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Abstract
In this thesis, a microfluidic method for label-free control of cell encapsulating droplets is
developed using diamagnetic forces. To generate droplets in a microfluidic device, we
use a symmetrical flow-focusing design, where two streams of a continuous phase shear a
single stream of a droplet phase, resulting in droplet generation. First, it is shown that by
adjusting only the droplet phase flow rate, precise control of empty droplets can be
achieved. Human prostate cells are then introduced to the system and encapsulated by
droplets. Control of the cell-encapsulated droplets and empty droplets is studied. It is
shown that cell-encapsulated droplets and empty droplets deflect by different amounts
when exposed to the magnetic field. By exploiting this difference, efficient sorting of
empty droplets from cell-encapsulated droplets is achieved at a purity of 85% in a single
pass. Following sorting, cells are analyzed and show 90% viability after a two-hour

incubation period.
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Chapter 1

Concepts and Motivations

1.1 Single cell analysis

One of the keys to understanding the progress of disease is the study of individual cells.
Conventional laboratory tests, such as enzyme-linked immunosorbent assays,' PCR for
transcriptional profiling,” and assays of proliferation activity® build the molecular profile
of a cell type based on the average responses of a large population of cells.* However,
many diseases, such as cancer, can exhibit intra-population heterogeneity at the cellular
level. Thus, when cells are studied as a group, many key molecular properties that can
influence the diagnosis, progression, or treatment of a disease can be missed.” In
response to this challenge, single cell analysis is used to determine key molecular
properties of individual cells from a cell population. When isolated, individual cell
profiling can provide noninvasive biomarkers that allow for the early detection of

disease, disease progression, and prediction of treatment response.

1.1.1 Disease detection

During the growth of a primary tumour, single cells are released into the bloodstream,

known as circulating tumour cells (CTCs). The identification and analysis of rare CTCs



in a heterogeneous blood sample can provide early diagnosis and prognosis of invasive
cancers.’ For example, through the isolation and analysis of CTCs from patients with
neuroendocrine tumours, Khan et al. (2013) found the presence of CTCs to be associated
with decreased survival rates, and increased tumour grade.” In addition, Cristofanilli et
al. (2005), found the presence of CTCs to be a predictive indicator of the overall survival
of patients with metastatic breast cancer.® Patients with > five CTCs in a 7.5 mL whole
blood sample had a median overall survival of 18 months verses those with < five CTCs,
who had an overall survival of 14.2 months.® Similarly, CTC levels have been found to
be strong predictors of survival for patients with colorectal cancer.” Cohen et al. (2008),
found that patients with > three CTCs in a 7.5 mL whole blood sample had an overall
survival of 9.4 months, verses those with < three CTCs who had an overall survival of
18.5 months.” Through these examples it can be seen that the study of individual cells

from within a greater cell population can inform the detection and grade of disease.

1.1.2 Disease progression

Following isolation of target cells, subsequent analysis of single cells can be used to
predict progression of disease. Lohr, et al. (2014), isolated CTCs from blood samples
and using single cell genomic analysis, the genetic expression profile of CTCs were
compared to that of cells from a primary pancreatic tumour.'” It was found that the
expression of a specific gene, WNT2 gene, in pancreatic cancer cells is associated with
an increase in metastasis. Thus demonstrating that the genomic analysis of single cells
can be used to inform and better predict the progression of disease. Additionally,

Gammal et al. (2010) employed single cell genomic analysis to determine the



significance of a 8p gene deletion and 8q gene gain commonly observed in prostate
cancers. Through this study, it was found that the frequency of the 8q gene gain in
metastatic tumours increased significantly when compared to that of the primary tumour.
These findings suggest that the 8q gene is relevant in the progression of prostate cancer

towards deadly late stages.'’

1.1.3 Disease treatment

In addition to the detection of disease and predicting the progression of disease, single
cell analysis can also inform approaches to treatment. Mutations and epigenetic changes
in the genome of cancer cells provide mechanisms to sustain stresses induced by
therapeutic drug treatment.'> Such changes in target cells bring resistance to specific
drugs, thereby disrupting the efficacy of cancer treatment. A formative question in the
field of cancer treatment is whether these resistance mutations are pre-existing before
treatment or if they emerge in response to therapeutic agents. To inform treatment
strategies, the genomic evolution of cancer cells is conventionally monitored using repeat
biopsies and bulk cell analysis. However, this process can be difficult as it is invasive for
the patient and can be confounded by intra-tumour cellular heterogeneity.'* As a result,
repeat single cell genomic analysis has emerged as an alternative method."> Through the
development of a whole-genome single cell sequencing method, Wang et al. (2014)
measured the precise mutation frequencies of single cells of two types of breast cancer
tumours; estrogen-receptor-positive (ER+) breast cancer and a triple-negative ductal

carcinoma. Using this approach, it was found that most mutations found in these two



cancer types are pre-existing in the tumour mass before chemotherapy.'® Therefore, the
subclones observed are the result of high mutation rates and not selective pressures in
response to a therapeutic agent.> Conversely, cancer cells have also demonstrated
genomic mutations to sustain stresses induced by chemotherapeutic drugs.'? Wilson ez al.
(2012) observed the mutation of a specific gene, Ras gene, following exposure to drugs
that targeted tyrposine kinase receptors."* As a result, cells were resistant to tyrosine
kinase receptor inhibition, which rendered the treatment ineffective. From these
examples it is shown that single cell sequence analysis can reveal preexisting or induced
molecular heterogeneity existing in individual tumours. Thus demonstrating that targeted
and effective cancer treatment is dependent on the analysis of the phenotypes and

genotypes of individually isolated cells.

