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ABSTRACT

Tissue engineering is a multidisciplinary field that combines engineering and life
sciences to restore, improve, or generate biological substitutes to replace damaged tissues or
organs. This is often performed using hydrogels that serve as scaffolds for the growth and
maintenance of target tissues. Hydrogels, crosslinked polymer networks composed primarily of
water, are excellent tissue mimics with highly tunable mechanical and biochemical properties.
Hydrogels can be fabricated at the microscale, termed microgels, using drop-based microfluidics,
which enables the precise control of cell density within the microgels down to a single cell.
Encapsulating cells in microgels allows for the manipulation of microgels after production for
single cell analyses. In this dissertation, human articular cartilage (HAC) cells and neurons are
cultured within and upon microgel particles that serve as microscale tissue models for the study
of chondrocyte matrix production and Herpes Simplex Virus type -1 (HSV-1) infection studies.

HAC is the load-bearing tissue that lines the interfaces of joints and is responsible for
shock and wear resistance. Chondrocytes, the cells in HAC, are responsible for producing and
maintaining HAC The chondrocyte pericellular matrix (PCM) regulates the metabolism and
mechanical strain of the cells, which is critical to cellular function and cartilage homeostasis
However, the PCM is challenging to produce in vitro. The first half of this work applies
microgels for PCM formation in chondrocytes. Immunofluorescence and high-performance
liquid chromatography-mass spectrometry data demonstrate that chondrocytes grown in alginate
microgels form a collagen VI-rich PCM, significantly altering the cells' metabolic response to
dynamic compression. Atomic force microscopy data demonstrates that when chondrocytes are
grown in alginate microgels for ten days, the elastic modulus of the PCM increases an order of
magnitude.

HSV-1 is a human pathogen that invades the peripheral nervous system. Understanding
the complexities of HSV-1 infection at the single-cell level could lead to better therapeutics and
reduced disease outcomes. Drop-based microfluidics (DBM) has recently been adapted for
studying single-cell viral infection but has not been applied to neurons and HSV-1. The second
half of this work develops a method for growing individual neurons in microgels. These
microgel-embedded neurons are isolated, encapsulated with precise inoculating doses of HSV-1
using DBM, and the kinetics of viral gene expression are tracked in individual neurons using a
fluorescent-recombinant HSV-1 virus. The data demonstrate that microgels provide a solid
scaffold for neuronal development that supports single-cell productive HSV-1 infection within
droplets.
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CHAPTER ONE

INTRODUCTION

Introduction

Tissue engineering is an interdisciplinary field that focuses on generating and restoring
bodily tissues by applying engineering and life sciences [1-3]. Initially, tissue engineering began
with the primary goal of restoring bodily function to patients; however, the field has expanded to
include developing ex vivo tissues for applications such as translational science and drug
discovery [2,3]. Tissue engineering techniques typically rely on combining target tissue cells,
biomolecules, and a scaffold to create cell-laden constructs in vitro [2,3]. The choice of scaffold
is critical to creating healthy tissue.

Common scaffolds used in tissue engineering are hydrogels which are swollen, cross-
linked polymer networks composed primarily of water and excellent extracellular matrix (ECM)
tissue mimics [2-4]. The mechanical and biochemical properties of the hydrogels can be tuned
by changing the polymer composition, gelation method, and various other factors to best mimic
the desired ECM [4]. However, the millimeter and centimeter scale hydrogels termed 'bulk’
hydrogels in this work, typically used in tissue engineering applications, have several downsides,
such as difficulties controlling cell density, manipulating individual cells, or creating multi-
functional materials [5,6]. In addition, cells cultured in these bulk hydrogels may also suffer
from diffusion limitations as cells may be located centimeters away from the nutrient source

[5,6].
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A solution to these downsides is to reduce the length scale of the bulk hydrogels to the
microscale, producing particles termed 'microgels'. Microgels typically have the same
biochemical and mechanical properties as their bulk analogs yet also have favorable transport
characteristics for tissue engineering due to the high surface area to volume ratio and
comparatively small length scale [5,6]. Additionally, microgels often function as individual cell
units in which single cells are either encapsulated or seeded onto the microgels allowing for the
facile transfer of individual cells between growth environments through the washing and
manipulation of the microgels [5,6]. These combined factors make microgels ideal growth
environments for many cell types. This thesis presents work focusing on developing microgels
for single-cell biological assays and tissue engineering. This work applies microgels to two fields
of tissue engineering: Human articular cartilage and neural tissue engineering.

First, this thesis explores the engineering of human articular cartilage (HAC). HAC is the
soft load-bearing tissue that lines the interfaces of joints and is responsible for friction reduction
and wear resistance from everyday activities such as walking, running, and jumping [7]. The
functionality of HAC stems from the unique cellular and bio-mechanical composition of the
matrix which makes up the cartilage. The HAC is primarily composed of chondrocytes, the
extracellular matrix (ECM), the pericellular matrix (PCM), and other minor matrix regions, such
as the territorial cellular matrix. The cartilage is primarily composed of the ECM, a hydrated
matrix of collagen and proteoglycans with significant zonal variations in biomechanical
properties due to the orientation of the collagen networks in each zone [7,8]. The PCM is
primarily composed of type-VI collagen and closely encapsulates the chondrocytes in the

cartilage, providing a uniform strain environment for the cells throughout the zonal variations in
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the ECM [9,10]. The functionality of articular cartilage stems from the unique bio-mechanical
composition of the cells and matrix which makes up the cartilage. After acute injuries to articular
cartilage or during diseases such as osteoarthritis, the ECM and PCM of the cartilage begin to
break down, causing pain and loss of joint function [11,12]. Due to the low cell density,
avascular nature, and many other factors, HAC is limited in its ability for self-repair [13,14].

The first half of this thesis specifically focuses on methods for developing and studying
HAC in vitro. Conventional methods for culturing chondrocytes rely on tissue culture plastic to
expand and grow cells. However, when cultured on tissue culture plastic, chondrocytes quickly
dedifferentiate and lose their ability to produce cartilage [15-20]. When grown in 3-D hydrogels
such as alginate and agarose, chondrocytes have been shown to retain their chondrocyte
phenotypes or even differentiate back into chondrocytes after monolayer culture [14,21,22].
However, the large hydrogels typically used are poorly suited for tissue engineering and in vitro
studies of cartilage due to their large length scale making it difficult to manipulate cells [5,6].
Here we apply microgels as an alternative to monolayer and bulk culturing methods of
chondrocytes. This thesis will focus on the PCM formed during microgel culture, its chemical
and mechanical composition, and the PCM's effect on the chondrocytes' metabolic response to
mechanical stimulation.

Second, this thesis explores the engineering of neural tissue models for herpes simplex
virus-1 (HSV-1) studies. HSV-1 is a prevalent human pathogen, infecting 70% of the global
adult population and causing recurrent orofacial herpetic lesions and, in severe cases, morbid
encephalopathies [23]. Infections begin in the orofacial epithelia, where it then invades the

peripheral nervous system (PNS). Disease pathologies arise in the PNS, and the infected neurons
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harbor HSV-1 for the host's lifetime. Notably, the neuroinvasion of HSV-1 enables the evasion
of sterilizing immunity and complicates the implementation of antiviral therapeutics. A further
understanding of the complexities of HSV-1 infection of the nervous system could lead to better
therapeutics and a reduction in disease outcomes and neuropathologies.

The second half of this thesis specifically focuses on methods for growing isolated
neurons for studying single-cell HSV-1 infections. Current methods for studying HSV-1 in vitro
rely on traditional biological techniques where cells are cultured and infected in a well-plate,
enabling spread of infection between neighboring cells [24—-27]. These population-level infection
approaches may obscure the heterogeneous dynamics of neuronal infection that may not be
observed using well-plate methods. Growing and infecting single neurons eliminates the
confounding effects of mixed infection dynamics in a population of cells. However, there are
minimal methods for culturing isolated neurons, and the throughput of these methods is limited.
Further, these cells are often grown in well plates where the cells cannot be transferred between
environments [28,29]. Here, we use microgels as a novel method to culture and manipulate
individual neurons. This thesis will focus on the maturation and HSV-1 infection dynamics of
single neurons grown in microgels.

In summary, this thesis explores applying microgels for in vitro pericellular matrix
formation in human primary chondrocytes and the study of HSV-1 infection dynamics in single

neurons.

Funding

This research was funded by the Montana State University Office of the Provost, the National

Science Foundations (NSF) Career grants 1753352 and 1554708, the National Institutes of
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Health (NIH) grants ROLAR073964 and U01 EB029242, and the Defense Advanced Research
Projects Agency (DARPA) grant W911NF-17-2-0034. The research was conducted at Montana
State University (MSU) (Montana, USA), the Imaging and Chemical Analysis Laboratory
(ICAL) at Montana State University (Montana, USA), and the Center for Biofilm Engineering

(CBE) at Montana State University (Montana, USA).

Dissertation Overview

The remainder of this thesis is organized into six chapters; Chapter 2 consists of a
literature review providing background information and a summary of topics covered in this
thesis.

Chapter 3 describes a drop-based microfluidics approach to culture single SW1353
chondrocytes in alginate microgels for cell-directed PCM synthesis, closely mimicking the in
vivo microenvironment. Throughout the study, the effects of microgels as a growth environment
and the effects of ascorbic acid on matrix formation were investigated. We found that
chondrocytes formed PCM over 10 days in these single-cell 3-D microenvironments. This PCM
was visualized using epifluorescence imaging of matrix auto-fluorescence and confocal imaging
of immuno-chemistry-stained collagen VI. In addition, mechanotransduction studies were
performed, in which single-cell microgels mimicking the cartilage PCM were embedded in high-
stiffness agarose. Finally, physiological dynamic compression was applied to the cells in a
custom-built bioreactor, and metabolites were extracted and analyzed using High-performance
liquid chromatography-mass spectrometry (HPLC-MS). We found that microgels exhibited
distinct metabolomic profiles from uncompressed and monolayer controls. These studies will

impact future work in chondrocyte tissue engineering and dynamic compression studies. This
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work was published in the journal Cells, on March 5th, 2022, and is titled "Metabolomic
Profiling and Mechanotransduction of Single Chondrocytes Encapsulated in Alginate
Microgels".

Chapter 4 describes a method for growing pericellular matrix from primary human
chondrocytes (PHCSs) in vitro and analyzing its mechanical properties. In this study, PHCs were
encapsulated and grown in alginate microgels using drop-based microfluidics. PCM formation
was analyzed using epifluorescence imaging of matrix auto-fluorescence and immuno-
chemistry-stained collagen VVI. When grown in alginate microgels, we found that PHCs form a
robust, collagen VI-rich PCM. Compared to the SW1353 cells in chapter 3, the auto-fluorescence
single of the PHC increased ~5 times faster. The mechanical properties of the in vitro formed
PCM were measured over time using atomic force microscopy. We found that the elastic
modulus (G") of the chondrons, the PCM — chondrocyte constructs, increased an order of
magnitude over 10 days in culture, nearly reaching the elastic modulus of in vivo PHCs. We also
found two distinct populations of chondrocytes; one whose elastic modulus did not change from
day 1 and one whose drastically increased over 10 days in culture. This work will impact future
work in chondrocyte tissue engineering and regenerative medicine. The title of this work is
"Pericellular Matrix Formation and Atomic Force Microscopy of Single Primary Human
Chondrocytes ™.

Chapter 5 describes a drop-based microfluidics approach for culturing and infecting
single mouse primary superior cervical ganglia (SCG) neurons with herpes simplex virus-1
(HSV-1). In this study, we developed a method for growing individual neurons in microgels

where DBM allows for precise control over cell density to achieve one neuron per microgel.
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These Matrigel-embedded neurons were encapsulated with a precise inoculating dose of HSV-1
using DBM. Using a fluorescent-recombinant HSV-1 virus, we tracked the kinetics of viral gene
expression across increasing inoculating doses in individual neurons. Our data demonstrate that
the microgels provide a solid surface for neuronal growth and development that supports single-
cell productive HSV-1 infection within droplets. First, Vero cells are used as a model cell line for
HSV-1 infection in microgels. The effects of cell location on the likelihood of infection are
studied, and it was found that HSV-1 cannot diffuse through Matrigel; therefore, the cell must be
exposed to the surface of the gel for HSV-1 infection to occur. SCG neurons are then grown and
matured in microgels for seven days and stained for phosphorylated neurofilament H to show
that the neurons are mature. Neurons are then individually infected with HSV-1 OK15 in drops,
where we use time-lapse epifluorescence microscopy to track the progression of viral gene
expression. We find that neurons expressed viral genes earlier and were far likelier to
successfully proceed to late-gene expression when the inoculating dose was highest. This work
will impact single-cell virology and neuronal tissue engineering. The title of this work is
"Droplet-Based Microfluidics for Single Neuron Growth and Infection with Herpes Simplex
Virus—1".

Chapter 6 concludes this thesis. The chapter will discuss future outlooks and the greater
impacts of this research.

Appendices A-C provide supplemental information for the manuscripts in Chapters 3-5.
Appendix D contain additional work completed during this Ph.D. not included in the manuscripts

in Chapters 3-5. Additional works include the publication "Granular Matrigel: restructuring a



8
trusted extracellular matrix material for improved permeability” by Mahdieh et al. and published

in the peer-reviewed journal Biomedical Materials VVolume 17 article number 4.
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CHAPTER TWO

LITERATURE REVIEW

Microgels for Tissue Engineering

Microgels vs. Hydrogels

Microgel is the broad term for all hydrogels of the microscale, single to hundreds of
microns. Microgels have been developed for many applications, ranging from robotics to
cosmetics and food processing [1-3]. However, this work focuses on applying microgels to bio-,
biomedical-, and tissue engineering.

Microgels, like mm to cm scale hydrogels, termed 'bulk’ hydrogels in this work, are
excellent 3-D tissue mimics [1,3,4]. Many elements of the in vivo extracellular matrix can be
recapitulated in hydrogels [1,3-5]. Hydrogels possess mechanical properties similar to most in
vivo tissues and support cell adhesion and protein sequestration [1,3,4]. Compared to 2-D
systems such as petri dishes, culturing cells in 3-D promotes cell morphologies and polarization,
which resemble physiological cells (Figure 2.1)[4]. Primary cells grown in 2-D also tend to lose
differentiated phenotypes, whereas cells grown in 3-D maintain or even regain differentiated

phenotypes [4,6-8].
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a Conventional 2D culture Flattened cell shape

Abnormal distribution of integrin-
adhesion ligand complexes

Superphysiologic stiffness

Forced polarity

0) Adhesion ligands: peptides (RGD),
proteins (collagen, fibronectin, laminin)

© Degradation modes: passive (hydrolysis)
cell directed (MMPs), user directed (light)

’ Crosslinking: physical (self-assembly, ionic),
covalent (Michael addition, photocrosslinking)

Figure 2.1: (a) Conventional 2D culture on superphysiologically stiff plastic or glass substrates
leads to cells displaying aberrant phenotypes. (b) 3D hydrogels can be engineered to present a
more realistic microenvironment to cells. Hydrogel design variables are indicated. Adapted from
Ref. 4 with permission from the Journal [4]

However, microgels offer several advantages compared to bulk hydrogels: 1) Cells can
be encapsulated in microgels at precise cell densities. Each microgel acts as an individual cell
unit that can be manipulated or assayed at the single-cell level [1,3]. 2) Reducing the length scale
of the hydrogels from the mm/cm scale to the microscale decreases the length scale and increases
the surface-to-volume ratio of the hydrogels [1,3]. This small length scale decreases diffusion

lengths and facilitates the delivery of nutrients and other bio-active compounds to the

encapsulated cells [1,3]. Microgels can be assembled through various techniques to create porous
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structures with similar size and cell density to bulk hydrogels but are far more permeable to
nutrient diffusion [1,3]. 3) Microgels can be produced in a high throughput manner to create
hundreds of thousands to millions of particles in seconds [1,3,9]. 4) Microgels are more easily
injectable than their bulk analogs due to their collective shear-thinning behavior, making them

favorable for bio-inks and tissue engineering [1,3] .

Composition and Structure of Microgels

'‘Microgel' comprises a broad range of microscale hydrogels which can be further broken
down into more specific categories. In regards to composition, microgels are either homogenous
or heterogeneous (Figure 2.2) [1]. Homogeneous microgels are chemically uniform throughout
the volume of the microgels and are often composed of one single polymer type (Figure 2.2).
However, the shape of the microgels can vary, with spherical and rod-shaped microgels being the
most common structures (Figure 2.2) [1]. Conversely, Heterogeneous microgels do not have
uniform compositions throughout the gel and are often composed of multiple polymer types [1].
Examples of heterogeneous microgels include core-shell, multicore, and janus particles (Figure
2.2) [1]. Homogenous and heterogeneous microgels both have advantages over the other,
depending on the application. For example, Homogeneous spherical microgels are beneficial in
applications where uniform cell culture is desired. In contrast, janus particles can benefit

applications where coculture of two different cell types is desired.
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Figure 2.2: Microgels with different morphologies or structures, such as spheres, tear-drop, hole—
shell, core—shell, Janus, compartmentalized, rod, and raspberry-like shapes. Scale bars = 200
um (tear-drop), 500 pm (microrod), 0.3 um (submicron, raspberry-like), 400 pm
(compartmentalized), and 100 um (all other). The microgel/environment interfaces can include
gel/oil, gel/sol, gel/water, gel/gel, and gel/ tissue interfaces. The internal structures of the
building blocks can be random coils, alpha helices, beta sheets, etc. [1]

Microgel Gelation and Fabrication Techniques

The type of microgels and the crosslinking chemistry used are subject to the desired

application and fabrication technique. Similar to their bulk analogs, microgels can be produced
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from synthetic or natural polymers with various gelation methods [1]. The type of polymer used
depends on the application; for example, collagen and gelatin-based microgels have been shown
to maintain the multipotency of mesenchymal stem cells, whereas agarose has been shown to
bias mesenchymal stem cells towards chondrogenic differentiation [1]. The gelation technique is
often chosen for cell viability and compatibility with the fabrication technique. For example,
ultraviolet-light-based gelation mechanisms have been shown to decrease viability of exposed
cells [1]. Common methods for microgel gelation include UV-light, thermal, and ionic gelation
[1,3]. Again, the fabrication method for microgels is highly dependent on the application.
Electrospraying, for example, produces large volumes of microgels but with heterogeneous size
distributions [1]. Alternatively, drop-based microfluidics (DBM) generates microgels of more
uniform size but is limited in volumetric throughput (Figure 2.3) [1,3]. Common methods for
microgel fabrication include DBM, electrospraying, vortexing emulsions, micropatterning, and
ink-jet printing analogous methods [1,3]. Heterogeneous microgels are most commonly produced
with DBM as the method allows for the precise manipulation of the different polymer

compositions [1].
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Figure 2.3: A droplet-based microfluidic device was used for encapsulation of cells in alginate
microbeads with a new cell friendly and device compatible gelling mechanism. (a) A schematic
of the microfluidic coflow device. (b) Micrograph of the region of the device at which the
encapsulation of cells occurs. (c) Micrograph of collected microgels suspended in the carrier oil
with fluorosurfactant. (d) Confocal image of encapsulated pre-osteoblast cells in microgels after
rinsing and resuspending in cell medium to remove the oil and surfactant. Adapted from Ref. 9
with permission from the Journal [9]

Incorporation of Cells with Microgels

Cells can be incorporated either in or on microgels. Microgels are grown within
microgels by suspending the cells in the precursor solutions before microgel formation, while

cells are added after microgel formation to be grown on the microgels [1,3,9,10]. At this point,
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many cell types have been cultured using microgels. A non-comprehensive list includes
hepatocytes, fibroblasts, cancer cell lines, osteocytes, chondrocytes, mesenchymal stem cells,
induced pluripotent stem cells, and embryonic stem cells [1,3,9,10]. In addition, cell aggregates
such as stem cell spheroids, neurospheres, and organoids have been cultured in microgels

[1,3,9,10].

Other Applications

Within bioengineering, microgels have more applications than described here. Microgels
can also be used in additive manufacturing, gene delivery, drug delivery, and various other
applications [1-3]. Microgels serve as promising bio-inks in 3-D printing applications,
improving permeability and printability of otherwise viscous materials. Microgels are integral to
single-cell sequencing techniques such as InDrops and Drop-seq [1]. Finally, microgels can be
designed to degrade with time, temperature, or light, allowing for the controlled release of drugs

in medications [1,3].

Human Articular Cartilage Function, Organization, and Properties

Human articular cartilage (HAC) is the soft load-bearing tissue that lines the interface
diarthrodial of joints. In diarthrodial joints, the ends of adjoining bones are covered with a thin
cartilaginous sheet and joined by a joint capsule called the synovial capsule. The primary
function of HAC is to provide a smooth, nearly frictionless surface for joint articulation [11-13].
HAC is a specialized form of cartilage called hyaline cartilage which differs from fibrocartilage
and elastic cartilage in composition and mechanical properties [11-13]. Hyaline cartilage in

HAC can be considered a biphasic medium containing a fluid and solid phase exhibiting
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viscoelastic behavior [11]. The fluid phase, which makes up ~80% of the weight of the cartilage,
is composed primarily of water [11-13]. The solid phase comprises the remainder of the weight
and is a porous, permeable network of collagen and proteoglycans [11-13]. Much of the
functionality of HAC stems from the unique biomechanical composition of this solid phase
which is made of two main components: chondrocytes, the cells responsible for maintaining and
producing HAC, and the collagen-proteoglycan extracellular matrix (ECM), which is responsible
for the unique mechanical function of HAC [11-13].

HAC is typically 2-4 mm thick and generally organized into four zones within its depths:
the superficial, middle, deep, and calcified zones [11-13]. Each zone has unique biomechanical
properties and collagen organization (Figure 2.4). The cartilage's superficial zone has collagen
fibers aligned parallel to the surface of the cartilage and is responsible for most of the resistance
to sheer in HAC [11-13]. The collagen fibers in the deep zone of the cartilage are primarily
aligned perpendicular to the surface and are responsible for most of the resistance to compressive
forces in HAC [11-13]. The middle zone acts as bridging material between the superficial and

deep zones, whereas the calcified zone anchors the cartilage to the subchondral bone [11-13].
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Figure 2.4: Schematic, cross-sectional diagram of healthy articular cartilage: A, cellular
organization in the zones of articular cartilage; B, collagen fiber architecture. Adapted from Ref.
12 with permission from the Journal [12]

The chondrocytes in each cartilage zone vary in density, shape, and organization [14-16].
The chondrocytes in each zone are responsible for maintaining the cartilage in their immediate
vicinity and thus produce different amounts and types of matrix depending on the zone of the
cartilage [17,18]. Additionally, the chondrocytes are typically immobile within the cartilage and
have limited cell-to-cell communication [11].

HAC is organized into four zones along its depths but is additionally organized in several
distinct regions based on the proximity to the chondrocytes. The two major regions are the
extracellular matrix (ECM) and the pericellular matrix (PCM), while other minor matrix regions,
such as the territorial matrix, exist (Figure 2.5) . The ECM makes up the majority of the cartilage
and is responsible for its mechanical properties. The PCM makes up a small percentage of the

cartilage but closely surrounds each chondrocyte in a cocoon-like manner. The PCM is thought
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to provide a uniform strain environment for chondrocytes across regions of mechanical diversity
in the cartilage [15,16]. It additionally functions as a regulator of biochemical cues to the cells
[15,16]. In total, the PCM is thought to influence chondrocyte metabolism and cartilage

homeostasis [15,16].

