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ABSTRACT OF THE DISSERTATION

Droplet-based Microfluidic Platform for Single-cell and Cell Pairing Applications
by
Xuhao Luo
Doctor of Philosophy in Biomedical Engineering
University of California, Irvine, 2023

Professor Abraham Lee, Chair

Droplet microfluidics has become an indispensable technology to encapsulate cells of
interest in a monodispersed aqueous compartment for single-cell analysis. In addition, the
confinement of cells in picoliter droplets offers high-throughput, single-cell resolution, and
high signal-to-noise ratio for various cellular assays that unmasks cellular heterogeneity
from a bulk population. Particularly, co-encapsulation of two distinct cells in a droplet is
critically important for studying cell-cell interaction, transcriptomics, genomics, antibody,
and drug screening. However, the co-encapsulation of one type A cell and one type B cell per
single droplet, termed 1-1-1 encapsulation, has been dictated by double Poisson distribution
due to the intrinsic random dispersion of cells, which yields mostly empty droplets and only
up to 13.5% of droplets under optimal conditions. Such low 1-1-1 encapsulation efficiency
makes it impractical for biological analyses at scale involving low cell concentrations or a
large number of variables. Here, we demonstrate a passive co-encapsulation microfluidic
device that leverages close packing of cells by hydrodynamic draining to overcome the

double Poisson limitation. The results suggest a significant improvement of the 1-1-1
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encapsulation efficiency by over two-fold compared to the double Poisson model. The
enhanced encapsulation efficiency of this platform demonstrates great potential for a high-
throughput, versatile, and simple platform for cell-cell interaction studies within a confined
microenvironment.

In addition, we present a microfluidic droplet trapping array capable of modulating
the translational and rotational dynamics of trapped cells inside the droplets by means of
shear-induced microvortices driven by external fluidic control. Using this platform, we
demonstrate that droplet microvortices are sensitive to particle/cell size to droplet ratios,
cell compliance, and the external phase fluid velocity. We further analyzed the hydrodynamic
forces experienced by particles through theoretical and numerical simulations to better
understand the effects of different physical variables on droplet recirculation dynamics. Our
experimental and theoretical results provide insights into the fluidic conditions that lead to
translational or rotational dynamics inside trapped droplets, and could enable future uses

for the characterization of single-cell biophysical properties.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1  Microfluidic Compartmentalization Platforms for Single Cell Analysis

Cell, as an indivisible unit of life, is the basic building block of all living organisms.
Each individual cell provides a crucial basic structure and biological function, as well as the
interplay between collective cells in response to perturbation [1, 2]. Conventional cell-based
assays are often used to further categorize into different types according to their
morphological, functional, and other phenotypic characteristics [3, 4]. This population-level
cellular analysis plays an essential role in our understanding of pathogenesis and studying
cellular mechanisms. However, many conventional cell-based assays yield ensemble
measurements from a population of cells, with an assumption that an averaged result is
representative of a typical individual cell within a population. This generalization can often
lead to misleading interpretation, given the abundance of evidence that has demonstrated
cellular heterogeneity within a clonal population [5].

Substantial evidence has shown that the heterogeneity of individual cells within a
population is critical for cellular function and survival in the field of immunotherapy and
cancer therapy [6]. Thus, high throughput single-cell analysis is of large interest to reveal
cell-cell variability by elucidating molecular mechanisms at single-cell resolution. A number
of single-cell analysis methods have been developed, such as optical tweezer, patch clamp,
microscopic imaging, and flow cytometry [7-10]. In particular, flow cytometry has been
beneficial to single-cell analysis by detecting and enriching cells that exhibit specific
phenotypic markers [11, 12]. In addition, its high throughput in processing capability at a
rate of thousands of cells per second makes it to be a great candidate for screening protein

expression and surface markers through tagging with a fluorescent antibody or probe.



However, the need for fluorescent labeling of cells limits the breadth of capability to only
endpoint analysis [13]. The features such as affinities, secretion dynamics, and cell-cell
dynamic interactions are beyond the scope of flow cytometry.

The advent of microfluidic technology offers a set of tools that enables an integrated
platform for a wide range of applications from single-cell compartmentalization,
manipulation, and analysis [14-16]. Microfluidics is the science and technology of systems
that involve channels with a dimension of tens of microns to manipulate fluids at an
extremely small volume ranging from femto- to nano-liter. The length scale of microfluidic
systems is comparable to the size of a single cell, which is around 10 pm in diameter and
roughly 1 pL in volume. The capability to operate at such miniature dimensions in
microfluidic systems is attractive and provides many unique advantages over existing single-
cell analysis methods. The compartmentalization of single cells in small volumes can
drastically improve the signal-to-noise ratio by reducing background noise, where it would
be challenging to acquire the signal of individual cells from a bulk population [17, 18]. The
capabilities in multiplexing and parallelization are also unique characteristics in microfluidic
systems that made them suitable for single-cell analysis [19, 20].

Microfluidic technologies have been rapidly evolving for a growing number of single-
cell applications, which can be further divided into three main categories based on how the
single cells are compartmentalized: microvalves, micro/nano-wells, and droplets. These
microfluidic platforms not only offer the capability to analyze individual cells, but also
increase analysis efficiency, throughput, and reduce laborious tasks that are often associated
with the traditional microtiter plate method. According to Web of Science as of 2021, the

number of publications for single-cell analysis is rapidly and steadily increasing over the past



two decades for all three microfluidic platforms respectively (Figure 1 - 1). Particularly,
droplet microfluidics has been an attractive method for single-cell analysis in a recent decade,
as indicated by its number of publications that has surpassed microvalve- and microwell-
based platforms.

Droplet-based microfluidic system provides an exceptionally powerful alternative for
single-cell analysis, yet overcoming many limitations observed in bulk systems. Briefly, two
streams of immiscible phases are introduced into a microfluidic device to generate
monodispersed aqueous droplets that are stabilized by a continuous oil phase supplemented
with surfactant. Instead of compartmentalizing single cells in microwells, droplet
microfluidics exploits immiscible phases of aqueous reagent in an oil emulsion to generate
pico- to nano-liter sized cell containing droplets. Since the advent of droplet microfluidic
systems, it has gained substantial interest and development of tools for high-throughput
bioassays owing to the unique abilities in generating monodispersed micro-droplets at a rate
of thousands per second and eliminating cross-contamination [21]. This high rate of droplet
generation provides flexible scalability to perform a large number of individual assays
without being limited by any physical dimensional constraint or increasing complexity of a
microfluidic chip, which leads to several orders of magnitude higher throughput as opposed
to the aforementioned microfluidic systems. With the biocompatible aqueous and oil phase,
the encapsulated cells can maintain their viability for an extended period of time in droplets.
With the strengths of encapsulating cells in droplets as micro-reactors, droplet microfluidics

provides more capabilities in isolating and analyzing single cells.
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Figure 1 - 1 The number of publications from Web of Science from the year 2000 to 2021 on
microvalve, microwell, and droplet microfluidics for single-cell analysis.

1.2 Fundamental of Droplet Generation

Droplet microfluidics is one of the sub-fields in microfluidics that generates and
manipulates discrete droplets through two or more immiscible fluids through a
microfluidic device. Many review literatures have been published that thoroughly describes
the theoretical and various techniques of droplet generation, including active methods
involving electrical, magnetic, thermal, and mechanical method [19, 22, 23]. This section
will only highlight passive droplet generation that only relies on the channel geometry and
hydrodynamic forces.

Droplet, as known as water-in-oil emulsion, is a mixture of two immiscible fluids,
which is one of the important aspects in organic chemistry. Single emulsion is conventionally
generated by vigorously agitating two immiscible phases in bulk. However, the distribution
of shear force in bulk that is responsible for emulsification cannot be precisely controlled,
resulting in highly polydispersity in size [24]. In contrast, microfluidics offers meticulously

controlled of fluid flow to achieve monodispersed emulsions at the order of thousands per



second [21]. The encapsulation of target of interest in droplets that serve as microreactors
can then be precisely manipulated, thus applicable for high-throughput biochemical and
cellular analysis [25]. Thus, the capability of compartmentalization in a controlled manner
makes droplet microfluidics to gain its important role in advancing single-cell analysis [21,
26].

Droplet generation is of essential step for various microfluidic applications. In passive
method, two immiscible dispersed and continuous flows are driven by either syringe pumps
that supply constant flow rates Q4 and Q. or pressure pumps that provide stable constant
pressure source P; and P.. When two immiscible phases meet at the droplet generation
junction, the geometry of channel design defines the local flow fields, interface deformation,
and droplet formation [19]. Depending on the channel geometry at the junction, droplet
generation can be classified into co-flow, T-junction, and flow-focusing (Figure 1 - 2) [27].
Each geometry for droplet generation presents unique advantages, such as throughput and
droplet size. Particularly, flow focusing provides broader range of control over droplet size
with smaller size distribution compared to T-junction and co-flow methods. By adjusting the
flow rates of two immiscible fluids, flow focusing has superior scalability with higher droplet
generation rate, which is an important aspect for single-cell analysis. Thus, this dissertation
will be focused on flow-focusing method.

At the droplet generation junction, the energy from the fluid driving force is partially
converted into interfacial energy that introduces instability of the liquid-liquid interface,
leading to shedding discrete droplets from dispersed phase [27]. The destabilization at the
interface can be characterized by two competing effects, which are the extension and

deformation of the interface induced by local shear stress (viscous force) and the resistance



of deformation from the interfacial tension. Thus, the interplay between viscous force and
interfacial tension during droplet generation can be described by the capillary number Ca, as
shown in Eqn. 1.1, where 7 is the dynamic viscosity, u is the characteristic velocity, and y is
the interfacial tension.

Ca=", (Eqn. 1.1)

The capillary number Ca would be useful in predicting various regimes of droplet generation.

Generally, the droplet generation can be categorized into three regimes: squeezing,
dripping, and jetting (Figure 1 - 3) [23]. Squeezing regime often occurs at low capillary
number. The dispersed phase obstructs and protrudes through the droplet generating nozzle,
thus transiently restricting the continuous flow around the developing protrusion. As the
droplet is enlarging, the pressure gradient in continuous phase is also building up.
Consequently, the growing pressure gradient in continuous phase becomes sufficiently large
to overcome the pressure inside the forming droplet. The interface is then squeezed and cut
by the continuous phase. As capillary number increases, the droplet generation regime
would transition into dripping regime. In this regime, the viscous force is dominate over the
interfacial tension and stabilizes the enlarging droplet against breakup. The droplet is
generated at the flow focusing orifice due to Rayleigh-Plateau instability before the enlarging
droplet obstructs the microchannel. Lastly, higher capillary number by increasing flow rate
and viscosity of the continuous phase can result in jetting regime, which appears a long
thread of dispersed phase fluid before breaking up into polydisperse droplets at downstream
from the orifice.

Dr. Abraham Lee’s lab has been one of the pioneers in droplet microfluidics by

studying the phenomenon of droplet generation and the applications towards biological



applications. This dissertation will present different droplet microfluidic devices that
overcome the limitation in co-encapsulation efficiency in droplets and advance the capability

of droplet trapping for complex cellular analysis.
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Figure 1 - 2 Different microfluidic droplet generation geometries. (A) T-junction geometry, as known as
cross-flow, indicates that the flow of aqueous phase perpendicular to the flow of oil phase and sheared
by the oil to generate droplets. (B) The flow-focusing geometry produces droplets by shearing the
aqueous phase from two directions. (C) In the co-flow geometry, the aeuous phase is forced through a
capillary, which is fabricated co-axially inside a bigger capillary [23].
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Figure 1 - 3 Schematic of droplet generation in passive and active methods. In passive method, droplet
generation can be categorized into five regimes: squeezing, dripping, jetting, tip-streaming, and tip-
multi-breaking regime. The type of droplet generation regime is dependent on the competition of
capillary, viscous, and inertial forces [27].

1.3  Overview of the Dissertation

This dissertation presents new droplet-based microfluidic platforms and strategies to
address two aspects of the technical challenges for single-cell and cell pairing analysis: co-
encapsulation efficiency and downstream cellular analysis in stationary droplet. The
inefficient cell co-encapsulation and low platform versatility hinder the adoption rate of
droplet microfluidics technology by biologists and industries. Thus, the development of

passive, efficient 1-1-1 encapsulation platform without compromising simplicity, high-



throughput and versatility is greatly needed. The proposed microfluidic chip design takes
advantages of hydrodynamics and close-packed ordering of cells to improve 1-1-1
encapsulation efficiency. The 1-1-1 encapsulation platform does not only significantly exceed
double Poisson limitation but also accommodate samples with low cell densities.
Furthermore, the advantages of 1-1-1 platform open a new avenue for large-scale analysis
on cell-cell interaction. The improvement on efficient co-encapsulating cell pairs has direct
implication in immunotherapy and a wide range of cell interaction assays.