1.2 Single cell isolation

A well-established technique for cell sorting is centrifugation. Typical centrifugation can
be used to separate the constituents of raw blood."” Following centrifugation, raw blood
is separated based on cell density into three layers. Red blood cells lay on the bottom of
tube, nucleated cells form a ring above the red blood cells, with the top layer comprised
of blood plasma. Centrifugation provides an approach to cell sorting that is efficient and
user-friendly, however, it can apply mechanical stress on cells that modify their
phenotype.'® In addition, this approach relies solely on cell density and thus cannot
isolate and sort individual cells from a bulk rare sample based on any other distinguishing

parameters.16



As an alternative, membranes can be used to sort cells based on their size and
deformability. An example of a commonly used membrane is the polycarbonate Isolation
by Size of Epithelial Tumor-cells membrane (ISET).!” The ISET is calibrated with
cylindrical membrane pores measuring 8 um in diameter. When blood is flushed through
the membrane, red blood cells pass through easily, white blood cells deform and also pass
through pores, while the larger epithelial tumor cells are unable to pass through the
membrane. Membranes provide a cost-efficient platform for cell sorting, however, the
need to process each membrane, as well as frequent clogging of the membrane can lead

. . . 1
to an overall cumbersome and time-intensive process.'®

Flow cytometry has provided an effective and widely used platform for cell sorting.
When combined with fluorescence staining and downstream sorting mechanisms, a flow
cytometer can sort sells based on fluorescence emitted, as well as the observed forward
and side scatter signals.'” Within this platform, cells are suspended in a fluid and
individually passed through a laser beam. The emitted light scatter and fluorescence
emission signals are digitized and provide information on cell classification. Droplet
containing cells are then sorted based on a specified sorting criteria using electrostatic
deflection.”® This approach, however, is limited by the platform’s size, price, and
complexity. In addition, it is frequently subject to nozzle clogging, high reagent

consumption and cross-contamination due to sample carry-over.18

In exploring the traditional approaches, it is evident that cell sorting is limited by required

technical expertise for operation, large and bulky instrumentation, cost efficiency, and



high operating pressures or labeling steps that can result in a loss of cell function or
reduced cell viability. Consequently, microfluidic platforms have emerged as the next
generation of cell sorting devices.”’ One of the leading advantages of microfluidic
platforms is the integration of multiple systems, steps, and bulky instrumentation into a
single chip, allowing for the parallelization of cellular isolation, analysis, and
experimental processing.21** In addition, the reduction in equipment size allows for a
reduction in required sample size, sample treatment time on-chip, reagent consumption,
and chemical waste.18 Lastly, microfluidic devices experience unique physical
phenomena such as fluids exhibiting Stokes flow. In this state, mixing of fluids and the

manipulation of cells can be carefully controlled.”

1.3 Microfluidics

The field of microfluidics first emerged less than three decades ago, but has since seen
rapid adoption in areas of microbiology and cell sorting.”*** In a microfluidic system,
small amounts of fluids and biological particles are manipulated in a series of channels
with dimensions of tens to hundreds of micrometers.”® One of the leading contributions
to the growth of microfluidics was the advancement of microfabrication techniques.
Particularly, the technique of soft lithography increased the accessibility of this platform
to researchers.”’” When considering microbiology, soft-lithography fabrication techniques
allow for the replication of structures that match the intrinsic scale of cells. With this,
researchers can study the relationship between the shape of cells, the mechanical

properties of cells, and the role of physical forces in the differentiation of cells.”®



With the growth of microfluidics, typical wet-bench laboratory operations can now be
fully performed on micro-scale setups known as lab-on-a-chip (LOC) systems.”**° LOC
systems offer advantages over traditional wet-bench setups. The reagent volumes used, as
well as the volume of waste produced are significantly reduced when compared to a

1
macro-scale set-up.’

Therefore, the cost associated micro-scale experiments, as well as
the sample volumes required are reduced. A powerful application of LOC systems is its
role in improving health in underdeveloped countries around the world. The actuation of
fluids, biological sample separation, disease marker amplification, and disease marker

detection have been integrated into a single LOC device, allowing for user-friendly and

cost effective diagnostic tools.*

When working on a micro-scale, the change in fundamental physics of fluid must be
considered. The fluid physics of a microfluidic system is dictated by a competition
between various physical phenomena, which is expressed using a series of dimensionless
numbers. One of the most commonly mentioned dimensionless numbers in connection
to microfluidics is Reynolds number (Re), representing the ratio of inertial and viscous
force.23 When Re is very small (Re << 1) the viscous forces overwhelm inertial forces,

and it results in linear and predictable Stokes flow.”

In Stokes flow that arises with a low Re, phase mixing occurs by diffusion alone. While
the resulting lengthy mixing times can allow for precise control, it can also lead to
experimental challenges. For example, chemical reactions in microfluidic devices often

require different reagents to be mixed rapidly. Therefore, controlling dispersion in a



microfluidic device can be of great importance. The dimensionless Péclet number (Pe)
expresses advection relative to diffusion. Diffusion can be defined as the random motion
of molecules in their surroundings, and advection can be considered the transport of
molecules as a result of the surrounding fluid’s motion.** Therefore, molecules in a
solution in the presence of a flow will be both transported by the flow, as well as diffused
throughout the solution. Surface tension has also been shown to profoundly influence
fluid behaviour in microfluidic systems. Capillary number (Ca) is the dimensionless
measure of viscous force relative to interfacial tension force.”> Surface properties are
thus often selected to influence the Ca number. Surface tension is the result of cohesive
forces among liquid molecules and their interaction at an interface. As the value of
surface tension increases, liquid molecules work to minimize their surface area —
resulting in molecules pulling away from the interface and towards the bulk liquid.*®
Through the addition of surfactants, we can see a decrease in surface tension and a
resulting increase in the Ca number.>’ The important dimensionless parameters of Re,
Pe, and Ca can thus be used to explore fluid behavior on a scale where viscous drag,

diffusion, and surface tension can dominate.

1.4 Microfluidic cell sorting

Microfluidic devices offer a miniaturized platform for spatial and temporal control on a
cellular scale.”*® Microfluidic-based flow cytometers have emerged to provide a
relatively cheap and portable alterative to its conventional counterpart. In addition, this
platform removes the need for aerosol droplets, and limits both the reagent volumes

required and the occurrence of cross-contamination.” Following cell characterization,



cell sorting can be achieved using a variety of mechanisms including electrophoresis and
optical sorting. When using electrophoresis in a microfluidic device, the application of
an electric field can be used to control cells. Cells are suspended in a carrier fluid, travel
through a microchannel, and are then exposed to an electrophoretic field gradient.* With
the majority of cells possessing a slight negative charge on their surface, they will
migrate towards a positive electrode and away from their original streamline (Figure
1.1).*" Although an effective cell sorting technique, the generation of an electrical field
can cause Joule heating near the electrodes, which can lead to harmful effects on the

sample cells such as modification of cell phenotype, or cell-death.*?
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Figure 1.1 (a) Schematic of a microfluidic device employing electrophoresis for cell

manipulation. (b) No electric filed applied to the device. (c) Electric field applied to the
device. Cell movement from its original stream is observed. Adapted from (Guo et al.