N\

Superficial Middle

Figure 2.5: Structure and morphology of the PCM. (A) Transmission electron microscopy (TEM)
showing the chondrocyte within the pericellular, territorial, and extracellular matrices (scale bar
=1 um). (B) Helium ion microscopy of a cell void within a cross-section of articular cartilage
showing the basket-like morphology of the collagen in the pericellular matrix. (C)
Immunohistochemistry for type VI collagen in the full thickness of articular cartilage. (D) Three-
dimensional reconstruction of articular cartilage chondrons defined by type VI collagen. Adapted
from Ref. 15 with permission from the Journal [15]

The PCM is defined by the exclusive presence of collagen VI, a vital protein stabilizing
chondrocyte phenotypes and critical for chondrocyte viability [15,16,19]. In chondrocytes that
have dedifferentiated, the expression of collagen VI is greatly diminished but restored after

redifferentiation [15,16,19]. The mechanical properties of the PCM are primarily influenced by

collagen V1 and perlecan, with typical in vivo PCM possessing elastic moduli ranging from 25 to
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205 kPa, two orders of magnitude stiffer than the chondrocytes but an order of magnitude lower
than the surrounding ECM [13,15,16,18-23].

HAC is an avascular material with low cell density which dramatically limits its ability
for self-repair [24,25]. Injuries to the cartilage often are followed by the surrounding healthy
cartilage deteriorating due to increased stresses, further exacerbating the injuries [24,25]. In
osteoarthritis (OA), the ECM and PCM further break down increasing stresses on the
chondrocytes [13,20]. Researchers have turned to tissue engineering to combat cartilage injuries
and OA. Engineering cartilage poses many challenges, as cartilage production cannot be
accomplished using traditional tissue culture methods [25]. When grown on tissue culture plastic,
chondrocytes quickly dedifferentiate into osteocytes and fibroblasts, thus losing their ability to
produce cartilage [6,7,18,26—28]. Hydrogel culture has been shown to help retain chondrocyte
phenotypes and even redifferentiate cells back into chondrocytes [8,25,29]. When cultured in
hydrogels, bovine chondrocytes were seen to begin PCM formation within 1 week and, in 6-12
weeks, began showing healthy cartilage formation [10,15,23]. Ng et al. showed that when
cultured in bulk alginate gels, the PCM produced by bovine chondrocytes had an elastic modulus

of 4.15 kPa after 28 days in culture [23].

Matrix-Assisted Chondrocyte Implantation (MACI)

Injuries to human artificial cartilage (HAC) have limited ability for self-repair due to the
lack of vascularization and the lack of cells available to regenerate the wounded cartilage
[24,25]. Following injury surrounding cartilage further deteriorates, exacerbating stresses and
accelerating the degradation process [24,25]. Eventually, this deterioration leads to clinical

osteoarthritis (OA). Treatment options are limited, with techniques such as microfracture and
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abrasion therapy often used for minor cartilage defects [24-26]. However, these techniques are
limited in their ability to regenerate large chondral defects [24-26]. They often form
fibrocartilage which has limited resistance to sheer forces and is mechanically inferior to hyaline
cartilage [24—26]. Autologous chondrocyte implantation (ACI) and the next-generation treatment
matrix-assisted chondrocyte implantation (MACI) offers an alternative method to repair cartilage
defects [24-26]. MACI has shown highly positive short-term results 3-5 years after surgery [24—
29]. Information regarding long-term results 10+ years after surgery is limited but promising
[28].

MACI is generally a three-step procedure (Figure 2.6). In MACI, a surgeon removes a
small portion of healthy cartilage weighing approximately 300 mg from a non-weight-bearing
region of the knee from the patient [24,25,27,29]. The chondrocytes are isolated through
enzymatic digestion of the cartilage, which yields approximately 300,000 cells [27,29]. The cells
are then cultured on tissue culture plastic for 3-6 weeks to expand the number of available
chondrocytes [27,29]. After culture, the chondrocytes are incorporated into a type-I/111 collagen
membrane [24,25,27,29]. The surgeon then places the membrane over the chondral defect and
seals the wound with fibrin glue [24,25,27,29]. The seeding of the chondrocytes onto the
membrane has been seen to be advantageous over injecting suspended chondrocytes beneath the
flap [27,29]. Injecting suspended cells has been seen to result in uneven cell distribution and cell

leakage [27,29].
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Figure 2.6: The classical tissue engineering paradigm used for the fabrication of the reviewed
cartilage products. Various factors can be manipulated in each stage, as listed. Adapted from Ref.
25 with permission from the Journal [25]

Post-surgery recovery follows three phases. Over the first 6 weeks post-surgery, cells
proliferate and adhere to the subchondral bone [27,29]. During this period, patients are greatly
restricted in the weight bearing and movement they can sustain to not damage the unprotected
chondrocytes. During the next 4-6 months, the cells begin releasing matrix components
producing a putty-like tissue that allows patients to begin some weight bearing [27,29]. The final
stage of recovery begins in the next 6-12 months, where the cartilage progressively hardens and

gains characteristics similar to the surrounding healthy cartilage [27,29]. While most patients can

return to regular activity at this point, this may take up to three years in some patients [27,29].
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While MACI has shown promising results in most patients, the technique has a few
weaknesses. First, the expansion process for the harvested chondrocytes is done on tissue culture
plastic, where chondrocytes have been shown to differentiate into osteocytes and fibroblasts,
which cannot produce hyaline cartilage [6,7,18,26-28]. Secondly, the need for the cells to adhere
to the collagen membrane and the subchondral bone forces recovery to rely on cellular migration
for the cells to regain their spatial organization in the various cartilage zones
[11,17,24,27,29,33,34]. Finally, recovery times and, specifically, the time a patient must remain
non-weight bearing are long [24,28,29]. This extended recovery is partially due to the
chondrocyte being implanted without a surrounding matrix which may protect them from impact
forces [16,19,20,24,27—-29]. When chondrocytes are cultured on tissue culture plastic, in addition

to dedifferentiation, they produce minimal matrix [8].

Herpes Simplex Virus Type 1

Herpes Simplex Virus Type 1 (HSV-1) is an enveloped dsDNA virus belonging to the
family of alphaherpesviruses. Over 60% of the world's population is estimated to be infected
with HSV-1, and an estimated 33% of the population has experienced symptomatic HSV-1 [35].
In most cases, HSV-1 causes mild oral and facial lesions, but in severe cases can cause morbid
encephalopathies.

HSV-1 infections begin in the epithelium, where it gains access to the peripheral nervous
system (PNS) and travels to the neurons' cell bodies via retrograde transport (Figure 2.7). Upon
infecting the nervous system, HSV-1 establishes a persistent infection for the lifetime of the host.
Upon viral replication in the PNS, HSV-1 travels back to the epithelium through anterograde

transport, where symptoms often appear as 'cold sores' [35-37].
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Figure 2.7: The infectious cycle. a (1) Primary infection often occurs in the oral mucosal
epithelium of a naive host. (2) Mucosal epithelial cells transmit infection, via sensory axons, to
neuronal cell bodies in the trigeminal ganglia. (3) A latent infection is established in a subset of
sensory neurons for an indeterminate period. (4) Latent genomes periodically reactivate and
transmit infection, via axons, to epithelial cells. (5) Reinfection of epithelial cells results in
formation of recurrent mucosal lesions. b Infection of neurons will result in directed transport of
virions within axons. As described in step 2, infected epithelial cells transmit virions into sensory
axons. Viral capsids are intracellularly transported within the axon to the neuronal nucleus.
Capsids will dock at the nuclear pore and inject their viral genomes. Those genomes will
undergo either latent or productive neuronal infection. As described in step 4, reactivated
genomes produce progeny virions in the neuronal cell body. Fully assembled virions (enclosed
within a vesicle not depicted) transport within the axon to sites of synaptic contact. Virions will
egress from the axon and infect closely-associated cells. Adapted from Ref. 58 with permission
from the Journal [58]

HSV-1 is unique in its ability to establish lifelong infection and evade sterilizing response
from the immune system. Once HSV-1 has infected the nervous system, the virus will enter a
hibernation-like state termed latency. During latency, HSV-1 is transcriptionally silent except for

the viral RNA transcript, latency-associated transcript (LAT) [36,38]. It is thought that LAT
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influences the suppression of apoptosis within neurons, further contributing to its survivability
[36,38]. However, the factors contributing to cells entering a latent state and transitioning back to
a lytic infection are poorly understood, making the development of therapeutics difficult.

HSV-1 follows three viral gene expression cascades; productive infection, latent
infection, and reactivation to lytic infection [36,38]. The productive infection phase takes place
in a single replicative cycle where genes are classified as immediate-early (IE), early (E), and
late genes (L) (Figure 2.8) [36,38]. In typical HSV-1 infection, IE peptide levels peak between 3-
4 hpi while E peptides peak 5-7 hpi [38]. The L peptides continue to increase up until 12 hpi
[38]. Both E and L protein synthesis rely on IE protein synthesis, meaning that infections cannot
progress to the late stages without the IE proteins [38]. Latent infection is more complicated and
poorly understood than the initial stage of productive infection. Latent infection is defined by the
silencing of viral genes, except for LAT [36]. The data imply that LAT accumulation can begin
even after viral gene expression and that IE proteins may even be required for LAT expression
[36]. Reactivation from latent infection to lytic infection is a two-step process where first, silent
DNA initiates its expression, and infectious particles are assembled [36]. Following particle
assembly, viral particles are transported via anterograde transport to cells, where they initiate a

productive infection that follows the expected gene cascade [36].
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Figure 2.8: The HSV-1 infectious cycle. Virions enter the cell via fusion with the host-cell
membrane or endocytosis. The capsid docks at the nuclear pore and viral DNA enters the nucleus
through the portal in the capsid. The HSV-1 genome is then expressed: (1) a genes are expressed
upon entry; (2) a gene products drive B transcription; (3) after B protein expression, vVDNA
replication occurs; (4) ylgene expression is amplified, and y2gene expression is enabled by DNA
replication; (5) capsid proteins, which are y gene products, assemble; and then (6) replicated
genomes are packaged into capsids through the portal. Packaged capsids leave the nucleus
through nuclear egress and move through the secretory pathway, obtain an envelope spiked with
viral glycoproteins, and nascent virions are released from the cell by exocytosis. Adapted from
Ref. 38 with permission from the Journal [38]

Models for Studying HSV-1

Many models exist for studying HSV-1 infection. Primarily, HSV-1 is studied in vivo in
mouse and rabbit models, but in vivo models are expensive, limited in throughput, limited in
application, and confounded by heterogeneous cell populations [39]. In vitro models offer an

alternative method to in vivo methods. Current in vitro models typically involve culturing
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primary neurons or cell lines on tissue culture plastic [40-43]. Trichamber microfluidic devices
have gained popularity for their ability to inoculate axons independently from the soma of
neurons and coculture neurons, and other cell types [40] These methods are sufficient for
elucidating population-level infection responses but may obscure the heterogeneous dynamics of
infection that may not be observed using well-plate methods [44-46]. Additionally, these in vitro
methods are all two-dimensional assays with a stiff substrate which does little to recapitulate the

native environment of the cells [4,47-51]

Single-Cell Virology Techniques

Single-cell biology, and more specifically, single-cell virology, have emerged as a
promising method for assaying rare virological outcomes in the past decade [44,52,53]. Cells and
viruses are both heterogeneous subjects [44]. Host cells have heterogeneous gene expression and
immune responses, altering viral entry and replication [44]. In addition, viruses themselves are
highly heterogeneous, with high mutation rates and large numbers of defective particles [44].
Together, this heterogeneity leads to diverse outcomes of infection, and understanding these
outcomes would lead to better therapeutics and reduced disease outcomes.

Single-cell virology typically relies on microwell plate assays which are low in
throughput and application [44,52,53]. Microfluidics has emerged as a technology that addresses
the limited throughput and application of well-plates [44,52,53]. Microfluidic well-traps, valve,
and droplet systems have all gained traction as methods for investigating viruses at the single-
cell level. Examples include but are not limited to the use of well-trap and valve systems to

investigate viral infection dynamics in HIV, VSV, and PV (Figure 2.9) [44]. Each system has
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strengths and weaknesses regarding its applications, such as ease of manipulation, throughput, or

the type of assays possible.
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Figure 2.9: Microwell-, valve-, and droplet-based strategies are applied in virology studies.
Features and typical application opportunities of these methods are presented. Abbreviations: t-
SNE 1 and t-SNE 2, dimension 1 and dimension 2 of the data space with t-distributed stochastic
neighbor embedding (t-SNE) technique for dimensionality reduction. Adapted from Ref. 44 with
permission from the Journal [44]

The remainder of this work will focus on droplet-based assays for their relevance in later
chapters. Droplet-based microfluidics (DBM) generates hundreds to thousands of monodisperse,

water-in-oil droplets per second [54]. Depending on applications and microfluidic device design,
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drops can contain single-cells, precise inoculating doses, and other reagents [54]. This effectively
creates millions of single-cell replicates, which can be manipulated and assayed as desired [54].
Multiple groups have used DBM to combine viruses and single-cells for various applications,
such as measuring output of HIN1 infections and detecting rare recombinant noroviruses (Figure
2.10) [45,55,56]. Droplet systems can be assayed in many ways. Fluorescence-based assays are
ideal as imaging and high throughput fluorescence droplet detection allow for the quantification
of the fluorescence intensity in each individual droplet [54,57]. One fluorescence-based
technique, Droplet-based PCR, has recently emerged as a feasible way to run millions of single-
cell PCR reactions simultaneously [57]. Other technologies, such as Drop-seq and GemCode,

have emerged for performing single-cell sequencing in droplets [44,52,53].
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Figure 2.10: Workflow of the drop-based viral infectivity assay. A) Schematic description of the
assay. Viruses that infect host cells within drops pro- duce many copies of their genome so that
when fractions of these drops are merged with RT-PCR mix and amplified, many amplicons of
the viral genome are produced and their marker fluoresce is at high intensity. By contrast, in
drops where no infection occurred, very few viral templates if at all exist in the fractions of the
original drops and the number of amplicons generated after a limited number of PCR cycles is
significantly lower, as is the fluorescence of their marker. B) Viruses (V) and host cells (C) are
co-encapsulated in oil (O) using a microfluidic drop-making device. C) An image of the resulting
drops showing that each contain about 1-2 cells. D) After incubation, drops are re-injected into
the “split and inject” device, where a small volume is split (S) from each drop and merged using
electro-coalescence with RT-PCR mix (P). E) After off-chip in-drop amplification the drops
remain monodisperse (left), those containing viral amplicons fluoresce at 520 nm (middle) and
those containing tracer Rhodamine fluorescence at 586 nm (right). F) The drops are re-injected
into a microfluidic drop reader device with a laser and a Photo-Multiplier (PMT) aligned to the
channel for the detection of drop fluorescence. All scale bars are 100 um.
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Abstract

Avrticular cartilage is comprised of two main components, the extracellular matrix (ECM)
and the pericellular matrix (PCM). The PCM helps to protect chondrocytes in the cartilage from
mechanical loads, but in patients with osteoarthritis, the PCM is weakened resulting in increased
chondrocyte stress. As chondrocytes are responsible for matrix synthesis and maintenance, it is
important to understand how mechanical loads affect cellular responses of chondrocytes. Many
studies have examined the chondrocyte response to in vitro mechanical loading by embedding
chondrocytes 3D hydrogels. However, these experiments are mostly performed in the absence of
PCM which may obscure important responses to mechanotransduction. Here, drop-based
microfluidics is used to culture single chondrocytes in alginate microgels for cell-directed PCM
synthesis that closely mimics the in vivo microenvironment. Chondrocytes form PCM over 10
days in these single cell 3-D microenvironments. Mechanotransduction studies were performed
in which single cell microgels mimicking the cartilage PCM were embedded in high stiffness
agarose. After physiological dynamic compression in a custom-built bioreactor, microgels
exhibited distinct metabolomic profiles from both uncompressed and monolayer controls. These
results demonstrate the potential of single cell encapsulation in alginate microgels to advance

cartilage tissue engineering and basic chondrocyte mechanobiology.
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Introduction

Osteoarthritis (OA) is the most common degenerative joint disease which affects over
250 million people worldwide [1]. In osteoarthritis, the articular cartilage, the soft load-bearing
tissue that lines the interfaces of joints, begins to deteriorate [2]. This is associated with pain and
loss of joint function. The tissue in human articular cartilage is composed of two main
components: the extracellular matrix (ECM) and the pericellular matrix (PCM). The cartilage is
primarily comprised of ECM, a hydrated matrix of collagen and proteoglycans [2]. The rest of
the cartilage consists of PCM, which is primarily comprised of type VI collagen and closely
encapsulates the chondrocytes, like a cocoon, directly applying stimuli for chondrocyte
mechanotransduction [3]. In normal circumstances, cartilage experiences mechanical loads that
vary in frequency and amplitude from activities such as walking, running, and jumping [4]. The
PCM protects the chondrocytes from these mechanical loads, but in patients with OA, the PCM
is weakened resulting in increased chondrocyte stress [5]. As chondrocytes are responsible for
matrix synthesis and maintenance, it is important to understand how mechanical loads affect
cellular responses of chondrocytes, including their metabolic responses [6].

Many studies have examined the in vitro cellular response of chondrocytes to stress by
embedding cells in a stiff agarose gel and applying a load to the gel [7-10]. However, these
experiments are mostly performed in the absence of PCM, which may obscure important cellular
responses involved in mechanotransduction [3]. Chondrocytes in vivo are naturally surrounded
by a three-dimensional (3-D) matrix which has been previously reported to have elastic moduli
between 25 and 200 kPa [5,11,12]. Three-dimensional agarose models have achieved similar

elastic moduli in the range of 20 to 50 kPa with concentrations of 3-5% w/w of low gelling
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temperature agarose in phosphate buffered saline [9]. However, the cells in these models lack a
surrounding PCM and may not accurately represent the in vivo functions of the PCM. Thus, the
cells do not experience physiologically relevant microenvironments provided by the PCM [3,9].
When cultured in millimeter-scale alginate beads, chondrocytes exhibit phenotypes more similar
to in vivo conditions [13-15]. These phenotypes include increased glycosaminoglycan (GAG)
and collagen synthesis, both of which are components of both the PCM and ECM [14]. In
alginate, chondrocytes synthesize a PCM, yet the elastic moduli of alginate (~1 kPa) cannot
reach the elastic moduli of the PCM, which can more accurately depict in vivo mechanical loads
in high-stiffness agarose [16-19]. One method of retaining the PCM around the cells is to first
grow the cells in a 3-D matrix of alginate and then use various digestive processes to isolate the
cells [14]. However, this second digestion may have adverse effects on chondrocytes.

Therefore, there remains a need for a technique in which cells can undergo PCM
formation in alginate without a secondary digestion prior to constructing a bulk 3-D matrix. With
such a technique, cells can be embedded into a stiffer agarose matrix while retaining properties
that better mimic the in vivo microenvironment. One such method is the use of drop-based
microfluidics to encapsulate single cells in microscale hydrogels. This approach utilizes fluid
flow through microchannels to create monodisperse picoliter-sized microgel droplets. By flow-
focusing an inner alginate hydrogel precursor with an outer oil phase, alginate microgels can be
fabricated at kilohertz rates [19]. This method has been used to encapsulate numerous
mammalian cell types [19,20]. These microgels provide nearly homogenous, highly tunable, 3-D
growth environments for cells. Compared to bulk hydrogels, microgels have fewer nutrient

limitations and favorable nutrient transfer characteristics due to the high surface area to volume
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ratio and small length scale [21]. The individual microgels are easily manipulated through
pipetting and centrifugation, allowing for the facile transfer of encapsulated cells between
growth environments.

Here, we demonstrate that drop-based microfluidics enables the culture of single
chondrocytes in alginate microgels for cell-directed PCM synthesis that closely mimics the in
vivo microenvironment. When encapsulated into a stiff agarose construct, these microgel-
encapsulated chondrocytes create a cartilage model that includes components of both the PCM in
the collagen VI, which surrounds the cells, and ECM in the stiff agarose, providing a more
physiologically relevant compression model. Chondrocytes form PCM over 10 days in these
single cell microenvironments in comparison to cells grown in a monolayer environment which
do not form PCM. We investigated the effects of cyclical dynamic compression on cells cultured
in microgels and as monolayers by encapsulating single-cell microgels and monolayer controls in
high-stiffness agarose to mimic the cartilage PCM. After physiological dynamic compression,
microgels exhibited distinct metabolomic profiles from both uncompressed and monolayer
controls [8]. These microgel-encapsulated chondrocytes develop PCM similar to that of the
endogenous PCM and have distinct metabolomic profiles compared to monolayer controls. Upon
metabolomic pathway analysis, microgel-encapsulated chondrocytes have up-regulated pathways
related to amino acid synthesis and central energy metabolism. These results demonstrate the
potential of single-cell encapsulation in alginate microgels to advance cartilage tissue
engineering and basic chondrocyte mechanobiology through single cell matrix formation studies

and more realistic cartilage models.



43

Methods

Chondrocyte Harvest and Culture

Primary human chondrocytes were obtained from Stage IV osteoarthritis patients
undergoing total joint replacement under IRB approval using established methods [22,23]. Cells
were isolated by digestion with Collagenase Type | (2 mg/mL)(Gibco) for 14 h at 37 °C. Isolated
chondrocytes were cultured for 10 days in Dulbecco’s Modified Eagle’s medium (DMEM)
(Gibco) supplemented with Fetal Bovine Serum (FBS)(10% v/v) (Bio-Techne) and penicillin
(10,000 I.U./mL) and streptomycin (10,000 pg/mL)(Sigma) (hereafter referred to as complete
media) in 5% CO2 at 37 °C. Chondrocytes were passaged at 90% confluency and seeded at a
density of 1 x 10° cells onto 25 x 25 mm microscope coverslips (Fisherbrand). Coverslips with
the attached cells were placed in a 60 x 15 mm tissue culture dish containing complete media
supplemented with L-sodium ascorbate (50 ug/mL) (Sigma) and incubated for 10 days. Media
was exchanged every other day. Monolayers grown in complete media lacking L-sodium
ascorbate for 10 days at 37 °C were used as controls. Cells were imaged on days 0, 5, and 10 for
collagen production. Similarly, SW1353 chondrocytes, obtained from ATCC, were seeded on
microscope coverslips at a density of 1 x 10° cells and cultured in complete media supplemented
with L-sodium ascorbate (50 pg/mL) for 10 days in 5% CO2 at 37 °C and imaged on days 0, 5,
and 10. Monolayers grown in complete media lacking L-sodium ascorbate for 10 days at 37 °C
were used as controls. SW1353 cells were used between passages 5-20 and primary

chondrocytes were used between passages 2-5 post-harvest.
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PDMS Microfluidic device fabrication

Polydimethylsiloxane (PDMS) microfluidic devices were fabricated using standard soft-
lithography techniques [24]. Negative master molds were fabricated on 3-inch diameter silicon
wafers (University Wafer 1D: 447) using UV crosslinked Nano SU-8-100 photoresist
(Microchem) patterned with photomasks printed on high-resolution transparent plastic film
(CAD/Art Inc.). Two-component Sylgard 184 PDMS (Dow SYLGARD 184) was mixed at a
10:1 ratio by mass, poured over wafers in a 100 mm petri dish (Fisherbrand), and degassed. The
devices baked at 55 °C for at least 4 h. The cured devices were cut from the master and ports
were punched using a 0.75 mm ID biopsy punch (Well Tech). The devices were plasma bonded
to 3 x 2 in glass slides (VWR) for drop makers and 25 x 25 mm type 0 coverslips (VWR) for
imaging arrays by exposing the PDMS and glass to oxygen plasma for 1 min at high power, 45
watts, and 700 mTorr oxygen pressure using a plasma cleaner (Harrick Scientific Corp PDC-
002). The bonded devices were baked at 55 °C for at least 1 h to increase the strength of the
plasma bond. Following baking, drop makers were filled with a hydrophobic treatment (PPG

Industries Aquapel) for 5 min, flushed with air, and baked at 55 °C again for 1 h.

