fluorescence intensity distribution of the device which was filled with
a highly concentrated fluorescein solution (0.1 %) in DI water, following the method

described in chapter 3, section 3.6. The device filled with the amplified mixture had the
mean fluorescence intensity of 11213 A.U. with standard deviation of 1619 A.U. Also, the
device filled with the highly concentrated fluorescein solution had the mean fluorescence

intensity of 63982 A.U. with standard deviation of 1501 A.U.

The key factor to compare these two distributions is the coefficient of variation
(CV) which is defined as the ratio of the standard deviation to the mean, which is a
parameter to measure relative variability. The solution in the amplified device had the CV
of 14 % and the solution in the fluorescein device had the CV of 2 %. This result showed
that the spatial variation in fluorescence increase was due to the non-uniform amplification

issue and not because of any filling problems.

As it was mentioned earlier, another reason behind spatial variation between micro-
wells could be a slight temperature non-uniformity throughout the device. In order to
analyse the temperature variation between the randomly selected micro-wells throughout
the device, the infrared thermal image of the device taken with FLIR ONE camera is shown
in Figure 4.19a indicating the location of the selected micro-wells. Also, the temperature

distribution of the randomly selected micro-wells is shown in Figure 4.19b.
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Figure 4.19 (a) The infrared thermal image of the device taken with FLIR ONE camera
indicating the location of the randomly selected micro-wells. (b) The temperature

distribution of the randomly selected micro-wells.

The temperature of these 16 micro-wells ranged from 63 Celsius to 68.1 Celsius
with mean value of 66.1 Celsius, standard deviation of 1.6 Celsius and coefficient of
variation (CV) of 2.4 %. Also, the minimum temperature (blue triangle) and the maximum
temperatures (red triangle) in the selected area in Figure 4.19a were 60 Celsius and 68.2
Celsius, respectively, which were in the desired range of required temperature for LAMP

reaction described in section 4.2.6.

Next, the relationship between the fluorescence increase percentages and the
temperatures (Figure 4.20a), as well as the relationship between the amplification times and

the temperatures (Figure 4.20b) are illustrated.
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Figure 4.20 (a) The relationship between the fluorescence increase percentages and the

temperatures. (b) The relationship between the amplification times and the temperatures.

As it is shown in Figure 4.20a, there was a weak linear equation between the
fluorescence increase percentages and the temperatures with the coefficient of

determination (R-Squared) of 0.5272. Moreover, according to the Figure 4.20b, no specific
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relationship was detected between the amplification times and the temperatures of the
micro-wells. The coefficient of determination (R-Squared) was 0.2194 which indicated that
there is no linear relationship between them. Also, as it was illustrated in section 4.2.6,
LAMP reactions performed by using ESEQuant tube scanner, showed similar efficiencies
and amplification times in this range of temperature (60 to 68 Celsius). However, designing
a heater with more uniform temperature gradient can decrease any possible effect of

temperature non-uniformity on the performance of the LAMP reaction.

Other than these analysed parameters, the filling variation and the slight
temperature non-uniformity, the non-uniformity of the excitation light throughout the
device could be another source of spatial variation between the randomly selected micro-
wells. Although the effect of the non-uniformity of the excitation light was eliminated
through the method which was used to normalize the data explained in section 3.7 in chapter
3 (each micro-well was normalized to its initial fluorescence value), it still could affect the
intensity of the emitted light from the micro-wells which could directly alter the

amplification times and fluorescence increase.

Therefore, the combination of the effects of all the analysed factors together could

possibly cause the spatial variation between the micro-wells.

The next sections will illustrate the real-time amplification measurement and

investigate the accuracy and the reliability of the amplification process in this device.

4.4.2. Real-time amplification measurement from the device

In this section, experiments were performed on the micro-well array device with

integrated heaters to show the real-time amplification measurement from the device.
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Positive and negative DNA samples were used. The positive sample contains primer mix,
master mix, DNA staining dye (EvaGreen 20X) along with the extracted DNA from E. coli

6 Copies/

STEC eae with the concentration of 4 * 10 ul The negative sample does not

contain the DNA template; instead it has DI water added to primer mix, master mix and

DNA staining dye (EvaGreen 20X).

A positive sample was prepared and loaded into the device, as it was explained in
section 3.6 in chapter 3. Also, the thermocouple was implanted into the waste channel
carefully in order to monitor the temperature by using the thermometer. Next, the integrated
device was put on the sample holder located in the detection system black box and
connected to the power supply and was heated up to 65 Celsius by applying proper current
and voltage (0.225 ampere and 18 volts). It took 3 minutes to reach to 65 Celsius from the
room temperature. After the temperature was steady, the fluorescence images were taken
periodically with the interval time of 1 minute as it was explained in section 4.3 in chapter

4.

Moreover, the exposure time was set to 8 seconds. The amplification was performed
for an hour and the pictures were saved on an SD card for further analyses on laptop. Similar
experiment was performed on another device by loading the negative solution in the device

in order to compare the positive and negative results quantitatively.

Afterwards, the images from two separate experiments were processed and
analyzed as described in section 3.7 in chapter 3 using ImageJ software and Microsoft Excel

to obtain quantitative measurement of the intensities in each micro-well.
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The fluorescent intensities of several wells in the device and their change with
respect to time are plotted in Figure 4.21. It shows the characteristic S-shaped curve that is

observed in real-time amplification of DNA.
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Figure 4.21 The real-time amplification curves of the highly concentrated positive solution

(red lines) and the negative control (blue lines).

For the positive sample (red lines), the initial intensities were between 1309 A.U.
and 2333 A.U. with the mean and the standard deviation of 1802 A.U. and 239 A.U.,
respectively, which resulted in the CV of 13.2 %. The final intensities were between 3703
A.U. and 6073 A.U. with the mean and the standard deviation of 4809 A.U. and 609 A.U.,
respectively, which brought about the CV of 12.7 %.

