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Abstract

Fabrication of Sieved-Microwells for Single Particle Capture, MASc, 2020,

Lauren Romita, Chemical Engineering, Ryerson University

The use of microwells is popular for a wide range of applications due to its’ ease of use. However,
the seeding of conventional microwells, which are closed at the bottom, is restricted to
gravitational sedimentation for cell or particle deposition and therefore require lengthy settling
times to maximize well occupancy. Microfluidics has accelerated cell or particle capture through
flow but is mostly limited to gravitationally-driven settling for capture into the wells. An
alternative approach to conventional closed-microwells, sieved microwells supersedes reliance
on gravity by using hydrodynamic forces through the open pores at the bottom of the microwells
to draw targets into the wells. The aim of this thesis is to develop a rapid and high-throughput
fabrication method for sieved microwells and integrate the microwells into a double-layered
microfluidic device to enable crossflow trapping. The resulting device achieves an 87% well

occupancy in under 10 seconds.
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1 Introduction

Microwells have become a popular tool for the isolation of single cells or particles. They are
widely used for a range of biological and nonbiological applications because of their simplicity,
high sensitivity and ease of analysis [1], [2]. In particular, they are commonly used to study the
heterogeneity in a cell population. Traditional cellular studies measure the collective average of
a population thereby limiting our understanding of how individual cells respond to their
environment. Investigating these individual responses may provide insight into unseen
biochemical functions and cellular mechanisms, which may be applicable to drug discovery,

diagnostics, cancer research and regenerative medicine, among others [3], [4].

Numerous methods exist for the separation of cells from a large population [5], [6]. Some utilize
a force gradient to either attract or repel cells for sorting such as dielectrophoresis (DEP) [7],
optical tweezers [8] and magnetic tweezers [9]. In particular, flow cytometry may be used to
separate select cells from a large population by measuring the differences in fluorescent dye
emission as cells pass through an excitation laser [10]. All these methods are effective in
separating singles cells from a larger population but require high energy input and exert an
external force on the cells, which can have negative effects on cellular function. Additionally,
microwells have numerous advantages, including: small sample size allowing for more assays to
be run, parallelization resulting in faster overall analysis, lower material cost [11], faster
response, high sensitivity due to small volumes [12], capability for longer term study due to cell

immobility [13], and tandem microscopic analysis in the same focal plane [14]. These benefits



make microwells popular for a wide range of applications, including single cell analysis [14]-[19],

cell aggregation [20]-[26] and anti-counterfeiting applications [27], [28].

To seed the microwells a pipette is used to disperse a solution of cells or particles over the surface
of the wells and is left for a period of time for them to settle into the wells [29]. This step is
repeated several times to maximize occupancy, resulting in a time-consuming process. Gravity is
the main driving force for sedimentation using this method, therefore the size and shape of the
wells becomes an important factor for efficient trapping [30]. The shape and diameter tend to
mimic the targets being captured while the depth is important to minimize the settling time [29],
[31]. Using this static environment to load microwells results in several limitations like an
extended settling times, the inability to efficiently exchange culture medium, and the lack of a
shared chamber with a communications medium [32]. In order promote faster trapping, porous
microwells are used with negative pressure [28] although the fabrication of these membranes is

lengthy and challenging.

Microfluidics have been integrated with microwells to expedite sample seeding and
sedimentation, and improve capture efficiency because microfluidics offers high throughput and
small sample size [33]-[36]. Adding a microfluidic channel over the microwells reduces the
sedimentation time since the cells or particles are more evenly dispersed over the surface of the
wells, in addition to being nearer to the wells because of the low channel height [37], [38]. Also,
moderate flow in microfluidic channels produce a low Reynolds number in the laminar regime,
allowing for rapid media exchange within the devices, which is not possible in static environments

[35].



Regardless, time is still required for the cells or particles to fully sediment into the wells since
gravity is the main force driving them to the bottom of said wells [39]. To improve cell trapping,
the flow patterns can be optimized to promote trapping, however, this can lead to complex
studies [30], [40]. Alternatively, the introduction of porous microwells into microfluidic channels
can take advantage of the properties of microfluidics to guide the targets into the wells using

hydrodynamics.

A rapid fabrication method was developed, based on flow lithography techniques, which allows
for easy customization of the mesh pore sizes in a two-step process. The microwells are inserted
into a in a microfluidic two-layered channel and single particles are caught using cross-flow
trapping, The permeable wells act as a sieve, allowing fluid to pass through the open bottom of
the wells while preventing the particles from following (Figure 1). This design eliminates the need
for a sedimentation time since the hydrodynamic flow through the wells is the main driving force
for particle capture. To fabricate these wells, slit channel lithography (SCL) is used, however this
method has not been used to make differing heights within the same device, so a new process
needs to be developed. Following fabrication, the microwells are installed in a microfluidic double

channel to enable cross-flow trapping of particles to demonstrate the capabilities of the device.
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Figure 1. Particles being captured in porous microfluidic device



2 Literature Review

2.1 Applications of Microwells

Microwells have numerous applications for both biological and non-biological purposes by
trapping both cells and particles. Not only do they have the capability to isolate and capture single
cells from a large population, but they have frequently been combined with other biological tests
to streamline processes. For instance, agarose-based microwells enables comet assays to be
completed directly in those wells to examine DNA damage in a single cell [14]. Additionally, the
confinement of cells makes microwells ideal for lysis because of its ability to keep all the cellular
content within the wells for further analysis [34], [41] such as RNA sequencing and mutation
analysis [16], [42], [43]. Microwells have been also adapted to study a cell’s response to stimuli
by studying their antigen production or oxygen consumption [44]-[48]; and to study cellular
interactions with extracellular matrix (ECM) proteins by lining the surface of microwells with
those proteins [32], [49]. The use of microwells for tissue engineering and tumor modeling has
become another large area of focus, being used for the formation of embryonic stem cell
aggregates with a controlled size, shape and homogeneity [50]-[54]. Microwells with dual
surface properties, hydrophilic well-bottoms with hydrophobic sidewalls, have been
implemented to create femtoliter droplets for cell analysis[55]. Lastly, microwell-based platforms
have been developed to trap particles in specified geometric locations, allowing them to be
encoded for anti-counterfeiting applications [56], [57]. The wide range of applications of
microwells make this platform pertinent for point-of-care diagnostics and healthcare, thus

meriting further study [58].



2.1.1 Specific Applications of Microfluidic-Integrated Microwells

The addition of microfluidics to microwells not only improves trapping but also adds the benefit
of a wider range of applications. For example, microchambers can be assembled from a loaded
array of microwells by layering a semi-permeable membrane over the array or by sealing the
wells with oil, providing isolated conditions for contained cells [59]-[61]. Additionally, the
trapping of cells within microfluidic channels streamlines the process for cultivating cell
populations. In this case, microwells for single cell trapping line the channel bottom. Once fully
seeded, a channel can be flipped over to transfer cells into larger wells for colony growth [62].
Lastly, static microwells are limited to a single medium since all wells are exposed to the same
environment. This can be overcome in microfluidic-integrated-microwells by aligning a row of
microwells with a series of fluidic channels enabling each row to be exposed to a unique medium.
The use of channels eliminates the need for tedious solution changes, while avoiding the
potential for cross-contamination between neighboring cells during this process [35]. Moreover,
this can be applied to loading cells, where a variety of cell types can be loaded into individual
rows within the same array. By rotating the fluidic channels perpendicularly to each well row,

each cell can simultaneously be exposed to different media for experiment parallelization [63].

2.2 Design Considerations for Microwells

Although microwell platforms are guided by the same basic design and function; there are several
variations regarding the arrangement, fabrication and operation of their arrays for cell or particle

capture. Firstly, the geometry of the well must be optimized depending on the microwell



application. Additionally, the means of fabrication and the material selection must ensure that

the desired design and integrity of the platform is met.

2.2.1 Well Geometry: Dimension and Shape

When determining the well geometry, the most significant factors to consider are the well
dimensions and shape. By customizing these for individual applications, it ensures that the wells

can trap the desired number of cells or particles in each well [64].

