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Abstract

The rapid isolation of specific rare target cells is of rising importance in current
targeted patient treatment plans. Common cell sorting approaches such as
stream-based dielectrophoresis (DEP) based cell sorters are limited by their
spatial dimensions as only a number of cell types corresponding to the number
of output channels of the platform can be sorted. In this thesis, a microfluidic
platform for selective single-cell sorting and subsequent quantification of sorted
cells is presented, which can be upscaled to a high number of unique cell
types without facing the same technical difficulties as previously developed
devices. The platform consists of interdigitated electrodes (IDEs) and uses
dielectrophoresis to capture target cells in a layer of 10 000 nanoliter wells
placed on top. By splitting the design into 10 individually addressable IDE
sectors, a large number of different cell types can be captured. This sectorial
approach is highly modifiable and allows for complex samples to be captured
over different sectors instead of requiring separate output channels for each cell
type. The microfluidic behaviour of the platform regarding flow rate and DEP
signal strength was examined to determine valid parameters for cell sorting
and capture. A clinically relevant mixed sample of benign (MCF-10A) and
malignant (MDA-MB-231) breast cells was used to validate the cell sorting
performance of the platform and a target to non-target sorting accuracy of
over 95% could be achieved.

To monitor sector occupancy and determine how much sample has been

sorted, the capabilities of electrochemical impedance spectroscopy were ex-
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amined. Experimental results revealed that impedimetric measurements can
be used to quantify the number of captured cells, removing the need for an
additional cell counting structure on the platform and hence reducing system
complexity. Lastly, it was discussed how the presented microfluidic platform
could be potentially expanded to facilitate single-cell RNA sequencing. The
inability of current sequencing platforms to selectively capture and sequence
cells from a mixed sample is a major problem of these designs. Since the plat-
form presented in this thesis solves this problem, it may be a good candidate
for future on-chip single-cell sequencing.

Overall, the presented microfluidic cell sorting platform shows great promise
to be used as either a point-of-care device or in clinical environments where

reliable sorting of varying cell samples is important.
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Chapter 1

Introduction

With the advances in targeted cancer therapy over the last decade, there has
been a growing need for a portable and low-cost platform that can rapidly and
reliably sort complex heterogenous cell mixtures. This is especially important
in autologous patient treatments, where it is crucial to sort through a large
sample in order to selectively detect and single out a rare target species, such
as hematopoietic stem cells (HCTSs) or circulating tumor cells (CTCs).[1]-[4]
Furthermore, such a platform could serve as a research platform for the identi-
fication of novel cell populations within a tumor microenvironment, a critical
factor in tumor progression. The genomic and transcriptomic profiles of these
unique populations may offer insights into tumor resistance and identify im-
portant therapeutic targets in a variety of cancers.[5] Single-cell sorting is of
increasing importance in precision medicine applications such as advanced ge-
nomics or next-generation sequencing.[6]-[8] State-of-the-art systems for can-
cer detection, such as CellSearch,[9], [10] OncoDiscover,[11] or CellMax,[12],
[13] capture and isolate CTCs from patient samples. Subsequent quantifica-
tion of the number of CTCs then may provide important information about
the state of a patient. In single-cell RNA sequencing platforms, such as in
the commercially available 10x Genomics solutions [14], [15] or recent ad-
vances,[16]-[18] it is crucial to ensure that only the target cells are sequenced
for accurate results. Hence, depending on the mechanism of the sequencing
platform, reliable cell sorting prior to loading the sequencing platform may be

required.



Traditionally used cell sorting approaches include density gradient-based
methods as well as fluorescence activated cell sorting (FACS) and magnetic
activated cell sorting (MACS). In both FACS and MACS, the sample has to
be prepared and correctly labelled with either fluorescent stains or magnetic
microbeads in order to be sorted successfully.[1], [4] Dielectrophoresis acti-
vated cell sorting (DACS) offers an alternative approach based on the intrinsic
characteristics of dielectrophoresis (DEP) to sort cells without the need for
any prior labelling. DEP is an electrokinetic phenomenon that allows for the
selective manipulation of dielectric particles, such as mammalian cells, via
polarization when subjected to a spatially non-uniform electric field.[19], [20]
Reported microfluidic DACS structures mainly focus on sorting cells by po-
sitioning electrodes in a microfluidic channel and subsequently use DEP to
change the flow trajectory of passing cells depending on their dielectric char-
acteristics, hence directing them into different output channels.[21]-[26] These
designs are innately limited by the number of output channels, as the number
of individually sorted cell types directly corresponds to the number of out-
lets. Other less common DEP-based cell sorting approaches employ field-flow
fractionation to sort different cell types.[27]-[30] Another limitation these de-
signs face is their inability to readily provide information about the number of
sorted cells. Additional cell counting structures such as microfluidic Coulter
counters, which have been shown to reliably detect single cells,[31]-[33] may
be employed to count the number of cells flowing through an outlet channel,
at the cost of an increased overall system complexity. Therefore, an integrated
platform that allows for simple and accurate monitoring of the number of

sorted cells would be desirable.

1.1 Thesis goals

In this thesis, a microfluidic platform that uses a nanowell structure in com-
bination with interdigitated electrodes (IDEs) to sort and capture single cells
is presented. Micro- and nanowell arrays have already been extensively used

for various biomedical applications, such as malignant cell identification and
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characterization,[18], [34]-[36] cell pairing and molecular interaction,[37]—[39]
and cell sequencing.[16], [17], [40], [41] Commonly, these devices feature thou-
sands of microwells that are subsequently analyzed by imaging and microscopy.
While microwell loading traditionally occurred via gravity,[16], [42]-[44] active
trapping mechanisms such as DEP have been used lately to improve the cap-
ture efficiency.[17], [18], [34], [45]-[47] Recent advances that combine microw-
ells with DEP range from devices featuring 300 000 microwells used for the
molecular analysis of tumor cells [18] to devices achieving double-sub-Poisson
single-cell RNA sequencing with 3600 nanowells.[17]

The main goal of the developed microfluidic platform is to reliably sort
cells with a high accuracy. In contrast to already reported DACS systems,
the emphasis of the platform is on reducing system complexity rather than
aiming at high-throughput sorting. The platform should be readily usable
with various samples or easily modifiable to do so. Ideally, it should also
allow for the simultaneous sorting of a number of different cell types, hence
bypassing the cell type to channel outlet restriction posed by other cell sorters.

Another major goal is to use the IDEs employed for DEP capture for
accurate monitoring of captured cells. Achieving this would reduce system
complexity and would provide information of how much sample has been
sorted. This thesis explores the capabilities of electrochemical impedance spec-

troscopy, a label-less measurement technique, to accomplish this.

1.2 Thesis outline

This thesis is organized to show the design process of the microfluidic platform,
beginning with the theoretical aspects required and ending with future and on-
going work. In chapter 2, the main concepts required for dielectrophoretic cell
sorting and impedimetric cell detection are introduced. Chapter 3 covers the
platform fabrication and assembly as well as details regarding cultured cells
and buffer solutions used. Chapter 4 focuses on the platform development,
from early proof-of-concept to the final platform design. Emphasis is on the

DEP assisted cell capture as well as cell sorting performance of the final design.
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Chapter 5 then discusses the cell detection and quantification capabilities of
the platform achieved with electrochemical impedance spectroscopy. Chapter
6 outlines ongoing and future work, including how the platform can be mod-
ified to a single-cell RNA sequencing device as well as an overview of what
components are needed to integrate the platform into a stand-alone point-of-
care device. Finally, chapter 7 ends the thesis with an overarching conclusion,
detailing how the original thesis goals have been fulfilled and how the initial
design has evolved into a platform not only limited to cell sorting but also

expandable to single-cell sequencing.



Chapter 2

Theory

2.1 Cell sorting

Cell sorting describes the process of separating a number of different cell types
in a heterogeneous sample. An example of this would be the separation of a
certain type of cell, such as red blood cells, from a blood sample. Nowadays,
cell sorting is of growing importance in patient-specific treatment plans, such
as in targeted cancer treatments.[1]-[4] Over the years, a multitude of different
cell sorting approaches have been developed, each having their own advantages

and disadvantages.

2.1.1 Fluorescence activated cell sorting

Fluorescence activated cell sorting (FACS) is the classical approach to cell
sorting ever since the first commercial FACS device was invented by Herzen-
berg et. al in 1969.[48] FACS applies fluorescent labels to cell populations to
enable cell type identification. Labelled populations are introduced into a mi-
crofluidic channel and subsequently pass a focused laser beam that facilitates
inspection and identification of the current passing cell (Figure 2.1).[1], [4] De-
pending on the detected cell type, the cell is then discretely sorted into one of
the outlet channels via various possible mechanisms, such as electrokinetic
mechanisms, [49]-[51] acoustophoresis,[52]-[54] or optical manipulation.[55]-
[57] Nowadays, FACS is the most common cell sorting technique used due

to its reliability, ease of use, and high efficiency.[1], [4], [49]
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Figure 2.1: Schematic representation of fluorescence activated cell sorting.
Cell populations tagged with fluorescence labels are identified by a focused
laser and subsequently separated into different outlet channels via various
separation techniques, such as electrokinetics or acoustophoresis.

2.1.2 Magnetic activated cell sorting

In magnetic activated cell sorting (MACS), cells are magnetically labelled with
ferromagnetic nanoparticles. Cell populations are subsequently sorted when
they pass a magnetic field gradient as the exerted magnetic force depends on
the amount of nanoparticles on a cell.[1], [4] Hence, larger cells are subject to
a greater magnetic force. MACS is particularly attractive for separating oth-
erwise sparse cell populations, such as circulating tumour cells (CTCs). CTCs
and other rare cells can be specifically labelled with antibodies containing fer-
romagnetic nanoparticles and then reliably sorted from the bulk sample.[58]-
[60]

Both FACS and MACS require preparation and label application to suc-
cessfully sort cell populations. Hence, in areas requiring rapid sorting of vari-
ous and changing cell types label-free sorting mechanisms are desired. Dielec-
trophoresis can be employed to provide such a solution as it enables popula-

tions to be sorted based on their intrinsic dielectric parameters.



