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Abstract

Cells exist in unique contexts within a population, but miniscule differences in
their environment, epigenome, and cell cycle produce an assortment of observable
characteristics in cells. Conventional cellular analysis tools routinely combine millions of
cells within samples to ascertain “averaged” cellular states. Many methods have been
developed to isolate, process, and analyze small and even single-cell samples, but they
require long experiments, large reagent volumes, and expensive equipment. Microfluidic
technologies have been developed as cheaper, automated, high-throughput routes to
study cells in a miniaturized context. Droplet microfluidic platforms encapsulate
individual cells in sub-microliter droplets for isolated processing. However, most of these
devices adapt singular steps from benchtop protocols, requiring pre-purification of cells
or post-processing to generate results. This dissertation describes the development of
multi-device, droplet microfluidic workflows as wholistic, automated alternatives for
single-cell assays.

Chapter 2 introduces CellMag-CARWash—-a workflow that combines positive,
magnetic selection with droplet microfluidic devices to isolate desired cells from a
mixture and incorporate specific biochemical cues within individual droplets. We
demonstrate CellMag-CARWash'’s abilities by isolating single cells from multi-cell
mixtures with two different cell types from equal prevalence to >93% purity. Cells

require a minimum of 4 — 5 beads to be recaptured, depending on size, which prevents
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non-specific, bead-bound contaminating cells from entering the product stream.
Molecular treatments can be delivered to cells at the single-cell level through CellMag-
CARWash’s washing buffer. We leveraged this feature to study heterogeneity in
extracellular (EV) secretion dynamics from MCF7 cells. A magnetic droplet splitter
enabled isolation and analysis of secreted EVs from single cells within droplets,
revealing the underlying distribution of secretion rates. This chapter reports the first
measurement of B-estradiol’s effect on EV secretion from single MCF7 cells.

Chapter 3 combines two previously isolated droplet microfluidic devices into a
cohesive workflow to study nucleosomal organization within cellular subpopulations.
Nucleosome positioning throughout chromatin controls DNA accessibility so cells can
respond to environmental cues. Our workflow employs fluorescence activated droplet
sorting (FADS) and a micrococcal nuclease (MNase) digestion device to gently enrich
cells within droplet populations and produce mononucleosomal DNA fragments.
Diversion of droplets via FADS is demonstrated for pure and mixed samples containing
fluorescent solutions and cells. Successful enrichment of fluorescent cells is
demonstrated for multiple cell mixture compositions. Simultaneous cell wall digestion,
lysis, and DNA fragmentation occur via the MNase digestion device, generating ~70%
mononucleosome-length fragments and demonstrating improved reaction efficiencies
relative to benchtop controls. The full FADS-MNase workflow is applied to generate
mononucleosomal DNA fragments from enriched droplet samples produced by both
FADS outputs.

The final chapter summarizes major findings for each workflow, proposes

technical improvements and interesting new concepts to explore, and places them into
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the broader context of tools enabling study of cellular heterogeneity. These technologies
automate multiple portions of cellular protocols, and all devices are input independent,
making implementation easier, faster, and more flexible for the user. Further work to
integrate them with next generation sequencing analysis would produce all-in-one, high-
throughput technologies for studying heterogeneity in cell samples. Scaling to larger
numbers of cells is as simple as increasing the number of droplets generated, which
positions these workflows for rapid deployment into clinical spheres and patient sample
analysis. Overall, this dissertation demonstrates the capability and potential of modular,

droplet microfluidic workflows to revolutionize cellular heterogeneity studies.
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Chapter 1 Investigating Innate Cellular Heterogeneity Through the Use of

Customizable Microfluidic Platforms for Single-Cell and Low-Cell Input Studies

1.1 Cellular heterogeneity

Cells within a genetically identical population exhibit heterogeneity in their
observable characteristics. Walter Elsasser first proposed this theory of cellular
heterogeneity in 1984 to comment on Harry Rubin’s results demonstrating
morphological heterogeneity observed in cells derived from the same tumor.? This
theory has since been supported in various ways with heterogeneity observed in routine
biological processes,*° responses to environment changes,® and disease
progression.>’~® Common cellular analysis tools typically combine molecules and
features of interest contained within many cells, resulting in a population-averaged
picture with the assumption that all cells present are homogeneous (Fig. 1.1A). This
“bulk” measurement helps define the prevailing cellular response to a stimulus, with any
variations considered to be biological “noise.” However, this assumption does not
always hold true. 0.

Firstly, if we consider “biological noise” more closely, some cells will naturally
exhibit traits different from the observed average. These differences can be random, but
in some cases, they reflect fundamental differences in cell function (Fig. 1.1B). As an

example, Lai et al. found that differences in deoxyribonucleic acid (DNA) packaging in



mouse embryonic stem cells resulted in heterogeneous priming for differentiation.
Secondly, rare subpopulations may be present in a cell sample, but the bulk
measurement can mask their presence (Fig. 1.1C). Such is the case for some small
subsets of tumor cells that can prove resistant to therapeutics,'? allowing them to
survive and causing cancer recurrence. Lastly, it is possible for the population average
to reflect a cell that does not naturally exist. This occurs when two or more important,
but distinct, subpopulations are present (Fig. 1.1D). The average of the subpopulations
will reflect a cell that is biologically meaningless. This was observed in Xenopus oocytes
by Ferrell and Machleder, where the population average missed an “all-or-nothing” cell
maturation response following progesterone treatment.’® These cases of biologically
and clinically relevant heterogeneous cells necessitate the development of novel
technologies capable of isolating and analyzing fewer numbers of cells and further down
to single-cell levels.

Isolation and analysis tools have been developed and applied to study cellular
populations at reduced and individual scales. Cellular isolation is a vital step in assay
protocols to ensure purity of cell samples (i.e., separation of different cell types) and
collection of individual cells. Current methods include serial dilution, micromanipulation,
laser capture microdissection (LCM), fluorescence activated cell sorting (FACS), and
magnetic activated cell sorting (MACS). Of these, FACS is by far the most widely used
approach. Following isolation and sample processing, single-cell samples are
commonly analyzed via DNA microarrays or next generation sequencing (NGS),

although the latter has emerged as the analytical route of choice.



(XA

il
®

Figure 1.1. Important cases of heterogeneity. (A) Originally homogeneous assumption of genetically
identical populations. (B) Seemingly stochastic changes in cell states can have wider reaching impacts.
(C) Population averages (blue) can hide the presence of important but rare subpopulations (yellow). (D)
The presence of equal yet distinct subpopulations (shown in yellow and blue) can lead to a biologically
irrelevant population average (green).

1.1.1 Techniques to study cellular heterogeneity: cellular isolation

1.1.1.1 Serial Dilution

In serial dilution, cell suspensions are iteratively diluted to achieve low cell
concentrations (Fig. 1.2A). These concentrations are based on Poisson statistics (Eqn.
1.1), where the probability, P(x), that a certain number of cells, x, occupies a volume,
depends on the solution concentration and the volume. These parameters determine
the average number of cells expected to occupy each aliquot, A (Eqgn. 1.2). It can be
universally assumed that about a third of aliquots will contain single cells with a
concentration of 0.5 cells per aliquot.' This method is straightforward and inexpensive

to implement, but, due to the statistical reliance, it lacks efficiency and throughput.'41°
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P(x) = (Equation 1.1)

A = cell concentration * aliquot volume (Equation 1.2)

1.1.1.2 Micromanipulation

Micromanipulation has existed since the 1960’s."%'7 In this technique, cell
populations are observed through a microscope, and a micromanipulator machine is
used to mechanically relocate cells to the chosen reaction container (Fig. 1.2B; typically
a well plate or small tube). This technique is beneficial since the tools required are often
already available in most lab spaces, making it generally accessible.'” In addition, users
may visually inspect and choose cells of interest to isolate. However, visual inspection
inherently reduces the throughput of the technique, and the manipulation can cause

mechanical stress on cells.'®

1.1.1.3 Laser Capture Microdissection (LCM)

LCM enables the isolation of cells from tissue samples (Fig. 1.2C). '8 This
facilitates comparison of distinct cell populations from heterogeneous tissue, for
example normal cells vs diseased cells. In LCM, tissue samples are observed through
microscopy, irradiated with a laser, and dissected into desired cell samples. Like
micromanipulation, LCM allows the user to visually inspect and choose cells of interest
for analysis. However, this reliance on human observation lowers throughput since
imprecision in dissection can lead to shearing of cells and loss of material of interest.™®

The requirement of a laser to perform dissections also limits LCM’s accessibility.



1.1.1.4 Fluorescence Activated Cell Sorting (FACS)

FACS was developed in 1969 by the Herzenberg group?® and has become the
most widely used cell isolation method to enable single-cell studies (Fig. 1.2D). A low
concentration solution of cells passes in front of an excitation laser, and the presence of
a desired fluorophore within the cell is interrogated. The cell of interest and its
surrounding solution are aerosolized and electrostatically diverted into a separate outlet
in response to fluorescence intensities above a set threshold. Individual cells can be
isolated by diverting them into different wells on a well plate to be ready for downstream
analysis. Subsequent iterations have elevated the complexity of sorting parameters to
search for up to 12 different fluorophores and two scattering parameters with
throughputs up to 50,000 Hz.2" The incorporation of imaging software has expanded
possible investigation to isolation based on cell size and shape,??>-2* which is beneficial,
as it reduces reliance on fluorescent labeling or modification of cells. FACS requires
extensive training to operate efficiently, and the mechanism of sorting often impedes
cell viability and homeostasis, an obstacle for studying cellular processes.?> Additionally,
FACS commonly relies on cellular expression of a fluorophore that remains contained
inside the cell membrane, not being secreted into the extracellular solution.?® This limits
the types of cells that can be isolated via FACS and raises concerns that in vivo

processes will be altered.

1.1.1.5 Magnetic Activated Cell Sorting (MACS)
Miltenyi et al developed MACS in 1990 to rapidly isolate cells using differential
magnetic activity.?” Figure 1.2E shows the MACS process where a dilute cell solution

flows through a chamber surrounded by a magnet to detain cells responsive to



magnetic fields. Non-magnetic cells elute immediately, while magnetically active cells
only elute following the removal of the magnet. Multiplexed magnetic sorting has also
been developed to isolate cells in up to 25 different outputs, utilizing differently sized
magnetic beads and diversion trajectories.?®2% A major drawback of MACS is that it
requires cells to be magnetically active, either through natural magnetic properties—of
the cells or a surrounding fluid—or through tagging with magnetic beads. This is
commonly accomplished by functionalizing magnetic beads with antibodies specific to
surface markers on the desired cell type’s surface, although expression of surface

markers can be a heterogeneous feature of cell types.303
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Figure 1.2. Commonly used cellular isolation and analysis tools for single-cell studies. Isolation tools
include serial dilution (A), micromanipulation (B), LCM (C), FACS (D), and MACS (E). Microarrays (F) and
NGS (G) technologies have paved the way for analyzing single-cell samples. Figure produced using
BioRender



1.1.2 Techniques to study cellular heterogeneity: single-cell analysis

1.1.2.1 Microarray technologies

Microarrays consist of small glass slides, or “chips,” that are patterned with
known DNA fragments in such a way that tens of thousands of probe sequences are
deposited per chip (shown in Fig. 1.2F). The transcriptome of a single cell or group of
cells can be assessed by converting messenger ribonucleic acid (mMRNA) molecules into
complementary DNA (cDNA), fragmenting and fluorescently labeling the resulting
cDNA, and injecting them on chip. The fragments hybridize with anchored DNA probes,
and fluorescent emission occurs at specific locations, allowing the original mMRNA to be
identified. DNA microarrays can also be used to study genomic content within cells, with
DNA molecules added directly into fragmentation and labeling steps. Integration with
computer software enables rapid imaging and analysis, while the patterned nature of
the chip allows for many sequences to be analyzed at once. This makes microarrays an
attractive tool for high throughput, single-cell analyses. However, DNA microarray
analysis requires previous knowledge about genomic features so that appropriate
probes can be designed and incorporated for detection.®? These probes are limited to
sequences that will not cross-hybridize and lead to errors in identification. The genetic
material requirement is also large, typically requiring 1 — 10 million cells per analysis, so
single-cell studies must pre-amplify the nucleic acid content from single cells prior to the
chip.333* PCR amplification is known to biasedly amplify AT-rich sequences over GC-
rich sequences, which will affect the analysis of sequences assessed on

microarrays.3*3% Additionally, the technique requires access to the precisely patterned



microarrays and sensitive imaging capabilities, leading to an expensive investment that

limits its application.

1.1.2.2 Next generation sequencing (NGS)

NGS technologies became available at the beginning of the 215t century as an
alternative to Sanger sequencing for identifying genome sequences.36-38 Sanger
sequencing is a gel-based method that identifies DNA sequences by performing base-
specified digestion steps and separating fragments by size. Gel separation and analysis
are time consuming and typically performed with large numbers of cells. NGS performs
automated sequence identification of DNA molecules. As shown in Figure 1.2G,
“libraries” of fragmented DNA or cDNA samples of interest must be prepared by
attaching universal adapters that enable hybridization with DNA probes patterned onto a
glass slide, similar to microarrays. Fluorescently tagged nucleotides are added one by
one to the hybridized DNA fragments, and the chip is imaged after subsequent additions
to determine the sequence. Contrary to microarrays, patterned DNA probes bind to
universal adapter sequences attached to DNA fragments, rather than the DNA itself.
This means NGS does not require the user to design DNA probes to investigate
genomic loci of interest, which allows for unbiased sequence identification.3? NGS
technologies achieve high levels of sensitivity and produce large amounts of data, with
human genomes now able to be sequenced in a day.3*3 With the large production of
data, bioinformatic pipelines have been developed to assist in the analysis. These
investments in sequencing instruments and bioinformatic analyses make NGS a

relatively expensive analysis technique.3* And, like microarrays, samples need to be



pre-amplified to produce enough sample from single cells to be detected and can be

victim to PCR amplification biases.

1.1.3 The need for high throughput, accessible technologies for cellular isolation

Taken together, the current methods for cellular isolation and analysis have
enabled promising advances in uncovering heterogeneity within cell samples. However,
there remains a lack of accessible, high-throughput isolation methods that produce
outputs amenable to the discussed analysis techniques. Microfluidics is a recently
developed field focused on developing miniaturized devices that automate sample
processing for high-throughput applications. These technologies are a promising step

towards this goal.

1.2 Microfluidics

Microfluidic technologies have found a unique niche in the study of biological
phenomena, since their small dimensions transfer well to the isolation, culture,
manipulation, and analysis of cells. Culturally known as lab-on-a-chip (LOC) systems,
these devices use channels for fluid handling with dimensions on the micrometer (um)
scale, leading to reaction volumes ranging from pico- to attoliters. These smaller
volumes enhance reaction efficiencies, reduce sample and reagent requirements,
shorten reaction times, and improve detection sensitivities.3® Many microfluidic
geometries have been designed throughout the years to perform various sample
manipulations. Combination of these geometries in series automates multi-step sample
processing workflows, reducing sample losses that compound from repetitive pipetting

steps and decreasing user variability originating.
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The customizability of microfluidics makes it an attractive platform for improved
isolation and analysis tools for studying rare and single cells. Isolation strategies have
been developed to separate cells based on size, morphology, surface marker
expression, fluorescent marker presence, and magnetic activity.*%4! These cell
isolations can be performed passively, through diversion of the cell of interest to a
unique outlet or capture within the device, or actively, where cells are manipulated to
collection locations following their identification. Various methodologies for cellular

isolations are described below.
1.2.1 Microfluidic devices for cellular isolation

1.2.1.1 Hydrodynamic sorting

Hydrodynamic sorting devices leverage variations in the physical properties of
cells to isolate them into pure populations.*! These properties include characteristics
such as size, deformability, density, and morphology. Hydrodynamic sorting
incorporates microfluidic features and/or geometries that divert cells into individual
outlets. The designs and delivery of cell solutions on device are relatively simple and
straightforward to use, leading to the ability to separate multiple cell types at the same
time in a high throughput and label-free manner. Because of that simplicity, however,
hydrodynamic sorting devices are sometimes unable to resolve different cells that have
overlapping ranges of features due to natural heterogeneity or disease. The main
categories of hydrodynamic sorting devices include filtration, deterministic lateral

displacement (DLD), and inertial flow.
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1.2.1.1.1 Filtration

Microfluidic filtration devices pattern an array of posts into a large chamber that
cell solutions are passed through. Filtration devices require cells to fit between closely
placed posts as shown in Figure 1.3A; thus, cells are separated based on their size and
deformability.*? Intuitively, larger, more stiff cells are unable to pass through the array,
allowing smaller, more deformable cells to travel the entire length of the device. The
arrays can be comprised of increasingly smaller posts and gaps to allow for successive
separation of different cell populations. The main challenges of filtration devices include
clogging of devices and physical stress imposed on cells as they deform to fit through

the gaps between posts.

1.2.1.1.2 Deterministic lateral displacement (DLD)

Similar to microfluidic filtration, DLD devices use an array of posts for cell
solutions to pass through. However, DLD separates cells based on their hydrodynamic
radii.*>44 Fluid flow through the chamber leads to the formation of fluid streamlines that
mold around the posts. Cells with smaller hydrodynamic radii will be swept away by
thinner streamlines positioned closer to the posts, whereas the center of mass of larger
cells will be positioned more centrally in the gaps between the posts. These different
behaviors will lead to different trajectories through the device and an ability to separate
different cell types. Unfortunately, the occurrence of fibers within DLD arrays can block
the passage of cells through the device and diminish the discretion ability of the

device.*
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1.2.1.1.3 Inertial flow isolations

In inertial flow-based devices, curved channels are used to apply inertial and
drag forces on cells passing through. As fluids pass through a curved channel, their
inertia causes them to travel towards the outer curve of the channel, but, when reaching
the channel wall, boundary effects recycle the fluid around the outer edges and back
towards the center of the curve.*® Differences in cell size, density, and buoyancy lead to
different magnitudes of displacement that result from the boundary effects and cells
being focused into distinct equilibrium trajectories (Fig. 1.3B). This allows users to use
serpentine,*8 spiral,** or maze-like channels*’ that can separate multiple cell types into
different outputs. The main downside of inertial flow devices is that they sometimes lack
selectivity when separating cell types, given that different cell types can have

overlapping sizes and buoyant properties.

1.2.1.2 Immunochemical

Immunochemical devices rely on interactions between cells in solution and the
solid surfaces present within the chambers. Microfluidic channels have relatively large
surface areas that cells can interact with at multiple points throughout their journey. The
cell-surface interactions fall under one of two categories: transient, low affinity
interactions that alter cell elution time, and immobilizations that use capture agents with
high affinities for specific cell types to bind them within the device.

Because immunochemical isolation methods rely on cell-surface interactions,
they need cells to express desired surface proteins or features relatively consistently,
which can differ due to natural heterogeneity or heterogeneity resulting from disease.

This can reduce the efficacy and recovery of these devices when isolating certain cell
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types of interest. Additionally, the performance of immunochemical devices is highly
dependent on the flow rate, with higher flow rates leading to improved sample purity
since non-specific interactions with non-target cells are minimized, but lower flow rates

improving cell recovery due to stronger interactions taking place with device surfaces.

1.2.1.2.1 Transient interactions

Microfluidic devices are often treated with various solutions to alter the interaction
of fluids, biological molecules, particles, or cells with the device surfaces. These
treatments can be tuned to alter the adhesive interactions between cells and device
surfaces to change cell trajectories or elution times inside the device. One example is
deterministic cell rolling,*8 that coats the device surface to increase the adhesion of a
target cell line to channel walls, leading to their travel through grooves that slowly divert
them to a different output. Non-target cells simply float along fluid streamlines and are
relatively nondiverted. These kinds of channels can be easily parallelized and scaled up

to improve the throughput of sorting.4

1.2.1.2.2 Immobilizations

Capture agents like antibodies*®* or aptamers®' have been applied in
microfluidic devices to immobilize cell types of interest inside the device. An example of
an immobilization device using antibodies to capture circulating tumor cells is shown in
Figure 1.3C. These capture agents enable highly specific isolation of individual cells
which is desirable for producing cell samples of high purity. However, it can be difficult
to release captured cells in a manner that is gentle and does not alter their expressed

phenotype. Some options that have been applied include applying higher flow rates,
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treating with an enzyme or chemical to break the interactions, or incorporating thermally

responsive materials.*’

1.2.1.3 Dielectrophoresis (DEP)

DEP diversion of cells results from the application of a non-uniform electrical
field; this can be achieved by applying an alternating current (AC) field.*%4! Cells and
other materials that are polarizable will take on a dipole moment which leads to
movement towards or away from the applying electrodes, rather than the usual fluid flow
patterns. Varying the electric field magnitude and frequency of the AC enables isolation
of multiple cell types into individual compartments or “cages”.5? DEP-based capture of
individual cells has been commercialized in the DEPArray,®® which integrates
automated imaging with DEP manipulation to visually identify cells of interest and usher
them towards holding cells for later analysis (Fig. 1.3D). Small electrodes are patterned
throughout the DEPArray, and intricate application of electric fields leads to single cells
immobilized on DEP “cushions”. Occupation of each DEP cage is dependent on
Poisson statistics, so despite some arrays possessing many thousands of possible cell
holding sites, the number that actually contain single cells will be limited.53 Additionally,
since selection of cells depends on imaging data, throughput will either be limited (by

user) or dependent on access to expensive software (by computer).