2010).

Radiation forces produced by an optical beam have also been used for cell sorting in a

microfluidic flow cytometer, known as optical tweezers.”” By producing scattering



forces and gradient forces, a focused laser beam can trap cells due to the difference in the
refractive index between the cell and the surrounding fluid. When the gradient forces are
greater than the scattering forces, the cells move towards the beam maxima and become
optically trapped (Figure 1.2).* Although an effective approach for the manipulation and
sorting of cells, optical tweezers have been shown to produce localize cell heating, and

can thus compromise cell viability.*’
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Figure 1.2. Optical switch located in a microfluidic cell sorting junction. Following
analysis by fluorescence, target cells are directed by a laser to the desired outlet. The

remaining cells flow to the waste chamber. Adapted from (Wang et al., 2005).

While florescent-labeled based cell sorting carries many advantages, the requirement of
florescent labeling and serial detection has led to the emergence of alternative techniques,

including the use of dielectrophoresis. In systems using dielectrophoresis, cells are
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exposed to an inhomogeneous electric field, which induces the polarization or dipole of a
cell. Depending on the conductivity of the cell and the surrounding media, the force
either attracts the cell towards the area of high field gradient or repels the cell away from
the area of high field gradient.*” Using this approach, cells can be sorted based on their
size (Figure 1.3).%® However, as seen in electrophoretic systems, dielectrophoretic
systems also produce Joule heating near the electrodes, which can result to harmful and

irreversible effects on the cells of interest.*

H . ,’ Electrodes ’3
e~ 1
— ‘_‘.' 4 l .

Inlets A

Outlets

Figure 1.3. Dielectrophoretic force is applied to a blood sample within a microfluidic
device. The larger non-platelet-cells and the smaller platelet cells deflect differently
when exposed to an inhomogeneous electric field. The different sized cells are sorted

downstream. Adapted from (Pommer, Zhang, Chen, Thomson, & Soh, 2008).

Microfluidic electrophoresis, optical sorting, and dielectrophoresis techniques rely on

heat generating forces, and can lead to cell heating and subsequent cellular phenotype
modification, or cell death.*** In response to this challenge, an emerging approach to cell

sorting is the use of magnetic force, also referred to as magnetophoresis. Unlike
electrophoresis, dielectrophoresis, and optical manipulation, the force generated by the

application of a magnetic field, by way of a permanent magnet, does not generate heat

11



and therefore, cells are not damaged and can retain their biological activity.*”** In

addition, the magnetic field produced by the permanent magnet is orders of magnitude
larger than that of micro-magnets or electrodes. As a result, these systems do not require
an auxiliary power supply or expensive micro-fabrication® and therefore, the cost and
technical training required to employ a magnetophoretic sorting system is greatly

reduced.

1.5 Microfluidic magnetophoretic cell sorting

The concepts of microfluidics and magnetism have contributed greatly to various fields
of research, however, only in recent years have they been combined. Through the
integration of magnetic forces into microfluidic systems, we have seen the emergence of

novel platforms.”

The magnetic force on a particle inside a magnetic field [Eq. 1] depends on the volume of

the particle (¥), the difference in magnetic susceptibility between the particle (y,) and the
surrounding medium (y,,), the magnetic flux density (B), the magnetic field gradient

(VB), and the magnetic permeability of free space (u,).
F,, =W (B-V)B [1]

In microfluidics, materials such as particles or cells can be classified as paramagnetic, or
diamagnetic. What determines their categorization is Ay - the difference in the magnetic

susceptibility between the cell or particle (), and the surrounding fluid (x;,). When Ay
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measures positive, the material is classified as paramagnetic. Conversely, when Ay

measures negative, the material is classified as diamagnetic.

1.5.1 Paramagnetic microfluidic systems

When paramagnetic materials (Ay > 0) are exposed to a magnetic field, the magnetic
domains within the material align with the external magnetic field lines and the material
experiences an attraction towards the maxima of the magnetic field gradient. Huang et al.
developed a paramagnetic microfluidic system for the separation of whole blood by
capitalizing on the intrinsic characteristics of nucleated red blood cells (NRBCs). In
whole blood, NRBCs are the only cells that contain both a nucleus and haemoglobin.
Following a sodium nitrite treatment, haemoglobin is converted into methomoglobin,
rendering NRBCs paramagnetic. When paramagnetic NRBCs were passed through a
magnetic column, they were attracted towards the maxima of the magnetic field gradient

and separated from the original sample.”’

In microfluidics, paramagnetic materials are also commonly used for cell labelling. Cells
are labeled with paramagnetic particles, measuring less than 10 nm in diameter, and
suspended in a non-magnetic fluid. Cell labeling can be achieved either by internal
labeling; introducing paramagnetic nanoparticles into the cell via endocytosis,”>> or by
external attaching; attaching the paramagnetic particles to the cell surface.”* When
labeled-cells within a microfluidic system are exposed to a magnetic field, they are drawn
away from the direction of laminar flow and towards a higher magnetic field gradient."’

By using internal cell labeling, Pamme et al. achieved the continuous sorting of living

13



cells, macrophages and HeLa cells (Figure 1.4).*” Although cell sorting can be achieved
through the use of paramagnetic materials, the required labeling steps are laborious and

. . 55
time consuming.
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Figure 1.4. Schematic of a magnetophoretic microfluidic device. Sample mixture of
magnetic labeled macrophage cells (M,), magnetic labeled HeLa cells (My), and non-
magnetic particles are introduced together into the device in the x-direction. The sample
travels through a separation chamber. A magnetic field is applied in the y-direction.
Magnetic labeled cells are deflected from their laminar flow towards the magnetic field
gradient. Non-magnetic particles continue in the direction of their laminar flow. Adapted

from (Pamme & Wihelm, 2006).