2.2 Dielectrophoresis

2.2.1 Fundamentals of dielectrophoretic particle manip-
ulation

Since the detailed studies on dielectrophoresis (DEP) and its effects on par-
ticles done by Herbert Pohl in the 1950s and 1960s, DEP has gained a lot
of attention in biomedical and lab-on-chip systems. Its innate characteristics
allow DEP to be a highly selective and label free technique for particle manip-
ulation.[19], [20], [61] When an electrically polarizable particle such as a cell
enters a non-uniform electric field, it will become subject to a DEP force Fpgp
that arises from the interaction between the electric field and the thereby in-
duced dipole of the particle. Depending on whether the particle is attracted
towards regions exhibiting the maximum electric field gradient, such as the
electrode edges, or expelled from them, Fppp is defined as positive (pDEP)
or negative (nDEP), respectively (as shown schematically in Figure 2.2).[33],

[34] Fpgp acting on a given particle with radius r is expressed by

Fpgp = 2mr°e,,Re {CM} V | By s | (2.1)

where ¢,, is the conductivity of the medium in which the particle is sus-
pended and E the applied electric field. The bracketed expression is the real
part of the Clausius-Mossotti (CM) factor and determines whether the particle
experiences a positive or negative DEP force. The CM factor describes the di-
electric relationship between particle and suspension medium and hence varies
greatly between different particle types and suspension media. Since biological
samples such as cells or fungal spores are more complex and feature more in-
dividual components when compared to solid particles, i.e. polystyrene beads,
mathematical models that aim to combine the different components have to
be used to obtain an accurate estimate of the CM factor. Note that Fpgp de-
pends on the electric field, as well as the polarization of the particle, the latter
being proportional to the polarizing field for linear dielectric particles, thus
causing a square dependence. This is similar to the force exerted by optical

tweezers. [62]



Figure 2.2: Particle movement due to DEP. The electric field is being applied
via two coplanar electrodes. pDEP forces the particle to move to regions
showing a higher field gradient. Similarly, nDEP forces the particle towards
regions with a lower field gradient.

2.2.2 The n-shell model

Most commonly, the n-shell, or multi-shell, model is used to model the dielec-
tric parameters of biological particles. A single shell consists of two layers, the
shell surface (outer layer) and the contents within the shell (inner layer), as
shown in Figure 2.3a. In a cell, these two layers may represent the cytoplasm
surrounded by the cell membrane. The onion-like structure of the model al-
lows for easy inclusion of additional individual components by expanding the
model with additional layers.[63]-[65] Most mammalian cells can be modelled
sufficiently well with a double-shell model (Figure 2.3b). The mathematical
expression for the combined complex permittivity 7 . of two layers with radii

r; and 7y 1S

3 * *
T2 €178
8* -k <T1> + 2 <ET+2€;> (22)

comb = €2 3 .
T2 - )
] €] +2¢5

where the indices 1 and 2 denote the inner and outer layer, respectively.

The complex permittivity €* is given by

e =¢ +jz (2.3)
w

where ¢ is the real part of the permittivity, o the conductivity, 7 = v/—1,
and w the angular frequency of the applied electric field.
8
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(a) Single-shell model. (b) Double-shell model.

Figure 2.3: n-shell models. Figure 2.3a shows a single-shell model, while
Figure 2.3b shows a double-shell model. Each shell consists of an inner and
outer layer.

2.2.3 Clausius-Mossotti factor

In mammalian cells, the dielectric properties are generally closely tied to the
physiological cell characteristics such as cytoplasm conductivity or membrane
capacitance.[66]-[69] Additionally, there is a significant difference in cell prop-
erties between healthy and malignant cells.[27], [70], [71] To understand the
DEP response of different cell types in different buffers, the Clausius-Mossotti
(CM) factor has to be calculated. The CM factor effectively describes the
frequency-dependent relationship between the dielectric parameters of a par-

ticle and its suspension medium [33], [34] and is expressed by

* *
€~ Em

CM = ——
ey +2¢;,

(2.4)

The indices p and m denote the complex permittivity for particle and
medium, respectively. If the real part of the CM factor is positive, the particle
experiences pDEP and is attracted towards regions of maximum field gradient.
Consequently, if the real part of the CM factor is negative, the particle will
move towards regions of minimum electric field gradient. DEP capture refers to
the movement of particles towards the electrodes as they exhibit the maximum
field gradient, where they will become trapped either on the electrode itself or

in structures manufactured on top of the electrodes, commonly referred to as
9



DEP traps.

To obtain the CM factor for cells, the previously introduced n-shell model
has to be used. Table 2.1 gives reported dielectric parameter values for yeast
and HEK-293 cells in addition to values for an arbitrary polystyrene particle.
From these values, it is evident that the dielectric parameters between the two
cell types as well as of their individual components are quite different. More
details such as layer radii can be found in Appendix A. Figure 2.4 shows the
calculated CM factor curves of those three particles suspended in a buffer with

a permittivity of 80eq and conductivity of 0.02 S/m.

Parameter HEK-293 cell | Yeast cell | Polystyrene bead
Er cytoplasm 60 50
Teytoplasm (S/m) 0.5 0.2
Er,membrane 9.5 6
O membrane (S/m) 7% 1071 25 % 10~8
Erwall 60
Owan(S/m) 14 %1073
Er bead 2.6
abead(S/m) 5% 1074

Table 2.1: Dielectric parameters of HEK-293 cells,[72] yeast cells,[73] and ar-
bitrary polystyrene beads.

Whereas both HEK-293 and yeast cells experience pDEP for certain fre-
quencies, the chosen polystyrene beads only experience nDEP. Hence, HEK-
293 cells can be attracted and trapped for frequencies between 3 kHz and 6
MHz, as this is where the CM curve shows positive values. For yeast cells,
this regime is slightly smaller and ranges from 9 kHz to approximately 4 MHz.
As seen in Equation 2.1, a higher CM value correlates to a higher DEP force,
indicating that for optimal particle manipulation the frequency of the applied
electric field should be chosen in such a way that the CM value is maximized.
Additionally, cell separation between two types of cells can be facilitated when
at a given frequency one of them experiences nDEP or no substantial DEP
while the other experiences pDEP and is attracted towards the electrodes.
Hence, using DEP to sort cells provides for a highly selective and label-free

method of cell sorting.
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Figure 2.4: Plotted CM curves of HEK-293 cells, yeast cells, and polystyrene
beads. Whereas in this particular buffer both HEK-293 and yeast cells can
experience both positive or negative DEP, depending on the applied frequency,
polystyrene beads only experience negative DEP. Consequently, DEP capture
of these type of beads would not be possible with this buffer.
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Figure 2.5: Dielectrophoresis activated cell sorting in a stream-based cell
sorter. The electrodes are placed at a certain angle towards the flow direction,
changing the trajectory of cells depending on their dielectric properties. The
applied DEP signal has to be chosen in such a way to ensure that each cell
population enters its individual outlet channel.

2.2.4 Dielectrophoresis activated cell sorters

Currently used dielectrophoresis activated cell sorters (DACS) can be divided
into two major subcategories. Stream-based cell sorters sort particles by using
DEP to change their respective trajectories (Figure 2.5) and are the most
common form of DACS. Cells with different trajectories are then flowed into
different outlet channels. While this method has a high sorting throughput,
the number of different cell populations that can be successfully sorted at
a given time are limited by the number of outlets. Increasing the number
of outlets increases the overall system complexity in addition to dimensional
parameters such as channel length and width, which would have to be enlarged
to maintain successful sorting capabilities.[21]-[26]

The second and less common method employs field-flow fractionation (FFF)
to sort cell types depending on their relative speed to each other. As parti-
cles following the pressure-driven flow profile exhibit the lowest speed among
the channel walls and the highest in the middle of the channel, cells that are
affected by gravity and subsequently move towards the bottom of the chip
hence move slower and take a longer time to exit the channel. nDEP is used
to let cells float at a certain channel height, thus controlling their relative
speed. Figure 2.6 shows schematically how this spatial separation is achieved.
While this approach only needs one outlet channel, potential problems may

arise when cells that were supposed to flow in the middle of the channel in-
12
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Figure 2.6: Dielectrophoresis activated cell sorting using field-flow fractiona-
tion. The red cell C; flows in the middle of the channel as DEP pushes it
upwards and hence has the maximum velocity vi. DEP is tuned in a way
that an equilibrium is reached between Fpgp and the gravitational force F,.
Additionally, the purple cell Cy experiences no substantial DEP force for this
example. Subsequently, Cy flows near the bottom of the channel and has a
lower velocity v».

stead flow near the channel walls as a consequence of external other factors,
such as an incorrect tuning between Fpgp and gravitational pull or unwanted
turbulences. This would lead to an incomplete separation of the mixed pop-
ulations. Additionally, the length of FFF sorting chip has to be considered.
As the spatial separation of cell populations depends on the difference of flow
speed, a certain channel length is required to successfully separate the given
populations.[27]-[30]

While both approaches can be used to accurately and rapidly sort large cell
populations, they also have their own respective drawbacks. DACS based on
individual nanowells offers an alternative that trades high throughput against
a modular and multisectorial design and the ability to sort a great number of
different populations at the same time. Additionally, the nanowell platform
offers the possibility to be used for future single-cell operations, such as single-
cell RNA sequencing. Note that in all DEP platform approaches particles
flowing near the channel walls may get charged by rubbing against the channel

wall and hence may behave differently when entering the applied electric field.
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2.2.5 Cell sorting using electroactive nanowells

The nanowell platform features a multisectorial design consisting of multiple
electrode structures. Each sector contains a minimum of two individually
addressable electrodes. Nanowells designed to only hold a single captured cell
are placed on top of the electrodes to facilitate DEP capture. In contrast to
the previously introduced DACS, this approach aims at first capturing cell
populations and releasing them later on, instead of achieving an in-line high-
throughput. The simplest case for nanowell assisted cell sorting would be
sorting of two populations. In this case, one population would be trapped in
the nanowells while the other population would not be affected by DEP and
hence continue to exit the channel.

Since each sector can be addressed independently, each sector can capture
a different cell population, as shown in Figure 2.7. This also facilitates more
complex multi-stage sorting designs, where the gradual sorting of certain cell
types is important, i.e. prefiltering of a ”dirty” sample. The modular sector
approach allows for easy expansion either by enlarging a given sector or by
adding new ones. Depending on the size of sorted cells however, the nanowell
height and diameter may need to be adjusted to ensure single-cell capture.

Another benefit of the nanowell design is the ability to use the electrodes
for both DEP capture and in-line detection of sorted cells. Electrochemical
impedance spectroscopy (EIS) measurements provide information about the
number of captured cells and hence the amount of the sample that still needs to
be sorted. In other DACS, this is done with additional cell counting structures,
such as Coulter counters, which have been shown to reliably detect single
cells.[31]-[33] However, each additional structure increases the overall system

complexity, hence the need for integrated solutions.