In addition, this dissertation also presents a droplet trapping array device that
contains a set of uniquely designed droplet traps for immobilizing cell-laden droplets. A
continuous flow of oil is introduced to flow around the stationary droplets to induce
microvortices inside the droplets by exerting shear force at the liquid-liquid interface. Thus,
symmetrical microvortices in the aqueous droplets are observed that could facilitate the
movement of the encapsulated particles or cells. To the best of our knowledge, this is the first
report of a technique that utilizes continuous oil phase to modulate the encapsulated cells in
droplets, and the internal flow dynamics of a stationary droplet that is subjected to
continuous external oil flow is largely unexplored. Thus, the dynamics of induced
microvortices and their associated parameters are explored in this research. The capability
of controlling the cell movement within droplets provides a unique opportunity of studying
immune analysis, where the transient scanning interaction and proximity between effector
and target cell need to be deterministically regulated while retaining pairwise-correlated
information to facilitate the study of immunological synapses. The trapped droplets enable
long-term monitoring and temporal analysis of interaction between the encapsulated cell

pair within an isolated microenvironment, which the conventional bulk method and



microfluidic cell traps cannot offer. Furthermore, the droplet microvortices also offer an
alternative platform for the field of microscopy to reconstruct three-dimensional view of a
cell instead of two-dimensional projection view by exploiting the rotating cell in droplet. As
a result, these droplet-based microfluidic devices and strategies offer powerful tools for
studying any biological applications involving single-cell and cell-cell interaction analysis,
which are thereby directly applicable to a broad range of applications including

immunotherapy, drug screening, and advance microscopy.
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CHAPTER 2: Overcoming double Poisson limitation for co-encapsulation in droplets through
hydrodynamic close packing of cells

2.1 Introduction

Single-cell analysis has emerged as an indispensable technique to reveal cellular
heterogeneity within a cell population and enable profiling that bridges between phenotype
and genotype [5, 28-31]. The field of single-cell analysis has gained tremendous interest
from both academia and industry to further investigate the cell-cell variability for an accurate
understanding of disease diagnosis and progression [32-34]. Beyond the interrogation of
individual cells, the study of cell-cell communication offers in-depth information on
deciphering dynamic and heterogeneous responses upon interacting with another cell [35-
38]. As a plethora of evidence has shown the significance of heterogeneity within a clonal
population, it is imperative to investigate the heterogeneity of cellular function and
phenotype upon cell-cell interaction. In cancer biology, the cellular interaction between
cancer stem cells and other cells within the tumor microenvironment has a major impact on
cancer progression, survival, and lineage [36]. For instance, natural killer (NK) cell is a type
of immune cells that can kill tumor cells, such as K562 cells, by inducing apoptosis upon
interaction. The heterogeneous membrane marker expression of K562 can directly affects
the cytotoxicity and proliferation of NK cells [39, 40]. This heterotypic cell-cell interaction
within a confined microenvironment would facilitate the development of novel biomedical
strategies such as immunotherapy or cell-based therapeutics for disease treatment [41-43].

The conventional method for studying cell-cell interactions involves bulk co-culturing
in a flask either with or without cell-cell contact. Although the co-culturing system could

achieve heterotypic or homotypic interactions by mixing different cell suspensions prior to
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loading into a monolayer model, the number of interacting cells is difficult to be
deterministically controlled [35]. Moreover, the mixed cells share the same environment, and
cannot prevent cross-interference from the neighboring interacting cells. Bulk co-culturing
also compromises sensitivity in detecting secretion from single cells due to high background
noise and diffusion of secreted molecules into bulk medium. With these limitations, the
analysis of single-cell upon cell-cell interaction becomes challenging.

In recent years, droplet microfluidics has been playing a catalytic role in the field of
single-cell analysis spanning from genomic sequencing [44, 45], cytotoxicity screening [46],
directed evolution of cell therapy [47], antibody discovery [48, 49], and monitoring of
dynamic cell-cell interactions [50-52]. The compartmentalization of individual cells or cell
pairs in monodispersed aqueous droplets that are suspended in an immiscible oil carrier
fluid serves as micro-reactors and circumvents cross-interference from neighboring droplets.
Droplets can be individually manipulated and interrogated for complex biological assays.
Owing to the drastic reduction of volumetric confinement of cells in droplets, the secreted
molecules from a single cell can quickly reach a detectable concentration, which improves
the signal-to-noise ratio in comparison to the bulk co-culturing method [53, 54].

Although the workflow for encapsulating cells in droplets is relatively straightforward,
single-cell encapsulation suffers an inherent fundamental challenge in its ability to control
the number of cells per droplet. The randomly dispersed cell aqueous suspension is typically
diluted prior to loading into droplets; thus, cell encapsulation statistics is often dictated by
Poisson statistics (Figure 2 - 1a). Therefore, the distribution of the number of cells per droplet
is governed by

P(k) = 2*e */k|, (Eqn. 2.1)
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where k is the number of cells in a droplet and A is the average number of cells per droplet
assuming complete random dispersion. Furthermore, the value of 4 is directly proportional
to the frequency of each cell entering the droplet generation junction and inversely

dependent on the frequency of droplet generation rate (Eqn. 2.2).

= Jredeen (Eqn. 2.2)

N freqaropiet”
The change in A produces a different distribution of cell occupancy per droplet, where the
number of droplets containing exactly one cell is maximized at 36.8% when A is equal to one.
Moreover, the fraction of droplets containing more than one cell becomes insignificant if the
average number of cells per droplet is low (4 < 0.3). However, the fraction of empty droplets
is then accounted for a significant majority of the droplet population that reduces throughput,
wastes precious reagents, and complicates the subsequent analytical processes.

This stochastic encapsulation will lead to even more cumbersome and inefficient
experiments in co-encapsulating one cell type A and one cell type B in one droplet, termed
1-1-1 encapsulation. Consider a random co-encapsulation of two distinct cells A and B with
their respective cell density of 1, and Az, the co-encapsulation efficiency is governed by

double Poisson statistics (Eqn. 2.3).

k k
A exp(—24) . A58 exp(-2p)
k4! kg!

P(ky N kg) =2  (Eqn. 2.3)

For 1-1-1 encapsulation efficiency, the Poisson limited single-cell encapsulation further
reduces the probability of co-encapsulating two distinct cells per droplet to at most 13.5%
under the optimal condition, whereas most droplets contain either no cells or incorrect cell
pairing (Figure 2 - 1b). When compared with the common cell loading density that is typically

used in FACS (14 = A5 = 0.3), the 1-1-1 encapsulation efficiency can be only achieved as low
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as 4.9%, and over half of the generated droplets (55%) contain no cells. Specifically, in cases
where both cell densities are below one, the minimum of 1, and A5 dictates the maximum
achievable 1-1-1 encapsulation efficiency and suggests a partially linear relationship (Figure
2 - 1c). Thus, the theoretical 1-1-1 encapsulation statistics with respect to the minimum of
A4 and Ay illustrated in Figure 2 - 1d depicts a sigmoidal relationship for A between zero and
one.

To circumvent this Poisson limitation, both active and passive microfluidic techniques
have been devised to improve the encapsulation process in the aspect of cell ordering or
manipulation. Collectively, both existing techniques suffer either from high system
complexity, low throughput, limited versatility, or poor encapsulation efficiency when
encapsulating cells with low concentration. Active technique involves acoustic [55], optical
[56], or magnetic force [57] to manipulate cells leading into the droplet generation region
and actively generates droplets for cell encapsulation. The use of external force requires
electrodes, actuators, or lasers to execute the operation, thus increasing the complexity of
droplet generation process. These active methods also have a limited droplet generation rate
that is orders of magnitude lower than passive encapsulation. In contrast, passive
encapsulation merely relies on hydrodynamic effect and channel features, including inertial
[58], viscoelastic effect [59], pinched flow fractionation [60], and gravitational field [61].
Specifically, passive techniques that rely on inertial or Dean force to achieve two ordered
particle trains prior to co-encapsulation have been demonstrated with improved 1-1-1
encapsulation efficiency. However, the performance of these passive methods is critically
dependent on the flow rates and the properties of particulates and fluids with the

prerequisite of high cell loading density (4 > 1).
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As the 1-1-1 encapsulation efficiency remains a significant technical challenge, we
present a passive compartmentalization platform that leverages hydrodynamic draining for
close packing of cells to overcome the limitation on double Poisson co-encapsulation
efficiency. The presented draining technique in achieving close packing of cells offers
simplicity and adaptability, which could increase platform compatibility for various reagents
and lower cell loading density. In contrast to other passive methods, this platform is
applicable to increase 1-1-1 encapsulation efficiency with the pairing of two different types

of cells or with 1-cell and 1-bead encapsulated in a droplet.
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Double Poisson Statistics of 1-1-1 Encapsulation
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Figure 2 - 1 Poisson and double Poisson distribution. (a) Poisson distribution of single-cell
encapsulation in droplets. (b)-(d) Distribution of double Poisson statistics for 1-1-1
encapsulation. (b) The probability to co-encapsulate two distinct cells in a droplet with respect
to both A, average number of cells type A per droplet and Ag cell type B per droplet. (c) The
probability of 1-1-1 encapsulation efficiency with respect to both average number of cell A and
B less than one (A4 and Ay < 1) and dictated by the minimum of A4 and Ag < 1. (d) The 1-1-
1 encapsulation efficiency that follows double Poisson statistics exhibits a sigmoidal
relationship against the minimum of 1, and Ag = 1.

2.2 Materials and Methods

2.2.1 Microfluidic Device Design

The 1-1-1 co-encapsulation microfluidic device consists of four inlets and two outlets
as illustrated in Figure 2 - 2. Three of the four inlets are used for the perfusion of aqueous
phases, including two for separate cell loading and one for sheath flow, whereas the
remaining inlet is for the perfusion of continuous oil phase. The two outlets serve as droplet
collection and aqueous draining for the cell loading streams, respectively. Both the aqueous
and oil phases are delivered into the microfluidic device at a constant volumetric flow rate,
where the draining outlet withdraws the aqueous phase at a constant volumetric flow rate.

The flow of each cell suspension solution, Q.;;, enters the device and passes through
a narrow channel with a width of 20 yum and a height of 40 um. These channel dimensions

facilitate the self-assembly of a randomly dispersed cell suspension into a centered single-
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cell train. Each cell train subsequently moves toward the drainage junction for close packing.
As two cells with initial distance L within a cell train subsequently enters the junction, the
flow stream Q_.;; splits into three directions that flows toward both sides of the draining
channels Q4,4;n and downstream for encapsulation Qe grqin- The volumetric flow rates
before and after are equal due to the conservation of mass, which can be described as
Qcenn = 2 X Qarain + Qcenarains (Eqn. 2.4)
Given the volumetric flow rate is the product of channel cross-sectional area A and velocity
vor Q = Av, the Eqn. 2.4 can be described as
(Veeu — Veewarain JAceu = 2 X VarainAdarains (Eqn. 2.5)

where the cell stream channel cross-sectional area A.,;; is the same for before and after
drainage junction. With absence of draining, the velocity of a cell is the same for before and
after drainage, where v.e;; = Ve arain- When vg,.qin > 0, the velocity of a cell decreases after
the drainage junction due to V.o — Veerp grain > 0. While a fraction of Q¢ is diverted into
two draining channels, the velocity of the leading cell decreases as the trailing cell catches
up. At a given drain rate, this transient discrepancy of velocity between the leading and
trailing cell results in the initial cell-cell distance L shortening by a distance of § until the
trailing cell also enters the drainage junction, which leads to close packing of cells with a cell-
cell spacing of L — § as the cells exit the drainage region. The shorten distance dincreases as
the drain rate increases that further reduces the cell-cell spacing. The shortened cell-cell
spacing effect from drainage junction improves the cell loading process by attaining higher
on-chip cell density prior to entering the droplet generation junction, which plays a vital role

in enhancing 1-1-1 encapsulation efficiency.
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Each drainage junction contains a pair of pillar arrays with 10 um gap that are
positioned on both sides of the channel at a 452 backward angle with respect to the flowing
direction. The bilateral draining flows withdraw a fraction of the solution of cell suspension
while retaining cells inside the channel. All draining flows are designed to maintain equal
hydrostatic pressures and flow rates, where the bifurcation channel design with equidistance
from the draining outlet to the four draining channels is employed to ensure equivalent
channel resistance. The balanced pressure on both sides of the draining junction is
imperative to mitigate cells from escaping the channel to prevent adverse cell loss. In
addition, the backward drainage angle of the pillar array acts as a filter and induces
microvortices to pivot any escaped cells back into the channel. The process of draining a
fraction of Q..;; does not only increasing on-chip cell density but also effectively reduces the
longitudinal spacing between cells. Due to the increased cell density and shortened cell-cell
spacing, the A value of its respective cell type also increases which results in improving the
probability of 1-1-1 encapsulation and attenuating the number of empty droplets.