Preparation of Precursor Solutions

Oil Preparation. The surfactant Krytox 157 FSH (4% w/w)(Miller-Stephenson) was

added to the fluorinated oil, HFE 7500 (3M Novec). The solution was filtered through a 0.2 um

hydrophobic polytetrafluoroethylene (PTFE) syringe filter (GVS).

Alginate Precursor Preparation (A). CaClz (80 mm)(ACROS Organics), Na2EDTA

(Ethylenediaminetetraacetic acid)(80 mm)(Fisher Chemical), and MOPS (40 mm)(VWR) were

mixed with ultra-pure water (50 mL)(18.2 MQecm, MilliQ) and the pH was adjusted to 7.2
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using NaOH (2 m)(VWR). Sodium alginate (1.5% w/w)(Sigma, 9005-38-3) was added to the
solution (10 mL) and the solution was filtered through a 0.2 um hydrophilic polyethersulfone

(PES) syringe filter (MilliporeSigma Millex).

Alginate Precursor Preparation (B). Zn(CH3CO2)2 (80 mm)(Alfa Aesar), EDDA

(Ethylenediaminediacetic acid)(80 mm)(TCI Chemicals), and MOPS (40 mm) were mixed with
ultra-pure water (50 mL)(18.2 MQecm, MilliQ) and the pH was adjusted to 7.2 using NaOH (2
M). Sodium alginate (1.5% w/w) was added to the solution (10 mL) and the solution was filtered

through a 0.2 um PES syringe filter.

Cell Encapsulation in Microgels

To prepare cells for encapsulation, cells were removed from monolayers using of
Trypsin-EDTA (2 mL) and suspended in media. Cells were centrifuged at 500 x g for 5 min
(Thermo Scientific ST-16) and washed with of phosphate buffered saline (PBS)(1X, 10 mL)
twice. In order to minimize the number of empty drops, cells were then suspended in alginate
precursor solution ‘A’ at 5 x 108 cells/mL (final concentration 2.5 x 10° cells/mL) and loaded
into 1 or 3 mL syringes (BD luer lock). Following previous protocols, cells were encapsulated in
100 pm diameter alginate microgels [19]. The continuous flow rate used was QOil = 2000 pL/h
and the dispersed phase flow rates used were QAIgA = QAIgB = 250 pL/h. Microgels were
produced in parallel by running two drop making devices for 4 h to encapsulate at least 1 x 10’
cells. After encapsulation and gelation, microgels were washed with HFE 7500 (500 pL) and
1H,1H,2H,2H-Perfluoro-octonal (PFO)(20% v/v) (VWR) in HFE 7500 (100 pL) for each 125
pL of microgels 2-3 times to remove the surfactant. Microgels were collected from the oil phase

with PBS (1X, 500 pL) and suspended in the appropriate media (see the following section).
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Cell Culture in Microgels

Approximately 200 pL of microgels containing ~1.3 cells/microgel were placed in each
well plate of a six well plate (Falcon) and covered with media (2 mL). Cells were either cultured
with complete media or complete media supplemented with L-sodium ascorbate (50 pug/mL) to
promote collagen synthesis. Every 3 days, media was exchanged by collecting the contents of
each well, centrifuging at 500 x g for 2 min, removing the supernatant, and suspending the

microgels in new media (2 mL).

Cell Viability Assay

After 10 days of culture, microgel encapsulated SW1353 cells (100 pL) were mixed with
PBS (1X, 800 pL) and of Trypan Blue (100 pL)(Corning). 10 pL of the solution was pipetted
onto a hemocytometer (Reichert) to quantify live and dead cells. Each measurement contained
10-40 cells for a total of approximately 260-280 cells for both microgels with and without

ascorbate.

Fluorescence Imaging and Analysis

SW1353 cells were imaged using an epi-fluorescent microscope (Leica DMi-8) with a 40
X objective over 10 days to capture brightfield and auto-fluorescence (ex. 350 nm/em. 470 nm).
For autofluorescence imaging, each day, 30 pL of microgels and media were flowed into a
microfluidic chamber with a height greater than microgel diameter. Approximately 20 cells per
growth condition, monolayer and microgels with or without ascorbate, were imaged. The
background intensity was subtracted from each image using Fiji ImageJ and the fluorescence

intensity of each cell was measured using the Fiji ImageJ distribution of TrackMate [25,26].
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Immunofluorescence Staining and Confocal Imaging

Monolayer Controls. Primary chondrocytes and SW1353 cells grown in monolayers on

microscope coverslips were fixed in Paraformaldehyde (4% v/v) — PBS (1X) for 10 min at room
temperature followed by three 5 min washes of PBS (1X). Cells were permeabilized with a
blocking solution containing Triton X-100 (0.1% v/v) - Bovine Serum Albumin (1% v/v) — PBS
(1X) for 30 min at room temperature. Cells were then incubated with the primary antibody to
collagen VI (Rabbit Polyclonal Anti-collagen VI antibody, ab6588 from Abcam) in Triton X-100
(0.1% v/v) - Bovine Serum Albumin (1% v/v) — PBS (1X) for 1 h at room temperature. After
three 5 min washes with PBS (1X), cells were incubated with a mixture of the secondary
antibody Donkey anti-Rabbit IgG H&L Alexa Fluor®488 (Abcam), VibrantTMDyeCycle™
Violet Stain for Nuclei (Invitrogen), and MitoTracker™ Red CMXRos (Invitrogen) for
mitochondrial detection in Triton X-100 (0.1% v/v) - Bovine Serum Albumin (1% v/v) — PBS
(1X) for 1 h at room temperature. Cells were washed 3 times with PBS (1X) and the coverslip
was mounted on a glass slide with ProLong™ Diamond Antifade Mountant (Invitrogen). Digital
images were acquired on a Leica TCS SP8 confocal microscope with the Leica Application Suite

Advanced Fluorescence software.

Microgel-encapsulated Chondrocytes. Alginate beads with encapsulated chondrocytes

were spun down at 500 x g for 2 min, washed with PBS (1X), and then fixed with
Paraformaldehyde (4% v/v) — PBS (1X) for 15 min at room temperature. Paraformaldehyde-
fixed microgel-encapsulated cells were permeabilized with a blocking solution containing Triton
X-100 (1.0% v/v) - Bovine Serum Albumin (3% v/v) — PBS (1X) for 30 min at room

temperature. Microgels were then incubated with primary antibody to collagen VI (Rabbit
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Polyclonal Anti-collagen VI antibody, ab6588 from Abcam) in Triton X-100 (1.0% v/v ) -
Bovine Serum Albumin (3% v/v) — PBS (1X) for 1 h at room temperature. Following three
washes of 5 min each with PBS (1X), encapsulated samples were incubated with a mixture of
secondary antibody Donkey anti-Rabbit 1gG H&L Alexa FluorR488 (Abcam),
Vibrant™DyeCycle™ Violet Stain for Nuclei (Invitrogen), and MitoTracker™ Red CMXRos
(Invitrogen) for mitochondrial detection in Triton X-100 (1.0% v/v ) - Bovine Serum Albumin
(3% v/v) — PBS (1X) for 1 h at room temperature. Microgel constructs were washed three times
with PBS (1X). 100 pl of the alginate beads were cytospun onto single frosted adhesive slides
(Tanner Scientific) using a Thermo Scientific Cytospin™ 4 Cytocentrifuge for

immunocytochemistry and mounted with ProLong™ Diamond Antifade Mountant (Invitrogen).

Encapsulation in High Stiffness Agarose, Mechanical Stimulation, and
Metabolite Extraction

After 9 days in culture, microgels and SW1353 cells from each condition were mixed
with low melting temperature agarose (Sigma Aldrich) at a final agarose concentration of 4.5%
w/w [9,27]. Final cell concentrations for each condition were 1 x 10° cells/mL with each gel
being a 0.5 mL cylinder 12.75 mm in height. The agarose was allowed to cool to room
temperature to form a gel. The agarose gels were each placed in individual wells of a 12-well
plate (Falcon) and cultured for 2 days in appropriate experimental conditions. After 2 days, each
gel was loaded onto a custom-built bioreactor at 37 °C, 5% COz2, and 95% relative humidity in
PBS and preloaded at 5% strain [8]. After 30 min, 2% cyclic strain at 1.1 Hz was applied for 15
min. Gels were washed with PBS and frozen for 1 min with liquid nitrogen. Gels were then
crushed and placed in a -80 °C freezer for 1 h. Gels were removed from the freezer and a 1 mL

solution of equal volumes HPLC-grade methanol (Fisher Chemical) and acetone (Sigma Aldrich)
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was added to each sample. Samples were vortexed every 5 min for 20 min and kept at -20 °C
overnight. The next day samples were centrifuged at 13,000 rpm for 10 min at 4 °C (Thermo
Scientific Sorvall Legend X1R). The supernatant was removed and placed in a speed-VAC
(Savant SC110) for 6.5 h. The resulting pellet was suspended in a 1:1 mixture of HPLC grade
water (Fisher Chemical) and acetonitrile (Fisher Chemical) and placed in a -80 °C freezer until

used for HPLC-MS.

Untargeted Metabolic Profiling

Changes in cellular activity were studied using untargeted metabolomic profiling by
HPLC-MS (high-performance liquid chromatography coupled to mass spectrometry).
Chromatography was performed in normal phase with established protocols using a Cogent
Diamond Hydride HILIC 150 x 2.1 mm column in an Agilent 1290 UPLC system [28]. Mass
spectrometry was performed using an Agilent 6538 Q-TOF. Metabolites with a median intensity
of zero across all experimental groups were excluded from analysis. Undetected remaining
metabolites (i.e., intensity of zero) were replaced with a value of one half the minimum peak
intensity for statistical analyses. Statistical analysis was performed in Metaboanalyst. Data were
first log transformed and standardized. Metabolomic profiles between experimental groups were
compared using principal components analysis (PCA), hierarchical clustering, volcano plot
analysis, and pathway enrichment analysis. Significance was assessed with false discovery rate

corrections using a significance level of 0.05 selected a priori.
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Rheology

The storage and loss moduli of each gel used was measured using a TA Instruments AR-
G2 parallel plate rheometer. Gel mixtures were poured into 2 mL molds and gelled. They were

then loaded onto the rheometer and 1% strain was applied from 100 to 0.1 rad/s.

Statistical Analysis

SW1353 cell viabilities were compared using a Welch Two Sample t-test in R [29,30].
The rate of autofluorescence increase was calculated using a weighted multiple linear regression
in R [29,30]. Each measurement was weighted by the inverse variance of the mean of each

sample.

Results and Discussion

Chondrocyte encapsulation in alginate microgels and dynamic
compression workflow

Previous studies have investigated the effects of alginate macrogels on the formation of
pericellular matrix (PCM), but while these macrogels support the formation of PCM, they have
insufficient stiffness to mimic the in vivo elastic modulus surrounding chondrocytes which is
between 25 and 200 kPa [13-15]. Here, drop-based microfluidics was used to encapsulate single
cells (SW1353 and primary human chondrocytes) in alginate microgels (Figure 1A). To produce
alginate microgels in a biocompatible manner, the competitive ligand exchange crosslinking
(CLEX) method for crosslinking alginate was used [19]. Briefly, 1.5% w/w alginate is mixed
with two solutions of 80 mm Ca-EDTA and Zn-EDDA. Upon mixing of the two precursor
solutions, Zn?* binds to EDTA, releasing Ca?" which crosslinks the alginate. After 9 days in

culture, alginate microgels were concentrated via centrifugation, suspended in 4.5% w/w
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agarose, and gelled (Figure 1B). The agarose constructs were allowed to equilibrate over two
days to ensure that the process of creating the agarose constructs did not affect the metabolic
activity of the cells [9]. The agarose constructs were then placed in a custom-built bioreactor and
then subjected to physiological dynamic compression (Figure 1C) [8]. Following compression,

metabolites were extracted from the chondrocytes and analyzed using HPLC-MS.
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Figure 1. Experimental Workflow: (A) Schematic of alginate microgel production. Cell-laden
CLEX precursor A is mixed with CLEX precursor B and flow focused with 4% FSH surfactant
in HFE 7500 oil. (B) After 9 days of culture, concentrated alginate microgels are mixed with
agarose to a final agarose concentration of 4.5% w/w and 80% v/v. (C) After 2 days, a custom
built bioreactor applied 2% cyclic strain after a 5% strain preload to the agarose constructs.
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Immunofluorescence staining of PCM formation in alginate microgels

To visualize the PCM formation, we compared two different cell lines, the SW1353
human chondrosarcoma cell line and human primary chondrocytes (HPC) harvested from human
knees. Cells were fixed on days 0, 5, and 10, and stained using polyclonal anti-collagen VI
antibodies for the primary component of the PCM, collagen V1. Confocal microscopy was used
to image collagen formation surrounding single cells. When cultured with ascorbate, which is
known to increase collagen production [31], the HPC cells encapsulated in three-dimensional
microgels produced more collagen VI compared to HPCs cultured in monolayers, SW153 cells
encapsulated in microgels, and SW153 cells encapsulated as monolayers (Figure 2). The HPC
cells produced collagen VI that closely surrounds the outside of the cell. A thin, approximately 1
pm, thickness of collagen formed around most of the HPC cells in microgels by day 5 (Figure 2
B), and by day 10, the collagen layer ranged from 2 to 5 um thick surrounding the entire
perimeter of the cell (Figure 2 C). Similarly, the SW1353 cells cultured in microgels showed
collagen V1 staining by day 5. By day 10, the majority of the cell was covered with collagen VI
when ascorbate was present in the media (Figure 2 D-F). However, the SW1353 cells produced
less collagen VI than the HPC cells and the resulting collagen VI had a less cocoon-like
appearance. When cultured without ascorbate, the HPC and SW1353 cells showed similar trends
with more collagen production in microgels than monolayers, but less collagen production than

when cultured with ascorbate (data not shown).
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Microgels Monolayers

HPC SW1353 HPC SW1353

Day 0
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Day 10

Figure 2. Human Primary Chondrocyte (HPC) and SW1353 cells in 1.5% wi/w alginate
microgels and monolayers cultured with 50 pg/mL ascorbate. Cells were stained for collagen VI
(green), mitochondria (red), and nuclei (blue). Cells were imaged on days 0, 5, and 10. Scale bars
are 20 pm.

Immunofluorescence staining of pericellular matrix formation in
monolayers

As a control study, we verified that the formation of PCM in typical two-dimensional
(2D) cellular monolayers was undetectable in these conditions [32]. SW1353 cells cultured in 2D
monolayers showed no collagen VI on day 0 and had negligible collagen VI staining by day 10

when ascorbate was present in the media, indicating a lack of PCM formation (Figure 2 G-1). In
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contrast, HPC cells cultured in 2D monolayers with ascorbate produced a small amount of
collagen VI (Figure 2 J-L). While the HPC cells cultured in monolayers produced collagen VI,
this collagen was typically located in small concentrated regions and did not surround the cells
compared to cells when cultured in microgels or naive cells in the endogenous PCM (Figure 2I)
[3]. SW1353 and HPC cultured as monolayers without ascorbate showed low levels of collagen

VI compared to when cultured with ascorbate (data not shown).

Auto-fluorescence of PCM formation in alginate microgels

In addition to immuno-fluorescence staining, we quantified collagen formation by
measuring the auto-fluorescence signal produced from SW1353 cells under epi-fluorescence
imaging. Collagen, a main component of the PCM, shows substantial auto-fluorescence upon
excitation from light ranging from UV to blue (365 - 415 nm) [33-35]. Although collagen V1 is a
specific marker of chondrocyte PCM formation, other types of collagen (I, Il, IV) can also auto-
fluorescence, but we are not able to distinguish types of collagen using this method [3,33-35].
Therefore, this label-free approach enables general collagen-based PCM formation to be
quantified over time. Only SW1353 cells were studied as they are more readily available
compared to the human primary chondrocytes. Each day over 10 days, SW1353 cells grown in
microgels and monolayers with and without ascorbate were imaged for auto-fluorescence.
Similar to immuno-fluorescence staining, the SW1353 cells cultured in microgels produced the
most collagen. We show representative images of single cells grown in alginate microgels which
display an increase in auto-fluorescence of the PCM over time (Figure 3A). The auto-
fluorescence signal closely surrounding the cell is similar to the endogenous PCM where

collagen V1 surrounds the cell in a cocoon-like manner [3]. As a control experiment, we verified
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that when SW1353 cells were cultured in monolayer with and without ascorbate, there was not a

noticeable auto-fluorescence signal indicating the absence of collagen (Figure S1 A-B).
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Figure 3. (A) Brightfield and fluorescence images (ex. 350/em. 470) of SW1353 cells
encapsulated in alginate microgels and cultured with 50 pg/mL ascorbate. Scale bar is 25 pm.
(B) Measured mean fluorescence intensities of imaged SW 1353 cells plotted with a weighted
multiple linear regression. SW1353 cells encapsulated in microgels cultured without ascorbate
(blue triangle, dashed), encapsulated in microgels cultured with ascorbate (green square, solid),
monolayers cultured without ascorbate (orange diamond, dashed-dotted), monolayers cultured
with ascorbate (purple circle, dotted). (C) 10 day cell viability for SW1353 cells encapsulated in
alginate microgels. Cell viability between cells cultured with or without ascorbate in microgels
do not vary (p-value = 0.0957).
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As another control experiment, we verify that when ascorbate is not present in the media,
there is a decrease in the rate of change in PCM auto-fluorescence signal compared to when
ascorbate is present. Representative images of SW1353 cells grown in microgels without
ascorbate still showed an increase in auto-fluorescence signal over time (Figure S1C); however,
upon quantitative image analysis, a significant decrease in the rate of auto-fluorescence signal
change was observed compared to SW1353 cells grown in microgels with ascorbate. When
SW1353 cells were cultured in microgels with ascorbate, the auto-fluorescence signal increased
37.1 = 2.4 a.u./day (Figure 3B, green squares). In contrast, when SW1353 cells were cultured in
microgels without ascorbate the auto-fluorescence signal increased 28.0 = 2.8 a.u./day (Figure
3B, blue triangles), a decrease of 9.1 + 3.6 a.u./day (p-value = 6.91 x 10”). The control
monolayer SW1353 cells, when cultured with ascorbate, showed negligible increases in auto-
fluorescence signal over time with the signal increasing 2.0 £ 2.0 a.u./day (Figure 3B, purple
circles). This is a 35.1 £+ 3.0 a.u./day decrease compared to SW1353 cells cultured in microgels
with ascorbate (p < 2 x 10%6). The presence of ascorbate did not significantly change the rate of
auto-fluorescence increase in monolayers (p < 0.016, Figure 3B, orange diamonds).

Overall, collagen production in the PCM showed similar trends with both
immunofluorescence and auto-fluorescence. Collagen production increases in microgels
compared to monolayers, both with and without ascorbate present. These data indicate that
single-cell encapsulation of chondrocytes within alginate microgels, regardless of ascorbate,

dramatically increases collagen production compared to monolayer controls.
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Chondrocyte Viability in Alginate Microgels

After 10 days of culture in alginate microgels, SW1353 cell viability was evaluated using
a dead stain (Trypan Blue exclusion). When 50 pg/mL ascorbate was present in the media, the
cell viability was 70.3 £ 4.3%. Without ascorbate, the cell viability was 62.4 + 7.7% (Figure 3C).
The difference in cell viability was not significantly different with and without ascorbate in the
media (p-value = 0.0957, Welch two sample t-test), indicating that 50 pg/mL of ascorbate does

not affect SW1353 viability in alginate microgels.

Elastic Moduli Characterization of Hydrogel Constructs

To create agarose-alginate constructs, 1.5% w/w alginate microgels were suspended in a
4.5% wi/w agarose solution, poured into a cylindrical mold, and gelled. To quantify the
mechanical properties of these hydrogels with and without embedded microgels, the storage and
loss moduli of the 1.5% w/w alginate, the 4.5% w/w agarose, and the 4.5% w/w agarose with
20% v/v 1.5% w/w alginate microgels were measured on a parallel plate rheometer (Table S1).
The 1.5% wi/w alginate (G’ ~ 660 Pa, G” ~ 35 Pa, ® = 1 rad/s) had storage and elastic moduli
two orders of magnitude lower than the agarose (G’ ~ 32 kPa, G” ~ 2.3 kPa, ® = 1 rad/s)
(Figure S2). There was no significant difference between the stiffness of the agarose gels with
and without embedded alginate microgels indicating that bulk mechanical properties were not

affected by microgel encapsulation.

Metabolomic Profiling of Hydrogel Constructs containing compressed and
uncompressed monolayer and microgel cells

To examine the effects of microgel encapsulation on chondrocyte mechanotransduction,

SW1353 cells were encapsulated in alginate microgels, the microgels were suspended in a 4.5%
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wi/w agarose solution, poured into a cylindrical mold, and gelled (Figure 1 B). Metabolomic
profiling was performed on compressed and uncompressed constructs. Dynamic compression at
1.1 Hz was applied using a custom-built bioreactor for 15 minutes (Figure 1 C) [8]. Sample
groups included cells encapsulated in microgels before embedding in agarose and monolayer
control cells encapsulated directly into agarose after monolayer culture. Thus, four conditions of
SW1353 cells in agarose were compared: cells in microgels that were compressed and
uncompressed and cells from monolayers that were compressed and uncompressed as a control.
Using heatmaps, principal components analysis, and volcano plots, distinct metabolic profiles
between these four conditions were found using HPLC-MS (Figures 4-5). Both hierarchical
clustering and principal components analysis (PCA) found substantial differences between the
metabolomic profiles of microgels and monolayer chondrocytes independent of compression
(Figure 4). Hierarchical clustering of the top 25 metabolites that differ between all groups shows
a large cluster of metabolites are downregulated in uncompressed microgels (Figure 4A light
purple columns) and another cluster is up-regulated in compressed monolayer. (Figure 4A bright

green columns).
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PCA is an unsupervised method to assess overall variation and potential similarity
between samples among different experimental groups. The microgel and monolayer groups
display clear separation when projected onto the principal components, indicating that these
groups have distinct metabolomic profiles (Figure 4B green monolayer compared to purple
microgels). These groups also show moderate overlap between compressed and uncompressed

samples that is further analyzed using two sample PCA analysis and volcano plots (Figure 5).
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Figure 5. 2-D score plots for PCA analysis (left) and volcano plots (right) for metabolites from
SW1353 cells. (A) Uncompressed Monolayers (UM) vs. Uncompressed Microgels (UG). (B)
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sodium ascorbate. The numbers in the corners of the volcano plots denote the number of down-
(left) and up- (right) regulated metabolites.