2.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) can be used to monitor the
change in impedance between a pair of electrodes, which naturally occurs
when a particle passes over them. EIS is classified into two distinct techniques,

14
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Figure 2.7: Schematic view of nanowell assisted cell sorting. Cells are attracted
by pDEP and trapped in individual nanowells. The sectorial design allows
different sectors of the chip to be addressed individually and hence enables
the capture of multiple cell populations on one microfluidic chip. In the chip
section example shown here signal 1 only facilitates DEP capture of cell type
1 whereas signal 2 is used to selectively capture cell type 2.

faradaic and non-faradaic EIS. Faradaic EIS is more sensitive to impedance
changes but in turn requires a more complex electrode setup with the need for
an additional reference electrode and specific electrochemical reactions.[74]-
[77] In contrast, non-faradaic EIS does not depend on electrochemical reactions
as changes of the electrical system properties caused by the interaction with
biomolecules, such as particles, are measured. To achieve this, small signals

are applied to the electrodes and the current response is recorded.|[78]-[80]

2.3.1 DModelling of coplanar electrodes

The electrode structure that is most commonly used for DEP capture or count-
ing structures, i.e. Coulter counter, is a set of coplanar electrodes. The plat-
form developed in this thesis also features coplanar electrodes. Figure 2.8
shows the equivalent circuit model for a basic two-electrode system, aiming at
representing the geometrical properties of the electrodes as well as the charac-
teristics of the surrounding buffer solution. The capacitance C, represents the
geometric capacitance of the electrode structure itself and hence is subject to

the electrode dimensions, such as length and gap between them, as well as the
15



Figure 2.8: Equivalent circuit model for two coplanar electrodes surrounded
by a buffer solution.

dielectric properties of the buffer around it. The double layer capacitances C'y
represent the interaction between charged ions in the buffer and the electrode
surface charge. Lastly, the resistance of the buffer is included by the resistor

element Ry.[80], [81] From this follows the overall system impedance

Lsys = 2.
sys (Rb+ij’ ) || g ( 5)

where j = /—1 and w is the angular frequency. More complex circuit
models have also been reported, however, they include effects that generally
do not have to be considered in non-faradaic EIS.[82], [83]

Plotting Equation 2.5 gives the typical frequency response curves shown
in Figure 2.9. The frequency responses for both magnitude and phase show
three distinct regions. In the first region, up until cutoff frequency f, the
impedance decreases steadily while the phase stays at larger values and Z,,
is dominated by the double layer capacitance. Subsequently, between cutoff
frequencies f; and fy the system is dominated by R, and hence becomes
resistive, leading to a decrease in phase while the magnitude stays constant
with increasing frequency. In the last region, for frequencies greater than fy,
the system becomes capacitive again as seen by the large phase value and
magnitude decrease with increasing frequency. This region is dominated by
the geometric capacitance. [80], [81]

If a cell passes over the electrodes, the equivalent circuit model needs to be
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Figure 2.9: Magnitude and phase frequency responses of the impedance for a
coplanar electrode system. There are three distinct regions, separated by the
cutoff frequencies f; and fg.

Figure 2.10: Equivalent circuit model for two coplanar electrodes surrounded
by a buffer solution modified for a cell (red) passing over the electrodes. The
cell adds the impedance element Z..

modified to account for the impedance changes introduced by the cell. This
can be done by adding a general impedance element Z. to the circuit, as seen
in Figure 2.10. Generally, cells tend to lower the overall impedance magnitude
as they increase the system capacitance and are more conductive than the

buffer solution. This behaviour is further discussed in Chapter 5.
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Chapter 3

Materials and Methods

3.1 Microfluidic platform

3.1.1 Chip fabrication

The following section describes the final fabrication protocol used for the ma-
jority of fabricated microfluidic chips. While in the beginning of the project
aluminum electrodes were fabricated, this was later changed to gold electrodes
as a consequence of their superior characteristics regarding DEP. Both pro-
cesses are completely interchangeable and described below. A schematic rep-
resentation is shown in Figure 3.1.

500 pm thick fused quartz substrates with 4-inch diameter were used to
fabricate the microfluidic chips using standard photolithography techniques.
The substrates were first cleaned in hot piranha solution (3:1 mixture of HySOy4
and Hy0s) for 15 min. For the fabrication of aluminum electrodes, 100 nm of
aluminum was sputtered on top of the substrates. The aluminum layer was
patterned by spinning the positive photoresist AZ 1512 at 500 rpm for 10 s
with a subsequent increase to 5000 rpm for 40s before being baked at 100 °C
for 60 s. Substrates were exposed at 100 mJ/cm? using an ABM mask aligner
(ABM-USA, Inc.) and developed in AZ 400K 1:4 developer. Afterwards, the
aluminum layer was etched using metal etchant type A (Transene Company

Inc.). Gold electrodes were fabricated using lift-off techniques.! LOR 5B

T would like to thank Lian Shoute and Bingxuan Li for their help with fabrication of the
gold electrodes. While I originally did all manufacturing steps myself, they manufactured
the gold electrodes at the end of the project as well as helped with chip cleaning and dicing.
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photoresist (MicroChem Corp.) was spread on the substrates at 500 rpm
for 10 s and at 3000 rpm for 40 s and finally baked at 150 °C for 5 min.
Subsequently, a second photoresist layer consisting of AZ 1512 was spread on
top of the LOR 5B layer, following the same recipe as used for the aluminum
electrodes. Afterwards, substrates were exposed to UV light at 100 mJ/cm?
using an ABM mask aligner. The substrates were then patterned by developing
AZ 1512 and LOR 5B layers in AZ developer 1:1 (EMD Performance Materials
Corp.) and MF-319 (Kayaku Advanced Materials Inc.), respectively. Lift-off
was done in Remover PG (Kayaku Advanced Materials Inc.) after a 10 nm
chromium adhesion layer followed by 90 nm gold were sputtered on top of the
substrates.

After the fabrication of the electrode structures, the substrates were cleaned
with deionized (DI) water to facilitate fabrication of the nanowells. The
nanowell structures were created on top of the electrodes with the negative
photoresist SU-8 2015 (Kayaku Advanced Materials Inc.). The SU-8 layer
thickness and hence the depth of the nanowells used for most of the microflu-
idic chips was 20 pm. Other thicknesses follow the same process with adjusted
process parameters such as spinning speed and exposure energy. A layer thick-
ness of 20 pm was obtained by spreading SU-8 on the substrate at 500 rpm for
5s followed by an increase to 2100 rpm for 30 s. Prebaking of the SU-8 layer
was done at 65 °C and 95 °C for 2 min and 4 min, respectively. Afterwards,
the nanowell mask was carefully aligned with the substrate using an ABM
mask aligner and the substrates were exposed to UV light at 150 mJ/cm?.
Subsequently, the substrates were post-exposure baked at 65 °C and 95 °C for
2 min and 5 min, respectively. Finally, the substrates were developed in SU-8
developer (Kayaku Advanced Materials Inc.) for 4 min. Depending on the
design fabricated, the yield per substrate was 6 to 16 chips.

The microfluidic channels required to seal the chip and enable fluidic con-
nection were fabricated with polydimethylsiloxane (PDMS). For this, negative
master molds were fabricated on prime silicon wafers with 4-inch diameter.
SU-8 2015 was used to form master molds of varying thickness, of which a

thickness and hence channel height of 20 ym was used most frequently. The
19



(a) [ 1 Quartz substrate
I LOR 5B layer
1 AZ 1512 layer

(b)
1 ¥ 1§ 1§ 1 Cr/Au layer
1 SU-8 layer
(c)
(d) - - -
|
(e)
(f)
0

Figure 3.1: Brief overview of the fabrication process flow for microfluidic chips
with gold electrodes. LOR 5B and AZ 1512 photoresist are spun on top of the
cleaned substrates to form the lift-off layers (a) and subsequently patterned
(b). Then, chromium and gold are deposited to form the electrode structures
(c) and patterned using lift-off (d). Lastly, the chips are cleaned and SU-8 is
spun on the substrates (e) and patterned to form the nanowells (f).
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same soft-lithography recipe as described above was used for the master mold
fabrication. PDMS with a 10:1 mass ratio between base and curing agent
(Sylgard 184 silicone elastomer kit, Dow Inc.) was poured onto the mold and
degassed in a desiccator for 30 min. Subsequently, the mixture was cured in
an oven at 100 °C for 30 min. Afterwards, the polymerized PDMS was care-
fully peeled from the mold. A disposable biopsy punch (Robbins Instruments
Inc.) was used to create the inlet and outlet holes for microfluidic connection.
Lastly, an ultrasound assisted cleaning step with isopropyl alcohol (IPA) and

milli-Q water was performed.

3.1.2 Assembly

While thorough cleaning and surface activation of the PDMS microchannel can
lead to a strong bond between chip and PDMS, there still is a non-negligible
chance that the bond will break partially and the chip will leak. Silanization is
an alternative method for device bonding where the microchannel formed by
the PDMS structure is irreversibly bonded to the SU-8 layer of the chip. [84]-
[86] The bonding process using 99% (3-Aminopropyl)triethoxysilane (APTES)
is shown schematically in Figure 3.2. To facilitate bonding, the PDMS side
showing the microchannel was first treated and activated with oxygen plasma
for 1 min. Immediately after surface activation, the activated side of the PDMS
was submerged in APTES for 45 s before being cleaned with milli-Q water.
After cleaning, the PDMS was dried with nitrogen gas and carefully aligned
with and pressed on top of the microfluidic chip. The complete platform was
then placed on a hot plate set to 150 °C for 1 h while a standard calibration
weight of 200 grams continued to press the PDMS and chip together to ensure
complete sealing. Lastly, 21G stainless steel connectors were inserted into the
previously formed inlet and outlet holes of the PDMS and connected to PTFE
tubing (Elveflow Microfluidics).
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Figure 3.2: Schematic representation of the bonding mechanism between SU-8
layer and PDMS microchannel. The side of the PDMS structure featuring
the microchannel is first treated and activated with Oy plasma, leading to the
formation of SIOH groups on the PDMS surface (a). Subsequently, the acti-
vated surface is submerged in APTES, which leads to the coupling of APTES
molecules to the silanol groups present on the PDMS surface (b). Lastly, the
PDMS is brought into contact with the SU-8 layer, where the other end of the
APTES molecules bind to the epxoy groups on the SU-8 surface (c).
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3.2 Cell preparation

3.2.1 Cell culture

Throughout the project, multiple cell types were used to validate the mi-
crofluidic platform. While for proof-of-concept experiments HEK-293T and
NIH-3T3 cells were used extensively, later cell sorting trials were conducted
using clinically relevant mixed samples consisting of benign (MCF-10A) and
malignant (MDA-MB-231) cells.? The MDA-MB-231 cells transduced with a
doxycycline inducible mEmerald fluorescent vector (MDA-MB-231-Em) to fa-
cilitate fluorescence detection. HEK-293T and NIH-3T3 cells were cultured in
DMEM medium supplemented with 10% fetal bovine serum (FBS). MDA-MD-
231-Em cells were maintained in RPMI-1640 supplemented with 10% FBS, 10
ug/ml puromycin, and 0.5 mg/ml geneticin (Gibco). MCF-10A cells were cul-
tured in DMEM/F12 medium supplemented with 5% horse serum, 100 unit/ml
penicillin and 100 mg/ml streptomycin (Gibco), 500 ng/ml hydrocortisone, 20
ng/ml human epidermal growth factor (hREGF), 0.01 mg/ml human insulin,
and 100 ng/ml cholera toxin. All cells were cultured in a humidified incubator
at 37 °C and a CO2 atmosphere of 5%.2 All other chemicals used were of

analytical grade and obtained from Millipore Sigma.