Both cell trains with shortened cell spacing merge with the sheath flow, where it
focuses both cell trains to its respective side of the channel. Given the nature of laminar flow
at a low Reynolds number in microfluidic devices, the sheath flow acts as a divider to
separate two cell trains to prevent premature interaction before co-encapsulation. In
addition, bioassay reagent of interest could also be used as the sheath flow to warrant a
temporal control of a reaction. The sheath flow and two streams of cell trains collectively
interface with the continuous oil phase at the nozzle to form droplets. The immiscible oil

phase symmetrically exerts interfacial shear at the aqueous stream to form droplets at a rate
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that is optimized for the rate of the cell arriving frequency. The flow rate control of Q.;; and

the regime of droplet generation are discussed in the Results and Discussion section.
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Figure 2 - 2. Design principle of passive 1-1-1 encapsulation device. (a) Schematic of the passive
1-1-1 encapsulation device that consists of four inlets (two cell suspensions, one sheath flow,
and one oil) and two outlets (drainage and collection). (b) Close-up schematic of the 1-1-1
encapsulation device of the drainage and droplet generation junction. The single-filed close
packed cell trains merge with sheath flow at the main channel and collectively enter the high
shear droplet generation junction to form aqueous droplets upon contacting the immiscible
carrier oil. (c) An initial distance L between the leading and trailing cell enters the drainage
junction. The effect of draining causes close packing of cells that results in the initial cell-cell
distance L shortening by a distance of 6 until the trailing cell also enters the drainage region.
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2.2.2 _Device Fabrication

The microfluidic devices were fabricated in polydimethylsiloxane (PDMS, Sylgard 184,
Dow Corning) following standard soft lithography. The channel geometry was designed in
computer-aided design software (AutoCAD) and printed on mylar masks through CAD/Art
Services as illustrated in Figure 2 - 3. The 4-inch silicon wafer substrates were spin-coated
with SU-8 2050 negative photoresist (MicroChem) to achieve the height of 40 um and
subsequently patterned by ultraviolet exposure for crosslinking to form a master mold. The
photolithography process follows the recommended MicroChem protocol. Prior to soft
lithography, the mold with channel patterns is spin-coated with a mixture of PTFE
(polytetrafluoroethylene) and FC40 (aratio of 1:5) at 3000 rpm for 30 seconds. Subsequently,
the mold is incubated in oven at 120 degrees Celsius for 1 minute to ensure thorough
evaporation. The coating of this mixture can prevent the adhesion of PDMS to the wafer
during the lift-off process during soft lithography. Polydimethylsiloxane (PDMS) elastomer
was mixed with curing agent at a 10:1 ratio and degassed before pouring onto the master
mold, followed by curing at 65 2C overnight for complete crosslinking. The PDMS molded
imprints and glass microscope slides were oxygen plasma treated (Harrick Plasma Inc) for 2
minutes and bonded together to form a permanent seal. The devices were baked in an oven

at 120 2C overnight to secure their natural hydrophobicity.
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Figure 2 - 3 Channel design: AutoCAD drawing and channel dimension specifications. (a)
AutoCAD schematic of the 1-1-1 co-encapsulation device illustrates the three aqueous phase
inlets (sheath, cell type A, and cell type B), one inlet for oil phase flow, one draining outlet, and
one collection outlet. (b) The enlarged image of (a) at the droplet generation junction with
channel width dimensions. The labeled dimensions are measured in the unit of millimeter.
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2.2.3 Cell Culture

Human erythromyeloblastoid leukemia cells K562 (American Type Culture Collection
(ATCC)) were used to assess the performance of 1-1-1 encapsulation. K562 cells were
cultured in a T-75 cell culture flask using RPMI 1640 medium (Gibco) supplemented with 10%
(v/v) fetal bovine serum (Gibco), and 100 U/mL penicillin-streptomycin (Gibco). The cells
were cultured in a condition of 5% CO2 humidified incubator at 37 2C and passaged every 2-
3 days with a seeding density of 1x106 cells/mL. In preparation for encapsulation, the
aqueous phase solution was prepared in RPMI medium supplemented with 16% Optiprep,
1% BSA, 0.01% Triton X-100, and 10 U/mL of DNase I, which would serve as sheath flow and
cell suspension. The addition of Optiprep density gradient medium is essential to prolong the
sedimentation time of cells in aqueous suspension. The BSA and DNase I in the aqueous
phase can also mitigate the aggregation of any unspecific binding of cells and digest the DNA
that was released from the dead cells, which can avoid the potential of channel clogging issue
due to cell aggregates. Subsequently, the cells were resuspended in the aqueous phase
mixture at a desired volume fraction, ranging from 2 to 2.5%. For the continuous phase, 2%

(w/v) 008-FluoroSurfactant in HFE 7500 oil (Ran Biotechnologies) was used.

2.2.4 Experimental Setup

Cell suspensions, sheath flow solution, and oil were separately loaded into the
microfluidic co-encapsulation device using four 1 mL plastic syringes (BD, Breda,
Netherlands) and were connected to their respective inlets with PTFE tubing (Cole Parmer,
ID 0.022 inch and OD 0.042 inch). A syringe filled with aqueous solution was connected to

the drainage outlet with PTFE tubing, in which the absence of air in a syringe would prevent
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any gas contraction or expansion to ensure a constant drain rate. Lastly, PTFE tubing was
connected to the outlet of the device to direct droplets into a collection Eppendorf tube. Both
the dispersed phase and the continuous phase are delivered into the microfluidic device at
constant volumetric flow rate and individually controlled by syringe pump (Pico Plus;
Harvard Apparatus, Inc., MA, USA). Syringe pump as flow control system is desirable due to
its consistent volumetric flow delivery and independent of channel resistance. The flow rate
of the continuous oil phase was set at 5 pL./min, and the dispersed aqueous phase for cell
was set at 3-3.5 pL/min. The sheath flow was initially set at 1 pL./min and could be adjusted
to tune the droplet generation rate as needed. The syringe for draining was mounted on a
syringe pump with withdrawal mode at a flow rate of 0-2.5 pL/min to remove the aqueous
solution.

The microfluidic chip was mounted onto the stage of a Nikon 100-S inverted
microscope and monitored using a computer-controlled high-speed Phantom camera V-310
(Vision Research, Wayne, NJ) for image recording. Droplet generation videos were acquired
at 10,000 frames per second to ensure aliasing due to down sampling. A customized MATLAB
code was utilized to assess cell-cell longitudinal spacing. To obtain co-encapsulation
statistics, we analyzed the high-speed videos frame by frame during cell co-encapsulation by
using Image], a public domain Java-based image processing software program developed at

the National Institutes of Health.
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2.3 Results and Discussion

2.3.1 Droplet Generation Rate for an Effective 1-1-1 Encapsulation

The droplet generation rate is a function of flow rates of both dispersed and
continuous phase, size dimensions of a nozzle, and interfacial tension. Droplet production
processes have a direct impact on the efficiency of 1-1-1 encapsulation of cells, which is
critical to understand the rate of droplet generation with respect to its associated parameters.
Alarge discrepancy between droplet generation frequency and cell arrival rate at the nozzle
can be detrimental to the overall encapsulation efficiency. Thus, the effect of droplet
generation frequency and cell arrival rate are investigated for various flow rates for optimal
1-1-1 encapsulation.

The droplet generation frequency exhibits a positive relationship as the flow rate of
dispersed phase increases, as well as the increasing of continuous oil flow rate (Figure 2 -
4a). The results are congruent with the physics theory of droplet generation, where the

modes of droplet formation can be determined according to the capillary number Ca.
Ca=—, (Eqn. 2.6)

The capillary number Ca is a non-dimensional quantity and is dependent on viscosity y and
characteristics velocity U of the continuous phase and surface tension y of the water-oil
interface. With the increasing value of Ca, the mode of droplet generation would be in
transition in the order of squeezing, dripping, and jetting regime.

In the dripping regime, the Ca number is high enough, such that the droplet formation
is shear dominant with a generation frequency in the order of thousands of droplets per
second. Particularly, the droplet generation frequency reaches roughly 7,000 droplets per

second on the 1-1-1 encapsulation device (Figure 2 - 5a). This high droplet generation
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frequency would lead to an exceedingly low A value according to Eqn. 2.2, which results in
generating a plenitude of empty droplets. Such a high fraction of empty droplets is
challenging to be offset by the number of droplets containing correct pairing, which
conversely undermines the efficiency of 1-1-1 co-encapsulation. Despite higher cell loading
density or flow rate Q..; could increase the frequency of cells arriving at the nozzle, this
method can often lead to channel clogging from highly concentrated cell suspension or
excessive shear stress at high flow rate. In the squeezing regime when the Ca value is low, the
tip of dispersed phase transiently blocks the nozzle and protrudes outward into the
continuous phase. The neck of the interface is squeezed from the increased pressure until it
breaks off (Figure 2 - 5b). This mode of droplet generation offers a relatively slower
generation frequency near or below one thousand droplets per second that is suitable for
encapsulating cells with lower cell loading density.

For a passive device, the droplet generation rate could not be actively modulated to
accommodate any fluctuation of cell arrival rate due to intrinsic random dispersion of cells.
However, the droplet generation in squeezing regime can tolerate for the fluctuation of cell
spacing without adversely compromising droplet throughput. Assuming cells are uniformly
dispersed, the analytical simulation on the arrival rate of cells at droplet generating nozzle
demonstrates a positive linear relationship with the flow Q_;; for various cell density (Figure
2 - 4b). Consider the cell loading density of 10 x 10° cells/mL with local cell density
fluctuation between 5 to 15 X 10° cells/mL, a Q. flow rate of 8 uL/min can trigger an
extensive range of cell arrival frequency in comparison to the one with slower flow rate. Due
to the fixed droplet generation rate, this broad range of cell arrival frequency would lead to

large number of droplets with incorrect encapsulation. Slower flow rate Q.,;; is optimal as it
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presents a narrower range of cell arrival frequency. Furthermore, the cell arrival frequency
for high flow rate Q..;; can quickly reach over one thousand cells per second that demands a
higher droplet generation rate in dripping regime. The droplet generation rate over a
thousand droplets per second can lead to a plethora of empty droplets. Thus, a slower flow
rate Q..;; does not only lead to a narrower range of cell arrival rate despite the fluctuation of
cell density but also falls in the same order of magnitude with the rate of droplet generation
in squeezing regime. Lastly, the modulation of flow rate in sheath flow enables a fine
adjustment of droplet generation rate. As a result, the droplet generation in squeezing regime

and slower flow rate Q.;; are chosen for the assessment of the 1-1-1 encapsulation platform.
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Figure 2 - 4 Droplet generation characterization analysis (a) Characterization of droplet generation
frequency with respect to various aqueous and oil flow rate. (b) The arrival frequency of cells at the

droplet generation nozzle is approximated under the assumption of uniformly dispersed cells. The
frequency difference among various cell concentrations increases as the cell flow rate increases.

Figure 2 - 5 Comparison of droplet generation under dripping and squeezing regime (a) Droplet
generation at squeezing regime, where the liquid-liquid interface makes contact at both sides of the
nozzle before breakoff. (b) Droplet generation at dripping regime, where the droplet formation is shear-
dominated by the continuous phase and the liquid-liquid interface separates from the nozzle.

2.3.2 _Self-assembly of Cell Trains through Close Packing

The drainage junction consists of pillar arrays on both sides of each cell channel,
which enables balanced drain rates and pressures that are exerted on each passing cell to

mitigate the occurrence of cells escaping the channel. The pillar array serves as a filter with
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10 um gaps and is slanted at a 452 angle backward with respect to the flow direction. We
discovered that this pillar design could induce microvortices to redirect any escaped cells
back into the cell channel to further prevent cell loss. A computational fluid dynamic
simulation was performed to analyze the velocity flow fields at the drainage junction. Single
phase creeping flow module was utilized for the simulation, where the flow rate Q..; was
set at 2 uL/min and the total drain rate at 1.25 uL/min. At the drainage junction, the flow
Qceyr is divided into three different directions, such that the cell suspension solution either
flows straight to merge with the sheath flow downstream or diverts to the pillar arrays on
both sides. The velocity field indicates that the angle of pillar position facilitates the
formation of recirculation at the downstream part of the array (Figure 2 - 6). In addition to
the equal drain rates, the recirculation is beneficial to further mitigate cell loss to redirect
the escaped cells back into the flowing stream. The drain rates tested in the experiments did
not present any significant cell loss from the cell suspension solution. However, exceedingly
high drain rate could contribute a detrimental effect on cell loss, where majority of the cell
suspension solution would preferentially flow toward the pillar arrays on both sides. This is
attributed to the lower channel resistance of the pillar arrays in comparison to that of the
cell channel, where the cross-sectional area of the pillar arrays is six-fold of the cell channel.
Thus, the optimization of the draining rate and the flow Q.,;; is imperative for achieving an
effective close packing of cells.

