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ABSTRACT

Continuous progress in the nanotechnology field has allowed for the emergence of
powerful, nanopore-based detection technology. Solid-state nanopores were developed for
next-generation sequencing and single-molecule detection. They are advantageous over their
biological counterpart because they offer robustness, stability, tunable pore size and the ability
to be integrated within a microfluidic device. With all of these attractive attributes, solid-state
nanopores are a top contender for point-of-care diagnostic technologies. However, hindering
their performance is an inability to distinguish between small molecules, pore-clogging, and the
detection rate's dependence on sample concentration. The concentration-dependent detection
rate becomes particularly evident at low sample concentrations (<1 nM), sometimes taking
hours for the nanopore to sense a single molecule because of diffusion. The inability to
distinguish between small molecules can be addressed using DNA nanostructures; however,

pore-clogging and variable detection rates hinder its potential in a clinical setting.

This thesis proposes a microfluidic device design and methodology that seeks to
mitigate pore-clogging and improve the detection rate for dilute samples. DNA coated
microbeads will create a bead column within the microfluidic device and confine the target
molecules to an extremely small (20 nL) volume. The sample can be washed, ridding the
contaminants, and eluted on-chip, so the sample is purified and concentrated, affording a more
reliable sensing performance. First, a magnetic microbead DNA assay was optimized off-chip,
and the capture and release efficiencies were monitored using a Biotek™ Epoch™ 2
spectrophotometer (Chapter 2). Next, a novel microfluidic device design was optimized and
validated to ensure precise sample manipulation (Chapter 3). Finally, the microbead assay was
incorporated into the microfluidic device for sample concentration (Chapter 4). Fluorescence
microscopy results suggest successful DNA elution from the microbeads within the microfluidic
device, allowing for a 28.5 X concentration increase. This platform shows promise for sample
preconcentration by reducing the starting DNA sample volume of 25 pL to 20 nL, which could

improve the speed of solid-state nanopore sensing.
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Chapter 1 : Introduction

1.1 Nanopore Sensors: An Overview

Nanopore sensors are an up-and-coming biosensor with exciting potential. They offer a
cost-effective, amplification free, high-throughput sensing method capable of single-molecule
detection [1], [2]. With healthcare moving towards point-of-care methods and real-time
diagnosis, nanopores have the potential to revolutionize existing technologies and improve

disease detection, monitoring and treatment [3], [4].

1.1.1 The beginning of nanopore sensing

In the 1940s, Wallace H Coulter and his brother Joseph actualized an idea they had to count and
size cells by passing them through an aperture [5]. The first cell counter Wallace Coulter
created was made out of a cellophane wrapper that divided a glass container filled with an
electrolyte solution. The cellophane wrapper had a tiny hole poked, and a set of electrodes
were placed on each side of the wrapper, in solution, to create an electric current across the
aperture. While monitoring solution conductivity, discrete, short pulses were observed when
cells passed through the hole. A depiction of this process, later termed translocation, is shown
in Figure 1-1 A. They found the rate of the pulses correlated to the total number of cells in
solution, and the magnitude of the pulses proportional to cell size [5], [6], giving rise to the first

Coulter cell counter.

Nanopore sensing came to light in a notebook dating back to 1989 [7]. If the size of the
aperture used in the Coulter-Counter can decrease from millimetres to nanometres, the sensing
target could change from a single cell to a single molecule of DNA. By monitoring the
conductivity, differences in pulses would be unique to each DNA base (A, G, T and C), could be

used to determine a sequence of DNA (Figure 1-1 B)
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Figure 1-1: Coulter Counter schematic and conceptual drawings of a nanopore DNA sequencing. (A)
Coulter Counter; by initiating the flow of electric current through the aperture, a measurable decrease in
current is observed as a particle translocates. (B) A conceptual diagram of a nanopore, based on the
principles of the Coulter Counter, taken from D. Deamer's notebook. Images adapted from references [6]
(A), [7] (B) with permission.

1.1.2 Types of nanopore sensors

The first published nanopore experiments used biologically derived protein pores (Figure
1-2 A). In the body, these pores are found in the lipid bilayer and perform functions such as
maintain ion gradients and actively transport nucleic acids during different cell cycles. After
years of research dedicated to improving biological nanopores, they achieved resolution at the
atomic-level and are a platform for sequencing DNA [7], [8]. Unfortunately, biological
nanopores suffer from extreme sensitivity to their environment, intrinsic instability and have a
fixed pore size that typically only allows for single-stranded DNA to pass [4], [8]. Though
capable of exceptional resolution, they are unfavourable for long term/multiple use or

incorporation into nano-devices [1].

Solid-state nanopores were introduced to improve upon some of the limitations
present in biological pores. They have a characteristic structure (Figure 1-2 B) and are fabricated

in thin, synthetic membranes, such as silicon oxide [9], [10] and silicon nitride (SiN) [11], [12].



Fabrication has become quite cost-effective due to a recent pore formation method, namely
controlled dielectric breakdown (CBD) [13]. Solid-state nanopores offer superior chemical and
mechanical stability and can withstand a wide range of experimental conditions, such as
changes in pH, voltages and temperature [2]. This enhanced robustness creates the potential to
be integrated within lab-on-a-chip (LOC) and nano-devices [14]. Another upgrade is their ability
to adjust the pore size, permitting them to detect a vast size of target molecules [15]-[17]. All
of these advantages of synthetic membrane nanopores over the biological complements make

an exciting area for exploration.

A) Biological nanopore

) B) Solid-state nanopore
Vestibule

SiN

Barrel

I
000
P Lipid bilayer

SiN

Figure 1-2: Cross-sectional view of nanopores. (A) a biological nanopore embedded in a lipid-bilayer and
(B) a solid-state nanopore fabricated in a thin, SiN membrane. Figure adapted from [2] with permission,
not to scale

1.1.3 Principle of nanopore sensors

Figure 1-3 depicts a typical nanopore device, sharing many similarities to the Coulter
Counter described in Section 1.1.1, except on a smaller scale. The nanopore is fabricated in a
membrane supported by a substrate immersed in a conductive electrolyte solution, dividing it
into two chambers. When an electric potential is applied between these two chambers, an
electric field is created across the pore. The nanopore is the only path for ions and charged

biomolecules to translocate from one side to another [18].
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Figure 1-3: Schematic of a basic nanopore set-up. The membrane separates two liquid compartments,
allowing ion and fluid exchange. When a bias voltage is applied, electrolyte ions move through the
nanopore. Figure adapted from [3], [19].

Charged target molecules for nanopore sensing are typically DNA [20], RNA [21] and
proteins [22]. Nucleic acids have a general structure that consists of three components: a
phosphate backbone, a pentose sugar and a nitrogenous base. The negative phosphate
backbone gives nucleic acids their acidic character and makes them excellent sensing targets for
a nanopore [23]. The negatively charged nucleic acid is drawn, electrophoretically, across the
pore towards the positive electrode, as shown in Figure 1-4 A. Protein translocation is slightly
different than nucleic acid translocation because proteins are amphiphilic molecules [23].
Proteins are made up of ionizable amino acids, so their overall charge is dependent on pH [23].
A protein's isoelectric point (pl) is the pH at which the protein's overall charge is zero. It is
dependent on the amino acid sequence and post-translational modifications [23]. When the pH
is lower than the pl, the protein's net charge is positive and will move through the pore towards
the negative electrode [24]. When pH is higher than the pl, the protein is overall negatively

charged and will move through the pore towards the positive electrode [24].

In a nanopore set-up, electrodes such as silver/silver chloride (Ag/AgCl) create a

potential difference across the nanopore. When biomolecules translocate through the pore,



they temporarily block the ionic current, producing a measurable drop in baseline current
(Figure 1-4 B). After translocation, the pore is empty, and the ionic current recovers to the
baseline level. Each spike can be analyzed to determine the cross-sectional area and length of
the molecule from the ionic current reduction, Al, and dwell time, tqwel, respectively (Figure 1-4
C). These disruptions are unique, allowing nanopore sensors to detect subtle differences

between molecules [25] and nucleotides [26].
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Figure 1-4: Biomolecule sensing schematic for a solid-state nanopore. (A) Individual DNA molecules
start passing through the nanopore (B) Electrical measurement traces of DNA molecules passing through
a nanopore (C) Dwell time and blockage depth parameters used to determine molecule length and cross-

sectional area, respectively. Source of data reference [27].

Biomolecules translocating through a nanopore are strongly governed by applied
potential (AV) and the geometry of the pore [28]. The measurement throughput of a nanopore
is dependent on two things: the rate at which the target molecule arrives at the pore and the
rate at which it enters the pore [29]. Most samples are at a low enough concentration that one
can ignore the interactions between molecules so that the capture rate (J) is proportional to the

concentration of target analyte (c).



Where R is the normalized capture rate that depends on the geometry of the nanopore and the

electrophoretic transport properties of the target analyte [3].

The capture radius is a hypothetical semi-circle with radius r* outside the nanopore, as
depicted in Figure 1-5. When the target analyte is at distances such that r > r*, it is freely
diffusing in the bulk solution due to Brownian motion [30]. Therefore, the capture rate is
limited by the time required for the target to arrive at the pore mouth (diffusion-limited). When
the target analyte is at distances such that r < r*, it gets irreversibly captured and pulled toward
the pore mouth. Under these circumstances, the effect of the electric field dominates the
diffusive forces [31]. The size of the capture radius is dependent on many factors such as DNA
length [32], experimental conditions [33], nanopore diameter [34] and applied bias voltage

[32], [34].

Though the target molecule must be delivered to the pore mouth, it is only one piece of
the puzzle. The other important piece is for the target molecule to enter the pore. An entropic
barrier must be crossed to orient the molecule to enter the pore correctly (barrier-limited) [3].
Molecule detection and capture rates of a nanopore are predominately diffusion-limited, which
creates a capture rate of 1 hZ/nM, indicating that the optimum concentrations for detection are
on the nM (nanomolar) scale [33], [35]. When the target is present in a sample at a nanomolar
level, a molecule can be detected every second and 500 molecules in about 8 minutes (Table 1).
However, when the target is present in a sample at a picomolar level (10 nM), one molecule

will be detected every 1000 seconds and 500 molecules in just under 6 days (Table 1).



Table 1: The effect of concentration on sensing time for solid-state nanopores (capture rate= 1
Hz/nM)

Sample concentration Time to sense 500 molecules
um 0.5 seconds
nM 500 seconds
pM 6 days
fM > year

Figure 1-5: Biomolecule capture by a solid-state nanopore when a bias voltage is applied (not to
scale). The capture radius, r¥*, is a hypothetical semi-circle around the nanopore. The electric field is
negligible at distances far from the pore (r*<<r), and molecules move in a diffusive fashion. At distances
smaller than r*, the electric potential drives molecules to the pore. Figure adapted from [3].