For the negative sample (blue lines), the initial intensities were between 1198 A.U.
and 2232 A.U. with the mean and the standard deviation of 1639 A.U. and 330 A.U.,

respectively, which resulted in the CV of 20.1 %. The final intensities were between 1370
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A.U. and 2622 A.U. with the mean and the standard deviation of 1742 A.U. and 360 A.U.,
respectively, which brought about the CV of 20.6 %.

In order to compare the results of all the micro-wells together, a proper
normalization method was required. Therefore, intensity profile of each micro-well was
normalized to its first value by dividing all of them to the first value. As a result, each line
started from 1 and it was easier to follow the trend (Figure 4.22). Each red line presents one
micro-well in the device which contained the positive sample. Also, blue lines signify the
micro-wells in the negative experiment as a reference point for the sake of comparison. As
it was expected, the red lines followed the typical S-curve amplification pattern and the
blue lines stayed below the threshold value and showed no contamination in 60 minutes of

the amplification time.
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Figure 4.22 The normalized real-time amplification curves of the highly concentrated

positive solution (red lines) in comparison with the negative control (blue lines).
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The amplification time of the positive experiment was calculated based on the mean
value of the amplification times of all the micro-wells as it was described in section 3.7 in
chapter 3. Therefore, the amplification time of the positive experiment was 11.8 minutes
with standard deviation of 1.4 minutes which resulted in the CV of 11.8 %. Moreover, the
reasons behind spatial variation between the micro-wells were analyzed in the previous

section.

As it was emphasized in chapter 2, performing the amplification in the array format
increases the reliability of the results compare to the conventional methods where a single
vial was used for the amplification. Moreover, this method helps to quantify the initial
concentration of the DNA template by digitizing the solution into nL volumes.
Additionally, digitization decreases the false positive results by reducing the chance of

amplifying any possible cross contaminations.

4.4.3. Repeatability

In terms of reliability of the results in order to use them for quantification of the
initial solution, different concentrations of DNA template were tested at least three times
on three separate devices. In Figure 4.23 amplification results of two close concentrations,

CopieS/

CopieS/
micro

700000 micro — well '

_ well and 70000 are shown. The error

bars are one standard deviation from the mean.
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Figure 4.23 Repeatability analyses of two different DNA concentrations with 10 folds

difference.

Although there was just 10 fold difference between the concentrations that were
shown above, the results were distinguishable. The first group was the combination of all

Copies/

the data from three experiments with concentration of (700000 micro — well)

and the second group was the combination of all the data from three experiments with

Copies/

concentration of (70000 micro —

well- The average amplification time and
standard deviation of the first group were 11.6 minutes and 3.2 minutes, respectively. Also,
the second group had the average amplification time of 16.7 minutes and standard deviation
of 6.3 minutes. Therefore, the device is capable of quantifying the sample concentration

and differentiate between two samples even with just 10 folds difference.
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The next sections will characterize the device in more detail by investigating the
effect of initial concentration of the DNA solution on the amplification time and the false
negative ratio as well as the fluorescence increase between before and after the

amplification.

44.4. Amplification characterization

In this section, amplification characterization is presented by showing the
relationship between the amplification time and the initial concentration of the sample, the
relationship between the false negative ratio and the initial concentration of the sample, the
relationship between the fluorescent increase percentage and the initial concentration of the
sample, followed by illustrating the capability of the device to perform parallel DNA
amplification as well as the capability of the device for reagents storage prior to sample

loading.

4.4.4.1 Effect of the initial DNA concentration on the amplification

In this section, the effect of the initial DNA concentration on the amplification is
analyzed. The initial DNA concentration directly affects the amplification time, the false
negative ratio and the fluorescence increase between before and after amplification. In this
regard, serially diluted concentrations of the template target (E. coli) were prepared and

tested in separate devices.

It was shown that the fecal samples from the infected individual can contain
between 10°to 10° CFU/gram of E. coli. Based on this range of concentration, serially

diluted concentrations of E. coli were prepared. The highest DNA concertation was ~ 4 *
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108 Copies/pL. Then, serially diluted DNA concentrations were prepared by mixing DI
water and DNA template with the volume ratio of 10 to 1 in order to decrease the DNA
concentration by 10 fold every time. As a result, 8 different concentrations were prepared
sequentially including 4 = 10° Copies/uL, 4 * 10> Copies/uL, 4 * 10* Copies/pL, 4 * 103
Copies/uL, 4 = 102 Copies/uL, 4 * 10 Copies/pL, 4 Copies/uL and 0.4 Copies/ pL. Next,
different positive solutions which contained DNA solutions with different concentrations
along with the primer mix, master mix and DNA staining dye (EvaGreen 20X) were
prepared and amplified in separate integrated devices. The same methodology which was
explained in section 4.4.2, real-time amplification measurement, was performed here as
well in order to load the samples, apply the proper current and voltage, take the fluorescence
images with the frequency of 1 image every minute and analyze the pictures using ImageJ
and Microsoft Excel software. For each DNA concentration, 3 separate devices were

prepared and tested. All the amplifications were performed for 75 minutes.

In order to determine the DNA concentration inside of each micro-well at any DNA
concentrations in the solution, the concentration needed to be scaled down based on the
volume of the micro-well which was 175-nL (500*500*700 um). For instance, for the
highest DNA concentration solution, 4 = 10° Copies/uL, the DNA concentration inside
each micro-well was equal to 7 * 10> Copies/Micro-well. The amplification times and

standard deviations at different concentrations are summarized in Table 4.9.