To evaluate the efficacy of close packing of cells from the drainage junction, a custom-
made MATLAB script was developed to analyze the distance of cell spacing. Briefly, slow-
motion videos captured by the high-speed Phantom camera were used to analyze each frame.

The grayscale frames were converted into binary format, which enables the identification of
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cells. Subsequently, two regions of interest were selected at the channel entrance and exit of
the drainage junction to detect the arrival of cells. When a cell crosses the region-of-interest
area, a spike of pixel color will be detected. Peak-to-peak analysis was utilized to obtain the
statistics of spacing between cells.

For cell spacing analysis, a suspension of K562 cells was delivered into the device at
a constant flow rate of 3 pL/min, and three different draining flow rates (0, 1.25, and
2.5uL/min) were examined. No significant difference was observed in cell spacing before
and after the drainage junction in the absence of draining (Figure 2 - 7a). Each passing cell
flows at the same velocity across the drainage junction as no volume of cell suspension is
removed, thus the lack of velocity difference between cells results in § to be zero. Conversely,
the presence of drain rate removes a fraction of cell suspension volume that leads to
differential in the velocity of flowing cell before and after the drainage. This velocity
difference between the leading and trailing cells within a cell train leads to the positive value
of § that shortens the cell-cell distance. In addition to both drain rates of 1.25 and 2.5 uL/min
showed a substantially shortened cell spacing after drainage junction (Figure 2 - 7b and 7c),
the value of § is also dependent on the level of drain rate. As high volume is being removed
in the drain rate of 2.5 pL/min, the velocity of a leading cell would be lower in comparison
to that of a drain rate of 1.25 pL/min, which increases the time for a trailing cell to catch up
and increases the value of § for shortening cell-cell spacing. Consequently, the drain rate of
2.5 pL/min indicates nearly half of cell-cell spacing reduction across a drainage junction,
where there is 21% reduction for drain rate of 1.25 pL/min. According to Figure 2 - 7d, an
average cell-cell spacing before drainage junction is around 200 um, which is equivalent of a

cell arrival rate of 300 cells per second. The drain rate of 2.5 puL/min effectively enhances the
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on-chip cell density that results in a 21% increase of cell arrival rate. Thus, the drainage
junction can effectively close pack a randomly dispersed cell train to a level that minimizes
the number of empty droplets when the droplet generation rate is fixed.

Although the drainage junction reduces the cell-cell distance of §, the intrinsic
random cell spacing persists with decreased range of dispersion. With a more regulated cell-
cell spacing, the frequency of droplet generation is crucial to accommodate the random
dispersed cell train. As the cell arrival rate after drainage junction is roughly 400 cells per
second, the droplet generation rate is set at a rate of a thousand droplets per second. At this
droplet generation rate, it can accommodate the randomness of cell-cell spacing that
minimizes the fraction of droplets with more than 2 cells of the same cell type. Therefore,
the increase of cell arrival rate and narrower range of cell-cell spacing contribute to the

improvement of 1-1-1 co-encapsulation efficiency.

Velocity magnitude (m/s) at Single Backward Pillar Drainage Junction
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Figure 2 - 6 Numerical simulation of drainage junction showing velocity flow field under the effect of
draining. Two recirculation vortices were induced with the pillars positioned 45 degrees backward with
respect to cell flow direction, which can serve to re-direct escaped cells back into cell channel.
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Figure 2 - 7 Cell spacing assessment on drainage effect using 3uL/min cell flow rate of K562 cells in 10
million/mL density and various drain rates. (a) With no draining, the cell spacing does not show any
statistical difference in before and after drainage junction (p>0.1). (b) The drain rate of 1.25ulL/min
demonstrated a significant shift in cell spacing after the drainage junction (p<0.001). (c) The cell
spacing distance was significantly shortened under the drain rate of 2.5uL/min (p<0.001). (d) The
average cell-cell spacing under various drain rates 0, 1.25, and 2.5uL/min (N=3).

2.3.3  Assessment of 1-1-1 Efficiency

The 1-1-1 encapsulation device was applied to co-compartmentalize K562 cells with
two different densities to demonstrate performance (Figure 2 - 8a). Each flow rate of cell

suspension solution was set to 3 pL/min with a draining rate of 2.5 uL/min, whereas the
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sheath flow and continuous oil were respectively flowing at 1 pL/min and 5 pL/min. See the
high-speed video recording of the co-encapsulation in the supporting information. The
droplet generation frequency was maintained at around 980 droplets per second, which
resulted in the expected number of cells per droplet to have a A value of 0.4 for the given cell
loading densities. The encapsulation probability for both cell channels is illustrated in Figure
2 - 8b in comparison with its theoretical single-cell Poisson distribution. The increase in cell
arrival rate led to the improvement of single-cell encapsulation efficiency to be as much as
43% with respect to Poisson statistics. The close packing of cells decreases the overall cell-
cell spacing, which reduces 23% on the number of empty droplets for both channels. The
enhancement of single-cell encapsulation and reduction on the number of empty droplets
directly relate to the improvement on the 1-1-1 encapsulation efficiency.

Owing to the benefits of drainage junction, the 1-1-1 encapsulation efficiency
achieved as high as 21% of the droplets contain correct pairing, whereas the double Poisson
efficiency is only 12%. The overall co-encapsulation statistics over three separate
experiments with cell density of A =~ 0.4 is normalized against the double Poisson (Figure 2
- 8c). The 1-1-1 encapsulation devices were performed to yield an average of over 2.3-fold
improvement in 1-1-1 encapsulation efficiency, which exceeds the intrinsic limited double
Poisson statistics. One strong assumption behind the Poisson distribution is that cells arrive
independently in droplets. This is not the case as soon as there are interactions between cells,
for instance, cells adhere to each other that are closely packed as they are delivered into the
microfluidic device. Such an increase in 1-1-1 encapsulation efficiency is the result of the
packing of cells upon entering the droplet generation junction, which also resulted in the

increase of A values of cell loading density. In addition, the distribution of the number of cells
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per droplet demonstrates that over 38% reduction in the number of empty droplets, which
is consistent with the single-cell encapsulation results in Figure 2 - 8b. The fraction of single-
cell cell during co-encapsulation is comparable with the double Poisson statistics, whereas
an increment in the fraction of droplets containing three or more cells per droplet was
observed. Despite the increase on the number of droplets with multiple cells, it only
constitutes only 8% of the total droplets. This observation is the result of close packing of
cells prior to encapsulation. As a result, the technique of hydrodynamic draining to achieve
close packing of cell can overcome the double Poisson limitation with over 2.3-fold
improvement in 1-1-1 encapsulation efficiency, which indicates the robustness of the

performance.
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Figure 2 - 8 Encapsulation statistical analysis on 1-1-1 encapsulation device. (a) Bright-field
microscopic image demonstrates the co-encapsulation of cells in monodispersed droplets. (b) Co
mparison of the distribution on various number of cells per droplet against Poisson statistics with A =
0.4 (N=3 with average 210 droplets). (c) Distribution of experimental co-encapsulation statistics
normalized against double Poisson distribution (N=3 with average 210 droplets).

2.4 Conclusion

In this work, we presented a passive microfluidic device that utilizes close packing of
cells through draining of aqueous phase and hydrodynamic sheath flow for single-file cell
trains prior to droplet generation. With these passive techniques to achieve the ordering of
cell trains, the cell-cell distance has been substantially shortened to reduce the fraction of

empty droplets. Another notable feature of this technique is that it could perform high-
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efficiency co-encapsulation at low cell concentrations (1 < 1), and this platform is all passive,
controlled only by the flow rates of the two phases, which does not require complex channel
structures or active elements. Thus, the resulting 1-1-1 co-encapsulation efficiency surpasses
the double Poisson limitation by over two-fold improvement for pairing two separate cells in
droplets at 1 kHz rate. Furthermore, the improved encapsulation efficiency in single cell and
cell pairing from this platform would be particularly beneficial for cell-cell pairing analysis
by providing an abundance of useable droplets for various control groups during cellular
analysis. One limitation of this technique is the intrinsic random dispersion of cells where
the fluctuation of cell density is too large. Extensive variation in cell spacing, particularly in
between cell trains, could be detrimental to the overall encapsulation efficiency. Progressive
draining with a serial drainage junction holds a great potential to further improve the
uniformity of cell-cell spacing. Different from other passive techniques such as inertial
microfluidics, the 1-1-1 encapsulation platform presented here does not rely on the intrinsic
properties of cells, such as cell size, concentration, and stiffness, or rheology of fluids to attain
improvement of co-encapsulation efficiency. Therefore, the platform minimizes the
dependency on the properties of cells and fluids without compromising throughput,
versatility, and simplicity of the encapsulation of cell pairs in droplets. This simple, passive,
and promising 1-1-1 co-encapsulation platform has the potential for a broader range of
applications in single-cell or cell pairing analysis and is compatible with barcoded-based

genomic analysis.
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CHAPTER 3: Effects of single-cell morphological properties on their translational and
rotational dynamics inside shear-induced droplet microvortices

3.1 Introduction

Droplet microfluidics offers unique and powerful advantages in the development of analytical
tools that facilitates single-cell analysis [62]. With water-in-oil droplets serving as micro-reactors,
high-throughput profiling of a clonal population of cells is enabled to reveal cellular
heterogeneity[63]. A plethora of evidence has shown that the cellular heterogeneity within a clonal
population plays a significant role in drug discovery, particularly in the emerging field of cancer
immunotherapy [6]. The miniaturization and parallelization of cell processing platforms led to the
development of single-cell analysis for diverse biological applications, including genomic and
proteomic sequencing methods, antibody discovery, and cell-cell signaling pathways [64-67]. In
addition, the compartmentalization of single cell in picoliter-scale droplets leads to improvement in
signal-to-noise ratio, detection sensitivity of cell secretions at single-cell resolutions, and multimodal
cell-cell interaction studies, whereas the conventional bulk analysis method suffers from obtaining
only the averaged response of a cell population and increased background noise from a shared
environment.

Various microfluidic platforms have been devised to employ trapping arrays and micro-wells
to achieve compartmentalization of a single-cell or cell pair [62, 68-71]. Despite these ingenious
designs, these platforms often impose physical constraints and immobility on cells that result in their
inability to recapitulate the dynamic physiological microenvironments. Despite some trapping arrays
and micro-wells could achieve sealed compartments at the expense of additional loading process,
most of the single-cell trapping array and microwells without sealing suffer the risk of false-positive
measurements for secretion analysis due to its intrinsic shared microenvironment [68, 72-74]. Thus,
droplet microfluidic platform presents distinctive advantage of preserving cellular motility while

preventing cross contamination from neighboring cells of interest.
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While the droplet generation for cell compartmentalization is a high throughput process on
the orders of thousands of droplets per second, the subsequent downstream analysis of each cell-
laden droplet is limited due to the complexity of manipulating the encapsulated cells[21].
Downstream analysis of droplet microfluidics often involves affinity-labeling or co-encapsulation of
fluorescent beads as reporters, which is restricted to only end-point analyses [75]. The lack of ability
to modulate cells within droplets hinders the capacity of droplet microfluidics for complex cellular
analysis and dynamic monitoring of cells. Various techniques that involve dielectrophoresis or
magnetophoresis have been developed to achieve manipulation of encapsulated cells [76]. However,
these active elements introduce complexity of device fabrication and reduced analysis throughput.
Therefore, a label-free technique to interrogate the encapsulated cells in droplets would further
enhance the capability of droplet microfluidics for single-cell analyses.

The fluid dynamics of moving water-in-oil droplets has been reported by several groups in
recent years [77-79]. These studies utilized microscopic particle image velocimetry and computer
simulation to study the internal flow field of aqueous droplets in a straight and winding channel
through viscous traction at the liquid-liquid interface, which generates a rotational flow field inside
the droplet. The resulting internal microvortices in droplet could be applied to enhance mixing in
moving droplets.

With absence of perturbation from external active elements, the motion dynamics of an
encapsulated cell is predominantly subjected to the flow field of aqueous phase. While a droplet is
traversing through a straight channel, a pair of symmetrical microvortices flow field emerges inside
the droplet that drives the encapsulated cells to exhibit a significant effect on cell motion dynamics,
where a cell exhibits translational or rotational movement. Investigation of moving cell-laden
droplets often presents great challenges due to limited field of view and hinders the breadth of
analysis. A static array for droplet trapping enables long-term observation of droplets by capturing

droplets through hydrodynamics [80], density-difference [81], pneumatic valve [82], electrophoresis
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[83], or magnetophoresis [84]. Although a number of strategies have been devised, a stationary cell-
laden droplet would be inadequate as the flow fields of internal and external phase are stagnant,
inhibiting the study of cell motion dynamics subjected to microvortices inside a droplet. Thus, we
developed a new droplet trapping array device that does not only immobilizing cell-laden droplets
within the field of view of a camera, but also retaining the ability to generate microvortices inside the
droplets by a continuous flow of oil phase.