There were substantial differences between metabolomic profiles of uncompressed
microgel and uncompressed monolayer samples, as seen in the volcano plots, where the x-axis is
the relative fold change in metabolite presence and the y-axis is the negative logarithm of the p-
value for each metabolite. Significantly different metabolites are shown in pink, with 174
metabolites up-regulated in uncompressed microgels and 589 up-regulated in uncompressed
monolayer (Figure 5A, right). Furthermore, there were substantial differences between the
profiles of compressed microgels and compressed monolayer cells upon pairwise comparison
(Figure 5B). Metabolomic profiles differed between compressed microgels and compressed
monolayers with 75 metabolites up-regulated in microgels and 399 metabolites up-regulated in
monolayer samples (Figure 5B, right). Within both the monolayer and microgel groups,
compression induced a robust metabolomic response for SW1353 chondrocytes (Figure 5 C-D).
Furthermore, compressed samples showed decreased variability in metabolomic profiles, as
previously observed [8,22]. Dynamic compression in microgels induced upregulation of 197
metabolites and downregulation of 13 metabolites when compared with uncompressed controls
(Figure 5 D, right). Finally, microgels had distinct compression-induced responses from
compressed monolayer controls (Figure 5B).

To identify patterns of coregulated metabolites between groups, hierarchical clustering
was applied to the median metabolite intensities. This analysis was performed across all eight
experimental groups, microgels and monolayers cultured with and without ascorbate that are

compressed and uncompressed, to capture all potential experimental features. This median
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clustering also found similarity between uncompressed microgels cultured with ascorbate and
compressed microgels without ascorbate, indicating that compression can mimic the effects of
ascorbate on chondrocytes metabolomic profiles (Figure S3-7).

To determine the biological relevance of coregulated metabolites, each cluster from the
median heatmap (Figure S3) was assessed for cellular pathways. The resulting up-regulated
pathways (false discovery rate corrected p-values <0.05) were from four main groups:
compressed microgels cultured with ascorbate (Figure S5A Cluster #3), compressed monolayers
cultured with ascorbate (Figure S7 Cluster #7), compressed monolayers cultured without
ascorbate (Figures S4B and S5B Clusters #2 and 4), and uncompressed monolayers cultured
without ascorbate (Figure S6B Cluster #6). Key pathway results are presented here with
complete results in the supplemental information (Figure S8 and Table S2).

We detected many pathways solely up-regulated in the compressed microgels cultured
with ascorbate (Figure S5A Cluster #3). Here, the main pathways are associated with amino acid,
energy, and hormone-related metabolism. Two vitamin B pathways are also significantly up-
regulated — vitamin B6 and vitamin B5 metabolism. Vitamin B6 is involved in more than 140
different metabolic reactions in the cell and more importantly for this case, the supplementation
of vitamin B6 reduces pro-inflammatory responses by suppressing pro-inflammatory cytokines
IL-6 and TNF-alpha in patients with rheumatoid arthritis [36]. Meanwhile, vitamin B5 has
potential for maintaining bone homeostasis [37]. Vitamin B5 is required to synthesize Coenzyme
A, an essential cofactor for fatty acid metabolism that is also a known regulator of chondrocyte

maturation [38,39].
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Interestingly, many pathways relating to the ECM and PCM were up-regulated in
compressed microgels cultured with ascorbate. The chondrocyte ECM and PCM are primarily
composed of collagen. Collagen contains many glycine and proline residues. The data show that
arginine and proline metabolism were up-regulated in compressed microgels, including proline
upregulation. This pathway involves the biosynthesis and metabolism of several amino acids,
including arginine, ornithine, proline, citrulline, and glutamate in mammals [40]. Additionally,
N-glycan biosynthesis was up-regulated in compressed microgels cultured with ascorbate.
Matrix proteoglycans utilize N-glycans and provide much of the compressive strength of
cartilage by regulating the matrix hydration through interactions with water. The compressed
microgels cultured with ascorbate and the compressed monolayer cultured with ascorbate both
share the pathway for glycine, serine, alanine and threonine metabolism. These amino acids are
also needed to synthesize PCM and ECM. Together, these pathways and the microscopy images
suggest that collagen and matrix synthesis are likely up-regulated in compressed microgels
cultured with ascorbate. Furthermore, both compression and cultured condition play a role in
ECM and PCM production, but further mechanistic studies are necessary to determine how these
key environmental stimuli drive matrix production.

Other common pathways between compressed microgel and monolayer samples with
ascorbate are butanoate metabolism and glutathione metabolism. The former is responsible for
L-glutamate degradation followed by a series of reactions that produce CoA-conjugated
compounds. The latter is considered a major antioxidant and one of the indicators of cellular

oxidative stress. While both groups show the same metabolite again (pyroglutamic acid), the
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monolayer compressed group expresses trypanothione compared to the microgel compressed
group, which expresses gamma-glutamylcysteine.

In compressed monolayers cultured with ascorbate (Figure S7 Cluster #7), upregulation
of many CoA-conjugated metabolites were detected, including Palmityl-CoA, Linoleoyl-CoA,
and Arachidonyl-CoA. Importantly, Acetyl-CoA is a downstream product of these Acyl-CoA
metabolites and regulates chondrocyte maturation [39]. Acetyl-CoA provides acetyl groups to
the citric acid cycle, a key component of energy metabolism. Energy pathways also play an
important role in the development, maintenance and repair of extracellular matrix (ECM) [41].
These results further confirm previous studies which found that compression is a key factor for

modeling chondrocyte mechanotransduction [9].

Conclusions

Chondrocytes were encapsulated in alginate microgels, imaged over ten days, and
evaluated for collagen formation. These data indicate that collagen VI production is greatly
increased in microgels compared to monolayer cultures. Primary human chondrocytes produced
more collagen VI than SW1353 cells when cultured in microgels or monolayers as observed
using immunofluorescence with confocal microscopy and auto-fluorescence using
epifluorescence microscopy. Thus, these results indicate that chondrocytes are more likely to
form a PCM comprised of collagen VI in 3-D alginate microgels than in monolayers.
Additionally, chondrocytes were encapsulated in physiologically stiff agarose gels and subjected
to physiological dynamic compression. The cells cultured in microgels had substantially different
metabolomic profiles compared to cells cultured in monolayers. Compression induced a robust

metabolic response in both monolayer controls and microgel-encapsulated chondrocytes. Upon
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metabolomic pathway analysis, the microgel encapsulated chondrocytes were found to have up-
regulated pathways related to amino acid synthesis and central energy metabolism. Together,
these pathways and the microscopy images suggest that collagen and matrix synthesis is
increased in microgels compared to monolayers.

In summary, we show that microgels created using drop-based microfluidics can provide
a robust 3-D culture environment for individual chondrons in vitro. Encapsulation of the cells in
small volumes of alginate enables the development of type VI collagen-rich PCM surrounding
individual cells. This novel method eliminates the use of potentially harmful digestive processes
that are typically applied to isolate single cells in traditional bulk alginate culture in order to
isolate cells with developed PCM. We demonstrate that these single cell microgels can be
embedded into physiologically stiff agarose for studying the metabolic response to compression.
This is the first instance of chondrons encapsulated in alginate microgels and embedded in
physiologically stiff agarose, enabling more realistic in vitro models of chondrocyte
mechanotransduction that better mimic in vivo structure. These microscale constructs allow the
manipulation of thousands of single cells in microenvironments that can be embedded into other
hydrogels of interest. We expect that this work will have an impact on future studies of

chondrocyte mechanotransduction and tissue engineering.
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Abstract

One of the main components of articular cartilage is the chondrocyte’s pericellular matrix
(PCM) which is critical for regulating mechanotransduction, biochemical cues, and healthy
cartilage development. Here, individual primary human chondrocytes (PHC) are encapsulated
and cultured in alginate microgels created using drop-based microfluidics. This unique culturing
method enables PCM formation and manipulation of individual cells. Over ten days, matrix
formation is observed using autofluorescence imaging, and the elastic moduli of the isolated cells
are measured using AFM. Matrix production and elastic modulus increase are observed for the
chondrons cultured in microgels. Furthermore, the elastic modulus of cells grown in microgels
increases ~10x over ten days, nearly reaching the elastic modulus of in vivo PCM. Using a
Gaussian mixture model these data show that the population of PHCs grown in microgels exhibit
two distinct populations; one with an elastic modulus averaging 9.0 kPa, and a second averaging
38.0 kPa. Overall, this work shows that microgels provide an excellent culture platform for the
growth and isolation of PHCs, enabling PCM formation that is mechanically similar to native
PCM. The microgel culture platform presented here has the potential to revolutionize cartilage

regeneration procedures through the inclusion of in vitro developed PCM.
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Introduction

Avrticular cartilage (AC) is the soft load-bearing tissue lining the interface of joints and is
responsible for shock absorption and wear resistance from everyday activities such as walking,
running, and jumping [1]. Acute injuries to the AC are limited in their ability to self-repair due to
being avascular and the low cell density [2]. As a result, acute injuries to AC often lead to
osteoarthritis (OA), the most common degenerative joint disease affecting over 300 million
people worldwide [2—4]. Unfortunately, treatment options for acute injuries and OA are limited,
and many treatments create mechanically inferior cartilage compared to native AC [2,4,5]. A
laboratory-based tissue engineering approach to cartilage regeneration called matrix-assisted
autologous chondrocyte transplantation (MACI) is currently one of the most effective treatment
options [2,4]. In MACI, a small portion of healthy cartilage is taken from patients; the
chondrocytes are isolated from the cartilage and expanded without passaging using standard in
vitro cell culture [2,4,6,7]. The cells are then transplanted back into the patient with a membrane
often made of porcine collagen I/111 [2,4,6,7]. However, MACI has key drawbacks: (1) During
expansion on tissue culture plastic, most chondrocytes quickly dedifferentiate into osteocytes and
fibroblasts and lose the ability to produce cartilage [8-13]. (2) Expanded cells lack a pericellular
matrix (PCM), a 1-5 um layer of Collagen VI which closely encapsulates the cells in a cocoon-
like manner and which is critical for cell viability, regulating mechanotransduction, regulating
biochemical cues, and healthy cartilage development [14-18].

Culturing chondrocytes in three-dimensional (3-D) hydrogels, instead of on tissue culture
plastic, has been shown to retain the chondrocyte phenotype and even regain it from

dedifferentiated cells [5,19]. Additionally, chondrocytes grown in 3-D hydrogels produce PCM
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and other matrix components [5,19,20]. However, the large bulk hydrogels typically used to
culture cells, on the order of millimeters to centimeters, are poorly suited to MACI [2,21]. The
bulk hydrogels are often not injectable, so cells must be extracted from the hydrogels to be
compatible with MACI [21]. An alternative to bulk hydrogel culture is microscale hydrogel
particles termed microgels. Microgels offer several advantages compared to bulk culture; (1)
Microgels are more easily injectable due to their collective shear-thinning behavior [21-23]. (2)
Reducing the length scale of the hydrogels to the microscale increases the surface area-to-
volume ratio of the hydrogels and decreases diffusion lengths, thus facilitating the delivery of
nutrients and other bio-active compounds to the encapsulated cells [21-23]. Our group has
previously demonstrated a novel method of encapsulating single primary human chondrocytes
(PHCs) in 3-D alginate microgels that are approximately 100 pm in diameter, which enables the
cells to remain as chondrocytes and form a collagen VI-rich PCM [14]. Though differences in
metabolomic profiles were analyzed, our studies did not determine how mechanically similar the
in vitro developed PCM in microgels was compared to in vivo formed PCM. As the PCM
directly transfer extracellular mechanical loads to chondrocytes, it is essential to understand the
biomechanical properties of in vitro developed PCM [14-18,24].

Here, individual primary human chondrocytes (PHC) isolated from patient knees are
encapsulated and cultured in alginate microgels created using drop-based microfluidics. This
unique culture method enables PCM formation and manipulation of individual cells [14]. We
then remove the alginate using chemical degradation and isolate the single cells into microscale
wells created using soft lithography for downstream atomic force microscopy (AFM). Over ten

days, matrix formation is observed using autofluorescence imaging, and the elastic moduli of the
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isolated cells are measured using AFM. We compare the biochemical and biomechanical
properties of cells cultured in monolayers to those cultured in microgels over ten days. We
observe a negligible change in both matrix formation and elastic modulus of the chondrons
cultured in monolayer. In contrast, matrix production and elastic modulus increase are observed
for the chondrons cultured in microgels. Furthermore, the elastic modulus of cells grown in
microgels increases ~10x over ten days nearly reaching the elastic modulus of in vivo PCM. We
further analyze the AFM data using a Gaussian mixture model and find that the population of
PHCs grown in microgels exhibit two heterogeneous outcomes of PCM formation. Specifically,
two distinct populations were found; the first had an elastic modulus averaging 9.0 kPa, and the
second had an elastic modulus averaging 38.0 kPa, accounting for 54% and 46% of the
population, respectively. The second population was mechanically similar to in vivo PCM,
which has an elastic modulus of 25-250 kPa [1,11,15-17,24,25]. Overall, we show that the in
vitro microgel culture platform enables PHCs to form PCM that is mechanically similar to native

PCM.

Results

An overview of the experimental methodology used in this work is presented in Figure 1.
Briefly, we present a novel method for culturing individual PHCs within alginate microgels
approximately 50 um in diameter that are dissolved and measured under AFM. PHCs are
harvested from donor tissue from patients undergoing knee replacements and encapsulated in
alginate microgels using drop-based microfluidics, as we have previously developed (Figure 1A-
B)[14]. The 3-D microenvironment of the alginate microgels enables the diffusion of nutrients to

the encapsulated single cells and promotes the formation of PCM surrounding PHC chondrons
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(Figure 1C). After 10 days in culture, the alginate surrounding the cells is dissolved (Figure 1D),
and the cells are gently centrifuged down onto a microscale well-plate created using
photolithography (Figure 1E). The mechanical properties of the chondrons are then measured

using AFM (Figure 1F).
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Figure 1: Schematic of Experimental Design; (A) Primary Human Chondrocytes (PHC) are
suspended in the alginate precursor at 4 x 10° cells/mL. (B) PHCs are encapsulated in alginate
microgels using drop-based microfluidics. (C) Microgels are washed and cultured in media for
10 days where chondrocytes form a collagen VI-rich PCM. (D) On days 1, 6, and 10, cells are
removed from the microgels using sodium citrate and EDTA washes. (E) The released cells are
centrifuged into well-traps created using photolithography. (F) The elastic moduli (G") of the
cells are measured using AFM.

Analysis of PCM formation from single PHCs encapsulated within
alginate microgels

Collagen VI and many other PCM components are autofluorescent when excited with
wavelengths of light ranging from UV to blue (365-415 nm) [14,26-28]. Previously, we
measured the formation of PCM in SW1353 cells, a chondrosarcoma cell line, over 10 days in

microgel culture using autofluorescence imaging [14]. Results showed increased intensities
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surrounding the cells, due to increased matrix protein expression of the cells cultured in alginate
microgels compared to monolayer [14]. This label-free approach enabled PCM formation of the
cells to be quantified over time while the cells were cultured in 3-D alginate microenvironments.
Here, we apply the same methodology to quantify PCM formation of PHC cells isolated from
knee replacements of female patients ages 63 to 72 (Bozeman Deaconess Hospital, MSU). As
previously described, the isolated PHCs were subsequently cultured in both 3-D microgels and 2-
D monolayers, where cells were cultured upon standard tissue culture flasks. Autofluorescence
of cells was imaged on days 0, 1, 4, 7, and 10. PHCs grown in 2-D using standard tissue culture
are known to produce minimal amounts of collagen VI in the PCM [19]. As a control
experiment, we expanded PHCs on tissue culture flasks, and as expected, the autofluorescence
images of the cells cultured in monolayers showed no observable signal on day 0 and no change
in observable signal at any time point over the 10 days, indicating that the monolayer PHCs were
forming minimal matrix components (SI Figure 1). By contrast, when PHCs were grown in
microgels formed using drop-based microfluidics, autofluorescence visibly increased at each

time point (Figure 2A -B).
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Figure 2: Representative images of single PHC cells cultured in microgels over 10 days using
fluorescence imaging; (A) Brightfield and auto-fluorescence images (ex. 375 nm/em. 415 nm) of
PHCs encapsulated in alginate microgels and cultured for 10 days. Scale bar is 25 um. (B)
Measured mean fluorescence intensities of imaged PHCs over time with multiple linear
regressions. PHCs encapsulated in microgels (Blue squares, dashed) and PHCs grown in
monolayers (Red triangles, dotted).

The cells grown in monolayers displayed a non-statistically significant change in
fluorescence intensity over the ten days (Multiple linear regression, p = 0.85) (Figure 2B, red

triangles). These results further confirm that chondrocytes grown in monolayers form minimal

matrix components. However, cells grown in microgels showed a linear increase in fluorescence
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intensity over time (p <<0.0001). Upon quantitative image analysis, the average fluorescence
intensity across the area of each cell grown in microgels increased over the 10 days at a rate of
111 + 12 a.u. /day (Figure 2B, blue squares). These results indicate that PHCs grown in alginate
microgels produce matrix components at rates far greater than when grown in monolayer. We
also compared PHC and SW1353 growth in monolayer versus microgels as a control experiment.
The autofluorescence signal from PHCs grown in microgels increased ~ 70 a.u./day or ~5x faster
than SW1353 cells in microgels, reaching a final pixel intensity of 1258 + 537 a.u. and 347 + 73
a.u., respectively (SI Figure 2). As expected, these results demonstrate that PHCs produce more
matrix components than SW1535 cells, likely due to the PHCs expressing higher levels of
anabolic genes that govern matrix production [29].

Our prior work using immunofluorescence has shown that PHCs grown in alginate
microgels produce a PCM-like structure of collagen VI [14]. However, these experiments were
performed without releasing the PHCs from the microgels. Although progress has recently been
made using AFM force curves to image cell organelles without breaching the cell wall,
quantifying the elastic moduli of subsurface structures at undetermined distances beneath the
imaging surface of the probe tip remains infeasible [38]. To directly measure the elastic modulus
of the PCM-like-structure we first dissolved the microgels using sodium citrate and EDTA,
typical reagents for dissolving alginate, prior to AFM characterization of elastic modulus. The
AFM probe tip is then able to directly actuate the PHCs without alginate impediment. To
determine whether the dissolution process affected the structure of the developing PCM, PHCs
on days 1, 6, and 10 were fixed and stained for collagen V1 using antibodies before and after the

dissolution of the alginate microgels. We compare the fluorescence of the cells before and after
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microgel dissolution on days 1, 6, and 10. Representative cell images of intact microgels before

and after microgel dissolution are seen in Figure 3.

Microgel Intact Microgel Dissolved
Day 6 Day 6 Day 10

9 ©

Col VI Brightfield

DAPI

Figure 3: Collagen VI immunofluorescence; Representative Human Primary Chondrocyte (HPC)
cultured in 1.5 % wi/w alginate microgels with the microgels intact (A-C) and after dissolving the
microgels using sodium citrate and EDTA (D-F). Cells were fixed and stained for collagen VI
(green) and nuclei (DAPI blue). Cells were imaged on days 1, 6, and 10 to match with AFM time
points. Scale bars are 25 pm

Prior to dissolution, a thin layer of collagen VI can be observed surrounding the cell on
day 1 (Figure 3A ii), which grows thicker by day 6 (Figure 3Bii), and by day 10, the entire
region surrounding the cell shows a significant amount of collagen VI, forming PCM similar to
that typically seen in vivo surrounding the cell (Figure 3Cii) . After microgel dissolution on day
1, there appeared to be no difference in collagen VI expression between cells in microgels and

cells after dissolution, and a thin layer of collagen VI immediately surrounding each cell remains

(Figure 3Aii and 3Dii). Before microgel dissolution on day 6, a faint, more diffuse signal is
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observed radiating from the cell (Figure 3Bii). However, after microgel dissolution on day 6, the
diffuse signal seen further from the cell in intact microgels is no longer present (Figure 3Bii vs.
3Eii). In fact, only a thin layer of collagen VI immediately surrounding the cell remained (Figure
3Eii), similar to cells in microgels on day 1 (Figure 3Aii). After microgel dissolution on day 10,
the region surrounding the cells shows a significant amount of collagen VI immediately
enclosing the cell that extends into the surrounding area (Figure 3Cii vs. 3Fii). The PCM is also
visible in brightfield once released from the microgel (Figure 3Fi). The matrix is stable and
strong enough by day 10 that the dissolution of the microgel does not visibly affect the PCM

produced by the PHC.

Elastic moduli (G") of individual PHCs released from alginate microgels
and measured using AFM

Understanding the mechanical properties, primarily the elastic modulus (G'), of PCM
development in vitro is critical to understanding how the chondrons will respond to mechanical
forces if transplanted into patients. Here, AFM was used to measure the elastic moduli of
individual PHCs over time after development in alginate microgels. First, the microgels were
dissolved to isolate the growing chondrons on days 1, 6, and 10. The isolated chondrons were
then suspended in PBS and gently centrifuged into microscale wells (30 x 30 x 10 um) on a
silicon wafer created using photolithography. The wells enabled single cells to be immobilized
for subsequent AFM measurements. As a control study, PHCs grown in monolayers were also
removed from 2-D tissue culture with sodium citrate and EDTA and centrifuged into microscale
wells.

Once cells were isolated into the microscale wells, AFM measurements were performed

on individual cells. Force versus displacement curves were acquired for 20 cells from each donor
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(N =3) on days 1, 6, and 10. In addition, an 8 x 8 force map covering a 1 pm? area was acquired
for each cell. Representative force curves are shown in Figure 4A and 4B. The indentation depth
to reach 2 nN for PHCs cultured in monolayer was compared to PHCs cultured in microgels.
Cells cultured in monolayer reached an indentation force of 2 nN at average indentation depths
ranging from 1.33 — 1.91 um on days 1, 6, and 10 (Figure 4A). For chondrons cultured in
microgels on day 1, the indentation depths were similar to those of cells cultured on monolayers
with average indentation depths of 0.90 um (Figure 4B, Day 1). However, on days 6 and 10,
significant decreases in the indentation depths were observed, with the average indentation
depths being 0.51 and 0.33 pum, respectively (Figure 4B, Day 6 and Day 10). This significant
decrease in the indentation depth suggests that the chondrons grown in microgels are undergoing

matrix production and stiffening.
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Figure 4: Atomic Force Microscopy Measurements; (A) Representative force vs. indentation
curves of PHCs grown in monolayer on days 1, 6, and 10. Modeled Hertz fits are overlaid (red
dashed). (B) Representative force vs. indentation curves of PHCs grown in microgels on days 1,
6, and 10. Modeled Hertz fits are overlaid (red dashed). (C) Average Hertz models for cells
cultured in microgels (red, squares) and cells cultured in monolayers (blue, triangles) on days 1
(dotted), 6 (dashed), and 10 (solid). (D) Average elastic modulus and the standard deviation
plotted for cells cultured in microgels (blue triangles, dashed) and monolayer (red squares, dotted
dashes). At each time point, 20 cells were measured for each donor and culture condition (N =
3). When compared with a linear mixed effects model, modeled slopes were significantly
different from each other (p < 0.0001) while the modeled intercepts were not (p = 0.49) Error
bars represent the standard deviation between donors.