Initial Number of DNAs | Amplification | Standard
concentration | inside the micro-well | time deviation
(Copies/puL) | (Copies/micro-well) | (minute) (minute)
4 % 10° 7 * 10° 11 1.8
4 % 10° 7 * 10* 17 2.3
4000 700 30.9 6.3
40 7 39.8 9.7
0.4 0.07 55.3 17.5
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Moreover, the results in Table 4-9 are illustrated in Figure 4.24.
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Figure 4.24 Amplification times for serially diluted concentrations.

At the highest tested DNA concentration, 4 * 10° Copies/uL or 7% 10°
Copies/micro-well, the amplification time was 11 minutes with standard deviation of 1.8
minutes and at the lowest tested DNA concentration, 0.4 Copies/pL or 0.07 Copies/Micro-

well, the amplification time was 55.3 minutes with standard deviation of 17.5 minutes.
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As it is shown in Figure 4.24, as the DNA concentration decreased, the
amplification times increased linearly with the coefficient of determination (R-Squared) of
0.9818. This result was expected to happen since at higher DNA concentration, more
number of DNAs existed in the solution which resulted in faster amplification since it
passed the threshold of the detection faster. On the other hand, at lower DNA concentration,
less number of DNAs in the sample brought up longer period of time in order to reach to

the threshold of the detection.

Also, according to Table 4-9, the error bars increased as the DNA concentration
decreased, but not as linearly as the amplification times with a calculated coefficient of
determination of 0.9075. The reason could be the increase in the heterogeneity of DNA
concentration distribution among the micro-wells which resulted in more diverse

amplification times between the micro-wells.

Additionally, at the lowest tested DNA concentration, 0.07 Copies/Micro-well,
some of the wells showed amplification while some did not since at this concentration only
a few of the wells are expected to be populated with the sample DNA. This result agrees
the previous reports about the ability of the LAMP reaction to amplify even a single copy
of the DNA template [112][113] and confirms that this device can be used to detect even a

single DNA in the sample.

For the sake of comparison, same experiments were done by using ESEQuant tube

scanner. Serially diluted concentrations of the template target (E. coli) were prepared in
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different tubes and amplified in one run (Figure 4.25). As it was mentioned earlier,

ESEQuant tube scanner is capable of performing 8 reactions simultaneously.
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Figure 4.25 Real-time amplification profile of serially diluted concentrations by using

ESEQuant tube scanner.

Moreover, the amplification time of each concentration was calculated by applying
the same methodology that was used in section 4.4.2 (considering 1.5 as the threshold

value). These amplification times are summarized in Figure 4.26.
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Figure 4.26 Amplification times of serially diluted concentrations by using ESEQuant tube

scanner.

As a result, the comparison of the amplification times at the same concentrations
between the integrated device and ESEQuant tube scanner, showed that the numbers were

relatively similar which confirmed the reliability of the analyzed results.

False negative ratio is defined as the ratio of the number of micro-wells which are
supposed to show amplification (since theoretically there is at least one DNA molecule

inside) but do not over the total number of micro-wells which contain solution. The false
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negative ratios for the serially diluted concentrations are calculated and shown in Figure

4.27.
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Figure 4.27 False negative ratio for serially diluted concentrations.

As it was expected, the solution with the initial concentration of 7 Copies/micro-
well has significantly higher false negative ratio (39.3 %) compare to the solution with the
initial concentration of 700000 Copies/micro-well (1.3 %). The reason could be the
increase in the heterogeneity of DNA concentration distribution among the micro-wells as
the initial concentration decreased which resulted in higher false negative ratios between

the micro-wells.
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Another noticeable factor in analysing the amplification data of serially diluted
concentrations is the percentage increase of the fluorescence intensity which is calculated

and presented in Figure 4.28 for 5 different DNA concentrations.
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Figure 4.28 Fluorescence increase percentage for serially diluted concentrations.

As it was expected, not all the serially diluted concentrations showed similar
percentage increase of the fluorescence intensity, a phenomenon which was observed in
amplification of serially diluted concentrations by using ESEQuant tube scanner as well
since there are limited amount of reagents (specifically dNTPs) in the solution and after
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any reagents is consumed completely, the LAMP reaction stops. For instance, those amount
of reagents could be used to amplify the initial DNA concentration of 7 Copies/micro-well
to 1 million Copies/micro-well or it could be used to amplify the initial DNA concentration
of 700000 Copies/micro-well to 10 million Copies/micro-well. Therefore, the final number
of DNAs in the solution after the amplifications are different which resulted in different
fluorescence intensities. As a rule of thumb, the higher the initial concentration, the higher

the percentage increase of the fluorescence intensity.

445, Parallel DNA amplification

In this section, the capability of the device to perform different LAMP reactions
simultaneously on the same device is illustrated which is known as parallel DNA
amplification. In this regard, four different solutions were prepared including one highly
concentrated positive solution of E. coli STEC eae with concentration of 4 * 10°
Copies/uL, one low concentrated positive solution of E. coli STEC eae with concentration
of 40 Copies/pL, one negative solution as a negative control and one positive solution

which contained highly concentrated 2 DNA (Thermo Fisher Scientific, Massachusetts,
USA) with concentration of 100 #9 /ml instead of E. coli STEC eae to serve as the positive

control.

Then, these four solutions were loaded on four different regions on the integrated

device which were separated by the means of the waste channels following the
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methodology which was explained in section 3.6 in chapter 3. The schematic formation of

these four reactions on the integrated device is shown in Figure 4.29.
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Figure 4.29 Schematic of the device for parallel DNA amplification of four different LAMP
reactions including E. coli 70000 Copies / micro — well solution (red), E. coli

7 Copies / micro — well solution (blue), negative control solution (black) and positive

control solution (green) which contained A DNA with concentration of 100 llg/ml.