3.2.2 Cell staining

In preparation for experiments, resuspended HEK-293T and NIH-3T3 cells
were induced with 0.7 yL/mL acridine orange for 10 min prior to experiments.
MDA-MB-231-Em cells were induced with 2 ug/ml doxycycline for 24 hrs be-
fore being detached from the culture plate. MCF-10A cells were detached and
stained using the PKH26 red fluorescent cell linker kit for general cell mem-

brane labeling (Millipore Sigma) following the manufacturer’s protocol. The

2My thanks go to Dr. Judith Hugh and Lacey Haddon for providing the MCF-10A and
MDA-MB-231 cells.

31 would like to very much thank Lacey Haddon for showing me how to culture and stain
cells. Throughout the project, she continued to assist me with cell culture and the majority
of more complex cell staining. She also prepared the buffers and media needed. I would also
like to thank Zhipeng Yuan for his assistance in maintaining and preparing the cell cultures
needed for experiments.
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cells were briefly washed once with 1 ml DMEM/F12 and then resuspended
in 1 ml diluent C. A 2x PKH26 dye solution was added to the cell suspension
and incubated for 5 minutes at room temperature with gentle pipetting. Cells
were incubated in 2 ml FBS for 1 minute before being centrifuged at 400 x g
for 10 minutes at room temperature. Lastly, stained cells were rinsed 3 times
in 5 ml complete media in order to remove excess dye prior to imaging. All

cell types were removed from the bottom of the culture plates using 0.25%

trypsin-EDTA.

3.2.3 DEP buffer preparation

Since cell media and related buffers generally have a high conductivity, they
tend to prohibit a positive DEP response of mammalian cells. To facilitate
DEP-based capture and sorting, cells were resuspended in sterile-filtered, low
conductivity DEP buffer (10 mM HEPES, 3 mM NaOH, 285 mM sucrose, and
1.5 mM MgCly) previously used in electroporation studies.[87] After prepa-
ration, the conductivity of the buffer was verified with a conductivity meter
(Oakton CON 6+) and showed an average read of 500 pS/cm. Cell viability
in this buffer has previously been verified by others [87] and was also observed
in our experiments. All other chemicals used were of analytical grade and

obtained from Sigma-Aldrich.

3.3 Experimental setup

3.3.1 Chip-holder

Several chip-holders were designed throughout the microfluidic platform de-
velopment. The three key aspects were reliability, cost, and reusability. In
the beginning of the project, wires were directly soldered to the pads of the
microfluidic chip, although the yield of this was not very high as there was
no good adhesion between wires and pads. Next, already available connectors
normally used for ribbon cables or flat flex cables (FFC) were explored (Figure
3.3a). The thickness of FFCs is 500 pum and hence satisfies the requirements
presented by the substrate height. While these connectors did offer a robust
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(a) FFC based chip-holder. (b) Pogo-pin based chip-holder.

Figure 3.3: Figure 3.3a shows the older version of the chip-holder using FFC
connectors, which damages the metal pads on the chip. Figure 3.3b shows
the current version of the chip-holder, which uses pogo-pins to connect to the
chip. The switches enable internal connection of adjacent traces.

and reliable connection, they also damaged the chip pads with consecutive use.
As the physical pins within the FFC connector are very stiff and hard, the thin
metal layer that formed the electrode pads was scratched each time a chip was
inserted into the connector, eventually leading to complete removal of the
metal layer. The next approach, which was used until the end of the project,
was a custom-made chip-holder featuring spring-loaded pogo-pins (Mill-Max
Mfg. Corp.), as shown in Figure 3.3b. The chip-holder base was designed in
Autodesk Fusion 360 and subsequently 3D printed. A custom-made PCB that
featured the pogo-pins as well as standard pin headers for connection to exter-
nal equipment was placed on top of the base.* Additionally, the PCB featured
a set of switches that enabled the short-circuiting of neighbouring pins, a fea-
ture that is useful depending on the chip design. The chip was then inserted
between the chip base and pogo-pins and the PCB was subsequently screwed
and tightened to the base in order to facilitate connection between chip pads
and external equipment. This solution allowed for a reliable and reusable chip

connection while at the same time maintaining a low price point.

4The original chip-holder was designed by Pedro Duarte for his project. Throughout both
our projects, we did modify the original design multiple times to allow newer iterations of
our chip designs to fit.
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Figure 3.4: Experimental setup showing the chip-holder and microfluidic chip
on the microscope viewing stage. The syringe pump (red) can be seen in the
background.

3.3.2 External equipment

A syringe pump (New Era Pump Systems Inc. NE-1000) connected to the
inlet tubing introduced cell solutions and buffers into the microfluidic channel.
DEP capture was facilitated with a function generator (Rigol DG822) con-
nected to a dual-channel 10X amplifier (Tabor Electronics 9250) that applied
sinusoidal signals to the electrodes via the chip-holder. Monitoring of the ap-
plied signals was done with a digital oscilloscope (Tektronix TDS 2012B). For
visual monitoring such as video recording and imaging, the chip-holder was
placed on the viewing stage of an upright fluorescence microscope (Amscope
FM820TMF143) integrated with a CCD camera (Sony ICX825ALA) to enable
visual monitoring such as imaging and video recording. Figure 3.4 shows the
fluidic side of the experimental setup. EIS measurements were conducted using
a high-precision impedance analyzer (Zurich Instruments MFIA) controlled by

LabOne software.
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Chapter 4

Development of cell sorting
platform

4.1 Proof-of-concept experiments and designs

4.1.1 First iteration of the microfluidic platform

First, a nanowell chip with a small number of wells was designed to validate
DEP-assisted cell capture. The chip, as seen in Figure 4.1, consisted of 20
separate coplanar aluminum electrodes that formed 10 arrays seated within a
800 pm wide microchannel. On top of each array, 10 nanowells were fabricated
using the negative photoresist SU-8. Each wafer yielded 16 chips, equally
divided into chips with diameters of 10 gm, 15 pm, 20 gm and 25 pm. The
gap between a pair of electrodes was 4 pm for 10 pym wells, 5 pm for 15 pum
wells, and 6 pum for both 20 and 25 pum wells. Lastly, the microfluidic chips
were sealed with PDMS covers and connected to external equipment.
Validation experiments were conducted with polystyrene beads as well as

Sclerotinia sclerotiorum spores.*

4.1.2 Preliminary results and discussion

While DEP capture generally worked after signal frequency and amplitude
were tuned to the respective particle, there were a number of issues encountered

with this first design. First iterations were missing alignment marks that were

'T would like to thank Pedro Duarte and Riley Stuermer for their help in assisting me
with these validation experiments. Spores were generously provided by Dr. Xiujie S. Li
from InnoTech Alberta and maintained by Pedro Duarte.
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(a) (b)

Figure 4.1: Design of the microfluidic chips used for proof-of-concept exper-
iments. Figure 4.1a shows the overall mask design. Figure 4.1b provides a
close-up of the electrode array structure with 20 pym wells.

small enough to allow for the exact alignment of nanowells and electrodes. As a
result, some chips featured misaligned layers which only enabled limited or no
DEP capture (Figure 4.2a). Additionally, the nanowells were placed rather far
apart from each other and only along a few lines normal to the electrodes, with
no variation in position between separate arrays. Due to the overall laminar
flow particles did not change their initial trajectory in the microchannel and
thus ended up partially not crossing any wells at all, which led to a significant
decrease in capture performance.

Another phenomenon that was observed with aluminum electrodes was an
issue subsequently referred to as electrode ”burning”. When buffer solutions
with higher conductivity, i.e. cell culture buffers, were flowed through the
chip, bubbles immediately formed at the electrodes and electrodes started to
rapidly dissolve once the DEP signal was turned on (Figure 4.2b)?. Turning
off the DEP signal stopped the process and bubbles could subsequently be
flowed out of the chip. Measuring the temperature of the effected area with a
handheld IR-temperature meter revealed an immediate increase of 6 °C over
ambient temperature. As the laser of the IR meter was quite big compared

to the electrodes and hence gave the average temperature of a larger area, the

2T would like to thank Riley Stuermer for providing this image.
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(a)

Figure 4.2: Problems encountered with the proof-of-concept design. Figure
4.2a shows the occasionally occurring alignment problems between the metal
and SU-8 layer caused by the absence of alignment markers accurate enough
to resolve the necessary dimensions. Figure 4.2b shows bubble build-up at
electrodes seen when flowing high-conductivity buffers.

temperature at the electrodes themselves most likely had a much higher value.

This indicated that the increase in medium conductivity led to a subsequent

increase in current. Looking at the well known equation for electric power
V2

P= I=— 4.1
V ox 7 (4.1)

where V' is the applied voltage, I the electric current, and R the resistance
of the introduced buffer solution, we can see that the power and hence the en-
ergy needed to be dissipated by the electrodes and fluid rose with a decrease
in buffer resistance. Once a certain threshold was reached, the thermal ca-
pabilities of the electrodes and buffer could no longer dissipate the generated
heat and the electrodes started to burn.