Numerous studies have been conducted to determine the optimal height and width for a
microwell. When used for single cell or particle trapping the well width and height must be large
enough to capture a single target, but not so large as to allow multiple cells or particles from
being trapped. Additionally, the wells must be tall enough to protect the trapped cells or particles
from shear stress, which can cause the targets to be washed out. To achieve optimal trapping,
the suggested ideal width of the well is approximately 10 um greater than the targeted cell or
particle diameter and have an equal height-to-diameter ratio [29], [31]. Previous studies have
focused on capturing single cells or particles, but by applying the same considerations, the

dimensions of the well can be optimized for the desired number of cells.

Microwells can be made into various geometries, with cross-sections of circles, squares, triangles,
rectangles, or spindles, some of which can be seen in Figure 2 [65]. For static microwells the
geometry of the well is flexible in design, since gravity is the driving force to seed the cells or
particles. Therefore, circular wells are commonly used due to the spherical shape of cells [30],

although the shape of the well can be manipulated to promote trapping. For example,



honeycomb shaped well-arrays have been designed with sloped walls into the well to direct the
cells into the trap and prevent washout, in addition the well spacing is minimized to prevent cells

from settling on the surface between the wells [66], [67].

2.2.2 Microwell Materials

There are numerous types of materials, namely silicon, optical fibers, and polymers, that are used
to produce microwells. Among them, polydimethylsiloxane (PDMS) is the most popular choice
since it is mouldable, flexible, transparent, electrically insulating, and permeable to gases [15],
[30], [65]. Additionally, the use of polyethylene glycol (PEG) hydrogels is common for microwell
applications because it is biologically inert and mechanically tunable by varying its polymeric
length [20]. Agarose and polyacrylamide have often been used since they allow electrophoresis
to be done directly in each microwell [14], [68]. For long-term cells studies, such as the
examination of cellular differentiation and cell-based bioreactors, polyacrylamide is better suited
than other hydrogels. Polyacrylamide has been shown to remain inert and support cell
patterning for 28 days, a significantly longer period than with other support materials, such as

agarose [69].

2.2.3 Fabrication of Microwells

Similar to well geometry, the fabrication method used is dependent on the application of the
microwells, in addition to the type of construction material that is chosen. Photolithography is

the most frequently used method, which can be applied to numerous types of materials.



Standard photolithography consists of pouring photoresist on a silicon wafer, and spin coating
the wafer to achieve a desired height, which corresponds to the depth of the microwells. The
photoresist is exposed to UV light through a photomask and then placed in a developer to remove
any uncured photoresist [70], [71]. Either the silicon mold is used directly as the microwell
platform, or soft lithography is used to make a PDMS cast from the mold, the result of which can
be seen in Figure 2a [64], [72]. Photolithography has also been applied to make PEG-based
microwells in a grid array. This was done by combining PEG with a photoinitiator and polymerizing
it with UV light focused through a photomask [20], [73]. This lithographic approach provides a
simple pathway to produce microwells with greater control over their shape and dimension but
suffers from a low production rate. Stamping is an alternative route to create microwells from
hydrogels, namely polyacrylamide, agarose or PEG. A PDMS stamp is made using soft lithography
and pressed into a droplet of hydrogel to form an array of wells. The platform is cured using a

vacuum or UV light depending on the material [74]-[76].

Other than lithography techniques, there are several other methods that have been applied to
produce microwell platforms. Etching is commonly used to fabricate wells on the surfaces of fiber
optic filaments or silicone substrates. Chemical etching has also been utilized to produce
microwells on the surface of optical fibers [77], [78], while deep reactive ion etching produces
concave microwells on silicone [79], [80]. Additionally, injection molding has been employed to
fabricate microwells made of polystyrene [81]. Another method uses thermal ablation to cut
cylindrical holes into polyester with a CO; laser. The polyester is mounted on a glass substrate
using a silicone adhesive [82]. For larger microwell dimensions, where less resolution is required

for the desired features, a 3D printed mold can be used. With stereolithography, the mold is
9



printed to the desired specifications and used to stamp microwells into an agarose substrate. A
significant advantage of this method is that it allows for more flexibility in the vertical direction

to create tapered wells, which is difficult when using soft lithography [83].

Circular/Conical (a)
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Figure 2. Examples microwells geometries and fabrication techniques. (a) SEM image of cylindrical
microwells fabricated using soft lithography[62]. (b) SEM image of conical microwells fabricated using
reactive ion etching [79]. (c) and d) Photomicrography of cubic microwells fabricated using soft
lithography [84], [85]. (e) and (f) Photomicrography of triangular-prism microwells fabricated using
soft lithography [30], [61].

An alternative pathway to create wells with curved bottoms, is the use of beads or particles as a
template, which has been applied to create an array of concave shaped microwells in silicone.

For this approach a layer of PDMS is poured over a single layer of particles and cured into an array

10



of concave microwells (Figure 2b) [86], [87]. Lastly, CNC milling has been used to create deep
conical wells into a polyoxymethylene block which is then used to create a PDMS mold used for
stamping agarose into microwells. This milled stamps-based fabrication enables tapered shapes,

which can be used for spheroid cell formation [88].

2.3 Trapping Cells/Particles into Microwells

Trapping cells or particles can happen in both static and fluidic environments, therefore a variety
of techniques are used to achieve this. The effectiveness of the method and device are measured

using the following parameters:

1. Capture or trapping efficiency- the ratio of the number of cells/particles introduced to the
number of cells/particles trapped in wells [89];

2. Single cell occupancy- the number of wells filled with only a single target [29];

3. Filling rate- the number of wells filled with cells/particles compared to the total number of

wells [90].

2.3.1 Trapping Targets in Static Microwells

Seeding in a static microwell is a simple process, although several techniques have been
developed to improve it (Table 1). The main technique is based on sedimentation, but it has been
enhanced in combination with a wiping method to force targets into individual wells. Other
approaches that manipulate the surface properties and elasticity of PDMS for selective seeding

are being developed.

11



Table 1. Summary of Static Particle Capture Methods

Trapping Diameter Capture
Mechanism (nm) Efficiency Advantages Ref.
Sedimentation 25 ~85%"* Simple technique [29]
20 ~g94* No external forces
Wiping 44?2 56% All cells deposited in wells [89]
229 74%
Negative pressure 20" ~76%"* Fast filling (~60 s) [28]
15* ~49%™** Minimal cells lost during
washing
Well stretching ~65% Minimal cells lost during [91]
washing

*Particle diameter (um); *Single cell occupancy; **Filling rate

For cell sedimentation, a suspension is added to the platform and then incubated from five
minutes up to two hours for targets to sediment. To maximize well occupancy this process is
repeated a second or third time [73], [92]. The length of time needed for cells to deposit into
wells varies based on cell and well size as gravity is the only deposition force, thus deeper wells
require longer settling times. Optimizing this parameter is important to ensure that wells are
maximally filled [16]. To remove the excess medium and undocked cells, discontinuous
dewetting is used: Excess solution is removed by tilting the microwell device to allow drainage
by gravity or by removing it from a bath. This process results in an equal amount of solution
remaining in each well due to differences in interfacial free energy between the substrate and
the liquid [93], [94]. A second simple method uses wiping: A drop of suspension is pipetted along

the edge of a cover glass, which is then slowly wiped along the surface of the microwell. The main

12



advantage of wiping is that targets are directly deposited in the wells, and do not remain on the

top surface of the platform [89].

Manipulation of the surface properties of PDMS has been used to selectively attach or repel cells.
A UV sterilized PDMS surface has been found to be unsuitable for cell attachment, as
demonstrated with human embryonic kidney cells, but they are able attach to a O, plasma-

treated PDMS surface with the only morphological change being elongation [84].