Afterwards, the same procedure explained in section 4.4.2 (real-time amplification)
was implemented on the integrated device. The amplification reactions were performed for
75 minutes. Next, the sequential fluorescence pictures were analyzed. The real-time
amplification curves of these 4 reactions are shown in Figure 4.30. A few micro-wells from
each reaction were chosen to show in the figure to make it more clear and understandable.
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Figure 4.30 Parallel DNA amplification of four difference reactions including E. coli
70000 Copies / micro — well solution (red lines), E. coli 7 Copies / micro — well

solution (blue lines), negative control solution (black lines) and positive control solution

(green dotted lines) which contained A DNA with concentration of 100 ng/ml_

As it was expected, the high concentrated template (70000 Copies/micro-well)
which was displayed with red lines, was amplified faster than the others in 14 minutes.
Moreover, the lower template concentration (7 Copies/micro-well) which was illustrated
with blue lines, was amplified reasonably after the high concentrated template in 43
minutes. These results were in the expected ranges calculated in section 4.4.4. Additionally,
the negative control solution which did not contain the DNA template and was displayed

with black lines, did not show any significant fluorescence increases which indicated that
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there was no contamination source. Furthermore, the positive control solution which
contained highly concentrated A DNA and was illustrated with green dotted lines, did not
show any noticeable fluorescence increases which determined the specificity of the primers
design. As it was explained earlier, the primer design for LAMP reaction is extremely

specific. Therefore, the reaction just works when the primers match with the DNA template.

In conclusion, high-throughput amplification of four different samples were shown
using the integrated device. This method facilitates the amplification of multiple samples
or the same sample but using multiple primers while reducing the need for labor-intensive
protocols. Although ESEQuant tube scanner is capable of performing multiple reactions
simultaneously, it cannot prevent the false positive results if cross contamination exists in
the solution. On the other hand, this technique decreases the false positive results by
reducing the chance of amplifying any possible cross contaminations through sample

digitization.

In the next section, the capability of the device for on chip reagent storage is

illustrated.

4.4.6. On Chip reagent storage

In this section, the capability of the device for on chip reagent storage is illustrated.
On chip reagent storage is useful since it eliminates or decreases the need to do sample pre-
processing. For instance, after dehydration of the primer mix, a primer-less solution can be

loaded into the device.

In order to dehydrate the primer mix solution on the device with the same

concentration as in previous experiments, 5 puL of the primer mix solution was added to 20
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ML of DI water to reach 25 pL volume. Therefore, after the diluted primer mix solution was
loaded into the device, the concentration of the primer mix in each micro-well remained
the same as previous experiments. Next, the device was put on top of a heater which was
set at 50 Celsius for 30 minutes. After primer mix solution dehydration, the device was

stored in the freezer at -20 Celsius.

Next, a primer-less positive solution was prepared contained master mix, DNA
staining dye (EvaGreen 20X), 5 uL of DI water along with the extracted DNA from E. coli
STEC eae with the concentration of 4 * 105 Copies/pL. Also, 5 puL of DI water was added
to the primer-less positive solution instead of the primer mix in order to keep the
concentration of all the mentioned components the same as the previous experiments.
Therefore, the volume of primer-less positive solution was 25 pL (same volume like the

original positive solution).

The devices which the primer mix was dehydrated on were kept frozen for various
durations of time (2 hrs, 3 days and 5 days) prior to loading of the DNA sample and

subsequent amplification in order to analyze the shelf life of frozen dried primers.

Before the primer-less solution was loaded, the device was brought out of the freezer
and was defrosted at the room temperature for 10 minutes. Then, the primer-less solution
was loaded into the device using the method that was explained in detail in section 3.6 in
chapter 3. Next, the amplification was performed following the method which was

explained in section 4.4.2. The results of these experiments are shown in Figure 4.31.
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Figure 4.31 Amplification time of the primer-less positive solution with respect to time
after the primer dehydration on the chip in order to analyze the shelf life of the frozen dried

primers. The added DNA template had the concentration of 70000 Copies/micro-well.

As it is shown in Figure 4.31, the experiment which was performed 2 hours after the
dehydration, showed amplification with the efficiency as good as the original experiment
described in section 4.4.4 which had the primer mix in its solution. The amplification time
was 15.8 minutes with standard deviation of 2.5 minutes. The second experiment was
performed 3 days after the primer mix dehydration. Even this solution was amplified at a
reasonable time of 20.1 minutes with standard deviation of 7.5 minutes, which indicated
that the primer dehydration with this method worked even after 3 days. However, the
amplification time and standard deviation of the second experiment were higher compare
to the first experiment which revealed that the primer dehydration efficiency decreased with
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respect to time. Nevertheless, the third device which was kept frozen for 5 days and then
used for the amplification, did not show a successful amplification. The main reason behind
this phenomenon could be loss of primers needed inclined toward the complimentary
sequence and their capability to develop the dumbbell structure for LAMP amplification.
In addition, T. Anchordoquy et al [114] and M. Molina et al [115] showed that stored
molecules lose their molecular weight which directly affects the gene expression, with

respect to time during prolonged storage.

As a solution for this problem and to prevent adsorption of the polymerase to the
PDMS surface, a coating method was suggested by Zhang et al [116]. Sigmacote (Sigma-
Aldrich. St. Louis, MO) was coated on the silicone surface to neutralize the molecules at
the surface. It has been reported that by applying this method, the life time of the dried
primers can be increased to 10 days. However, the efficiency of the amplification reaction

decreases considerably [117].