The chip burning phenomenon was not further examined in this thesis, as
a change of electrode metal to gold as well as adjustment of the used buffer

prevented this issue from occurring again.
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4.2 Development of multisectorial platform

Based on the results and insights gained from the proof-of-concept designs,
the current cell sorting platform was designed. The issues encountered with
the proof-of-concept chips were solved by incorporating design changes and
careful buffer consideration. Additionally, the chip was expanded to feature a
greater number of nanowells through tighter packed nanowells and the use of
interdigitated electrodes (IDEs). The next sections provide details about the

platform design, capture performance, and cell sorting performance.

4.2.1 Design and operating principle

The microfluidic platform (Figure 4.3a) was designed and fabricated with a
total of 10 individually addressable sectors. Each sector contains an interdigi-
tated electrode structure formed by 20 coplanar gold interdigitated nanoelec-
trodes with a thickness of 100 nm (90 nm gold on 10 nm chromium). The
nanoelectrodes are 14 pym wide and are separated from each other by a 6 um
gap, which is also the gap spacing between adjacent sectors. On top of each
IDE sector, 1000 nanowells made of SU-8 photoresist were placed in a 50 by 20
nanowell matrix, resulting in a total nanowell count of 10 000 per chip (Figure
4.3b). The nanowells were placed in a pattern akin to hexagonal packing to
ensure that cells flowing horizontally across the chip would always pass over
a minimum number of nanowells. As shown in Figure 4.4a, this particular
placement enabled cell capture independent from the initial y-position of the
target cell. A microfluidic channel distributed fluid and cell flow evenly across
the entire chip and connected inlet and outlet ports.

Since cell sizes vary greatly depending on their phenotype, it is important
to identify the target cell size during the design stage and adjust the nanowell
size accordingly. Ideally, after considering size variations within their own
population, only a single cell should fit into each nanowell. The target cell lines
for this study, MDA-MB-231 and MCF-10A, have been reported to generally
have a diameter between 11 pum and 19 pm.[88], [89] The cultured cells showed
an average diameter of 14 ym for MDA-MB-231 cells and 17 pm for MCF-10A
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Figure 4.3: Design and assembly of the microfluidic platform. Figure 4.3a: As-
sembled microfluidic platform. Figure 4.3b: Microscopic image of the nanow-
ells and interdigitated electrodes (IDEs). Each of the 10 individually address-
able sectors contains 1000 nanowells, resulting in 10 000 nanowells per chip.
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Figure 4.4: Design of the nanowell structure of the microfluidic platform.
Figure 4.4a shows a microscopic close-up image of the nanowells and IDE
structures. Figure 4.4b shows a cross-sectional schematic representation of
the assembled platform (not to scale).

cells. Based on these results, chips with a nanowell diameter and depth of 20
pum were fabricated (Figure 4.4b).

To generate the non-uniform electric field necessary for DEP capture, a
sinusoidal voltage was applied to the IDEs through a custom-made chip holder
(Figure 3.3b). The chip holder allowed for the application of individual signals
to each sector but could also be externally configured to apply the same signal
to an arbitrary number of adjacent sectors via the routing switches (Figure
4.5a). After cell loading and capture, non-faradaic electrochemical impedance
spectroscopy (nF-EIS) was used in combination with fluorescence imaging to

monitor the cell occupancy of the sector under test. Similar to DEP capture,
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Figure 4.5: Operating modes of microfluidic platform. Each sector can be
operated individually or combined with adjacent sectors to capture a specific
cell type (Figure 4.5a). Each sector or number of adjacent sectors can be also
operated in electrochemical impedance spectroscopy (ELS) measurement mode
to monitor the sector occupancy (Figure 4.5b). This can be done while other
sectors are still operated in DEP capture mode.

nF-EIS measurements could be taken of either a single sector or an arbitrary
number of adjacent sectors, depending on the routing switch setting (Figure
4.5b). Note that nF-EIS measurements of any selected sectors can be taken

while the remaining sectors are still operating in DEP capture mode.

4.2.2 Dielectrophoresis-assisted cell capture

First, the cell capture performance of the microfluidic platform was evaluated.
For this purpose, two sets of experiments examining the dependencies of flow
rate and applied voltage on cell capture were designed on chips with 20 pym
nanowell diameter. All experiments were repeated three times on three differ-
ent chips. Before loading cells, the chips were primed by slowly injecting 250
uL of ethanol at a flow rate of 10 uL/min to remove air bubbles from within
the nanowells. Subsequently, 250 uL. of DEP buffer were flowed through the
channel to remove the excess ethanol. Then, a homogeneous 5.5 pl. sample of
viable MDA-MB-231 cells resuspended in DEP buffer was introduced into the
chip with varying flow rate and DEP capture voltage conditions. Cells were
counted and prepared to be at a concentration of 200 cell/uL, resulting in a

total number of 1100 cells per injected cell sample. This number is 10% higher
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than the number of nanowells per sector and was chosen to account for poten-
tial cell loss during sample transfer and sample introduction into the chip. To
enhance visibility, cells were stained with the fluorescent dye acridine orange
10 min prior to loading. After the entire sample volume had passed through
the chip, a washing step removing any cells not captured in nanowells was
performed by injecting DEP buffer for 3 min at a flow rate of 75 pL./min. The
DEP signal stayed turned on during the washing step to ensure that captured

cells did not leave their respective nanowell.

Influence of flow rate on cell capture performance

In the first set of experiments, cell samples were introduced at varying flow
rates of 0.5 pL./min, 0.8 pL/min, and 1 pL/min while the amplitude of applied
sinusoidal capture signal was kept at a peak-to-peak voltage 15 V,,, and 1 MHz.
Initial test runs showed that nanowells were predominantly found in one of the
following states of occupancy: a 0-cell state (in which no cell was captured and
the nanowell is empty), a 1-cell state (in which a single cell was captured by a
particular nanowell), and the less likely 2-cell and 3-cell states (following the
same nomenclature).

As shown in Figure 4.6a, a high cell occupancy was observed at a flow rate
of 0.8 uL/min, with cells in the 1-cell state occupying 636 nanowells and cells
in the 2-cell state occupying 130 nanowells. 228 nanowells were empty at a
flow rate 0.8 pL/min, whereas for flow rates of 0.5 yL/min and 1 pL/min,
the number of empty nanowells increased to 305 and 346, respectively. For a
flow rate of 0.5 uL/min, this behavior can be explained by the higher rate of
occurrence of multiple cells being captured in the same nanowell (Figure 4.6b).
32.81% of captured cells were in a 2-cell state and 8.61% in a 3-cell state. The
3-cell state only occurred at a significant rate for a flow rate of 0.5 uL/min,
while it could rarely be seen for 0.8 pL/min and 1 gL /min (p=0.0005, one-way
ANOVA).

At a lower flow rate, cells are subjected to Fpgp for a longer time when
passing over a nanowell and hence are more likely to get captured in that
nanowell. Similarly, higher flow rates imply an increase in average cell velocity
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Figure 4.6: Sector occupancies obtained at different flow rates and a fixed
DEP signal amplitude of 15 V,, after 1100 cells were introduced into the plat-
form. Each bar shows the mean and standard deviation of three independent
experiments repeated on different sectors. The total number of nanowells per
sector was 1000. Occupancy states for any particular nanowell generally range
from no captured cells to three captured cells. (4.6a) Sector occupancy states.
(4.6b) Distribution of occupancy states. (4.6¢) Capture state distribution for
all introduced cells.
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which causes a decrease in capture probability. This behaviour could be seen by
looking at the increased number of empty nanowells observed at a flow rate of 1
pL/min when compared to 0.8 pL/min (Figure 4.6a) while the occupancy state
distribution among the captured cells was similar between the two experiments
(Figure 4.6b).

The overall capture efficiency with respect to the total number of intro-
duced cells is shown in Figure 4.6¢c. At a flow rate of 0.8 pL/min, the per-
centage of uncaptured cells was 18.00%, which was similar to 19.03% seen at a
flow rate of 0.5 pL/min and lower than the 30.18% observed at a flow rate of 1
puL/min. Lastly, the percentage of captured cells in the 1-cell state was highest
at a flow rate of 0.8 uL/min with a value of 57.85%, compared to 47.70% and
49.51% at flow rates of 0.5 puL/min and 1 pl/min, respectively.

Influence of signal amplitude on cell capture performance

The second set of experiments examined the dependency between cell capture
and applied DEP signal amplitude. Based on the results obtained from the
first set of experiments, cell samples were loaded into the chip at a constant
flow rate of 0.8 pL/min while the DEP signal amplitude was set to 10 V,,, 15
Vpp, and 20 V. As seen in Figure 4.7a, experiments with signal amplitudes
of 10 V,p, and 20 V,, both showed a significant number of empty nanowells
with 420 and 431 empty nanowells, respectively, opposed to the 228 empty
nanowells seen at 15 V,, (p=0.027). While measurements at 15 V,,, exhibited
the highest number of nanowells in a 1-cell state at 636 wells, analysis of the
captured cells revealed that at 10 Vo, 90.15% of captured cells were found in
a l-cell state (Figure 4.7b). This percentage significantly decreased to 70.82%
with an increase in capture signal amplitude to 15 V,;,, and to 50.57% at 20
Vpp (p=0.007). Similarly, the percentage of captured cells in a 2-cell state
increased considerably with the signal amplitude, from 9.84% at 10 V,,, over
28.69% at 15 Vi, to 39.24% at 20 V,,. Additionally, experiments with an
amplitude of 20 V,, showed a notable occurrence of the 3-cell state. To ex-
amine this behaviour further, finite element simulations of a single nanowell
were performed in COMSOL Multiphysics 5.5.
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Figure 4.7: Sector occupancies obtained at different DEP signal amplitudes
and a fixed flow rate of 0.8 ulL/min after 1100 cells were introduced into the
platform. Each bar shows the mean and standard deviation of three indepen-
dent experiments repeated on different sectors. The total number of nanowells
per sector was 1000. Occupancy states for any particular nanowell generally
range from no captured cells to three captured cells. (4.7a) Sector occupancy
states. (4.7b) Distribution of occupancy states. (4.7c) Capture state distribu-
tion for all introduced cells.
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COMSOL simulations of channel height

Figure 4.8a shows the simulation domain and electric field generated by a
pair of coplanar nanoelectrodes with the electric field magnitude |E| being
expressed by a colour map. As described in Equation 2.1, the DEP force
acting on a particle is directly proportional to the gradient of the squared

electric field V|E|*. We define the effective field gradient as

VIER,, = /V|E|2dA (4.2)

where A represents the cross-sectional area above the nanowells over which
the electric field gradient is integrated and is shown as the white-dashed rect-
angle in Figure 4.8a. The area was fixed at a height of 10 gm and nanowell
diameter of 20 ,,m. The relationship between effective field gradient and dis-
tance normal to the nanowell surface for different applied voltages is shown in
Figure 4.8b. For higher distances from the nanowell surface, the electric field
gradient and thus DEP force drops asymptotically to zero. This suggests that
cells should optimally be constrained by the chip geometry to flow as close to
the nanowells as possible and stresses the importance of taking cell diameter
into account when designing channels. As the applied voltage increases, the
gradient and thus the DEP force acting on particles increases as well. Con-
sequently, higher field amplitudes result in a higher overall capture efficiency.
This implies that at 20 V,,, the overall percentage of captured cells should be
highest out of all experiments.