To accomplish this, we developed a microfluidic droplet trapping array that enables to trap
nearly four hundred droplets and simultaneously be modulated by the oil flow. In this study, we
investigate shear-induced microvortices in stationary droplets driven by continuous external oil
phase to modulate the translational and rotational dynamics of encapsulated cells. To our knowledge,
this is the first report on the fluid dynamics of cells inside stationary droplets and the effect of cellular
morphological properties in determining their motion in droplets.

Using our droplet trapping array, we demonstrated that the dynamic motion of cells in droplet
microvortices is sensitive to the size ratio of cell to droplet, the cell stiffness, and the external phase
fluid velocity. We further analyzed the hydrodynamic forces experienced by particles through
theoretical and numerical simulations to deconvolute the effects of different physical variables on
droplet recirculation dynamics. Finally, we showed that the latrunculin A treated cells, which disrupt
microfilament organization for reducing cell rigidity, exhibited rotational motion that localized in
proximity to the center of microvortices as opposed to the wild type. These results suggest that the
cellular physical characteristics govern the dynamic motion inside the shear-induced droplet
microvortices, which presents a new label-free technique for analyzing single-cell morphological
properties in droplets. Our theoretical and experimental results provided insights into the fluid
dynamics of trapped droplets with shear-induced microvortices, and offer a new droplet microfluidic

platform for label-free analysis of single-cell morphology and temporal cellular dynamic monitoring.
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3.2 Materials and Methods

3.2.1 Device Fabrication

The channel geometry was designed in computer-aided design software (AutoCAD)
and printed on mylar masks through CAD/Art Services as illustrated in Figure 3 - 1. The
droplet trapping array device is fabricated through standard photolithography and soft
lithography following a similar procedure as explained in Chapter 2 Section 2.2.2 Device

Fabrication to achieve a channel height of 40 pm.

Oil Flow

-

| H e

Figure 3 - 1 AutoCAD drawing and channel dimension specifications for the droplet trapping array
device. The labeled dimensions are measured in the unit of millimeter.

3.2.2 Cell Culture and Latrunculin A Treatment

Human erythromyeloblastoid leukemia cells K562 and Jurkat Clone E6-1 T
lymphoblasts (American Type Culture Collection (ATCC)) were used to assess the cell motion

dynamics in the droplet microvortices. K562 and Jurkat cells were respectively cultured in a
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T-75 cell culture flask using RPMI 1640 medium (Gibco) supplemented with 10% (v/v) fetal
bovine serum (Gibco), and 100 U/mL penicillin-streptomycin (Gibco). The cells were
cultured in a condition of 5% CO2 humidified incubator at 37 2C and passaged every 2-3 days
with a seeding density of 1x10° cells/mL. In preparation for encapsulation in droplets, the
aqueous phase solution was prepared in RPMI medium supplemented with 16% Optiprep,
1% BSA, 0.01% Triton X-100, and 10 U/mL of DNase I. Before the experiment, cells were
retrieved and resuspended in aqueous phase solution at a density of 1 x 107 cells/mL.
Latrunculin A (ThermoFisher) is cell-permeant macrolides and toxin that is derived
from sponges and nudibranchs. Latrunculin A disrupts microfilament polymerization of cells
by binding to monomeric G-actin. This toxin was used to change the morphology of cells, such
as surface roughness and compliance, for investigating cell motion dynamics in the
microvortices inside droplets. Jurkat cells were selected for Latrunculin treatment by
incubating with Latrunculin A at 0.1 pg/mL for one hour. The treated cells were washed with

cell culture media and resuspended in aqueous phase solution for encapsulation in droplets.

3.2.3 Experimental Setup

Cells were initially encapsulated in droplets prior loading into the trapping array. The
droplet generation device from Chapter 2 was used for cell encapsulation that generates
homogenous droplets with a diameter of 50 um. The HFE 7500 supplemented with 2% 008-
FluoroSurfactant (Ran Biotechnologies) was used as continuous phase for the droplet
generation. Cell suspension and oil were separately loaded into the droplet generation device
using two 1 mL plastic syringes (BD, Breda, Netherlands) and were connected to their

respective inlets with PTFE tubing (Cole Parmer, ID 0.022 inch and OD 0.042 inch). Lastly,
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PTFE tubing was connected to the outlet for collecting droplets into the Eppendorftube. Both
the dispersed phase and the continuous phase were delivered into the microfluidic device at
constant volumetric flow rate and individually controlled by syringe pump (Pico Plus;
Harvard Apparatus, Inc., MA, USA). The flow rate of the continuous oil phase was set at 5
uL/min, and the dispersed aqueous phase for cell was set at 4 puL/min.

The droplets were subsequently loaded into the droplet trapping array device, as
shown in Figure 3 - 2, where the device was mounted onto the stage of microscope for
monitoring. A P1000 pipette tip was inserted into the inlet and served as a reservoir for
loading droplets and oil. A 3 mL plastic syringe (BD, Breda, Netherlands) was pre-filled with
continuous oil phase and connected to the outlet of the trapping array device via PTFE tubing.
The pre-filling of oil in syringe and tubing is essential for preventing any gas contraction or
expansion to ensure constant flow rate during withdrawal process. Priming of the continuous
oil phase into the device would be needed to eliminate any trapping of gas bubbles. The
syringe pump was set at any desired withdrawal flow rate up to 20 pL/min. Lastly, the
collected cell-laden droplets were transferred by pipetting into the reservoir. Due to the
density difference of aqueous and oil phase, the aqueous droplets would float on top. Once
the reservoir was almost depleted as the droplets were delivered into the device, addition of
HFE 7500 oil (3M) without any addition of surfactant into the reservoir is needed for

perfusing oil flow to induce generation of microvortices in droplets.
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Figure 3 - 2 The experimental setup for droplet trapping array loading. The P1000 pipette tip was
inserted into the inlet and served as a reservoir for droplets and oil. The flow was driven by a syringe
pump with withdrawal mode to apply negative pressure at the outlet.

3.2.4 _Particle Image Velocimetry for Determination of Cell Spinning Rate

Particle Image Velocimetry (PIV) was used to measure the rate at which cells rotated
on their axis. Briefly, 300x300 video files with 300 frames acquired at 71 frames per second
of cells rotating cells were analyzed using PIVIab 2.61 in Matlab. An interrogation window of
32 px at a step of 16 px was used at pass 1, followed by an interrogation window of 16 px and
a step of 8 px for pass 2. To reduce noise in the obtained the velocity and vorticity fields, the
complete 300 frames were averaged. Results were overlayed with the grayscale first frame
of each video, and were mixed at a ratio of 40% (velocity/vorticity pseudocolor plot) and 60%

(grayscale image).

3.2.5 Particle Tracking Velocimetry

To determine the time-dependent position, velocity, acceleration, centripetal

acceleration, radius of curvature, and centripetal force of orbiting microparticles, Particle
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Tracking Velocimetry was used. Polystyrene microparticles of 1.0 pm (FluoSpheres™,
Invitrogen™, USA) and 5.0 um (Spherotech, USA) were encapsuled inside 50 pm droplets
(projected diameter in 40 um in height device) and flown inside the microfluidic trap array.
Particles were then manually tracked to determine their position vs. time. Videos of
1920x1080 in size were recorded for this set of experiments, at a frame rate of 29.97 Hz. All
the above-mentioned dynamic metrics were calculated using these measurements and
assuming a density of p, = 1055 kg m-3. To modify the travelling trajectory and the orbiting
velocity of particles, flow rates were parametrically swept from 5 - 20 pL min-1, in 5 pL. min-1
increments. In addition to microparticle videos, the trajectory of Jurkat and K562 cells in
small orbits or spinning mode were acquired using an automated Matlab routine. Videos of
cells were recorded using the conventional widefield in an inverted microscope (Olympus

IX83, USA).

3.2.6 _Cell Granularity Measurements from Videos

Self-rotation videos of single encapsulated cells provided multiple images where
granularity was measured. The size of granules (high white pixel intensity regions) were
determined by analysis of widefield imaging of K562 cells, followed by application of an
automated Matlab imaging analysis routine based on the edge detection algorithm available

from the help center (Detect Cell Using Edge Detection and Morphology).
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3.3 Results and Discussion

3.3.1 Design Concept of Droplet Trapping Device for Induced Microvortices

Our microfluidic droplet trapping array device consists of one inlet and outlet with a
chamber of 378 droplet traps (Figure 3 - 3a). As depicted schematically in Figure 3 - 3b, each
droplet trap is composed of four pillars separating in 10um gap, in which the middle two
pillars are shorter relative to the outer pillars to create a pocket for droplet trapping. Once a
droplet is docked into the trap, the obstruction of the middle gap increases the resistance
that diverts the subsequent droplets to flow over into the next row of traps. As a result, we
could achieve 100% single droplet occupancy in the trapping array chamber (Fluorescent
microscopy image: Figure 3 - 3c and d; Bright-field microscopy image: Figure 3 - 4).

The internal flow field of a moving droplet is induced because of the viscous shear
stress is being exerted along the liquid-liquid interface by the external oil phase. To enable
this shear stress at the interfacial surface of a stationary droplet, the two outer gaps of the
trap serve as bypass channels that enable oil phase to flow around the droplets (Figure 3 -
3e). Particularly, the droplet trapping chamber is specially designed to have a height of 40
um in order to flatten a 50 um diameter droplet to exhibit a puck-like shape. Thus, the top
and bottom of a droplet are in contact with the microfluidic channel walls once loaded, while
the two lateral sides of a droplet would be the only sides that are exposed to the continuous
flow of oil phase. With the continuous flow of oil phase exerting viscous shear stress
predominantly on both sides of a droplet, a pair of symmetrical two-dimensional
microvortices is induced in left and right halves of a droplet with respect to the oil flow

direction (Figure 3 - 3f).
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In addition, as the trapped droplet blocks the central slit between middle two pillars
of the trap, which the oil flow is directed into the bypass channels, resulting a fraction of the
droplet does not experience shear stress due to its contact with the pillars (Figure 3 - 3g).
Thus, the primary microvortices in droplet induced by the continuous oil flow create a pair
of smaller secondary microvortices (Figure 3 - 3h). In comparison to the microvortices in a
moving droplet, the shape of these primary microvortices in stationary droplet exhibits
distinctive resemblance to the ones observed in a moving droplet. Thus, this droplet trapping
does not only offer exceptional trapping efficiency to attain stationary droplets for
monitoring within the field of view, but also preserving the characteristics of internal
microvortex dynamics of a droplet.

By exploiting the ability of controlling microvortices inside of stationary droplets
through modulating the flow rate of oil phase, the simplicity and scalability of our trap design
offers unprecedented capability in droplet microfluidics for single-cell or immune cell-cell
interaction studies. While these stationary droplets enable longitudinal observation of flow
pattern and the encapsulated cells, this device also offers dynamic manipulation and

dynamic force exertion on the encapsulated cells for biomechanical analysis at scale.

45



a
.. Droplet
ln'et ® NS traps
N \
\\\\\\\\\‘ ot
5 mm

"6 o
IR0 0
: €

ﬂnnD ﬂbd:

______________________

@ Particle/cell

i -

Particle/cell

PDMS trap

Secondary
microvortices

Primary
microvortices

Figure 3 - 3 a) Microfluidic trap device for controlled droplet microvortex generation at scale. b) Device
schematic, illustrating the loading of cell-laden droplets into traps. c) Fluorescence microscopy image
demonstrating 100% efficiency droplet trapping. Trapped droplets were loaded with 1 um fluorescent
beads for visualization. d) Blow-up of a single microfluidic trap, with a droplet containing a 5 um bead
inside. The device has a wo-step droplet trapping mechanism: 1) Before reaching an individual trap,
viscous shear on the surface of moving droplets generates two nearly symmetric primary microvortices
inside them (e,f). 2) Droplets are then stopped by blocking the central slit of the trap (g). Primary and
secondary vortices are then formed inside the immobilized droplet due to their proximity to PDMS walls

(9h)
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Figure 3 - 4 Bright-field microscopy image demonstrating 100% efficiency of droplet trapping.