To calculate G’ of the cells, the indentation force curves were fit using the standard Hertz
model [30], and representative model fits are shown in Figure 4C. The representative model fits

for cells grown in monolayers on days 1, 6, and 10 show a slight softening with force vs.
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indentation curves becoming flatter as time increases (Figure 4C, red squares). Conversely, the
representative model fits for cells grown in microgels on days 1, 6, and 10 show substantial
stiffening of the chondrons with force vs. indentation curves becoming steeper as time increases
(Figure 4C, blue triangles). Cells originally cultured in monolayer showed an average elastic
modulus of 2.1 + 0.7 kPa on day 1 and a minor decrease in stiffness with an average elastic
modulus of 0.7 + 0.3 kPa on day 10 (Figure 4D, red squares). By contrast, chondrons cultured in
microgels showed an average elastic modulus of 5.2 + 1.0 kPa on day 1 and a significant
increase in stiffness with an average elastic modulus of 22.4 + 2.5 kPa by day 10 (Figure 4D,
blue triangles). The data were modeled using a linear mixed effects model to quantify trends in
the elastic moduli data. From the linear mixed effects model, we found that over 10 days, the
slopes of the two lines were significantly different from each other (p < 1.0 x 10°%%); cells grown
in monolayers decreased in stiffness at 0.16 + 0.07 kPa/day, while cells grown in microgels
increased in stiffness at 1.87 + 0.7 kPa/day. Interestingly, cells grown in both monolayers and
microgels showed a non-significant difference in the modeled day 0 elastic modulus (p = 0.49),
suggesting that the observed difference in elastic moduli by day 1 was a factor of culturing over

24 h. These results indicate that microgel culture increases matrix production as quickly as 24 h.

Heterogeneous outcomes of PCM formation in microgels

Chondrocytes are spatially heterogenous with many phenotypic differences between
chondrocytes depending upon the location of the cell within the cartilage [11,19,31,32]. The G’
of the cells grown in microgels were further analyzed, and when the three donors were compared
to one another, there was no difference in mean G' between donors on days 1, 6, and 10 (p >

0.5). Since there was no difference in donors at any time point, G' data at each time point of cells
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grown in microgels were pooled together. On day 10, cells grown in microgels display a wide
distribution of G’ ranging from 3 to 116 kPa (Figure 5A Day 10). Histograms of all the
individual G' on day 1 show a normal distribution with no skew (S = 0.08) and with a mean and
median, approximately equal at 5.2 and 4.6 kPa, respectively (Figure 5A, Day 1). However, on
day 10, the distribution becomes highly skewed (S = 0.44), and significant differences in the
mean and median are observed at 22.4 and 12.9 kPa, respectively. These results indicate that on

day 10, the mean G' is highly dominated by the skewed population.
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Figure 5: Elastic Moduli Heterogeneity. (A) Histograms of individual G’ from PHCs grown in
microgels on days 1, 6, and 10. 36.7% of cells reached physiological G’ by day 10 while 26.7%
did not change from day 1. (B) Histogram of G’ for cells grown in microgels on day 10 plotted
with the probability distribution function of the Gaussian mixture model with k =2. (C)
Representative force maps of PHCs cultured in microgels on day 10 with similar G’ (15 and 13
kPa) but different coefficients of variation (CV = 0.92 and 0.20). Scale bar is 200 nm. (D)
Histograms of the intracell G’ CV from each cell’s force map on days 1, 6, and 10. Cells were
cultured in microgels.

Therefore, a Gaussian mixture model (GMM) was applied to understand if the skew in G’
on day 10 is due to a subpopulation of cells. After a GMM was applied for up to three
populations (k =1 AIC =532, k=2 AIC =483, k=3 AIC = 486), the model found that two distinct

distributions had the best fit with the first population mean at 9.0 + 3.5 kPa, accounting for
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53.8% of the population, and the second population mean at 38 + 7.5 kPa, accounting for 46.2%
of the population (Figure 5B). These results indicate that one subpopulation, accounting for
53.8% of the population, stiffens only slightly compared to day 1, with a difference in G’ of
approximately 4 kPa. The second subpopulation, accounting for 46.2% of the population,
becomes physiologically stiff with G’ approximately 34 kPa stiffer than on day 1. The second
subpopulation is well within the range of native PCM (25-250 kPa) [1,11,15-17,24,25].
In addition to studying different PCM outcomes between cells, AFM enables the study of
differences in intracell G’ for each cell or the heterogeneity in elastic moduli at different points
on individual cells. During AFM force curve acquisition, 8 x 8 force maps covering a 1 pm?area
were acquired for each cell grown in microgels. The force maps were further analyzed, and
quantification of the coefficient of variation (CV) for each cell revealed whether the matrix being
produced is homogeneous or heterogeneous in G’ over the 1 x 1 um probed region. For example,
representative force maps for two cells grown in microgels on day 10 are displayed in Figure
5Ci-ii with approximately equal G' (15 and 13 kPa). However, the cells display significantly
different CVs indicating that the matrix in the probed regions were highly heterogeneous (Figure
5Ci, CV =0.92) or homogenous (Figure 5Cii, CV = 0.20). Histograms of the intracell
heterogeneity for N = 60 cells on days 1, 6, and 10 show a wide range of CV in G', ranging from
0.06 to 1.82 (Figure 5D). Interestingly, the distributions of the intracell G' CV did not change
over time for the PHCs cultured in microgels (p > 0.25). To understand whether the CV
correlated with G', linear regressions were applied to cells grown in microgels on days 1, 6, and
10. The linear regression revealed that on day 1, there was no relationship between the average

G' and the CV of the cell (p = 0.57) (SI Figure 3 Day 1). However, on days 6 and 10, a positive
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correlation between G' and the CV of the cell (p = 0.018 and 0.000018) was found, indicating
that the matrix produced by cells with high G' was more likely to be heterogeneous than cells

which did not produce a stiff matrix (SI Figure 3, Day 6 and Day 10).

Discussion

In this work we present a novel methodology for culturing single chondrocytes isolated
from human knees within alginate microgels created using drop-based microfluidics, which
enables a robust PCM to be formed around each cell over a 10 day incubation period. After
dissolving the alginate surrounding the cells, the biochemical and mechanical properties of the
cells were analyzed using autofluorescence, immunofluorescence, and AFM. We first monitored
and quantified matrix formation in microgels using autofluorescence imaging. A significant
increase in the autofluorescence signal of PHCs cultured in microgels was observed, compared to
PHCs cultured in monolayer with negligible change in signal. As PHCs produce less collagen I,
I1, IV, and VI when cultured in monolayer compared to when cultured in 3-D, the difference in
autofluorescence is consistent with the expected levels of collagen production. Measuring
cellular autofluorescence enables matrix production to be measured over time without disturbing
cells, unlike other assays such as immunofluorescence staining. Additionally, this analysis
method enables quantification between different cell types. We discovered that the PHC
autofluorescence signal increases nearly 5x faster than SW1353 cells, furthering the evidence to
support that even osteoarthritic PHCs produce far more collagen than SW1353 cells.

The mechanical properties of chondrons grown in microgels were measured over 10

days. We found that the G' of cells cultured in microgels rapidly increased nearly 10x over 10
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days in culture, with the average G' nearly reaching G' values seen in vivo (25 - 250 kPa)
[1,11,15-17,24,25] . We additionally saw an increase in G' beginning as early as 24h in culture.
Conversely, PHCs cultured in monolayers saw a negligible change in G' over 10 days. These
results suggest that microgels are an excellent growth environment for single-cell PHCs,
allowing them to form PCM similar to native PCM. Interestingly, the distribution of G' from
PHCs grown in microgels on day 10 was heterogeneous, suggesting that subpopulations of
cellular PCM production may exist. To determine the existence of these subpopulations, the G'
data from cells grown in microgels on day 10 were analyzed with a Gaussian mixture model, and
two distinct subpopulations of cells were found with means centered on 9 + 3.5 and 38 + 7.5 kPa.
Each subpopulation accounted for approximately half of the cells, suggesting that half of the
PHCs were responsible for most of the matrix formation in this study. One potential explanation
is that the chondrocytes in this study were extracted from the entirety of full-thickness knee
cartilage, which has diverse chondrocyte populations with chondrocytes in the deep zone
experiencing higher compressive forces compared to chondrocytes in the superficial zone
[1,11,19,31,32]. The subpopulations observed in our experiments could be due to the
heterogeneity of cells within the cartilage, but additional studies targeting particular locations
within the cartilage would be needed to confirm this. Future work comparing isolated
populations from cartilage zones (e.g. superficial versus deep) and cultured in microgels could
lead to insights into the ability to isolate more advantageous cells for cartilage repair.

These results demonstrate that microgel culture offers a superior alternative to traditional
methods for growing and expanding chondrocytes in vitro that can be applied to innovating

regenerative medicine techniques. The microgels allow chondrocytes to quickly form a
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developed PCM in as short as 10 days. In MACI, cells are cultured for 3-6 weeks and by
applying this microgel method for the final two weeks of culture, cells can potentially be
implanted with a more developed PCM without altering total culturing time. Additionally,
techniques such as MACI rely on the adherence of cells to a membrane scaffold to prevent cell
leakage and improve cell viability. Microgels are easily injectable and would decrease the
reliance on cellular adherence to membranes, as the microgels are less likely to leak due to their
size [2,4,21,23]. Further, using non-invasive autofluorescence measurements, chondrocytes that
produce the most matrix components can potentially be isolated and expanded to accelerate
recovery times in regenerative cartilage procedures. Overall, we show that microgels provide an
excellent culture platform for the growth and isolation of PHCs, enabling PCM formation that is
mechanically similar to native PCM. The microgel culture platform presented here has the
potential to revolutionize cartilage regeneration procedures by enhancing the growth of PCM

surrounding individual chondrocytes.

Methods

Primary human chondrocyte harvest and cell culture

Primary Human Chondrocytes (PHCs) were obtained from female Stage-IV osteoarthritis
patients ages 63-72 undergoing total joint replacement under IRB approval using established
methods (N = 3/experiment) [33,34]. Isolated chondrocytes were seeded onto 60 x 15 mm tissue
culture dishes and were maintained in Dulbecco’s Modified Eagle’s medium (DMEM) (Gibco,
Waltham, MA, USA) supplemented with Fetal Bovine Serum (FBS) (10% v/v) (Bio-Techne,
Minneapolis, MN, USA), penicillin (10,000 I.U./mL), and streptomycin (10,000 pug/mL) in 5%

CO2 at 37 °C. PHCs were passaged at 90% confluence and used in all experiments between
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passages 1-4. For autofluorescence imaging and AFM experiments, cells were cultured with
DMEM supplemented with FBS (10% v/v), penicillin (10,000 1.U./mL), streptomycin (10,000

pg/mL), and 50 pg/mL sodium ascorbate in 5% COz at 37 °C.

SW1353 cell culture

SW1353 chondrocytes, a cell line initiated from a human chondrosarcoma and obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA), were cultured using
standard tissue culture techniques [14]. SW1353 cells were seeded onto 60 x 15 mm tissue
culture dishes and were maintained in DMEM supplemented with FBS (10% v/v), penicillin
(10,000 I.U./mL), and streptomycin (10,000 pg/mL) in 5% CO2 at 37 °C. SW1353 cells were
passaged at 90% confluence and used in all experiments between passages 5-20. For
autofluorescence imaging experiments, cells were cultured with DMEM supplemented with FBS
(10% v/v), penicillin (10,000 I.U./mL), streptomycin (10,000 pg/mL), and 50 ug/mL sodium

ascorbate in 5% COy at 37 °C.

PDMS microfluidic device fabrication

Negative master molds for the microfluidic devices were prepared using standard
photolithography techniques [14]. Negative master molds were made with Nano SU-8-100
photoresist (Microchem, Round Rock, TX, USA) on 3” silicon wafers (University Wafer Inc.,
Boston, MA, USA University Wafer ID: 447). The microgel dropmaker was fabricated to be 50
pm in height. Devices were treated with (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (1
vIv%) (Gelest) in NOVEC HFE 7500 fluorinated oil (3M, Saint Paul, MN, USA) and left for

solvent evaporation overnight at 55 °C.
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AFM well-trap fabrication

The well-traps were fabricated with Nano SU-8-100 photoresist (Microchem, Round
Rock, TX, USA) on 3” silicon wafers (University Wafer Inc., Boston, MA, USA University
Wafer ID: 447) using standard photolithography techniques [14]. To fit on the AFM, wafers
were cut into ~ 1 x 1 cm pieces using a diamond-tipped scribe. Wells were designed as 30 x 30 x
10 pm rectangular prisms with heights of 10 um. Developed well-traps were rinsed with

phosphate buffered saline (PBS) prior to use.

Preparation of microfluidic microgel reagents

To make the continuous/oil phase, the surfactant Krytox 157 FSH (4% w/w) (Miller-
Stephenson, Danbury, CT, USA) was added to NOVEC HFE 7500 fluorinated oil (3M, Saint
Paul, MN, USA) [14]. The solution was filtered through a 0.2 um hydrophobic
polytetrafluoroethylene (PTFE) syringe filter to remove dust and other contaminants.

Two dispersed phase alginate precursor solutions were made as previously described
[14,35]. The first (Alginate - precursor A) by mixing CaCl2 (80 mM), Na2EDTA
(Ethylenediaminetetraacetic acid) (80 mM) (Fisher Chemical, Hampton, NH, USA), and 3-
(Morpholin-4-yl) propane-1-sulfonic acid (MOPS) (40 mM) (VWR, Randor, PA, USA) with
ultra-pure water (18.2 MQecm). The second (Alginate - precursor B) was made by mixing Zn
(CH3COz2)2 (80 mM), EDDA (Ethylenediaminediacetic acid) (80 mM) (TCI Chemicals, Tokyo,
Japan), and MOPS (40 mM) with ultra-pure water (50 mL) (18.2 MQecm). The pH of both
solutions was adjusted to 7.2 using NaOH (10 M). Sodium alginate (1.5% wi/w) (Sigma, St.
Louis, MO, USA, 9005-38-3) was mixed with each solution, then each was filtered through a 0.2

pm PES syringe filter (Argos Technologies).
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Cell encapsulation and culture in microgels

To prepare cells for microgel encapsulation, cells were removed from monolayers using
Trypsin-EDTA and then suspended in DMEM supplemented with FBS (10% v/v), penicillin
(10,000 I.U./mL), and streptomycin (10,000 pg/mL))to inactivate the trypsin [14]. Cells were
centrifuged at 500 x g for 5 min and washed 3x with PBS. The cells were then suspended in
alginate-precursor A at 4 x 106 cells/mL and loaded into 1 mL syringes. Cells were encapsulated
in 50 um diameter alginate microgels following previous protocols [14,35]. The continuous flow
rate used was Qoil = 2000 pL/h and the dispersed phase flow rate used was Qaiga = Qaigs = 250
pL/h. After encapsulation and gelation, the microgels were washed with equal volumes of
1H,1H,2H,2H-Perfluoro-octanal (PFO) (647-42-7, VWR) in HFE7500 (20% v/v) and PBS to
drops. The microgels were collected from the PBS and suspended in DMEM supplemented with
FBS (10% v/v), penicillin (10,000 I.U./mL), streptomycin (10,000 pg/mL)), and 50 pg/mL
sodium ascorbate. Microgels were added to 6 well plates at 1 x 10° cells/well and the volume
brought to 2 mL with media. Sodium ascorbate was added every 3 days to supplement the media.

Cells were incubated in 5% CO2 at 37 °C.

Autofluorescence imaging and analysis

Cells were imaged using an epi-fluorescence microscope (Nikon Ti2 Eclipse) with a 20x
objective over 10 days to capture bright field and autofluorescence (ex. 375nm/ em. 415nm).
Cells were imaged on days 0, 1, 4, 7, and 10. To image cells in microgels, 5 pL of microgels and
media were pipetted onto a PTFE-printed microscope slide. To image cells in monolayers, cells
were grown on 35 mm glass-bottom dishes (MatTek). Approximately 20 cells from each donor

(N = 3) were imaged per condition for each time point. The background intensity was subtracted



98
from each image using Fiji ImageJ and the fluorescence intensity of each cell was measured
using the Fiji ImageJ distribution of TrackMate [36,37]. Autofluorescence curves were analyzed

using a multiple linear regression model in Matlab.

Alginate dissolution and chondron isolation

To isolate chondrons from the alginate microgels, microgels were collected from the
media via centrifugation for 1 min at 200 x g and vortexed for 2 min with sodium citrate (50mM)
and EDTA (80mM) in PBS. The chondrons were then collected via centrifugation for 5 min at

500 x g and washed 3x in PBS.

Immunofluorescence staining and imaging

After days 1, 6, and 10 in culture, PHCs grown in microgels were collected in
microcentrifuge tubes and washed with PBS. The sample was split with half the cells remaining
in microgels and half the cells being removed from microgels by dissolving the alginate. Cells
were fixed with paraformaldehyde (PFA) (4% v/v) in PBS for 15 min at room temperature and
washed 3x with PBS. Cells were blocked Bovine Serum Albumin (BSA) (2% wi/v) in PBS at
room temperature for 1 h and then washed 3x with PBS. Cells were permeabilized with Triton-X
(0.1% w/v) and BSA (0.125% w/v) in PBS and then washed 3x with BSA (0.125% w/v) in PBS.
The microgels were then incubated with the primary antibody to collagen VI (5 pg/mL) (Rabbit
Polyclonal Anti-collagen VI antibody, ab6588 from Abcam, Boston, MA, USA), Triton-X (0.1%
w/v), and BSA (0.125% w/v) in PBS, incubated at room temperature overnight and then washed
3x with BSA (0.125% w/v) in PBS. A 1mL mixture of secondary antibody (Donkey anti-Rabbit

I9G H&L Alexa FluorR488) (5ug/mL) (Abcam, Boston, MA, USA), Triton-X (0.1% w/v), and
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BSA (0.125% wi/v) in PBS, and Hoechst 33342 Solution (20 pg/mL) (ThermoFisher Scientific,
USA)/PBS were added for 1 h at 37 °C and then washed 3x with 0.125% BSA-PBS.
Cells and microgels were loaded onto glass slides and imaged on a custom-built Nikon
Ti2 epi-fluorescent microscope. Cells were imaged in Phase Contrast/DAPI/GFP. A total of 3-10

cells were imaged per condition.

Force curve acquisition and analysis

Cells grown in microgels were prepared for AFM by first collecting the microgels on
days 1, 6, and 10, and dissolving the alginate microgels. Cells were then washed with PBS and
placed into the well-traps by pipetting the cell suspension onto the trap and centrifuging at 2000
x g for 1 min.

Cells grown in monolayer were prepared for AFM by collecting the cells using a cell
scraper and sodium-citrate (50mM)/EDTA (80mM) in PBS. Cells were then washed with PBS
and placed into the well-traps by pipetting the cell suspension onto the traps and centrifuging at
2000 x g for 1 min.

The cell-laden traps were placed in an AFM (Sypher S, Asylum Research) outfitted with
a droplet holding stage and gp-BioAC AFM probe (Nanosensors). The cantilever with a 0.1 N/m
spring constant was selected for force curve collection and calibrated using the Sader method
[39]. Force curves were performed using extension and retraction speeds of 1 um/s and a
maximum force of 2 nN. Applying a Hertzian contact model to force-distance data calculates
average quasi-static contact modulus of the substrate volume actuated under the probe tip
(referred to as elastic modulus in this work), and the 2nN max force was selected to minimize

indentation depth and confine the actuated volume, consistent with AFM cell mechanics
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literature [40]. Accordingly, indentation depths did not exceed 10% of the cell diameter. Cells
were located in brightfield, and the tip was placed approximately above the middle of the cell. 8
x 8 force maps were acquired for each cell probing over a 1 x 1 um area. Imaged surfaces were
smooth at tip-relevant length scales and no topography-related artifacts were noted. Twenty cells
were imaged for each of cells grown in microgels and monolayers on days 1, 6, and 10 for each
donor (N = 3). Force curves were analyzed using the Hertz equation to calculate G’ of each cell
[30].
Statistical differences in G’ between cells grown in monolayer and microgels (Figure 4D) were
assessed using a linear mixed effects model. Statistical differences between microgels from each
donor were tested with two-sample T-tests. Differences in G’ of microgels on day 10 were
examined using a Gaussian mixture model. Differences in CV of microgels were assessed using
through two-sample T-tests and trends between G’ and CV were tested using linear regressions.
All statistics were performed in Matlab (Mathworks, USA).
Representative force curves and maps were generated in the Igor Pro software package and

Matlab.
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Abstract

Modern approaches to study single-cell HSV-1 infection have enabled high-resolution
observation of viral gene expression and cellular dynamics that impact the outcome of infection.
Often, these approaches are temporally restricted to data acquisition at single-timepoints and do
not allow observation of critical events throughout the progression of HSV-1 replication. We
developed a drop-based microfluidic system of single-cell culturing that allows real-time
observation and gquantitation of HSV-1 infection. Single primary mouse superior cervical ganglia
are individually cultured by embedding the cells in Matrigel-microgels that support neuronal
growth and maturation. After maturation, the microgel-embedded neurons are subsequently
infected with HSV-1 using a co-flow inoculation that simultaneously emulsifies single neurons
with viral inoculum. The co-flow device allows controlled manipulation of HSV-1 inoculum that
achieves dose-dependent infection of single neurons. Using a dual-fluorescent recombinant
HSV-1 that reports immediate early (IE) and late (L) gene expression, we track the progression
of viral replication in single neurons via live-cell fluorescence microscopy. HSV-1 infection of
single neurons progresses to fulminant infection in-drop, and replication kinetics are inoculating
dose-dependent. Specifically, onset of IE gene expression is detected earlier in single neurons
infected at higher inoculating doses. In total, we present a new, high-throughput DBM approach
to study single-cell HSV-1 infections of primary neurons, adaptable for further temporal analysis

of HSV-1 gene expression.
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Introduction

Conventional in vitro methods for studying viral infection rely on traditional biological
techniques where cells are cultured and infected in a well plate (1, 2). These population-level
infection approaches may overlook the heterogeneous dynamics of infection that are obscured by
productive replication in a sub-population of cells (1, 3-6). Single cell methods drive increased
understanding of infectious virus production, viral kinetics, and genetic variability (5-12).
Drop-based microfluidics (DBM) is a well-established technology that has recently been adapted
for studying single-cell viral infection (1, 4, 13, 14). DBM is a high-throughput single-cell assay
technique in which a microfluidic device is used to create an emulsion of monodisperse,
picoliter-sized drops of water-in-oil. For in-depth, high-throughput analysis of viral and cellular
heterogeneity, techniques such as DBM can utilize millions of single cells for various
experimental procedures (1, 4, 13). However, DBM has been limited in the types of cells and
viruses that could be studied (13).