1.2 Biomarkers for Disease Detection

Biomarkers are biomolecules that can indicate the presence and severity of disease
processes and give insight into response to treatments. Many life-threatening conditions start
at clinically undetectable levels of biomarkers and steadily increase until symptoms arise [36].
The earlier a disease or illness can be identified, the better chance of curing, treating and
reversing the damage. Advances in molecular diagnostics and screening technology have
improved our ability to identify disease-specific genomic, proteomic, and epigenetic signatures
[37]. This has led to the identification of biomarkers that can detect disease and illness early in
their development. Biomarkers can take many forms, including DNA [38], RNA [39], protein [40]
and lipids [41]. The ultimate detection platform for these biomarkers would be inexpensive,

non-invasive and allow time for effective intervention.



1.2.1: Understanding current detection limitations

Attractive, non-invasive methods for extracting biomarkers from the body include taking
blood, urine or saliva samples. However, disease biomarkers in these types of samples are often
extremely dilute and mixed with many other biomolecules, making their detection difficult [42].
The ability to increase the concentration of target analytes in a fixed sample volume can lower
the detection limit for many biosensing platforms [43]. Polymerase Chain Reaction (PCR) based
diagnostics is one of the most potent tools today to increase target DNA concentration. The
DNA of interest can be replicated numerous times through PCR, amplifying it significantly,
making detection much more reliable. The method relies on knowing the sequence of target
DNA responsible for the disease [44]. Identifying the target sequence can be expensive and

time-consuming, two significantly limiting factors towards point-of-care diagnostics.

In some cases, protein biomarkers are simpler to identify [45]; however, they are still
fairly dilute in non-invasive serum samples, and PCR amplification does not work on proteins
[42]. Some other, more versatile methods for increasing biomarker concentration include
sample evaporation, dielectrophoresis, column chromatography and magnetic bead-based
separation [46], [47]. Concentration by evaporation works by vaporizing the liquid to gas,
leaving the biomolecules in a more concentrated sample [48]. Dielectrophoresis is the motion
of particles in a non-uniform electric field [49]. It can concentrate particles of interest to a focal
point by exploiting certain field conditions [49]. Column chromatography uses interactions
between different molecules to isolate the biomolecule of interest [50]. The target is adsorbed
in the column, while molecules that aren’t of interest are washed out. Increasing the target
concentration occurs during elution from the column by decreasing the volume of elution
buffer. Magnetic beads can be mixed in the sample to capture target biomarkers, recollected
magnetically, and the target can be released under favourable conditions [51]. Depending on
the volume of elution buffer, a concentration increase is achievable [52]. Column
chromatography and magnetic bead separation can integrate antibody/antigen selectivity [53],

[54], making them attractive options for selectively increasing sample concentration.



1.2.2: Current biomarker detection

The potential to diagnose and monitor diseases by detecting the presence of biomarkers is
an exciting possibility. Two state-of-the-art technologies for detecting biomarkers are Single
Molecular Arrays (Simoa™) from Quanterix Corp. and Immuno-PCR (IPCR) on the Imperacer ®
platform from Chimera Biotec GmbH. The Simoa™ digital ELISA from Quanterix Corp. has shown
promise for detecting extremely low concentrations (fg/mL) of biomarkers[52]. Biomolecules
are captured on microscopic magnetic beads, and each is fluorescently labelled. The beads are
introduced to a disc with an array of femtoliter-sized wells; each well can only accommodate
one bead [55]. Then Simoa uses a unique signal detection system to detect the number of
biomolecules stuck to a bead. Each target analyte encounters a bead in less than 1 minute [56].
Simoa™ offers faster data acquisition, multiplexing up to 10 different analytes and can detect
low concentrations where conventional methods hit their limit of detection (LOD) [57]. It also
offers full automation-including sample dilution, mixing, washing, incubation and data acquiring
steps. In the last few years, there has been a push to miniaturize this technology using digital

microfluidics and microbubbles [52].

Quantitative mmune-polymerase chain reaction (qIPCR) can detect specific antigens using
antibodies labelled with double-stranded DNA [58]. The DNA is amplified downstream by
guantitative PCR for a more robust signal. The amplification allows qIPCR to detect low
biomarker concentrations, 100 fg/mL — 10 pg/mL [59]. The Imperacer® is not automated at this
time and, like most systems of this nature, require trained personnel. A qIPCR assay requires

between 4-7 hours [60] and is not down-scalable [61], hindering its application in POC settings.

1.2.3: Nanopore’s potentials and limitations in disease detection

State-of-the-art platforms mentioned above use fluorescent signals and complex optics to
analyze a sample. Nanopores offer a different approach to biomarker detection because the
signal generation is solely based on changes in the current [62]. Various infectious diseases,

including Ebola [63] and Lassa fever [1], [64], have been diagnosed through DNA and RNA



sequencing using Oxford Nanopore’s MinlON sequencer, which is based on biological
nanopores [1]. The potential of solid-state nanopores in disease diagnosis is still unknown, but

because of the benefits they confer (1.1.2 Types of nanopore sensors), this area is now being

heavily researched.

For solid-state nanopores to compete with current biosensing technology, two limitations
must be addressed: low resolution leading to poor selectivity [65], [66] and low reliability [67].
Limitations of resolution stem from the thickness of the nanopore membrane (spatial
resolution) and extremely fast translocation of target molecules through the pore (temporal
resolution). Thinner membranes need to be fabricated to increase the spatial resolution of
solid-state nanopores [68]. The thickness of a conventional SiN membrane is about 20-60 times
larger than the gap between DNA base pairs, which is about 0.3nm [68], [69]. This difference
means 20-60 nucleotides are in the pore at one time, reducing the nanopore’s ability to
distinguish between the sequences of similar length DNA [1]. The ultimate goal is a membrane
with a thickness of 0.3nm to achieve single base-pair resolution. Molybdenum disulfide (MoS;)
[70] and SiN [71] have shown the feasibility of this type of resolution. There are two
approaches to improving temporal resolution issues: slowing the translocation of biomolecules
[72] and increasing data acquisition [73]—[75]. A single molecule’s translocation time is often
shorter than the measurement time interval of the acquisition system [74]. This acquisition lag
means molecules pass through the pore unaccounted for, or they distort the raw data if
partially detected [73]. Slowing the translocation of biomolecules is a more affordable solution
[76]. Slowing translocation also rivals the goal of high throughput sensing, so increasing data

acquisition is a more favourable long-term approach.

There are a few techniques that have been developed to address the resolution
shortcoming and increase selectivity, including modifying experimental conditions [65], [77],
[78], using optical or magnetic tweezers [79], electrical gating [80] and using DNA nano-
switches [72]. Many of the options introduce complexity to the device design [72]. DNA nano-
switches not only slow the translocation speed but can also act as a label to distinguish

between molecules, permitting specific molecule detection with minimum complexity [81].
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The idea is to strategically attach the molecule of interest to a long strand of DNA to
trigger a conformational change (Figure 1-6). These changes can be achieved by manipulating
strong interactions, such as antigen/antibody, biotin/streptavidin, or hybridizing pieces of DNA
or RNA together [81]. The new, unigue molecular structure is distinguishable from the electrical

traces, increasing resolution and selectivity [72].

ON
LU L OO A OOPEY OO CCPY AL T T LT IVCCT AT TP STt Oy (AP ot O parrr
Target strand
OFF

(L O T (Y Y C Y Y Y (AT O L o o o Oy o arrry ey FCY e crry ooy pOAry e orapy ooy

Figure 1-6: DNA nanoswitch schematic. A change in conformation occurs to the ssDNA when the target
gene is present and bonded to its complementary sequence. Figure adapted from [52]

Apart from improving the resolution in solid-state nanopores, the device's reliability also
needs to be addressed. Nonspecific adsorption of biomolecules onto the nanopore's membrane
or wall and variable detection rate diminishes the device's reliability and usability [82].
Undesired adsorption can produce erroneous signals [83]. It can also block target molecules
from translocating and cause temporary or permanent damage to the device [84]. One
approach to solve unwanted adsorption is to coat the nanopore membrane with an anti-

sticking agent, such as polyethylene glycol (PEG) [67] or lipid coatings [85].
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The detection rate of solid-state nanopores is exceptionally dependent on the sample's
concentration, hindering its real-world applications. As mentioned earlier, their optimum
sensing range is on the nanomolar scale [82], [86]. When concentrations are below this, the
detection rate drops significantly, and measurement times can become quite lengthy (> 1hr)
[33], [35]. A few methods have been employed the rectify this, such as single-molecule
dielectrophoretic trapping [33], using asymmetric electrolyte solutions on either side of the
pore [31] and precisely controlling the temperature near the pore [87]. Though effective at
increasing the nanopore's dynamic range, these solutions are not ideal for more complex

biological samples as they don't offer any selectivity [88].

1.3 Objectives

This project aims to improve the time-to-response of solid-state nanopores for low
concentration samples while improving sample purity. Thus, magnetic bead-based separation
and microfluidics were combined, which increases concentration through volume reduction. A
novel microfluidic device was designed and fabricated, capable of trapping magnetic
microbeads, washing impurities, mixing and eluting. Pneumatic push-up valves achieve all
fluidic manipulations on-chip. The beads are trapped by a sieve valve that closes partially to
allow fluid to pass but catches the beads, forming a column within the fluidic channel.
Peristaltic pumping pneumatic valves perform on-chip mixing. The beads are confined to a
closed-loop of ~20 nL, where the target is eluted off the beads. This method affords a
concentration increase of 28.5X. The ground-breaking concentration capabilities show promise

for improving the detection of dilute samples by solid-state nanopores.

This project was tackled in three different steps, which are represented as the chapters of
this thesis. The first step, outlined in : Magnetic Microbead Assays (Off-Chip), involved
guantifying magnetic microbead assays and tweaking the protocols to be compatible and
optimized for the microfluidic device. The next step, : Validation of a Microfluidic Device,
outlines how the microfluidic devices were characterized before incorporating the microbeads.

The final step, described in : Incorporating Microbead Assays with a Microfluidic Device,

12



involved combining efforts one and two, building an on-chip microbead concentration column
and elution of the DNA from the beads into a much smaller volume, to increase the
concentration. It is worth clarifying that on-chip refers to the experiment being carried out on

the microfluidic device. Off-chip refers to the experiment being performed in a centrifuge tube.
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Chapter 2 : Magnetic Microbead Assays (Off-Chip)

2.1  Motivation and Objectives

Solid-state nanopores suffer from low specificity and lengthy time-to-response when

detecting dilute target molecule samples (< nM), as discussed in Section 1.2.3: Nanopore’s

potentials and limitations in disease detection. Many circulating biomarkers are below this

range [59], [89], [90], and similar in size [91], highlighting the need for a method that

concentrates a target analyte before nanopore detection.