1.2.1.4 Integrated fluid circuits (IFC)

The Quake group has been the main driver in development of IFC devices made
from soft elastomers, such as PDMS.4° Multiple layers of PDMS are stacked with thin,
floor- or ceiling-like layers interspersed. These multilayer devices incorporate flow

channels (for conventional liquid handling) with valve channels that can be variably
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pressurized to block fluid movement into specific regions of the device. This ability to
open and close fluid channels during operation enables precise control over the mixing
of different fluids and adjustment of reaction volume, allowing users to subsequently
perform multiple reaction steps in the same chamber.5* Multilayer devices can be used
to manipulate, isolate, and hold individual cells in vast array patterns and subsequently
perform multi-step reactions and analyses on them, since they are contained in a
restricted volume (Fig. 1.3E).>® The technology has since been commercialized by
Standard BioTools, formerly Fluidigm, with products such as the C1 Auto Prep Chip.
However, isolation of single cells is limited depending on the size of the array, and
fabrication and operation of novel multilayer devices can be challenging for

inexperienced users to accomplish.

1.2.1.5 Magnetic sorting

It bears mentioning that MACS techniques were readily adapted into microfluidic
formats and have helped facilitate many of the advances for the original technique. The
main principles involved are the same as the original MACS technique, but oftentimes,
microfluidic, magnetic sorting devices incorporate a permanent magnet positioned
outside the main channel or ferromagnetic materials patterned into the device design
(the latter is shown in Fig. 1.3F).2%56 Rather than containing all magnetic cells within the
chamber, microfluidic devices often magnetically alter the cellular trajectories within a
channel, leading to isolation of pure cell types from different outlets.?® The main
drawback also remains the same, that magnetic sorting requires cells to possess

magnetic activity, either naturally or through labeling with magnetic beads.
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1.2.1.6 Droplet microfluidics

Droplet microfluidics constitutes a sub-field of microfluidic devices that exist for
biological assays. A second, immiscible phase, known as the carrier phase and often
made up of fluorinated oils, is employed to segment aqueous sample into droplets.
Droplets can be generated rapidly, with rates reaching over 10 kHz.5" This
segmentation compartmentalizes sample into even smaller reaction volumes, with each
individual droplet acting as a separate replicate for the experiment. As droplets pass
through microfluidic channels, fluid vortices naturally form within the droplet, leading to
enhanced mixing of samples®®5%. The small volume of droplets makes them excellent
vehicles for single-cell analyses, and while the number of cells occupying each droplet
will depend on Poisson statistics, droplet analyses are easily scalable. The number of
cells analyzed can be modulated by adjusting the number of droplets generated. This
contrasts with continuous microfluidic devices, where reaction scaling requires a new
design with altered dimensions.

Various geometries have been developed to enable droplet-specific fluid
manipulations, including reagent addition,®%6" sample washing,%? and droplet
sorting.%364 10X Genomics has developed a commercial, droplet generator device that
pairs single cells with barcoded beads inside droplets with reaction components to
accomplish single-cell RNA sequencing (scRNA-seq).%® This device has been able to
perform other single-cell variations on conventional epigenomic techniques,®® and the
principle of incorporating barcoded beads into droplets has been employed for other
techniques such as Drop-seq®” (Fig. 1.3G). Due to the large number of empty droplets

that result from the Poisson distribution of cells, many barcoded beads are needed to
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ensure no cell is alone in a droplet without a barcode. Alternatively, single cells and
beads could be synchronized to enter droplets together, but that is a non-trivial task.
To circumvent the many empty droplets that result during droplet generation,
Baret et al. invented fluorescence activated droplet sorting (FADS).% This technique is
comparable to FACS, but droplet contents are now investigated by the laser, and the
diversion of droplets relies on differences in polarizability between the droplet and
carrier phase. This shift to droplets has two major benefits for single-cell studies. First,
laser irradiation and electric field application are distributed over the droplet volume
instead of single cells, which helps reduce harmful effects that are characteristic of
FACS. Secondly, as mentioned previously, droplets introduce compartmentalization into
microfluidic assays, meaning that any components of interest secreted from cells are
maintained within the droplet volume This expands the possible molecules that a
fluorescent, sorting signal can be derived from. Mazutis et al. used this to their
advantage to enrich droplet samples for cell- and bead-containing based on the

secretion of an antibody from cells.?®
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Figure 1.3. Common microfluidic cellular isolation principles and examples from literature. Cells can be
separated hydrodynamically using pillar arrays*? (A) or differences in inertial flow** (B), via immobilization
with capture agents®® (C), or by dielectrophoretic manipulation® (D). Multilayer devices® can be used to

capture cells in individual compartments (E). Magnetic tags can enable MACS separation®

(F) and

droplets®” can be used to isolate cells into individual, mobile aqueous compartments (G). Figures have

been reproduced with permission.
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1.3 Applications

For the purpose of this thesis, we will focus on two biological applications of
cellular heterogeneity: heterogeneity of extracellular vesicles (EVs) and heterogeneity in

epigenetic regulation.

1.3.1 Extracellular vesicle (EV) dynamics

Cell-to-cell signaling is vital for the survival of an organism. Different cell types
must communicate and cooperate to perform routine biological processes, progress
through development, respond to external stimuli, and eliminate unhealthy cells.8.6°
Cells typically communicate by secreting biological materials into the extracellular
space. These materials, which include ions and metabolites, proteins, ligands, and
EVs,% can be bound by receptor proteins on receiver cells. Figure 1.4 depicts cellular
communication occurring via EV secretion and uptake. Binding by receptors triggers an
internal cascade of protein conformation changes and component binding which
culminates in corresponding alterations to gene expression patterns.

EVs are lipid bilayer wrapped vehicles that transport cellular contents and can
vary in size (30 — 1000 nm),”® cargo (nucleic acids or proteins), and composition (lipids
and membrane proteins). They participate in waste management and cellular
communication through the exchange of materials between cells’®"" Clinical interest in
EVs results from their roles in disease progression and the possibility that their
secretion could be used as a biomarker or modulated as a therapeutic route.”?"3
However, they exhibit many facets of heterogeneity, which makes them difficult to study
with the commonly applied bulk techniques. These methods lack the required resolution

to discover heterogeneity in EV secretion dynamics or EV characteristics,
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themselves.”?7 Thus, single-cell methodologies have been developed to deepen our

understanding of heterogeneity in EVs.
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Figure 1.4. lllustration of cellular communication facilitated by extracellular vesicles (EVs). EVs are
composed of the membrane materials and contents of their origin cells. Nucleic acids, proteins, and small
molecules make up the possible cargoes for EVs to ferry between cells.

1.3.1.1 Bulk EV techniques:

1.3.1.1.1 Ultracentrifugation (UC)

By far, the gold standard for bulk EV studies is ultracentrifugation (Fig.
1.5A).71.7576 UC relies on differences in size, density, and shape of biological
components to isolate EVs for analysis. Cultured cell solutions are centrifuged to
remove cells and cellular debris in the extracellular matrix. An EV pellet results from
centrifugation of the supernatant which can be resuspended to analyze the EVs as
desired. Incorporation of a density gradient medium can help refine the separation of
EVs from other particles present in the supernatant. However, UC techniques suffer
from low yields relative to the sample input and lengthened procedures can

mechanically damage the collected EVs.
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1.3.1.1.2 Ultrafiltration

EVs can also be isolated by size through ultrafiltration—iterative filtration steps
that progressively decrease pore size to obtain EVs of a specific size range (Fig.
1.5B).7".75 Ultrafiltration methods rely on more accessible technology than
ultracentrifugation and can be completed in shorter times. Resulting EV populations are
highly pure, which can benefit analysis downstream. However, filters easily clog and

trap EVs of interest, leading to lower yields in resulting samples.

1.3.1.1.3 Immunochemical techniques

Immunochemical techniques rely on the presence of cell surface markers on EV
membranes to isolate EVs of interest.”" Antibodies are functionalized to a surface, EV-
containing sample is applied and washed away, and bound EVs are analyzed. Figure
1.5C shows capture of EVs from a cell mixture through capture by antibodies for cell
surface markers on the EVs. Due to the use of antibodies, immunochemical isolation
techniques produce highly pure samples of EVs. However, antibody-capture of surface
markers also assumes consistent presence on EV membranes. This can lead to loss of
EVs of interest that do not possess the cell surface marker in high quantities. Enzyme-
linked immunosorbent assays (ELISA) have been applied to isolate and analyze EVs,
however, samples often need pre-enrichment steps, limiting their use in clinical settings.
Magnetic bead-based techniques have also been employed. Antibody-functionalized
beads possess higher surface areas to bind EVs compared to the well plates used in
ELISAs. Additionally, the technique is gentler than the gold standard technique,

preserving the biological activity of EV components.
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1.3.1.2 Single-cell EV tools

While bulk techniques are useful for predicting generalized secretion responses
to stimuli and collecting EVs from biological fluids for diagnostics, heterogeneity in EV
secretion, makeup, and processing is not accounted for. Thus, tools are needed to
visualize EVs at the single-cell level to establish all possible routes of processing,

secretion responses, EV compositions.

1.3.1.2.1 Super-resolution microscopy (SRM)

SRM techniques utilize photo-activatable fluorescent tags to investigate subsets
of molecules of interest at a time.”*"".78 Once activated, fluorescently tagged molecules
can be imaged to determine their location and preferred binding partners. An example
of SRM imaging of EVs is shown in Figure 1.5D, where EVs present in a cell are
observed using stochastic optical reconstruction microscopy (STORM). SRM
techniques are powerful for studying EVs in vivo with precise spatial resolution, and
they have been used to study EV secretion, EV-mediated cellular communication, EV
uptake, and EV fates inside of cells. However, the equipment required for SRM is
expensive, which limits its wider application. Additionally, proteins or lipids on the
surface of EVs must be tagged with a photo-activatable fluorophore, which can alter

their biological utility.

1.3.1.2.2 Microfluidic, single-cell EV devices

Microfluidic devices provide a customizable format to isolate and analyze single-
cell derived EVs, thus there is no standardized design for studying EVs. However, some
common features do arise. Mainly, cells are typically encapsulated within an individual

compartment, whether it is a patterned array, well feature, or a droplet (Fig. 1.1E,
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F).727379.80 As has been discussed above, the number of cells occupying each
compartment will follow a Poisson distribution dependent on cell solution concentration
and compartment volume. Following compartmentalization of cells and incubation to
allow for EV secretion, microfluidic techniques can leverage concepts from bulk
techniques to study secreted EVs, including immunochemical-mediated capture’379.80
and fluorescence imaging.”?"° Microfluidic devices are accessible and flexible, offer
multiplexing and parallel processing capabilities, and enable high-throughput analysis
the type and amount of EVs secreted by single-cell. However, microfluidic devices
employed to study EVs commonly focus on singular assay steps, either isolation of cells
only or analysis following pre-purification from complex mixtures. There is a gap in the
microfluidic technologies available to perform the entire protocol, encompassing

isolation, sample processing, and analysis steps.
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Figure 1.5. Bulk versus single-cell methods for isolating and studying extracellular vesicles. Commonly
used bulk isolation techniques include ultracentrifugation®' (A), ultrafiltration®' (B), and immunochemical
capture using capture agent coated surfaces®? (C) or magnetic beads. Single-cell methods include SRM
techniques such as STORM™ (D), microfluidic capture in wells™ (E) and droplets™ (F). Figures were
reproduced with permission.

1.3.2 Epigenetic regulation

The second biological application focused on in this thesis is cellular
heterogeneity within epigenetic regulation. Deoxyribonucleic acid (DNA) is the molecule
responsible for preserving the information needed for cells to build the molecules and
proteins needed for survival and vital functions. Considering that each human DNA
molecule is 6 feet in length®38* while cells and their nuclei measure ~30- and 10-um in

diameter, respectively, cells must employ various compaction strategies to fit the entire
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DNA molecule within each cellular nucleus. Roughly 146 base pairs (bp) of DNA wrap
around an octamer of histone proteins to form the nucleosome—the fundamental unit of
chromatin. Adjacent nucleosomes then fold around each other in conjunction with the
histone protein H1 to form the 30-nm coil, and these structures continue wrapping
around themselves to form further condensed chromatin structures until they form the
most compact form of chromatin: the chromosome.8586

While the chromosome provides an ideal vehicle to maintain compaction during
latent periods, the DNA is not accessible for transcription machinery to bind and
construct ribonucleic acids (RNAs) and consequently the proteins needed to respond to
stimuli. Thus, cells must balance DNA compaction with the need for DNA accessibility.
They accomplish this through epigenetics—the regulation of accessible DNA regions in
response to environmental cues. Epigenetic regulation involves chemical modifications
to DNA and histone peptide tails, binding to chromatin-associated proteins, binding of
RNA molecules, and the three-dimensional architecture of chromatin itself®”. This
regulation leads to the observation of differing phenotypes for cells that possess
identical DNA. This is the case for differentiated cell types within an organism as well as
phenotypically distinct sets of identical twins. Some common mechanisms of epigenetic
regulation are explained in Section 1.3.2.1. Chromatin accessibility and nucleosome
positioning are of particular interest in this thesis, so discussion on epigenetic profiling
techniques will be limited to those features, some of which are highlighted in Figure 1.6.

The dysregulation of epigenetic mechanisms has been associated with the
development of conditions such as cancer,8-% cardiovascular disease,®! Alzheimer's

disease, 8992 Parkinson’s disease,8992 and autoimmune disorders.8%9 Thus, there has
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been recent interest in investigating the prevalence, location, and distribution of
epigenetic mechanisms throughout the genome to identify potential biomarkers for
disease diagnosis and progression. Since lifestyle choices can impact an individual’s
epigenome, epigenetic biomarkers pose an attractive target to link the genome and
environment. Additionally, they could contribute to the development of personalized
therapies.92%4-% The advent of technologies like next generation sequencing (NGS)
facilitated the development of a diverse toolbox of epigenetic profiling techniques.%4°7
These techniques advance our understanding of the complex relationships that exist

between epigenetic mechanisms, environmental cues, and disease progression.
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Figure 1.6. Common mechanisms of epigenetic regulation employed in the cell to balance DNA
compaction and accessibility. Figure produced using BioRender.
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1.3.2.1 Common epigenetic regulation mechanisms

1.3.2.1.1 DNA methylation

DNA is a polymer composed of four nucleotide subunits: adenine, thymine,
cytosine, and guanine (A, T, G, C, respectively). These four nucleotides combine in
varying sequences to communicate genetic information. DNA methylation occurs when
a methyl group is attached to a cytosine nucleotide to form 5’-methylcytosine.®® Often,
this occurs when cytosine is followed by a guanine nucleotide (CpG site). DNA
methylation has been shown as an effective gene regulation tool, leading to stable
silencing of sections of DNA. It plays a vital role in cellular differentiation, X

chromosome inactivation, and embryonic development.%8-101

1.3.2.1.2 Histone tail modifications, chromatin associated proteins, and transcription
factors

The modification of amino acid residues along the peptide “tails” of histone
proteins making up the nucleosome alters gene expression patterns.'02193 These
modifications often alter the charge associated with the histone tail which modulates the
electrostatic interactions between the nucleosome and DNA molecule, which naturally
possesses a negative dipole moment. Modifications that effectively increase the
positivity of the histone tails (negative to neutral or neutral to positive) strengthen the
electrostatic attraction between DNA and the histone tail. This stronger attraction elicits
tighter interactions between the two, decreasing nucleosome mobility along the DNA
molecule and the accessibility of the underlying DNA. Conversely, effective decreases
in charge (positive to neutral or neutral to negative) weaken the electrostatic interactions

between DNA and the histone tails, allowing the DNA to be associated more flexibly
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which increases accessibility of the DNA. Commonly studied modifications include
methylation, acetylation, phosphorylation, and ubiquitination.86.90.104

Histone tail modifications also affect chromatin structure by recruiting remodeling
enzymes and other chromatin associated proteins (CAPs) that affect the organization or
usage of DNA."%* CAPs interact with DNA to alter the expression of different genes
during development, regular maintenance of homeostasis, and in disease.’%®
Transcription factors (TFs) constitute one CAP class that bind DNA and regulate the
transcription process.'%-17 Understanding what sequences TFs tend to bind expands
our understanding of their biological roles and facilitates prediction of other potential

DNA binding sites in the genome.

1.3.2.1.3 Chromatin architecture

Chromatin adopts higher order structures to maintain DNA compaction, but these
structures can also have a regulative effect on different gene regions. Outside of mitosis
or meiosis, the chromatin of distinct chromosomes occupies different spaces within the
nucleus, known as chromatin territories.'?.1% These allow distal regions of DNA on the
same chromosome to cluster together and interact in different ways. One example is the
promoter/enhancer chromatin loop, where an enhancer DNA sequence contained up- or
downstream of a gene promoter sequence is brought into close proximity to the latter,

improving transcription dynamics.'"°

1.3.2.1.4 Chromatin accessibility and nucleosome positioning
Transcription of genes begins with binding of proteins to form complexes that
recruit TFs and then RNA polymerase 11.797.111 Binding occurs at specific DNA

sequences and requires chromatin to be in its extended conformation, known as
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euchromatin.*112-114 Euchromatin is characterized by looser spacing of nucleosomes
over DNA but conserved nucleosome positions relative to the underlying DNA
sequence. On the other hand, heterochromatin is more compacted, with nucleosomes
evenly spaced but positioned at various locations relative to underlying DNA sequence.
Thus, the position of nucleosomes throughout the genome has been investigated to

gain insights into epigenetic regulation.

1.3.2.2 Techniques for profiling chromatin accessibility and nucleosome positioning

Profiling the locations of nucleosomes and accessible chromatin throughout the
genome is of particular importance in the work of this thesis, so we will specifically
highlight the gold standard profiling techniques used to study them. Protocol steps are
described following cell and nuclear membrane lysis or extraction of nuclei. Figure 1.7
highlights major protocol steps involved with the three main nucleosome positioning and

chromatin accessibility profiling techniques.

1.3.2.2.1 Micrococcal nuclease digestion paired with sequencing (MNase-seq)
MNase-seq utilizes the endo-exonuclease micrococcal nuclease to digest DNA to
mono-nucleosome-length DNA fragments.''%-16 The digestion activity of MNase was
initially leveraged in 197417 by Markus Noll to support the theory that nucleosomes are
the fundamental packaging unit of chromatin. The emergence of NGS technologies
expanded the usefulness of MNase digestions to generate maps of nucleosome
locations throughout the genome in a high-throughput manner.3¢ Cells are lysed, which
exposes chromatin so that MNase can fragment the DNA. The digestion is quenched by
adding EDTA to chelate calcium ions required for enzyme activity. DNA fragments

bound to proteins are subsequently released and sequenced. Linker DNA between
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nucleosomes and in open regions of chromatin is especially susceptible to MNase
digestion, while DNA bound within nucleosomes or to CAPs is blocked and remains
intact. Thus, MNase-seq is commonly used to reveal genome-wide locations of

nucleosomes and CAPs.

1.3.2.2.2 MNase accessibility of chromatin (MACC-seq)

MACC-seq was developed to maximize epigenomic information derived from
MNase-treated cells. '8 The technique applies several concentration levels of MNase to
different cell samples to directly map active regions of chromatin in addition to
nucleosome positions. Lower concentrations of MNase allow longer higher-order
fragments to remain intact while higher concentrations produce mononucleosome-
length fragments almost exclusively, allowing researchers to expand their

understanding of various levels of nucleosome-mediated organization.