Additional methods to trap cells or particles exploits the elasticity of PDMS. One approach creates
a stretchable microwell array that is capable of confining cells to wells. The fabricated microwell
is stretched horizontally, from a diameter of 12 to 20 um, by a plastic tube in which the cells flow
through allowing them to settle into the expanded wells. After removing the tube, the microwells
contract and trap the cells within them, preventing them from moving during analysis. After
washing the loaded microwell, approximately 99.5+0.3% of cells remain in their wells, while only
70 + 20% of cells remained in standard microwells [91]. Similarly, using the flexibility of PDMS
and creating a porous membrane layer at the bottom of the microwell, one method creates a
driving force into the wells to trap particles and cells. Microwells designed to be slightly smaller
than the particle dimensions can use vacuum suction through the pores at the well bottoms,
coaxing polymeric particles to squeeze into said wells, locking them in place. By using larger-sized
particles than the well diameter, the particles are locked into place, reaching a filling rate of ~94%
compared to ~83% achieved when the particles are smaller than the wells. This ~10% difference

is due to particles lost during washing. When applied to cell capture, the time required to fill an

13



array of 3800 was 100 seconds, which was a significantly reduction relative to sedimentation.

This novel method has applications for sorting based on size, shape or modulus [28].

The utilization of static microwell arrays is straightforward, requiring no external instrumentation
and minimizing external forces on the cell since gravity sediments them into the wells. The
drawback of this method is that an extended period is required to fill an array given that this
static approach will typically require several rounds of cell seeding and a period of settling for

entrapment in individual wells.

2.3.2 Trapping Targets in Microfluidic Integrated Microwell Systems

Adding microwells into microfluidic channels involves new trapping mechanisms which have
been summarized in Table 2. The main advantage of integrating microwells into microfluidic
channels is that they expedite particle or cell trapping into wells because of hydrodynamic forces
in the channel. Numerous studies have been conducted to optimize trapping in this set up, mainly
to understand the flow patterns within the channel. The streamline over the wells guides cells or
particles towards the opening and as it approaches it loses velocity. The loss in velocity leads to
gravity pulling it downward into the recirculation area of the well which traps the cell or particle
in place [30]. By studying these flow patterns, shown in Figure 3, the triangular shaped wells have
better recirculation in the wells. This geometry has been applied to capturing cells or particles
with a 70-80% trapping rate [61]. Additional parameters have been modelled to optimize cell or
particle capturing, including: the inlet velocity, particle diameter, particle density and channel

design. Using triangular shaped pores, it was determined that a velocity of 0.01 m/s in a long

14



serpentine channel produced the highest capture rate. Also, trapping was increased when a

larger number of particles were in the channel and the particles were larger in diameter [40].

Table 2. Summary of Trapping in Microfluidic Devices

Trapping
Trapping Mechanism Efficiency Advantages Ref.
Sedimentation 70-90%" No external forces [37], [39]
Sweeping >90% Faster filling (5-10 minutes) [38]
Minimizes flooding
Triangular wells 70-80% Possibility for colony formation [30], [61]
Dielectrophoretic 60% Capable of capturing small [95], [96]
forces cells/particles
Magnetic forces 62% High purity of trapped [12]
particles/cells (99.6%)
*Filling rates
Triangle | Square » Circle
! i it ; o |
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Figure 3. Flow patterns into various shaped microwells [30]
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While some studies have focused on the design of the wells, other studies have used standard
circular microwells with adaptive trapping techniques to improve efficiencies. The most common
method involves placing a microfluidic channel over an array of microwells and introducing the
cells or particles into the channel through an inlet. The flow is paused in the channel to allow for
the targets to settle into the wells. The sedimentation time is less than static wells because of the
low channel height which brings the cells or particle into closer contact with the wells [37]. This
process is repeated to maximize the number of wells that are filled. Lastly, a solution is flowed
through the channel to remove any undocked cells or particles. This process typically results in
70-90% of wells being filled [39]. A sweeping process is added to increase cell docking efficiency
to >90%. A channel is filled with 30-40% of its’ volume and then a small number of cells or
particles are added. The meniscus of the solution forms plugs on both ends of the channel and
by applying pressure to one end of the channel, the solution moves towards the opposite end.
By alternating pressure between the two openings, the motion traps the targets into the

microwells by lateral capillary forces [38], [97].

Additionally, external forces have been applied to promote trapping. Electroactive microwells
have been used to trap bacterial cells using a strong electric fields [95], [98],[96], while
magnetized microwells have been used to trap magnetic particles orimmunomagnetic cells [12].
Although magnetic forces are advantageous over electric fields, since they are less damaging to
cells, both methods still can have negative effects on cells, in addition to being limited to use on

cells or particles that are reactive to these forces.
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Although different parameters are used to measure the effectiveness of the devices, it can be
seen that microwells in microfluidic devices are more efficient in capturing particles as opposed
to stand alone microwells. The addition of flow through the channel increases the trapping
efficiency and reduces the time needed for sedimentation, making this an ideal method for single

cell/particle isolation.

2.4 Photolithography

Photolithography involves exposing a polymer solution to UV light through a photomask, causing
the exposed area to be polymerized into a replica of the photomask. The reaction involves the
photolysis of a photoinitiator, in combination with a polymer, which separates to produce free
radicals when exposed to UV light. The free radicals attach to the double bonds on end of the
polymer chains creating a number of radicalized chains. From here three different reactions can
occur: (1) the attached radical connects to another chain resulting in chain propagation, (2) two
radicalized chains can attach to each other leading to chain termination, or (3) in the presence of
oxygen the reaction is inhibited and stops [99]. The resulting mechanical properties of the
hydrogel is dependent on the polymer structure, degree of crosslinking and the volume of the
polymer. Therefore, a higher crosslinking density results in smaller mesh size with a stronger

mechanical properties and lower swelling [100].

Stop flow lithography (SFL) combines photolithography in microfluidic channel to synthesize
polymeric material into desired shapes, typically particles, in a continuous process [101]. A
variation of this is called slit channel lithography (SCL), where large sheets of polymeric material

are polymerized into membranes. Hydrogels are commonly used for these purposes due to their
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biocompatibility. They are a polymeric material that forms a network of chains that become

insoluble once crosslinked and are capable of absorbing large quantities of water [100].

The two techniques have similar set ups but vary in applications. Both use a PDMS microfluidic
channel filled with prepolymer solution. When the flow is stopped an area of the channel is
exposed to a light source, commonly UV light, through a specifically designed photomask. The
area that is exposed to the light is polymerized, forming the structure. Due to the permeability
of PDMS, a layer of oxygen is present at the top and the bottom of the channels which prevents
polymerization (Figure 4). Therefore, when flow is resumed the layers act as a lubrication layer,

allowing the polymerized material to easily down the channel [102].

polymerization layer

uv uv

Figure 4. Oxygen inhibition layer prevents polymerization along the top and bottom of the PDMS
channel

There are numerous parameters that go into controlling the shape and dimensions of the
polymerized material. In the vertical direction the channel height is the primary control for the
thickness of the polymerization. This is because the polymerization reaction occurs from the

center of the channel and moves outwards until it stops at the oxygen layer at the top and bottom
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of the channel. Meanwhile, the main factor that goes into the determining the design of the
polymerized material is the photomask. The area that is polymerized is the area that is exposed
to the light, therefore areas that are blacked out create the pore features in the sheets.
Additionally, the overall length of the sheet is defined based on the width of the photomask,
although the objective can be used to change the resulting size from the photomask [102]. Higher
objectives concentrate the light into a smaller area resulting in a smaller projection area,
meanwhile lower objectives expand the area allowing for larger polymerizations. However, if
constant power is supplied from the light source, the same light is being dispersed over a larger
area requiring the UV light to be exposed for a longer period of time to achieve the same results.
Additionally, the exposure time is important in maintaining the designed features and edges. If
the light exposure time is not long enough, the polymer may have a low crosslinking density
which can cause the structure to easily fall apart. Meanwhile, if the opposite happens and there
is too much light exposure, the free radicals will continue to react with areas of the polymer
material that is not exposed to light because of diffusion, resulting in over polymerization in both
the vertical and lateral direction. Therefore, a median light exposure time is necessary to attain
ideal features [103]. Finally, the focal plane is important for achieving straight edges in SCL. The
UV profile is show in Figure 5 where the center of the projection is straight, and the tops and
bottoms fan out with decreasing intensity. Therefore, it is important to find the optimal focus in
the center of the projection area to achieve straight features. However, this straight portion

varies based on the objective with the depth of field decreasing with decreasing objectives [104].