3.3.2 _Droplet Shrinkage Analysis

While the droplets are docked into the trapping array device and subjected to a
continuously flowing of oil phase, a significant shrinking in droplet size is observed. For
troubleshooting and extending the shrinking time, different concentration of 008-
FluoroSurfactant was used to investigate the rate of droplet shrinkage, ranging from 0, 1,
and 2% FluoroSurfactant in HFE 7500 oil. For one hour of oil perfusion at a flow rate of 3
pL/min, bright-field image was acquired at a five-minute interval, and their respective
droplet size was measured in Image]. The timelapse image of each condition is shown in
Figure 3 - 5, where there was a significant change in droplet size after one hour of oil
perfusion with 2% surfactant. However, the droplet shrinking rates for the testing group 0

and 1% surfactant are relatively similar under the oil flow rate of 3 pL/min, as illustrated in
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Figure 3 - 6a. Under the HFE 7500 with 2% surfactant, the droplet diameter decreased
below half of its original size after 55 minutes, whereas the droplets reached 80% of their
original size for using oil with 0 or 1% surfactant. Furthermore, Figure 3 - 6b demonstrated
the droplet shrinkage for flowing oil with different surfactant at a higher flow rate at 9
pL/min. We observed that there was a significant decrease in droplet diameters for all
three conditions tested, where the group with 2% surfactant showed the highest decreased
in droplet size and the groups with 0 and 1% surfactant were similar. The faster rate of
droplet size decreased at higher flow rate suggested that the formation of nanometer-scale
droplet due to higher shear stress exerted at the liquid-liquid interface by the continuous
oil flow.

In addition to the investigation of different surfactant concentrations in oil, we
continued our effort to further reduce the droplet shrinkage for extended period of time. Due
to the intrinsic properties of PDMS, this material is gas-permeable and known for sample
evaporation, especially in the aspect of microfluidics due to high surface-to-volume ratio.
Despite the PDMS is hydrophobic, sample evaporation is also another factor that is attributed
to the droplet shrinkage. A study has shown that the use of Parylene AF4 coating on
microfluidic channels would further mitigate the droplet shrinkage due to its enhanced
hydrophobicity of PDMS channels [85]. Thus, we used another variant of Parylene, called
Parylene C, which also exhibits strong hydrophobicity for our droplet shrinkage analysis. Our
droplet trapping device was coated with Parylene C through standard vapor deposition
method. The results suggested that there was a slight improvement on the rate of droplet
shrinking by using the Parylene C coated device (Figure 3 - 7 and Figure 3 - 8). There was

less than 20% decreased of its original droplet size for the Parylene C coated device, which
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showed 5% improvement in comparison to the non-coated device. Therefore, Parylene C
coated device would be recommended for long term on-chip droplet analysis to prevent

sample evaporation.
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Figure 3 - 5 Timelapse images for droplet shrinkage analysis under different surfactant concentration
in HFE 7500 oil flowing at 3 uL/min.
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Figure 3 - 6 Normalized droplet size shrinkage for one hour of oil perfusion under different flow rates
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Figure 3 - 8 Histogram for the performance of preventing droplet shrinking using non-coated and
Parylene C coated droplet trapping device.

3.3.3 Theoretical Cell Orbiting Period in Droplets

The simplest theoretical model that captures the minimal elements to represent inner
droplet flow in 3D is that of an inner phase static spherical droplet of radius R, and dynamic
viscosity n;, submerged in a continuous outer phase of dynamic viscosity 7, that flows at
uniform velocity U, far from the fixed sphere. Under these conditions, the droplet will
experience shear-stress that results in inner (u!) and outer (u°) flow velocity fields.
Assuming a laminar, inertia-less flow and neglecting surface tension gradients, both fields
admit analytical representations that are known as Hadamard-Rybczynski velocity fields. [86]
These velocity fields, although idealized, describe some of the functional relationships
between quantities of interest with the physical parameters of the problem, and thus
facilitates the study of inner droplet flow. The left side of Figure 3 - 3f illustrates the

Hadamard-Rybczynski velocity field streamlines as the outer phase with velocity —U, Z
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flows past the sphere. Under these conditions, the inside velocity field can be fully

represented with radial and angular components in spherical coordinates, u* = (u,i), uf,):

. R 2
u,(p,0) = T"cos 0 [(Rio) - 1] , (Eqn. 3.1a)

. 2
ug(r,0) = %sin 0 [2 (Ri) - 1] , (Eqn. 3.1b)
0
where a characteristic timescale 7 has been identified:
=22 1+¢q), qg= 1. (Eqn. 3.2)
Up Mo

Hadamard-Rybczynski velocity streamlines inside the inner phase describe a family of

Bernoullian quartic curves which admit the following parametric equation representation:

2—R3 .
% /%R% = sin(6), (Eqn. 3.3)

where p, is the starting radial defining a specific closed quartic curve (see Figure 3 - 3f, left).
Ideally small particles recirculate these closed pathlines, thereby describing a periodic
motion on both p(t) and 8(t) coordinates. This orbiting period, T,,;:, can be obtained by
solving a system of ordinary differential equations that are defined by the radial and angular
components of the velocity field (Eqns. 3.1a,b). We found that the solution to this system of

nonlinear differential equations can be written in the implicit form:
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t—ty=1 lf Rop dp (Eqn. 3.4)
° J (0" ~R)(P"*~p})(p"*+p5~RE)

where p(t,) = p, set as the start point of the particle path, and the time constant 7 is given
by eq. (3.2). From eq. (3.4), the recirculation time or cell/particle orbiting period can be

readily computed as:

_ 2t pd \ _ pg \] —
TOTbiL’ - m [K (R%—p%) F (d)) Rg_pg)] - Tf(pO,RO) ) (Eqn 35)

where p, is the vortex starting point, K(m) and F (¢, m) are the complete and incomplete

elliptic integrals of the first kind, respectively, with ¢ = sin"*[(Ry* — po2)/po?] and m =

p2 . , . . . . .
Rg_"pg. Although being an implicit solution to the particle equations of motion, eq. (3.5) can

be directly used to compute particle trajectories.

3.3.4 Characterization of Cell Dynamic Motion in Stationary Droplets

The ability to controllably modulate the encapsulated cell in droplets with the use of
only oil flow is powerful and holds the potential to greatly impact many cellular
biomechanics applications. In this section, we deconvolute the roles of outer oil flow
conditions to modify inner droplet flow dynamics that results in cells to exhibits translational
and rotational (orbiting and spinning) motion within the microvortices.

It was experimentally observed that encapsulated objects inside trapped droplets

tend to recirculate due to the constant hydrodynamic shear that is impinging on the front
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part of droplets (Figure 3 - 3e-h). This source of momentum is transmitted into the droplet
fluid, and eventually recirculating objects find a stable, steady-state path, which can be
recognized as a limit cycle resembling a slightly modified Bernoullian quartic cuve. We
hypothesized that particle size would affect the trajectory of encapsulated objects, owing to
the different hydrodynamic forces that would act on larger particles. Particles and cells of
different sizes were therefore tested to see the effect that particle size to droplet size ratio
(¢ = a/Ry) had on the trajectory and temporal dynamics of their limit cycle. As seen in
Figure 3 - 9, larger objects were subject to smaller recirculation paths, as measured by the
percent orbit area. The normalized orbit area has been defined as as the percent ratio of the
projected area in the direction of the optical axis of observation of the steady-state orbit
described by the travelling object, to the projected area of halfa droplet, A = mRZ /2. An orbit
area percent of 100% therefore represents a theoretical upper bound where a particle travels
on a loop as large as half the droplet circular area —a limit seldom reached by circulating
particles inside well-centered droplets under all conditions here tested. Similarly to
polystyrene beads, cells of different sizes (Jurkat, with radius a = 5.0+0.5 pym, and K562, a =
6.9+0.7 um) exhibited a noticeable change in orbit area, with ~3.93% and 0.08% for Jurkat
and K562 cells, respectively.

It was determined that for those particles or cells that display orbit areas smaller than
the area of the particle itself, the dynamic behavior is better described as spinning - if not a
combination of the two dynamic modes. This relationship has been illustrated in the form of
an area function of the particle to droplet size ratio ¢ (Figure 3 - 9, dashed line). For the cell
lines here tested, because of their size ratio with respect to the length scale of the droplet, we

predominantly observed spinning motion at flow rates of 20 uL min- (in a later section,
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however, it will be showed that flow rate also played an important role in defining orbiting

vs. spinning).

Orbiting Regime

To quantify the dynamics of the orbiting regime, we recorded footage of fluorescent
beads recirculating inside stationary, trapped droplets under different flow conditions.
Figure 3 - 10a-i portrays a circulating fluorescent 1.0 um particle inside a droplet. A dashed
cutline illustrates the temporal dynamics exhibited by the recirculating bead, clearly
demonstrating a reproducible periodic orbiting path. In Figure 3 - 10a-ii, Particle Tracking
Velocimetry (PTV) measurements of an actual recirculating particle are shown with respect
to the projected circular area described by the droplet, while Figure 3 - 10a-iii displays the
corresponding time tracks of the polar and angular position of the particle (with respect to
the droplet center). Fourier functional fits using only two harmonics demonstrate that the
orbiting phenomena has a strong periodicity.

We next examined the effect of flow rate Q on the recirculation time (or orbiting
period T,,pi:)- By controlling the externally applied flow using a syringe pump, we observed
that T,,.;; inversely decreased with flow velocity (see Figure 3 - 10a-iv). Fourier analysis of
the track data (e.g. Figure 3 - 10a-iii) allowed the direct and automated measurement of the
recirculation time for each flowrate by identifying the first peak of the Fourier transform
spectrum of p(t) after removal of the “DC” component of the signal (Figure 3 - 10a-v). The
time reduction behavior can be successfully explained by eq. (3.5), where recirculation time
is seen to depend directly on timescale 7, which itself is inversely proportional to the far-field

uniform flow velocity U, in the ideal spherical droplet case. Assuming the outer flow velocity
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U, is constant outside stationary cell-laden droplets, and neglecting the third dimension in
the problem (shallow channel approximation), we conclude that egs. (3.2) and (3.5) can be
used to fit the experimentally measured T,,;; times. Furthermore, because the external flow
speed U, appears in eq. (3.2), rather than fitting to the the externally applied flow rate, a
functional fit was performed against Q, justified by the fact that for Stokes flow, Uy~aQ. The
R? value of 0.996 supports the hypothesis that Hadamard-Rybczynski-like vortices with

Bernoullian quartic curve shape arise in the stationary droplets.

Spinning Regime

To quantify the temporal dynamics of cells in spinning regime, rather than performing
single particle PTV, we performed PIV. In this case, PIV measurements provide a
measurement of the video footage pixel flow dynamics (in pixels/frame), rather than an
explicit particle velocimetry. By quantifying pixel movement in this way, the velocity of
feature motion in footage could be determined after calibration. Figure 3 - 10b-i shows an
encapsulated K562 cell, which by virtue of its particle size to droplet ratio falls on the
spinning regime. Moreover, Figure 3 - 10b-ii illustrates velocity measurements for the self-
rotating cell. In parallelism to the PTV measurements demonstrating periodicity in the
orbiting regime, vorticity calculations of the pixel flow field enable direct measurement of
the pixel flow angular velocity, as seen in Figure 3 - 10b-iii.

Because cells were subject to self-spinning at a specific Euler angle, continuous
recording of different facets of single-cell was possible. Operation in the spinning regime
therefore allowed single-cell morphological inspection via transmitted light wide-field

microscopy at 360° angles. Enabled by the self-spinning mechanism of our cell-laden droplet
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trap microdevice, we recorded K562 human erythroleukemia cells at different view angles
(Figure 3 - 10b-iv). K562 cells can contain various types of granules, including CD63+
lysosomal granules.[87] Using an automated edge detection routine, we measured the
average granule size per frame of video, and plotted it against the video timestamp in Figure
3 - 10b-v. As expected, the measured average granule size per inspected frame is periodical
over time due to the self-spinning mechanism. As plotted in Figure 3 - 10b-vii, analysis of the
Fourier spectrum of the average granule size signal further confirms the self-rotational
dynamics of the droplet encapsulated cells. Furthermore, excellent agreement between pixel
vorticity (or angular velocity) and the Fourier peaks in Figure 3 - 10b-vii corroborate the
periodical dynamics.