Herpes Simplex Virus type -1 (HSV-1) is a prevalent human pathogen that typically
infects the orofacial epithelia and then invades the peripheral nervous system (PNS) where
disease pathologies arise. HSV-1 replication employs a regimented, temporally defined cascade
of events, represented by the expression of three classes of viral genes in the order of immediate
early (IE), early (E), and late (L) genes (15, 16). Understanding the complexities of HSV-1
replication in neurons can lead to better therapeutics and a reduction in disease outcomes and
neuropathologies. To understand HSV-1 infection in single neurons eliminates the confounding

effects of mixed infection dynamics in a population of cells (1).
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The direct application of DBM methods to study HSV-1 infection in neurons imposes
new challenges. Aqueous drops lack a solid scaffold needed to grow and differentiate primary
cells for single cell infection studies. Specifically, primary neurons require a solid substrate that
supports neurite development and growth, limiting their usability in an aqueous drop
environment (17). There remains a need to develop novel techniques in which single cells can be
cultured on a surface, yet still remain in an individual microenvironment for single cell analyses.

Thus, to address the need for a solid surface to support single cell growth and
development, we used DBM to generate micron scale collagen hydrogel beads, termed microgels
(18, 19). Microgels provide a homogenous, highly tunable, biomimetic, growth environment for
cells (18, 19). Microgels have been previously used to multiple culture cell types such as
neurospheres, embryonic stem cells and induced pluri-potent stem cell aggregates but have not
been previously used to culture single neurons (18-21). Here, we developed a method for
growing individual neurons in microgels where DBM allows for the precise control over cell
density to achieve one neuron per microgel. These microgel-embedded neurons were
encapsulated with a precise inoculating dose of HSV-1 using DBM. Using a recombinant
fluorescent-reporter virus, we tracked the kinetics of HSV-1 gene expression across increasing
inoculating doses in individual neurons. Our data demonstrates that the microgels provide a solid
surface for neuronal growth and development that supports productive single-cell HSV-1

infection within drops.

Results

We have developed a drop-based microfluidics approach for the growth and differentiation of

individual primary neurons to investigate HSV-1 infection dynamics. Here we present a
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workflow for our experiments. Individual SCG neurons are suspended in a Matrigel precursor
solution that is then processed into ~100 um diameter microgels using DBM (Figure 1A). The
microgel embedded neurons are cultured for one week to allow for growth and development of
neurite extensions (Figure 1A). The microgels are subsequently emulsified into larger drops with
viral inoculum; a co-flow inoculation where cells and virus are encapsulated simultaneously. The
use of a co-flow microfluidic workflow allows controlled delivery of a viral inoculating dose
therefore achieving a superior single cell infection (Figure 1B). The drops are incubated for 16
hours post infection (hpi). To visualize infection dynamics and replication kinetics, a dual-
fluorescent HSV-1 recombinant, OK-15, is employed (22). OK15 possesses a CMV-driven
yellow fluorescent protein (YFP) and a VP26-mCherry fusion (22). Detection of OK15-
expressed YFP reports onset of immediate early (IE) viral gene expression upon infection, and
subsequent OK15-expressed mCherry detection in the nucleus correlates with Late (L) gene
expression and virion assembly (Figure 1C)(22). To observe infection dynamics at the single cell
level we immobilized drops on a specialized microfluidic device that allows for incubation and

imaging for fluorescent protein detection over the course of infection (Figure 1D) (23, 24).



111

 C—
—
A Cell Microgel s S, 7 ATET,,
Encapsulation Formatlonf/ : \x‘ days [/ / \
\ ] \ J/
A /4 NG 4

S, HSV-1 0K15

=
@ Microgel In-Drop A
Encapsulation Infection Y =N
, & )
e \ \ /‘ /

YFP RFP

Figure 1: Experimental schematic for the encapsulation, growth, and infection of individual
neurons within microfluidic drops. (A) SCG neurons are suspended in liquid matrigel and
emulsified in fluorinated oil. The drops are incubated at 37 °C for 35 minutes to gel the
microgels. The gels and neurons are washed and placed in media for 7 days for neuronal
maturation. (B) After 7 days the neurons are coflow inoculated with viral inoculum and
emulsified in fluorinated oil. (C) To visualize infection dynamics and replication Kinetics, a dual-
fluorescent HSV-1 recombinant, OK-15, is employed. OK15 possesses a CMV-driven yellow
fluorescent protein (YFP) and a VP26-mCherry fusion (22). Detection of OK15-expressed YFP
reports onset of IE viral gene expression upon infection, and subsequent OK15-expressed
mCherry detection in the nucleus correlates with L gene expression and assembly. (D) Drops are
incubated in a dropspot chamber for 16 hpi and imaged for YFP and RFP.
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Single Cell Infection Outcomes of Vero Cells with HSV-1 OK15

To understand the potential interactions between cells, microgels, and viruses, we studied
HSV-1 infection of Vero cells in microgels. Vero cells are an epithelial cell line that is highly
susceptible and permissive to HSV-1 infections and has been conventionally used to propagate
and study HSV-1 infection in vitro (2).

We first evaluated whether the location of the cell in relation to the microgel alters the
likelihood of a cell becoming infected. Vero cells were either grown within microgels, on
microgels, or placed in suspension prior to being inoculated with virus at 10 pfu/drop using a co-
flow microfluidic device (Figure 2A). To visualize virus infection in Vero cells, we used OK15-
expressed YFP detection as our reporter infection (22). Vero cells suspended in drops show 50.0
+ 3.7 % YFP positive detection at 16 hpi (Figure 2Bi and 2D). Vero cells seeded onto
prefabricated microgels and allowed to adhere for 4 hours prior to inoculation in drops show 76.8
+ 5.0% YFP positive detection at 16 hpi (Figure 2Bii and 2D, Sl Figure 1). Vero cells embedded
within microgels show only 1.7 + 1.4% YFP positive detection at 16 hpi. (Figure 2Ci-ii and 2D).
Interestingly, the cells that did express YFP were all found at the edge of the microgel, a random
event from the drop making process. No cells enclosed within the microgel expressed YFP

(Figure 2Ci-ii).
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Figure 2: (A) Schematic of experimental design for Vero cell infections. (B) Representative
images of infected Vero cells (i) in suspension and (ii) on microgels. Scale bar is 50 um (C)
Representative images of Vero cells in microgels (i) near the middle of the gel (ii) and near the
surface. Scale bar is 25 um. (D) Bar graphs of the percentage of YFP positive cells from Vero
cells which were suspended in media, seeded onto matrigel microgels, or encapsulated inside of
microgels. Cells were individually infected with HSV-1 OK15 within microfluidic drops at a
virus concentration of 10 PFU/drop. All comparisons are significantly different (multiple
comparison pairwise t-test, in microgels-suspension, p = 9.3 x 10°%; in microgels-on microgels, p
= 7.8 x 10°7; suspension-on microgels, p= 2.7 x 10*)(N = 3 replicates; In microgels, Naverage =
162 cells; On microgels, Naverage = 224; Suspension, Naverage= 329) . (E) Bar graphs of the
percentage of YFP positive cells from Vero cells which were seeded onto matrigel microgels.
Cells were individually infected with HSV-1 OK15 within microfluidic drops at virus
concentrations of 1, 10, and 100 PFU/drop. As inoculating dose increased, the percentage of cells
where YFP was detected increased. This trend was statistically significant (One-way ANOVA p
= 1.3 x 10°)(N = 3 replicates; 1 PFU/drop, Naverage = 303 cells; 10 PFU/drop, Naverage = 224 ; 100
PFU/drop, Naverage = 179).



114

We hypothesize that the comparatively large number of Vero cells embedded in
microgels without detectable YFP is due to the inability of virions to penetrate/diffuse through
Matrigel (25, 26). While Matrigel is a porous material, the pore size is approximately 150 nm,
nearly the same size as the 150-250 nm diameter HSV-1 virion (27). To test our hypothesis that
HSV-1 diffusion through Matrigel is limited, the interaction between VP26-mCherry labeled
virions and Matrigel was observed on a confocal microscope. Over 1.5h, we observed no HSV-1
virions diffusing past the interface of the Matrigel (SI Figure 2). Additionally, we saw no
accumulation of virions at the interface indicating that the HSV-1 particles were not adhering to
or penetrating the gel and becoming immobilized (S1 Figure 2). This demonstrates that HSV-1
virions do not diffuse through the Matrigel. Thus, only cells which are located near or on the
surface of Matrigel microgels are accessible to HSV-1 infection.

After making these observations, we further characterized the co-flow inoculation system
in HSV-1 OK15 infection of Vero cells cultured on the surface of microgels. Cells were
inoculated with doses ranging from 1, 10, and 100 pfu/drop. As inoculating dose increased, the
percentage of cells where YFP was detected increased from 45.2 + 4.1% at 1 pfu/drop to 76.8 £
5.0% at 10 pfu/drop and 95.2 + 2.2% at 100 pfu/drop (Figure 2E). These changes were
statistically significant (p = 1.3 x 10 df = 8), as tested by one-way ANOVA. This observation is
consistent with the expectations that increasing inoculating dose leads to greater extents of
infection (28).

These above results show that microgels provide a 3-D scaffold which can be used to
culture and infect adherent cell lines in DBM-based assays. In comparison to embedded cells,

Vero cells cultured on the microgel have increased accessibility to HSV-1 infection and yield the
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highest percentage of detected infection. Cells that are not on the surface of the microgels were
unlikely to become infected with HSV-1 as the virions do not diffuse through Matrigel. The
reduced infection observed in suspended Vero cells is hypothesized to be caused by changes in

either cellular susceptibility or permissiveness to HSV-1 infection.

Growth of Single Mouse Superior Cervical Ganglia Neurons in Microgels

Using the system developed above, we then employed our 3-D microgel culturing system
for the in vitro growth and development of single primary mouse Superior Cervical Ganglia
(SCG) neurons. In contrast to adherent epithelial cells like Vero, dissociated SCG neurons
require structural support to promote neurite development and growth during microfluidic
manipulation. Neurites, including axons and dendrites, are critical to neuronal homeostasis,
metabolic regulation, and synaptic signaling (17, 29). To support neurite development, SCG
neurons were embedded in Matrigel microgels using DBM (Figure 3A). Following Matrigel-

embedding, cultured neurons matured over seven days (Figure 3A).
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Figure 3: (A) Schematic of experimental design for SCG maturation and infection. (B) A
representative image of a live SCG neuron grown in a microgel and stained with Calcien AM.
False colored blue. Scale bar is 50 um. (C) A SCG neuron grown in a Matrigel microgel for 7
days and labeled using immunofluorescence for phosphorylated neuro-filament H (Red) and
Nuclei (Blue). The white arrows denote residual oil from drop making. Scale bar is 50 um. (D) A
representative image of an SCG neuron infected in a microfluidic drop with HSV-1 OK15 after
breaking the emulsion for improved imaging. The dashed white circle outlines the microgel.
Scale bar is 50 um (E) Bar graphs of the percentage of YFP positive cells after infecting isolated
SCG neurons in drops with HSV-1 OK15 at 1, 10, and 100 PFU/drop. Inoculating dose
significantly impacted YFP detection (1-Way ANOVA p = 5.9 x 10%)(N = 3 replicates; 1
PFU/dI’Op, Naverage = 183 cells; 10 PFU/dfOp, Naverage = 164 : 100 PFU/dfOp, Naverage = 128).

After seven days in culture, the neuronal somas migrated to peripheral regions of the
microgels and robust neurites were detected within or on the external curvature of the microgels
(Figure 3B). To confirm that the embedded neurons reached physiological maturity, we

performed immunofluorescence staining for phosphorylated neuro-filament H (N-F), an axonal

protein indicating neuronal maturity. Robust N-F signal was detectable in the axons of SCG
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neurons grown in Matrigel microgels (Figure 3C). These results indicate that microgels provide

an adequate growth environment for individual neurons to grow and mature.

Single-cell Infection of SCG Neurons

Following seven days of culturing primary SCG neurons in microgels, we investigated
the capacity for single-cell HSV-1 OK15 infection. Embedded neurons were infected in drops
with inoculating doses of 1, 10, or 100 pfu/drop and imaged for YFP detection (Figure 3A). At
16 hpi, SCG neurons demonstrated YFP detection (Figure 3D, Sl Figure 3). At the lowest viral
concentration, 1 pfu/drop, 37.3 = 6.3% of SCG neurons expressed YFP 16hpi (Figure 3E). At the
same time point, SCG neurons infected at 10 and 100 pfu/drop saw much higher percentages of
infection with 61.6 £ 2.5 and 72.2 + 6.6% of YFP detected in cells, respectively (Figure 3E). To
assess if inoculating dose determines YFP positivity, we performed a one-way ANOVA and
found that inoculating dose significantly impacted YFP detection across 1, 10 and 100 pfu/drop
inoculations (p = 5.9 x 10 df = 8). Our results demonstrate that primary SCG neurons cultured
in microgels and infected in microfluidic drops are susceptible to HSV-1 infection and support

viral gene expression as reported by YFP detection.

Timing and Outcomes of Viral Gene Expression in Individual SCG
Neurons

Here, we sought to observe viral gene expression kinetics in single neurons through
detection of YFP for IE gene expression and RFP for L gene expression. To monitor and
quantify the timing of viral gene expression of single neurons infected with HSV-1 OK15,
mature Matrigel-embedded neurons were encapsulated with viral inoculum and applied to a

microfluidic chamber, termed a drop-spot (Figure 4A). The drop-spot immobilizes drops and
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allows temporal tracking and fluorescence quantification of single-cells (23). Images of infected
neurons were acquired every 15 minutes for 16 hours, with image acquisition starting within 1
hour post droplet inoculation (Ohpi) (Figure 4B). The timing of FP detection is determined by the

time at which the fluorescent pixel intensity passes the background threshold value (Figure 4C).
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Figure 4: (A) Schematic of experimental design for temporal tracking of YFP and RFP (B)
Representative images of an infected neuron expressing YFP and RFP in a dropspot chamber.
Scale bar is 50 um. (C) Representative YFP (green circles) and RFP (red circles) intensities
measured from the cell in ‘B’ plotted with the threshold of YFP (green) and RFP (red) detection.
(D) Timing of YFP and RFP expression in individual neurons plotted with the mean and
standard deviation. Timing of YFP detection decreased with increased inoculating dose (1-way
ANOVA p =1.1x107). (E) YFP vs RFP expression timing in individual neurons. (1 PFU/drop -
blue X, 10 PFU/drop - purple star, 100 pfu/drop - black circle) (Linear regression trrp+ = 6.6 +
tvep+ p =0.002 R% = 0.23). (F) YFP expression timing in neurons which did not express RFP. (1
PFU/drop - blue X, 10 PFU/drop - purple star, 100 pfu/drop - black circle).

To understand how inoculating dose impacts detection of HSV-1 IE and L fluorescent

proteins in single neurons, Matrigel-embedded neurons were infected at 1, 10, and 100 pfu/drop



120
and imaged in the drop-spot for 16 hours. Neurons infected at 1 pfu/drop saw an onset of YFP
detection at 4.9 £ 2.0 hpi (Figure 4D). Neurons infected at 10 pfu/drop saw an onset of YFP
detection at 5.5 £ 2.8 hpi (Figure 4D). Neurons infected at 100 pfu/drop had the earliest onset of
YFP detection 3.3 + 1.7 hpi (Figure 4D). From a 1-Way ANOVA we found that timing of YFP
detection decreased with increased inoculating dose (p = 1.1 x 10” df = 166) (Figure 4D)
demonstrating that inoculating dose significantly impacts the onset of HSV-1 gene expression in
single neurons.

Neurons were further monitored for RFP detection and we saw that only 2.6 and 6.5% of
YFP positive cells become YFP and RFP positive at 1 and 10 pfu/drop respectively (Figure 4D).
However, neurons infected at 100 pfu/drop resulted in much higher rates with 55.7 % of YFP
positive cells becoming YFP and RFP positive by 16hpi (Flgure 4D). The average timing of RFP
detection in cells infected at 100 PFU/drop was 9.4 + 2.5 hpi (Flgure 4D). This demonstrates that
in our single-neuron DBM culturing and infection system, we can observe dose-dependent
progression of HSV-1 infection in real time.

From our time-lapse data, we can calculate the timing between YFP and RFP detection of
single neurons. At 100 PFU/drop we observed an average time between YFP and RFP detection
of 6.6 £ 2.2 hours (Figure 4E). To understand if timing of YFP detection effects the timing of
RFP detection we implemented a linear regression model which predicts that single neurons will
become detectably RFP positive 6.6 + 1.8 h after onset of YFP detection ( trrp+ = 6.6 + tyrp+ p
=0.002). However, correlation between YFP detection and conversion to YFP/RFP detection was

poor (R? = 0.23) indicating that timing of YFP detection is a poor indicator for the timing of RFP
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detection. Furthermore, the onset of YFP detection in cells that did not express detectable RFP
was found in the range of 1.25 - 16 hpi (Figure 4F)

To assess the utility of this system in the conventional Vero cell line, we monitored and
quantified the timing of viral gene expression of single Vero cells infected with HSV-1 OK15.
Similarly as above, Vero cells were cultured on microgels, encapsulated with viral inoculum and
then applied to the drop-spot. We see similar trends that were observed in single neurons in
single Vero cells. From a 1-Way ANOVA we found that timing of YFP detection decreased with
increased inoculating dose in single vero cells (p = 1.9 x 10 df = 649) (SI Figure 4A). Similar
to neurons, 1.9 and 4.6% of YFP positive vero cells became YFP/RFP positive at 1 and 10
pfu/drop while 64.2% of YFP positive vero cells became YFP/RFP positive at 100 pfu/drop (SI
Figure 4A). These experiments affirm the use of DBM culturing and live-cell tracking of HSV-1
across different cell types susceptible to HSV-1 infection.

In total, we demonstrate the use of HSV-1 OK15 to observe progression of HSV-1
infection at the single-cell level in Vero cells and primary SCG neurons. We find that inoculating
dose influences progression of HSV-1 infection. Specifically, at higher inoculating doses, cells

are YFP positive earlier and are more likely to become YFP and RFP positive.

Discussion

We employed a drop-based microfluidic (DBM) approach to isolate, culture and infect
epithelial cells and primary neurons with HSV-1. We utilized Matrigel microgels to enable
culturing, development, and maturation of primary neurons and adherent epithelial cells. We
then encapsulated individually grown cells with viral inoculum, using a microfluidic co-flow

device, enabling isolation and manipulation of individually-infected cells for downstream assays.
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In total, we achieved single-cell infection in a system that enables real time analysis of HSV-1
infection kinetics and outcome at the single-cell level.

The aqueous drops employed in typical DBM lack a solid scaffold for cells to adhere,
grow and mature. Specifically, primary neurons require a solid substrate that supports neurite
development and growth, limiting their usability in an aqueous drop environment. We embedded
primary SCG neurons in Matrigel microgels to culture neurons in a system that provides a solid
scaffold for individual neuronal differentiation and is compatible with DBM. When embedded in
Matrigel microgels and cultured for 7 days, we saw that SCG neurons grew robust neuronal
extensions which followed the external curvature of the microgels. By immunofluorescence
imaging of phosphorylated-neurofilament H, SCG neuron maturation and axonal development is
achieved by 7 days in culture. This technology develops a high throughput method of culturing
single-neuron useful for applications of neurobiology. These results are consistent with other
applications of microgels to various cell types where microgels provide a scaffold for the
differentiation of primary cells (18, 19).

As the infected neuron is a focal point of HSV-1 persistence, morbidity and mortality, it
is important to understand how HSV-1 infection progresses in primary neurons (2). We achieved
72.2 £ 6.6% infection of individual neurons grown in microgels when inoculated at 100
PFU/drop, with 55.7% of infected neurons achieving RFP positivity by 16 hpi. Recent single-cell
transcriptomic work has captured heterogeneity in HSV-1 infection of neurons, highlighting the
diversity in cellular state that yields a myriad of infection phenotypes at a single time point (3,
30). Our system enables visualization of single neuron infection throughout HSV-1 replication.

We captured a wide distribution of onset of YFP detection in single-neurons, ranging from 1.25-
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16 hpi and saw that at higher inoculating doses YFP was detectable earlier. This could be the
result of distal axonal HSV-1 entry of the single neuron, or alternatively, a heterogeneous
establishment of infection. Similarly, we observed large differences in the time it takes a YFP
positive cell to become RFP positive. These results support the interpretation that HSV-1
infection of neurons proceeds in a kinetically diverse manner. Our data also shows that all RFP
positive were detectably YFP positive before 6 hpi. These observations suggest that a sub-
population of infected neurons becomes ‘stalled’ in that viral gene expression has begun, but
replication is not achieved.

We are the first to demonstrate in-drop infection of single primary neurons cultured in
Matrigel-microgels. To further understand the complexities of the microgel in-drop infection
system, we investigated the spatial impact between the microgel, the susceptible cell and viral
inoculum. We hypothesized that cells cultured within the microgel were inaccessible to infection,
as reported by minimal YFP detection at 10 PFU/drop. Our particle-diffusion data demonstrates
no virion diffusion through the Matrigel interface. However, cells cultured on the surface of the
microgel were found to be accessible to HSV-1 and achieved a maximum of 95.2 + 2.2%
infection, suggesting that epithelial cells cultured in-microgel are limited in their spatial
accessibility to HSV-1 infection.

Traditional approaches to DBM cell culturing do not employ a surface for cellular
adhesion in-drop relying on suspension cells to study viral infection and replication (4, 31, 32).
To further investigate the benefits of microgels in a drop-based infection system, we sought to

assess suspension-cell infection in our system. We observed an approximate 35% reduction in
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infection when cells were cultured in suspension compared to on microgels, further supporting
our approach of on-microgel culturing of epithelial cells in a DBM infection system.

We developed a drop-based microfluidic system that supports the growth and maturation
of single primary neurons and epithelial cells. We utilized a co-flow inoculation approach that
enables infection and real-time observation of single-cells through the progression of HSV-1
replication. From growth to viral replication, this work utilizes single-cells isolated via drop-
based microfluidics. Our DBM-based single-cell approach captures discrete events of
heterogeneity within a population that would be missed by single-cell analysis of bulk culturing
(4). The resolution that this approach yields will develop critical insights into underrepresented
variables relevant to HSV-1 infection, such as the cryptic cellular and viral factors contributing
to the suppression of viral gene expression necessary to establish the latent infection of neurons.

While we apply microgels to the study of HSV-1, this technique can be further applied to
other viruses and cell types and has the unique capability to advance single-cell neurobiology by
giving a high throughput method for culturing individual primary neurons in a highly
reproducible manner. The system is amenable to downstream processing of the drops for assays
such as single-cell RNA-sequencing, but provides the advantage of analyzing individually-grown

and infected cells (4).

Materials and Methods

Vero Cell Culture

Vero cells purchased from ATCC were maintained and subcultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (v/v) and 1%

penicillin/streptomycin in 5% CO2 at 37 °C.
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Mouse Superior Cervical Ganglia Neuron Dissociation

Mouse Superior Cervical Ganglia (SCG) were excised from embryos at 14 days post
gestation from pregnant C57BI/6 mice. All protocols for isolating SCGs were approved by the
Institutional Animal Care and Use Committee (protocol 2022-52-1A) at Montana State
University. Briefly, Isolated SCGs were washed with HBSS and resuspended in 0.25 mg/mL
trypsin in HBSS for dissociation, and incubated for 15 minutes in a 37 °C water bath. Tripsinized
SCGs were centrifuged and resuspended in 1 mg/mL trypsin inhibitor (Gibco 9035-81-8) in
HBSS, then incubated for 5 minutes in a 37 °C water bath. Next, SCGs were centrifuged and
resuspended in complete neurobasal and dissociated by trituration using a 5 mL pasteur pipette

(33).