Magnetic beads are a standard tool used to capture and release target molecules. This
technique for the separation of biomolecules is efficient, easy, and affordable [92]. Another
bonus to this approach is that the bead size and coatings can be specific for the application and
target analyte. This selectivity is not realized when using other concentrating methods such as
evaporation or dielectrophoretic trapping [93]. The goal of this chapter is to characterize a few
microbead protocols in centrifuge tubes (off-chip). Analyzing the bead capture and release
efficiency gives insight into the concentrating viability of this method. This chapter compares

two protocols and the trade-off between DNA recovery and microfluidic device complexity.

2.2 Introduction

Separation and concentration of biomolecules are essential steps in many biochemical
and diagnostic processes. Many downstream applications such as detection [94] and
sequencing [93], [94] cannot be performed using the unpurified sample. The presence of large
amounts of cellular contents or other contaminants often impedes the quality of results given
by these downstream applications [95]-[97]. Solid-phase purification is used in many
commercial extraction kits because it is quick and efficient [56], [98]. Typically, solid-phase
extractions consist of four steps: cell lysis, biomolecule adsorption, washing and elution [98]. It
often relies on a spin column with centrifugal forces to separate the target from the rest of the
sample [52]. These methods are not only time consuming because of sample preparation, but
they also suffer from column clogging, require the use of a pump system, and are unable to

accommodate large sample volumes [55]. Magnetic solid-phase extraction has become one of
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the most useful and powerful techniques for separating biomolecules because the problems

mentioned above are avoided [56].

2.2.1 Magnetic solid-phase separation

Magnetic solid-phase separation uses functionalized magnetic particles to adsorb target
analytes and an external magnetic force for easy separation (Figure 2-1) [52], [57]. This
method's two advantages over traditional solid-phase extractions are that target molecule
capture can be done from a crude sample [52], and disruptive centrifugation steps are not
needed [55]. Magnetic separation techniques are compatible with a wide range of sample
volumes and concentrations, and their functionality can be altered to isolate a wide range of

target biomolecules [52].

Sam.plle Functionalized
containing magnetic Wash . o Elution Isolated
target beads buffer ¢\ ernatant buffer DNA

) P | il il

| @ |
Figure 2-1: Magnetic bead solid-phase separation schematic. Functionalized magnetic beads bind to
the target in the sample. A magnet collects the beads so that the supernatant can be removed. After

washing steps to remove contaminants, the target is released from the beads in an elution buffer. Figure
adapted from [52] with permission.

The surface functionality of magnetic particles is responsible for their unique properties
that are imperative for isolating specific targets [99]. Many different biological applications
have been realized due to magnetic beads' functionalization, one of the most critical being
biomarker isolation. Other coatings can be used depending on the type of biomolecule being
isolated and the degree of selectivity required. Silica is the most common material used to
isolate DNA from a sample [100]. At a neutral pH, amorphous silica possesses a negative
charge, and DNA adsorption is not electrostatically favourable [100]. However, in the presence

of concentrated chaotropic salts, such a guanidium thiocyanate, DNA adsorbs to the surface of
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silica [101]. The other molecules remain in the solution and are removed from the sample. This
mechanism is still not fully understood, but it is well accepted that there are three main
competing effects [100], [102]. 1. Chaotropic salt shields the negative charges to weaken
electrostatic repulsion between silica and DNA. 2. Dehydration of DNA and silica in the
presence of chaotropic salts. 3. Intermolecular hydrogen bond formation. After washing the
beads to remove the salt and other impurities, DNA is eluted using a low salt buffer. Buffers
without chaotropic salts are also successful at isolating DNA [101]. The electrolytes in the buffer
shield the electrostatic repulsion and facilitate adsorption by forming a cation bridge between

the dehydrated DNA and silica [102], [103].
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Figure 2-2: Mechanism of DNA adsorption to silica. A) Under normal, low salt conditions, both the DNA
and silica are hydrated and do not interact. B) In the presence of a dehydrating agent (can be chaotropic
salt), the water surrounding the silica and DNA backbone is removed, and a cation facilitates the
adsorption of DNA to silica by shielding the electrostatic repulsion.

Silica and carboxyl groups have negatively charged oxygen at a neutral pH [100], [104].
Silicon and carbon are in the same row in the periodic table. Being from the same group in the
periodic table means they have the same number of electrons in the valence shell and tend to
react the same way with other substances. Carboxyl-coated magnetic beads are also known to

have DNA isolation capabilities [105], probably through a similar mechanism to that proposed

for silica.
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There are many different surface modifications for magnetic beads, depending on the
application [100], [106]. The versatility of magnetic beads means this approach to
concentrating a sample is not limited to one specific disease; as long as there is a bead assay,
concentration can be achieved. In this work, the binding and elution capacity of carboxyl-
coated magnetic beads was studied. Theoretical calculations were compared to experimental
results to determine the success of molecule isolation. These results are used to help quantify

the success of the assay when performed on-chip.

2.3  Experimental

2.3.1 Capture and isolation of target DNA using COOH coated magnetic beads

DNA (No Limits 50 bp DNA fragment) at a concentration of 30 ng/uL in 25 pL of diH20
(distilled water) was mixed with 5 pL of MagSi-DNA 3.0 COOH microbeads* (3 um diameter)
were mixed by vortex in a chilled binding buffer (99% ethanol, 8 mM magnesium sulphate). The
binding buffer was chilled to accelerate precipitation. The mixture was incubated on ice for 10
minutes, agitating every few minutes and then placed on a magnetic separator until all the
beads were collected to the magnet (3-5 minutes). The supernatant was removed and placed in
a separate microcentrifuge tube for later analysis of capture efficiency. The beads were then
washed in 100 pL of chilled binding buffer two times before elution. Elution took place in either
25 or 10 pL of low salt buffer (diH,0). The sample was incubated at either 56°C, on a hot plate,
or at room temperature (~22°C) for 10 minutes, agitating every few minutes. The sample was
placed on the magnetic separator until the beads were collected. The solution was carefully
removed, ensuring beads were left in the tube and placed in a separate microcentrifuge tube

for analysis.

*Calculations for the volume of microbead solution to add can be found in the Appendix.
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2.3.2 Quantification of bead captured DNA concentration

The concentration for all samples was measured using UV absorbance (BioTek™ Epoch™

2 Microplate Spectrophotometer). The number of DNA molecules in eluted samples and

starting samples was compared to determine the beads' efficiency of DNA isolation.

2.4 Results & Discussion

2.4.1 Microplate spectrophotometric analysis

DNA samples eluted in 25 pL were analyzed using Biotek™ Epoch™ 2 Microplate
Spectrophotometer in replicates, and the results are shown in Figure 2-3. When elution was
performed at room temperature (22°C), 40.4 + 6% of the DNA from the starting sample was
recovered in the eluant. Comparatively, when elution was performed at 56°C, 46 + 3% of the
DNA from the starting sample was recovered in the eluant. When the supernatants at both
temperatures were analyzed, 20-30% of starting DNA remained in solution and was not
captured by the beads. The wash solutions were also analyzed, but DNA content was
undetectable. The limit of detection for the Biotek™ Spectrophotometer is 1.2 ng/uL dsDNA
[107]. About 30% of initial DNA is unaccounted for, some may remain attached to the beads
after elution, and some loss can be attributed to random error. Heating the sample during
elution recovers more DNA with better consistency; however, having to heat the chip would
add complexity to the final device set-up. Elution at room temperature achieves a similar

recovery ratio and would not require a more complicated set-up.
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Figure 2-3: Relative recovery of DNA. Elution performed at 22 °Crecovered an average of 40.4% of the
original DNA ((B) blue bar). Elution performed at 56 °C'recovered an average of 46% of the original DNA
((B) orange bar).

Bordelon et al. used Dynabeads® MyOne™ Silane magnetic beads (1um diameter) to
isolate a tuberculosis DNA sequence from spiked urine samples [51]. They report recovering
58% of DNA when using a 140bp segment but only 10% for a 75bp segment. Literature shows a
decrease in nucleic acid extraction efficiency as the length of DNA becomes shorter [51], [108].
For DNA segments between 50-100bp, most methods extract less than 20%, and results are
sporadic [108]. This is probably due to there being fewer base pairs forming a link to the bead
surface, so the interaction is weaker. The size of DNA fragments should be considered when

choosing an extraction method. Larger sized DNA fragments (>100 bp) would be more suitable

for this method of isolation.

2.4.2 Bench-top method for increasing concentration using magnetic bead isolation

DNA samples were eluted in a smaller volume, 5 L, to investigate the practicality of
using bench-top methods to increase concentration through volume reduction. 5 puL was
chosen as it is the smallest volume that still affords replicates on the microplate
spectrophotometer. Eluted samples were analyzed spectrophotometrically in replicates, and
the results are shown in Table 2. The average concentration increases calculated from results in
Table 2 was 1.5X £0.3. A 2X concentration increase should have been attained based on the
40% recovery achieved above, so these results are reasonably agreeable. The variability seen in
the third column of Table 2 (concentration increase) could stem from the difficulty in removing

all the binding buffer prior to elution. The binding buffer is high salt for DNA binding, and the
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elution buffer needs to be low salt for the release of DNA. If not all of the binding buffer was

removed, this would increase the salt concentration of the elution buffer, decreasing the

efficiency of DNA release, leading to variability in the results.

Table 2: Benchtop method concentration increase

Replicate number Average concentration (ng/ Concentration increase
ul)
1 9.594 1.9
2 7.123 1.4
3 6.569 13

Bordelon et al. report a 10-fold concentration increase using magnetic beads [51]. They
started with larger sample volumes (1-5 mL), which makes reducing the volume by bench-top
methods more feasible. Some more investigation needs to be done to determine the largest
starting sample volume and smallest elution volume to yield the greatest biomarker
concentration increase. However, these experiments' goal was to highlight the need to

manipulate smaller volumes of fluid to increase concentration.

2.5 Conclusions

Characterizing these beads' capture and release efficiency is essential to ensure that
they function the way they were intended. This becomes a necessary step for comparison when
they are used in later chapters. The results indicate that the capture efficiency for MagSi DNA
3.0 COOH increases ~6 % when elution is performed at 56°C, the recommended temperature.
However, incorporating a heating method into the microfluidic set-up poses some
complications that can be avoided. Assuming elution at room temperature remains consistent
at ~40% DNA recovery when elution is performed on-chip, a significant concentration increase

can still be achieved.