1.5.2 Diamagnetic microfluidic systems

While magnetic forces can be used to manipulate paramagnetic materials inside a
microchannel; they can also be used to manipulate non-magnetic, i.e. diamagnetic
objects. Diamagnetic materials (Ay < 0), often referred to as non-magnetic, are repelled
away from magnetic fields. Most biological materials are weakly diamagnetic, such as

proteins, DNA and cells.” If a diamagnetic object is placed in a paramagnetic medium,
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the difference in magnetic susceptibility (4X) is always negative and diamagnetic objects
will be repelled away from the magnetic field. As y,, increases [Eq. 1], and all other
variables remain constant, the repelling force will increase.'®**°" An example of a
magnetic medium commonly used in microfluidics is ferrofluid. Ferrofluids are a
homogeneous liquid phase. They possess permanent magnetization, a strong yx,,, and are
comprised of three-components. The first component consists of spherical magnetite
particles (Fes04).”® The average particle diameter measures 10 nm and is composed of
6200 molecules of Fe;O4 (Figure 1.5 (a)). These particles can be considered nanomagnets
and will experience attractive magnetic forces, as well as Van Der Waals force. To
achieve a stable suspension, agglomeration of the particles must be prevented.
Therefore, the second ferrofluid component is a surfactant. Through the addition of a
surfactant, such as tetramethylammonium hydroxide, the particles can be kept in a colloid
state.” The magnetite particles are coated by hydroxide anions, which in turn attract the
tetramethylammonium cations. This attraction forms a shell around each magnetite
particle and creates repulsion between the particles (Figure 1.5 (b)).®® The third and final
component is a carrier liquid medium. The choice of carrier, such as oil or aqueous
carriers, is dependent upon the application.®  The resulting product of all three

components is a liquid that possess strong and homogeneous magnetic properties.
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Figure 1.5. Schematics of ferrofluid magnetite particles and surfactants. (a) Molecular
structure of magnetite. Fe™ is represented by circles of two sizes. The smaller circles
represent iron in tetrahedral coordination, and the large representing octahedral
coordination. (b) Illustration of an aqueous ferrofluid stabilized by a surfactant,
tetramethylammonium hydroxide. The surfactant particles adhere to the surface of the
magnetitie particles. The magnetite particles experience repulsion from one another and

the colloid is stabilized. Adapted from (Berger et al., 1999).

Diamagnetic systems that utilize the properties of ferrofluid can benefit from several
advantages over paramagnetic systems. Some of these advantages include the removal of
cell-labeling steps, low cost instrumentation, and the system’s simplistic design. Zhao, et
al.'® demonstrated size-based sorting of cells using a diamagnetic system (Figure 1.6). A
heterogeneous mixture of cells was suspended in a continuous phase of aqueous
ferrofluid. When exposed to a magnetic field, the different sized cells would deflect
differently away from their laminar flow and thereby separate from one another. The

cells were then sorted into different collection chambers based on their size.”*
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Figure 1.6. Schematic representation of a homogeneous sample of cells traveling through

a microfluidic device. (a) Cell mixture enters the device and all cells exit the same outlet
when no magnet is applied. (b) Cell mixture enters the device. Cells deflect differently
when exposed to a magnetic field, and exit through different outlets. Adapted from (Zhao
etal., 2016).

Although effective cell sorting is achieved in diamagnetic systems, cells in these systems
are directly suspended in potentially harmful magnetic mediums. To overcome the
inherent non-biocompatible composition of ferrofluids, many studies have synthesized

aqueous ferrofluids that allow for short-term cell viability.>> %

However, to render even
these ferrofluids biocompatible with mammalian cells, surfactants, pH value, and the
general chemical compatibility of the ferrofluids must be adjusted to accurately reflect
cell-specific physiological conditions.”*®> With over 200 types of cells in the human

body, an effective diamagnetic cell sorting approach with wider applicability is highly

desirable.**

1.6. Overview of thesis

In this thesis, a microfluidic system is introduced for label-free diamagnetic sorting of

cell-containing droplets. Empty aqueous droplets, as well as cell-containing droplets are
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generated and suspended in an oil-based ferrofluid. Using a permanent magnet, droplets
are sorted based on their cargo-content. Cells are sorted at a high purity and are protected
from their harmful surroundings through their encapsulation in the commercially

available biocompatible growth medium.

1.7 Authors contributions

The work presented in this thesis was initiated by the author and Dr. Scott S. H. Tsai.
The microfluidic device was fabricated by the author and Jennifer Kieda. The
experimental setup was designed by the author. The fluid phases were prepared by the
author. The experiment and data analyses were conducted by the author and Jennifer
Kieda. The author, Jennifer Kieda, and Dr. Scott S. H. Tsai all contributed to discussing

the results.
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Chapter 2

Experimental Methods

2.1 Chemicals

In order to generate droplets in a microfluidic device, two liquid phases; the continuous
oil phase and the disperse aqueous phase must be prepared. A commercial oil-based
ferrofluid (EMG 911, Ferrotec Co., Santa Clara, CA, USA) is used for the continuous
phase. The magnetic particle concentration within the ferrofluid is 2% with particle
diameters measuring 10 nm in size. The continuous phase solution is prepared with a 1:2
ratio mixture of ferrofluid and mineral oil (Sigma-Aldrich, St. Louis, MO, USA),
respectively. In addition, 2 v/v% of Span 80 (Sigma-Aldrich, St. Louis, MO, USA), a
commercially produced surfactant, is added to the continuous phase solution to decrease
interfacial tension and prevent droplet coalescence. The disperse phase for measurement
of droplet deflection is comprised of 100 v/v% glycerol (Sigma-Aldrich, St. Louis, MO,
USA). The disperse phase for empty droplet and particle-containing droplet sorting is
100 v/v% DI H20O. The disperse phase for empty droplet and cell-containing droplet
sorting is 100 v/v% Roswell Park Memorial Institute cell culture medium (RPMI 1640,
Sigma-Aldrich, St. Louis, MO, USA), the recommended cell growth culture media for

PC-3 cells.®>%.