Herpes Simplex Virus-Type 1 OK15 Characterization and Production

HSV-1 OK15 was constructed, isolated and characterized as previously described (OK15
publication). OK15 viral stock was produced by propagation in ATCC vero cells, and viral stock

titer was determined by plaque assay on ATCC vero cells.

Microfluidic Device Fabrication

Negative master molds for the microfluidic devices were prepared using standard
photolithography techniques (34). Negative master molds were made with Nano SU-8-100
photoresist (Microchem, Round Rock, TX, USA) on 3 silicon wafers (University Wafer Inc.,
Boston, MA, USA University Wafer ID: 447). The microgel drop-maker and the suspension cell
coflow inoculating device were fabricated to be 100 pum tall. The co-flow microgel inoculating
drop-maker and the dropspot chambers were fabricated to be 150 um tall. Devices were

fabricated using standard soft lithography techniques (34). Devices were treated with
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(tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (1 v/v%) (Gelest) in a fluorinated oil

NOVEC HFE 7500 (3M, Saint Paul, MN, USA) and left for solvent evaporation at 55 °C.

Microgel Production and Cell Encapsulation/Seeding

Matrigel microgels were produced through drop-based microfluidics using previously
established protocols (35). Briefly, liquid Matrigel at 4°C and 1.5% w/w RAN (008-
Fluorosurfactant, RAN Biotechnologies, MA, US) in HFE 7500 were loaded into luer lock
syringes and injected into the 100 um drop-maker using syringe pumps. The flow rates used
were Qmatrigel = 100 puL/h and Qunre = 900 uL/h. All equipment and reagents were placed into a
fridge at 4 °C to keep the matrigel from gelling prematurely. Drops were collected in
microcentrifuge tubes and incubated at 37 °C for 35 min to gel the drops. The resulting
microgels were washed with equal volumes of 1H,1H,2H,2H-Perfluoro-octanal (PFO) - HFE
7500 (20% v/v) and PBS to drops. The cleaned microgels were then collected in PBS.

In experiments where Vero cells or dissociated SCG neurons were encapsulated in

microgels, cells were suspended in the liquid Matrigel at 1>X10° cells/mLmatrigel prior to drop

making. After the resulting microgels were collected in PBS they were placed in well plates with
the appropriate growth medium. Vero cells were maintained in DMEM - 10% FBS - 1%
penicillin/streptomycin in 5% CO2 at 37 °C for 4 h before experimentation. SCG neurons were
grown in complete neurobasal composed of Gibco neurobasal, 1X B27, 60ng/mL 2.5S NGF and
1% penicillin/streptomycin + glutamate in 5% CO2 at 37 °C for 7 days prior to experimentation
to allow maturation and neurite growth. 24 h after encapsulation, SCGs were supplemented with
1uM Cytosine-B-D arabinofuranoside (Sigma C6645), a cytostatic DNA polymerase inhibitor

that is cytolethal to dividing, non-neuronal cells.
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In experiments where Vero cells were seeded onto the microgels, empty microgels were
mixed with 1X108 cells/mLwmatigel in @ well plate. Cells were allowed to adhere for 4 h prior to

experimentation.

Immunofluorescence Staining and Imaging

After 7 days in culture, neurons grown in microgels were collected in microcentrifuge
tubes and washed with PBS. Cells were fixed with 1% glutaraldehyde for 1 min and washed 3X
with PBS. Cells were blocked with 2% BSA /PBS at room temperature for 1 h and then washed
3X with PBS. Cells were permeabilized with 0.1% Triton-X / 0.125% BSA / PBS and then
washed 3X with 0.125% BSA/PBS. The primary Antibody, anti-Phosphorylated Neurofilament
H (NF-H) (BioLegend) was added at 5 pg/mL, incubated at room temperature overnight and then
washed 3X in 0.125% BSA/PBS. The secondary antibody, Goat anti Mouse 1gG (H+L), DyLight
550 (#84540 Thermo Fisher) and Hoechst 33342 Solution (ThermoFisher Scientific, USA) were
added at 5 pg/mL and 20 pg/mL respectively for 1 h at 37 °C and then washed 3X with 0.125%

BSA/PBS .
Cells and microgels were loaded onto glass slides and imaged on a custom built Nikon

TI2 epi-fluorescent microscope. Cells were imaged in Phase Contrast/DAPI/RFP.

In-Drop Infection Procedures

Cells were infected in drops using drop-based microfluidics.

To infect cells seeded onto or cultured in microgels, microgels were collected from well
plates and pelleted by centrifuging the microgels at 200 Xg for 1 min. The pelleted microgels

were loaded into luer lock syringes.
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HSV-1 OK15 was diluted into the appropriate media. For Vero infections, HSV-1 OK15
was diluted in DMEM - 10% FBS - 1% penicillin/streptomycin. For SCG infections HSV-1
OK15 was diluted in complete neurobasal composed of Gibco neurobasal, 1X B27, 60ng/mL

2.5S NGF and 1% penicillin/streptomycin + glutamate. HSV-1 OK15 was diluted at
concentrations of 1.1 X 10°, 1.1 X 107 and 1.1 X 108 pfu/mL resulting in inoculating conditions

of 1, 10 and 100 pfu/drop respectively. The virus solutions were loaded into individual luer lock
syringes. 1.5% RAN in HFE was prepared and loaded into a luer lock syringe.
The three syringes were loaded onto syringe pumps and injected into the appropriate inlet
channels of the microfluidic co-flow microgel inoculation device. Flow rates were Qure = 2500
uL/h, and Qmatrigei= Qvrius = 250 pL/h. Drops were collected into microcentrifuge tubes and either
placed in an incubator at 37 °C for end-point imaging or injected into dropspot chambers for
time-lapse imaging.

To infect Vero cells suspended in media, Vero cells were removed from subculture using

Trypsin - EDTA and washed in PBS. Cells were suspended in DMEM - 10% FBS - 1%

penicillin/streptomycin at 1X10° cells/mL and loaded into a luer lock syringe. HSV-1 OK15 was

diluted into DMEM - 10% FBS - 1% penicillin/streptomycin at a concentration of 3.8 X 107

pfu/mL resulting in an inoculating condition of 10 pfu/drop. The virus solution was loaded into
an individual luer lock syringe. 1.5% RAN in HFE was prepared and loaded into a luer lock
syringe. The three syringes were loaded onto syringe pumps and injected into the appropriate
inlet channels of the co-flow suspension cell inoculating drop-maker. Flow rates were Qure =
2000 pL/h, and Qcells= Qwvrius = 250 uL/h. Drops were collected into microcentrifuge tubes and

placed in an incubator at 37 °C for end-point imaging.
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End-Point Imaging of Inoculated Cells

To visualize in-drop infection, drops were loaded into capillary tubes and imaged on a
custom built Nikon TI12 epi-fluorescent microscope. Cells were imaged in Phase
Contrast/FITC/TRITC.

To quantify the percentage of infected cells at16 hpi, the drops containing infected cells
were broken using 20% v/v PFO-HFE. Breaking the emulsion allowed for easier visualization
and quantification of cells. The broken supernatant containing infected cells was pipetted onto a
PTFE printed microscope slide and imaged on a custom built Nikon TI2 epi-fluorescent

microscope. Cells were imaged in Phase Contrast/FITC/TRITC.

Time-Lapse Imaging of Inoculated Cells

To track the progression of single cells from YFP negative to YFP positive and then YFP
and RFP positive, drops containing infected cells were loaded into dropspot devices with
modified aluminum capsules (23). The capsules were placed in a microscope stage top
incubation chamber (OKOlab) at 37 °C. Using custom built Nikon T12 microscopes, images in
Phase Contrast/ YFP/RFP were taken every 15 min for 16 h. Tile scans of each chamber were
taken to capture as many cells as possible. Image acquisition began within 1 hour post

inoculation.

HSV-1 Diffusion with Matrigel Experiments

To evaluate HSV-1 OK15 diffusion through Matrigel, a time-lapse imaging series of
virions interacting with the Matrigel interface was performed via inverted laser scanning
confocal microscopy (iICLSM) (Stellaris DMI8, Leica.) Matrigel (20 ul) was pipetted onto a 35

mm glass-bottom dish (MatTek) and gelled at 37 °C, forming a hemisphere of solid gel on the



130
glass surface. PBS was added to the glass-bottom dish to submerge the Matrigel. The PBS and
Matrigel containing dish was placed on the microscope stage, and a time-lapse imaging series
(XYT) was initiated, with the focal point centered on the Matrigel-PBS interface. At time=0,
HSV-1 OK15 at 1 X 108 pfu/mL was added to the dish. Images were acquired at 63X every 10
min for 90 min in two channels: a transmitted light channel (brightfield) and a fluorescence

channel (mMRFP).

Data Analysis and Statistics

Percentage of YFP Positive Cells. To quantify the percentage of YFP positive cells, end-

point images were analyzed using Fiji ImageJ (36). Cells were found in brightfield. The
background intensity of the YFP channel was subtracted from the image and the percentage of
YFP positive cells was quantified. Experiments were repeated 3 times (N=3). Cell counts for
Vero cells embedded in microgels ranged from 79 -280 cells/ replicate. Cell counts for Vero cells
grown on microgels ranged from 165 - 390 cells/ replicate. Cell counts for Vero cells in
suspension ranged from 228 - 456 cells/ replicate. Cell counts for SCG neurons ranged from 84 -

209 cells/ replicate.

Timing of YFP and RFP Detection. To quantify timing of YFP and RFP detection, time-

lapse images were analyzed using Fiji ImageJ (36). Cells were difficult to identify in brightfield
so cells were identified by finding YFP positive cells at 16 hpi. Once located, a 30 um diameter
circular region of interest (ROI) was drawn around each individual cell. The maximum pixel
intensity in YFP and RFP for the ROI was then measured for each timeframe. The frame 1
maximum pixel intensity of each ROI was subtracted from the subsequent frames for that ROI.

The noise threshold was found to be 50 a.u. for YFP and 75 a.u. for RFP. The timing of YFP and
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RFP detection were defined as the first time frame the YFP and RFP pixel intensities in each
ROI were greater than the noise threshold for two consecutive frames. For SCG time-lapse
studies, experiments were repeated 3-4 (N=3-4) times with a total of 174 cells analyzed. For
Vero time-lapse studies experiments were repeated 4 times (N=4) with a total of 669 cells
analyzed.

1-Way ANOVAs and linear regressions were performed in Matlab.
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CHAPTER SIX

CONCLUSIONS AND OUTLOOK

Conclusions

The research presented in this thesis expanded the application of microgels in tissue
engineering. The work presented focused on two specific fields of tissue engineering: articular
cartilage and neural tissue engineering. Chapters 3 and 4 focused on applying alginate microgels
to chondrocytes and pericellular matrix formation. Chapter 5 focused on applying microgels to
neurons and HSV-1 infection dynamics.

In chapters 3 and 4, the capabilities of microgels to advance cartilage engineering and
enhance PCM formation from single chondrocytes grown in microgels were investigated. We
first showed that SW1353 chondrocytes grown in microgels showed excellent viability after ten
days in culture. We then examined the microgels' ability to induce PCM formation in
chondrocytes. Collagen V1 is a PCM-specific biomarker [1]. Upon immunofluorescence staining
for collagen VI, SW1353 cells and primary human chondrocytes both produced distinct collagen
VI PCM layers surrounding the cells over ten days in microgel culture. In addition, the PHCs
produced far more collagen VI than the SW1353 cells, which was expected due to the genomic
differences between the two cell types [2]. In comparison, when grown in monolayer, both cell
types produced minimal collagen VI, and what was produced had no PCM-like structure. These
results indicated that alginate microgel culture allowed for collagen VI-rich PCM formation.

After establishing that microgels promote PCM production, we presented a non-harmful

method to quantify matrix production in real-time. Many PCM and ECM proteins, such as most
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collagens, are auto-fluorescent upon UV and blue light exposure [3-5]. Upon exposure to a
405nm light source, both SW1353 cells and PHCs grown in monolayer showed no significant
change in auto-fluorescence intensity over ten days in culture. However, when grown in
microgels, both SW1353 cells and PHCs displayed a linear increase in auto-fluorescence signal.
The rate of change in auto-fluorescence signal was approximately 5 times greater in PHCs than
in SW1353 cells, reaching auto-fluorescence intensities of 1258 + 537 a.u. and 347 + 73 a.u.,
respectively. The auto-fluorescence imaging correlated with trends in collagen V1 staining. In
both imaging techniques, matrix production was minimal when cells were grown in monolayers
and significantly increased when grown in microgels. In both techniques, PHCs produced far
more matrix components than the SW1353 cells. In total, these two techniques demonstrated
how microgels induce the formation of PCM in chondrocytes.

Work in chapter 4 analyzed the mechanical properties of the PCM produced by
chondrocytes grown in alginate microgels through atomic force microscopy. PHCs were grown
in monolayers and alginate microgels for 10 days. On days 1, 6, and 10, cells were removed from
the microgels and monolayers using EDTA-sodium ascorbate and centrifuged into well-traps
developed using photolithography. The elastic moduli of the cells were then measured using
AFM. PHCs grown in monolayers showed a slight decrease in elastic modulus over the ten days
in culture, decreasing from 2.1 £ 0.7 kPa on day 1 to 0.7 £ 0.3 kPa on day 10. In contrast, PHCs
grown in microgels stiffened substantially over the ten days in culture. The elastic moduli of the
PCM of PHCs grown in microgels increased by 1.87 + 0.7 kPa/day, reaching a final average
elastic modulus of 22.4 + 2.5 kPa. For reference, in vivo PCM of PHCs has been measured at 25-

250 kPa [1,6-9]. The trends seen in the measurements of G' correlate nearly identically to the
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auto-fluorescence imaging of the PHCs, with both measurements linearly increasing when cells
were grown in microgels and both seeing negligible changes when cells were grown in
monolayers. Interestingly, when the elastic moduli data of cells grown in microgels were further
analyzed using a Gaussian mixture model, two distinct subpopulations of cells were found on
day 10 with means at 9 and 38 kPa. The first subpopulation, centered around 9 kPa, accounted
for 54% of the cells and only slightly stiffened compared to the PHCs on day 1, which had an
average elastic modulus of 5.2 = 1.0 kPa. The second subpopulation, centered around 38 kPa,
accounted for 46% of the cells and had a PCM elastic modulus similar to in vivo PCM. These
results indicated that approximately half of the cells produced far more matrix components than
the others. These differences may have been due to the cartilage zone of origin of the cells, but
more studies are necessary to elucidate the cause of these subpopulations.

Work in chapter 3 analyzed how microgels affected how chondrocytes respond to
physiological dynamic compression. Previous work has shown that dynamic compression is
beneficial to chondrocyte function [10]. SW1353 cells grown in microgels or monolayers for ten
days were embedded in high-stiffness agarose and compressed using a custom-built bioreactor.
The metabolites were extracted and analyzed using HPLC-MS. Interestingly, many pathways
relating to the ECM and PCM were up-regulated in cells grown in microgels undergoing
physiological dynamic compression. The data showed that arginine and proline metabolism were
up-regulated in compressed microgels. This pathway involves the biosynthesis and metabolism
of several amino acids, including arginine, ornithine, proline, citrulline, and glutamate.
Additionally, N-glycan biosynthesis was up-regulated in compressed microgels. Matrix

proteoglycans utilize N-glycans and provide much of the compressive strength of cartilage by
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regulating matrix hydration through interactions with water. The compressed microgels also
showed upregulation in glycine, serine, alanine, and threonine metabolism pathways. These
amino acids are also needed to synthesize PCM and ECM. Due to low HPC availability, the
metabolic studies were performed in SW1353 chondrosarcoma cells to optimize the
experimental system. Nonetheless, collagen formation observed around PHCs in the alginate
microgels yields promising data for future metabolomic studies using PHCs that will provide
exciting advances in single-cell chondrocyte microgels to advance osteoarthritis and tissue
engineering.

Chapters 3 and 4 demonstrated that alginate microgels provide an excellent growth
environment for chondrocytes, promote PCM formation, and alter the chondrocytes' metabolic
response to physiological dynamic compression. When grown in alginate microgels,
chondrocytes form a collagen VI-rich PCM that forms linearly over ten days. The PCM of the
chondrocytes stiffens dramatically over ten days, with approximately half of the cell reaching in
vivo G'. The developed PCM was found to alter the chondrocytes' metabolic response to
physiological dynamic compression. When embedded in a stiffer agarose gel, the cells with
developed PCM expressed higher levels of amino acid and central energy metabolism pathways.

Chapter 5 investigated the capabilities of microgels to advance neural tissue engineering
and HSV-1 studies. Through drop-based microfluidics, we sought to culture single neurons to
observe viral infection dynamics and outcomes in individual cells. The aqueous drops employed
in typical DBM lack a solid scaffold for cells to adhere, grow and mature. We first showed that
microgels are a suitable culture platform for mouse superior cervical ganglia neurons and Vero

cells. When embedded in Matrigel microgels and cultured for 7 days, we saw that SCG neurons
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grew robust neuronal extensions that followed the external curvature of the microgels. By
immunofluorescence imaging of phosphorylated-neurofilament H, SCG neuron maturation and
axonal development was achieved within 7 days in culture.

We then applied these microgel-embedded cells to the study of HSV-1. A dual-
fluorescent HSV-1 recombinant, OK-15, was employed to visualize infection dynamics and
replication kinetics. OK15 contains a CMV-driven yellow fluorescent protein (YFP) immediate-
early (IE) reporter and a VP26-RFP (red fluorescent protein) fusion late (L) reporter. The
detection of OK15-expressed YFP reported the onset of viral gene expression upon infection,
and subsequent OK15-expressed RFP demonstrated the expression of structural late genes and
the assembly of viral capsids. An early concern was how microgels and microgel-based cell
culturing influenced HSV-1 infections. To understand the potential interactions between cells,
microgels, and viruses, we explored HSV-1 infection of Vero cells in microgels. We first
evaluated whether the location of the cell in relation to the microgel altered the likelihood of a
cell becoming infected. Vero cells were either grown within microgels, on microgels, or
suspended before being inoculated with virus at 10 pfu/drop. We found that when Vero cells
were grown in microgels, the microgel inhibited infection with HSV-1 due to the size exclusion
of the virions. However, when Vero cells were cultured on microgels, the cells were found to be
highly permissible to infection. Additionally, Vero cells cultured on microgels expressed
detectable YFP at significantly higher rates than Vero cells in suspension. This difference was
hypothesized to result from cells maintaining critical morphological characteristics when
cultured on microgels that encourage cellular susceptibility and permittivity to viral infection and

replication. After making these observations, we further characterized HSV-1 OK15 infection of
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Vero cells cultured on the surface of microgels. Vero cells were inoculated with 1, 10, and 100
pfu/drop doses. As the inoculating dose increased, the percentage of YFP positive cells
increased, reaching a maximum of 95.2 + 2.2% at 100 pfu/drop. This observation was consistent
with the expectations of inoculation dose effects.

Using the system developed with Vero cells, we employed our 3-D microgel culturing
and infection system with SCG neurons. Embedded neurons were infected in drops with
inoculating doses of 1, 10, or 100 pfu/drop and as in Vero cells. As the inoculating dose
increased, the percentage of YFP positive cells increased, reaching a maximum of 72.2 £+ 6.6% at
100 pfu/drop.

HSV-1 gene expression progresses in a regimented cascade of three classes of viral genes
in the order of IE, E, and L genes [11]. Therefore, we sought to observe viral gene expression
Kinetics in single neurons infected with HSV-1 OK15. HSV-1 OK15 allows the observation of
viral gene expression in real-time by detection of YFP and RFP. Using the Dropspot imaging
platform, neurons were imaged for 16 hours, and HSV-1 OK15 expressed fluorescent proteins
were observable in real-time [12,13]. Furthermore, we found that the timing of YFP expression
decreased with increased inoculating dose demonstrating that inoculating dose significantly
impacted the onset of HSV-1 gene expression in single neurons. Neurons were further monitored
for RFP expression, and we found that minimal percentages of neurons expressed detectable RFP
at inoculating doses of 1 and 10 pfu/drop. However, at 100 pfu/drop, we saw that 55% of
neurons expressed detectable RFP. These results demonstrated that in our single-neuron DBM
culturing and infection system, we could observe the dose-dependent progression of HSV-1

infection in real-time. Additionally, using this system, we can temporally track the conversion of
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single neurons from YFP positive to YFP and RFP positive. When these temporal experiments
were repeated in Vero cells, we saw similar trends in single neurons as in single Vero cells.

Chapter 5 demonstrated the use of HSV-1 OK15 to observe the progression of HSV-1
infection in primary SCGs at the single-cell level and Vero cells. We developed a drop-based
microfluidic system that supports the growth and maturation of single primary neurons and
epithelial cells. We utilized a co-flow inoculation approach that enables infection and real-time
observation of single-cells through the progression of HSV-1 replication. From growth to viral
replication, this work utilizes single-cells isolated via drop-based microfluidics. Our DBM-based
single-cell approach captures discrete events of heterogeneity within a population that would be
missed by single-cell analysis of bulk culturing [14]. The resolution that this approach yields will
develop critical insights into underrepresented variables relevant to HSV-1 infection, such as the
cryptic cellular and viral factors contributing to the suppression of viral gene expression

necessary to establish the latent infection of neurons.

Outlook

The two projects presented in this thesis aimed to improve typical culture tissue
techniques by applying microgels. In addition, this thesis demonstrated the capabilities of
microgels to advance articular cartilage and neural tissue engineering. While these projects
specifically explored PCM formation in chondrocytes and HSV-1 infection dynamics in single
neurons, many more phenomena exist to study.

In chapters 3 and 4, we demonstrated the capabilities of microgels to advance articular
cartilage engineering. While we demonstrated that culturing chondrocytes in microgels induced

PCM formation, we did not investigate the effects of microgel culture on ECM production. The
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time frames of the experiments were 10 days in chapters 3 and 4. However, if the time frames of
the experiments were expanded to time frames up to 8-12 weeks, questions regarding ECM
production could also be answered. Further, over 8-12 weeks, the microgels could act as
individual cartilage units, and the ability of single chondrocytes to produce functional cartilage
could be investigated.

Chapter 3 investigated how PCM affects SW1353 cells' metabolic response to
physiological dynamic compression. SW1353 cells are one of the best cell lines for studying
chondrocytes; however, they do little to represent the metabolism of primary chondrocytes [2].
Repeating the dynamic compression studies with human primary chondrocytes would reveal new
insights into how PCM affects the metabolism of human primary chondrocytes.

In chapters 3 and 4, we showed that increases in auto-fluorescence of chondrocytes
correlated with matrix production. Microfluidics provides a unique platform to sort for the
brightest chondrocytes through fluorescence-activated droplet sorting [15,16]. Sorting for only
chondrocytes that produce the most matrix could help build better cartilage models and improve
tissue engineering techniques by only including the most active cells. Studying transcriptional
differences between the brightest and dimmest cells would be interesting. Why did some cells
produce incredibly stiff PCM while others did not in Chapter 4? Why do some cells produce
large amounts of matrix while others do not?