The concentration increase that is feasible when starting with small sample volumes (uL

scale) is limited when using bench-top pipetting methods. In order to start with a larger sample
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volume that contains the same number of molecules used in this section (1.4x10*3 copies), a
longer incubation for DNA binding would likely be required to account for diffusion, and this
should be investigated. In a centrifuge tube, using very careful and tedious pipetting skills,
concentration increases of ~1.5X were achieved using MagSi DNA 3.0 COOH microbeads. A
significant improvement is required to capture clinically relevant biomarkers (picomolar and

lower) and increase their concentration level for optimal nanopore sensing.
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Chapter 3 : Validation of a Microfluidic Device

3.1 Motivation and Objectives

Microfluidic platforms show excellent compatibility with nanopore sensors [109]. They have
an unmatched ability to manipulate small (nL) sample volumes, potentially reducing sample
consumption significantly and increasing the detection efficiency of the nanopore [19], [110],
[111]. Microfluidic systems provide a clean, fresh sample delivered to the nanopore through
constant flow and presents the option for a parallel, portable detection scheme [109]. On-chip
preconcentrating devices offer a logical solution to the detection rate limitation and adds
purification capabilities to solid-state nanopore platforms. This chapter describes the validation

process of a novel microfluidic device before incorporating microbead assays.

3.2 Introduction

3.2.1 Introduction to microfabrication

Microfluidic LOC methods were initially targeted towards developing integrated,
miniaturized devices that performed bench-top functions [112]. In recent years, these LOC
methods have begun to specialize in single-molecule analysis because of the ability to
incorporate solid-state nanopores within microfluidic devices [112]. A few advantages of
integrating solid-state nanopores with microfluidics is manipulating, trapping, counting, and
analyzing individual molecules on a massively parallel, miniaturized device [113]. On top of
operational advantages, device fabrication is relatively facile and inexpensive, experimental set-

ups are straightforward, and reagent consumption is exceptionally low [113].

Microfluidic prototyping can be broken down into two main steps: creating the master
mould and replicating it into a polymeric microfluidic device. The construction of the moulds
and assembly of the microfluidic devices must occur in an extremely clean, dust-free
environment, called a cleanroom. The environment's humidity and temperature are regulated
continuously to ensure proper conditions while creating extremely fine features. Master
moulds are generally made using a process called photolithography. The procedure involves

coating a substrate with a photosensitive resist then exposing it to a UV light source through a

23



mask with the desired design features. The areas exposed to the UV light either cures or
solubilizes depending on the photoresist used [114]. There are two types of photoresist:
positive and negative. When using a positive photoresist, the areas exposed to light become
soluble and wash away in the photoresist developer Figure 3-1.The areas exposed to light when
using a negative photoresist cure and the unexposed regions wash away in the photoresist
developer (Figure 3-1). SU8- series made by MicroChem (MA, USA) and AZ-series from
Integrated Micro Materials (TX, USA) are the two most common photoresists. SU8 are negative
photoresists that create square-shaped features with high resolution. AZ, on the other hand,
are positive photoresists and when reflowed (an extra heating step at the end of fabrication),
the features become rounded instead of squared [115]. These rounded channels are more
favourable to obtain a tight seal when pressurized control channels (valves) are fully

compressed [114].
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Figure 3-1: Process of photolithography using different types of photoresist. After UV exposure and
development, the areas exposed to UV either cross-link and become the features (negative photoresist)
or dissolve, and the unexposed regions become the features (positive photoresist)

A silicon wafer usually is the substrate coated with photoresist. A process termed "spin
coating" is used to achieve the desired thickness of photoresist on the wafer [114]. The wafer is
then soft-baked to evaporate the solvent and thicken the resist. A transparent sheet with
printed patterns is placed in contact with the wafer and selectively exposed to UV for optimal
cross-linking. A post bake step is done to promote cross-linking of the features. Finally, the
wafer is submerged in the appropriate developer to remove all uncured photoresist. If rounded
features are desired when using a negative photoresist, a heating step at the end termed
‘reflow’ is required. Fabrication parameters, including spin speed, bake temperature and length,
amount of UV exposure and time and development technique, are specific to each device and

each photoresist [116].

The second step in microfluidic prototyping involves replicating the master moulds in PDMS

(polydimethylsiloxane), using soft lithography. Multiple layers of PDMS moulds can be bonded
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together or to glass slides using plasma treatment. Plasma treatment changes the methyl
groups (Si-CHs) to hydroxyl groups (Si-OH) on the surface of the PDMS [117]. When two plasma-
treated PDMS surfaces are brought together, a covalent siloxane bond (Si-O-Si) forms [117].
Two-layer devices are often used to create on-chip valves [118]. One layer is the flow layer,
where the fluid of interest is guided through microchannels. The other layer is the control layer,
where the microchannels contain air or fluid and can selectively modulate the liquid in the flow
layer. Each layer is fabricated on separate master moulds, and PDMS can be cast or spin-coated
to the desired thickness. The layers can then be aligned over one another, forming one
composite PDMS device [19]. PDMS is the most commonly used material when it comes to
microfluidic fabrication. It possesses many attractive qualities such as elasticity,
biocompatibility, transparency to visible and UV light, controllable surface chemistry and the
ability to irreversibly bind to different materials (itself, glass and silicon) [19], [118]. It also has

weak surface energy, making it easy to peel off the master moulds [119].

3.2.2 Microvalves for sample manipulation

Various types of microvalves and pumps are used for precise sample manipulation. They are
firstly categorized as either active or passive. From there, active valves can be mechanical
(magnetic, electric, piezoelectric and thermal), nonmechanical (electrochemical, phase change
and rheological) or external (modular and pneumatic) [120]. Similarly, passive valves can be
further classified as mechanical (flap, membrane, ball and in-line mobile structure) or
nonmechanical (diffuser and capillary) [121], [122]. Pneumatic, in-line on-chip microvalves
were first reported by Quake's group [123]. Typically, they consist of two layers of PDMS
microchannels aligned perpendicularly over one another. A pneumatic valve will deform when
pressure is applied to the valve channel and block the fluid flow in the adjacent fluidic channel,

partially or entirely, depending on the pressure applied (Figure 3-2).
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Figure 3-2: Pneumatic microvalve schematic (not to scale). A control channel (valve) can pass
underneath the flow channel. When pressure is applied, the valve compresses the separating membrane
down, creating a seal in the flow channel.

Some valves can be intentionally leaky, sieve valves, and they are useful for trapping
beads, particles, cells or other analytes while still allowing fluid to pass [124]. Using this type of
valve allows for chromatography techniques to be employed in LOC devices[125]. The
microfluidic device discussed within this thesis used a sieve valve to trap microbeads, building a

column on-chip (Figure 3-3).

A)

Control channel Control channel

Figure 3-3: Sieve valve schematic. Trapping beads and forming a column on-chip while still allowing fluid
to pass.
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Laminar flow is defined by fluid flowing in parallel lines with little to no mixing between
adjacent lines. Flow within microfluidics is laminar due to the low Reynolds number [126].
Sufficient on-chip mixing has proven to be difficult because of laminar flow and usually relies on
slow diffusive forces [126]. Pneumatic peristaltic pumps are a popular active pump system,
often employed within microfluidic systems [121]-[123], [127]-[129]. This type of pump
consists of at least three pneumatic valves that transport fluid by closing part of the channel
synchronously (Figure 3-4) [123]. There are a few key advantages to using this type of pump
system within a microfluidic platform. Firstly, it is capable of continuous-flow and fixed-volume
mixing [130]. The second is this pump system can produce bi-directional flow rapidly. Lastly,
sample contamination is minimized because the pump's external actuating components never

contact the solution in the channel [123].
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Figure 3-4: Peristaltic pump pattern schematic.

This chapter explores the design validation involved in the fabrication and experimental
use of a preconcentrating microfluidic device. Determining the ideal membrane thickness for
proper valve function and optimizing the peristaltic pump pattern sufficient flow in a fixed-

volume were the significant milestones.
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3.3  Experimental

3.3.1 Operational principle and design

The microfluidic channel architectures used in this thesis were designed in a CAD program
(Clewin4®©). The design was realized on a photomask, with either a positive or negative
polarity, by CAD/Art Services. The photomask is later used during photolithography to transfer
the design onto a photoresist coated silicon wafer. The microfluidic system consists of four
major components: a peristaltic pump (Figure 3-5 valves 5-7), a sieve valve and a
concentration loop (Figure 3-5 C) and a nanopore sensing region (Figure 3-5 C). The
concentration loop holds a volume of 20 nL. The microfluidic device design consists of three
PDMS layers (Figure 3-5) to incorporate a solid-state nanopore. However, because no nanopore
was integrated into the devices used for validation, all devices in this thesis were made of two-
channel layers. Two different device orientations were compared. The first validation device's
(Device 1) top layer housed the control channel (valves) and the bottom layer was the fluid
channel (Figure 3-6 A). The second validation device (Device 2) was oriented in the reverse
order; the top layer was the fluid layer, and the bottom layer was the control (Figure 3-6 B).
The device consisted of 9 open/close valves, one sieve valve and a 3-valve peristaltic pump for a
total of 13 valves (Figure 3-5 B). The widest fluid flow channel sections (preconcentration loop)

are 200 um, and the narrowest (channels between valves 5-7 and valve 3) are 50 um.
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Upper flow channel [l

Control (valve) channel [l

Lower flow channel [l

Silicon nitride membrane

Figure 3-5:Clewin4 © image of preconcentrating microfluidic device. A) The sample is introduced in the
upper flow channel at the inlet. The blue control channels (valves) manipulate the same channel path in
the upper flow channel. The silicon nitride membrane for nanopore fabrication is indicated in grey. Once
the sample flows through the nanopore, it enters the lower flow channel and exits the device. B) Valves
numbered 1-13. Valves 1-4 and 9-12 are open/close valves, valves 5-7 are peristaltic pumps, and valve 8
is a sieve valve. C) highlighting the concentration loop, where the sieve valve traps the beads and the
nanopore sensing region where the nanopore will be fabricated.
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Device 1 Device 2
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1. Fluid channel height: 20-25 um
2. Membrane thickness between control channel and fluid channel: varied
3. Control channel height: 70 um

Figure 3-6: Microfluidic layer orientation and specs for (A) Device 1 and (B) Device 2.