However, Figure 4.7c shows that the percentage of uncaptured cells at 20
Vpp was 28.18%, which, while being lower than 44.61% as observed at 10
Vyp, is still higher than the measured 18.00% of uncaptured cells at 15 Vp,
(p=0.27). This behaviour can be explained by the observation that a higher
signal amplitude causes more cells to be attracted to a single nanowell. Since
the nanowells were designed to ideally only hold a single cell each, subsequently
attracted cells did not fit completely into already occupied nanowells and ul-
timately formed clusters on top of the SU-8 nanowell layer. At low flow rates,

the adhesion of cells to each other supported by the DEP force allowed cells
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Figure 4.8: COMSOL Multiphysics simulations of channel height. Figure 4.8a
shows the simulation domain and colour map of the electric field generated by
the nanoelectrodes. The white dashed rectangle A shows the integration area
required to calculate the effective field gradient expressed by Equation 4.2.
Figure 4.8b shows the simulation results of the effective field gradient plotted
against the distance from the SU-8 layer for different values of the applied V..
The effective gradient decreases exponentially as the integration area moves
further away from the electrodes. Therefore, the strength of the DEP force
acting on cells that flow higher in the microfluidic channel decreases as well.

to stick together. However, during the washing step, the flow rate increased
significantly, causing the clusters to be washed away. Therefore, even though
the initial capture performance of 20 V., was very good, subsequent steps
released the cells, which is unwanted for reliable cell sorting.

Consequently, a compromise between signal amplitude and flow rate had
to be made. Based on the aforementioned results, a flow rate of 0.8 uL/min
and DEP signal amplitude of 15 V,, were chosen and used in all subsequent
experiments, unless otherwise noted. This set of parameters showed the most
promising results for overall capture rate as well as single cell capture rate
per sector with 82.00% and 57.85%, respectively. Images of sectors and their
final occupancies at different flow rates and DEP capture voltages are shown

in Figure S3.
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Figure 4.9: Fluorescent images of captured MDA-MB-231 cells stained with
acridine orange at different flow rate and DEP signal amplitude settings. The
signal frequency was fixed at 1 MHz. (4.9a) Flow rate of 0.8 yL/min and a
DEP signal amplitude of 15 V,. (4.9b) Flow rate of 1.0 pxL/min and a DEP
signal amplitude of 15 V;,. (4.9¢) Flow rate of 0.8 pL/min and a DEP signal
amplitude of 10 V.

4.2.3 Dielectrophoresis-assisted cell sorting

To evaluate the cell sorting performance of the platform with a clinically rele-
vant mixed sample, several experiments were designed. As seen in equation 1,
the direction of DEP force follows from the frequency dependence of the CM
factor and hence varies for different cell types at a given frequency. Therefore,
it is possible to facilitate DEP based cell sorting by tuning the frequency in
such a way that only one cell type is attracted towards the nanowells. In the
first experiment, the DEP signal settings were chosen to enable capture of all
introduced cells in the sectors where the signal was applied (Figure 4.10a).
Contrary to that, the second experiment was aimed at sorting the two cell
types by adjusting the DEP signal frequency so that only one cell type would
be captured in the nanowells (Figure 4.10b). Lastly, a third control experi-
ment that applied different DEP signals to two separate groups of sectors was
conducted. Whereas the signal applied to the first group of sectors only en-
abled DEP capture of a single cell type, a signal facilitating capture of both
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cell types was applied to the subsequent group of sectors (Figure 4.10c).

A mixed sample of MDA-MB-231 and MCF-10A cells, in the following
paragraph referred to as 231-cells and 10A-cells, was prepared at a final con-
centration of 100 cells/uL. To allow for optical detection, 231-cells transduced
with the mEmerald green fluorescent protein and 10A-cells stained with the
red fluorescent cell linker PKH26 were combined at a 1:1 ratio.® Cells were
injected into the chip at a flow rate of 0.8 uL/min while a DEP signal with an
amplitude of 15 V,, was applied. To determine the frequency range required
for successful DEP sorting, the real part of the CM factor was calculated and
plotted for both cell types (Figure 4.11). Cells were modelled with a single-
shell model and with dielectric parameters reported in [69], [70], [90]. The
dielectric parameters are shown in Table 4.1 with detailed parameters listed
in Appendix A. As shown in Chapter 2, the cytoplasm permittivity generally
is very similar between different cell types with the membrane conductivity
being low.[72], [73], [91] Additionally, changes in these two parameters do not
affect the CM factor curve much since the shape of the curve mainly depends
on cytoplasm conductivity and membrane permittivity. Hence, both cell types

show the same cytoplasm permittivity and membrane conductivity.

Parameter MDA-MB-231 | MCF-10A
Er,cytoplasm 60 60
O cytoplasm (S/m) 1.17 1.40
Ermembrane 6.13 13.36
Omembrane (S/m) 1%10°° 1%10°°

Table 4.1: Dielectric parameters of MDA-MB-231 and MCF-10A cells. [69],
[70], [90]

There is a clear difference between the frequency responses of the CM
factor with the value for 10A-cells turning positive well before the 231-cells.
Moreover, the curve obtained for 10A-cells is strictly higher than the curve
for 231-cells for positive values, indicating that it is very unlikely to capture

231-cells without also capturing 10A-cells. Based on the plot, a frequency

31 would like to thank Lacey Haddon for providing the transduced 231-cells as well as
making the cell linker work with 10A-cells.
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Figure 4.10: Schematic representation of experiments evaluating the cell sort-
ing performance of the platform. (4.10a) Both cell types are captured in both
sectors as the same signal with a frequency facilitating multiple cell type cap-
ture is applied to both sectors. (4.10b) Only one cell type is captured in both
sectors, therefore sorting the sample. The same signal with a frequency tuned
to capture only one cell type is applied to both sectors, causing the uncaptured
cell type to exit the chip. (4.10c) Control experiment that first captures only
one cell type in the first sector and subsequently both cell types in the second
sector. Different signals are applied to both sectors to enable this behaviour.
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Figure 4.11: Real part of the CM factor for both MDA-MB-231 and MCF-10A
cells plotted against the frequency.

of 250 kHz was chosen for exclusive capture of 10A-cells (Figure 4.12a). At
this frequency, the CM value of 10A-cells begins to decrease in slope as it
approaches the maximum value which it reaches at around 500 kHz. The
CM value for 231-cells at this frequency, while also positive, is too small to
enable cell capture. Furthermore, a frequency of 1 MHz was chosen for control
measurements as at this value both curves are close to their respective maxima.

Hence, both cell types are captured and trapped in nanowells at this frequency

(Figure 4.12b).

Accuracy of selective single-cell sorting

The previously described experiments were conducted three times on different
chips with the chosen frequencies of 250 kHz and 1 MHz. Measurements were
taken at different sector occupancies and injection times to provide for a time
and occupancy-independent performance analysis. As seen in Figure 4.13a,
when a DEP signal with a frequency f pgp of 1 MHz was applied to the sectors,
the percentages of captured 10A-cells and 231-cells were 76.72% and 23.28%
on average, respectively. This is attributed to two inherent differences between
the cell types, the CM value as well as the average cell diameter. 10A-cells
have a higher CM value and were measured to have a larger diameter than
231-cells and therefore experience a stronger DEP force (Equation 1). At an

fpep of 250 kHz, it was observed that 95.2% of captured cells were 10A-cells,
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Figure 4.12: (4.12a) Fluorescent image taken with DEP settings for exclusive
capture of 10A-cells. 10A-cells appear yellow. (4.12b) Fluorescent image taken
with DEP settings for capture of both 231-cells and 10A-cells. 10A-cells appear
yellow, and 231-cells appear green.

as the CM value for 231-cells is significantly lower at this frequency than the
CM value for 10A-cells (Figure 4.13b).

In the third experiment, two varying f pgp values were applied to different
sectors of the chip. In a control run, an fpgp of 1 MHz was applied to one
sector followed by an fprp of 3 MHz applied to the other sector. The capture
distributions on both sectors were very similar with 10A-cell and 231-cell cap-
ture percentages of 77.92% and 22.08% on the first, and 77.99% and 22.01%
on the second sector (Figure 4.14a). This behaviour is expected because there
is minimal change in the CM value for either cell type for frequencies in this
range. Lastly, an fprp of 250 kHz was applied to one sector on the chip to
selectively capture only 10A-cells while an f pgp of 1 MHz was applied to later
sectors to facilitate capture of all remaining cells (Figure 4.14b). Similar to
previous results, 95.84% of captured cells in the first sector were 10A-cells while
the percentages of 10A-cells and 231-cells in the later sectors were 71.67% and
28.33%. This slight shift in the distribution is due to 10A-cells being trapped
in nanowells in the first sector, leading to a decrease of 10A-cells present in

later sectors. Lastly, the nanowell occupancies observed for both cell types
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Figure 4.13: Cell sorting performance for different sector and frequency con-
figurations. In Figure 4.13a the frequency applied to both sectors is 1 MHz,
whereas in Figure 4.13b it is 250 kHz. Hence, in the latter only MCF-10A

cells are captured.
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Figure 4.14: Cell sorting performance for different sector and frequency con-
figurations. In Figure 4.13a the frequency applied to sector A is 1 MHz and
the one applied to sector B is 3 MHz. In Figure 4.13b the frequency applied
to sector A is 250 kHz and the one applied to sector B is 1 MHz, facilitating
exclusive capture of MCF-10A cells in sector A.
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at fpep values of 1 MHz and 3 MHz were very similar to the ones discussed
earlier since the same flow rate and DEP signal magnitudes were used. The
occupancy observed for 10A-cells at 250 kHz decreased as the CM factor and
therefore the strength of the DEP force decreased as well. According to these
results, it is evident that the microfluidic platform can be employed to selec-

tively sort and trap single cells.