19



Microfluidic
channel
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Figure 5. UV projection profile around microfluidic channel

2.5 Further Areas of Research

Single cell capture is a transformative technique made possible with microwell arrays, allowing
us to further elucidate cell population heterogeneity, and the properties of single cells within

population ensembles. These arrays lead to numerous methods that can be used to analyze cells.

Traditional microwells are the most common technique currently used for single cell separation
and will continue to be due to their simplicity. These platforms require limited equipment and a
short learning curve, easing their use for a wide range of applications. However, devices with
such simplicity have the caveats of longer settling times and lower trapping efficiency, as only
gravity is drawing cells or particles into the wells. Ideally, to overcome this significant limitation,
and without complicated designs, additional forces should be targeted to attract cells or particles

into wells. By manipulating the surface properties of the microwells it is possible to attract certain
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cells or particles into the them. For example, a gradient surface designed with hydrophobic

coatings between the wells with hydrophilic well walls [105].

Furthermore, the integration of microwells into microfluidic devices overcomes the restrictions
of static microwells by using active trapping for cell or particle seeding. The application of
hydrodynamic forces minimizes the required settling time but results in a more complicated
platform. Although the introduction of microfluidics for cell or particle capture significantly
improves the efficiency and customizability of trapping platforms, it also requires additional
equipment and training compared to static microwells, thereby limiting its’ mainstream usability.
Removing the additional components, such as syringe or pressure pump to utilize microfluidics-
integrated microwells may accelerate its adaption to simple bench operation for biologists.
Applying hydrostatic force to induce flow or using a portable pump with flow control could be

one alternative solution.

Better control over cell types and their organization within an array would create a platform
capable of multiple single cell analysis. Such a platform could sort a diverse cell population and
selectively seed certain cells types of various quantities into microwells while simultaneously

analyzing specific cells types after they have been seeded.

Although, the advancement of microwell-based technology has enabled controllable capturing
and releasing of a group of or individual targeted cells for single cell analysis; however most
efforts have been made for one specific size configuration. Both isolating and capturing cells
from cell population with a wide range of size, shape, or combined could provide an additional

tool to advance research fields dealing with such cells, for instance, fission yeast. Further, the
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ability to isolate and capture cells with specific n-th stages of the cell cycle from the first captured

cells may accelerate mutation or aging research.
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3 Materials and Methods

There are several steps needed prior to capturing particles in microwells. To start microfluidic
channels are fabricated using microfabrication techniques. These channels were used for the
microwell fabrication and the double channels for cross-flow set up. Next, microwells are
synthesized using SCL and particles are prepared using SFL which allows for rapid fabrication of
materials in a continuous process. Finally, the double channels are assembled and the microwells

are installed to assess their capture efficiency.

3.1 Microfabrication of Microfluidic Moulds

Photoresist (SU-8 2025) is poured onto a clean 4-inch silicon wafer and spin coated to create a
thin, even layer. The acceleration, speed and length of spinning are selected for the desired
feature height. Following the spin coating of the wafer, it is transferred to a hot plate and soft
baked at 65 °C and the cooled to room temperature. Next, the wafer is placed on a mask aligner
and a photomask is centered over it. The photomask was previously designed on AutoCAD and
printed on either a glass or film substrate. The wafer is exposed to UV light through the
photomask. The length of exposure varies based on the output energy from the aligner and the
desired thickness of the substrate. Following the exposure, the wafer is allowed to rest for ten
minutes. Again, the wafer is transferred to a hot plate where it is hard baked at 65 °C and then
95 °C to fully set the SU-8 after exposure. Once the wafer is cooled, any unexposed photoresist
is removed using a developer solution to expose the positive mold. For channels with two
different heights, like the bottom channel of the double channel and the step channel for

microwell fabrication, this process was repeated to create the second taller layer with special

23



attention to proper alignment of the second photomask. The featured wafers are now used as

master moulds to make PDMS channels with.

3.2 Slit Channel Lithography Setup

First, the microfluidic channels are made from the master mould. A 10:1 ratio of
poly(dimethylsiloxane) (PDMS) to curing agent was weighed out and mixed for 1 min to
thoroughly combine the two. The mixture was placed in a partial vacuum for 1 h until all the
bubbles are removed. The PDMS is poured onto a cleaned master mold close to the wafer’s
surface to avoid bubbles from forming. Once the mold is filled, any bubbles are removed using a
transfer pipette to avoid air pockets in the cured channels. The mold is then baked at 65 °C for at
least 1 hour. After coming back to room temperature, the PDMS is cut out from the mold using
a scalpel along the edges and separated into individual channels. Any dust is removed using tape
and inlets are cut using a 1 mm biopsy punch and 1 cm wide outlets are cut using a scalpel. The
channels are attached to glass slides using partially cured PDMS. To coat the glass slides with
PDMS, a small amount of PDMS is sandwiched between two glass slides and the two slides are
pulled in opposite directions to evenly coated the surface of the bottom slide. A smooth surface
is important to ensure that a constant height is maintained throughout the channel. The slide is
partially cured at 65 °C for 15 mins to attain a tacky surface for the channel to adhere to. The
prepared channels are placed on the PDMS slides and pressed along the edges to seal well. The

slides are placed back in the oven at 65 °C for at least 1 h to bond the channels fully to the slide.

A sealed pipette tip is made to dispense the prepolymer solution into the channel. A 200 pl

pipette tip is placed in a small petri dish filled with 1 cm of PDMS, with the tip facing upwards,
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and is cured at 65 °C for 1 h. Once fully cured, the pipette tips are carefully removed from the
PDMS to keep the PDMS cap on the pipette tip. A 1 mm hole is punch using a biopsy punch
through the PDMS. Using a 1 ml syringe, both the channel and pipette tip is filled with prepolymer

solution and the pipette tip is inserted into the inlet of the channel.

Using the hole at the top of the pipette tip, 1 mm tubing fitted with a 19-gauge needle tip is
connected to the channel setup. The tubing is connected to a three-way solenoid valve used to
start and stop flow in the channel using pressurized air. The valve was connected to an air source
through a pressure regulator. The channel is placed on an inverted microscope and the light
source is projected from underneath the channel which is controlled using a shutter. When the
shutter is open the light passes through a photomask and objective before being exposed to the
channel. LabView was previously set up in the lab to control the shutter and valve. The exposure
time, which is the time between opening and closing the shutter, can be set in LabView, in
addition, to setting the amount of time the valve is opened, which exposes the channel to
pressurized air, and the amount of time the valve is closed, which exposes the channel to

atmospheric air. Figure 6 shows the arrangement of the equipment.

To determine the focal plane in the channel, the edge of the channel is located and brought into
focus. A series of practice polymerizations are made along the edge and each time the focus is
changed incrementally using the fine focus knob to move up and down from the focal plane. The
focus that produces the sharpest features, i.e. corners and pore shapes, is used as the focus for
the experiment. This process is done prior to starting SCL and changes based on the objective

and channel height.
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Figure 6. Setup for slit channel lithography [101]

3.2.1 Sieved Microwell Fabrication

The prepolymer solution to fabricate the microwells was 47.5% poly(ethylene glycol) diacrylate
(PEG-DA 700), 47.5% trimethylolpropane ethoxylate triacrylate (TMPeTA 428) and 5% 2-hydroxy-
2-methylpropiophenine photoinitiator (Darocur 1173) by volume. The materials were weighed in
a Falcon tube using an analytical scale because of difficulty accurately pipetting the viscous
hydrogels. After combining the solution, it was vortexed for at least 1 min to properly combine

the TMPeTA and PEG-DA and sonicated to remove any bubbles that formed from mixing. If using
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a pre-prepared solution, it was vortexed and sonicated prior to use to ensure uniform

composition since the TMPeTA and PEG-DA have a low miscibility and separated over time.