1.3.2.2.3 DNase | hypersensitive sites sequencing (DNase-seq)

Deoxyribonuclease | (DNase I) is another enzyme commonly used to digest
chromatin. DNase | cleaves DNA molecules via endonuclease activity at DNase
hypersensitive (HS) sites,"® which occur within nucleosome-free regions of chromatin.
Due to their genomic context, DNase HS sites tend to occur near DNA sequences that
are actively being transcribed. While DNase | cleaves DNA in open regions, it does not
have significant exonuclease activity, meaning it does not continue to digest DNA
molecules following cleavage.'?° This contrasts MNase, which fully digests exposed
DNA segments. Thus, DNase | digestion produces DNA fragments within open
chromatin regions that can be sequenced to map accessible gene regions present

throughout the genome. "9
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1.3.2.2.4 Assay for transposase-accessible chromatin (ATAC-seq)

ATAC-seq also identifies accessible chromatin regions within cells.8312! The

assay employs Tn5, a transposase enzyme that natively catalyzes the transposition, or

‘jumping”, of genes between different chromosomal locations. Tn5 works by cleaving

chromatin then tagging on a replacement DNA sequence to the resulting strands, a

process known as “tagmentation”.'?? This cleavage event occurs preferentially within

nucleosome-free regions since they are readily accessible to interact with proteins.

Because of this preference, ATAC-seq generated maps of released DNA fragments will

cover similar gene regions to DNase-seq. The replacement sequence tagmented onto

genomic DNA can be chosen to apply primers and sequencing indices, which

streamlines later library preparation steps and helps reduce the number of cells needed

to generate usable results. Thus, the standard ATAC-seq sample size is 50,000 cells,

and it has been shown to generate sequencing data from as few as 500 cells.'?3
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Figure 1.7. Comparison of common protocols for profiling chromatin accessibility and nucleosome
positioning assays. Figure produced using BioRender.
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1.3.2.3 Low-input techniques for studying chromatin accessibility and nucleosome
positioning

The conventional techniques developed to study different epigenetic
mechanisms require millions of cells to generate high signal to noise ratios.1%124.125
This large sample requirement results from routine sample losses through many
pipetting steps and poor reaction efficiencies with enzymes and antibodies.’?6:127
However, epigenetic regulation is not immune to variations from cellular heterogeneity.
Thus, bulk, population-level techniques blur the contributions of individual cells and
subpopulations that could be biologically relevant. It also limits the possible application
of these methods to studies on rare or limited cell samples, such as those obtained from
biopsies (typically only ~1000 cells).?7128

Epigenetic profiling techniques have been developed to address this limitation
and have profiled the epigenome of limited cell numbers.'21.12%.130 Some researchers
have turned to using microfluidic methods of analysis due to their miniaturized volume,
automated reagent manipulations, and improved reaction efficiencies. Additionally,
several techniques have been converted to single-cell formats to expand our
understanding of cell-cell variations in the epigenome, some of which incorporate

microfluidic technologies.* 131132

1.3.2.3.1 Single-cell MNase-seq (scMNase-seq)

Lai et al. adapted MNase-seq to investigate the heterogeneity of nucleosome
positioning patterns in single cells.* They utilized FACS to obtain single cells in
individual PCR tubes, then performed MNase digestions at a volume two orders of

magnitude lower than bulk MNase experiments.''® Libraries were prepared for DNA
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fragments derived from individual cells then sequenced. Application of the technique to
three mouse cell lines led to the observation that nucleosome spacing was tightly
controlled along inactive gene regions, while the positions of nucleosomes within active
chromatin was conserved more strictly. Variation in specific spacing or nucleosome
positions was apparent between individual cells, so these organizational principles were
unclear in bulk MNase-seq processing. Single-cell MNase-seq would still benefit from
further volume reductions to improve the MNase reaction efficiency and reduce reagent
usage. Additionally, single-cell isolation via methods other than FACS would be

desirable to minimize adverse effects on cellular homeostasis.

1.3.2.3.2 Low-input MNase accessibility of chromatin (low-input MACC-seq)

Low-input MACC-seq reduced the volumes of reagents used per titration while
scaling the units of MNase applied to the number of cells included.'?8133 This facilitated
production of MACC-seq libraries from as few as 50 cells per titration. The reliance of
this technique on several MNase titrations requires that different cell samples are used
for analysis of each nucleosome-organization level. This means that unique features of
organization could be missed, and the total number of cells required will scale with the
number of titration steps included. Additionally, low-input MACC-seq relies on FACS to
obtain cellular populations which could alter cellular mechanisms of epigenomic

organization.

1.3.2.3.3 Droplet microfluidic platform for MNase-seq
The Bailey Lab developed a droplet microfluidic module for performing
simultaneous steps of the MNase-seq procedure.'3* Whole cells are injected into

droplets along with lytic components and MNase to perform simultaneous cell lysis and
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DNA fragmentation. The reaction is quenched by injecting EDTA into droplets at the end
of the device, and DNA fragments can be purified and analyzed in bulk. The
incorporation of ~150 pL droplets improves reaction efficiencies, allowing the process to
be performed at room temperature whereas other techniques require incubation with
MNase at 37 °C.#115.133 MNase-seq libraries were produced from as few as 2500 cells.
This technique would benefit from adaptation to include wider varieties of cell types,

including those possessing cell walls.

1.3.2.3.4 Single-cell DNase-seq (scDNase-seq)

Similar to scMNase-seq, scDNase-seq isolates single cells into individual tubes
following FACS treatment, then conventional lysis and DNase digestion occur in
reduced volumes.'3? Libraries are prepared from released DNase HS fragments. To
prevent significant losses of the small amounts of DNA fragments obtained from single
cells, circular DNA plasmids are added as carrier DNA to be sacrificed in sample losses
that occur during processing. These circular plasmids are incompatible with adapter
ligation and will not amplify. Application of scDNase-seq reaffirmed that DHS
occurrence in single cells is a strong predictor of gene expression. Consolidation and
automation of these processing steps would be desirable to reduce sample losses

incurred during multiple pipetting steps.

1.3.2.3.5 Single-cell ATAC-seq (scATAC-seq)

Single-cell ATAC-seq has been accomplished through multiple strategies. The
first report of sSCATAC-seq relied on combinatorial indexing of nuclei to distinguish
accessible chromatin regions in single cells while avoiding exclusive processing of

individual cells.3® In combinatorial indexing, nuclei are extracted and distributed into
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wells for Tn5 digestion and tagmentation of cells. Nuclei are subsequently pooled before
being evenly distributed via FACS into new wells, where DNA fragments are uniquely
barcoded a second time during DNA amplification. This technique relies on the
assumption that it is unlikely for two single cells to follow the same indexing path, the
likelihood of which can be tuned by modulating the number of nuclei present in the
second well. However, balancing the desire to minimize single cells with the same
combinatorial path impedes the throughput of the method due to the large number of
wells needed to facilitate low numbers of nuclei within the second well.

Buenrostoro et al. incorporated a commercialized, programmable IFC (Standard
BioTools’s C1 Single-Cell Auto Prep System) to capture single cells in individual
compartments and perform ATAC-seq."®' Following Tn5-mediated barcoding of DNA
fragments, single-cell libraries were pooled, amplified, and sequenced. Buenrostoro et
al. were the first researchers to accomplish truly single-cell ATAC-seq processing, and
they identified specific DNA regulatory elements associated with modulation of
chromatin accessibility variance. However, their technique maintains the conventional
drawbacks of IFCs, namely that isolation of individual cells on the device is low
throughput due to the need to manually identify individual cells for isolation and limited
space on each chip.

Subsequent scATAC-seq efforts have turned to droplets as the platform to isolate
and process individual cells.?6.13¢ Tn5 treatment is performed in bulk, single-nuclei
suspensions with the assumption that chromatin is contained within intact nuclei. Nuclei
are then distributed into droplets with components for barcoding and DNA amplification

via commercial droplet generator technologies (BioRad ddSEQ Single-Cell Isolator and
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10X Genomics Chromium platform). Via these techniques, Lareau et al. were able to
unbiasedly identify cell types from tissue samples and observe cell-type-specific
changes in chromatin accessibility following stimulation,®¢ while Satpathy et al.
investigated the activity of regulatory elements in cellular differentiation and tumor
landscapes.'3® These techniques are inherently scalable, but isolation of single-nuclei
into droplets with individual barcoding beads relies on Poisson statistics: multiply-
barcoded DNA fragments from individual cells need to be deconvoluted, while some

barcode beads will be unused in empty droplets.

1.4 Dissertation Overview

The following dissertation describes work in developing modular, droplet
microfluidic workflows to isolate single-cells and cell subpopulations to perform single-
cell or low-input biological assays. Chapter 2 focuses on the expansion of a Bailey Lab,
droplet washing technology ©? to isolate single cells into droplets through the new
CellMag-CARWash workflow. Two different cell types were successfully isolated with
high purity in product droplets. CellMag-CARWash was subsequently applied to
incorporate a single-cell level molecular treatment to study the response in EV secretion
dynamics from single cells. A second device incorporated after droplet incubation
removed cells from droplets to facilitate fluorescence imaging of EVs for analysis.
CellMag-CARWash processing revealed heterogeneity in EV secretion for treated and
non-treated cells. Chapter 3 characterizes the use of FADS to separate fluorescent cell
subpopulations from cell mixtures and provide enriched, cell-containing droplet
populations for downstream droplet processing. Specifically, a droplet microfluidic,

nucleosome positioning device '3 was used to generate mono-nucleosome length DNA
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fragments from cell wall-possessing cells. Modifications to the overall setups, device
designs, and operation parameters facilitated cohesive use of the devices in series and
demonstrated potential for their application to study epigenetic differences between cell
subpopulations. Finally, Chapter 4 describes the anticipated application of the FADS-
nucleosome positioning workflow, intriguing future work for both device workflows, and
comments on the challenges and benefits of modular droplet microfluidic workflows for

studying single- and low-input cell samples.
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Chapter 2 CellMag-CARWash: A Droplet Microfluidic Workflow for Isolation of
Single Cells from Complex Mixtures for Use in Downstream Processing and

Analysis

Claire D. Cook, Brittany T. Rupp, Emma A. Purcell, Matei Pop, Abigail E. Radomski,

Nicolas Mesyngier, Ryan C. Bailey*, Sunitha Nagrath*

The following chapter was adapted from a manuscript currently in preparation.

2.1 Introduction

It has been established that within any population of seemingly identical cells
some cell-to-cell differences exist.! Traditional bulk analyses of a cell population often
results in an average signal of the population being reported, ignoring rare cell
populations and heterogeneity within samples. Therefore, single-cell studies have
gained momentum over the past ten years as researchers have begun to recognize the
value of being able to observe heterogeneity within cell populations.>-> Nature has
recognized both single-cell sequencing and single-cell multimodal omics as methods of
the year in 2013% and 2019,” respectively. Along these lines, single-cell functional
studies are also evolving. Studies examining cellular heterogeneity in diseases such as
cancer show how cellular differences can affect everything from immune response to

drug resistance.®-'° Cells also demonstrate heterogeneity in their ability to signal and
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communicate with other cells, through either direct interactions or from secreting
signaling molecules like cytokines and extracellular vesicles (EVs)."-'4 Cell
communication can affect multiple important processes including development, cell
growth, differentiation, migration, and apoptosis.’>~'” However, to further examine
heterogeneity and how it relates to cellular behavior and function, it is necessary to first
isolate and maintain viable single cells in an easy to use and manipulatable format for
further analysis.

The most common single-cell isolation techniques are fluorescence activated cell
sorting (FACS), magnetic activated cell sorting (MACS), manual cell picking, and
microfluidics.'®'® FACS, MACS, and manual cell picking offer the ability to isolate single
cells, but require large sample volumes, can be expensive, non-specific, and/or require
specialized training and high skill to perform. Alternatively, microfluidic technologies for
single-cell isolation are becoming increasingly common. The small scale of microfluidic
devices allows researchers to manipulate fluids on a pico- and micro- scale, allowing
them to minimize assay volumes. Commercial single-cell microfluidic technologies are
available, including the DEPArray,?° which manipulates single cells in a chamber using
dielectrophoresis (DEP), and integrated fluidic circuits (IFC)?' that move single cells into
chambers using a system of pressure controlled microfluidic valves. Both technologies
have been applied in multiple studies to obtain single-cell data,?>23 but they suffer from
limitations, such as lengthy processing time, unvalidated for use in live cells
(DEPArray), and limited ability to collect significant numbers of cells (IFC).24:25

Droplet-based microfluidics, a sub-type of microfluidic devices, are technologies

that enable compartmentalization and analysis of analytes in a high throughput
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fashion.?-%26 These droplets can isolate single cells into aqueous droplets surrounded
by an oil phase. This creates a small reaction chamber for each individual cell that can
be characterized or assayed using low volumes. Additionally, droplet microfluidic
technologies are scalable, allowing users to adjust the number of cells analyzed per
experiment by modulating the volume emulsified.?”2¢ One successful, commercially
available, single-cell droplet microfluidic technology, the 10X Genomics Chromium
system, has been used across multiple studies to examine chromatin accessibility, gene
expression and protein expression.?%3% However, for samples with contaminating cell
populations, the Chromium system provides no pre-sorting of the sample to remove
unwanted cells, necessitating either incorporation of an additional isolation step using
techniques such as FACS or elimination of undesired cell profiles during data analysis.
Hence, there is a highly significant, unmet need for easy to use, streamlined strategies
that can separate target cells from heterogeneous, complex samples then interrogate
them individually at the single-cell level.

Here, we describe the adaptation and expansion of the droplet microfluidic CAR-
Wash system to isolate single target cells from a bulk cell mixture. The CAR-Wash
system was originally developed to enrich small molecules attached to magnetic beads,
such as proteins or DNA fragments, by pulling beads to the edge of the device using a
magnet then resegmenting them into product droplets. In this study, we show that a
target cell population can be specifically tagged with magnetic beads using custom
antibody panels while contaminating cells have minimal bead attachment. When a
tagged mixture is inputted into the new CellMag-CARWash system, the target cell

population is separated, and single cells are isolated into droplets for further analysis.
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The efficiency and purity of this system was quantified on two different mixed
populations of cells with different target antigens.

While single-cell droplet suspensions could be used for a variety of applications,
such as single-cell sequencing, we chose to use them to study a relatively new field:
single-cell EV secretions. EVs are nanovesicles that contain limited genetic material and
therefore are typically pooled together from multiple cells for analysis. There is little
known about the differences in EV secretion between cells, if certain subsets of cell
populations are high or low EV secreting cells, and if a difference in secretion can reveal
clinically important biological insights. Single-cell cytokine studies performed using
technology such as the Isoplexis system have shown differences in single immune cell
cytokine secretion profiles, type and number of cytokines, and how these differences
may relate to the efficiency of CAR T-cell therapy and immunotherapy.3'-32 Current work
in single-cell EV secretion consists of either antibody-based capture of secreted EVs,
which may miss EVs lacking expression of certain proteins, or culturing single cells in
droplets to accumulate all EVs for quantification. However, these single-cell, droplet
microfluidic techniques require pure populations of cells as input for droplet
generation.343% Therefore, in this study we show not only the selective isolation of
specific cell populations using the CellMag-CARWash system, but also the potential of
using this system to study the heterogeneous secretion of EVs in cells treated with a
therapeutic on the single-cell level. We demonstrate successful collection of EVs
secreted from single cells in droplets and analyze them to show the varied responses of

cells to stimulation.
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2.2 Materials and Methods

2.2.1 Cell culture

All cell lines were cultured at 37 °C, 5% CO2 under normoxic conditions. NK92mi
cells were cultured in a T75 flask with 10 mL of minimum essential medium alpha
(MEM-q, Thermo Fisher) supplemented with fetal bovine serum (Sigma), horse serum
(Thermo Fisher), myo-inositol (Sigma), folic acid (Sigma) and antibiotic-antimycotic
(Thermo Fisher). Jurkat cells (T-cells) were cultured in a T75 flask with 10 mL of
Roswell Park Memorial Institute (RPMI, Thermo Fisher) supplemented with fetal bovine
serum and antibiotic-antimycotic. MCF7-GFP cells were cultured in a T75 flask with 10
mL of Dulbecco’s Modified Eagle’s Medium (DMEM, Thermo Fisher) supplemented with
fetal bovine serum and antibiotic-antimycotic. NK-92mi cells and Jurkat cells were
subcultured every 2-3 days by removing 80-90% of the cell solution and replacing it with
fresh media. MCF7-GFP cells were subcultured when they reached 70-80% using Tryp-
LE. All cell lines were tested and reported negative for mycoplasma using MycoAlert
Mycoplasma Detection Kit (Lonza, Basel, Switzerland).

To better visualize cells and improve the analysis, NK cells and T-cells were
fluorescently labeled with CellTracker dye (Thermo Fisher). Cells were removed from
culture, washed with PBS to ensure no serum remained and resuspended in 5mis of
serum free media and 5uL of CellTracker. The cells incubated for 30 minutes at 37°C

before being washed twice with PBS to remove the remaining CellTracker.
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2.2.2 Magnetic bead preparation and attachment to cells

To isolate cells using magnetic beads, cell-specific antibodies were first
conjugated on to magnetic beads before attaching the beads to the cells. First, the
streptavidin coated M280, 2.8um Dynabeads™ (Thermo Fisher) were removed from the
sterile bottle and rinsed 5x with 0.2um filtered PBS by pressing a magnet to the side of
the tube, allowing the liquid to be removed and the beads left behind. The clean beads
were then resuspended in their original volume of 0.1% BSA (Sigma) in PBS. For NK
cell attachment, biotinylated anti-CD56 antibodies (R&D Systems, cat# BAF2408) were
then incubated with the beads at room temperature for 30 minutes on a rocker, allowing
the biotinylated antibodies to bind with the streptavidin coated Dynabeads™. For MCF7
GFP cell attachment, biotinylated anti-EpCAM (R&D Systems, cat# BAF960), anti-
CD133 (Miltenyi Biotec, cat# 130-113-185) and anti-EGFR (RayBiotech, cat# MD-02-
0006) antibodies were incubated with beads. Following antibody binding, excess
antibody was rinsed off by diluting the bead-antibody solution with 1mL of 0.1% BSA in
PBS. The beads are then again trapped using a magnet, allowing the solution to be
removed. The anti-CD56 conjugated beads are rinsed 4 times. After conjugation, beads
are incubated with the cells of interest at room temperature on the rocker for either 30
minutes (NK cell attachment) or 1.5 hours (MCF7 GFP attachment). Before further

experimentation, bead-tagged cells are imaged to ensure effective bead attachment.

2.2.3 Microfluidic device fabrication

Device fabrication has been described previously.*® Masters are fabricated using
standard photolithography techniques. SU-8 2025 negative epoxy photoresist is spin

coated to a thickness of ~40 um on a silicon wafer and baked. It is exposed to UV light
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through a design mask transparency obtained from CAD/Art Services, Inc. Device
designs are constructed using AutoCAD software. Unpolymerized photoresist is
removed via development in propylene glycol monomethyl ether acetate. After baking,
wafers are treated with tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane using
chemical vapor deposition. To fabricate devices, polydimethylsiloxane (PDMS) is mixed
at a 10:1 ratio of base to curing agent, degassed, and poured onto the master. Once
cured, the PDMS stamp is cut out and ports are punched out using a 30-gauge needle
or a 0.75mm biopsy punch (Robbins Instruments, cat¥ RBP-075). The stamp is bonded
to a glass slide (droplet generation) or coverslip (CellMag-CARWash) via oxygen

plasma activation.

2.2.4 Microfluidic device set-up

All devices are treated prior to the experiment with aquapel (Pittsburg Glass
Works, cat#47100); this incubates for one minute before being flushed and replaced
with FC-40 oil (Sigma Aldrich, cat#F9755). Pieces of #30 PTFE Masterflex tubing
(Masterflex, cat# 06417-11) are inserted into the device ports then their respective
pressure vial. The output tubing of each device collects into a 0.6-mL Eppendorf tube.
1% (w/v) Fluorosurfactant-008 (RAN Biotechnologies, Inc, 008-FluoroSurfactant-1G;
abbreviated FO008) in Novec 7500 oil (The 3M Company; Novec 7500) serves as the oil
phase for droplet generation and CellMag-CARWash processing.