The sample is introduced at the inlet. By closing valves 1, 3, and 9, the fluid will travel
around the loop and out of the outlet. Closing valves 2, 4 and 9 and opening valves 1 and 3
create a closed-loop system. The peristaltic pump (valves 5-7) flows the sample around the
loop. This design also allows the sample to pass directly from the inlet to the outlet without
being introduced to the concentration loop. Opening valve 9 allows fluid to flow towards the

region dedicated to nanopore sensing. (Figure 3-6)

3.3.2 Microfabrication

Master moulds of each layer were fabricated using photolithography. Polished silicon
wafers were cleaned using acetone, ethanol and isopropyl alcohol (IPA), in that order, and dried
using an N2 gas gun. Wafers were then plasma treated using oxygen plasma (AutoGlow
Research) for 10 minutes at 200W and placed on a 200°C hot plate for 10 minutes. After
cooling, approximately 1 mL of SU8-10 negative photoresist was added to the wafer and spin-
coated (WS-400BZ-6NPP LITE spin coater) to achieve a 10 um thick layer (Table 3). The wafer
was then pre-baked, soft-baked and allowed to cool. Times and temperatures for all wafer
baking are in Table 4. Once cooled, the wafer was exposed to UV, with no photomask, using
OAI Hybralign Series 200 mask aligner (UV intensity 15.3mW/cm?. This layer is a sacrificial layer
that helps adhere to the next layer's features to the wafer [131]. The wafer was then post-

baked, cooled and developed in SU8 developer (Kayakli Advanced Materials) for 2 minutes,
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continually agitating. The wafer was rinsed and dried using the N2 gun and hard-baked for 5
minutes at 150°C. For the fluid flow layer, around 1 mL of AZ-4620 was poured on the wafer
and spun to 10 um. The wafer was pre-baked, soft-baked and cooled. Then, another layer of
AZ-4620 was poured onto the wafer and spun to achieve the desired final thickness of 20-25
um. The wafer was pre-baked, soft-baked and then left to sit for three hours in a petri dish with
a wet wipe to rehydrate. Exposure to UV was done using the fluid channel photomask in 10-
second intervals to avoid cracking of the features. The wafer was developed for 5 minutes in AZ
400K developer 1:4; then, it was rinsed with diH.0 and blow-dried using the N, gun. The wafer

was post-baked and hard-baked to allow reflow.

Table 3: Spin speeds for fluid flow wafer.

Layer Spin speed

SU8-10 1. 500 rpm*
ACL*- 1995
10 um 10 seconds
2. 3000 rpm
ACL- 1995
30 seconds

3. Orpm
ACL-1995
10 seconds

AZ-4620 1. 500 rpm
ACL-100
11.
> km 10 seconds
2. 1600 rpm
ACL-600
60 seconds

3. 500 rpm
ACL -400
10 seconds

4. 1000rpm
ACL-250
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10 seconds

Ormp

ACL -200

10 seconds

AZ-4620
11.5 pum

500 rpm

ACL-100

10 seconds

1600 rpm

ACL-200

60 seconds

500rpm

ACL=200

10 seconds

1500rpm

ACL-250

10 seconds

Orpm

ACL -200

10 seconds

*rpm= revolutions per minute
*ACL= acceleration

Table 4 Fluid flow wafer baking times and temperatures.

Layer Pre-bake Soft-bake uv Post-bake Hard bake
exposure
SuU8-10 1 min- 65°C 5 min-95°C 10 sec 1 min- 65°C 5 min- 150°C
2 min- 95°C
AZ-4620 30 sec- 75°C 1 min, 25 None None None
sec- 110°C
AZ-4620 30 sec- 75°C 2 min, 45 60 seconds 2 min- 65°C 4 min- 120°C
sec- 110°C (10-second 2 min- 95°C (reflow)
intervals)
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The same wafer preparation steps mentioned above were performed for the control
channel layer, along with the sacrificial layer of 10 um SU8-10. After post-baking the sacrificial
layer, the wafer was allowed to cool. Approximately 4 mL of SU8-50 was poured off the wafer
and spun to the desired thickness of 70 um (Table 5). The wafer was pre-baked, soft-baked and
exposed to UV with the control channel photomask. All baking times and temperatures can be
found in Table 6. After exposure, the wafer was post-baked, cooled and developed for 6
minutes, 30 seconds. It was then rinsed with IPA, dried with the nitrogen gun and hard-baked.
Following fabrication, all moulds were silanized using trichlorosilane (tridecafluoro-1, 1, 2, 2-
tetrahydrooctyl, Sigma Aldrich) to promote the peeling of PDMS. The fluid flow final feature
height was 20-25 um, and the control channel's final feature height was 70 um. A stylus profiler

(DektakXT) was used to check the feature measurements.

Table 5: Spin speeds for control channel wafer.

Layer Spin speed

SuU8-10 1. 500 rpm
10 um ACL-1995
10 seconds

2. 3000 rpm
ACL-1995
30 seconds

3. Orpm
ACL-1995
10 seconds

SU8-50 1. 500 rpm
75 um ACL-100
10 seconds

2. 1600 rpm
ACL-300
30 seconds

3. Orpm
ACL-300
10 seconds

35



Table 6: Control channel wafer baking times and temperatures.

Layer Pre-bake Soft-bake uv Post-bake Hard bake
exposure
SuU8-10 1 min- 65°C 5 min-95°C 10 sec 1 min- 65°C 5 min- 150°C
2 min- 95°C
SU8-50 2 min- 65°C 9 min- 95°C 12 sec 2 min- 65°C 15 min- 150°C
7 min-95°C

All replicates were made by soft lithography using PDMS (Sylgard 184 elastomer kit) at a

ratio of 10:1 base to curing agent (Figure 3-7). For moulds whose PDMS thickness does not

require the utmost precision, the PDMS was mixed, poured on the mould and degassed for

about an hour before curing in the over for (70°C) for an hour. For moulds whose PDMS

thickness needed to be thin and precise, the PDMS was mixed, degassed for an hour, poured on

a mould and spin-coated at the required speed to achieve the desired thickness (Table 7). The

PDMS thickness between the control channel layer and the fluid channel layer was varied to

determine the optimum thickness for ultimate valve closure. This is discussed in more detail in

Section 3.3.4 Measurement of valve responses, but varying spin protocols are listed in Table 7.
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Figure 3-7: Photo of PDMS microfluidic device bonded to a glass slide. A dime is placed beside the

device for size reference.

Table 7: Microfluidic device PDMS spin-coating protocols.

Device number and layer

Desired PDMS thickness

Spin-coating speed or PDMS

poured
Device 1: fluid layer 30 um 10 g of PDMS base, 1 g of
PDMS curing agent mixed
and spin-coated on wafer:
1. 500 rpm
1995 ACL
10 seconds
2. 2750 rpm
1995 ACL
30 seconds
3. Orpm
1995 ACL
5 seconds
Device 1: fluid layer 35 um 10 g of PDMS base, 1 g of

PDMS curing agent mixed
and spin-coated on wafer:
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1. 500 rpm
1995 ACL
10 seconds

2. 2250 rpm
1995 ACL
30 seconds

3. Orpm
1995 ACL
5 seconds

Device 1: fluid layer

40 um

10 g of PDMS base, 1 g of
PDMS curing agent mixed
and spin-coated on wafer:

1. 500rpm
1995 ACL
10 seconds

2. 2000rpm
1995 ACL
30 seconds

3. Orpm
1995 ACL
5 seconds

Device 1: control layer

500 mm

25 g of PDMS base, 2.5g of
PDMS curing agent, mixed
and poured in the wafer.

Device 2: fluid layer

500 mm

25 g of PDMS base, 2.5g of
PDMS curing agent, mixed
and poured in the wafer.

Device 2: control layer

83 um

10 g of PDMS base, 1 g of
PDMS curing agent mixed
and spin-coated on wafer:

1. 500 rpm
1995 ACL
10 seconds

2. 1000 rpm
1995 ACL
24 seconds
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3. Orpm
1995 ACL
5 seconds

3.3.3 Fluid flow set-up

To fill the control channel valves with ease, the microfluidic device is submerged in a
water beaker and placed under vacuum for 30 minutes. This ensures all valves are full of liquid
for optimal valve closure. Pressure-driven flow is used to introduce aqueous solutions to the
microfluidic channels. Vials containing solution were connected to the device by polyethylene
tubing. The components of the fluid-flow set-up used in this work are shown in Figure 3-8. The
flow was established by pressure regulators (BelloFram Corp Type-10 and SMC Precision
Regulator IR100, IR 1010) connected to compressed air. The regulators supplied pressure to the
vials through solenoid valves (The Lee Company, LHDA1223111H) that were on/off switches for
the device valves. The solenoid valves were controlled by a custom-designed LabView software
(National Instruments), DAQ (data acquisition) card (National Instruments USB-6001) and a DC
Power Supply (Agilent E3630A).
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Figure 3-8: Fluid flow set-up. The vials connected to solenoid valves and to the device were used to
govern the control channel valves. When a valve was switched on using the LabView program, the
solenoid valve would open, allowing compressed air flow to the vial. The fluid channel flow was

controlled by pressure regulators connected directly to an inlet and outlet vial, containing the desired
sample.

3.3.4 Measurement of valve responses

Microvalve dynamics were monitored under an inverted optical microscope (Olympus IX51)
equipped with a monochrome camera (Photometrics CoolSnap HQ 2). This microscope and
camera set-up were used to monitor and capture all described device functions. To prepare for
the experiments, food colouring was injected into the fluid flow channel to visualize valve
closure better. diH,0 was used to fill the control channels. The device was submerged in diH,0
and placed under a vacuum for 30 minutes. In this work, membrane thickness between the
control channel and the fluid channel and the orientation of the control and fluid layers (Device
1 vs Device 2 (Figure 3-6) were investigated to achieve optimum valve response. Membrane

thickness for Device 1 and Device 2 varied from ~5 um - ~15 um.
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3.3.5 Evaluation of peristaltic pump flow rate

Varying patterns and frequencies were investigated to determine the optimum flow rate.
Three different methods were used and compared to track the flow rate from the peristaltic
pump. The first method was collecting and weighing the amount of water displaced over an
hour. Both pressure regulators for the inlet and outlet of the fluid channel were set equal at
7psi. The chosen pattern and frequency were set and carried out by the LabView program. Four
centrifuge tubes were filled with water. Two centrifuge tubes were placed in each vial (inlet and
outlet), one was attached to the polyethylene tubing, and the other was used to account for
evaporation over the hour. Weight measurements for all four tubes were measured and
recorded before and after the hour of peristaltic pumping using Sartorius AC121S analytical
balance. The weight difference was converted to volume using water density and divided by the

elapsed time (60 minutes).

The second method tracked the movement of an air bubble around the closed-loop. The
fluid device channels were full of diH20, and very carefully, a small (5 nL) air bubble was
introduced to the loop. Again, valves 2 and 4 were closed to create a closed-loop. The camera
was used to track the air bubble's movement and size over a period of time to determine the
flow rate and ensure the bubble size remained consistent. The last method investigated tracked
the movement of an oil bubble around the closed-loop. The protocol was the same as
mentioned for the air bubble, except mineral oil (Lot #MKCF5662 Sigma-Alrich) was used to
avoid gas compression. The volume of the loop and the time it took for the bubble to complete

one full circle was used to calculate the flow rate.