The photomasks for the mesh and microwell layers were designed in AutoCAD and printer on
transparencies. The UV light source is connected to the microscope and set to 80% output. The
UV light has a wavelength of 365 nm, which corresponds to the excitation energy of the selected
photoinitiator. A channel with two different heights is used, the first area has a height of 25 um
and further down the channel the height increases to 60 um. LabView is set to ‘Pulse v2’ mode,
with an exposure time of 200 ms, valve on delay of 100 ms (valve closed), and valve off delay of

300 ms (valve open).

After finding the optimal focus in the 25 um tall area of the channel, actuate is pressed in
LabView. The shutter opens exposing the area to UV light through the photomask and the 10x
objective for 200 ms. Following the exposure, there is a pause for 100 ms and then flow is
resumed in the channel for 200 ms at a pressure of 10 psi to move the mesh layer to the 60 um
tall area of the channel. Next, the photomask is switched to the microwell photomask with the
triangle in the photomask pointing to the right. The focal area is centered over the mesh layer
and using the same parameters as previously, the microwell layer is polymerized over top of the

mesh. When the flow is resumed in the channel, the microwell is pushed into the outlet.

The microwells are transferred from the outlet of the channel to an Eppendorf tube using
denatured alcohol (Histoprep 95%). The microwells are vortexed for 15 secs and the alcohol is
removed from the Eppendorf using a pipette and fresh alcohol is added with a new pipette tip.

This is done three times to wash excess prepolymer solution from the microwells. The same
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process is repeated using a solution of deionized water with 5% v/v polyethylene glycol sorbitan

monolaurate (Tween 20). The microwells are stored in this final agueous solution for later use.

To make microwells using the 5x objective, a violet light source at 100% power with a wavelength
of 405 nm is replaced as the light source. Additionally, the prepolymer solution is changed to
49.5% PEG-DA 700, 49.5% TMPeTA 428 and ~1% phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide photoinitiator (Irgacure 819). To prepare the prepolymer solution a 1:1 mixture of PEG-DA
700 and TMPeTA 428 is prepared and the powder photoinitiator is mixed into it using a vortex.
Excess photoinitiator settles to the bottom of the Falcon tube and only the top portion of the
solution is used. The same process is used as the 10x objective, however different parameters

are set in LabView which are shown in Table 3.

Table 3. Operating Conditions for Slit Channel Lithography

Mesh Microwell Mesh Microwell Particles
Layer Layer Layer Layer
Objective 10x 5x 20x
Light Source UV (365 nm) Violet (405 nm) UV (365 nm)
Composition (%v/v)
PEG-DA 700 47.5 49.5 95
TMPeTA 428 47.5 49.5 -
Darocur 1173 5 - 5
Irgacure 819 - ~1 -
Overall Length (um) 1000 1500 2000 3000 40-90
Channel Height (um) 25 60 25 60 30
LabView Settings
Mode  Pulse v2 Pulse v2 Pulse v2 Pulse v2 Continuous
Exposure Time (ms) 200 200 25 25 30
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Mesh Microwell Mesh Microwell Particles

Layer Layer Layer Layer
Valve Open (ms) 300 300 500 500 50
Valve Closed (ms) 100 100 100 100 100
Delay (ms) - - - - 500
Air Pressure (psi) 10 10 12 12 12

3.2.2 Particle Fabrication using Stop Flow Lithography

Cylindrical particle are made using the same set up as previous, however they are produced
continuously using SFL [101]. A prepolymer solution of 95%v/v PEG-DA 700 and 5%v/v Darocur
1173 is prepared in the same way as the microwell prepolymer solution. To make fluorescent
particles 5% Rhodamine B acrylate (1% in DI water) is added to the particle prepolymer solution
prior to polymerization. The channel used is 2 mm wide and with a height of 30 um with 1 mm
inlets and outlets. The inlet is connected to the air source, while the outlet has 1 mm tubing
connected to an Eppendorf tube to collect the particles. Different photomasks are used
depending on the diameter of the desired particles, ranging from 40 to 90 um. The optical focus
is found in the channel using the 20x objective. The depth of field is narrower with this objective

so smaller incremental changes are made using the focal knob in order to find the focus.

LabView is set to ‘Continuous’ mode, with an exposure time of 30 ms, valve on delay of 200 ms,
valve off delay 50 ms and a delay of 500 ms (Table 3). After pressing actuate in LabView, the
following occurs: (1) a delay of 500 ms to allow flow to stop, (2) particles are polymerized with

UV light for 30 ms, (3) there is a pause for 100 ms, (4) the air valve is opened for 50 ms at a
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pressure of 12 psi to move the particles out of the focal area. The process is repeated
continuously for at least 1 h with the pipette dispenser being refilled with prepolymer solution
throughout the process. The particles are collected in the Eppendorf tube, which is filled with
denatured alcohol to prevent the particles from sticking together. Both the Eppendorf and the
pipette leading to the channel are wrapped in aluminum foil to prevent unwanted polymerization

during operation.

The particles are washed four times using denatured alcohol and 5% Tween 20 in deionized (DI)
water. The same washing process is used as the microwells; however, a centrifuge is used after

the particles are vortexed to sediment them to the bottom of the Eppendorf tube faster.

3.3 Assembly of Microfluidic Double Channels

The double channel consists of two microfluidic channels that are attached perpendicularly, as
seen in Figure 7. Two different methods are used to assemble the double channels depending on

the height of the top channel.

3.3.1 Top Channel with 60 um Height

Using the same method as for the previous channels, a 10:1 ratio of PDMS is prepared and poured
into the top and bottom channels master mold. Both channels are placed in the oven at 65 °C for
30 minutes to partially cured the channels. The channels are removed from the oven and allowed
to cool before cutting out the channels with a scalpel. The channels are peeled off slowly from
the mold to prevent stretching of the channels. Two 1 mm inlets and a 1 cm outlet is cut on the

top channel using biopsy punches. Dust is removed from the top and bottom channel using tape
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and the channels are aligned using a stereo microscope. The top channel is placed
perpendicularly to the bottom channel, with the edges of the top channel aligning perfecting with
the edges of the seating area in the bottom channel. Once perfectly aligned, the edges of the two
channels are pressed together to ensure proper sealing of the two channels. The channel is
placed in the over at 65 °C for at least 1 h to completely cure the two layers. Finally, the channel
is cooled to room temperature before using. Using a biopsy punch, two 1 cm holes are cut

through the top layer of PDMS as outlets for the bottom channel.

Microwell
seating area

Figure 7. Microfluidics double channel: (a) Top channel. (b) Bottom channel with the microwell seating
area. (c) Alignment of top and bottom channels.

3.3.2 Top Channel with 30 um Height

The top and bottom channel master molds are filled with a 10:1 ratio of PDMS and are fully cured
at 65 °C overnight. The channels are cut from the mold and peeled off, the inlet and outlet holes
are cut in the top channel using a biopsy punch and any dust is removed using tape. Using a 200

uL pipette tip with 1 cm of the tip cut off, a microwell was removed from the Eppendorf. The
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pipette was repeatedly pushed up and down to cause the microwells to float in the solution, and
finally one microwell was removed and placed in the bottom channel near the seating site. Using
the orientation of the triangular pores, the microwell is flipped so that the wells are facing
upwards and placed in the center of the seating area. Using a new pipette tip, excess solution is
removed from the surface of the channel. The channel is placed in a desiccator for 15 mins to
shrink the microwell and remove any liquid. Again, using tape any dust is removed without
moving the microwell. Both the top and bottom channels are placed in a plasma chamber at 20
Watts for 30 s. Again, the channels are aligned using a stereo microscope, although the top
channel width is 200 um than the bottom channel so alignment is not as important. The channel
is placed in the oven at 65 °C for at least 1 h. Two 1 cm outlets are cut for outlets of the bottom

through the top layer of PDMS (Figure 8).