Reagents are delivered on device using a custom-built pressure controller.
Nitrogen gas is directed into two splitting manifolds that connect to several two-stage
regulators. These regulators allow for pressure selection. The gas then passes through

an array of LHDAO0531115H solenoid valves that actuate in response to LabView
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signals from an NI PCIE-6251 multifunction data acquisition device. The headspaces of
reagent vials are pressurized via steel pins, and reagent is driven onto the devices via
20-centimeter-long pieces of #30 PTFE tubing. Both droplet generation and CellMag-
CARWash devices are imaged on a Leica DMi8 light microscope, and videos are
captured using a VEO 640L high-speed camera from Vision Research Inc. Image

processing occurs using Imaged software from the National Institute of Health (NIH).

2.2.5 Single-cell droplet generation

We have previously described the droplet generation process,?” thus here we
described the specifications for this system. The cell solution is pipetted to mix the
contents before 30-50 uL is aspirated to load into the “sample hopper”. The hopper
consists of a cut 200 pL pipette tip placed inside a pressure vial and connected to the
device via 5 cm length of #30 PTFE tubing and 5 mm length of Tygon tubing
(Masterflex, cat# 06460-18). This vial is inverted to contain the sample inside the pipette
tip. Typical pressure settings would be 75 kPa for the oil and 60 kPa for the cell solution.

Device operation takes between 5 and 15 minutes, depending on sample size. At
the end of operation, air enters the device, at which point the cell solution pressure is
turned off to allow the oil to rinse the sample hopper. At this point, sample loading and
device operation can be repeated. The device can be re-used several times for identical
samples. Device usability is determined through brightfield imaging of the device to
check for blockages or contamination. Output droplets are rinsed with oil phase before
the tube cap is cut off and the tube placed inside a vial to be pressurized to deliver

droplets onto the following device.
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2.2.6 CellMag-CARWash processing

Droplets are injected (~35 kPa) into the device and initially spaced out with an oil
spacer (~45 kPa). Droplets enter the washing chamber and coalesce with the wash
buffer (~45 kPa) due to application of an electric field. The electric field is delivered via a
ground electrode channel filled with 3 M sodium chloride. A platinum wire inserted into
the wash buffer solution serves as the positive electrode. After coalescence, cells are
carried along by the washing buffer. Magnetic-bead-tagged cells are attracted towards
the eight Neodymium magnets installed on the device, approximately 400 ym away
from the washing channel. An oil coflow (~45 kPa) is used to prevent cells and magnetic
beads from sticking to the channel walls. Cells and magnetic beads in the lowest
streamline will be resegmented into new droplets at the end of the device. All other
material in the buffer stream will be sent into waste (~15 kPa). The sizing of output
droplets can be adjusted by varying the pressure of a 2% (w/v) FO08 in Novec 7500 oil
phase input (~30 kPa) at the resegmenting junction. Output droplets can be collected for
imaging analysis or sent to downstream processing steps at this point. For future
magnetic droplet splitting, droplets are collected into a 12-well plate and incubated
overnight at 37 °C. Extra oil phase is added as necessary to keep droplets hydrated and
prevent breakage and merging.

Operation time typically takes between 15 and 45 minutes, depending on sample
size. Wash buffer and the oil phases are used to rinse the sample input tubing and carry
all resegmented droplets into collection. Each CellMag-CARWash device can be reused
for replicate samples, but a new device is set up for different sample types or in

response to debris collecting within the channel.
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2.2.7 Magnetic droplet splitter processing

Following overnight incubation, samples are collected into Eppendorf tubes and
prepared for processing on a magnetic droplet splitting device as they were prior to
processing via CellMag-CARWash. On device, droplets (~30 kPa) are spaced out by an
oil flow (~25 kPa; 2% (w/v) FO08 in Novec 7500 oil) before traveling through a channel
lined by eight Neodymium magnets installed in the coverslip and encountering a
channel wall that juts into the channel. Droplet volume splits into two output channels,
with magnetic bead-tagged cells entering the right-most output, due to their attraction to
the lower channel wall. One of the output channels is contained in a vial that can be
pressurized to assist with troubleshooting fibers stuck in the device. A second oil flow
(~20 kPa; 2% (w/v) FOO08 in Novec 7500 oil) is applied at the splitting junction to enable

real-time adjustment of the volumes sent into each output channel.

2.2.8 Droplet manipulation and analysis coalescence

Following droplet generation, CellMag-CARWash processing, and/or magnetic
droplet splitting, cells in droplets (referred to as simply droplets) are either kept intact to
investigate droplet stability and cell viability in live cell experiments, or coalesced using
1H, 1H, 2H, 2H-perfluoro-1-octanol (Sigma Aldrich, cat# 370533) to gather the cells into
the aqueous phase for ease of counting.

Droplets that have coalesced combine to form one aqueous phase that can be
distinguished as a layer on top of the oil phase. The aqueous phase with cells is
removed and put into a well plate for imaging. Droplets were coalesced from the
CellMag-CARWash product and waste streams, as well as from the droplet splitter EV

and magnetic outputs. After coalescence, cells were imaged at 30x in fluorescent
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channels to identify cell types and quantities, and in brightfield to quantify the number of

beads per cells using a Nikon Ti2 Eclipse microscope.

2.2.9 Live/dead analysis

Live/Dead Viability Kit (Invitrogen Kit #.3224) was used to determine the viability
of cells within the droplets. However, as it was not possible to easily introduce the assay
to the droplets, a portion of the droplets were placed in a well plate and excess PBS
was added. By mixing the droplets with the excess PBS, this caused the droplets to
break and cells to gather in the PBS solution. The PBS solution was then removed from
the oil, placed in a new well and 0.5 pL of calcein-AM and 0.25ul of ethidium
homodimer-1 per 200 uL of PBS was added to the cell suspension. The solution
incubated for 30 minutes in the dark before being imaged using fluorescent microscopy.
Cells were counted as either live or dead based on the presence of FITC

(green/calcein/live stain), PE (red/ethidium homodimer-1/dead stain).

2.2.10 Bulk EV quantification using nanoparticle tracking analysis (NTA)

NTA for EVs secreted from cells with and without beads (Fig. 2.6) was performed
using the Malvern NanoSight system. A diluted EV solution obtained from
ultracentrifugation was injected into the machine to obtain five 60-second-long videos of
EVs in scatter mode. Data acquisition and processing was performed using the
NanoSight NS300 control software. For each video, the concentration of the particles in
the size range of 30 -1000 nm was determined. The average concentration and particle

size for each sample was determined and reported.
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NTA for EVs secreted from a bulk solution of cells cultured with and without (3-
Estradiol (Fig. 2.7, Fig. 2.9A) was performed using the Zetaview (Particle Metrix). A
diluted EV solution obtained from ultracentrifugation was injected into the machine and
the concentration and particle size was determined across 11 positions in the chamber.
This was repeated three times for each sample. To account for diffusion limitations in
the chamber, the average of the three highest concentrations from each replicate were
used to determine an overall sample concentration. The concentration was normalized
to the original volume and a relative concentration based on samples cultured without (3-

Estradiol was determined.

2.2.11 Single-cell secreted EV droplet analysis

To evaluate the single-cell EV concentration in droplets, after processing with the
droplet splitter, droplets were placed in the 50 um tall imaging chamber device. The
imaging chamber consist of the PDMS top that previously described in Yoon et al, but
briefly is a 50 um tall single chamber that is approximately the dimensions of a 1"x3”
glass slide. The difference in this imaging chamber used here is that the PDMS
chamber is bonded using an Oz plasma etcher directly to a glass slide, creating one
large chamber. Imaging chambers are first primed with oil before loading the droplets
using a Harvard syringe pump at 10 yL min-'. Once droplets are loaded into the
chamber, the device was imaged at a 60x objective. Post imaging analysis was done on
the Nikon elements software. Briefly, 100+ droplets from each sample were manually
identified and their border circled. Any droplet that contained a cell was removed from
analysis. The fluorescent intensity of each circled object was recorded. Additionally,

regions with no droplets were identified and circled to obtain the background fluorescent
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intensity of the device. This average background intensity was subtracted from each

droplet to obtain the normalized fluorescent intensity for each droplet.

2.3 Results

Figure 2.1 shows the overall workflow of our study, consisting of two parts: the
isolation of single cells from a mixed population into droplets, and further analysis of the
EV secretion from these cells using a droplet splitter device with additional imaging and
analysis. Cells of interest within a complex mixture were first tagged via the “CellMag”
portion of the workflow through incubation with antibody-coated, magnetic Dynabeads.
The cell mixtures were emulsified into droplets to distribute cells throughout the solution
volume and prevent them from settling due to gravity. Droplets were processed through
the CARWash device to isolate target cells in product droplets, followed by overnight
incubation and secretion of EVs. Due to the large size difference between secreted EVs
(~150 nm) and cells (15 - 30 ym), a magnetic, droplet splitter device was incorporated

to split droplets and facilitate fluorescent imaging of EV-only-containing droplets.
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A) Development of the CellMag-CARWash device for single cell isolation
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Figure 2.1. Process Overview. A) Development of the CellMag-CARWash device for single-cell isolation.
Cells are incubated with 2.8 um Dynabeads coated with cell type specific antibodies. After incubation with
the cells, Dynabeads attach to the desired cell population. The cell mixture is then emulsified into
droplets, which are inputted into the CARWash to separate cells attached to Dynabeads into droplets
containing a single cell. New media and other cell culture reagents can be used as a wash buffer and
added to the newly resegmented droplets. B) Examining single-cell EV secretion profiles in droplets using
fluorescent imaging. Cells in droplets are incubated to allow for single-cell EV secretion. After short-term
culture, droplets are inputted into a Droplet Splitter device to divide each droplet into two smaller droplets,
one containing the cell and another containing EVs. Droplets containing EVs are placed into a 50 um tall
chamber and imaged. Fluorescence intensity of the droplets is recorded and used to determine relative
EV concentration inside the droplets.

2.3.1 Attachment of magnetic beads to cells using target specific antibodies

To test the CellMag-CARWash system, two samples composed of mixed cell
populations were made; a Natural Killer (NK)/T cell mixture to examine the isolation of
specific immune cells and a MCF7 GFP/NK cell mixture to examine the isolation of
cancer cells from immune cells. The target cell population was distinguished and later
separated by attaching streptavidin coated magnetic Dynabeads to their surface using
biotinylated antibodies specific for their surface antigens. Anti-CD56 was used to isolate
NK cells as it has previously been shown to be a reliable marker for NK cell isolation.3®
Optimization experiments were performed using the NK92mi and Jurkat (T) cell line.

First, a ratio of 1:2 antibody to bead by volume was incubated for 30 minutes to attach
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biotinylated antibodies to streptavidin coated beads. This was followed by a 30-minute
incubation of cells and antibody coated beads and was found to result in bead
attachment to ~90% of all NK cells. Figure 2.2Ai shows representative images of a
mixture of NK (red) and T cells (blue) after incubation with Dynabeads. The Dynabeads
are attached specifically to NK cells and have minimal attachment to T cells. The
number of Dynabeads attached to each cell was counted using brightfield images. The
distribution of the number of beads per cell is shown in Figure 2.2Aii (NK cells) and
Figure 2.2Aiii (T cells). Anti-CD56 coated Dynabeads show variable attachment to NK
cells, with approximately 10% of NK cells having no attached beads and over 10% of
cells having 10+ beads attached (average 5.3 beads per cell). Additionally, there was
limited nonspecific binding of anti-CD56 beads, as 90% of T-cells (CD56 negative cells)

showed no attachment to anti-CD56 Dynabeads (average 0.125 beads per cell).
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A (i) NK Cell Capture with Anti-CD56 Beads
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Figure 2.2. Attachment of 2.8 um Dynabeads to a desired cell population within a mixed population. A)
Anti-CD56 coated Dynabeads attached to NK92mi cells in a mixture of NK cells and T-cells. i) Images of
Dynabeads attached to NK cells (red). T cells are shown in blue. Scale bar 20 um. ij) Percentage of NK
cells with various amounts of anti-CD56 Dynabeads. N=3 iij) Percentage of T-cells with various amounts
of anti-CD56 coated Dynabeads. N=3 B) Anti-EpCAM/ anti-EGFR/ anti-CD 133 coated Dynabeads
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attached to MCF7 GFP cells in a mixture of MCF7 GFP cells and NK cells. i) Images of Dynabeads
attached to MCF7 GFP cells (green). Scale bar 20 um. ii) Percentage of MCF7 GFP cell population with
various amounts of anti-EpCAM/ anti-EGFR/ anti-CD133 coated Dynabeads. N=4 iii) Percentage of NK
cell population with various amounts of anti-EpCAM/ anti-EGFR/ anti-CD133 coated Dynabeads. N=4

As cancer cells can have heterogeneous expression of surface markers, a
cocktail of biotinylated antibodies, anti-EpCAM, anti-CD133, anti-EGFR, was added to
the Dynabeads intended for cancer cell isolation. An optimized ratio of 2:3 antibody to
bead by volume with a 1.5-hour incubation of antibody coated beads with cells was
shown to be sufficient for the attachment of Dynabeads to MCF7 GFP cells (Fig. 2.2Bii).
After incubation, over 20% of MCF7 GFP cells have 10+ beads attached, while <56% of
cells had less than two beads attached (average 9.8 beads per cell). When mixtures of
MCF7 GFP cells and NK cells were introduced to cancer-specific beads, ~75% of NK
cells had less than two beads attached (average 0.51 beads per cell). Mixtures of cells
with attached Dynabeads were then inputted into the CellMag-CARWash device to
determine the minimum number of beads per cell needed to recover cells in the product

stream.

2.3.2 CAR-Wash design adjustments for expansion to cell isolation

CARWash was previously shown to enrich biological molecules attached to 10
pum, streptavidin coated beads in product droplets, exchanging >99% of the initial
droplet contents.3” We anticipated two potential challenges in successfully recovering
magnetic bead tagged cells from the device. First, we expected cells to experience
increased drag forces compared to 10 ym beads alone, due to Stokes law. Stokes law
(Egn. 2.1) describes the drag force on small particles in dense solutions, such as media,
and states that the drag force, Fq, is proportional to the object’s radius, r. Therefore, as

bead-tagged cells would be >10 um, they will experience more resistance to moving
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towards the magnet and the product stream, reducing recoveries. Second, the smaller
size of the Dynabeads (2.8 um in our system) versus the original 10 um streptavidin
beads results in smaller magnetic force applied per bead, and the beads would not be
drawn as quickly to the magnet. This is due to the proportional relationship between
magnetic force, Fm (Egn. 2.2), and a particle’s volume via the magnetic moment, m. We
chose to extend the washing chamber length so that bead-tagged cells would have a
longer residence time inside the chamber, which would allow them to traverse further
across the washing buffer streamline, towards the magnet (Fig. 2.3A). Additional
changes, such as removing serpentine features and adding in additional oil spacer
flows, were incorporated to improve the device's resilience to fibers but had no effect on
overall cell recovery.

F; = 6mnrAv (2.1)

Fp = ()(m-V)B (2.2)
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2.3.3 CellMag-CARWash processing of cell mixtures

Magnetic bead-tagged cells were emulsified into ~200 pL sized droplets by
flowing the cell solution and an oil phase through a flow focusing droplet generator.
Droplet samples were subsequently loaded and processed through the CellMag-
CARWash device to isolate cells of interest (NK cells and MCF 7 GFP cells,
respectively) into resegmented droplets. Coalescence of initial droplet samples into a
wash buffer can be seen in the Blue box in Figure 2.3A and in Video 2.1.
Resegmentation of cells with Dynabeads into new droplets is shown in the Yellow box
of Figure 2.3A and Video 2.2. Initial mixtures containing approximately equal amounts of
the desired cell type and a contaminating cell type were processed through the
CellMag-CARWash. The respective output product streams were enriched for the

desired cell type, achieving over 93% purity for both cell types of interest (Fig. 2.3B, D).
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Figure 2.3. CellMag-CARWash cell recovery. A) Diagram of the CellMag-CARWash with labeled inlet and
outlet streams. Blue box shows premade droplets containing cells coalescing with the wash buffer upon
entering the device. Cells with beads will be attracted to the magnet and resegmentation of droplets
containing media (yellow box bottom right). Cells without beads and other waste components will exit into
the waste stream (yellow box top right). MCF7 GFP cells (target cells) are circled in green. NK cells
(contaminating cells) are circled in red. Side panel of (A) shows an image of CellMag-CARWash with
channels filled with dyes. Blue food coloring fills the fluid handling channels; yellow food coloring fills the
electrode channel. Droplet input and output are labeled. B) The percentage of each cell type in the
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solution, with anti-CD56 beads, inputted into the CellMag-CARWash and recovered from the CellMag-
CARWash in the product stream. N=4 D) The percentage of NK cells resegmented and recovered from
the CellMag-CARWash based on the number of anti-CD56 beads attached to cells. N=5 E) The
percentage of each cell type in the solution, with anti-EpCAM/anti-CD133/anti-EGFR, inputted into the
CellMag-CARWash and recovered from the CellMag-CARWash in the product stream. N=6 F) The
percentage of MCF7 GFP cells resegmented and recovered from the CellMag-CARWash based on the
number of anti-EpCAM/anti-CD133/anti-EGFR Dynabeads attached to cells. N=6.

>

Video 2.1. Droplet Coalescence: Mixed cell populations with magnetic beads attached were placed info
droplets and inputted into the CellMag-CARWash system. Upon entering the wash chamber, droplets
were coalescence with a wash buffer due to the application of an electric field via a ground electrode
channel filled with 3 M sodium chloride and a positive electrode from a platinum wire inserted into the
wash buffer solution. Cells then moved through the wash chamber due to magnetic force from the
attached magnet and/or force from the moving wash buffer. Scale bar depicts 100 um.

>

Video 2.2. Droplet Resegmentation: At the end of the wash chamber, cells would either exit through the
waste stream, top right or product stream, bottom right, where they would be resegmented into droplets.
Due to laminar flow within the device and the placement of the cell input, cells without attached magnetic
beads remained in the top portion of the chamber and were carried into the waste stream. Cells with
magnetic beads attached were attracted to the product stream where they could be collected and
resegmented into single-cell droplets. Scale bar depicts 100 um.
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To determine the number of attached beads needed to recover cells in the
product stream, the resulting output droplets and waste streams were separately
collected, imaged, and analyzed. Figure 2.3C and E show the percentage of cells
recovered in the product stream based on the number of beads attached, where

percentage of cell recovered is defined as

# of cells in product stream (droplets) ) * 100 (2 3)

% of cells recovered = ( , ,
# of cellsin product stream+# of cells in waste stream

A minimum of four attached beads was needed to recover over half of the NK cells, with
near 100% recovery of NK cells achieved when six or more beads were attached. A
minimum of five beads was needed to recover over half of the MCF7 GFP cells and a
maximum recovery of 83% was achieved when 10+ beads were attached to a cell. We
attribute the higher number of beads required to recover the MCF7 GFP cells to their
larger size (Fig. 2.4), which increases the amount of drag forces they experience when

traveling across the streamlines of the CellMag-CARWash device.
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Figure 2.4. Measured size of desired cell populations. Brightfield images of cells were taken after beads
were attached and Nikon Elements software was used to measure the size of each cell population.