For all cell viability tests, LIVE/DEAD® viability/cytotoxicity kit (Molecular Probes™,

Eugene, OR, USA) is used. The viability kit is a two-colour assay used to determine the
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viability of cells. The kit consists of ethidium homodimer-1 (Ethd-1) and calcein AM.
EthD-1 penetrates damaged cell membranes and binds to nucleic acids, producing a
bright red fluorescence. Whereas calcein AM is a cell permeable dye that is converted to
calcein by the intracellular esterase present in live cells. The conversion of calcein AM
to calcein results in a bright green fluorescence.’’” The first two test solutions include
RPMI 1640, and RPMI 1640 droplets surrounded by EMG 911. The third test solution is
EMG 408 ferrofluid (Ferrotec Co., Santa Clara, CA, USA) a commercially available
aqueous-based ferrofluid that is commonly used in microfluidic systems and considered

biocompatible.®**’

2.2 Droplet contents

In the experiments involving particles (Figure 10), a suspension of 15 pum particles
(Sigma-Aldrich, St. Louis, MO, USA) in 100 v/v% DI H2O is used as the disperse phase.
This is done by centrifuging 3 mL of the stock particle solution in a Falcon tube for 5
minutes to form a pellet of particles at the bottom of the tube. Next, the aqueous solution
is removed, leaving only the particles. The DI H2O is then added to the particles and

mixed using a vortex mixer.

PC-3 cells (human prostatic carcinoma cells) are used in all cell-encapsulation
experiments. PC-3 cells are cultured in a T-75 cell culture flask. The culture medium
includes RPMI with 10% fetal bovine serum (FBS, Wisent Inc., QC, Canada), and 1 w/v
% Penicillin/Streptomycin (Wisent Inc., QC, Canada). The culture medium is replaced

every three days until 90% confluency is achieved. In preparation for experiments, the
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cells are passed with trypsin (Wisent Inc., QC, Canada), and then centrifuged at 1,000
rpm for 5 minutes to separate the cells from their original suspension. The cells are then
washed with phosphate buffered saline (PBS, MULTICELL, Wisent Inc., QC, Canada)

and re-suspended in RPMI 1640.

2.3 Device fabrication

The microfluidic device used in all experiments is fabricated using common soft
lithography procedures.”” The techniques used include designing a microchannel
patterned photomask using a computer-aided software (AutoCAD 2017, Autodesk, Inc.,
San Rafael, CA, USA). The photomask is then printed onto a transparency sheet
(CAD/Art Services Inc., Bandon, OR, USA). A silicon wafer (University Wafer, Inc.,
Boston, MA, USA) is used to fabricate design features. The silicon wafer is spin-coated
using SU-8 2050 photoresist (MicroChem, Newton, MA, USA) and is exposed to UV
light through the photomask to create the microchannel patterns. Developer solution is
then used to wash the wafer and eliminate the unexposed parts of the photoresist,

resulting in the base silicon mold.

The base silicon mold is filled using polydimethylsiloxane (PDMS) resin and a curing
agent (Sylgard 184, Dow Corning, Midland, MI, USA) at a 10:1 ratio. To allow for the
PDMS to cure, it is placed in an oven with a temperature of 70 °C for 2 hours. The
PDMS is then cut around its respective design. One-millimeter diameter biopsy punches
(Integra Miltex, Inc., Rietheim-Weilheim, Germany) are used to create the inlets and

outlets. A small cut adjacent to the channel wall is made in the PDMS slab to
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accommodate for placing of the magnet. Then, using oxygen plasma treatment, (Harrick
Plasma, Ithaca, NY, USA) the PDMS cut-out is bonded to a glass slide and the surfaces
of the microchannel gain hydrophilic properties. The bonded cut-out and glass slide are
then placed in an oven for 30 minutes to allow optimal adhesion. During this time, the

surfaces of the microchannel will regain their natural hydrophobicity.

The design of the microfluidic device includes a flow focusing junction and a sheath flow
for the generation of droplets, as shown in Figure 2.1. Dimensions of the main
microfluidic channel are 50 pm in height, 600 pm in width, and 2.35 cm in length, with
an orifice at the flow-focusing junction measuring 30 pm in width. A sorting region with
four sub-channels is located downstream of the main channel and is used for the sorting

and collection of droplets.
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Figure 2.1. Schematic diagram of the microfluidic system with a flow-focusing
geometry. Continuous phase consisting of magnetic ferrofluid, mineral oil, and 2 v/v %
Span 80 is introduced to oil inlet 1 and oil inlet 2, Disperse phase of RPMI 1640 and PC3
cells are introduced to the aqueous inlet. Empty droplets and cell-containing droplets are
generated at the flow-focusing junction. The application of a permanent magnet attracts
the magnetic continuous phase, while diamagnetically deflecting both empty and cell-
containing droplets. The encapsulation of cells in the droplets results in an increase in
droplet diameter. The amount of droplet deflection is positively related to the size of the

droplet diameter.

2.4 Experimental setup

All experimental imaging of droplets is captured using an inverted microscope (AX10,
Carl Zeiss AG, Oberkochen, Germany) and a high-speed camera (Miro M110, Vision
Research, Wayne, NJ, USA) that is connected to the microscope. Images and videos were
analyzed through the computer-aid software, Imagel. A neodymium block magnet
(NdFeB, B82X0, K. J. Magnetics, Jamison, PA, USA) with a magnetization of 1.05 MA

m™ and dimensions of 1.27 c¢m (width) x 0.32 cm (height) x 2.54 cm (length) serves as
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an external magnet that is placed adjacent to the microchannel in order to generate a

magnetic field.

Droplet generation was established using three constant flow rate syringe pumps
(Harvard Instruments, Holliston, MA, USA) providing steady flow rates for the oil carrier
phase, known as the continuous-phase, and the aqueous droplet phase, known as the

disperse-phase. Two continuous-phase flow rates () are analyzed, O = 18 uL/min and
Q_ =35 puL/min. Four trials are run, varying in disperse-phase flow rates (Qq). For the O

= 18 uL/min flow rate, the two disperse-phase flow rates that are used include Q,= 1.0

uL/min and Qg= 0.3 pL/min. For the O = 35 pL/min flow rate, the two disperse phase

flow rates that are used include Q;= 1.5 pL/min and Q= 0.5 pL/min.