3.4 Results & Discussion

3.4.1 Device layer orientation

Two device layer orientations were investigated: the control channel above the fluid
channel (Device 1) or the control channel below the fluid channel (Device 2). Device 1 would
allow for simpler nanopore incorporation because of how the layers are oriented. The

nanopore needs to have access to the channel layer, and in Device 1, the nanopore could be
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incorporated directly below the channel layer (replacing the glass slide). To incorporate a

nanopore into Device 2, there would have to be access through the channel layer’s PDMS.

Unfortunately, because of the complex mechanisms behind reflow (discussed later in
this section), valves 3, 5, 6, and 7 did not fully close. All valves, excluding 3, 5, 6, and 7, closed
under 20 psi. Even at a pressure of 60 psi, valves 3, 5, 6, and 7 did not close fully (Figure 3-9).
The image of valve 3 at 20 psi and 60 psi shows an oval shape created by the valve layer
touching down on the channel layer. The oval shape does not spread from one side of the
channel to the other, as it does in the image of valve 10 at 20 psi, revealing the valve does not

close fully.
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Figure 3-9: Device 1 valve closure. Microscopic images on the right reveal incomplete valve closure; even
at high pressures (60 psi), however, valve 10 achieves a full seal at 20 psi.
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The leaky valves became tremendously evident when attempting to build the microbead
column in the preconcentration loop. More beads piled at valve 3 instead of valve 8, ultimately

clogging the device before any useful experiments could be performed (Figure 3-10)

Figure 3-10: Introducing microbeads to Device 1: beads group at valve 3, unintentionally, because of a
leaky valve.

As indicated in Section 3.3.2 Microfabrication different membrane thicknesses were

investigated. First, the PDMS for the fluid channel layer was spun to a thickness of 35 um. At
this thickness, some valves did not close fully, as depicted in the above figures. If a membrane is
too thick, it can restrict valve closure. When the PDMS for the fluid channel layer was spun to a
thickness of 30 um, the control channels started bursting into the fluid channels, indicating the
membrane was now too thin. Fluid channel layer PDMS thickness was also tested at 40 um. At
this thickness, valves 3, 5-7 still did not close. Furthermore, valves that used to close, valve 1

and 9 notably, no longer sealed.

Measurements from a DektakXT profiler (0.5 nm vertical resolution) revealed a
discrepancy in channel height (Table 8). The valves that did not close fully had channel heights
> 30 um. The optimum aspect ratio in the fluid channel for successful push-down valve closure
should be 1:10 [132]. The width of the fluid channel where valve closure is desired is 200 um,

and the anticipated channel height from photolithography is ~20 um, yielding the optimum
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1:10 height: width ratio. All valves that have successful closure are around the 1:10 ratio; the
valves that do not close fully (Valve 3, 5-7) have an aspect ratio of 1: 5 in some cases. Further
investigation into the variance in fluid channel height leads to the physics behind the reflow
process. The fluid channel wafer undergoes reflow to achieve rounded instead of squared
channels. However, it has been noted that photoresist height can change in a complicated way
during reflow because of differing design geometries [133]. All four valves that do not close
fully have differing geometry; narrow channel widths merge into wide channel widths for valve
closure. The process of reflow must alter the channel heights in those regions. The reasoning
behind this is not clear and would require further investigation. One solution to this would be
to remake the photomask so that all the channel widths are the same. However, this is not ideal

because it increases the concentration loop's volume, reducing the concentration factor.

Table 8 Profilometer measurements for the fluid channel in valve closure regions * bolded
indicate valves that did not close fully *

Valve region number (from Figure 3-9: Device Profilometer measurement (um)
1 valve closure.
1 26
2 24
3 40
4 24
5 35
6 35
7 37
8 24
9 22
10 25

Another proposed solution was changing the orientation of the device. Analyzing the
valve closure mechanism highlights how changing the top and bottom layers should allow for

successful valve closure (Figure 3-11).
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Figure 3-11: Analyzing valve closure under different device orientations. *not to scale* A) Device 1
valve may not close fully because of the control channel's geometry pushing down. B) Device 2
geometries are more favourable for complete valve closure.

Changing the layer orientation to Device 2 allowed for all the valves to close completely

(Figure 3-12), without designing and ordering a new photomask or compromising volume

reduction. Device 2 makes for more complicated nanopore incorporation because it would have

to be integrated above the fluid channel layer, and fluid access would need to be created
through the PDMS of the flow channel layer. The use of different valves or different device
designs should be investigated. All experiments from this point on are done with Device 2 to

have complete valve closure.
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Figure 3-12: Device 2 valve closure: after changing the layer orientation, all valves are completely
closed.

3.4.2 Pumping rate and pattern

The peristaltic pump flow rates for Patterns 1, 2 and 3 (Table 9) are compared in Figure
3-13. The patterns were chosen from previous literature on peristaltic pumps; Pattern 1, 2 and
3[122], [123], [128]. Pattern 1 had the highest flow rate for both measurement methods,
followed by Pattern 2 and then Pattern 3. The flow rates obtained from measuring the
displacement of water and tracking the air bubble are agreeable. Pattern 1 flow rates were 55
nL/min and 45 nL/min for water displacement and air bubble tracking, respectively. Pattern 2
flow rates were 31 nL/min and 32 nL/min for water displacement and air bubble tracking,
respectively. Pattern 3 flow rates were 25 nL/min and 28 nL/min for water displacement and air
bubble tracking, respectively. Flow rates were measured on three different devices, and all
measurements were quite similar from device to device, indicated by the small standard

deviation error bars.
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Table 9: Peristaltic pump patterns

Pattern number

Pattern

1

100
110
010
011
001

100
110
111
011
001

100
110
111
011
001
101
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Figure 3-13: Flow rates for different pumping patterns. Pumping patterns were gathered from 3 devices
and were taken in replicates of 3. All measurements were performed at 68.5 cycles/min.

The effect of frequency and flow rate were also compared for Pattern 1, as results
indicate it provided the best flow rate in this device. Cycles per minute were increased, and the
flow rate was monitored through air bubble tracking (Figure 3-14). This flow rate
determination method was used because it is similar to that of displaced water; however, it is
much more time-efficient. An optimum flow rate of 48 nL/min was achieved when the pattern
operated 100 cycles per minute. When the pump was run at a higher frequency, the flow rate
started to decline. Using the same pattern, Xiang et al. achieved a maximum flow rate of 274
uL/min, at a driving speed of 170 cpm [123]. The channel they were testing was much larger
than the device being investigated in this thesis; Xiang et al. had a cross-sectional area of 67500
um? versus 4000 um? is the largest cross-sectional area in the 20 nL concentration loop for the

device in this thesis.
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Figure 3-14: Effect of pump pattern frequency on flow rate. The flow rate increased steadily with
rotation speed until an optimum flow rate was achieved around 100 cycles per minute; above that, the
flow rate started to decline.

It remains a challenge to try and quantify the flow rate within a microfluidic device. The
method of measuring displaced water is perhaps the most accurate; however, it is very time-
consuming when comparing multiple patterns, multiple frequencies and multiple devices. Given
the time frame, it was not practical to determine optimal frequency using this method. Tracking
an air bubble around the loop is much more time-efficient and reasonably agreeable to water
displacement measurements. However, the air bubble can expand and compress, which can
cause inaccuracies in the results. An oil/water interface was also tried to monitor the flow rate,
as oil would not compress like air. However, every time the oil bubble passed through the
peristaltic pump, it would break up into many little bubbles, so this method was retired. Even
though hard to characterize precisely, the flow was still achieved within a closed-loop system,
on-chip using a peristaltic pump. The effect of the mixing of the peristaltic pump is investigated

in Chapter 4 through monitoring on-chip elution of DNA.
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3.5 Conclusions

This chapter focused on several validation experiments for the preconcentrating
microfluidic device. The first hurdle was to troubleshoot valve closure; without proper valve
closure, the device would be null. If time were not a constraint, perhaps a different device
design could be optimized to reduce issues of raised channel height caused by reflow. Feasibly
if the channels gradually got larger or smaller, the channel height increase would not be so
prominent, which could be a long-term solution. Nonetheless, changing the device orientation

from Device 1 to Device 2 solved the valve closure problem.

The next step in device validation was determining the best peristaltic pump pattern
and frequency to facilitate elution on-chip. Accurate evaluation of flow-rate remains a
challenge for this system; however, an optimum flow was achieved by Pattern 1 at a speed of
100 cycles per minute. After successful validation, the device is now ready for the ultimate test:

increasing sample concentration on-chip.
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Chapter 4 : Incorporating Microbead Assays with a Microfluidic Device

4.1  Motivation and Objectives

Microfluidics is an exciting and developing field that has the potential to solve many
analytical challenges. These systems can perform a vast range of traditional lab protocols,
including sample pre-treatment, transport, mixing, separation and detection. Researchers have
reported performing sample preparation processes, like preconcentration, purification and
labelling, all on a microfluidic platform. The incorporation of micro-tools (microvalves,
micropumps, microfilters and micro-detectors) within a microfluidic device has made all these
processes possible. These micro-tools, combined with well-developed microbead assays,
present an opportunity to address sensitivity issues with solid-state nanopore sensors. This
stage of the project combined efforts in Chapter 2 and Chapter 3 to perform sample

concentration on-chip.

4.2  Introduction

Microfluidic systems have been used to preconcentrate and purify solutions, which are
exciting steps towards improving detection, especially for low concentration targets in complex
samples [134]. Superior concentration and purification can be achieved using microfluidics
because of the extreme volume reduction and precise fluid manipulation that are not possible
using traditional benchtop methods [135]. There are two popular methods for sample
preconcentration; using electro-kinetics and through surface binding. Electrokinetic strategies
have successfully increased concentration within microfluidic devices [136], [137]; however,

most biological samples are complex and require more specificity for single target isolation.

Surface binding techniques are another popular method for preconcentration that can
offer specificity through surface modifications [138]. These techniques adsorb or bind analytes
onto monolithic materials or microbeads, trapping all the targets in a confined space. This
entrapment allows for sample concentration and sample purification once the target is isolated
[57], [139]. Typically, trapping analytes by a monolithic material involves flowing the sample to

the monolith and separating analytes by hydrophobic interactions [138]. Monolithic materials
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can be scaled down for successful incorporation within microfluidic platforms [140]-[142].
Using microbeads for sample concentration within microfluidics is another feasible method that
exploits surface binding interactions. With the advances made concerning microtools, beads
can be trapped using on-chip filters [143], sieve valves [144] or magnets if magnetic microbeads
are used [139]. Many targets could be purified and concentrated using one microfluidic device
because many different types of microbead assays are commercially available. Though this
thesis specifically investigates a DNA microbead assay within a microfluidic device, one could
imagine selecting the bead assay that suits the desired target and introducing the beads and
sample to the microfluidic device for purification and concentration. Based on the DNA capture
results from Chapter 2 and the volume reduction by the device in Chapter 3, a concentration

increase of 100X is expected.