4.3 Conclusion

In this chapter, a microfluidic platform based on a multisectorial electroactive
nanowell structure was presented. Selective cell sorting of complex samples is
essential in a multitude of biomedical applications. Hence, it is important to
develop a device that can be quickly and easily modified to sort any types of
cells. The microfluidic platform aims to fulfill these criteria by using dielec-
trophoresis to sort and capture cells in 10 individually addressable sectors. The
unique sector structure allows for easy multi-stage designs and modifications
to sort more complex samples. The feasibility of the platform to selectively
capture and sort single cells on the basis of a clinically relevant mixed sam-
ple consisting of benign and cancerous breast cells was demonstrated. The
platform achieved a target to non-target capture accuracy of over 95%. Due
to the high accuracy in addition to factors such as portability and simplicity,
the design shows great promise to be used as a point-of-care diagnostic tool in
clinical applications.

The following chapter focuses on the label-free detection of captured cells

using non-faradaic electrochemical impedance spectroscopy.
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Chapter 5

Cell quantification

For an efficient and reliable cell sorting device, it is important that it readily
provides information about the number of cells that have been sorted. With
this value, the amount of the sample that still needs to be sorted can be ap-
proximated. While certain structures, such as Coulter counters, can be used
to detect and count single cells, any additional structure included in the over-
all platform increases system complexity and hence reduces reliability. Since
the presented microfluidic platform is based on IDEs, the same electrodes that
are used for DEP capture and cell sorting can be used for non-faradaic elec-
trochemical impedance spectroscopy (nF-EIS) measurements. Only a limited
number of reports have been published that combine microwells with subse-
quent impedimetric measurements.[47], [92] The electrode structure of these
devices is fundamentally different from our proposed platform as they feature
two large electrode planes located at the top and bottom of the channel. Con-
sequently, the sensitivity of the platform discussed in this thesis should be

higher, as individual small sectors are equipped with separate IDEs.

5.1 Configuration of platform

5.1.1 Impedimetric quantification of sector occupancy

In order to quantify the correlation between impedance and number of cells
occupying a given sector, nF-EIS measurements were taken for different levels
of occupancy. First, MCF-10A cells prepared at a concentration of 50 cells/uL

were injected at a flow rate of 0.8 pL/min. Meanwhile, a DEP signal of 15 V,,,
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and 1 MHz was applied to the sector under test. The nanowell occupancy was
closely monitored using a fluorescence microscope. Once a certain occupancy
level was reached, the DEP signal was turned off and the impedance analyzer
connected to the sector. As the flow rate was low, no cells escaped from the
nanowells while nF-EIS measurements were conducted for approximately 20 s.
Once the impedance frequency response measurement was finished, the DEP
signal was turned back on and the process was repeated at higher occupancy
levels. Three independent experiments were conducted for each sector. Figure
5.1 shows the typical impedance frequency responses of a sector for different
sector occupancies. The IDE array forms a capacitive-based sensor with the
frequency response of the overall system impedance Zs,s(w) given by Equation
2.5. Note that impedance is a complex measure and can be separated into a
magnitude response component and a phase response component.

The magnitude response decreased with an increase in frequency (Figure
5.1a). The phase response started at -83 degrees, reached a peak in the resis-
tive region of the spectrum, and tended to -90 degrees after passing the peak
(Figure 5.1b). This behaviour can be explained by the fact that the low and
high frequency regimes are dominated by Cy and Cl.,, respectively, thus show-
ing a highly capacitive response. However, at mid-frequencies the impedance
response becomes resistive, resulting in an increase in phase as well as in a de-
crease in the slope of the magnitude response. As seen in Figure 5.1a, a higher
level of occupancy resulted in lower magnitude responses. This is due to cap-
tured cells increasing the overall system capacitance by introducing a change
in conductivity and permittivity. Consequently, a shift of the resistive region
of the spectrum towards higher frequencies occurred as the system became
more conductive, which could be observed in the phase response. This is in
agreement with previously reported results of measured impedance frequency

responses for IDE structures.[81]
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Figure 5.1: Measured impedance frequency responses obtained for different
sector occupancies. Impedance magnitude and impedance phase as a function
of frequency for different sector occupancies are shown in Figure 5.1a and 5.1b,
respectively.
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Since these results clearly show that the number of captured cells modulates
the impedance response of the microfluidic platform, calibration curves were
taken to quantify the change in impedance and relate it to the respective
occupancy. To account for impedance response variations of different sectors,
the normalized impedance change, Z,,.n, was defined as

Zcell - Zbuffer

|Zn0rm| - ‘ (51)

Zbuffer
where Z..;; is the impedance response measured at a given cell occupancy,

and Zy,tfer the baseline impedance response of the buffer. Note that Z,,4,,, is
a dimensionless measure normalized by the buffer impedance. The calibration
curves of the normalized impedance magnitude plotted against the number
of captured cells for frequencies of 2 kHz, 200 kHz, and 2 MHz are shown
in Figure 3c. The experimental data was fitted with a linear regression and
yielded an R? value of 0.9893 and slope of 0.21 x 1073 for 2 kHz. For 200
kHz and 2 MHz, the R? values and slopes were 0.9364, and 0.9259 as well
as 0.15 % 1072 and 0.23 * 1073, respectively. The single cell sensitivity of the
chip can be expressed by the percentage of impedance change caused by a
single cell and can be determined by multiplying the slope by 100. In order
to better represent the sensitivity of an entire sector which is unlikely to have
captured only a single cell, the impedance change caused by 25 captured cells
was calculated from experimental data. This corresponds to the expected
number of cells which in the case of single cell capture per nanowell can be
found in half of a column of the electrode array, referred to as the half-column
Chaf- Following this definition, the sensitivities were 0.525%/cpqr for 2 kHz,
0.375%/ chary for 200 kHz, and 0.575%/cpary for 2 MHz. Taking calibration
curves for the normalized phase in the same way gave results with generally
lower R? values and also less inclined slope (Figure 3d). R? values of 0.9952
for 2 kHz, 0.8821 for 200 kHz, and 0.8930 for 2 MHz could be obtained.
The decrease in slope led to a lower sensitivity with 0.046%/cpay for 2 kHz,
0.311%/cparr for 200 kHz, and 0.165%/cpar for 2 MHz.
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Figure 5.2: Calibration curves of the normalized impedance magnitude and
phase taken at frequencies of 2 kHz, 200 kHz, and 2 MHz.

5.1.2 Discussion

The results show that phase measurements are not very sensitive to a change in
occupancy and therefore not suitable for dependable monitoring. Magnitude
measurements on the other hand show a much higher sensitivity as a significant
increase of normalized impedance magnitude can be detected with a rising
number of captured cells. The latter can hence be used to reliably monitor
and quantify the occupancy of a single or multiple sectors.

To describe the minimum resolution of a sensing system, the limit of de-
tection is normally used. Further measurements would need to be taken at
low numbers of of captured cells to accurately determine the limit of detection
of the presented platform. However, since the platform is not intended to be
used for the capture and detection of only a single or few cells per sector, this
parameter is not as critical. Rather, impedimetric measurements should be
used to give operators an idea of how much of the sample has been sorted.
However, from the results presented in this section it is visible that at 10%
occupancy, the lowest measured occupancy, a significant impedance change
already occurred. Hence, it is likely that the limit of detection for a sector

with 1000 nanowells is quite low.
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5.2 Improved chip-holder

The chip-holder presented in Chapter 3 had several practical drawbacks. The
two major ones were both related to the electrical connection of external equip-
ment. Firstly, as the same pair of pins had to be used for both DEP capture
and subsequent impedance measurements, equipment had to constantly be
connected and disconnected. Secondly, since only standard pin headers were

used, no cables with good high-frequency properties could be connected.

5.2.1 Design choices and operating principle

To address these drawbacks, a new PCB incorporating various design changes
was designed. A block diagram of the modified design is shown in Figure
5.3. To enhance the connections, three BNC connectors were included in the
improved chip-holder design. These allowed to easily connect the function
generator that applied the DEP signal and the impedance analyzer to the
PCB via co-axial cables. Additionally, high-speed RF Reed relays (9002-12-01,
Coto Technology) were used to switch between DEP capture and EIS mode.
The reed relays were controlled individually by an Arduino Nano (ATmega
328), which allowed to change the active/inactive period of each relay either
between or during experiments. An example of signal application to a sector is
shown schematically in Figure 5.4. Lastly, the switching matrix responsible for
sector selection was updated as well. In the previous version, different signals
could only be applied to adjacent sectors, but not to an arbitrary selection.
A subsequent trace redesign in combination with new switches allowed signal
application to any sector configuration. The schematic for the PCB is included

in Appendix C.
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Figure 5.3: Block diagram of the modified chip-holder design. The DEP signal
and impedance analyzer are connected via BNC connectors. Two traces of the
impedance analyzer are shorted to allow for two-terminal measurements. The
microcontroller controls reed relays to switch between DEP capture and EIS
measurement mode. The signal which is let through is then applied to the
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5.3 Conclusion

This chapter examined whether the IDE structures used for DEP capture and
cell sorting can also be used to reliably detect and quantify captured cells using
non-faradaic electrochemical impedance spectroscopy. The ability to readily
provide information about the amount of sample that is already sorted is im-
portant for any cell sorting device. Impedance measurements taken at different
sector occupancies and calibration curves calculated from those results were
discussed. These showed that the impedance magnitude and phase change is
large enough to differentiate different occupancies. The magnitude calibra-
tion curve showed a greater increase in value with rising sector occupancy and
hence is the preferred indicator. Additionally, a new version of the chip-holder
was presented that incorporated a number of quality-of-life updates.

The next chapter explores how the microfluidic platform can be modified to
a single-cell RNA sequencing platform as well as looks at which requirements

are needed to integrate the platform into a complete point-of-care device.
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Chapter 6

Ongoing and future work

While the previous chapters discussed the ideas and results of concluded ex-
periments, this chapter focuses on ongoing and future work, based on the de-
veloped microfluidic platform. In the first section the possibility of expanding
microfluidic platform into a single-cell RNA sequencing is explored. The sec-
ond section aims to provide a brief overview of all the components needed for
a complete integrated point-of-care device based on the cell sorting platform

and how those might look like.