4.5 Summary

In this chapter, the results of different parts of the device were introduced and
discussed in detail. First, the results of micro-well design were presented which covered
the shape of the micro-well and its effect on the filling efficiency and the intensity of the
fluorescence signal. Then, the results of designing flexible heaters using plotting method
were discussed. The main criteria were the uniformity of the temperature gradient,
fabrication cost and electrical power consumption which were compared to the
commercially available heaters. Finally, the DNA amplification results were demonstrated
by showing the proof of concept of the DNA amplification, followed by characterization

of the device which started with analysing the real-time amplification curves to quantify
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the initial concentration of the DNA template. The amplification times, the false negative
ratios and the percentage increase of fluorescence intensity for serially diluted DNA
concentrations were presented. Also, the capability of the device to perform parallel DNA
amplification was presented by showing the results of four different reactions which were
performed simultaneously on the same device. Lastly, the primer mix dehydration method
was explained. It was shown that the primers are capable of re-suspending into the primer-
less solution in order to complete a successful amplification reaction even 3 days after the

dehydration.
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Chapter 5: Conclusion and Future Work

5.1 Conclusion

Early diagnosis of diseases could increase the survival rate and decrease the cost of
treatment. Nucleic-acid-based detection methods are generally considered to be more
sensitive and accurate in comparison to other common techniques such as detecting by
specific epitopes on the pathogen membrane or their produced toxin, as discussed in chapter
2. However, they require a number of sample preparation steps such as cell lysis, sample
purification, aliquoting and mixing with the amplification reagents prior to DNA
amplification. Microfluidics can be used to automate these unit operations and also provide

benefits such as lower cost due to reduced reagent usage and enable faster analysis time.

In the last 20 years, scientists have tried to simplify the detection and treatment
methods in order to provide more accessible and more rapid services in resource-poor areas
where there are no state-of-the-art technologies available. There are two major
contributions to ease the whole procedure: 1) by reducing the complexities of the biological
reactions, and 2) by eliminating the use of high-tech and expensive equipment from
engineering point of view. Examples of such contributions are invention and development
of isothermal amplification methods and elimination of using external equipment such as
pumps and temperature controllers, respectively. In this regard, microfluidic devices can
play important roles by combining these two contributions in order to reduce the time and
cost of the experiment, decrease the volume of the required reagents and make the

procedures more automated.
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In this thesis, a disposable microfluidic device to perform isothermal DNA
amplification was introduced that is capable of parallel amplification of multiple samples.
Loop mediated isothermal amplification (LAMP) which has been shown that is more robust
and sensitive compare to polymerase chain reaction (PCR) has been implemented in this
device. The integrated device composed of micro-wells and a custom fabricated flexible
heater made by using plotting method. The shape and size of the micro-wells were
optimized in order to reach the best possible filling efficiency, and also to be able to detect
the S-shaped real-time amplification fluorescence signals by using the large-field-of-view
detection setup which was designed and fabricated for this application. Moreover, the
performance of the fabricated flexible heaters was analyzed and compared with the
commercially available heaters in terms of temperature gradient uniformity, power
consumption and cost. Additionally, it was shown that this device is capable of quantifying
the concentration of the DNA template in the solution even with 10 fold difference. Finally,
primer mix pre-loading was done successfully which could make the preparation steps

easier in order to fill a primer-less solution into the device.

The main contributions of the thesis can be classified into four major categories.
First, was the use of a simple sample segmentation technique to produce a large number of
aliquots of the sample to perform parallel amplification without the use of micro-pumps or
two phase flows. This method had been previously developed in our lab for the purpose of
cell culturing but was not applied for amplification purposes. The geometry of the micro-
wells was optimized such that they have complete filling and are able to provide sufficient

contrast between amplified and unamplified samples.

The second important contribution of the thesis was the design and the fabrication
of the disposable flexible heaters using a direct write process. The heaters were designed
to produce a better uniformity in temperature distribution than that could be achieved with
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commercial thin film heaters. It has been shown that fabricated flexible heaters by using
direct write method were better than the commercially available heaters in terms of the
uniformity of the temperature gradient and fabrication cost, but not the electrical power
consumption. The design of the flexible heaters can be optimized further to obtain more
uniform temperature gradient and also to improve the electrical power consumption by
optimizing the size of the wire and its material. Moreover, implementing the direct write
process reduced the fabrication cost of the whole device. In terms of the used material, 6
milliliter of PDMS was used in fabrication of each device which cost around 50 cents.
Therefore, the gross cost of fabricating each device was 1 CAD or less (including the cost
of the flexible heater). Consequently, this device meets the criteria of disposability of point-

of-care devices in terms of the cost.

The third evident contribution was design and manufacture of the large field of view
fluorescent detection setup which was designed by Reza Ghaemi (another student in the
lab). Commonly available fluorescent microscopes cannot cover the area as big as the area
of this device (5cm*5cm) in one frame. Therefore, the lack of having a large field of view
fluorescent microscope could be felt drastically and it was the motivation of designing one.
The components of the current setup were optimized to work with EvaGreen dye as a
fluorescent dye with the excitation peak of 500 nm and the emission peak of 530 nm.
However, by properly changing the excitation filter, the emission filter, the dichroic mirror,
and the excitation LED source this setup can be used to work with other fluorescent dyes

as well.

136



M.A.Sc Thesis - S. Liaghat; McMaster University - Mechanical Engineering

The fourth contribution was implementing the waste channel in the design in such
a way that it eliminated the samples from different regions to get mixed with each other
which separates the regions, in addition to collect the extra samples. Therefore, two crucial

challenges were solved by the means of the waste channel.

5.2 Future work

The first parameter that can be studied further in the future is the material used to
fabricate the micro-wells. Although it is common to use PDMS as the core material in
fabricating the microfluidic devices, there are some challenges involved. For instance,
although PDMS is a biocompatible material and has been widely used in the field of
microfluidics, it can absorb the molecules at its surface which is a considerable problem.
Also, PDMS is hydrophobic by nature and it needs some treatment such as using air plasma
to make it hydrophilic. In this specific application, hydrophilicity of the micro-wells is the
priority since it facilitates the filling process. A reasonable replacement material to use
instead of PDMS is vinyl, which is one of the most widely produced synthetic plastic
polymer. There are different types of vinyl available in terms of hydrophilicity and also
thickness. A practical suggestion is the idea of three layers sandwich as it is shown in Figure
5.1. The bottom layer can be a thin hydrophilic vinyl, the middle layer can be a hydrophobic
vinyl with specific thickness, and the top layer can be the same sealing tape that was used

in these experiments.
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Sealing Tape Hydrophobic Vinyl

}

Hydrophilic Vinyl Sample

Figure 5.1 The proposal for the next generation of the device which includes a sandwich of

three layers of hydrophilic vinyl, hydrophobic vinyl and sealing tape.