—
. R
1. Pipetting the microwell 2. Vacuum-drying the microwell in a desiccator
onto the bottom channel Dried and shrunked microwell once removed 4. Plasma the bottom and top channels
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— l ‘ l l O Bottom
5 Channel

6. Filling the bonded chanel with the buffer 13 v
solution and the swollen microwell

5. Bonding the channels together

Figure 8. Schematic for the microwell installation: the microwell array is loaded onto the open bottom
channel and liquid is evaporated using partial vacuum. The top channel, with a 1300 um length and 30
um height, and bottom channels are plasma treated (20 W for 30 s) and aligned to sandwich the
microwell in place.

3.4 Particle Capture Setup
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A 3 ml syringe is filled with 5% Tween 20 and DI water and any air bubbles in the syringe are
pushed out. The syringe is fitted with a 20 gauge need tip and the solution is pushed through the
tip to ensure there was no air in the syringe. Using the top inlet, the double channel is filled with
the solution and checked for bubbles. If any bubbles were present the solution was removed
using air and the solution was reintroduced until the channel is bubble free. Depending on the
channel, if there was no microwell installed, then the microwell was inserted through the top

channel.

Using a cut pipette tip, the microwell was transferred from the Eppendorf to the outlet of the top
channel. The same technique as previously was used to pick up a microwell from the solution.
Once a microwell was inserted into the outlet, the microwell was flipped to ensure the wells were
facing upwards. The microwell is pushed into the top channel and using the syringe, a small burst
of solution is used to flow the microwell into the intersection. To ensure a proper installation in
the cross-section, the back of a bent syringe tip is pushed against the top of the channel at the
intersection to fit the microwell in the slot. The channel is placed on a glass slide on the stage of

the microscope.

After installing the microwell into the microfluidic channel, two syringe pumps are attached to
the inlets of the channel. A 3 ml syringe is filled 5% Tween 20 and DI water and a second is filled
with 1.5 ml of 5% Tween 20 and DI water and 1.5 ml of particles. Prior to drawing up from the 2
ml Eppendorf the particles are stored in, they are vortexed to disperse the particles. Any bubbles
are removed from the syringe by tapping the side of the syringe. Both syringes are fitted with 1

mm tubing and a 19-gauge needle tip at the end, and the solution is pushed through the tubing
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before inserting the syringes into the syringe pumps. The syringe pumps are started before
inserting the tubing into the channel to prevent air bubbles from forming. The syringe containing
the 5% Tween 20 solution is inserted into the top inlet and the particle syringe is inserted into

the other inlet. Once inserted, the flow rates were adjusted for the experiment.

To reuse the particles and microwells after the experiment, the particles were collected into a
Falcon tube and the microwell was pushed to the outlet of the top channel and stored in an
Eppendorf. The double channels were stored in a closed container to prevent dust from getting

in the channel.

3.5 Image Processing

Bright-field and fluorescence images of the microwells and PDMS devices were taken using an
inverted microscope with 5x objective lenses, and a digital SLR camera. Fluorescent is added to
differentiate between the particles and microwells. Without the fluorescent in the particles are
transparent making it difficult to determine their exact placement. The images taken are then
used to visually count the number of wells and the number of particles captured into the wells

which is used to calculate the capture efficiency:

No. of wells filled
Total number of wells

Capture Efficiency =
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4 Results and Discussion

4.1 Fabrication of Sieved Microwells

Slit channel lithography was used to fabricate the sieved microwells. The wells were designed to
be porous on the bottom of each well to allow flow through the bottom of the pores and draw
in particles using hydrodynamic flow. In order to fabricate the wells using SCL, two separate
layers are needed. The first layer would be the mesh at the bottom of the wells, stopping the
particles from passing through the wells. The second layer is over top of the mesh layer and
contains the actual wells for the particles. In order to have wells that are deep enough to keep
the particles, the mesh layer needs to be shorter than the microwell layer. The depth is important
to prevent the particles from washing out during operation. According to literature a 10 um
difference between the particle height and well depth is optimal, however, in this arrangement

a hydrodynamic flow with help keep the particles in place so this margin is not as important.

The two photomasks were designed prior to starting using AutoCAD (Figure 9). The microwell
layer was designed to be 1500 um in length with an array of circular pores in the center. One of
the pores was replaced with a triangle to establish the orientation of the wells when installing.
The mesh layer was a grid of square pores with an overall circular shape to make alighnment of
the second layer easier. Prior to starting, a few of the polymerization parameters were set for
the experiment, including the 10x objective, polymer composition, UV light source and 80%
power output. The objective and composition were selected because these provided the desired
length and material properties, meanwhile the power output was set by the manufacturer.

Therefore, the remaining adjustable parameters were the channel height and exposure dose.
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Figure 9. Photomask deigns: (a) Mesh and (b) Microwell.

The first attempt at making sieved microwells fabricated them using a straight channel with a
constant height of 60 um. To achieve the height difference between the mesh and microwell
layer, it was assumed that decreasing the UV exposure time of the mesh layer would result in a
thinner layer which would sink to the bottom of the channel after polymerization. This would
create the change in height that is needed to create the well depth, as shown in Figure 10. Based
on the conditions set, the optimal UV exposure time was 200 ms so it was assumed that an
exposure time of 150 ms would produce a thinner mesh layer. However, actual application of the
microwells resulted in no particles being captured. This could have been due to the mesh layer
not being thin enough to make a significant height difference in the wells. Reducing the exposure
time further was not possible because the already low cross-linking density was creating a fragile

mesh layer which often breaking prior to installation.
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Figure 10. Microwell fabrication using a 60 um tall channel. (a) Shorter mesh layer is polymerized first
using a shorter exposure time. (b) The mesh layer sinks to bottom of channel. (c) Microwell layer is
polymerized over top.

In order to gain better control over the height and rigidity of the mesh layer, the two layers were
made in separate channels. The mesh layer was polymerized in 25 um tall channel first, then
transferred to a 60 um tall channel to polymerize the microwell layer over top of it. Figure 11
shows the resulting heights in the channel. The mesh layer had a height of ~20 um, the microwell
layer had a height of ~55 um and the well depth was approximately ~30 um. As mentioned, the
polymerization heights are controlled using the channel height. The expected height is
approximately 5 um less than the channel height due to the oxygen inhabitation layer at the top

and bottom of the PDMS channel.
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Figure 11. Side view of: (a) Mesh layer with height of ~21 um made in 25 pum tall channel. (b)
Microwell layer with height of ~53 um made in 60 um tall channel. (c) Well with depth of ~30 um. (d)
Top view of final microwell array fabricated with an overall length of 1.5 mm, mesh pore size of 50 um
and a well diameter of 100 um.

The two channel heights were combined into a single step channel to seamlessly produce the
microwells in a two-step process enabling a microwell to be made in under a minute. The process
is outlined in Figure 12. First, the step channel is filled with a prepolymer solution of 47.5% PEG-

DA 700, 47.5% TMPeTA and 5% photoinitiator. The flow is stopped, and the mesh layer is
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polymerized in the 25 um tall area of the channel. The flow is resumed to move the mesh layer
to the 60 um tall area of the channel and the photomask is changed to match the microwell
design. Once aligned, the microwell layer is polymerized over top of the microwell layer. After
fabricating both layers, the flow is resumed to push the microwell into the outlet of the channel
where it is washed in ethanol and an agueous solution with 5% TWEEN 20 and stored in said
solution. Figure 11d shows the final microwell that is produced using this two-step process. After
washing the microwells, the overall length of the microwell is 1.5 mm. This is the limit of the
polymerization area because beyond these dimensions the UV power decreases resulting in

uneven polymerization.
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Figure 12. Fabrication schematic of sieved microwells with double layers using slit channel
lithography. (a) The mesh layer is fabricated in the 25 um tall area of the channel. The side profile
showing the cross section of the mesh in the channel. (b) The mesh layer is moved to the 60 um tall
area of the channel. (c) The microwell layer is polymerized over top of the mesh layer. The cross
section of the channel shows the final pore shape and size of the microwells.

4.2 Varying Parameters for Polymerization

The various parameters that are controlled in SCL can be manipulated to attain different sized
pores and lengths of microwells. As mentioned, the height and well depth were set based on the
double channel that the microwell is installed in. However, the exposure time, photomask or

objective can be changed to produce different size microwells.