Fluorescence intensity is one of the most common methods used to monitor LOC
systems because of its high sensitivity and readily available fluorophores [145]. It can be used
when the sample is confined within a device made from PDMS, a popular material for LOC
fabrication [146]. Though this technique is widely used, it still suffers from certain drawbacks
because of the sensitivity of fluorescent dyes. The dyes are often costly, have a short shelf life,
and are reactive to their environment (pH, temperature) [145]. Furthermore, photobleaching
remains an issue when using fluorescence microscopy and limits the reliability of results when
this method is used. Photobleaching irreversibly destroys fluorophores, ruining fluorescent
measurements [147]. Fluorescence measurements are initially used to monitor on-chip
concentration; however, the end goal is to use solid-state nanopores to avoid all the

complications involved with fluorescence microscopy.

4.3  Experimental

4.3.1. Microfluidic chip preparation

See Section 3.3.2 Microfabrication for information on how the device was assembled.

Before starting an experiment, the microfluidic device was oxygen plasma (AutoGlow Research)

treated at 30 watts for 30 seconds to make the channels hydrophilic. The device was
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submerged in diH.0 and placed under vacuum for at least 30 minutes, thoroughly wetting and
filling all channels. These steps were done for a couple of reasons; easier filling of the control
channel valves and diminish microbeads aggregating. After attaching all of the tubings to the
device, the fluid channel was flushed thoroughly with wash buffer to ensure no diH20 was left,

as that could result in the elution of DNA from the beads.

4.3.2. Capture and isolation of target DNA using MagSi DNA 3.0 COOH

DNA fragments of 50 base pair (No limits, Thermofischer SM1421) were diluted to 10 ng/uL
in 50 pL of diH20 and then mixed with 3 pL of MagSi DNA 3.0 COOH magnetic microbeads* in
111 ulL of binding buffer (Section 2.3.1 Capture and isolation of target DNA using COOH coated

magnetic beads). Once DNA was bound to the beads, the beads were washed twice in the wash

buffer. After two washes, the beads were resuspended in 100 puL of wash buffer and ready to be
introduced to the microfluidic device. The bead and wash buffer mix was vortexed if it sat for
longer than 5 minutes before introducing the microfluidic device. Vortexing the mixture helped
the beads stay in suspension longer, so there was less clogging when flowing the beads into the
device. The protocol for bead elution is outlined in detail in Figure 4-1. Air was introduced to
the column to track buffer exchange because both the binding and elution buffer are clear,

colourless liquids.

*Calculation for the volume of microbead solution can be found in the Appendix.
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1. Preconcentration area of 2. Valves 1 and 3 are closed so 3. Once bead column is

device is full of wash buffer (red), beads can flow around appropriate length* valves 2 and
and ready for DNA coated concentration loop. Valve 8 4 are closed to create a closed-
microbeads. Valve 9 and 10 are (sieve) is partially closed to loop. Air is introduced to the
closed to ensure no fluid goes to capture beads bypass channel to remove the
the nanopore region. wash buffer bead sample.

4. Air is slowly introduced to the 5. Air removes as much wash 6. The elution buffer is slowly

rest of the device, after opening buffer as possible. Valve 2 and 4 introduced to the concentration
valve 2 and 4, to remove wash are closed again and the elution loop. Once it reaches valve 4, the
buffer and push all beads to the buffer (blue) is introduced to the device is switched to the closed
sieve valve before introducing bypass channel. loop (close valve 2 and 4)

the elution buffer.

7. Valve 3 and 8 are opened to 8. After sufficient mixing, valve 8

allow for a complete loop, and (sieve) can be closed again to
the peristaltic pump is activated recapture the beads. Valve 9 and
to mix the beads with the elution 10 can be opened and the elution
buffer. buffer can be sent to the

nanopore sensor.

Figure 4-1: Elution on-chip protocol. This schematic uses food colouring in place of buffers to
highlight the buffer exchange and fluidic manipulations. *Not to scale* *Appropriate length for bead
column: this requires some calculations and varies with the microbeads being used. See the appendix for
more information. It should also be noted that even though magnetic microbeads were used, the
microfluidic device had no magnet incorporated, the sieve valve strictly performed bead capture.
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Elution assays were monitored by fluorescence using an intercalating fluorescent dye, DAPI
(4’, 6-diamidino-2-phenylindole, ThermoFisher, D1306). Measurements and observations were
performed using fluorescence microscopy under an X-Cite fluorescence lamp illuminator (Series
120 Q) and a DAPI filter. DAPI and diH,0 were mixed to achieve a final concentration of 1
pug/mL DAPI and introduced as the elution buffer. A side experiment was performed, same

protocol outlined in Section 2.3.1 Capture and isolation of target DNA using COOH coated

magnetic beads, except the elution buffer contained DAPI (1 ug/mL) to check for interference

with DNA elution. The elution buffer was kept in a centrifuge tube, shielded from the light. The
elution buffer was minimally exposed to light to reduce photobleaching effects. Elution
progress was monitored over time, and images were taken at 150 ms exposure, 1X gain and
20X magnification. Pictures were captured over 10-second intervals at t= 0 (immediately after
the elution buffer filled the preconcentration loop (Figure 4-1 Step 6); at t= 1 minute (one
minute after peristaltic mixing) and t= 5 minutes (after five minutes of mixing). Peristaltic
mixing of Pattern 1 was performed at the optimum speed of 100 cycles/min. When images
were not being taken, the fluorescence light source was blocked by the shutter, and the device

remained shielded from the light using a black box enclosure from Okolab (Figure 4-2).
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Figure 4-2: Microscope set-up to monitor on-chip elution via fluorescence.

Fluorescent measurements (in relative fluorescent units, RFU) were compared against a
standard curve of fluorescence for known DNA concentrations to give insight into the achieved
concentration increase. 30 plL standard curve samples were made using Lambda DNA (New
England Biolabs, N3011S) diluted in diH,0 to concentrations ranging from 500 ng/uL — 62.5
ng/uL. 10 pL of the sample was used to confirm sample concentration using the BioTek™
Epoch™. DAPI was mixed with the other 20 pL of the sample at a final concentration of 1
ug/mL. The fluorescence of these samples was monitored using the bypass channel in the
microfluidic device. The camera focused on a specific spot in the channel under 20X
magnification. Using Micro-Manager, images were taken over time to monitor the fluorescence
for each sample. The images were analyzed using ImageJ to get RFU for each sample. A
standard curve was made plotting RFU vs DNA concentration. On-chip elution protocol and

measurements were performed immediately after standard curve measurements.
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4.4 Results & Discussion

4.4.1. On-chip elution of DNA from MagSi COOH 3.0 beads

Images from the on-chip bead assay performed without DNA bound to beads and with
DNA bound to beads are compared in Figure 4-3. The blank experiment followed the same
procedure, but no DNA was in the initial binding solution; hence no fluorescence signal
appeared (Figure 4-3 A). When the protocol was performed with DNA attached to the
microbeads, there was an immediate fluorescence signal that increased over time (Figure 4-3

B)

A) Blank experiment
t=0

B) Analyte experiment

ALY

Figure 4-3: On-Chip elution of 50 base pair DNA from MagSi 3.0 COOH beads fluorescence images. A)
The experiment performed without DNA. B) The experiment performed with DNA. Images were taken at
a 150ms exposure, 1X gain, 4X magnification. An air bubble is present in the part of the channel that
shows no fluorescence.

The fluorescence intensity remained constant, around 900 RFU, for the blank
experiment. When DNA was attached to the beads, after one minute of mixing with the elution
buffer, the fluorescence intensity increased to 2550 + 90 RFU due to the release of DNA from

the beads. After five minutes of mixing, the fluorescence intensity increased to 3850 + 60 RFU.
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Fluorescence was rechecked at ten minutes; however, the intensity had dropped significantly.
This is likely due to photobleaching, which is an issue with fluorescent imaging. RFU for on-chip
elution after one minute of mixing and after five minutes of mixing were compared to the

standard curve to estimate on-chip concentration (Figure 4-4)

8000
2000 y=13.635x+748.88 .
R2=0.9911 e

6000

5000

4000 o

(RFU)

3000
2000

1000 °

Relative fluorescence units

0 100 200 300 400 500 600
DNA concentration (ng/ul)

e Standard Curve t=5min t=1min

Figure 4-4: Relative Fluorescence Units for on-chip elution compared to the standard curve to
determine DNA concentration. Values for DNA concentration after 1 minute of mixing (grey) and after 5
minutes of mixing (orange)

The estimated concentrations based on fluorescence were 132 +7 ng/uL and 228 +5
ng/uL after one and five minutes of mixing, respectively. The starting sample concentration,
measured by BioTek™ Epoch™, was 8 ng/uL. The fluorescence measurements suggest that the
concentration increase was 28.5 times. Based on calculations and experimental results in
Chapter 2, the expected concentration increase was 100X (Appendix). It is possible that the
concentration continually increased with pumping after the five-minute mark, and
photobleaching may have distorted these results. Because the volume is so small on the
microfluidic device, there is not another great method to validate the experiment. The ultimate
test will incorporate a nanopore to determine if sensing time is decreased when combined with

this method.

Another consideration is that the beads were 2X in excess of the recommended bead-

to-DNA ratio for the amount of DNA in solution (Appendix). MagSi DNA 3.0 COOH beads can
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bind ~15 pg of DNA per mg of beads. The initial solution contained about 500 ng of DNA, which
would require 1.6 pL of bead solution. However, 3 uL of solution was used to increase the
probability that all the DNA would be captured by a bead. Doubling the amount of bead
solution means that not every bead will have DNA bound. This was not an issue in Chapter 2
results because most beads in the binding buffer were also in the elution buffer. It became a
problem when the beads were introduced to the device, because not all of the beads could fit
in the concentration loop. This led to half of the beads in the concentration loop not having
DNA attached. This oversaturation of microbeads lowered the concentration factor; perhaps a

50X concentration increase would have been more accurate using this method (Appendix).