The critical part is cutting the hydrophobic layer of vinyl into the desired pattern to
shape the arrays of micro-wells. As a proof of concept, a hydrophobic layer of vinyl with
500 micrometer thickness was cut and patterned by using the same machine as it was used
in Xurography method, the Cricut Explore One Machine. Then, it was bonded to a
hydrophilic layer of vinyl and was filled with Methylene Blue solution. Finally, the device

was sealed using the sealing tape as it is shown in Figure 5.2.
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1mm

Figure 5.2 The proof of concept of the proposal for the next generation of the device.

Although the presented device in Figure 5.2 has bigger micro-wells compare to the
current device, more studies are needed to be done on this part to reduce the size since there
are some challenges in cutting the vinyl sheets into relatively small micro-wells. Another
interesting idea is to use heat shrinkable films. In this case, bigger wells can be cut and

desirable size can be reached after the shrinkage [118].

Secondly, the volume of each micro-well and the number of micro-wells can be
optimized further. In microarray conformation designs, it is a privilege to have lower
volume and higher number of micro-wells. In this work, these two parameters were chosen
based on the fabrication constraints described in chapter 3, as well as the limit of detection
(LOD) of the detection setup. One way to improve the LOD is by increasing the power of
the LED light in the detection setup. Therefore, by using a more powerful LED source, the

height of the micro-wells can be reduced, while getting the same real-time amplification
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typical S-curve as before. Accordingly, the width of the micro-wells and the spacing
between them will decrease which results in lower volume and higher number of micro-

wells which are desired in the microarray conformation.

Thirdly, a better design of the flexible heater is needed. Although it was shown that
the fabricated heaters by using plotting method have higher temperature gradient
uniformity compare to the commercially available options, 20 percent higher, this number
can be increased further to >80% percent ideally which can increase the performance of the
device by providing more uniform temperature in all of the micro-wells. Other design ideas
such as spiral design with variable spacing between the micro-wires can be analyzed by

using the same simulation model which is described in Appendix B.

Moreover, another way to provide more uniformity to the temperature distribution
can be by implementing a layer of paraffin between the flexible heater and micro-wells.
This can also serve to decrease any environmental effects on the device by reducing the
temperature fluctuation. Paraffin is considered as a phase change material (PCM) which
has high heat of fusion. Also, paraffin solidifies and melts at the same temperature by
absorbing and releasing energy as a latent heat. C. Liu et al [119] implemented the idea of
using paraffin as a thermal insulator in a self-heating cartridge. However, implementing
paraffin in the design can cause some problems. First of all, after paraffin melts, it can
diffuse into the PDMS which is a permeable material and even get mixed with the
amplification solution which could stop the LAMP reaction. Secondly, the fabrication
protocol is required to change, specifically the curing time and the temperature of the
PDMS since the paraffin starts melting at temperature above 65 Celsius. So, lower

temperature and longer curing time is needed. Therefore, the fabrication time will increase.
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Furthermore, more studies can be done on the energy source for the heater. In the
presented experiments, the energy source was A GPS-3030DD power supply. However,
since the consumed energy is less than 2 watts, the experiments can be run using a battery
that can supply 2 watts for at least an hour. For instance, a Panasonic 9 Volt alkaline battery
with the length of 5 centimeter would be a good candidate to use as the energy source. Also,
another interesting idea could be connecting the device to a USB port of a laptop or a PC

and use the laptop or the PC as the power supply.

The last but not least is the technique that was used to seal the device which was by
hand and using a roller. This part can be investigated further to automate the sealing
method. For instance, one of the feasible options would be implementing a technology such
as the push click latch. In this regard, a well-designed holder needs to be fabricated to meet

all the necessary criteria.
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Appendix A:  SU-8 master mold fabrication with

N o g ~ w P

the height of 700 um

Put the 3-inch silicon wafer in Acetone for 1 minute.

Put the wafer in Methanol for 1 minute.

Rinse the wafer with DI water for 1 minute.

Dry the wafer by blowing nitrogen gas.

Put the wafer on top of a flat hotplate at 150 Celsius for 2 minutes.

Put the wafer in the plasma machine which was set on 50 watts for 1 minute.

Put the wafer on spinner and align the center of the wafer with the center of the

spinner.

8. Add 12 mL photoresist (SU-8-100) on top of the wafer.

10.

11.

12.

13.

14.

Spin the wafer for 35 seconds at 450 RPM, followed by 15 seconds at 500 RPM
with the acceleration rate of 100 RPM per second.

Prebake the wafer for 60 minutes at 65 Celsius, followed by 270 minutes at 95
Celsius.

Leave the prebaked wafer on a completely flat surface for 3 days which gives the
photoresist enough time to flow uniformly on the surface of the wafer. Also, it
should not be exposed to any lights during this period of time.

Align the wafer and the printed mask on the mask aligner.
Expose the wafer to the UV light for total exposure energy of 800 m] /sz.

Post bake the wafer for 10 minutes at 65 Celsius, followed by 60 minutes at 95

Celsius.
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Leave the wafer on a flat surface for 5 minutes at room temperature in order to let
it cool down slowly. This step is crucial since it can prevent thermal stresses which
could potentially shorten the life time of the mold.