The generation of aqueous droplets is carried out in the PDMS flow-focusing device
shown in Figure 7. A magnetic solution, consisting of EMG 911, mineral oil, and span-
80, is introduced into oil inlet 1 and oil inlet 2 as the continuous phase. Glycerol is
introduced to the system through the aqueous inlet as the disperse phase. Constant flow
rate syringe pumps (Harvard Instruments, Holliston, MA, USA) supply flow rates for
both solutions. Once the two phases are introduced to the system, the disperse phase
forms a thin tip at the flow-focusing junction and it is broken into droplets when shorn by
the continuous phase from both sides. This break up is due to Rayleigh-Plateau
instability, in which cylindrical jets of a fluid inside another fluid experience instability

and subsequent break up into droplets.”” Monodispersed glycerol droplets are generated
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in the continuous phase using a jetting regime; a flow breakup in which droplets are

formed downstream of the flow-focusing junction through the breakup of a long jet.”"

All experimental florescence imaging is captured using The ZOE Fluorescent Cell
Imager (BIO-RAD, Hercules, CA, USA). As mentioned, the cell viability is determined
using a LIVE/DEAD® viability/cytotoxicity kit. The kit consists of ethidium homodimer-
1 (Ethd-1) and calcein AM. PC-3 cells are added to a solution containing EthD-1 and
calcein AM. The cells remain in the solution for 20 minutes at a temperature of 37°C.
Following incubation, 5 million PC-3 cells are added to 600 pL samples of each of the
three test solutions. In Test 1, cells are added to a solution of 100 v/v% RPMI 1640. The
RPMI 1640 cell-containing solution is introduced to our microfluidic system to achieve
cell encapsulation and sorting of cell-containing droplets from empty droplets. Following
effective sorting of droplets, the cell-containing RPMI 1640 droplets are retrieved from a
collection chamber connected to Outlet 2. The cell-containing RPMI 1640 droplets
remain suspended in the magnetic continuous phase medium. For Test 2, cells are added
to a commercially available water-based magnetite ferrofluid (EMG 408 Ferrotec, Corp.,
Santa Clara, CA, USA). EMG 408 is selected for this test as previous diamagnetic cell
separation studies have demonstrated its biocompatibility with E. coli cells (strain
MG1655) and yeast cells (Saccharomyces cerevisiae). °>69 Lastly, in the control test, cells
are added to a solution of 100 v% RPMI 1640. Cells remained within each of the three
solutions and a cell sample size of n=20 are analyzed for viability with respect to time.
Florescence imaging for each sample is captured at three time intervals; 0 hours, 1 hour,

and 2 hours.
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Chapter 3

Results and Discussions

3.1 Diamagnetic droplet deflection

To achieve manipulation of non-magnetic droplets, we utilize both a hydrodynamic
laminar flow and diamagnetism. The application of the external magnetic field introduces
magnetic buoyancy force to the system. Glycerol droplets exposed to the buoyancy force
are deflected from their laminar flow path (Figure 3.1 (a)) when compared to the absence
of a permanent magnet and thus the absence of the buoyancy force (Figure 3.1 (b)). The
deflection observed is the result of the difference in the magnetic susceptibility of the
ferrofluid medium found in the continuous phase and the glycerol droplets that make up
the disperse phase. The magnetic susceptibility of the ferrofluid medium, measuring y,, ~
0.11,” is much higher than that of the glycerol droplets measuring Xp ~ -10%7 As the
magnetic nanoparticles within the ferrofluid medium are attracted to the magnet, glycerol
droplets are simultaneously deflected from their laminar flow when they encounter the
area of the highest magnetic field gradient (Figure 3.1 (a)). The glycerol droplets

experience the repelling force [Eq 1].°° Where Xp and X, are the magnetic

susceptibilities of the droplets and the paramagnetic medium, respectively.
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sall

Figure 3.1. Time series images of glycerol droplets captured sequentially downstream the
main channel in a continuous phase of ferrofluid. (a) Magnetic field is applied at a

magnet distance{ = 1.1 mm and droplets are sorted into the upper outlet (b) Magnetic

field is not applied to the system and droplets are sorted into the lower outlet. Deflection

of the glycerol droplets is observed with magnetic field applied.

3.2 Diamagnetic droplet control

The deflection of aqueous droplets in a continuous phase of paramagnetic solution has
been demonstrated to be proportional to the magnetic field gradient.”*”>’® Control of
such droplets has been achieved through the use of a permanent magnet. Kim et. al.
(2014), showed on-demand routing of aqueous droplets in an oil-based ferrofluid by
manipulating magnet positions. In this report, we extend this concept by presenting a
method for droplet control by evaluating the effect of the disperse phase flow rate on

droplet deflection at a fixed magnet distance (lm )- Secondly, we evaluate and exploit

the effect of cell-encapsulation on droplet deflection to achieve droplet sorting

based on cargo-content.
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To evaluate droplet control at a fixed magnet position, two pairs of trails are conducted.
In each trial pair, a fixed continuous phase flow rate, 0., is maintained and only the
disperse phase flow rate, Oy, is changed. The change in droplet deflection (where n = 20)
1s measured as it relates to the change in the disperse phase flow rate. The first pair of
trials are conducted at Q. = 35 uL/min with a high and low Q, of 1.5 pL/min and 0.5
uL/min, respectively. Figure 3.2 shows that when the ratio of O, to Q. is increased by
increasing the disperse flow rate, the diameter of the droplets is increased. Furthermore,
we observe an increase in droplet deflection with the increase in droplet diameter. To
ensure reproducibility of the results, a second pair of trials is conducted at Q. = 18
uL/min with a high and low Q,; of 1.0 uL/min and 0.3 pL/min, respectively. The results
for both the first and second pairs of trials are consistent across the four magnetic

distances, lm. In accordance with pervious studies, it is observed that droplet deflection
increases as lm decreases (Figure 3.2).”* Therefore, by simply adjusting the flow rate of

the dispersed phase, the droplet diameter is increased or decreased, and thus the degree of

droplet deflection is precisely controlled (Figure 3.2).
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Figure 3.2. A plot of the deflection distances of droplets with respect to four consecutive

distances of the magnet (lm) from the channel wall. The deflected droplet distances are
measured at two continuous-phase flow rates (O = 18 pL/min represented by the filled
data points and O = 35 pL/min represented by the empty data points). For each

continuous-phase flow rate, droplet deflection distance is measured for two trials of
differing disperse-phase flow rates in pL/min (disperse phase high and disperse phase
low).  The droplet deflection distance (4y) represents the difference between the
controlled droplet distance from the channel wall (without a magnetic field applied) from
the experimental droplet distance from the channel wall (with magnetic field applied).
Droplet deflection distances generally decreased with increase in magnet distance, and
with decrease in droplet diameter (d,) measured in um. Error bars indicate the
distribution of droplet deflection. Scale bar: 100 um. An analysis of variance showed

that the effect onm on Ay was significant, F(3,4) = 0.56, P = 0.05.
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3.3 Sorting based on droplet contents