2.3.4 Optimizing a magnetic droplet splitter device to collect EVs from cell-

containing droplets

To study EV secretion from cells, we propose using fluorescent cells capable of
secreting fluorescent EVs that can then be imaged using a fluorescent microscope and
analyzed. However, due to size differences between cells and EVs, um vs nm
diameters respectively, the fluorescent intensity of the cell could overpower the
fluorescent signal of EVs contained within the same droplet. Therefore, it was
necessary to incorporate a device capable of separating cells from secreted molecules
and cargo of interest. The droplet splitter device was designed to take droplets after an

overnight incubation and divide them into two droplets, one containing the cell.
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Figure 2.5A shows the device junction where beaded MCF7 GFP cells were
attracted to the magnet on device and sent to the magnetic output, while the EV output
contains the excess droplet solution with EVs. Cells can be seen entering the magnetic
output as droplets are split in Video 2.3. For each experiment, droplets were collected
from both the magnetic and EV output, coalesced, and imaged for cells. Figure 2.5B
shows the percentage of cells recovered from the magnetic (waste) output under
different parameter conditions, including high or low droplet velocities, and various
carrier phases (oils). Lower velocities appeared to have a higher percentage of cells
recovered in the magnetic outlet, though this difference is not statistically significant due
to the small sample size. The two carrier phases tested were 2% w/w fluorosurfactant-
008 (FO08, a fluorinated surfactant used to stabilize droplet-in-fluorinated-oil emulsions)
in Novec 7500 oil and fluoroinert FC-40 oil (FC-40). Novec 7500 oil possesses a lower
interfacial tension relative to water compared to FC-40.3° As interfacial tension
increases, the capillary number of a system decreases, which makes droplet splitting
more likely to occur. We theorized that using a carrier phase with a higher interfacial
tension relative to the droplet phase would increase our rate of droplet splitting and
consequently increase the desired recovery of cells in the magnetic output. Empirically,
we found that 2% FO008 in Novec 7500 oil compared to FC-40 did not show a statistically
significant difference in cell recovery (87.3% vs 86.3%). However, as 2% F008 in Novec
7500 was shown to have high recoveries at relatively higher velocities compared to FC-
40, Novec 7500 used for sample processing. We also noted that the lower interfacial

tension of the Novec 7500 oil phase could help stabilize droplets after they exited the
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splitting device, preventing discreet droplets from merging together prior to fluorescence

imaging.
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Figure 2.5. Droplet splitter recovery. A) Diagram of the droplet splitter device. Box shows the junction of
the device where droplets are divided into two smaller droplets, with the cell being recovered in the
magnetic output. Scale bar indicates100 um. Side panel of (A) shows an image of the droplet splitter
device. Channels are filled with green food coloring, and droplet input, EV output, and magnetic output
ports are labeled. B) Recovery of beaded MCF7 GFP cells in the magnetic output based on droplet
velocity in the device and the type of oil used. Either fluoroinert FC-40 (FC-40) or 2% F008 in Novec 7500
oil (N-7500) was used. N=3. The red bar indicates the condition that was used for future experiments.
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Video 2.3. Magnetic Droplet Splitter: After short-term incubation to allow for cells to secrete extracellular
vesicles, droplets were inputted into the splitter device which contains two output streams, the EV output
(first output) and Magnetic output (second output). Cells, which have magnetic beads attached, will be
attracted to the magnet in the device and move to the bottom of a droplet, thereby forcing cells to exit into
the magnet output when the droplet reaches the junction. Free floating EVs, which have no magnetic
beads attached will remain suspended in the droplet solution and exit the device in the EV output droplet.
Scale bar depicts 100 um.

2.3.5 Single-cell EV quantification in droplets

MCF7 GFP is a cell line developed from an estrogen receptor positive breast
cancer patient. B-Estradiol, a form of estrogen, has been previously shown to induce
cell proliferation in MCF7 cells. However, the effect of B-Estradiol on cell EV secretion
has not been studied. We show that using both traditional (ultracentrifugation) and
single-cell methods of EV isolation (the CellMag-CARWash system), the addition of [3-
Estradiol increases EV secretion in bulk MCF7 GFP cell culture and single-cell culture
(Fig. 2.9A and B, respectively).

To confirm that our CellMag workflow was not affecting EV secretion, we cultured
bulk NK cells with or without beads attached and collected the secreted EVs, which
were isolated from cell culture supernatant using ultracentrifugation. Nanoparticle

tracking analysis (NTA) of the collected EV secretions showed relatively consistent
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concentrations and size distributions (Fig. 2.6) across both conditions. This suggests

that bead attachment does not affect EV secretion.
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Figure 2.6. Comparison of extracellular vesicle size and concentration from bulk NK cells cultured with
and without anti-CD56 beads attached. NK cells were cultured in bulk and the supernatant
ultracentrifuged to obtain EV's. EV concentration and size was determined using NTA analysis via the
NanoSight. N=5

Bulk EV secretion was obtained from MCF7 GFP cells supernatant after culturing
in DMEM with and without B-Estradiol. EVs were then isolated using ultracentrifugation
before quantification using NTA (see Fig. 2.7). We observed an increase in the
concentration of EV particles with the addition of 3-estradiol, but no change in particle
size distribution, indicating an increase in EV secretion. For single-cell secretion studies,
media with or without B-Estradiol was used as the wash buffer during the CellMag-
CARWash processing, allowing the separated cells to be resegmented directly into the
desired buffer. Cells were left in droplets for 18 hours before processing with the splitter.
Finally, cell depleted droplets were placed in a chamber device and imaged (Fig. 2.8A).

Distribution of the fluorescent intensity of droplets appeared to be mostly Gaussian with
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a slight skew to the right (Fig. 2.8B — D) for cells cultured without B-Estradiol. Cells
cultured with 1 uM B-Estradiol showed a slight multimodal distribution and right skew.
These distributions suggest that cells heterogeneously secrete EVs, with some cells
being high EV secretors. B-estradiol addition induced a shift to higher overall droplet
fluorescence, indicating stimulation of EV secretion from MCF7 GFP cells.
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Figure 2.7. Comparison of extracellular vesicle size and concentration from NK cells cultured with and
without supplemental B-Estradiol. The experiment was performed in triplicate across different days, with
each run corresponding to one graph. For each run, NK cells were cultured in bulk with or without
supplemental B-Estradiol for the same period of time. After culturing, the supernatant ultracentrifuged to
obtain EVs. EV concentration and size was determined using NTA analysis via the Zetaview.
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Figure 2.8. Full system runs of MCF7 GFP purified and isolated into single-cell droplets using the
CellMag-CARWash system before short term incubation with or without supplemental 3-Estradiol. After
incubation, cells were removed using the droplet splitter device and the fluorescent intensity of the
remaining EVs was analyzed. A) Image of droplet with fluorescent EVs taken at 60X magnification.
Dotted line indicates droplet border. Scale bar 20 um. B, C, and D show the distribution of fluorescent
intensities of droplets containing EVs secreted by single cells obtained using the workflow on different
days. B) P-value <0.0001. C) P-value =0.003. D) P-value <0.0001.

Normalization of the mean, (B-estradiol stimulated cell EV fluorescence intensities
to media treated cells enables comparison of bulk and single-cell EV isolation methods.
Figure 2.9A shows a 2.1x increase in the relative EV concentration when cells were
cultured in bulk with 1 uM B-Estradiol compared to when no B-Estradiol added. Figure
2.9B shows a 1.74x increase in EV secretion from single cells in the presence of 1 uM
B-Estradiol based on mean fluorescent intensity for the entire droplet. The comparable
increases in these values suggests that we are observing a common stimulation
phenomenon through both techniques, however, CellMag-CARWash reveals the

underlying heterogeneity of EV secretion dynamics.
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Figure 2.9. MCF7 GFP EV secretion with various concentrations of 3-Estradiol. A) Relative EV
concentration obtained from the supernatant of bulk MCF7 GFP cells cultured with various concentrations
of B-Estradiol. N=3 B) Relative EV concentration of EVs secreted by single cells based on the mean
fluorescent intensity of the droplets post droplet splitter, compared to the background fluorescent
intensity. N=3

2.4 Discussion

In this study, we presented a high throughput, droplet microfluidic device, the
CellMag-CARWash, for the specific isolation of single cells to examine heterogeneity.
By using antibodies that target antigens on the surface of the desired cell population, we
were able to isolate cells of interest from a mixed cell population and encapsulate the
cells within droplets to study them at a single-cell level. We further examined the
heterogeneity of single-cell EV secretions by culturing individual cells in droplets short-

term to allow for EV secretion before imaging and analysis. This analysis showed
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differences in the EV secretion profiles within cells from the same population in
response to molecular stimulation.

To expand the CARWash technology for cellular isolation, methods for bead
attachment to cells were developed, the design was adjusted, and the performance of
the CARWash with cells was determined. Two sets of antibody coated Dynabeads were
made and tested for specific applications: NK cell recovery from other immune cells and
cancer cell recovery from immune cells. As the Dynabeads were streptavidin coated,
the application and desired target cell population recovered can be changed by the user
by adjusting the biotinylated antibodies used. In cases where cell surface expression
may be variable, multiple antibodies could be added to beads to improve attachment.

Cell recovery of the CellMag-CARWash device was determined by calculating
the percent recovery of two different target cell populations, NK cells and MCF7 GFP
cells, based on the number of antibody-coated magnetic beads that were attached to
the cells. Over half of the NK cells processed through the device were recovered when
four or more beads were attached, with the recovery of cells with six or more beads
attached increasing to 90%. However, MCF7 GFP cells required five or more cells to
achieve 50% recovery and the maximum recovery was limited to 83% with ten or more
beads attached. As the MCF7 GFP cells used in these experiments were on average
8.3um larger in diameter compared to NK cells (Fig. 2.4), we believe the different
performance is due to the cell size and the corresponding increase in drag force.
Further lengthening of the CellMag-CARWash washing chamber and slowing down the
velocity to allow cells more time to be attracted to the product stream or increasing the

magnetic field strength of the permanent magnet to draw cells more rapidly to the
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product stream could further improve recoveries. However, as there was some non-
specific binding of beads to the contaminating cell population, the current thresholds of
three or more beads per cell needed for recovery limits the recovery of contaminating
cell populations in the product stream, resulting in a purity of over 93%.

A magnetic droplet splitter was incorporated to separate fluorescent cells from
droplets with EVs, post EV secretion, to reduce the fluorescent background and improve
EV quantification. Operational conditions tested in this device were (1) velocity of
droplets in the device and (2) type of oil used for emulsion. The magnet was positioned
below the junction, to attract cells towards the bottom of the droplet, which would then
flow into the magnetic outlet. We found that slower velocities improved recovery of cells
into the magnetic output, suggesting that at lower speeds, the cells had more time to
move into the correct position within the droplet or that internal vortices present in the
droplet were reduced, stabilizing the cell’s position inside the droplet. The two oils
tested have different interfacial tensions, which we hypothesized may affect the
likelihood of the droplet to split, as failure to split could result in cells exiting the wrong
output. However, this appeared to have little difference in the overall recoveries,
suggesting that droplets were consistently splitting in both oil phases.

To validate the whole system, a mixture of MCF7 GFP cells and NK cells was
inputted into the CellMag-CARWash, incubated for 18 hours, and split using the droplet
splitter before imaging of droplets with EVs. The cells were kept in either DMEM or
DMEM with B-estradiol, which was added via the wash buffer during CellMag-CARWash
processing. The mean single-cell EV secretion in droplets, measured by fluorescent

intensity of the droplets, was compared to bulk cell EV secretion obtained from

70



ultracentrifugation and NTA analysis. Both methods showed a similar increase in EV
concentration when B-Estradiol was added, indicating that we observed the same
stimulation phenomenon. However, the profiling of single droplets provided additional
insight into the distribution of EV secretions. A small peak in the distribution of cells
cultured with B-Estradiol suggests that a portion of cells did not respond to (3-Estradiol
and increase their EV secretion. However, as all droplets without cells were included in
this analysis, some of these droplets may not have contained a cell originally, and
therefore no EVs were secreted. Increasing the amounts of droplets with cells present,
improving imaging, and determining better threshold intensities could improve analysis
and provide a better quantification of EVs in droplets.

The CARWash device offered several additional advantages for single-cell work
due to the buffer exchange design. Passing cells through a wash buffer before their
resegmentation into droplets allows for both the removal of other cell populations and
waste components and can introduce new reagents to the cells necessary for
downstream applications. The washing design is especially beneficial for solutions such
as blood, which have multiple cell types and components, such as platelets, that
complicate further analysis. Buffers used in the device are interchangeable, provided
the solution has an ionic charge, so that it can function as the positive electrode in the
device. This flexible buffer choice also enables the addition of treatments at the single-
cell level in product droplets. Therefore, multiple different buffers or additives could be
used in the device for a broad range of downstream applications.

While the CellMag bead attachment step offers incredible selectivity for specific

cell types due to the use of specific antibodies, successful recovery of cells from the
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CellMag-CARWash device will be intimately linked to antibody choice. Thus, the
technique requires a strongly binding antibody or mixture of antibodies. CellMag also
inherently assumes consistent expression of surface markers to target and does not
take into account natural fluctuations of membrane protein expression. This could bias
our single-cell measurements if cells with low surface marker expression are not reliably
recovered through the CellMag-CARWash. Additionally, the need to remove cells from
droplets to reduce fluorescent background for EV imaging limits the utility of the
analysis, since we cannot link individual cells to their EV secretion levels. Identification
and selection of cells with uniquely high or low EV secretion responses would be
desirable for studies on therapeutic effects, so that the basis of these differences can be
further studied and leveraged. Improvements to the fluorescent imaging and analysis
workflow could eliminate the need to remove cells from droplets so these relationships

can be identified.

2.5 Conclusions

The CellMag-CARWash technique offers a modular, droplet microfluidic workflow
to isolate single cells in product droplets at high purity and enable downstream droplet
processing and analysis. We have applied this technique to uncover heterogeneity in
EV secretion from cells in response to molecular stimulation. We envision next steps will
include increasing the complexity of input samples to mimic the natural complexity of
biological samples and studying various therapeutic effects on isolated cells, such as a
treatment to reduce EV secretion. CellMag-CARWash fills the gap for a high-
throughput, straightforward, scalable technique that enables isolation of single cells

from complex mixtures and analysis of their heterogeneous cellular responses.
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Chapter 3 Development and Characterization of the FADS-MNase, Droplet
Microfluidic Workflow to Enrich and Epigenetically Profile S. Pombe-Containing

Droplets

Claire D. Cook, J. Damon Hoff, Meng Sun, Vishal Sahore, Kaushik Ragunathan, Ryan

C. Bailey

3.1 Introduction:

The DNA molecule contains genetic information vital for building proteins and
structures needed for the life and function of cells. DNA compacts to fit within a cellular
nucleus by wrapping ~146 base pairs (bp) around an octamer of histone proteins to
form a nucleosome.® Nucleosomes are the basic, repeating unit of chromatin. They coil
around themselves repeatedly to form smaller and more compact chromatin structures,
until eventually reaching chromatin’s most compact state: the chromosome. Within an
organism, all cells possess identical DNA but exhibit different phenotypes resulting from
cellular differentiation. These different phenotypes arise through differential regulation of
access to the DNA molecule at various regions or genes, known as epigenetic
regulation. Epigenetic regulation occurs via the choreography of chemical groups,
proteins, and RNA molecules to extend or “open” gene regions, so they are accessible
to transcription machinery or, on the other hand, to compact and block unnecessary

gene regions from being transcribed. These competing processes balance to enable
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cells to respond to new environmental stimuli. Additionally, epigenetic modifications
made in response to stimuli can be inherited in daughter cells or organisms. 37

Slight variations in the epigenome can lead to varied responses to stimuli from
cells within a population.!” These “outliers” can often have clinical or biological
importance, such as individual tumor or bacterial cells that are resistant to
therapeutics.®'? A recent example of the importance of heterogeneity was observed
during the COVID-19 pandemic, where heterogeneity in the immune response of
individual cells was linked to disease severity.? However, these differences are often
lost in bulk epigenetic profiling techniques. The gold standard for assessing the location
of epigenetic “players” like nucleosomes throughout the genome is micrococcal
nuclease digestion paired with sequencing (MNase-seq).''#115.138 MNase-seq utilizes
the endo-exonuclease MNase to digest chromatin down to nucleosome- or chromatin
associated protein-occupied DNA fragments, which are sequenced to obtain genome-
wide nucleosome and chromatin protein positions. The ability of MNase to digest
chromatin samples down to blocked DNA was discovered in 1974 and was used as
evidence to support the notion of a repeating chromatin subunit.''” The advent of next
generation sequencing (NGS) techniques in the early 2000’s expanded the utility of
MNase digestions and enabled rapid mapping of nucleosome and chromatin associated
protein locations throughout genomes.3® MNase-seq mapping using NGS has revealed
differential nucleosome organizational principles dependent on RNA polymerase I
binding and whether the region is in an active versus repressed expression state.*114
MNase-seq commonly uses 1+ million cells''5118.124.13% per sample, though, to offset

losses incurred through sample coatings on pipette tips and containers as well as poor
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reaction efficiencies to produce fragmented chromatin.'?® However, its ability to reveal
nucleosome distribution throughout the genome as well as locations of accessible
chromatin regions, by inference, has allowed it to remain a technique of interest in the
epigenetic field.

Several variations on the classic MNase-seq protocol have been developed to
maximize the information gained from cells or decrease the number of cells needed for
analysis.’2140 Lion et al developed a low-input MNase Accessibility of Chromatin
(MACC) assay that incorporates MNase titrations (increasing units of enzyme) to profile
different regions of nucleosomes, from longer, higher order features that tend to be
more “fragile” down to mononucleosome-length DNA fragments.'18.128.133 | ow-input
MACC-seq improved on the original MACC-seq technique, by scaling down the volumes
of reagents used, allowing them to assess nucleosome positioning in as few as 50 pre-
isolated cells. Each MNase titration reaction requires 50 cells, so the total number of
cells needed will actually scale with the number of titration steps included. Single-cell
MNase-seq (scMNase-seq) has also been developed to investigate heterogeneity of
nucleosome positioning, revealing different principles of nucleosome organization in
silent versus active gene regions.* Each single-cell reaction is performed in a 40 uL
volume at 37 °C; however, reaction efficiency would be improved by further reducing the
reaction volume.

All these low-input or single-cell techniques rely on fluorescence activated cell
sorting (FACS) to obtain cell samples. FACS applies an electric field to fluid flow in
response to cellular fluorescence signals, causing single cells to be electrostatically

diverted into collection.'' FACS has enabled studies into cancer cell drug resistance,'4?
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immunophenotyping of cells,'3 and epigenomic and lipidomic analysis of single
cells.*143 Unfortunately, mechanical stress and radiation of cells during the sorting
process has been shown to cause cellular damage, leading to concerns about cellular
viability and homeostasis.?® Fluorescence activated droplet sorting (FADS) has been
developed as a gentler approach.?6-63 Cells or biological material are encapsulated in
droplets, which are carried in an oil phase past excitation radiation and detection. Here,
the radiation and electrical field are distributed over the entire, aqueous droplet, rather
than individual cells, providing a physical barrier to cells from destructive effects. Cells
and their droplet vehicles divert dielectrophoretically within the oil flow into separate
collection. Droplets also compartmentalize secreted components along with cells, so
components that exit the cell can still be analyzed in the context of their origin cell or
used as a novel sorting target. The gentler processing of cells and expanded panel of
potential sorting targets sets FADS up as an attractive alternative for isolating cells of
interest for biological assays.

The Bailey Lab recently reported a droplet microfluidic, digestion device that
processes whole cells within ~200 pL droplets to generate mononucleosomal DNA
fragments useable for nucleosome positioning assays.'3* Droplets were generated
containing cells, lytic components and MNase to access and fragment chromatin
simultaneously at room temperature. The activity of MNase stopped following injection
with quenching buffer containing EDTA into droplets. EDTA chelates calcium ions
present in solution, which are needed for MNase to continue digesting DNA. Xu et al.
found that the optimized droplet processing format produced higher ratios of

mononucleosomal DNA fragments compared to bulk processing. This device produced
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mononucleosomes with a shorter, room temperature incubation (3.5 min at ambient
temperatures for cell lysis and MNase digestion) compared to conventional MNase
processing techniques (5 min at 37 °C for MNase addition only). 115134 Xu et al also
demonstrated input independency and assessed nucleosome positioning for as few as
2500 cells by reducing the cell solution concentration loaded on device. The low droplet
volume facilitates single-cell processing while also automating several experimental
steps, reducing the number of pipetting steps needed. These features are desirable for
studying subsets of cell populations to assess heterogeneity.

In this chapter, | discuss the combination of the FADS technique with our droplet
MNase digestion device to profile mononucleosomal DNA fragments from droplet
populations enriched for fluorescent cells. FADS enables gentler isolation of cells based
on differential fluorescence emission, here shown with distinct Schizosaccharomyces
pombe (S. pombe) strains. The function, throughput, and discretion of FADS was
characterized with droplets of fluorescent solution. And the ability of FADS to divert
fluorescent yeast cell-containing droplets from a mixture was assessed through
quantitative polymerase chain reaction (QPCR) analysis. The MNase digestion device
was expanded to process yeast cells—and other cells that possess cell walls—through
the incorporation of zymolyase, and the resulting digestion profile was evaluated with
Bioanalyzer capillary electropherograms. Finally, the entire workflow was applied to
produce mononucleosomal-length DNA fragments from enriched, cell-containing droplet
populations generated from FADS. The workflow described in this chapter was applied
to S. pombe yeast as a proof of concept but could be used to separate subpopulations

of cells based off of epigenetically-controlled expression of a fluorescent protein.