Lastly, we employed the described Fourier peak identification procedure to measure
periodicity or spinning/rotation time as a function of externally applied flow rate. Although
not ideally represented by eq. (3.2), we found that the timescale 7 is still applicable to the
estimation of single-cell rotation time. This can be explained by the fact that particles with
high ¢ values, such as K562 cells in 50 um droplets, will tend to be spatially confined close
to the center of the vortices. At this point, vortices resemble a forced vortex flow field (also
referred to as solid body rotation [88]), where T,,p;; = V27T as py = Ry/V2 (the vortex
center in the ideal case of eq. (3.2)). Because of this, a semi-rigid object will eventually try to
match the vorticity of the local flow field, which is inversely proportional 7, or proportional
to Q. This behavior was confirmed in a parametric study of flow rate in Figure 3 - 10b-vi,
which demonstrates an equivalent functional relationship as that of Figure 3 - 10a-iv. These
results point to the generality of cell orbiting and spinning mechanisms inside droplets,

which can not only be finely tuned to control the shear field experienced by single cells, but
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also be tailored to image and quantify cell texture and morphological features with potential
for scalable throughput analysis. This flexibility of analysis is currently non-existent in the
microfluidic field, because the available single-cell rotational control methods, such as
microcapillary rotation[89] and electric field induced cell electrorotation [90, 91] are
inherently not scalable. In addition, microcapillary rotation requires embedding cells in
cytotoxic thixotropic index-matched gel, and in electrorotation, solutions are different from
normal isotonic media, thus limiting the biological assays that can be conducted during

multi-angle observation.
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Figure 3 - 9 Effect of particle/cell size to droplet radius ratio on particle dynamics inside trapped
microfluidic droplets. Particle dynamics were quantified by the percent area occupied by the
travelling path (orbit) described by the encapsulated particle or cell. Two distinct dynamics, namely
orbiting and spinning, were observed depending on the size of the particles, as depicted in the inset

images.
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Figure 3 - 10 Size-dependent translational (orbiting) vs. rotational (spinning) dynamics of droplet
encapsulated objects. a-i) Fluorescent bead (1 um) exhibiting orbiting dynamics. Its repeated circulation
(PTV) of the particle, showing radial and angular periodicity. a-iv) Recirculation time (period of plots in
a-iii) of particles as a function of the externally applied flowrate. a-v) Fourier transform of the radial
component of the position vector demonstrates a marked periodicity. b-i) An encapsulated K562 cell
self-rotating (spinning) on its axis. b-ii) Particle Image Velocimetry (PIV) was used to illustrate that only
pixels belonging to the cell in a frame displayed the highest motion. b-iii) Pixel vorticity measurements
obtained from PIV analysis. b-iv) Footage of the spinning K562 cell, portraying different angles as the
cell rotates. For each different view angle, a different distribution of observable granules can be
measured, the average of which is plotted in a time-series plot in b-v). b-vi) Measured rotation times for
K562 cells as s function of the externally applied flow rate. b-vii) Fourier transform of the time-series
average granule size data. A sharp peak in the frequency spectrum coincides with the cell spinning
frequency, which in turn can be connected to the PIV-measured pixel vorticity of the recorded videos and
the K562 rotation times.
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3.3.5 Visualization of Internal Flow Field using Microparticles

To enable a visualization of internal flow dynamics inside a trapped droplet, we
encapsulated fluorescent microparticles of 1 and 5 um diameter, respectively, to enable the
observation of particle trajectory in trapped droplets under different continuous oil flow
conditions, ranging from 5 to 20 pL/min. Fluorescent microscopy image was acquired by
setting the exposure time of minimum 5 seconds to see the trajectory of a particle. Figure 3 -
11 indicates the presence of microvortices inside the trapped droplets for 1 um bead, as it
was in the orbiting regime. On the contrary, 5 um bead was in the spinning regime as it
localized in the center of the microvortex for all the oil flow rates tested. Furthermore, we
observed that the particles, either in orbiting or spinning regime, converges toward the
center of microvortices as the oil flow rate increases. This phenomenon can be attributed to
the velocity gradient between the outer and inner microvortex, where the velocity is higher
on the outer microvortex. Thus, as the oil flow rate increases, the velocity gradient between
the outer and inner microvortex and flow field density increase, resulting a particle to

converge into the center of microvortex.

5 uL/min

o T
o0 T

Figure 3 - 11 Visualization of droplet internal flow dynamics using fluorescent microparticles (Green: 1
um diameter bead and Red: 5 um diameter bead).
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3.3.6 Effects of Cell Morphology on Translational and Rotational Dynamics

To investigate the effect of cell size on the extent of dynamic motion inside the
microvortices, two wild type cell lines Jurkat and K562, with nominal cell diameters of 13
and 20 um respectively, are encapsulated in droplets with 50 um diameter and subjected to
continuous oil flow after immobilized by the trapping array. The trajectory path of the cell is
represented with a direct least square fitting of ellipse, in which the elliptical area is
normalized against the area of a cell. The normalized orbital areas from both cell types are
assessed under oil flow rate of 5, 10, 15, and 20 uL/min (Figure 3 - 12a). Driven by the
microvortices, a cell would perform either an orbit or spinning dynamics, which the axle of
rotation is outside or inside of a cell respectively. Thus, the normalization of orbital area (NOA)
enables differentiating these dynamic motions of a cell by setting the threshold at one, where
the orbiting motion has NOA greater than one and the spinning motion has NOA of less than
one. At oil flow rate of 5 uL/min, the NOA of Jurkat wild type is found to be above one, which
clearly reveals its orbiting motion within a droplet. As oil flow rate increases, the Jurkat wild
type NOA decreases and switches into spinning regime. By contrast, despite the reduction of
NOAs for K562 wild type with increasing oil flow rate, the K562 cells remain to be in spinning
regime for all tested oil flow rates with NOAs that are significantly lower than the NOAs of
Jurkat wild type. These data suggest that the ratio of cell size and microvortex size plays a
critical role on the motion dynamics. Cell type with larger diameter could reach spinning
regime due to the footprint of a cell overlaps the center of a microvortex. Thus, the larger cell
type can localize in the center of a microvortex, resulting a significant lower NOA that is less
sensitive to the external oil flow rates. On the contrary, Jurkat wild type cells that are smaller

in size exhibit a considerable decrease in NOA at higher oil flow rate. At a higher oil flow rate,
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the viscous shear exerted at the interfacial surface increases such that the inner aqueous flow
rate of a droplet is also greatly increased. At a given flow velocity of a microvortices, a cell
would reach an equilibrium position within a microvortex, such that the drag force and the
rotation-induced lift force experienced by the cell is balanced. The data indicate that the
external flow rate can modulate the motion dynamic of a cell within the microvortices in
droplets.

In addition to the effect of cell size, we further investigate the effect of cell stiffness on
the extent of dynamic motion inside the droplet microvortices. In comparison to the wild
type of Jurkat cell line, we perform Latrunculin A (LatA) treatment to depolymerize the
organization of microfilament in Jurkat cells, achieving the disruption of cellular stiffness.
The LatA treated Jurkat cells are encapsulated in droplets and subjected to the continuous
oil flow field at 5, 10, 15, and 20 uL/min. The NOAs of LatA treated and wild type Jurkat cells
are shown in Figure 3 - 12b, where the NOAs of LatA treated cells show a discernable
reduction as opposed to the wild type. At the oil flow rate of 5 uL/min, the LatA treated Jurkat
cell shows a 58% decrease than the NOA of wild type, which reaches the spinning regime.
Particularly, as the oil flow rate increases, the LatA treated cells under the oil flow rates at 15
and 20 puL/min further localize in the microvortex center with 90% decreased of NOAs in
comparison to wild type. These data demonstrate a significant difference in NOAs between
wild type and LatA treated Jurkat cells at high oil flow rate regime, signifying the effect of cell
stiffness on the dynamic motion within the microvortices. Due to the depolymerization of
microfilament in a cell, a cell with lower stiffness would be more compliant to the
hydrodynamics of microvortices, which facilitates LatA treated cell to localize in the center

of microvortices and self-spin. Collectively, the cell motion dynamics within microvortices
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that are induced by external oil flow enables a hydrodynamic modulation of the encapsulated
cells in droplets. Furthermore, the normalized orbital area is sensitive to differentiate cells
with various morphologies, including size and stiffness, which offers a new label-free method

to study single-cell biomechanical properties in droplets.
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Figure 3 - 12 a) Histogram of the normalized orbital area within a droplet between wild type K562 and
Jurkat demonstrates that the effect of cell size on the motion dynamics of cells within the microvortices
(N=3). b) Histogram of the normalized orbital area within a droplet between wild type and LatA treated
Jurkat cells demonstrates that the effect of cell stiffness on the motion dynamics of cells within the
microvortices (N=3).

3.4 Conclusion

Droplet microfluidics has enabled high-throughput single-cell analysis by providing
individual micro-reactors. Recent advances enabled trapped single droplets in a high-
throughput array to investigate time-dependent single-cell reactions in real time. Therefore,
the understanding of hydrodynamic flow properties in droplets is a fundamental
requirement in governing the reaction conditions and cellular analysis. Although prior
studies have demonstrated that hydrodynamics of water-in-oil emulsion droplets flowing in

microfluidic channels, the flow dynamics of trapped or stationary droplets remain largely
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unexplored. To address this area, we designed a droplet trapping array device to immobilize
cell-laden droplets that would be subject to continuous oil flow to shear-induce
microvortices. Using this device, we demonstrated that the inner flow dynamics of a
stationary droplet with continuous oil flow consists of two pairs of symmetrical primary and
secondary microvortices.

Furthermore, understanding the influence of external oil flow to the water-oil
interfacial interaction with inner droplet flow enables setting specific microreactor
conditions for individual encapsulated cells in droplets within a large trapping array. While
the cell-laden droplets are trapped in our device with continuous oil perfusion, we
discovered that the encapsulated cell exhibits two distinctive dynamic motion: orbiting and
spinning. With various external oil flow rates tested, we have shown that the recirculation
and rotational times have an inverse relationship with external flow velocity, which matches
with the analytical model. In addition, the cell motion dynamics within the microvortices in
droplet is also a periodic movement. By exploiting the periodicity of a cell movement within
microvortices and its high responsiveness to the oil flow rate, our device offers a new
capability to modulate the dynamics of encapsulated cells in droplets by simply tuning the
external flow rate, instead of the use of any complex equipment such as optical or acoustic
tweezers for cell manipulation. This technique further enhances the potential of droplet
microfluidic systems for complex biological analysis and cellular monitoring.

In addition to characterization of inner droplet flow dynamics, we decoupled the
effect of cell morphology on the extent of cell dynamics in the microvortices that led to
translational or rotational motion. Within the microvortices, the size of encapsulated cells

with respect to droplet size plays a significant role in defining an orbiting or spinning
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dynamics. Larger cell would result in spinning motion as the area of a cell overlaps the center
of a microvortex in droplet, whereas a smaller cell leads to an orbiting motion as it follows
the streamline of a microvortex. More importantly, our platform has shown the ability to
discern cell stiffness based on its dynamics within the microvortices. According to the
normalized orbital area of a cell in a stationary droplet, we observed a significant reduction
in NOA for cell population with lower stiffness. As a result, our platform demonstrated the
sensitivity based on NOA to differentiate cells with different morphology.

In summary, we have shown the utility of microvortices in stationary droplet shear-
induced by the oil phase to deconvolve the effects of cell morphology (size and stiffness) on
their dynamic translational and rotational motion. The results have revealed the significant
difference in cell orbital area within the microvortices in a manner dependent on oil flow rate,
which presents a label-free method to detect cells with different mechanical properties. This
technique will further augment the impact of droplet microfluidics for single-cell analysis
and cell mechanics by enabling the simplicity of modulating the encapsulated cells with oil

flow, opening new fundamental research avenues in single-cell biomechanics.
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CHAPTER 4: Summary and Future Directions

This research effort will focus on incorporating the aforementioned microfluidic devices in
Chapter 2 and Chapter 3 to develop platforms that are applicable to mammalian cell
transfection and realizing genotype-phenotype linkage at single-cell level. Different cell

model system would be selected to demonstrate the feasibility of the microfluidic platforms.

4.1  Single-cell Transfection in Droplet

Transfection efficiency is critical to the success of monoclonal antibody discovery
process and production. Traditionally, Chinese hamster ovary (CHO) cells have been more
difficult to transfect than HEK293 cells. For this purpose, droplet microfluidic generation
device will be utilized to compartmentalize individual cell along with lipofection reagent for
effective gene delivery. The Lee group has a previous publication on using micro-droplets for
ten-fold increase in gene delivery, which was demonstrated by using non-adherent cell lines
including K562, THP-1, and Jurkat [92]. This prior work has successfully shown a significant
reduction on cell-to-cell variation in comparison to the bulk method using lipoplex-mediated
intracellular delivery (Figure 4 - 1). The enhanced gene delivery in micro-droplets is
attributed to the chaotic mixing inside of the droplets induced by the serpentine
microchannel and co-confinement with single cells. With this aim, further optimization for
higher effective gene delivery of mammalian cells will be investigated for monoclonal
antibody discovery.