In a previous study, a change in droplet diameter was seen following cell encapsulation.”’
Using these findings, as well as our observation of size-based droplet control, we
evaluate the effect of cell encapsulation on droplet deflection and subsequent droplet
sorting. The device is first calibrated using spherical polystyrene microparticles with
diameters of 15 pm and a similar total volume (volume of 2000 um®)’® to PC-3 cancer
cells (1800 um®). The polystyrene microparticles are introduced to the disperse phase. In
order to produce size distinction between empty droplets and particle-containing droplets,
the optimal flow rates are found to be O;= 5 pL/ min and Q. = 35 pL/min. Under this
flow condition, the diameter of empty droplets measure 12 pum. The encapsulation of the
microparticles expands the particle-containing droplet diameter to 23 um. The 11 pum size
difference is utilized for subsequent size-based sorting using diamagnetic force. Figure 6
summarizes the device performance for microparticle separation. Figure 3.3(a)(c) shows
that with no magnet applied to the system 93% of empty droplets, measuring 12 um in
diameter, and 100% of particle containing droplets, measuring 23 pm in diameter, follow
their original flow direction inside the microchannel and are sorted into outlet 1. The
difference in droplet diameter between empty droplets and particle-containing droplets is
then exploited for droplet content-based sorting (Figure 3.3(b)(d)). A magnet is applied

atl] =1.1 mm. The small empty droplets are slightly deflected from their original path

with 99% traveling through outlet 2 (Figure 3.3(d)). The droplets containing a particle,
whose diameters are 11 um larger than that of the empty droplets, are deflected from their

original path toward the upper wall of the main channel. Of the particle-containing
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droplets, 90% are sorted from the empty droplets and travel through Outlet 3 (Figure

3.3(d)).
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Figure 3.3. The application of a magnetic field on the effect of sorting particle-

1
|

A

\

containing droplets and empty droplets into downstream outlets. (a) Percent of particle-
containing droplets and empty droplets that exit through each outlet when no magnet is
applied. (b) Percent of particle-containing droplets and empty droplets that exit through

each outlet when a permanent magnet is applied at 1 = 1.1 mm. (c) Image series of

particle-containing droplets captured downstream of main channel in a continuous phase
of ferrofluid. Magnetic field is not applied to the system. Particle-containing droplets and

empty droplets sort into outlet 1 (d) Magnetic field is applied at a magnet distance 1 =

1.1 mm. Sorting of particle-containing droplets and empty droplets into different outlets

is observed with magnetic field applied. Scale bar: 100 um.
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3.4 Cell-containing droplets

Next, we test the device is tested using a human prostatic carcinoma cell line, PC-3 cells,
in place of polystyrene particles. The optimal laboratory environment for PC-3 cells is
incubation in RPMI 1640.°7° In order to optimize cell viability, the disperse phase is
comprised of RPMI 1640. Figure 3.4(a) shows a distribution analysis of empty droplets
and cell-containing droplets when no magnet is applied to the system. It is observed that
100% of empty droplets and 99% of cell-containing droplets are sorted into outlet 1.
Separation of empty droplets and cell-containing droplets is successfully achieved with
the application of a magnetic field. Figure 3.4(b) shows a distribution analysis of empty

droplets and cell-containing droplets when a magnet is applied to the system at 1 = 1.1

mm. Here, when the magnet is applied, 98.5% of empty droplets are sorted into outlet 1
and 84% of PC-3 cells are sorted into Outlet 2 at a sorting throughput of 2.6 x 10* cells/h

(Figure 3.4(a)(b)).

The difference in deflection observed between empty droplets and cell-containing
droplets is consistent with findings from previous work on cell-encapsulation, as well as
the previously mentioned repelling force equation Ch. 1. [Eq. 1]. Jing et al. (2014)
demonstrated a change in droplet diameter when comparing empty droplets and cell-
containing droplets. In using these findings, we established a difference in droplet
diameter of 11 pm between cell-containing droplets and empty droplets in our system.
Based on the repelling force equation [Eq. 1], we can expect a change in droplet
deflection when comparing empty droplets and cell-containing droplets. The repelling

force equation shows that as the droplet volume changes the repelling force experienced
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by the droplet also changes. Therefore, our observation of the smaller empty droplets
deflecting differently than the larger cell-containing droplets is consistent with both the

literature and guiding physical principles.

Having demonstrated sorting of empty droplets from cell-containing droplets at a high
purity, our system provides a platform for increasing the efficiency of single-cell assays.
Droplet-based single-cell assays such as cell secreted molecule screening, * or
applications in polymerase chain reaction (PCR)® rely on cell-encapsulation for
downstream readouts. The encapsulation of cells in such systems follows Poisson
statistics, which can result in a large population of empty droplets and limits the
efficiency of these assays. ** Through diamagnetic separation of single cell-encapsulated
droplets from empty droplets, our platform can address challenges with encapsulation

efficiency by providing cell-containing droplets at a purity of 84%.
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Figure 3.4. The application of a magnetic field on the effect of sorting cell-containing
droplets and empty droplets into downstream outlets. (a) Percent of cell-containing
droplets and empty droplets that exit through each outlet when no magnet is applied. (b)
Percent of cell-containing droplets and empty droplets that exit through each outlet when

a permanent magnet is applied at 1 = 1.1 mm. Sorting of cell-containing droplets and

empty droplets into different outlets is observed with magnetic field applied. (c) Image
series of cell-containing droplets captured downstream of main channel in a continuous
phase of ferrofluid. Magnetic field is not applied to the system. cell-containing droplets

and empty droplets sort into outlet 1 (d) Magnetic field is applied at a magnet distance 1

= 1.1 mm. Sorting of cell-containing droplets and empty droplets into different outlets is

observed with magnetic field applied. Scale bar: 100 pm.