4.2.1 Objective

The objective determines the size of the area that is exposed to light. As mentioned, smaller
objectives increase the focal area of the channel, however along the edges of the focal area the
light source begins to taper off. Therefore, the overall length is limited to the area that the light
source is uniform throughout. A light gradient would result in less polymerization along the
edges, creating faded features opposed to the sharp edges that are desired. Experimentally, it

was determined that the maximum length for constant polymerization is 1.5 mm using the10x
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objective. Therefore, to make 100 um pores at this objective the array is limited to a 5x5 array
but to make larger arrays with the same pore size, the overall length of the polymerization needs

to be increased.

To increase the microwell array, a 5x objective is used to create a larger projection area. With
this objective everything is double in size from the 10x objective. Therefore, by using the same
photomasks as at 10x, the dimension of the microwells will be doubled at 5x. For example, a pair
of photomasks used to create a well diameter of 50 um, mesh pore length of 25 um and overall
length of 1.5 mm at 10x fabricates a 8x8 array of microwells with a diameter of 100 um, 50 um
mesh pore length and an overall length of 3mm with at 5x (Figure 13). Although, the larger area
disperses the light energy over a larger area and a longer exposure time is required compared to
the 10x. Long UV light exposures can result in deformation of the shape. The flow in the channel
does not completely stop at any point, it only slows, so polymerization would occur as the
solution is moving. To prevent this, violet light is used instead of UV light since it has a longer

wavelength, in addition to a different photoinitiator which is reactive to violet light.

Figure 13. Microwells with an overall length of 3 mm, 100 um well diameter and 50 um pore length.
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4.2.2 Photomasks

Changing the photomask has the most noticeable effect on the pore shape and size. The ability
to easily change the photomasks to create different sized wells and pores makes this fabrication
method very versatile for a wide range of particle sizes. By customizing microwells, it is possible
to capture both single and multiple particles in a variety of shapes. Well diameters have been
made in diameters from 30 to 100 um (Figure 14a), in addition to being made into various
shapes, including triangular, square, pentagonal and hexagonal (Figure 14b). When changing the

well diameter, the mesh length is also changed to correspond.
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Figure 14. Microwells with different well diameters and shapes. (a) Microwells with an overall length

of 1.5 mm, 60 um well diameter and 30 um pore length. (c) Microwells with an overall length of 1.5
mm, 100 um well diameter and 40 um pore length.

The mesh pore size can be made into various feature sizes based on the photomask, creating a
range of pore lengths from 20 to 60 um (Figure 15a,b,d), in addition, to being used to define the
spacing between the pores (Figure 15c). The spacing is important since narrower spacing can

easily break during the washing and installing process but overly wide spacing can close off a
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larger portion of the bottom of the wells which would reduce hydrodynamic flow through the
wells. This approach requires an extensive number of photomasks for each size and spacing, in
addition, the smallest pore length possible is 20 um. Photomasks with smaller pore lengths can
be made but using the same conditions for UV light exposure results in closed pores. In order to

create smaller pores, a reduced exposure time is necessary.
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Figure 15. Mlcrowells W|th 100 p.m weIIs and mesh sizes controlled using different feature-sized
photomasks, resulting in pore widths of: (a) 30 um, (b) 40 um, (c) 50 um with a 20 um spacing, and (d)
60 um.

4.2.3 UV Exposure Time

To create smaller pores sizes and limit the number of photomasks required, the exposure dose
can be adjusted. Using a single photomask, it is possible to reduce the pore size with increased

exposure time because free radical diffusion starts occurs outside the projected area.

43



Alternatively, reducing the exposure time results in less cross-linking making larger pores in
addition to a more fragile structure. Using a photomasks that was designed to fabricate 40 um
long pores with an exposure time of 200 ms, it is possible to create larger pores up to 43 um in
length with a shorter exposure time of 150 ms (Figure 16a). However, any exposure time less
than 150 ms results in low crosslinking density, leading to a fragile spacer and easy breakage. If
the exposure time is increased over 200 ms, the pore length significantly decreases until it closes

at 600 ms (Figure 16c). The graph in Figure 16d shows how the pore change with the change in

exposure time, with a constant UV intensity of 80%.
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Figure 16. Mesh pore control with UV dose. Bright field images of microwells with 100 pum wells and
mesh sizes controlled by changing the exposure time, using times of: (b) 150 ms, (c) 250 ms, and (d)
500 ms. (d) Plot of the size of mesh pore reduction with an increase exposure time, resulting in
completely closed pores at 600 ms.

4.3 Capturing Particles in Sieved Microwells

The microwells were installed in a microfluidic double channel with a cross-flow arrangement to
capture particles. The cross-flow increases the pressure drop across the microwell surface, in
addition to decreasing fouling, which in this case is the accumulation of particles over the
microwell. To install the microwell two techniques were used, one installs the microwell into a
preassembled channel through the top channel outlet, and the other assembles the channel with

the microwell already installed.

As seen in Figure 17, the assembled microfluidic channel is made by aligning two channels
perpendicularly to each other to create an intersection for cross-flow. The vertical channel is the
top channel, which the particles are flowed through. The top 1 mm inlet is used for shielding flow

which runs along the edges of the channel to prevent particles from being pulled towards the
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side of the microwell. The inlet below it is used to introduce the particles down the center of the
channel. The outlet of the top channel is used to install the microwell, while the other two outlets

are connected to the bottom channel which allows flow through the bottom channel.

Figure 17. Assembled cross-flow microfluidic channel.

4.3.1 Microwell and Particle Size Selection

The seating area for the microwell is a 1.5 mm square recessed 60 um into the bottom channel.
The height of the microwell is designed to be slightly lower than the bottom of the top channel
to prevent shear stress from washing it out since it is not physically attached to the channel
(Figure 18). Therefore, the microwells were made to be 55 um in height. Additionally, the
microwell is made to fit perfectly into the bottom slot to prevent leaking along the edges of the
microwell. Gaps along the edges of the microwell provide an alternate route for flow of particles
which can decreases the trapping efficiency. Shielding flow is added to prevent this, however a
well-fitting microwell is important to limit the gap along the edges. Therefore, the microwell is

fabricated to be close to 1500 um.
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Since the microwells are made out of hydrogels, the swelling of the material needs to be
considered when fabricating the array to be ~1500 um. The prepolymer solution used to make
the microwells (47.5% PEG-DA, 47.5% TMPeTA, 5% photoiniator) has an average swelling ratio of
4% in the 5% Tween 20 solution. A different prepolymer solution, for example 95% PEG-DA 700
and 5% photoinitiator, has a higher swelling ratio of 10% in the same solution because of the
different material properties. Since the composition of the prepolymer solution has such a
significant effect on the swelling ratio, the solution is be mixed prior to each use. If not, the
solution can separate which can result in unexpected swelling ratios or a notable difference in
integrity of the material. The microwell array is polymerized to be ~1440 um in length and
expands to a final length of ~1500 um. When designing the photomasks for the microwells a

smaller photomask is designed so that the microwell array swells to the desired size.

Lastly, the particle and well size were selected. The height of the particles was limited to ~30 um
to prevent shear stress from washing them out during operation, since the well depth was fixed
at ~35 umm. In terms of the diameter of the particles, both smaller and larger particles were
tried. Initially, smaller diameter particles with diameters 40-50 um were through to be ideal since
they would be easier to flow through the channel. However, during operation the smaller
particles were easily jammed into any gaps along the edge of the device which would easily
dislodge the array. Also, at this size the particles were able to turn sideways in the channel
causing multiple particles to be captured within the same well. Since single particle capture was
the aim of the device, a larger particle diameter of 90 um was selected to prevent rotation in the

channel. When using larger particles, the microwell was displaced less but multiple particles per
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well would still occur but with less frequency. Therefore, the final particle dimensions used were
90 um diameter particles with a 30 um height. To obtain single particle trapping using these
particles, the well diameter used was 100 um in diameter with a pore length of 50 um. These

dimensions are used throughout the remainder of the experiments.
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Figure 18. Installation of microwell using 60 um tall top channel

4.3.2 Assembling and Using a 60 um Tall Top Channel

Initially, a top channel with a width of 1500 um and height of 60 um was used for the double
channel (Figure 18). The benefit of this channel design is that the microwell array can be installed
and removed repeatedly. This allows for an array loaded with particles to be removed, in addition

to being able to use the channel multiple times with different microwells. Assembling this
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channel can be challenging since the alignment of the top and bottom channel needs to be
perfect to ensure that the microwell fits perfectly into cross-section which can be challenging on
such a small scale. Also, the channels can be easily deformed when removing them from the

master mold if the PDMS is not cured enough.