78



3.2 Materials and Methods:

3.2.1 Buffer, media, and oil phase formulations

All cell strains were cultured in YEA media: yeast extract was prepared with 30 g
D — (+) glucose (Sigma-Aldrich) and 5 g yeast extract powder (Gibco) and
supplemented with 225 mg/L adenine hemisulphate (Sigma-Aldrich). Sorbitol-tris buffer
(STB) and optiprep-sorbitol-tris buffer (optiSTB) were prepared on the days of
experiments for washing cell pellets and resuspending for droplet generation. STB is
comprised of 1 M sorbitol (Fisher Scientific) and 50 mM tris hydrochloride (tris-HCI,
Fisher Scientific), pH 7.5. OptiSTB maintains the same concentrations of sorbitol and
tris-HCI, adding 21.88% v/v optiprep density gradient (Sigma-Aldrich). Earlier
experiments used optiPBS (21.89% optiprep density gradient and 88.12% phosphate
buffered saline (PBS, Lonza) for droplet generation.

For DNA extraction, a digestion cocktail was prepared from pre-made lysis buffer
(pH 7.9), nuclei digestion buffer (pH 7.5), MNase, and zymolyase. The cocktail
contained 6.40 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]lethanesulfonic acid (HEPES,
Fisher Scientific), 0.96 mM magnesium chloride (Fisher Scientific), 21.76 mM potassium
chloride (Fisher Scientific), 5.12 mM tris-HCI, 3.84 mM sodium chloride (Fisher
Scientific), 1.28 mM calcium chloride (Fisher Scientific), 0.04 mM spermine (Sigma
Aldrich), 0.13 mM spermidine (Sigma Aldrich), and 0.32% w/v IGEPAL-CA630 (Sigma
Aldrich). MNase (New England Biolabs, Inc.) was added at a concentration of 127.99
gel units per pL, and zymolyase (Amsbio LLC, resuspended in M/15 phosphate buffer
(Sigma Aldrich)) was added to a concentration of 4.01 mg/mL. For genomic DNA

extractions instead of mononucleosomal digestions, the storage buffer for MNase was
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recreated with 10 mM tris-HCI, 50 mM sodium chloride, 1 mM EDTA, and 50% (v/v)
glycerol (Sigma Aldrich). Digestion cocktails for No Zymolyase control samples used
M/15 phosphate buffer in place of zymolyase. Quenching buffer was also prepared at a
pH of 8.0 with 100 mM tris-HCI, 20 mM EDTA, 200 mM sodium chloride, 2% (v/v) triton-
X-100 (Alfa Aesar), and 0.2% (w/v) sodium dodecyl sulfate (Fisher Scientific). One
tablet of cOmplete, Mini, EDTA-free protease inhibitors (Roche) was added to the
quenching buffer (10 mL) prior to experiments. Every buffer was prepared using
DNase/RNase-free distilled water (Invitrogen).

The oil phases in droplet microfluidic processing were made up of 2% (w/v)
fluorosurfactant-008 (RAN Biotechnologies) diluted in 3M Novec 7500 oil (Gallade
Chemical). All buffers and oil phases, aside from cell media, were filtered through 0.2

um nylon syringe filters (VWR).

3.2.2 Cell Culture

S. pombe strains were cultured in 3 mL liquid YEA media from frozen glycerol
stocks two days prior to experiments and back diluted to 0.01 — 0.05 OD roughly every
12 hours. Cells were incubated in a benchtop shaker at 32 °C, 250 rpm. Cells were
grown to an OD between 0.4 and 0.8 on the day of the experiment before being pelleted
and washed with STB and resuspended in 1 mL of STB. Cells were counted in a
disposable hemocytometer (INCYTO) then diluted to 6 — 7 million cells per mL with
optiSTB. Initial experiments for the MNase digestion device used higher concentrations
of cells (20 million/mL) for validation. Synthetic cellular mixtures were prepared by
combining proportional volumes of the green fluorescent protein (GFP) expressing

SP180 (GFP +) and non-GFP expressing SP327 (GFP -) cells in a total volume of 1 mL
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optiSTB. Thirty microliters of solution were used for the control strains and synthetic

mixtures.

3.2.3 Microfluidic device fabrication

Device designs were created in AutoCAD and sourced from Cad Art Services.
Standard photolithography and soft lithography techniques were used to fabricate
templates and microfluidic devices; however, it is briefly summarized here.'44 SU-8-
2025 negative photoresist (Kayaku Advanced Materials) was spin coated onto a silicon
wafer (University Wafer) to a thickness of 40 um. Following soft baking, the wafer was
exposed to UV light through the respective design mask to crosslink device features.
Development occurred in propylene glycol monomethyl ether acetate (PGMEA, Sigma
Aldrich) to remove non-crosslinked photoresist. For the digestion device, a second layer
was needed. SU-8-2050 photoresist was spin coated to a thickness of 100 ym. Similar
soft baking, exposure, and development steps were performed, although wafers needed
to be aligned to first layer design features prior to UV exposure. Following development
of wafers, features were hard baked on by heating for 15 minutes at 150 °C.

Devices were fabricated by pouring polydimethyl siloxane (PDMS, Momentive) at
a ratio of 10:1 base to curing agent onto the masters. The PDMS cured for 1 hour at 70
°C before the slabs were peeled off the wafers. Tubing ports were punched using 0.75
mm biopsy punches (Robbins Instruments), and holes were rinsed with water to remove
any debris in the ports. Droplet generation and digestion devices were plasma bonded
to glass microscope slides (Fisherbrand) while the FADS devices were plasma bonded
to 48 x 65 mm No. 1 coverslips (Gold Seal Thermo Scientific). Metal electrodes were

fabricated on the FADS devices by melting rods of Roto144F low melt fusible ingot alloy
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(RotoMetals) into the electrode channels, inserting pins of custom-made jumper wire-to-
banana plug adapters, and allowing the metal to solidify the connection. All devices
were treated prior to experiments by injecting pure aquapel (Pittsburg Glass Works) into

the channels followed by a rinse with fluorinated FC-40 (Sigma-Aldrich).

3.2.4 Microfluidic device operation

For all devices, fluid was delivered via syringe pump flow (Harvard Apparatus)
through #30, PTFE tubing (Masterflex). The oil phase was stored within glass syringes
(Hamilton Company). 30 ga PTFE tubing was connected to the oil syringes with ~1 cm-

long pieces of Tygon tubing (Masterflex).

3.2.5 Droplet generation

A 3-mL BD syringe delivered desired aqueous solution onto a flow focusing
droplet generator. The aqueous solution was pinched off by the oil phase to form ~200-
pL sized droplets. Aqueous sample was flown at 3 yL/min and the oil phase was set to
10 pyL/min. Droplets were collected in custom-prepared collection chambers that
facilitate reinjection of droplets into downstream devices. For initial FADS experiments,
10 nM fluorescein (Sigma Aldrich) in optiPBS was used as the aqueous solution, and
droplet generation ran for 10 minutes (~30-pL output). The 1:10 mixture of fluorescein to
optiPBS droplets was prepared by generating fluorescein droplets for 2 minutes then
non-fluorescent optiPBS droplets for 20 minutes. For yeast cell experiments, the 3 mL
syringe was filled with filtered FC-40 which was used to fill a piece of #30 PTFE tubing.

A gap of air was left before drawing up 30 pL aliquots of the cell solution.
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3.2.6 Fluorescence Activated Droplet Sorting

3.2.6.1 Optical setup:

FADS experiments were performed in the Single Molecule Analysis in Real-Time
(SMART) Center at the University of Michigan on an Olympus IX81 Confocal
Microscope with a 60X, 1.20 numerical aperture water immersion objective. Droplets
were irradiated with a 100 mW, 477.5-nm LED fiber optic (ThorLabs) focused with
appropriate filters. A 488/561-nm dichroic beamsplitter (Semrock) was used to reflect
excitation and brightfield light between the microscope stage and back input but
transmit fluorescent emission through to the detector. Emission from fluorescein and
GFP proteins expressed in cells was captured on an ISS Alba avalanche photodiode
(APD) aligned to the LED beamspot on the device. Simultaneous video imaging of
microfluidic device operation was collected on a high-speed camera (Phantom Miro
Ex2; 640 x 480 resolution, 990 us exposure time). This optical setup can be seen in

Figure 3.2.

3.2.6.2 Electrical setup:

Signal from the APD was delivered to a Teensy 2.0 Arduino where a code
assessed whether the signal was higher than the set threshold, and, if so, sent a pulse
to a function generator (Agilent) to trigger a 60-cycle burst of 30 kHz square waves. This
burst was amplified via a high voltage amplifier (Trek) and applied on device via the
previously described solid metal electrodes. The trigger and amplified signal were

visualized on an oscilloscope (Agilent). The electrical circuit is shown in Figure 3.2B.
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3.2.6.3 Microfluidic setup and operation:

The oil phase was set to a flow rate of 10 uL/min, and the droplets are set to a
rate of 0.3 uL/min. The sorting device design was based on previous work by Mazutis et
al.?® Droplets were collected either in Eppendorf tubes (for gPCR analysis) or in custom

droplet containers (for further microfluidic processing).

3.2.7 qPCR sample and data processing

Droplets were coalesced by adding 1H,1H,2H,2H perfluoro-1-octanol (Sigma-
Aldrich) and centrifuging to separate the aqueous and oil phases. The aqueous layer
was aspirated out into a DNA LoBind tube (Eppendorf). For genomic DNA studies, 30
uL of the digestion cocktail sans MNase was added, mixed, and incubated with each
sample for 20 minutes before being quenched. Two microliters of 10 mg/mL proteinase
K (VENDOR) were added and incubated at 65 °C for two hours up to overnight.
Samples were then purified via the MinElute PCR Purification kit (Qiagen). Quantitative
PCR plates were prepared in 384-well plates (Thermo Scientific) with SybrGreen master
mix (Applied Biosystems), primers obtained from Integrated DNA Technologies, and
template DNA. gPCR was performed on a CFX Opus 384 real-time PCR system (Bio-
Rad). Quality assurance of performance was completed via Bio-Rad’s cloud platform,

BR.io, and delta delta Ct/fold enrichment values were calculated in Excel.

3.2.8 Nucleosome positioning device

Pre-made or FADS-processed droplets were reinjected into the digestion module
at a flow rate of 0.5 - 2 yL/min, depending on backpressure. They were spaced out with

an oil flow (2X, 1 — 2 uL/min) prior to being injected with lysis components, zymolyase,
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and MNase (X, 0.5 — 1 yL/min). Droplets incubated through delay channels for 20
minutes while spheroplasting, cell lysis, and chromatin digestion occurred until the
addition of the quenching buffer (2X, 1 - 2 yL/min) at the end of the device. Droplets
were collected into an Eppendorf tube and merged through the addition of
perfluorooctanol, and the aqueous phase was aspirated into a new, clean tube.

Samples were treated with proteinase K at 65 °C overnight to release DNA
fragments from nucleosome and chromatin associated proteins. DNA was purified with
the MinElute PCR kit from Qiagen, before amplification via the ThruPlex DNA-seq kit
from Takara Bio. Following amplification, a SPRI bead-based NGS cleanup step was
performed (Takara Bio, NucleoMag). DNA concentration was measured through the
Qubit dsDNA HS assay (ThermoFisher), and fragmentation patterns were assessed
through capillary electrophoresis on an Agilent Bioanalyzer high sensitivity chip. Percent
mononucleosomal fragment generation was assessed using ImagedJ in conjunction with
the Bioanalyzer gel images, and comparing the area under the curve for

mononucleosomal fragments versus all DNA generated up to 1000 bp.

3.3 Results and Discussion:

To investigate heterogeneity within cellular populations, we used a multi-device
workflow, shown in Figure 3.1. Cells were initially compartmentalized within droplets
before being injected onto the FADS device. FADS separated cell-containing droplets
from empty droplets based on differential fluorescence emission. The droplets outputted
from FADS were then injected into our modified digestion device, where cells were
treated simultaneously with zymolyase, lytic components, and MNase to simultaneously

remove the cell wall, lyse the cell membrane, and fragment chromatin into
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mononucleosomal length pieces, respectively. Following this, DNA fragments were

purified and prepared for analysis.
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Figure 3.1. Diagram for the FADS-MNase, droplet microfluidic workflow. Following culture, cells are
encapsulated into droplets (Device 1) which are sorted via FADS (Device 2). Fluorescent cell-containing
droplets are enriched in the “Sort” output, while empty and low fluorescent droplets are collected into the
“Waste” output. The output droplets from FADS can then be processed through the MNase digestion
device (Device 3) to perform simultaneous cell wall digestion, cell lysis, and DNA fragmentation before
the MNase enzyme is quenched through the injection of EDTA at the end of the device. DNA is
subsequently purified and amplified prior to analysis of DNA fragments.

3.3.1 FADS validation

FADS experiments were completed in the SMART Center at the University of
Michigan. Figure 3.2 depicts the organization of optical elements for excitation and
detection of fluorescent emission and the circuit of electrical components needed to
trigger the application of an AC field to divert droplets. The excitation source and high-
speed camera were positioned behind the microscope and directed into the back of the
microscope turret. Using our beamsplitter and FITC dichroic mirror, we were able to
simultaneously excite cells, detect fluorescence, and image the microfluidic device
allowing for real-time adjustments. Droplets were spaced out initially at a flow focusing

junction on the FADS device (Fig. 3.3A) before being sent across the excitation beam
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spot. With no detected fluorescent signal, or signal below the set threshold (10,000 —
40,000 counts per second or cps), droplets flowed straight into the “Waste” outlet.
However, for signals above the threshold, aqueous droplets were diverted into the “Sort”
outlet due to dielectrophoretic forces induced by the application of an AC field.
Thresholds were manually set each experiment day at levels above noise from the

detector every 100 us time block.
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Figure 3.2. Diagrams of optical and electrical components used for FADS sorting. (A) Excitation light is
directed from the LED source to the microscope stage using filters and mirrors. The excitation path is
filtered to narrow the wavelength range that reaches the microfiuidic device. Brightfield light is filtered to
facilitate imaging of the device during operation with a high-speed camera without impacting the
excitation and emission of fluorescent droplets. A dichroic beamsplitter is used to filter out excitation and
brightfield light from droplet fluorescence emission that travels to an avalanche photodiode detector
(APD). (B) Fluorescence emission is detected by the APD whose signal outputs to a Teensy Arduino
running the FADS sorting script. A threshold for sorting can be set on the script; above this threshold, a
signal is sent to the function generator to trigger an AC pulse, which is amplified and delivered onto the
microfluidic device via solid-metal electrodes. The AC burst from the function generator and amplifier can
be visualized on an oscilloscope. Application of the AC field on device results in diversion of oil away from
the electrodes, which displaces droplets passing through the device towards the electrodes and into the
Sort output.
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To confirm the FADS system’s ability to divert fluorescent droplets, 10 nM
fluorescein-optiPBS droplets were generated and processed through the device.
Fluorescent emission from droplets was observed as evenly spaced peaks through APD
detection (Fig. 3.3B), indicative of consistent droplet passage through the sorting
device. The spacing of these peaks indicates a throughput of 30 droplets processed per
second. Representative video imaging showed consistent diversion of droplets into the
Sort output (Video 3.1) and demonstrated successful performance of the FADS setup. A
1:10 mixture of 10 nM fluorescein-optiPBS and optiPBS droplets was processed next to
confirm sorting occurred in response to fluorescent signals, not just droplet occurrence,
and assess how well the system could divert individual droplets. Indeed, Figure 3.3C
and a synchronized Video 3.2 confirmed decreased numbers of peaks detected above
the threshold and droplets diverted into the Sort output, supporting the lower proportion
of fluorescently active droplets in the sample. The video imaging and APD trace were
synchronized by passing a hand or object behind the microscope, through the excitation
and illumination light paths. Comparison of the synchronized data showed sorting of
individual droplets in response to peaks observed in the APD trace. These observations
confirm our FADS setup was able to divert single droplets following their fluorescence

emission and detection.
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Figure 3.3. Validation of the FADS device. (A) FADS device diagram with inputs and outputs labeled.
Fluorescent signal from fluorescein-optiPBS droplets (B) and a 1:10 mixture of fluorescein-optiPBS and
optiPBS droplets (C). APD signal is shown for a subset of the collection time (18.1 — 19.5 s and 3.8 - 5.6
s, respectively). The time windows correspond to synchronized videos collected of droplets passing
through the device. Droplet occurrence in the device is indicated with peaks in the graphs above the
fluorescent signal traces. Fluorescent peaks above the set thresholds (red lines) correspond to
fluorescein droplets passing through the detection point.
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Video 3.1. Video imaging of FADS processing of a pure sample of 10 nM fluorescein-optiPBS droplets.
Droplets consistently diverted into the Sort output channel. A shadow appears across the channel which
results from the edge of a filter passing through the camera’s field of view — this shadow has no effect on
the excitation light path or sorting of droplets.

>

Video 3.2. Synchronized imaging of FADS processing of a 1:10 mixture of 10 nM fluorescein-optiPBS and
optiPBS droplets. Individual droplets were observed diverting into the Sort output channel. A shadow
appears across the channel which results from the edge of a filter passing through the camera’s field of
view — this shadow has no effect on the excitation light path or sorting of droplets.

Initial validation of the FADS system was performed with a manufactured
fluorescent signal. Fluorescent yeast cells were encapsulated and processed to begin
assessing the system’s ability to respond to biological signals. An S. pombe yeast strain
modified to express green fluorescent protein (GFP) in the nucleus was used as the
fluorescent cell population. There was concern that the small size (4 X 10 um) and
heterogeneous GFP expression of these S. pombe cells would lead to challenges
during FADS. However, we were able to detect and divert droplets in response to

fluorescent S. pombe yeast cells contained in droplets, as shown in Figure 3.4. Three
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snapshots can be seen of a cell-containing droplet entering the video imaging field of
view and being diverted into the Sort output. These snapshots correspond to the
fluorescence peak observed at 55.07 s. Video 3.3 depicts the droplets processed during
the APD trace segment shown in Figure 3.4A. Several cases were observed where an
individual, cell-containing droplet was diverted in between adjacent, empty droplets,

indicating appropriate timing parameters employed for the sorting.
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Figure 3.4. Fluorescent signal and corresponding snapshots of video imaging for FADS processing of
yeast cell-containing droplets. (A) Fluorescent signal of yeast cell-containing droplets during FADS
processing for a subset of the APD collection time (53.9 — 56.7 s). The time window corresponds to a
synchronized video collected of droplets passing through the device. Droplet occurrence in the device is
depicted as peaks in the graph above the fluorescence trace. Fluorescent peaks above the threshold (red
line) correspond to droplets containing yeast cells. (B) Snapshots a yeast-cell-containing droplet being
diverted into the Sort output. The cell is circled in the middle frame. This droplet corresponds to the peak
present at 55.07 highlighted in the fluorescence trace.
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Video 3.3. Synchronized video imaging for FADS processing of yeast cell containing droplets. Droplets
were generated at a concentration of 7 million cells per mL and sorted on the same day. Individual
droplets containing a yeast cell were observed entering the Sort output between adjacent empty droplets.
However, several droplets containing yeast cells were not diverted. It was determined that the
fluorescence emission from these cells was not high enough to trigger a sorting event.

3.3.2 qPCR analysis of FADS processed S. pombe mixtures

The biological complexity of the system needed to be increased to reach our goal
of using FADS as a method for enriching droplet populations for cells of interest.
Mixtures were prepared containing the GFP expressing strain and a non-fluorescent S.
pombe strain. The latter possessed a gene encoding Ura4, an enzyme involved in
synthesis of pyrimidine nucleobases, in place of the GFP gene encoded in the
fluorescent strain genome. Processing mixtures of these two strains allowed us to mimic
sorting of epigenetic subpopulations, where fluorescence emission from cells depends
on epigenetic regulation of a fluorescent gene. Incorporation of the non-fluorescent
yeast cell line exposed the limited assessment power of our synchronized imaging
setup since fluorescent and non-fluorescent cells were undifferentiated in video
imaging. Thus, we incorporated an offline, gqPCR measurement to assess the purity of
cells present in product droplets from each output.