Much of the literature for on-chip surface binding techniques for DNA is targeted
towards the purification of samples and not concentration increase. Reports for elution
efficiency on-chip are between 70-80% [148], [149]. Both groups used similar sized silica
particles (3-5 um in diameter) packed within PDMS channels; however, the DNA they isolated
were 600 base pairs [148] and 48 500 base pairs (lambda DNA) [149]. To achieve a higher on-
chip elution efficiency, DNA fragments greater than 100 base pairs should be used. Increasing
the elution efficiency would increase the concentration factor. Another option is to make a
longer microbead column; however, this introduces prolonged flow rates. Short DNA fragments
(< 100 base pairs) are not ideal for solid-state nanopore sensing, so if the desired sensing target

is that small, it should be complexed with a larger structure [72].

4.5 Conclusions

The novel microfluidic device validated in Chapter 3 successfully captured microbeads
on-chip utilizing a sieve valve. The peristaltic pumping system proved efficient at on-chip
mixing, within a closed-loop, even with microbeads present. Fluorescence measurements
suggest a concentration increase of 25X was achieved from the original DNA sample; the
expected concentration increase was 100X. Issues of photobleaching and microbead saturation
could be contributing to the lower than anticipated concentration factor. To achieve a higher
concentration factor, a few things should be considered. Larger DNA fragments should be used

to increase the elution efficiency. The number of microbeads should be lowered (1.25 or 1.5
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times in excess), or a method for sorting microbeads with bound DNA from bare microbeads
should be implemented in order to have all beads that are in the concentration loop have DNA

bound. Nonetheless, this microfluidic shows promise for sample concentration.
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Chapter 5 : Conclusions and Outlook

5.1 Summary and Accomplishments

The development of integrated microfluidic devices enables complex and sophisticated
experiments to be performed on a single chip. These small devices are cost-effective to
fabricate and operate, requiring small sample volumes. Another upside to these platforms is
the ease of solid-state nanopore integration. Though no nanopores devices were used in this

thesis, the results from sample concentration are promising for their later incorporation.

Chapter 3 reported a microfluidic device capable of highly precise sample manipulation.
The platform could control the fluid's path on a nanolitre-level, confine fluid to a 20 nL closed-
loop, and create flow. This is all possible through a control layer housing pneumatic valves and
a custom LabView® code. In Chapter 4, another level of sample control was introduced to
isolate microbeads, a sieve valve. This valve confines the DNA on the microbeads to a 20 nL
volume, and upon DNA elution in the closed-loop, a 25X concentration increase was observed.
This device sheds light on only the beginning of the potential for microfluidic sample

preparation.

5.2 Device Optimization

This work highlights the feasibility of sample preparation within microfluidic platforms.
However, further work and optimization are required if paired with a nanopore sensor to
increase the dynamic range. Firstly, the length of the target DNA should be increased. Research
shows that longer DNA targets have enhanced binding to microbeads, resulting in higher
elution efficiencies [148], [149]. The ratio of microbeads to pug of DNA should also be optimized.
This thesis used 2X more beads than needed for DNA in each sample to ensure the most was
captured. However, this ultimately led to a lower concentration increase because around half of
the beads did not have had DNA bound, and not all of the beads in the initial binding solution
were in the concentration loop. A better alternative would be to sort the microbeads with
target DNA from the bare microbeads, perhaps using a difference in charge or size. Combining

multiple concentration techniques, such as microbeads with dielectrophoresis, could
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significantly increase this method. The effects of AZ photoresist reflow also complicate
nanopore incorporation. Device 1 would be ideal for nanopore incorporation, as it could be
integrated right below the fluid channel layer (Figure 3-6). Increased the channel heights at
areas for valve closure, so the valves on this device do not seal fully. A new device design
should be made where channel widths do not change so abruptly to remedy this. More

consistent channel widths should reduce the adverse effects of reflow.

Another consideration is buffer compatibility with solid-state nanopore sensing. Solid-
state nanopores require high salt concentrations for detection; however, many microbeads
need a low salt elution buffer. The use of a photocleavable target has been considered because
the target could be eluted into a nanopore compatible buffer system. However, validation
could be a challenge, especially if using fluorescence microscopy, because of dye
photobleaching. A salt mixer could be integrated with the device to incorporate microbeads
that need low salt for target elution. The salt mixer would allow for a nanopore compatible

buffer; however, it would decrease the concentration factor, which must be considered.

5.3  Future Applications

The presented research on a preconcentrating microfluidic device can be extended in
many directions. One of the first upgrades could be replacing the sieve valve with another bead
capture microtool. As the microbead column increases, the flow rate decreases. If a long bead
column is required, it will take a long time for it to reach sufficient length and even longer to
elute the target. This is not practical, especially in terms of diagnostic or point-of-care
applications. Replacing the sieve valve with a screen or filter with a large surface area would
help maintain flow while capturing a large number of beads. Functionalizing part of the channel
to cause immobilization of beads could be another option. Incorporating a magnet to trap

magnetic beads along the channel's top or bottom would still allow for flow.

The successful incorporation of a nanopore sensor to this device would widen its future
applications even more. As previously discussed, fluorescence microscopy is not an ideal

method for monitoring concentration or the presence of a target. Solid-state nanopores are
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much more attractive as there are no photobleaching issues or no costly, sensitive fluorescent
dyes needed. The integration of nanopores within microfluidics has been well developed, and
microbead assays provide versatile methods for isolation. Combining both these methods
would allow for a wide range of analytes to be targeted. Many different fields would benefit
from a small chip capable of sample concentration and analyte detection, including diagnostics,

food safety and environmental monitoring.

Another direction for this device could be automation and continuous sample
concentration. The volume on this chip is rather small, but we could imagine taking the
concentrated sample from the 20 nL loop and sending it to a holding chamber while another 20
nlL is concentrated. After doing this process 100 times, there would be enough volume to use a
Nanodrop for concentration determination, which could be valuable depending on the setting.
Automation is always a useful tool, as this would allow personnel without rigorous training to
operate the device. The user would just have to inject the sample, and sensors could be
implemented, so once the bead column is an adequate length, the device can automatically

perform the steps outlined in Figure 4-1.

To summarize, the field of nanopore sensors and microfluidics holds a lot of promise for
future applications, especially when integrated. Though it still has a long way to go, it has come

very far in just a few decades.
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APPENDIX

Determining the number of beads needed to capture DNA in sample
Amount of DNA in Chapter 2 experiments:
The binding capacity of MagSi-DNA COOH 3.0 is 15ug/mg, provided by amsbio

(https://www.amsbio.com/magsi-magnetic-beads-genomics/). Based on this, 5uL of MagSi-DNA

3.0 COOH beads can bind 1.5 pg of 50 base-pair DNA. 25uL of 30ng/uL 50 base-pair DNA
contains 750ng DNA, so the beads are in excess.

20 mg beads o 1mL
mlL bead solution 1000 uL

15 ug DNA
mg beads

5 uL bead solution = 0.1 mg beads

0.1 mg beads X =1.5ug

Amount of DNA in Chapter 4 experiments:
10ng/uL of DNA in 50 pL contains 500ng of DNA. 1.6 nL of beads would be needed to bind that

amount DNA, 3 nL was used to ensure beads were in excess.

Determining the length of bead column:

To determine the bead column's length, work backwards from the concentration that
needs to be achieved. Because the end goal of this project is to improve nanopore sensing, the
final concentration should be a concentration that is optimal for nanopore detection. Tahvildari
et al use 750ng/uL as a concentration for DNA samples of varying lengths (100bp-10kbp) for
nanopore detection [19]. From experiments in Chapter 2, 40% of original DNA is eluted off of
the beads. The volume of the closed-loop in the microfluidic device is 20nL.

Amount of DNA in loop = concentration X volume
ng 1ul
=750—X 20nL X ——
uL "% 1000 nL

= 15ng

75



To achieve a concentration of 750 ng/uL, 15 ng of DNA needs to be eluted off of the beads.
Based on experimental results from Chapter 2, 15ng is only 40% of total DNA on the beads, so

the beads need to have 37.5 ng of DNA bound to elute 40% = 15 ng.

Next is to determine how many beads are needed to bind 37.5 ng of DNA. MagSi DNA COOH 3.0

stat sheet (https://www.amsbio.com/magsi-magnetic-beads-genomics/) says the DNA binding

capacity of the beads is 15 ug DNA/mg bead.

1ug 1 mg beads

37.5ng DNA x x
"9 1000ng - 15 g DNA

= 0.025 mg beads

0.025 mg of beads are needed to bind 37.5 ng of DNA. How many beads are in 0025 mg of
beads? The diameter of MagSi DNA COOH 3.0 beads is 3.0 um, so assuming beads are relatively

spherical*:

4
Volume of 1 bead *= §7rr3

= 14.14 ym3
Bead density is 1.6 g/cm?¥ so to find the weight of one bead:

9 1000 mg y 1cm3
cm3 1g 1012um

3 -8
1.6 3 X 14.14 ym> = 2.26 X 107° mg

So now to determine how many beads are in 0.025 mg:

0025 _ 110 524 bead
226x108 eaas
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Next, it is important to know approximately how much volume this will take up in the device.
The density of random sphere packing is 0.64. Meaning there is 0.36 added space for random

sphere packing.

0.000001 nL

110 524 beads X 14.14um3 x ————=156nL
1lum

1.56nL x 1.36 = 2.1 nL

Based on results from Chapter 2, the bead column would need to be a minimum of 2.1 nL in the

microfluidic device.

Expected concentration increase:

Bead column volume:

Figure 6-1: Length of bead column.

(%n lw h)
Volume half ellipse = S
%n 300 um (length) x 200 um(width) X 20um (height)
- 2
0.000001 nL
= 2513274 ym3 —

pm?3
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= 2.5nL
Number of beads in 2.5 nL:
Volume of one bead= 14.14um3=1.414 x 10> nL
Volume that is full of beads = 0.64 x 2.5 nL=1.6 nL

1.6 nL
1.414 x 105

=113 754 beads

Weight of 113 754 beads = 0.00257 mg
Amount of DNA that kind bind:

15ug DNA

0.00257 X
mg mg beads

= 0.0386 mg = 38.6ng

*Assume 40% elution:

38.6 ng X 0.4 = 15.44 ng eluted

1544ng 0.772ng 772ng
20nL.  nlL uL

The expected DNA concentration is 772 ng/uL, assuming all microbeads have DNA, and 40% is

eluted.

However, because the microbeads were 2X in excess, a better assumption may be that only

50% of beads have DNA bound, in which case:

113 745 beads/ 2= 56 872 beads have DNA
Weight of 56 872 beads = 0.00129 mg

Amount of DNA that kind bind:

15ug DNA

0.00129 X
mg mg beads

= 0.0194 mg = 19.35ng

*Assume 40% elution:

19.35ng x 0.4 = 7.74 ng eluted
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7.74ng 0.387ng 387ng
20nL. nL ol

The expected DNA concentration should be less than 387 ng/uL, after considering less than half

of the microbeads may have DNA, and 40% will be eluted.
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