Submerge the wafer into the SU-8-developer solution and slowly stir it until the
features are clear.

Use Isopropyl alcohol (IPA) to remove the remained unexposed photoresist from
the surface.

Re-submerge the wafer back into the SU-8-developer solution if any white spots
remained.

Rinse the wafer with DI water and dry it by blowing nitrogen gas.

Hard bake the wafer at 120 Celsius for 60 minutes.
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Appendix B: COMSOL simulation setup

1. Model selection
e Select 3D model and add these three physics: AC/DC>Electric Currents, Shell
(ecs), structural Mechanics>Shell (shell) and Structural Mechanics>Thermal
Stress.
e Select study, select pre-set Studies for Selected Physics Interfaces>Stationary.
2. Geometry
e Set the dimension unit to millimeter (mm).
e Add ablock with dimensions 65*65*0.09 mm with a corner at (0,0,0) (The PSA
film).
e Add a xy-work plane at z=0.09 mm.
e Under plane geometry add the geometry of the designed heater. In this design,
the geometry of the micro-wire pattern was composed of many connected
rectangles with the width equal to the diameter of the micro-wire (0.025 mm).

e Click build all (Figure B.1).
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Figure B.1 The geometry of the heater.
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Materials

e Define the material of the block as acrylic plastic.

e Define the material of the micro-wires as copper.

Multiphysics

e Select Model builder, under Multiphysics choose Boundary Electromagnetic
Heat Source, go to Setting, Boundary selection and select the micro-wire
pattern.

e Select Model builder, under Heat Transfer in Solids (ht), go to Physics, Click
on Boundaries and select Heat flux, under select boundaries, select all the
boundaries and Convective heat flux.

e Go to Physics, Click on Boundaries and select Thin layer, under select
boundaries, select the micro-wire pattern and set the layer thickness to 0.025
mm.

e Select Model builder, click Electric Currents, Shell (ecs), go to Physics, under
Edges choose Electric Potential, select one end of the micro-wire pattern and
set the initial voltage to 18 volts.

e Go to Physics, under Edges choose Ground, select the other end of the micro-
wire pattern.

Meshing

e Set user-controlled mesh.

e Choose costume under element size. Different element sizes are required to be
tested in order to show the mesh independency of the results. In this regard, 4
element sizes, 0.5 mm, 0.75 mm, 1 mm and 1.5 mm were tested and the results
were compared (Figure B.3).

e Click build all.
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6. Study
e Select Compute to solve the model.
7. Results
e Go to Data sets, add a surface, select the top surface of the geometry and name
it ‘Top’.
e One of the default plots under the results is Temperature (ht), you can find the

temperature distribution of the top surface (Figure B.2).

Surface: Temperature (degC)

1 80

- 470

- 4 65

Figure B.2 The temperature distribution of the top surface.
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As it was mentioned earlier, mesh independency of the results is required to be
analyzed. Therefore, four different mesh sizes ranging from 1.5 mm to 0.5 mm were tested.
In this regard, the temperature distribution of a vertical line located on the top surface
parallel to the Y axis for four different mesh sizes were plotted in Figure B.3. The analyzed
line started from the point (27.5, 10, 2) and ended up at the point (27.5, 50, 2). Therefore,

the length of the line was 40 mm.
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Figure B.3 Mesh independency analysis. The temperature distribution of the vertical line
located on the top surface parallel to the Y axis for four different mesh sizes, 1.5 mm

(black), 1 mm (grey), 0.75 mm (blue) and 0.5 mm (red).
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As it is shown in Figure B.3, the temperature profiles were converging together as
the meshing element size decreased. The result from 1.5 mm meshing element size was
considerably different from the other three. However, not a significant difference was
observed between the 1 mm, 0.75 mm and 0.5 mm element sizes. Therefore, 0.5 mm was
chosen as the meshing element size in order to perform the simulation since it produced the

closest result to the converging values.
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Appendix C:  Detailed information for various

micro-wires

Detailed information for various micro-wires from two companies, the Surepure

Chemetals and the VVape Mesh Company, with different sizes and materials can be found

in Table C-1.
Model Material Size (um) Prlce/Length (CAD/meter)
Surepure Chemetals Copper 76 0.06
(3618)
Surepure Chemetals | 50% Copper 76 2.6
(4865) 50% Silver
Surepure Chemetals Copper 102 0.1
(3631)
Surepure Chemetals Copper 127 0.15
(3626)
Surepure Chemetals Silver 25 4.2
(2080)
Surepure Chemetals Silver 51 6.6
(2702)
Surepure Chemetals Silver 102 6.6
(2703)
Surepure Chemetals Nickel 10 13.8
(3455)
Surepure Chemetals Nickel 254 1.2
(3042)
Surepure Chemetals | 78% Nickel 500 4.9
(3042) 20% Chrome
The Vape Mesh Stainless 50 0.04
Company (SS317L) Steel
The Vape Mesh Stainless 210 0.15
Company (SS317L) Steel
The Vape Mesh Titanium 200 0.2
Company (Titanium
Wire)
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The Vape Mesh Fe-Cr-Al 90 0.05
Company (Fecral

Alloy)

The Vape Mesh Fe-Cr-Al 130 0.07
Company (Fecral

Alloy)

The Vape Mesh | 60% Nickel 200 0.09
Company 15% Chrome

(NiCR6015) 25% Fe

The Vape Mesh | 80% Nickel 50 0.04
Company 20% Chrome

(NiCR80/20)

The Vape Mesh | 80% Nickel 100 0.04
Company 20% Chrome

(NiCR80/20)

The Vape Mesh | 77% Copper 200 0.15
Company (CuNi23) 23% Nickel

The Vape Mesh Copper 220 0.07
Company (Cu-

31AWG)
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Appendix D:  Decrease of the fluorescence intensity

phenomenon

After the sample was loaded into the device following the method described in
chapter 3, section 3.6, a fluorescence picture was taken at the room temperature before
starting the amplification. Then, the device was heated up to 65 Celsius and another
fluorescence picture was taken. It was observed that the fluorescence intensity decreased
significantly when the temperature was increased from the room temperature to 65 Celsius,

as it is shown in Figure D.1 for three different heights.