Quantitative PCR analysis reveals the amount of a specific DNA sequence

present in a sample relative to a control. Primers for the sequence of interest are added
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to selectively amplify matching DNA fragments until their concentration passes a
selected threshold (monitored through the intercalation of fluorescent dyes within DNA
molecules). The number of amplification cycles needed to pass the threshold (Ct) for a
treated sample can be compared with a control to calculate a AACt value (Egn. 3.1) and
fold enrichment value (Eqgn. 3.2). These numbers express whether the DNA sequence is
present in high or low abundance relative to the control. For ease of visualization, fold
enrichment values were used and interpreted as the contribution of each gene of
interest (either GFP or Ura4) to the total DNA content at the specific, genomic locus.
Since individual cells will contain only one of these genes, this allowed us to assess cell
purity following FADS processing, indicating how accurately fluorescent cells were
diverted into the Sort output. Controls were made up of pure cell populations
(fluorescent yeast cells for GFP; non-fluorescent yeast cells for Ura4). Differences in the
total amount of DNA present in the gPCR samples were corrected by comparing the Ct
values of the genes of interest (GOI) and the reference gene, Tub1, whose expression

was expected to be relatively constant in both strains (Eqn. 3.3).

AACt = Ctmixture - teontrol (Eqn 31)
Fold enrichment = 2744Ct (Eqn. 3.2)
Ctsample = CtGOI - CtTubl (Eqn 33)

Output droplets from FADS processing were merged, and DNA was extracted to
perform qPCR analyses. Bulk mixtures were also prepared, extracted, and analyzed to
demonstrate what an averaged measurement would produce (Fig. 3.5A). Bulk gPCR
analysis showed that the fold enrichment of genes was a function of the cell mixture

composition. As an example, the fold enrichment value for GFP decreased as the
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fluorescent, GFP-expressing cell content in the mixture decreased. This trend was
observed for the nonfluorescent cell strain as well. Unexpectedly, the ratios of the fold
enrichment values did not change proportionally with the mixture content (e.g., the fold
enrichment values for the 50% GFP cell mixture were not equal for both GFP and
Ura4). This could indicate that there are differences in cell proliferation rates in tube or
unaccounted biases occurring during amplification for the two genes.

On the other hand, FADS-processing resulted in higher fold enrichment values
for GFP in Sort outputs (Fig. 3.5B), indicating successful enrichment of fluorescent cells
in the sample obtained from the Sort output. For both a 50% and 25% fluorescent cell
mixture, the Sort output showed a fold enrichment for the GFP gene region comparable
to the fold enrichment of the Sort output for the fluorescent cell control, indicating high
amounts of DNA from fluorescent cells and high purity of cells diverted into that output.
The resulting fold enrichment for the Waste output (Fig. 3.5C) more closely resembled
bulk processing of cell mixtures, which indicates that we are not significantly de-
enriching the Waste output for fluorescent cells.

While fluorescent cells were successfully enriched in the Sort output, a fold
enrichment value of 0.14 + 0.04 intensity was also observed for the Ura4 gene in the
Sort output (Fig. 3.5B). This demonstrated that non-fluorescent cells were present in
droplets diverted to the Sort output. It is believed that these non-fluorescent cells could
be present with fluorescent cells in droplets during FADS processing. Based on our 6
million cells per mL concentration and an estimated droplet size of 200 pL, the average
number of cells per droplet is expected to be 1.2, with about 34% being occupied by 2

or more cells (Fig. 3.6A). Thus, it is reasonable that both cell strains might occupy the
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same droplet and reduce sample purity. Additionally, droplet merging during FADS

processing has been observed in the tubing leading to the microfluidic device (Fig.

3.6B). These larger droplets are re-segmented by the oil spacer, but cells likely collect

together due to gravity instead of remaining evenly dispersed throughout the solution.
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Figure 3.5. Quantitative PCR analysis of bulk (A) versus FADS-processing (B, C) of synthetic cell
mixtures. The fold enrichment of the FADS-processed samples is split with respect to samples obtained

from the

Sort (B) and Waste outputs (C).
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Figure 3.6. Possible causes for non-fluorescent cells entering the Sort output. (A) The expected
distribution of cells in droplets based on calculated Poisson statistics from 6 million cells/mL sample
segmented into 200 pL droplets. Only 36% of droplets are expected to contain a single cell, with 30% of
droplets being empty and 34% of droplets containing 2 or more cells. (B) Merged droplets observed in
tubing headed into the FADS device. Droplets are delivered onto the FADS device as soon as 1 hour
following generation. However, processing of samples takes 1.5 — 2 hours, so droplets could be sitting in
the reinjection container for up to 3 hours or more for subsequent samples.

3.3.3 MNase module application to yeast cells and pairing with FADS

The MNase digestion module has previously been used in the Bailey Lab to
obtain nucleosome positioning information from human cells.'3* Cells, lytic components,
and MNase were segmented into droplets. These droplets mixed through a serpentine
channel and incubated at room temperature through delay channels for 3.5 minutes.
During this incubation, cell lysis and chromatin digestion occurred simultaneously.
MNase cleaves and digests double stranded DNA preferentially at open regions;
however, DNA attached to nucleosomes or other chromatin associated proteins is
protected and remains intact for longer. At the end of the device, a picoinjector added
quenching buffer containing EDTA to droplets to chelate calcium ions present in solution
which quenched MNase’s digestion activity. Droplets were then merged for DNA

purification, library preparation, and sequencing analysis.

98



For this work, the module’s design was modified to accommodate pre-made
droplets (Fig. 3.7A). The droplet generator of the initial device was replaced by a droplet
input and oil spacer, and a pico-injector was incorporated to add digestion components
to each droplet. To expand what cell types could be processed through this module, |
incorporated zymolyase into the digestion cocktail. Zymolyase is an enzyme mixture
designed to degrade the integrity of cell walls, facilitating access to the plasma
membrane by lytic components. Typical zymolyase treatments last for 15 — 30 minutes
at high temperatures, so the incubation time for this simultaneous digestion on device
was increased from 3.5 minutes to 20 minutes. Following the initial injection, droplets
were mixed through the serpentine feature before incubating for 20 minutes through
delay channels, during which time zymolyase digested the yeast cell wall, lytic
components broke open the plasma and nuclear membranes, and MNase digested
down linker DNA between nucleosomes. At the end of the device, quenching buffer was
injected through the second picoinjector to halt the activity of MNase before droplets
exited the device.

Following device processing, droplet samples were merged and separated from
the oil phase. DNA fragments were released with Proteinase K treatment and purified
prior to amplification. Amplification of DNA samples was incorporated to counteract the
low DNA output from yeast cells. This ensured that there was enough DNA to be
observed through bioanalyzer analysis, which was used to assess the quality of each
DNA digestion. In bioanalyzer chip processing, nucleic acids separate based on size in
response to a voltage gradient applied to induce electrophoretic movement.'#® DNA and

RNA molecules possess a constant mass-to-charge ratio, so movement through the
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chip matrix depends solely on size. Shorter fragments travel through the matrix faster
than longer fragments. During movement through the chip matrix, fluorescent dyes
intercalate within nucleic acid strands to enable fluorescent detection of fragments as
they exit the chip. The goal of our digestion was to produce high proportions of
mononucleosomal fragments relative to higher order features. This would be observed
as intense peaks located at 267 bp, accounting for a 146 bp mononucleosome fragment
length with 121 bp of primers adapted on during amplification, and low intensity peaks
present at 413 bp, 559 bp, and 705 bp, which represent di-, tri-, and tetra-nucleosome-
length fragments.

Bioanalyzer analysis of the size distribution of DNA fragments produced from
microfluidic samples, bulk-processed samples, and No Cell controls are shown in Figure
3.7B. Mononucleosomal fragment peaks were observed between 200 and 350 bp,
which fits with the anticipated fragment length for proof-of-concept purposes. All
samples exhibited a shoulder on the mononucleosomal peak, beginning at ~ 200 bp,
demonstrating slight over-digestion of DNA samples or “nucleosome sliding”.
Nucleosome sliding occurs as nucleosomes naturally move along short sections of
DNA.'46.147 During MNase digestion, this phenomenon can lead to shorter apparent
DNA fragments, due to previously blocked DNA being made available to the digestion
enzyme, showing shorter than expected nucleosomal fragment lengths. Droplet
processed samples showed a higher percentage of mononucleosomal fragments
produced relative to bulk processed samples, 75% vs 28% + 3%, demonstrating more
efficient digestion of DNA in the droplets (Table 3.1). A small peak was observed in the

No Cell control and droplet-processed samples beginning at ~175 bp (Fig. 3.7C).
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However, upon preliminary sequencing of the No Cell control samples (Appendix C), an
extremely low percentage of DNA fragments aligned to the S. pombe genome. These
fragments are assumed to derive from DNA contaminants in kit buffers and on pipette
tips during processing, which will amplify in the absence of other, larger DNA sources.
Decreasing the ratio of SPRI beads used for library purification could help remove the

contribution of this peak from droplet-processed samples.
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Figure 3.7. Expansion of the MNase droplet device to process cell-wall containing cells. (A) The adapted
design features an adjustment of the inputs to facilitate processing of pre-made droplet samples with a
droplet input, oil spacer, and picoinjector for adding digestion and lysis components (outlined in yellow).
Following the digestion injection, droplets are mixed through a serpentine channel, incubated through
delay channels, and injected with quenching buffer. Digestion profiles from bioanalyzer analysis are
shown for droplet versus bulk processing (B) and droplet processing versus No Cell controls (C). The
location of mono-nucleosome-length DNA fragments (200 — 350 bp) is highlighted in yellow. Some
fluorescence intensity for primer dimers at < 100 bp is cut off. 720,000 S. pombe cells emulsified for data

shown.
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Table 3.1. Percent production of mono-nucleosome DNA fragments for microfluidic versus bulk
processing. The number of replicates per sample type is indicated.

Processing % Mono-nucleosome Fragment Production Replicates
Droplets 75 1
Bulk 28+3 2

Finally, fluorescent yeast cell droplet samples were enriched through FADS
processing and processed through the MNase digestion module to demonstrate
cohesive operation of the entire droplet microfluidic workflow. Droplets were generated,
processed through the FADS device with a threshold of 12,000 cps, then each output
was injected into its own digestion device to produce mononucleosomal DNA
fragments. Figure 3.8 shows the digestion profiles for FADS-processed samples in
comparison to bulk processed samples and No Cell controls. All sample processing
techniques resulted in 70% mononucleosome production (Table 3.2), indicating
successful performance of the droplet microfluidic workflow. No Cell control samples
showed a contaminating peak again beginning at ~175 bp that contributes slightly to the
FADS-MNase droplet processed samples. This continued contamination indicates the
extra peaks seen in the Bioanalyzer data in Figure 3.7 are likely due to the presence of

DNA fragments on pipette tips and in kit buffers as hypothesized.
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Figure 3.8. Digestion profiles from bioanalyzer analysis are shown for the full FADS-MNase droplet
processing versus bulk processing. (A) and versus No Cell controls (B). The location of mono-
nucleosome-length DNA fragments (200 — 350 bp) is highlighted in yellow. 180,000 S. pombe cells
emulsified for experiment.

Table 3.2. Percent production of mono-nucleosome DNA fragments for FADS versus bulk processed
samples. The number of replicates per sample type is indicated.

Processing % Mono-nucleosome Fragment Production Replicates
FADS Sort 70 £ 20 2
FADS Waste 70 1
Bulk 70+ 10 4

3.4 Conclusion:

Nucleosome positioning assays provide insights into the global storage of DNA
under different environmental stimuli. Conventional assays, such as MNase-seq, require
millions of cells to offset samples losses that occur throughout processing steps. Droplet
microfluidic techniques enable movement towards smaller sample sizes, due to the
ability to compartmentalize cells within small volumes and obtain better reaction
efficiencies. Additionally, the automation of multiple reagent additions helps reduce
sample loss. Here, | report the development of a droplet microfluidic FADS-MNase

workflow to study nucleosome positioning in yeast cell subpopulations.
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The FADS setup enabled simultaneous excitation, detection, and video imaging
of the microfluidic device, allowing us to perform adjustments in real-time. Droplets
composed of fluorescent solution as well as droplets containing S. pombe cells were
detected and diverted at a throughput of 30 droplets per second. Synthetic cell mixtures
of fluorescent and non-fluorescent yeast cells were enriched through FADS, showing
enrichment of GFP gene sequences in Sort outputs. However, the presence of the Ura4
gene from the non-fluorescent cell in the Sort outputs also indicates further optimization
is needed to reduce the average number of cells per droplet and prevent droplet
merging prior to FADS processing. Generation of smaller droplets initially and an
increase in the fluorosurfactant used to stabilize droplets would help decrease the cases
where multiple cells are present in droplets.

The MNase design was modified to facilitate processing of pre-made droplets.
Additionally, zymolyase was incorporated into the digestion cocktail to expand the
possible cell types compatible with this method to include cell wall-possessing cells.
This addition was performed simultaneously with cell lysis and DNA digestion both to
maintain the current simplicity of the device but also to reduce sample handling
requirements before input onto the device. Specifically, a simultaneous cell wall
digestion, lysis, and DNA fragmentation step enables usage of the FADS and MNase
devices directly in series. The fragmentation patterns showed production of
mononucleosomal fragments at a higher proportion in droplet processed samples
versus bulk processing (75% vs 28% + 3%, respectively), indicating an improved
reaction efficiency achieved in droplets. Lastly, the full FADS-MNase droplet microfluidic

workflow was applied for the first time ever to obtain mononucleosomal DNA fragments
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from droplets enriched for fluorescent yeast cells. Bulk and droplet-processed samples
both generated 70% mononucleosomal DNA fragments.

While this chapter shows effective progress for this modular workflow, additional
work is needed to achieve its full potential. The parameters employed for FADS sorting
need to be delicately balanced to reduce the presence of off-target cells in the Sort
output while maintaining practical output volumes. Adjusting the FADS device design to
increase the throughput and decrease total sample processing time would permit
processing of larger sample sizes. This would increase the output volume obtained for
downstream steps. Once optimized, the workflow can be applied to an S. pombe strain
that epigenetically controls the expression of a fluorescent protein. This would uncover

insights into the extent to which cells can fine-tune heterochromatin formation.
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Chapter 4 Modular Droplet Microfluidic Workflows for Isolation and Analysis of

Limited Cell Samples

4.1 Dissertation Motivation

Natural variations in cell cycle, epigenetic state, and environmental cues lead to
measurable differences in phenotype between cells within a genetically identical
population. These differences have been shown to have important implications for
biological processes and clinical health monitoring.24213 Thus, there is a need for tools
to study the range of cellular responses to stimuli. Several isolation and analysis tools
have been developed to prepare and study small populations of cells, down to the
single-cell level.’#36 However, these techniques typically require large volumes of
reagents, long times for analysis, and expensive equipment.

The field of microfluidics has developed tools to fill the gap of low cost,
miniaturized, rapid, and high throughput cellular isolation and analysis tools. Scientists
have creatively designed arrays, chambers, and channels to separate cells of interest
from complex mixtures,*:53.55 compartmentalize cells for individual processing, and
analyze a variety of cellular features.*°565148 The incorporation of an immiscible fluid to
aqueous microfluidic devices enables generation of nanoliter to attoliter droplets to
compartmentalize cells within further reduced volumes.3® Droplet microfluidic devices

are easily scalable, mix efficiently, and prevent dilution of reagents or analytes. Many
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channel geometries have been developed to accomplish reagent manipulations in
droplet microfluidic devices.t%-6414% However, a limited number of them are incorporated
into devices that focus on singular assay steps. Benchtop protocols require a variety of
processing steps to produce desired results, so single-step microfluidic devices rely on
benchtop processing techniques to prepare input or finalize the output sample. To
fully automate benchtop assays, multiple steps must be completed in microfluidic
features, which leads to complex devices that are difficult to operate or that are
sensitive to alterations in back pressure and can decrease the uniformity with which
droplets are processed. 51152

To reduce the reliance on benchtop processing for cellular analysis, this
dissertation detailed the development of modular, droplet microfluidic workflows that
combine multiple droplet microfluidic devices in series to isolate cells of interest and
process or treat them for downstream analyses. These workflows are comprised of
individual microfluidic devices that focus on separate portions of the protocol and can be
mixed and matched in a “plug and play” format to customize the assay as desired. In
particular, two workflows were developed. The first focused on an expansion of the
CAR-Wash device®? to isolate cells of interest from multi-cell mixtures. This adaptation
to the CellMag-CARWash workflow demonstrates the versatility of the device’s concept
and takes an important step forward in expanding its utility. Cells were segmented into
individual droplets that are suitable for many downstream, droplet processing workflows.
Specifically, we leveraged the ability to incorporate molecular treatments into the
CellMag-CARWash buffer to study the effect of B-estradiol on extracellular vesicle (EV)

secretion from MCF7 GFP cells. The second workflow combined a fluorescence
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activated droplet sorter (FADS) device with the Bailey Lab’s MNase digestion
module.’* Validation of and adaptations to these devices focused on improving their
ability to be used together cohesively. The FADS setup was adjusted to enable
simultaneous imaging and detection to facilitate real-time troubleshooting during sorting.
The MNase module design and operation were adapted to process pre-made droplets
and a wider variety of cell types. These changes improved the plug-and-play
friendliness of these devices and expanded their usability for modular workflows.
Overall, these two workflows expand the applicability of these devices and demonstrate
the usefulness of modular, droplet microfluidic workflows to study biological phenomena
in single-cell samples. Key steps remain, however, to streamline workflow logistics and

deepen their biological applicability.

4.2 CellMag-CARWash workflow for cellular isolation and EV studies

Droplet microfluidics is an attractive platform for single-cell studies due to its
ability to compartmentalize and process individual cells in a scalable, high throughput
fashion. However, most single-cell, droplet microfluidic assays require pre-purification of
the desired cell type prior to encapsulation with reaction components.®® To fill this gap,
we developed the CellMag-CARWash workflow to selectively label cells of interest in a
mixture with magnetic beads and magnetically isolate them into droplets through
positive selection in the CellMag-CARWash device (Chapter 2). Output droplets from
the workflow contained highly pure populations of single cells that can be used for
further downstream assays and analyses. Cell mixtures were initially incubated with pre-
functionalized magnetic beads that attach to cells of interest through antibody-driven

interactions with cell surface markers. Antibody cocktails were curated to selectively

109



isolate a variety of cell types. Labeled cell mixtures were encapsulated within droplets
initially to distribute them evenly throughout the sample volume and prevent
gravitational settling. Droplets were processed through the CellMag-CARWash device,
which features an extended washing channel to account for the anticipated increased
residence time needed to recover cells in the output. Indeed, output droplets contained
single cells with a high degree of purity (>93%) that were suitable for a variety of
downstream analyses. We applied the workflow to study the distribution of EVs secreted
from individual cells.

EVs are a trending research field, with the number of studies being published on
them increasing rapidly beginning in 2015.'%2 They facilitate cellular communication by
ferrying proteins, molecules, lipids, and nucleic acids to other cells to elicit changes.”®
There is specific, clinical interest in EVs as potential biomarkers and drug delivery
vehicles due to their long half-life within the body, presence in many biological fluids,
function in ferrying multiple cargo types, and ability to target specific cells or regions of
the body.”" We wanted to study the effect of B-estradiol, a form of estrogen that has
been shown to induce cell proliferation in estrogen receptor positive cell lines,'%* on EV
secretion from MCF7 GFP cells. MCF7 GFP cells are a modified, breast cancer cell line
that produce green fluorescent protein (GFP), and the effect of B-estradiol on their EV
secretion dynamics has not been well studied. The washing buffer used in CellMag-
CARWash can be exchanged for any buffer as long as it is able to conduct electricity.
We leveraged this feature by spiking B-estradiol into our washing buffer to apply a
single-cell level treatment to MCF7 GFP cells as they entered new droplets. Due to the

small size of EVs relative to human cells (~150 nm versus ~15-30 ym), it was necessary
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to remove the cells from droplets following incubation. | incorporated a magnetic droplet
splitter to separate the droplets into two outputs: one with the magnetically tagged cell
and one with droplet contents only, including secreted EVs. These latter droplets were
fluorescently imaged to reveal the distribution of EV secretion dynamics from MCF7
GFP cells. We found that both media-only and -estradiol spiked media treated cells
secreted EVs in a Gaussian distribution. However, B-estradiol treatment increased EV
secretion overall. Comparison with bulk EV isolation methods confirmed a similar
increase in levels of secreted EVs following 3-estradiol treatment, however, we obtained
finer details regarding the heterogeneity of cellular responses using the CellMag-
CARWash workflow. This points to the suitability of novel droplet microfluidic workflows
such as CellMag-CARWash to process complex samples and study heterogeneity

within cellular processes.