To install the microwell in this set up, the outlet of the top channel needs to be tall enough to
accommodate the height of the microwell which is why the top channel was designed to be 60
um in height and 1500 um in width. After aligning and curing the two PDMS channels, the
microwell can be introduced through the outlet of the top channel. The microwell is pipetted into
the outlet and based on the orientation of the triangular pore, the microwell is flipped to
determine the orientation of the wells (Figure 19a). It is important to ensure that the wells are
facing upwards to capture the particles. During this step a large number of microwells can be
broken if the structure of the microwell which is why the composition of the prepolymer solution
is important. The TMPeTA 438 provides structure to the microwell while the PEG-DA 700
prevents it from becoming overly rigid. A syringe is used to push the microwell into the entrance
of the top channel and a little solution is used to flow the microwell into the intersection (Figure
19b). Once the microwell is docked it is supported along the bottom edges by a series of posts

and is held in place by the hydrodynamic pressure during operation (Figure 19c).

Throughout this process it is important that no air bubbles are in the channel, therefore when
preparing any syringes, the air push out prior to inserting into the channel and the syringe pumps
are running prior to inserting into the channel. Air bubbles in the channel can cause blockages

along the channel, preventing particles from flowing smoothly or if the bubble is located under

49



the microwell seating area, it can push the microwell upwards and easily dislodge it from the

intersection.

Figure 19. Installing a microwell through the outlet of a 60 um-tall top channel. (a) Microwell is
inserted into the outlet. (b) Microwell flows down channel. (c) Microwell is docked into seating area.

Finally, the microwell capture ability is assessed in this crossflow configuration. Cylindrical
particles, with a density of approximately 10* particles/mL, are flowed through the channel. The
particles are flowed along the top channel with flow rates of 50 — 100 uL/min. Shielding flow
rates, which flow along the edge of the microwell to deter the particle stream from flowing that
way, were used at the same flow rate as the particles. With this range of flow rate, an
approximate 52% well occupancy is achieved (Figure 20).The poor capture efficiency could be
caused by the height of the top channel. The top channel was double the height of the particles,

so the particles were not close enough to the wells to be pulled in by the hydrodynamic flow
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through the wells. Also, numerous particles were accumulating over the surface of the wells or
along the edge of the channels preventing a continuous flow of particles over the wells. Higher
flow rates could be used to resolve this but the microwell array was easily displaced at high flow

rates making it hard to operate.

Figure 20. Captured particles in 100 um diameter wells using a flow rate of 50 pL/min

4.3.3 Assembling and Using a 30 um tall Top Channel

To reduce the top channel height and better secure microwells for use at higher flow rates, a new
assembly route was developed for the microwell array installation ( Figure 21). In this route, a
top channel with a height of 30 um and a width of 1300 um is used to bring particles in closer
contact with the microwells, however, using this method the microwell can no longer be installed
through the top channel. Instead the channel is assembled around the microwells. Using the
same bottom channel as previously, a microwell array is pipetted onto the seating area of the

bottom channel and oriented so the wells are facing upwards. The bottom channel, with the
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microwells, is placed in a desiccator to remove any excess liquid. Both the top and bottom
channels are then plasma treated and bonded together. The slimmer top channel made
alignment easier since perfect alignment was no longer necessary. In this configuration, the
microwell is physically constrained by the top channel since overlapping the top channel over the
microwell prevents the microwell from sliding out of the seating area, allowing it to withstand
higher flow rates. After assembling the channel, a 5% Tween-20 solution is introduced into the

channel ensuring the microwells swell back to its’ original width of 1500 pum ( Figure 21).
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Figure 21. Installation and capture of particles in 1300 um double channel. (a) Microwell is loaded
onto bottom channel (b) Microwell is dehydrated. (c) Final assembled channel.

First, the same flow range of 50 — 100 uL/min was applied using this narrower top channel
resulting in an increased well occupancy of up to 73% (Figure 22). Nevertheless, a large number

of particles were still accumulating over the surface of the microwell as seen previously. These
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results indicate that a lower top channel helped in increasing the occupancy, however a higher

flow rate is needed to clear the surface of the microwells and promote trapping.

Figure 22. Fluorescent images of the particles captured using a flow rate of 50 uL/min. (a) Resulting
well occupancy of approximately 73% (b) Numerous particles scatter along the surface.

Using the maximum flow rate of the syringe pump (purging mode), approximately 9 mL/min, for
one second intervals provided the best results. With each subsequent flow of particles at this
high flow rate the array was filled with more particles each time. After seven 1 s intervals at the
maximum flow, the well occupancy of the microwells was 87%. Figure 23 shows a time lapse of
the process with the final image being at the 7 s point where the maximum occupancy is
achieved. The particles stay in place with each interval of high flow which indicates that they are
locked in place by the hydrodynamic flow. The high flow rate is possible using this arrangement
because the narrower top channel sandwiches the microwells in place. Additionally, the ability
to fill a microwell array in under 10 s is a significant reduction in the time compared to other

microwell arrangements which usually take at least 1 min to fill.
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Figure 23. Fluorescent images of time lapse of particles captured using a flow rate of ~9 mL/min.
(a)Well occupancy after 4 s. (b) Well occupancy after 6 s (c) After 7 s a well occupancy of 87% is
achieved.

The capture time is greatly reduced compared to other microwell trapping mechanisms. Of the
methods listed in Table 1 and Table 2, using negative pressure in a static porous microwells
resulted in the shortest capture time of approximately 1 minute to fill an array [28]. The method
demonstrated here is able to fill an array of wells in 12% of the time, significantly minimizing the

required capture time.
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5 Conclusions and Recommendations

5.1 Conclusions

A sieved microwell array was fabricated in a simple two-step process using slit channel
lithography which enables rapid fabrication of microwells. This fabrication method allows for a
wide range of well and mesh sizes and shapes to be easily made by changing the photomask,
objective or UV exposure time at constant power. Installing the microwells in a cross-flow
microfluidic device significantly improves the capture rate of particles into the wells using
hydrodynamic force through the open pores at the bottom of the wells. Furthermore, the
installation methods of the microwells into the microfluidic device demonstrates the versatility
of this arrangement. One method permits the easy retrieval of the microwell from the channel,
which can facilitate isolation of specific cells or particles for further study, while the other allows
for higher flow rates to be used which significantly reduces the capture time to under 10 s and

occupancy of the wells to 87%.

5.2 Recommendations

The work completed demonstrates the capture ability of sieved microwells, however, further
study into the various applications sf sieved microwells are necessary. These types of microwells

can be beneficial to biological studies through applications in single cell trapping.

By applying sieved microwells to cell capture and single cell analysis it would be possible to
capture individual cells quickly. Further study into the comprehensive study of optimal flow

conditions with various sizes of well and mesh used should be done. The design of these wells
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improves cellular studies compared to traditional microwells by providing uniform nutrient
dispersion throughout the wells, as opposed to relying of diffusion in conventional wells, in
addition to allowing for seamless aqueous media changes in this device. Additionally, the shared
media would allow for cell to cell communication which is not possible in a traditional microwell

platform.

Additionally, the ability to remove the particles from the microwells has yet to be demonstrated.
Cell isolation for further studies is an important feature for microwells, therefore the ability to
withdraw a loaded array from the microfluidic channel should be considered. Although one
channel allows for the withdrawal of the array, it does not provide sufficient trapping so further

study into the optimal trapping in this arrangement would be an asset.
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