6.1 Expansion to single-cell RNA sequencing
platform

Single-cell RNA sequencing (scRNA-Seq) is a technique that allows for the
sequencing and subsequent analysis of individual cells and has gained a lot of
attention in recent years. scRNA-Seq can provide information, such as uncov-
ering rare cell populations or new relationships between genes, that is hard
to obtain with traditional sequencing methods such as bulk sequencing. The
main idea of scRNA-Seq is to physically separate cells into individual con-
tainment structures, for example well structures, followed by subsequent lysis
of the cell. The lysed RNA then has to bind to a particle, most commonly
to polystyrene beads coated with barcoded RNA primers, in order to be ex-
tracted and analyzed. However, there are still a number of aspects that need
to be optimized related to both the engineering side, which include microflu-
idic fabrication and cell isolation, as well as to the biological and clinical side,
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which include library preparation and processing of data.[16], [17], [93]-[96]
Since the capabilities of the developed microfluidic platform to selectively sort
and capture single cells was successfully verified, modifying its design may
offer an integrated solution for both single-cell sorting and capture as well as

subsequent single-cell RNA sequencing.

6.1.1 Modified platform design

One of the main criteria when designing nanowell based scRNA-Seq chips is
to ensure that only one cell is trapped in each nanowell. As cell size varies
within one population, there always is the possibility that two smaller cells
will be trapped in the same nanowell, making it difficult to ensure complete
single-cell capture. Due to this, the well diameter and height should be around
the average cell size, leaving some leeway for fabrication processes. Since the
design used for the cell sorting platform was already adjusted to the average
sizes of MDA-MB-231 and MFC-10A cells, the same diameter and SU-8 layer
height of 20 um was chosen for the nanowells capturing the cell. While there
are many different existing approaches aimed at combining the trapped cells
with the primer coated bead, such as dropping them into the same well in
DropSeq [93] or sandwich structures that need to be flipped to combine both
particles,[17] the here proposed scRNA-Seq design consists out of two adjacent
and semi-connected wells, referred to as double-well design.

The nanowell capturing the bead is larger and has a diameter of 35 yum as

I Both nanowells for

the barcoded beads had an average diameter of 30 pum.
bead and cell capture intersect with each other, allowing for a small 10 pym
side opening between both wells (Figure 6.1). This opening should be small
enough to allow lysed cell materials to travel into the well with the bead,
but prevent unlysed cells from doing so. Cells are sorted and trapped the
same way as described earlier, while polystyrene beads are captured without

DEP assistance. Initial experiments using chips only aimed to examine bead

capture showed that at a low flow rate, beads are heavy enough to drop into

'T would like to thank Lacey Haddon and Dr. Michael Chu for providing the barcoded
beads.
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Figure 6.1: Double-well design of scRNA-Seq modification. The upper nanow-
ell captures a single cell and the lower one a barcoded bead. A small opening

between both wells allows lysed cell material to travel into the nanowell with
the bead.
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(a) Bead capture after 5 min. (b) Bead capture after 10 min.

Figure 6.2: Capture of RNA primer coated beads using only gravity at a low
flow rate of 5 pL/min and bead concentration of 50 000 beads/ml. The chips
used for these initial tests had slightly below 14 000 nanowells with a diameter
of 50 pum. Figures 6.2a and 6.2b show how bead capture increases with time.

wells using gravity alone, as shown in Figure 6.2. The photolithography masks
for both the scRNA-seq design as well as for the chips used for the initial bead

experiments are provided in Appendix B.

6.1.2 Single-cell RNA sequencing process flow

Up to this point, scRNA-Seq results of already concluded experiments have
been presented. The microfluidic process flow for the double-well platform as
outlined below was created on the basis of results and experiences gained while

working with the initial microfluidic platform, but may need to be adjusted
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and optimized for efficient scRNA-Seq. Figure 6.3 illustrates the main steps

of the process flow.

1. Prime platform.

e Flow 250 uL ethanol at a flow rate of 10 uL/min.

e Flow 250 pL. DEP buffer to remove remaining ethanol.

2. Use DEP to capture cells suspended in DEP buffer and injected at a flow
rate of 0.8 pL/min. The cell concentration should not be too high and
preferably at a few hundred cells per puL. The DEP signal parameters
depend on cell type.

3. Inject beads at a flow rate of 5 yuL./min and concentration that facilitates

a good distribution across the chip without any clogging.
4. Cell lysis.

e Introduce lysis buffer at 5 pL/min and wait until all cells are lysed.

e Tilt chips slightly to allow lysed material to enter the well with the
bead.

5. Flip chips over while maintaining a flow rate of 5 pl/min to extract

beads containing the RNA of the lysed cells.

6.2 Integrated point-of-care device

To successfully integrate the microfluidic platform into a complete point-of-
care (POC) device, many design choices have to be made. The main focus
is creating a device that is both cheap and easy to manufacture as well as
reliable and accurate. Additional aspects, such as portability and connectivity
to existing infrastructures may be important, depending on the area where the
device is intended to be used.

The block diagram shown in Figure 6.4 gives a brief overview of all the

components needed for a complete POC device. While the equipment used
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2. Load beads
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Bead N\
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Figure 6.3: Process flow of single-cell RNA sequencing on modified platform
(schematic cross-sectional view of a single double-well structure). First, cells
and beads are loaded into their respective well. Then cells are lysed and the
platform subsequently tilted to allow for RNA to travel to the barcoded bead
and bind to it. Finally, the platform is flipped to allow for bead extraction.
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| Pump |->| Sample || Microfluidic platform |->| waste reservoir |

Microfluidics

| DEP board| [Impedance board |
| Controller |<—|Storage|
. | Input/Output interface |
| Electronics

Figure 6.4: Block diagram of integrated point-of-care device. The components
can generally be separated into electronics and microfluidics.

to conduct the experiments presented in this thesis was bulky and did cost a
significant amount of money, this is not feasible for a POC device. Instead,
custom-made designs would have to be made, such as a dedicated DEP and
impedance analysis board. The designs can be streamlined to only include the
necessary functions rather then offering the flexibility of lab test equipment.
Furthermore, the POC device would need to have an integrated controller that
handles all necessary tasks, as the patient using the device can not be expected
to have sufficient knowledge about the individual processes required for the
system to work. On the microfluidic side, attention would have to be given
to the type of pump and tubing used, since it should be ensured that there
is no cross-contamination between measurements. Alternatively, a cleaning
buffer could be flowed throughout the platform during measurements. Finally,
the system would have to include enough inputs and outputs for data to be

sufficiently saved, monitored, and represented to the patient.
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6.3 Conclusion

In this chapter, ongoing work on how the cell sorting platform can be expanded
into a single-cell RNA sequencing platform was presented. The main aspects of
single-cell sequencing were introduced and preliminary results were discussed.
Based on these, a potential process flow that can be used with the expanded
chip design was provided. Furthermore, a brief discussion highlighted which
components would be needed to integrate the platform into a future point-of-

care device.
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Chapter 7

Conclusion

Nowadays, the selective sorting of cells is of growing importance in numer-
ous biomedical applications. At the start of the project the goal was clear, to
improve and optimize cell sorting platforms currently being used. After study-
ing the existing platforms, it became evident that these were innately limited
by their number of output channels, as the number of individually sorted cell
types directly corresponds to the number of outlets. Hence, a novel cell sorting
platform based on combining nanowells with interdigitated electrodes was de-
veloped. Dielectrophoresis was used to selectively sort and capture single cell
types without the need for prior labelling. Experimental results obtained with
a mixed sample of benign (MCF-10A) and malignant (MDA-MB-231) breast
cells showed a target to non-target sorting accuracy of over 95%. Furthermore,
as the cell sorting chip was developed as a platform technology rather than as a
chip dedicated to only sort specific cell types, it should be easily modifiable to
facilitate sorting of numerous different cell types. Therefore, another novelty
aspect lies in the versatility of the device.

Another key area of cell sorting that was improved during the course of
this project was the use of one electrode structure for both cell sorting and
cell detection, decreasing system complexity. Electrochemical impedance spec-
troscopy was used to readily provide information about the number of captured
and hence sorted cells.

Lastly, the design and capture efficiency of the cell sorting platform make it

an ideal candidate for potential single-cell RNA sequencing. Current sequenc-
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ing approaches do not have the capabilities to selectively sort and sequence
cells from a mixed sample, but generally also feature a well structure where
sequencing takes place. Hence, the existing platform could be slightly modified
to accommodate cell sequencing.

Due to the presented qualities of the platform, such as its high accuracy
in addition to its versatility and simplicity, it has the potential to become an
essential point-of-care device in areas where sorting of varying cell samples is

required.
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Appendix A

Particle parameters

Parameter || Polystyrene bead
Er.bead 2.6

Obead (S/m) D % 10_4

Tbead (,um) 8

Table A.1: Detailed parameters of polystyrene bead.

Parameter HEK-293T | MDA-MB-231 | MCF-10A
Er,cytoplasm 60 60 60
Oeytoplasm (S/m) 0.5 1.17 1.40
Er,membrane 9.5 6.13 13.36
O membrane (S/m) 7% 10714 1%10°6 1%10°6
Teytoplasm (,um) 12.5 7 8.5
tmembrane (nm) 7 5 5

Table A.2: Detailed parameters of HEK-293T, MDA-MB-231, and MCF-10A
cells.
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Parameter Yeast
gr,cytoplasm 50
Teytoplasm (S/m) 0.2
Er,membrane 6
O membrane (S/m) || 25 % 1078
Erwall 60
Owanr (S/m) 14 %1073
Teytoplasm (,um> 8
tmembrane (nm) 8
twall (nm) 220

Table A.3: Detailed parameters of yeast cell.
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Appendix B

Mask designs

.

7

Figure B.1: Mask design used for proof-of-concept experiments. Each chip
had 100 nanowells with varying diameters of 10 pym, 15 pgm, 20 pum, and 25
pm. 10 nanowells were deposited on each pair of electrodes.

74



_

Figure B.2: Mask design of the microfluidic platform. The platform is dis-

cussed in-depth in Chapter 4.
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7

Figure B.3: Mask design used to study RNA coated polystyrene beads. Each
chip had slightly less than 14 000 nanowells with a diameter of 50 pum. Elec-
trodes were fabricated at the bottom of the nanowells, although they were not
used as bead capture worked well using only gravity for bead loading.
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Figure B.4: Mask design used for single-cell RNA sequencing. The double-well

design is explained in Chapter 6 and features two nanowells connected by a
10 pm wide opening, allowing for lysed cell contents to pass between wells.
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Appendix C
PCB design

Figure C.1: PCB layout of modified chip-holder.
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Figure C.2: PCB schematic of modified chip-holder.
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