Specifically, the optimization of droplet transfection entails concentration of plasmid,
chaotic mixing time, size of lipoplex complex, and charge ratio of lipoplex and plasmids. The

cytotoxicity issue pertinent to lipoplex-mediated gene delivery presents a challenge for
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prolong incubation of cells and lipoplex in droplets. Thus, cell viability in droplets with and
without lipoplex transfection will be examined for the feasibility of long-term culturing.
Another approach for long term culture (~72 hrs) would be utilizing hydrogel, such as
alginate, agarose, or GelMA, to be incorporated in the aqueous dispersed phase. The
solidification of hydrogel encapsulating with single cell and lipoplex enables an effective
transfection, as well as allowing phase exchange for fresh culture media, which will be
suitable for transient transfection protocol. These hydrogel droplets will be subsequently
loaded into a trapping array (Figure 3 - 1) for time-resolved monitoring. Lastly, the
transfection efficiency and cell viability will be evaluated by the production of fluorescent
proteins and compared against bulk cell transfection. Thus, lipoplex-mediated single-cell
transfection via droplet microfluidics is expected to have a broad application in gene therapy
in terms of therapeutic antibody production and regenerative medicine with enhanced
transfection efficiency and low cell-to-cell variation.

Optimization of transfection conditions is of paramount importance for the success of
this project. In short term, parameters that were previously mentioned will be investigated
to achieve optimal transfection efficiency, which is defined by the ratio of transfected cells
with fluorescent expression and total number of cells after 24 to 48 hours post transfection.
For long term goal of this project, a library of plasmids will be used for high throughput
transient transfection to examine the production of antibodies or secretion molecules.

In addition to the need of enhancing transfection efficiency, a pool of microdroplets
containing different clones of plasmid would be an attractive method for generating cell-
based diversity libraries. Existing transfecting is limited to a single type of plasmid, in which

scaling up transfection process with a diverse library of plasmids is cumbersome. To take
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advantage of compartmentalization and high-throughput in droplet microfluidics, we
propose a new method that enables transfecting single cell with a library of different plasmid
in a high-throughput manner. A batch of droplets containing different clones of plasmids
would be separately generated by following conventional droplet microfluidic device (Figure
4 - 2). Each unique batch of plasmid droplets are pooled together to create a plasmid library
for subsequent transfection. On the other hand, cells of interest will be encapsulated in
droplets on the microfluidic device from Chapter 2 with an aim to maximize single cell
occupancy. These two sets of microdroplets will then be loaded using a zipper method to
achieve a sequential ordering and single file, as shown in Figure 4 - 4. This droplet train will
flow into a junction with abrupt expansion and constriction of channel to induce coalescence
of every two droplets, which has been demonstrated in earlier publication from Dr. Abe Lee’s
Lab (Figure 4 - 3) [93]. The merged droplets will then undergo a serial winding channel to
induce chaotic mixing for effective cell transfection, as shown in Figure 4 - 5. This workflow
would be a proof-of-concept for single-cell transfection with a library of different plasmid in
high-throughput manner. At the early stage of the project, a library of ten or less plasmids
will be used for demonstrating the proof-of-concept. In terms of microfluidic chip design, the
need of scaling up will be always considered for later stage. If the project is proven to be
successful, this workflow can be multiplexed and automated to accommodate a larger library
of plasmids, which will be beneficial for Amgen in terms of improving efficiency and
shortening time to screen plasmid of interest.

To validate this proof-of-concept, a batch of droplets containing different plasmids
(e.g. GFP, RFP) and lipofectin will be generated via conventional droplet generation device.

The micro-droplets are very stable under the carrier oil supplemented with surfactant, which
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can be stored in Eppendorf tube for months. For storing the plasmid containing droplets, the
size distribution of lipoplex upon droplet generation will be evaluated using dynamic light
scattering. In addition, the integrity of plasmids in droplets will be assessed by using gel
electrophoresis. The suspension of mammalian cells will be encapsulated in droplets on the
day of transfection. Upon merging of cell-containing and plasmid-containing droplets, the
resulting droplets will be loading into droplet trapping array (Figure 3 - 4) for evaluation of
transfection efficiency and time-resolved monitoring of fluorescent gene expression.

Thus, optimization of bulk lipofectamine transfection is of prime importance before
incorporating into the workflow of droplet microfluidics. Transfection efficiency and cell
viability were investigated by transfecting K562 cells with different dosage of lipofectamine
and media. The workflow of transfection was followed by the recommended commercial
protocol for Lipofectamine 3000 (ThermoFisher). The results, shown in Figure 4 - 6,
demonstrated that the condition in 3% lipofectamine in culture media performed the best
with 97% viability, while the cell viability was compromised in conditions with OptiMEM.
Upon assessing the transfection efficiency using flow cytometry, 20% of live cells were
successfully transfected in the experimental group that involved 3% lipofectamine in culture
media. This suggests that the cells were lack of nutrition during the incubation. However,
further optimization would be needed, such as the amount of plasmid DNA, to achieve higher

transfection efficiency.
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Figure 4 - 1 (a) Schematic illustration of the droplet microfluidics-based single-cell lipofection platform.
(b) a single-cell is co-encapsulated with plasmids and Lipofectin. (c) negatively charged plasmids and
positively charged Lipofectin self-assemble into lipoplexes during chaotic advection. (d) Entering the
coencapsulated single cell by endocytosis. (e) droplet generation and the coencapsulation of single K562
cells with plasmids and Lipofectin in picoliter droplets. (f) Bright-field snapshot of droplets’ chaotic
advection in the winding channel. Scale bars: 100 um.
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Figure 4 - 2 Schematic of plasmid library construction through droplet generation with a library of
different plasmids.

Figure 4 - 3 Serial microscopic images of sequential induced fusion. [93]



. Cell-containing droplet
O Lipoplex-containing droplet with distinct plasmid

@ » Merged droplet for transfection

Figure 4 - 4 Schematics of the proposed approach for high-throughput single-cell transfection in droplets
by coalescing cell-containing and lipoplex-plasmid-containing droplet. Two sets of close packed droplets

are passively self-assembled into a sequential ordered, single file droplet train prior entering induced
fusion junction.

Figure 4 - 5 Coalesced droplets will immediately travel through winding channel to induce chaotic
mixing for effective gene delivery into cells. Scale bars: 100 um. [92]
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Figure 4 - 6 Optimization of chemical transfection using lipofectamine with eGFP on K562 cells.
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Figure 4 - 7 Flow cytometry results for bulk transfection efficiency on K562 cells by optimizing the
concentration of lipofectamine.

4.2

Hydrogel Droplet Generation Optimization
To further enhance the capability of droplet microfluidic platform for downstream
analysis as mentioned in Section 4.1, hydrogel droplet would be an ideal candidate for long-

term culturing and dynamic temporal observation. To achieve this, we developed a hydrogel
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droplet generation protocol using gelatin-methacryloyl (GelMA 80% degree of substitution).
Prior loading into the droplet generating device mentioned in Chapter 2, aqueous solution
containing 5% (w/v) GelMA and 0.5% (w/v) Irgacure 2959 photoinitiator was prepared by
thorough mixing and incubating in water bath for 20 minutes. Subsequently, the GeIlMA
aqueous solution and HFE 7500 oil with 2% 008-FluoroSurfactant were introduced into the
droplet generation device at 4 and 5 pL/min, respectively (Figure 4 - 8). The GelMA hydrogel
droplets collected in 1.5mL Eppendorf tube were exposed under ultraviolet light (long range)
for a minimum of 15 minutes. The exposure to UV initiates the crosslinking of GelMA for
gelation. Lastly, the droplets were retrieved for phase exchange by adding perfluorooctanol
(PFO) at 1:1 ratio. Lastly, the GeIMA hydrogel droplet in aqueous phase was collected and
resuspend in PBS. Figure 4 - 8 illustrated the successful preliminary results for the GelMA
generation and phase exchange into aqueous solution. Further optimization is required to
maximize the crosslinking efficiency and minimize the exposure time for crosslinking due to

its detrimental effect on cell viability.
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Figure 4 - 8 GelMA hydrogel droplet generation and phase exchange from oil to PBS.

4.3 Developing Cell Rotation in Droplet Device for Cellular 3D Imaging

Chapter 3 demonstrates that the microvortices in droplets can induce the
encapsulated cells to exhibit either orbiting or spinning motion. Under spinning motion, we
will exploit this phenomenon to precisely manipulate the rotation angle by modulating the
oil flow direction, which resulting a change of rotating angle in the internal microvortices.
This further advances the droplet microfluidic platform for potential microscopy application
by obtaining projection view of a cell at 360 degrees. Through 3D reconstruction, we can
utilize a stack of 2D projection image of a cell to reconstruct a 3D model to assess the cell
topography Figure 4 - 9. To achieve this, a new droplet trapping platform is required to
reduce the number of microvortices in droplet to single vortex, such that a single cell in

droplet can be trapped in the center of vortex and perform spinning motion. Thus, we
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propose a two-layered droplet trapping device that exploits the density difference of aqueous
and oil phase for droplet immobilization. The aqueous droplets would float into the inverted
microwells, where the bottom half of the droplets would be exposed to continuous flow of oil
for inducing internal microvortex (Figure 4 - 10). In our preliminary results, we successfully
fabricated the droplet trapping device involving inverted microwells, which demonstrated
100% droplet trapping efficiency. However, further optimization of droplet size and
microwell diameters are needed to ensure single droplet occupancy per well. In addition,
droplet shrinkage is also another potential risk that limits the length of experiment, which
alternative materials, such as PMMA, for device fabrication is necessary to prevent sample

evaporation.

Image acquisition & Tomographic
background removal Reconstruction

Figure 4 - 9 Schematics of droplet trapping in the inverted microwell device and 3D tomographic
reconstruction through 2D projection image acquisition from a rotating cell in droplet microvortex.
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Figure 4 - 10 AutoCAD drawing of the inverted microwell device for droplet trapping.
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Figure 4 - 11 Droplet trapping in the microwells with diameter of a) 70 and b) 40um, which
demonstrated 100% droplet occupancy.

4.4 Conclusion
To summarize, this dissertation presented two major advancements in droplet
microfluidic platforms for single-cell and cell pairing applications: 1) a 1-1-1 droplet

generation device that overcomes double Poisson limitation for co-encapsulation of two

76



distinct cells in droplets, 2) a droplet trapping device that enables temporal analysis and
induces microvortices in droplets for differentiating cellular morphology.

Despite several co-encapsulation techniques have been devised as mentioned in
Chapter 2, the existing methods suffer from complex fabrication, lack of robustness, and
selective performance depending on cell types, which limit their adaptability in many of the
biological applications. Our 1-1-1 droplet generation device offers a simple setup and passive
method to achieve over 2-fold improvement on co-encapsulation efficiency against double
Poisson statistics by exploiting the hydrodynamic close packing of cells through draining the
aqueous suspension of cells prior to encapsulate in droplets. In addition to the simplicity of
our device, the performance of our platform is not restricted by the cell morphological
properties or fluid rheology, which ensures the reliability and robustness. The improved co-
encapsulation efficiency in droplets is directly beneficial to applications involving precious
primary cells and cells with low density. Thus, the 1-1-1 platform demonstrated its
advantages in efficient co-encapsulation, easy-of-use, passive, and robustness, which can be
adapted for cell-cell interaction studies, such as natural killer cell vs. K562 tumor cell,
dendritic cell vs. T cell, neural stem cell interactions, and etc.

Another major advancement made in this dissertation is the unique design of droplet
trapping array, in which leading to various potential biological applications by exploiting the
microvortices in droplets. Unlike the existing droplet trapping array designs, our droplet
trapping array design not only efficiently immobilizes droplets for longitudinal study, but it
is also capable of inducing microvortices inside the stationary droplets to dynamically
modulate the movement of the encapsulated cells. This unique feature sets our design apart

from the existing droplet trapping design by offering scalability, simple setup, and
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unprecedented capability of cell manipulation in droplets through the control of flow rate in
oil phase. In addition, we also discovered that the dynamic motion of the encapsulated cells
in droplet microvortices offers a new label-free method in differentiating cell size and
compliance. To the best of our knowledge, no other droplet trapping devices are capable of
achieving both stationary droplets and internal microvortices in droplets. Thus, our droplet
trapping platform has expanded the utility of droplet microfluidics and holds great potential
for more complex single-cell applications.

As single-cell analysis holds the essential key to reveal heterogeneity in a clonal
population and specific characteristics of individual cells, the demands for innovation,
development, design complexity, minimizing cost, biocompatibility, and user-friendliness in
droplet microfluidic technology are critical. Both 1-1-1 co-encapsulation and droplet
trapping device in this dissertation overcame the technical limitations in existing droplet
microfluidic technology that made it more adaptable for broader biological applications.
Recent advances in artificial intelligence, pattern recognition, and machine learning and
coupling with droplet microfluidics will be a powerful integration to process enormous data
to decipher complex biological phenomena in bridging genotype and phenotype in single-
cell resolution. Therefore, droplet microfluidics technology for single-cell and cell pairing
analysis is expected to revolutionize precision medicine, drug discovery, and immunotherapy:.
While the author here looks forward to realizing the presented microfluidic devices in
pharmaceutical and commercial settings, it is also the author’s desire to inspire researchers

as well as the general public regarding the importance of microfluidic technology.
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