Room Temperature 65 Celsius

| ..E -
Decrease
| .} -
. D
o .'ecrlse -

Figure D.1 Decrease of fluorescence intensity phenomenon.
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The reason behind this phenomenon could be either the primer dimer or the
dissociation-characteristics of double-stranded DNA during heating up process which is
known as melting curve analysis. The former happens when primers bind together and
make a double stranded molecule. Therefore, it gives the EvaGreen dye the chance to
intercalate into the double stranded molecule and increases the fluorescence signal. The
latter was due to the melting point temperature which defines as the temperature at which
50 percentage of DNAs in the sample are denatured. From the nucleobases point of view,
G-C base pairs have three hydrogen bonds between them and A-T base pairs have two.
Therefore, more energy is required to break down the G-C base pairs. Consequently, DNAs

which have more G-C base pairs have higher melting points compare to others.

As a result, by increasing the temperature, more DNA molecules are denatured and
the primer dimer phenomenon gets less effective. Therefore, lower fluorescence signal is
emitted since the EvaGreen dye just emits signal when it intercalates to a double stranded
molecule. As it was explained earlier, EvaGreen dye does not emit light on its own. Also,
after amplification starts, the fluorescence intensity increases in an S-shape curve (typical

amplification curve) till it reaches the plateau phase.

Moreover, the ESEQuant tube scanner which its result was used as a reliable
reference point in these experiments, shows the amplification curve only at the set
amplification temperature which means the machine waits till the temperature reaches the
set point, and after the equilibrium condition is touched, it starts measuring the florescence
intensity. Therefore, the same procedure was followed in these experiments. As a result,
just the pictures which were taken at 65 Celsius were analyzed in order to generate the real-

time amplification curves.
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Appendix E:  Temperature calibration

In order to check the reliability of the reading temperatures from the thermocouple
(5SRTC flexible thermocouple) and the infrared thermal camera (FLIR ONE), two simple
tests were done. First, a mixture of water and ice were prepared. After it reached the
equilibrium phase, the temperature of the mixture was measured by using the thermocouple
and the thermal camera. Theoretically, this temperature is 0 Celsius. In another experiment,
the temperature of a boiling water was measured by using the thermocouple and the thermal
camera. Theoretically, this temperature is 99.5 Celsius considering the altitude factor

(around 150 meters above the sea level). The measured temperatures are summarized in

Table E-1.
Ice and Water mixture | Boiling Water
Thermocouple (Celsius) 0.3 100.5
Thermal Camera (Celsius) 0.1 100.3

Table E-1 The measured temperatures using the thermocouple and the thermal camera.

Considering the acceptable temperature margin which was calculated in section
4.2.6 in chapter 4, the measurement errors were absolutely acceptable. Therefore, the

measured temperatures were reliable.
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Glossary

AutoCAD

DI Water

DNA

Electrophoresis

Escherichia coli

EvaGreen Dye

Fluorescein Dye

A computer aided design (CAD) program to create 2D or 3D

designs and drafts.

Deionized water is a water contains no ions such as cations and

anions.

Deoxyribonucleic acidis a molecule contains genetic
information for all the functions of living organisms and many

viruses.

Is a separation technique based on the movement of charged

particles in a fluid or gel in an electric field.

Also known as E. coli is a gram-negative, rod-shaped, coliform

bacterium lives in the intestines of people and animals.

Is a green fluorescent nucleic acid dye which is not fluorescent
by itself but becomes highly fluorescent when it intercalates

with dsDNA.

An orange dye used to tag or label molecules which is
fluorescent by itself and does not need to intercalate with

double stranded molecules in order to be fluorescent.
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Loop-mediated
Amplification

(LAMP)

Negative Sample

Nucleic-based Acid
Technology (NAT)

Polydimethylsiloxane

(PDMS)

Polymerase  Chain

Reaction (PCR)

Is an isothermal amplification technique which is capable of
amplifying the number of DNAs or RNAs in the sample to

billions in less than an hour.

Is a solution with the volume of 25 uL in this thesis, composed
of 14.62 pL of the Master Mix, 5 uL of the Primer Mix, 5 pL

of DI water and 0.38 pL of the EvaGreen 20X.

Is a well-established technique in molecular diagnosis where
the main purpose is to detect a target by the means of

manipulation of biomarkers such as nucleic acids.

Is a transparent polymer with the chemical formula of
CH;[Si(CH3),],Si(CH3)3, n being the number of monomers

repetitions. Which is commonly used in the microfluidic field.

Is the most popular non-isothermal amplification method which
is capable of amplifying the number of DNAs or RNAs in the
sample. It goes through thermal cycles and the number of
template copies double after each cycle. PCR cycle steps are
denaturation (90-95 Celsius), annealing (55 Celsius) and

extension (72 Celsius).
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Positive Sample

Primer

RNA

Is a solution with the volume of 25 pL in this thesis, composed
of 14.62 pL of the Master Mix, 5 uL of the Primer Mix, 5 pL

of the DNA template and 0.38 uL of the EvaGreen 20X.

Is a necessary component of the DNA replication process. It is
a short nucleic acid sequence that provides a starting point for
DNA synthesis which must be synthesized by an enzyme called

primase before DNA replication can occur.

Ribonucleic acid (RNA) is asingle stranded molecule
transcribed from DNA, essential in various biological roles
including coding, regulation, and expression of genes. Also, it

is composed of a chain of nucleotides.
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