4.2.1 Future directions for CellMag-CARWash

Immediate next steps for this workflow include increasing the complexity of the
initial cell mixture processed by CellMag-CARWash and assessing potential biases
inherent in the technique. Two-cell mixtures were used exclusively to validate the
workflow; however, isolation from multi-cell mixtures would bring it nearer to clinical
contexts where native cell samples and biological fluids are directly processed.®5-157 |t
is anticipated that the antibody cocktail used to target desired cell types would take on
an even greater importance, due to overlaps in expression markers on multiple cell
types and greater heterogeneity in expression levels. Considering the heterogeneity of
surface marker expression, it is assumed that the positive selection used in CellMag-

CARWash biases downstream techniques towards cells with higher expression
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levels.'®® The requirement for 3 or more beads to attach per cell to recover them in
output droplets limits analysis to cells with higher levels of surface markers. Three
changes could help lower the number of beads required for isolation: slowing the
velocity of solutions within the device, further lengthening the washing chamber, and
increasing the magnetic field strength of the permanent magnet. Unfortunately, the
number of recovered, off-target cells with nonspecifically bound beads may increase
from these changes, so the purity of cells in output droplets could be diminished.

It would be interesting to assess whether these differences in cell surface marker
expression influence cellular dynamics. Separation of desired cells into subpopulations
based on the number of beads attached through CellMag-CARWash could enable this
analysis. Cells with different numbers of beads attached have different trajectories
within the magnetic field, which | observe as cells reaching the bottom of the washing
streamline at different points throughout the channel. This could be leveraged to
separate cells based on the number of beads attached by incorporating multiple outlets
along the washing channel (Fig. 4.1). However, resegmentation into droplets at each
output would be challenging to maintain. Currently, an oil co-flow separates the washing
buffer from the magnet-adjacent channel wall to prevent sample from sticking to the
PDMS. This flow barrier would need to be considered when trying to allow cells to exit
prior to the current resegmentation location. Additional oil flows would also need to be
incorporated to ensure reproducible droplet generation at all outputs, which would

increase the complexity in operating the device.

112



Droplet input Waste

.O Electrode
Q
Q
Washing & o
buffer G & O " O 5
Low bead
Oil coflow 1 O & © O output
High bead « Oil O =« Oil
output coflow 2 coflow 3

Magnet

Medium bead
output

Figure 4.1. Proposed design for a multi-output CellMag-CARWash device. Extra outputs along the
magnet-facing wall have been incorporated to collect cells with different numbers of beads attached. To
maintain the oil barrier that prevents sample from sticking to the PDMS wall, extra oil coflow inputs have
also been incorporated between each output.

Another interesting application to study using CellMag-CARWash would be cell-
cell communication effects on cellular dynamics. The compartmentalization of cells
within droplets isolates them, so typical responses that would be observed in vivo are
hindered due to the removal of cells from their native communication context.
Specifically, only autocrine, or cell-to-self, signaling can occur while cells are isolated in
droplets, which is rare in normal physiology.'>® However, it is no longer believed that
droplet contents are completely isolated after encapsulation. Droplet crosstalk has been
observed for small molecules in several high throughput screening cases.'®%-162 |t has
been shown that the fluorosurfactants used to stabilize droplets actually mediate
transfer of small molecules between droplets. This feature could be leveraged to
observe cellular changes in response to small-molecule mediated signaling between
cells.'83.164 | envision isolation of multiple cell types into droplets via CellMag-CARWash

and collection into a two-part array, where oil can flow past droplets that contain cells
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treated to increase secretion of a small molecule towards droplets containing recipient
cells, whose response can be imaged over time (Fig. 4.2). In principle, the oil applies
shear forces to the original droplets which produce small micelles containing the
secreted signaling molecule and carries them to recipient cells. The specific geometry of
this device would need to be optimized so that droplets are easily captured within the
arrays and direct connections between origin and receptor cells are controlled.
Additionally, the transfer of small molecules between droplets would need to be
characterized before cell studies could be completed. However, this concept is an
exciting approach to expand the biological similarity of cell studies in droplets using a

characteristic typically deemed an inconvenience.
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Figure 4.2. Initial device design for an array to study cell-cell communication between droplets using
droplet crosstalk. (A) The overall device design features two inlets to feed in the two droplet types (green
= origin cell droplets; orange = recipient cell droplets), an oil inlet, and two flow outputs. Droplets will be
immobilized in the chambers over time. Qil flows from the top of the device to the bottom to induce droplet
crosstalk. (B) A zoomed in image of individual chambers. Oil flows from the origin cell droplet (light green)
to the recipient cell droplet (orange). Secreted molecules from the origin cell (dark green dots) are
encapsulated in shear-created micelles due to oil flow and merge with the recipient cell droplet.
Responses from the recipient cell could then be observed through imaging.

4.3 FADS-MNase workflow development and characterization

The organization of nucleosomes throughout the genome reveals insights into
how genes are regulated in response to stimuli. MNase-seq analysis of large cell
samples reveals the predominant nucleosome positioning in use throughout the entire

cell sample, but it lacks the resolution to identify important cases of unique organization
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applied within individual cells. Low-input and single-cell variants of MNase-seq have
been developed to uncover fundamental differences in nucleosome organization
between active and repressed chromatin regions. However, they rely on fluorescence
activated cell sorting (FACS) to generate pure cell samples, which isolates cells with
harsh application of voltage, which can harm cell viability and homeostasis. Chapter 3
describes our work to develop the FADS-MNase droplet microfluidic workflow, which
isolates cells of interest and generates mono-nucleosomal fragments from output
populations at a single-cell level. Fluorescence activated droplet sorting, or FADS, is a
droplet microfluidic alternative to FACS that incorporates droplets to reduce the forces
experienced by cells during the sorting process and maintain homeostasis. Our FADS
system was validated for its ability and accuracy in sorting out cells of interest in output
droplets. A previously published, MNase digestion device was expanded to facilitate
processing of a wider variety of cell types as well as pre-made droplets.'3* The cohesive
operation of the two devices in series was assessed.

| set up a FADS system that could be imaged and operated simultaneously to
allow for troubleshooting during experiments. This system was validated for its ability to
divert individual droplets in response to a variety of fluorescence signals. It was shown
that droplets could be diverted following fluorescence emission detected from contained
Schizosaccharomyces pombe (S. pombe) cells. To mimic the isolation of epigenetic
subpopulations, | processed pre-prepared mixtures of fluorescent and nonfluorescent S.
pombe cells and studied the purity of the outputs. Quantitative polymerase chain
reaction (QPCR) analysis revealed successful enrichment of fluorescent cells in the

droplets from the Sort output. Unfortunately, a small response was observed for non-
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fluorescent cells in the Sort output. | believe multiple cell occupancy within droplets due
to Poisson statistics and droplet merging are the source of this false positive signal.
Further work is needed to attempt reducing droplet volume and decreasing cell
concentrations to see if those changes could mitigate the presence of non-fluorescent
cells in the Sort output. The main difficulty of those changes is that they will increase the
device operation time needed to generate enough droplets from the Sort output to
reliably recover cells for analysis. Currently, device operation time is extensive, so
investment in changes to increase the throughput should be explored. Another change
that would help decrease any false positive droplet sorting events would be the
incorporation of a “bias oil” that further prevents droplets from entering the Sort output
stochastically.'®® Random diversion of empty droplets is rarely observed during video
imaging, so it remains to be seen whether this addition would benefit the method.

The original MNase digestion device automated multiple steps of the MNase
protocol, from encapsulation of cells with lytic and digestion components to perform a
consolidated incubation step to quenching of the reaction by injecting droplets with
EDTA. Cells are essentially processed at the single-cell level and the entirety of the
DNA fragment generation protocol is completed automatically. However, the MNase
device requires pure cell samples as input and is limited to the analysis of human cell
lines. Thus, we adapted the design and reagent compositions to expand its utility. First,
the inlet was modified to facilitate processing of pre-prepared droplets. Droplets were
inputted, spaced out, and injected with the lytic and digestion cocktail to start the lysis
and digestion step that occurred within the delay channels. To expand the cell types

that could be processed through the device, we incorporated zymolyase to digest cell
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walls present on cells simultaneously with the automated lysis and digestion step.
Removal of the cell wall for yeast and bacterial cell profiling is typically performed as a
separate, sample preparation step in microfluidic assays, so incorporation to the MNase
device allows us to process these cell types directly from other droplet isolation
methods. Cells are fully processed down to DNA fragments in approximately half the
time required for benchtop and other microfluidic techniques due to the elimination of
sample preparation steps between each individual reaction. Application of the modified
MNase digestion module to S. pombe cells resulted in successful production of
mononucleosome-length DNA fragments, as shown through Bioanalyzer analysis. The
device was also successfully used in combination with FADS to generate DNA
fragments from droplet samples enriched for fluorescent S. pombe cells. These
modifications position the MNase digestion module for an expanded set of sample
inputs and incorporation into other droplet microfluidic workflows to customize sample

processing.

4.3.1 Future Directions for FADS-MNase

Overall, the FADS-MNase droplet workflow has successfully been tested with
proof-of concept experiments and is ready to move forward with real experimentation.
The workflow is well-positioned to isolate and profile epigenetic subpopulations, that is,
cellular populations that express a fluorescent protein as a function of epigenetic
regulation. FADS’s ability to separate cells into epigenetic subpopulations could initially
be assessed through reverse transcription and qPCR (RT-qgPCR) analysis of outputs,
where the expression level of a fluorescent reporter gene (“ON” state) and surrounding

genes could be quantified. Ideally, MNase processing of these samples will support RT-
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gPCR results by showing a higher number of DNA fragments collected for the non-
sorted or “OFF” output, consistent with higher nucleosome occupancy along the
fluorescent reporter gene, preventing its active transcription. Assessment of other genes
surrounding the fluorescent reporter gene should reveal higher expression levels of
transcripts for genes lacking high nucleosome occupancy. Following initial validation,
more interesting research questions can be investigated. Of particular interest to me
would be studying the resolution of nucleosome positioning as a regulation method
within gene regions. It has been shown in Saccharomyces cerevisiae that pairs of co-
regulated genes exist—where one gene is transcriptionally enriched, the adjacent gene
is as well.'®> FADS-MNase offers a platform to pair transcriptional data, from RT-qPCR
analysis following FADS, with epigenetic nucleosome positioning maps, produced via
the MNase digestion device, to begin articulating the precision of epigenetic control

among adjacent and distal genes along a chromosome.

4.4 Broader impacts of the dissertation

This dissertation demonstrates the potential of modular, droplet microfluidic
device workflows to automate the single-cell isolation and processing steps for high-
throughput, cellular heterogeneity assays. The CellMag-CARWash and FADS-MNase
droplet workflows were developed, characterized, and applied in proof-of-concept
applications. These workflows are comprised of “plug-and-play” devices that focus on
singular assay portions. The combination of multiple devices allows users to automate
multiple protocol steps to limit sample handling without over-complicating device design
and operation. Logistical challenges, such as ensuring cohesion throughout the

workflow and limiting sample loss during device transfers, are inherent in developing
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modular workflows.'®8 However, the ability to substitute in different modules achieves a
customizable platform that gives users more control over sample processing. Overall,
this work has expanded the utility of several droplet microfluidic modules to be applied
individually or in series to isolate cells of interest from complex samples and
automatically process them to study cellular heterogeneity in multiple biological
applications.

These workflows made major strides toward full automation of single-cell assay
protocols. While automation of the analysis step was outside the scope of this work,
further adjustments to device reagent compositions could enable combination of these
technologies with next generation sequencing (NGS) analysis. NGS analysis is an
unbiased, high-throughput method that has revolutionized epigenomic and
transcriptomic assays.3? Single-cell sequencing of total MRNA molecules (ScCRNA-
seq)'®” and chromatin accessible DNA regions (scATAC-seq)'3¢ have been
accomplished using microfluidic technologies by isolating single cells with unique
barcode beads and appropriate reagents inside droplets using 10X Genomics'’s
Chromium platform technology. However, these techniques still require pre-isolation of
cell samples or must spend bioinformatics resources to remove unwanted cells from
sequencing results. CellMag-CARWash has been demonstrated for single-cell isolation
from complex mixtures; plus, we incorporated single-cell level treatments into the
resulting droplets during device operation. This feature could be leveraged to inject
scRNA-seq or scATAC-seq reagent components into resulting single-cell droplets,
achieving a fully automated, high-throughput technology to study cellular heterogeneity

within the transcriptome or epigenome. CellMag-CARWash paired with sequencing
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would expand the types of cell samples that could be studied with scRNA-seq or
scATAC-seq while maximizing the information collected from cells of interest.

The technologies developed through this dissertation could also benefit sample
processing workflows employed in clinical applications. Patient samples are composed
of complicated cell mixtures and the exact number of cells obtained is unknown, so
scalable, single-cell technologies that can physically isolate cells while accommodating
a flexible input are desirable. Additionally, patient samples are difficult to obtain, so all
cells present are of interest for study, regardless of cell type. Most microfluidic tools
advertise their ability to scale down reactions to small cell numbers. However, this
strength is commonly tarnished by an upper limit to the number of cells that can be
processed through each device. Integrated fluid circuits'®® and the DEPArray,3
specifically, are limited to processing < 384 or < 30,000 single cells based on the
respective size of their arrays, so multiple devices are needed to process entire patient
samples at the single-cell level (~1 million cells).'®® The droplet microfluidic tools
described in this dissertation can easily scale to larger sample sizes while maintaining
single-cell level processing. They maintain automated sample processing while
accepting varying cell input sizes by simply modulating the number of droplets
generated. The MNase device, specifically, has already been demonstrated to cover
three orders of magnitude of cell input numbers.'34 Incorporation of unique barcodes
into the reagents injected into single-cell droplets as they pass through the device would
enable production of single-cell nucleosome positioning libraries from patient samples.
This input independence paves the way for incorporation of these devices into clinical

sample processing workflows.
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Modular, droplet microfluidic workflows provide high-throughput avenues to
perform all portions of cellular assays automatically, reducing hands-on processing
while maintaining simple and robust device operation. The CellMag-CARWash and
FADS-MNase workflows are comprised of individual devices that can be substituted and
rearranged to achieve customized sample processing. Further integration with single-
cell NGS analysis would widely expand the impact of these devices, since NGS analysis
matches the high-throughput nature of the workflows. Additionally, these modules are
input independent and can scale to larger numbers of cells, which would translate well
to processing and analyzing clinical, patient samples. These many beneficial
characteristics position the devices and workflows described herein to be further applied

to help researchers study the diversity of cellular responses to new experiences.
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Appendices

Appendix A: Droplet Generator Device Schematics

.-

Cell input
Qil
® | Droplet output

Appendix Figure A.1 Schematics for droplet generator devices used in these projects. The top device was
used to generate droplets for the CellMag-CARWash project, and the bottom device was used to produce

droplets for the FADS-MNase project. Cell input, oil input, and droplet outputs are labeled with colored
dots.
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Appendix B: Device Schematics Involved in Optimization of the CellMag-

CARWash Droplet Microfluidic Workflow
The figures included in this appendix represent previous iterations for the devices used

in Chapter 2. Specific design changes are explained in figure captions to explain why

further iterations and the eventual final design were used.
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Appendix Figure B.1. Schematics for previous iterations of the CellMag-CARWash device. (A) Initial
extension of the washing chamber to accommodate smaller magnetic bead sizes. This design was
created by Dr. S.R. Doonan, a previous member of the Bailey Lab to wash Dynabeads. (B) Same as A,
but the magnet is placed 1 mm farther from the washing channel. The distanced magnet position was
incorporated to enable potential interactions with the washing buffer. (C) Same as B, but the washing
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chamber was extended 1.56X. The distanced magnet position still offers potential for interactions with the
washing buffer, but the longer channel accounts for the longer time needed to divert cells across the
streamlines due to their increased size. C was initially observed to recover high numbers of cells through
video imaging, but offline measurements of cell recovery later revealed poor reproducibility. Thus, the
magnet was moved back closer to the washing channel (as in A) to increase the magnetic force
experienced by cells and improve recovery. This final design was used for the experiments in Chapter 2.
The various inputs are labeled with colored dots shown in the table.
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Appendix Figure B.2. Percentage of cells recovered from processing with the chosen CellMag-CARWash
design (Figure B.1C) as a function of the number of beads attached per cell. (A) shows an initial sample
result, indicating promising levels of recovery. However, subsequent processing of two additional samples
(B) revealed poor reproducibility in recovering cells. Thus, the decision was made to bring the magnet
closer to the washing channel in the final design used in Chapter 2.

125



Channel
expansion

3

Serpentine
outputs ~g

5mm > mm
C .
Straightened Droplet Input ®
outputs
‘ | _ Oil
( | :I EV Output ([
Magnetic Output | ®

5mm

Appendix Figure B.3. Representative schematics of major feature changes in previous iterations of the
magnetic splitter device. (A) The initial design featured a channel expansion after the droplet spacer and
serpentine outputs that were useful for mixing droplet contents to ensure equal distribution. (B) The
channel expansion was removed, since it did not add to the function of the device. (C) The serpentine
outputs were removed to improve device robustness in processing fibers that entered samples. Each
design iteration featured designs with different channel widths to facilitate processing of different droplet
volumes, and the final design used in Chapter 2 possessed wider channels compared to (C) due to its
appropriateness for processing the ~200 pL droplets from CellMag-CARWash while minimizing blockage
by fibers at the splitting junction. Various inputs and outputs are indicated with colored dots.
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Appendix C: No Cell Control Troubleshooting Data

The following data was produced by preliminary Mi-Seq analysis of selected samples to
determine whether the presence of nucleic acid peaks in the Bioanalyzer traces were of
concern. It was determined based on the extremely low percentage of reads aligned to

the S. pombe genome and distinct GC content of the No Cell controls that they could be

filtered out if the FADS-MNase project ever reached sequencing analysis.

Appendix Table C.1. Averaged Percentage of Reads Aligned to S. pombe genome for various sample
types. No Cell controls consistently exhibit <0.2% reads aligned to the genome, indicating the majority of
DNA present in these samples is a contaminant. Since it is not changed with fresh buffers, the initial
buffers are assumed to not be the source of contamination. Interestingly, the droplet processed samples
exhibit a higher percentage of aligned reads for the 10 min incubation time than bulk, indicating improved
reaction efficiency in the droplet processing context.

Incubation Average Percentage of
Processing type
Length Reads Aligned
Bulk 10 min 68 + 4
No Cell 10 min 0.18 £0.03
Microfluidic 10 min 753
Bulk 20 min 92 +1
No Cell 20 min 0.15+0.03
Fresh Buffers — Bulk 20 min 82 +1
Fresh Buffers — No Cell 20 min 0.15+0.03

127



Appendix Table C.2. Averaged GC content for various sample types. All cell-containing samples exhibit
two peaks of GC content prevalence, one around 40% and one around 62%. The latter matches the
prominent peak present within all No Cell controls.

Incubation Mean GC Mean GC
Processing type
Length Content Peak 1 Content Peak 2
Bulk 10 min 37+0 62+0
No Cell 10 min 63 + 1 N/A
Microfluidic 10 min 390 65+0
Bulk 20 min 39.8+04 67 +2
No Cell 20 min 63+3 N/A
Fresh Buffers — Bulk 20 min 42 +2 690
Fresh Buffers — No Cell 20 min 64.5+0.7 N/A
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Appendix Figure C.1. Representative graphs showing mean GC content of sequenced samples. Peak
locations are indicated with black lines and labels. Cell containing samples exhibited 2 peaks of GC
content prevalence, indicating multiple species of DNA present. The higher GC containing shoulder peaks
aligned well with the location of the No Cell control peaks. The prevalence of the shoulder peak
decreases with incubation time and microfluidic processing. Note that the # of reads axes do not match —
data was considered qualitatively for the prominent peak GC contents.
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