3.5 Single cell fluorescence-based and direct-count assay

The viability of cells encapsulated in droplets is determined using an LIVE/DEAD"
viability/cytotoxicity kit. Following exposure to EthD-1 and calcein AM, cells are added
to one of three solutions, Test 1, Test 2, and Control. In Test 1, cells are added to a

solution of 100 v/v% RPMI 1640, the recommended cell growth culture media for PC-3
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cells.®*® The RPMI 1640 cell-containing solution is introduced to our microfluidic
system to achieve cell encapsulation and sorting of cell-containing droplets from empty
droplets. Following effective sorting of droplets, the cell-containing RPMI 1640 droplets
are retrieved from a collection chamber connected to Outlet 2. The cell-containing RPMI
1640 droplets remain suspended in the magnetic continuous phase medium (Figure
3.5(c)). For Test 2, cells are added to a commercially available water-based magnetite
ferrofluid (EMG 408 Ferrotec, Corp., Santa Clara, CA, USA). EMG 408 is selected for
this test as previous diamagnetic cell separation studies have demonstrated its
biocompatibility with E. coli cells (strain MG1655) and yeast cells (Saccharomyces
cerevisiae).®”® Lastly, in the control test, cells are added to a solution of 100 v% RPMI
1640. Cells remained within each of the three solutions and are analyzed for viability
with respect to time. Cell viability is analyzed at 0 hours, 30 minutes, 1 hour, and 2 hours
by fluorescence microscopy with a sample size of n = 20. The percent of viable cells at
each time interval is reported in Figure 3.5(a)(b). The results show 100% viability for the
control cells, and 90% viability for the cells that have been retrieved from our system
(RPMI droplets), after 2 hours. Although EMG 408 water-based magnetite ferrofluid has
previously been shown as biocompatible with non-mammalian cells such as E. coli and S.
cerevisiae, our results show 0% cell viability when PC-3 cells are incubated in EMG 408

at all time intervals.
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Figure 3.5. (a) The viability of PC-3 cells in different media is compared over time. Cells
are incubated in RPMI as the control trial, and the EMG 408 ferrofluid as the EMG 408
trial. In the RPMI droplet trial, cell-containing RPMI droplets surrounded by oil-based
ferrofluid are removed from the system and the encapsulated cells are analyzed for
viability. (b) Cell viability was determined by adding Calcein AM and EthD-1 to the cell
suspension and conducting a fluorescence viability assay. Viability was assessed at 0
hour, 1 hour, and 2 hour marks. The non-viable cells are imaged in red and the viable
cells are imaged in green. Viability of PC-3 cells in control RPMI media and the RPMI
droplets in oil-based ferrofluid is observed up to 2 hours. EMG 408 shows poor
biocompatibility for PC-3 cells, resulting in non-viable cells. (c) Cell-containing droplet
surrounded by oil-based ferrofluid that has been removed from the system for assessment

of viability. Error bars represent one standard deviation from two different viability tests.

The 90% viability for the cells encapsulated by droplets suggests that the encapsulating

droplet is an effective vehicle to protect cells from their surrounding paramagnetic
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medium. The protective layer that is provided to the cell by way of droplet encapsulation
removes the need for the synthesis of biocompatible ferrofluids commonly found in
diamagnetic cell sorting systems.**** Additionally, the encapsulated cells remained viable
across all time intervals of our viability tests. Therefore, the cell-containing droplets

generated by our system can be considered suitable for subsequent single-cell analysis.
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Chapter 4

Concluding Remarks

4.1 Summary

In this thesis, we have presented a biocompatible approach for precise control of cell-
containing droplets using diamagnetism. This approach allows for the isolation and
sorting of cells, and through the encapsulation of cells in biocompatible droplets, it
removes laborious cell-labeling steps common to existing cell sorting techniques, while

protecting cells from potentially harmful surroundings.

While the current magnetophoretic approaches to single-cell isolation are robust, the
challenge still lies in their need to label cells with magnetic tags, or to synthesize cell-
specific biocompatible ferrofluids. We have addressed these concerns in two key areas:
diagmagnetically-controlling droplets based on their cargo, and encapsulating cells in
biocompatible droplets to protect cells from surrounding ferrofluids. In particular,

developments in this thesis cover:

* The manipulation of droplet size through the single step of adjusting the
disperse phase flow rate.

* The sorting of droplets based on cargo-content, thus effectively sorting
cell-containing droplets from empty droplets.

* The protection of cells through their encapsulation in cell-specific

commercially available growth culture medium.
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These particular advancements reveal the potential of our system to increase the efficacy
and sensitivity of single-cell assays. The diamagnetic separation of cell-encapsulated
droplets from empty droplets provides a platform to reduce the population of empty
droplets commonly found in single-cell analysis platforms. Additionally, the magnetic
continuous phase used in the system, and magnetic force applied to the system showed no
adverse effect on the viability of the cells, thus providing viable encapsulated-cells for
analysis without the use of harmful forces. Combined with single-cell assays such as
applications in PCR or cell secreted molecule screening, our system can provide the

isolation of viable cells at a high purity for subsequent downstream single-cell analysis.

4.2 Limitations

Future refinements of this approach are envisioned to extend this system’s practicality.
First, the system is currently limited to cells measuring 10 pum — 80 pm in diameter. In
order to accommodate cells or biomaterials of diameters measuring <10 pm, the system
must be scaled down. Second, the throughput of the device is limited by the orifice size.
To achieve increased efficiency, the device dimensions must be adjusted to accommodate
an increase in the orifice size. With such improvements, this system can provide a cost-
effective and user-friendly platform for deepening the understanding of the progression

and treatment of diseases.
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4.3 Future directions

Future applications will involve encapsulating various cell-lines in droplets of their
corresponding growth medium and measuring the device’s efficacy. Upon gathering
consistent results for multiple cell lines, the separation of a heterogeneous cell sample
will be tested. If effective, this platform could provide a cell-sorting approach
compatible with any chosen mammalian cell-line. Additionally, the compartmentalization
provided by cell-encapsulated droplets, allows for the containment of all cell products for
subsequent analysis. By integrating a downstream analysis system to our platform, such
as PCR amplification and DNA sequencing, single-cell genomes could be analyzed for
applications such as disease prognosis and treatment strategies. Thus, producing an
accessible multi-step chip encompassing label-free isolation, sorting, and analysis of

single cells.
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