The work in chapters 3 and 4 demonstrated how microgels can advance regenerative
medicine techniques such as MACI. However, the studies do not examine whether the microgels
would be effective in in vivo models. Translation of the microgels to a mouse model would

provide insightful information on to what extend microgels could improve upon MACI. We
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hypothesize that growing primary chondrocytes in microgels would decrease recovery times in
MACI, but a direct comparison of MACI vs. microgels would be necessary.

In chapter 5, we used microgels and microfluidics as tools to grow and study neurons and
HSV-1. However, the applications investigated within the chapter are only the beginning of what
can be studied using these tools. For example, the single-neuron infection experiments can be
furthered to include studies of drug efficacy in single neurons. One of the most promising
outlooks for this work involves the phenomena of latency. Currently, the systems available to
study latency are limited in availability and throughput [17]. This system can potentially
establish a latent infection in tens of thousands of cells simultaneously, a feat not yet achieved.
However, this work did not establish if latent infections were occurring, and further work
involving single-cell transcriptomics to confirm the occurrence of latent infections in this system
is necessary. Additionally, the work presented here focused on HSV-1 studies specifically. Many
more viruses and cell types could be studied using the technology we developed here. For
example, human primary lung cells could be grown on microgels to study influenza or
coronaviruses.

The work presented in chapter 5 focused on applying singly grown neurons to HSV-1
studies. However, many more applications exist for these single neuron-microgel systems. For
example, microgels have been used in many 3-D fabrication techniques [18]. Including singly
grown neurons into these microgels could give researchers control over the directionality and

assembly of 3-D neural networks with precise control over cell density and location.
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In total, this work presented how microgels can be used as tools for human articular
cartilage and neural tissue engineering. The work presented here focused explicitly on PCM
formation in primary human chondrocytes and HSV-1 infection dynamics in mouse superior
cervical ganglia neurons. The tools developed here are far more broadly applicable than the
specific applications described. The tools developed can revolutionize many facets of cartilage

engineering, neural tissue engineering, and single-cell virology.
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APPENDIX A

SUPPLEMETANL INFORMATION FOR CHAPTER 3: METABOLOMIC PROFILING AND
MECHANOTRANSDUCTION OF SINGLE CHONDROCYTES ENCAPSUALTED IN

ALGINATE MICROGELS
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A SW1353 Monolayer, 50 ug/mL Ascorbate
Day0 Day 2 Day 4 Day 6 Day 8 Day 9

Brightfield

Fluorescent

SW1353 Monolayer, 0 pg/mL Ascorbate
Day 0 Day 2 Day 4 Day 6 Day 8 Day9
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Figure S1. Brightfield and fluorescence images of microgels without and with ascorbate of (A)
SW1353 cells grown on monolayers with 50 pug mL-1 ascorbate. Scale bar = 50 um (B) SW1353
cells grown on monolayers with 0 pg mL-1 ascorbate. Scale bar = 50 um (C) SW1353 cells
encapsulated in alginate microgels and cultured with 0 pug mL-1 ascorbate Scale bar =25 pum

Brightfield
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Figure S2. Storage (closed symbols) and loss (open symbols) moduli versus angular frequency, T
=25 °C, for 4.5% wi/w agarose (squares), 1.5% w/w alginate (circles), and 4.5% w/w agarose
with 20% v/v 1.5% wi/w alginate microgels (diamonds).
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Figure S3. Median metabolites across all experimental groups. Metabolite clusters (colored
boxes) were subjected to pathway enrichment analysis, but no significant pathways were found
after false discovery rate correction. ML (Monolayer), MG (Microgel), C (Compressed), UC
(Uncompressed), + (complete media supplemented with 50 pg mL-1 L-sodium ascorbate), -
(complete media lacking L-sodium ascorbate).
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Figure S4. Median metabolites across all experimental group. (A) Metabolite cluster 1 and (B)
cluster 2 from Sl figure 4 were further subjected to pathway enrichment analysis, but no
significant pathways were found after false discovery rate correction. ML (Monolayer), MG
(Microgel), C (Compressed), UC (Uncompressed), + (complete media supplemented with 50 pg
mL-1 L-sodium ascorbate), - (complete media lacking L-sodium ascorbate).
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Figure S5. Median metabolites across all experimental group. (A) Metabolite cluster 3 and (B)
cluster 4 from Sl Figure 4 were subjected to pathway enrichment analysis, but no significant
pathways were found after false discovery rate correction. ML (Monolayer), MG (Microgel), C
(Compressed), UC (Uncompressed), + (complete media supplemented with 50 ug mL-1 L-
sodium ascorbate), - (complete media lacking L-sodium ascorbate).
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Figure S6. Median metabolites across all experimental group. (A) Metabolite cluster 5 and (B)
cluster 6 from Sl Figure 4 were subjected to pathway enrichment analysis, but no significant
pathways were found after false discovery rate correction. ML (Monolayer), MG (Microgel), C
(Compressed), UC (Uncompressed), + (complete media supplemented with 50 pg mL-1 L-
sodium ascorbate), - (complete media lacking L-sodium ascorbate).
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Figure S7. Median metabolites across all experimental group. Metabolite cluster 7 from Sl
Figure 4 was subjected to pathway enrichment analysis, but no significant pathways were found
after false discovery rate correction. ML (Monolayer), MG (Microgel), C (Compressed), UC
(Uncompressed), + (complete media supplemented with 50 pg mL-1 L-sodium ascorbate), -
(complete media lacking L-sodium ascorbate).
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Compressed Monolayers Cultured without
Ascorbate

Starch and Sucrose Metabolism
Amino sugars Metabolism
Fatty Acid Oxidation
Mono-unsaturated Fatty Acid Beta Oxidation

Urea Cycle/Amino Group

Metabolism
Compressed Microgels
Cultured with Ascorbate Uncompressed Monolayers Cultured
Vitamin B6 (pyridoxine) Metabolism without Ascorbate
Histidine Metabolism Squalene and Cholesterol Biosynthesis
Arginine and Proline Metabolism Vitamin E Metabolism
Vitamin B5 — CoA Biosynthesis from Tryptophan Metabolism

Glycine, Serine Li ;
. 4 inoleate Metabolism
Pantothenate

Alanine, and Threonine Porphyrin Metabolism

Metabolism €21 Steroid Hormone

Butanoate Metabolism

N-Glycan Biosynthesis
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Saturated Fatty Acids Beta Oxidation
Androgen and Estrogen Biosynthesis and
Metabolism
Phytanic Acid Peroxisomal Oxidation
De Novo Fatty Acid Biosynthesis
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Figure S8. Venn diagram of significant pathways for each group
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w
Hydrogel [rad/s] G' [Pa] G" [Pa]
0.100 | 3.0E+04 + 2.9E+03 | 2.8E+03 + 2.4E+02
0.215 |[3.1E+04 + 2.7E+03 | 2.6E+03 + 2.4E+02
0.464 |3.2E+04 + 2.8E+03 | 2.4E+03 + 2.2E+02
1.000 | 3.2E+04 + 2.8E+03 | 2.3E+03 + 2.3E+02
4.5% w/w Agarose
2.154 |[3.3E+04 + 2.8E+03 | 2.3E+03 + 2.2E+02
4.642 | 3.4E+04 + 2.9E+03 | 2.2E+03 * 2.4E+02
10.000 | 3.5E+04 * 3.0E+03 | 2.2E+03 + 2.4E+02
21.544 | 3.6E+04 + 3.0E+03 | 2.2E+03 + 2.6E+02
0.100 | 6.5E+02 + 1.8E+02 | 4.1E+01 + 1.2E+01
0.215 | 6.5E+02 + 1.9E+02 | 3.6E+01 + 1.0E+01
0.464 |6.5E+02 + 1.9E+02 | 3.5E+01 + 9.8E+00
1.5 % wiw Alginate 1.000 | 6.6E+02 * 2.0E+02 | 3.4E+01 £ 9.3E+00
2.154 | 6.7E+02 + 2.0E+02 | 3.3E+01 + 8.5E+00
4642 |6.9E+02 + 2.0E+02 | 3.4E+01 + 9.2E+00
10.000 | 7.0E+02 + 2.1E+02 | 3.6E+01 £ 9.1E+00
21.544 | 7.4E4+02 + 2.1E+02 | 4.1E+01 + 8.6E+00
0.100 | 3.1E+04 + 2.7E+03 | 2.9E+03 + 1.6E+02
0.215 |[3.2E+04 + 2.8E+03 | 2.8E+03 + 2.3E+02
0.464 |[3.3E+04 + 2.7E+03 | 2.7E+03 + 1.6E+02
Agarose + 20% v/v 1.000 | 3.4E+04 + 2.7E+03 | 2.6E+03 + 1.0E+02
Alginate Microgels 2.154 | 3.4E+04 + 2.7E+03 | 2.7E+03 + 1.5E+02
4642 | 3.5E+04 + 2.7E+03 | 2.7E+03 * 1.1E+02
10.000 | 3.7E+04 * 2.7E+03 | 2.8E+03 + 5.9E+01
21.544 [ 3.8E+04 + 2.7E+03 | 2.9E+03 + 4.2E+01

Table S1. Elastic (G) and Storage (G ’’) moduli of 4.5% w/w agarose, 1.5% w/w alginate, and
4.5 % wiw agarose with 20% v/v 1.5% w/w alginate microgels for varying angular frequencies.
Rheology was performed on a TA Instruments AR-G2 rheometer with a parallel plate geometry.
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Cluster #2 — Compressed Monolayers Cultured without Ascorbate (Up-requlated)

metabolism

Gamma | Matched Metabolites

Starch and 0.0441 *Maltopentaose

Sucrose *D-Glucose

Metabolism
*D-Glucose
*Alpha-D-Glucose

Urea cycle/amino | 0.048281 | *Creatinine

group metabolism *L-Arginine
*2-(3-Carboxy-3-(methylammonio)propyl)-L-
histidine
*|_-Methionine — the 1%t amino group (essential)
*Creatine

Aminosugars 0.048739 | *Chitin

*(N-acetylneuraminosyl(a2-6)lactosamine)

*Phosphoenolpyruvic acid

Cluster #3 — Compressed Microgels Cultured with Ascorbate (Up-regulated)

Gamma

Matched Metabolites

Vitamin B6
(pyridoxine)

metabolism

0.035844

*Pyridoxamine

*Pyridoxine
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Urea cycle/amino | 0.036024 | *L-Proline
group metabolism *Hippuric acid
*Citrulline
*4-Acetamidobutanoic acid
*4-Aminobutyraldehyde
*N-Methylphenylethanolamine

*Norepinephrine

Histidine 0.036669 | *5-Formiminotetrahydrofolic acid

metabolism - L
*Methylimidazoleacetic acid

*Carnosine

Glycine, serine, 0.040908 | *Betaine

alanine and )
! *2-methylbutyrylglycine

threonine

metabolism *Isovalerylglycine
*L_-Allothreonine
*L_-Threonine

Arginine and 0.040908 | *L-Proline

Proline *Citrulline

Metabolism

*4-Acetamidobutanoic acid
*1-Pyrroline-2-carboxylic acid
*4-Aminobutyraldehyde

*D-Proline
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*Pyrroline hydroxycarboxylic acid

biosynthesis

Vitamin B5 - 0.045044 | *4-Phosphopantothenoylcysteine
CoA biosynthesis *Pantetheine

from pantothenate

Butanoate 0.045044 | *2-Keto-6-acetamidocaproate
metabolism *5-Aminopentanoic acid
Glutathione 0.045044 | *Pyroglutamic acid

Metabolism *gamma-Glutamylcysteine
N-Glycan 0.04861 | *Uridine diphosphategalactose

*Uridine diphosphate glucose
*N,N'-Diacetylchitobiosyldiphosphodolichol

*Dolichol-20

Cluster #4 - Compressed Monolayers Cultured without Ascorbate (Up-requlated)

Gamma

Matched Metabolites

Fatty acid

oxidation

0.041484

*2,6 dimethylheptanoyl-CoA
*Gamma-linolenoyl-CoA
*4,8 dimethylnonanoyl-CoA
*Trans-Octadec-2-enoyl-CoA
* Hexadecenoyl-CoA

* Vaccenyl coenzyme A

*Qctadecenoyl-CoA
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Mono- 0.047503 | * 3-oxolaur-cis-5-enoyl-CoA

f .
unsaturated fatty *palmitoleoyl-CoA
acid beta-

oxidation

Cluster #6 - Uncompressed Monolayers Cultured without Ascorbate (Up-requlated)

Gamma | Matched Metabolites

Linoleate 0.033754 | *LysoPC(18:1(92))

’ o
metabolism *(11S)-11-Hydroperoxylinoleic acid

*9,10-12,13-diepoxy-octadecanoate

Squalene and 0.041083 | * 4,4-dimethylcholesta-8(9),14-dien-3beta-ol
cholesterol

*Presqualene diphosphate
biosynthesis

*4,4-Dimethyl-5a-cholesta-8,24-dien-3-b-ol

*Avenasterol

* Delta7-Avenasterol

Porphyrin 0.04495 | *Protoporphyrinogen IX
metabolism *Uroporphyrin |

*Uroporphyrin I
C21-steroid 0.04495 | *Cholesterol sulfate
hormone

*Estrone sulfate
biosynthesis and

metabolism
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Vitamin E 0.048938 | *Phenylacetaldehyde

metabolism
*9'-carboxy-alpha-chromanol

Tryptophan 0.052097 | *Cyclic 3-hydroxymelatonin
metabolism *6-Hydroxymelatonin
*Melatonin radical

*Tetrahydrobiopterin

Cluster #7 — Compressed Monolayers Cultured with and without Ascorbate (Up-requlated)

Gamma Matched Metabolites

Fatty Acid 0.011922 | *Tetradecanoyl-CoA
Metabolism *Palmityl-CoA
*(2E)-Dodecenoyl-CoA
*3-Oxotetradecanoyl-CoA

*3-dodecenoyl CoA

Saturated fatty 0.011922 | *Tetradecanoyl-CoA

acids beta- .
*Palmityl-CoA

oxidation
*(S)-3-Hydroxytetradecanoyl-CoA
*3-Oxotetradecanoyl-CoA
*(S)-3-Hydroxydodecanoyl-CoA

*(2E)-Dodecenoyl-CoA

Androgen and 0.017094 | *Estrone sulfate
estrogen




161

biosynthesis and

*Trypanothione disulfide

metabolism *17-beta-Estradiol-3-glucuronide
*Androstenedione
*Estrone glucuronide

Porphyrin 0.018407 | *Heme O

metabolism *Coproporphyrin |
*Protoporphyrinogen IX
*Coproporphyrin 111

C21-steroid 0.018407 | *Androst-4-ene-3,17-dione

hormone *Estrone-glucuronide

biosynthesis and

metabolism *Estrone sulfate
*Androstenedione
*17beta-estradiol 3-glucosiduronic acid

Phytanic acid 0.021904 | *Pristanoyl-CoA

peroxisomal *4,8,12-Trimethyltridecanoyl-CoA

oxidation
*3(S)-2-hydroxyphytanoyl-CoA
*(2R)-pristanoyl-CoA;
*(2S)-pristanoyl-CoA
*3(R)-hydroxy-pristanoyl-CoA

De novo fatty 0.023437 | *Palmityl-CoA

acid biosynthesis

*Linoleoyl-CoA
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*Tetradecanoyl-CoA,;
*Arachidonyl-CoA
*3-hydroxyoctadecanoyl-CoA
*3-hydroxytetracosanoyl-CoA
*3-hydroxyeicosanoyl-CoA
*3(S)-hydroxy-11-cis-eicosenoyl-CoA

*Trans,cis-2,11-eicosadienoyl-CoA

Glycine, serine, | 0.031029 | *Arachidonyl-CoA

alanine and *Creatine

threonine

metabolism *L-Allothreonine
*L-Threonine

R Group 0.033308 | *Palmityl-CoA

Synthesis *Tetradecanoyl-CoA

Butanoate 0.033308 | *2-Keto-6-acetamidocaproate

metabolism *5-Acetamidovalerate

Glutathione 0.033308 | *Pyroglutamic acid

Metabolism *Trypanothione disulfide

Vitamin B9 0.044339 | *10-formyltetrahydrofolate-[Glu](5)

(folate) *Tetrahydrofolyl-[Glu](n)

metabolism

Table S2. All significant pathways found and the corresponding gamma values and matched

metabolites.
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APPENDIX B

SUPPLEMETANL INFORMATION FOR CHAPTER 4: PERICEULLUAR MATRIX
FORMATION AND ATOMIC FORCE MICROSCOPY OF SINGLE PRIMARY HUMAN

CHONDROCYTES CULTRED IN ALGINATE MICROGELS
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Sl Figure 1: Auto-fluorescence imaging; Brightfield and fluorescence images (ex. 350/em. 470)
of PHCs encapsulated grown in monolayer and cultured for 10 days. Scale bar is 25 pm.
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Sl Figure 2: Auto-fluorescence imaging; Measured mean fluorescence intensities of imaged
PHCs and SW1353 cells over time with weighted multiple linear regressions. PHCs encapsulated
in microgels (blue triangles, solid line) and PHCs grown in monolayers (red triangle, dot-dash).
SW1353 cells encapsulated in microgels (blue circles, dashed) and SW1353 cells grown in
monolayers (red circles, dotted).
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Intracell G' CV vs Mean G'

Day 6
CV of G'

Day 10
CV of G'

Sl Figure 3: The average G’ for each cell plotted versus its CV for PHCs grown in microgels on
days 1, 6, and 10. Dashed lines represent fits from linear regressions. On day 1, intracell CV of
G’ did not correlate with each cell’s average G’ (p =0.57). On days 6 and 10, the intracell CV of
G’ was found to positively correlate with each cell’s average G’ (p = 0.018 and p = 0.000018).
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APPENDIX C

SUPPLEMETANL INFORMATION FOR CHAPTER 5: DROPLET BASED
MICROFLUIDICS FOR SINGLE NEURON GROWTH AND INFECTION WITH HERPES

SIMPLEX VIRUS -1
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Phase Contrast RFP YFP Merge

On Microgel

A

SI Figure 1: Representﬁve images of Vero cells infected in drop'dn‘Tni'crogels. White circles
denote the microgel. Scale bar is 50 um

T =50 min

5 pum

Sl Figure 2: To investigate if HSV-1 OK15 can diffuse through Matrigel, confocal time-lapse
imaging of virions (green) and Matrigel was performed. 20 pL of Matrigel was pipetted onto a
glass-bottom petri dish and gelled at 37 °C. The resulting Matrigel hemisphere was immersed in
PBS and the dish was placed onto the confocal microscope. The edge of the Matrigel was located
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in brightfield and HSV-1 OK15 at 1 X 108 pfu/mL was added to the dish. Images were acquired
at 63X every 10 min for 90 min in brightfield and mRFP (false colored green).

Phase Contrast

Sl Figure 3: A representative image of an SCG neuron infected in a microfluidic drop with HSV-
1 OK15 after breaking the emulsion for improved imaging. The white circle outlines the
microgel. Scale bar is 50 pm.
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Sl Figure 4: (A) Timing of YFP and RFP expression in individual Vero cells plotted with the
mean and standard deviation. Timing of YFP detection decreased with increased inoculating
dose (1-way ANOVA p = 1.9 x 10). (B) YFP vs RFP expression timing in individual Vero
cells. (1 PFU/drop - blue X, 10 PFU/drop - purple star, 100 pfu/drop - black circle) (Linear
regression trrp+ = 6.4 + 0.9X tyre+ p =1.1x 107 R?=0.22). (F)YFP expression timing in Vero
cells which did not express RFP. (1 PFU/drop - blue X, 10 PFU/drop - purple star, 100 pfu/drop -
black circle).
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Abstract

Matrigel is a polymeric extracellular matrix material produced by mouse cancer cells. Over the past
four decades, Matrigel has been shown to support a wide variety of two- and three-dimensional
cell and tissue culture applications including organoids. Despite widespread use, transport of

molecules, cells, and colloidal particles through Matrigel can be limited. These limitations restrict
cell growth, viability, and function and limit Matrigel applications. A strategy to improve transport
through a hydrogel without modifying the chemistry or composition of the gel is to physically
restructure the material into microscopic microgels and then pack them together to form a porous

material. These ‘granular” hydrogels have been created using a variety of synthetic hydrogels, but
granular hydrogels composed of Matrigel have not yet been reported. Here we present a
drop-based microfluidics approach for structuring Matrigel into a three-dimensional, mesoporous
material composed of packed Matrigel microgels, which we call granular Matrigel. We show that
restructuring Matrigel in this manner enhances the transport of colloidal particles and human
dendritic cells (DCs) through the gel while providing sufficient mechanical support for culture of
human gastric organoids (HGOs) and co-culture of human DCs with HGOs.

1. Introduction

Matrigel is a commercialized, protein-based extracel-
lular matrix (ECM) produced by Engelbreth-Holm—
Swarm mouse sarcoma cells which is widely used
for mammalian cell and tissue culture [1-3]. Matri-
gel contains many essential ECM components such
as collagen, laminin, entactin, the proteoglycan hep-
aran sulfate, and important growth factors which are
essential for cell growth and development [4, 5]. Mat-
rigel was first reported in 1975 [6], and, over the past
four decades, has been shown to support a wide vari-
ety of two- and three-dimensional culture applica-
tions, both in vitro and in vive [ 7-10].

Despite Matrigel’s widespread use, transport of
molecules, cells, and colloidal particles through Mat-
rigel can be limited [11-17]. Matrigel is a polymeric
hydrogel with a median pore size, £ a2 0.14 pum [18],

© 2022 IOP Publishing Ltd

which limits liquid flow; thus, transport of materi-
als through Matrigel occurs primarily by diffusion.
Molecules and colloids smaller than & diffuse freely,
unless they bind to the gel, while molecules and col-
loidal particles larger than £ are physically limited by
the gel. Living cells experience similar limitations in
Matrigel; although mammalian cells are larger than
&, some cells are able to actively migrate by deforming
or degrading the gel [19, 20], while others are physic-
ally limited by the gel [21, 22]. These transport limnit-
ations can restrict cell growth, viability, and function
and limit Matrigel applications [23, 24].

A strategy to address transport limitations within
a hydrogel, without modifying the chemistry or com-
position of the gel, is to physically restructure the
material to create mesoscale pores. ‘Granular’ hydro-
gels are created by dividing the bulk material into
small picoliter-scale volumes and then concentrating



IOP Publishing

174

Biomed. Mater. 17 (2022) 045020

the resulting microgel spheres to form a porous
material [25-27]. The interconnected, liquid-filled
pore space of granular hydrogels allows for free dif-
fusion of molecules and colloids, migration of cells,
and advective flow [28, 29]. In vitro and in vivo stud-
ies have shown that use of granular hydrogels as
scaffolds enables cell infiltration and tissue remod-
eling [27, 30-32]. Granular hydrogels have been cre-
ated using a variety of synthetic hydrogels, but gran-
ular hydrogels composed of Matrigel have not vet
been reported. Restructuring Matrigel in such a man-
ner would enhance transport without modifying the
composition or chemistry of the gel and would enable
a variety of new applications.

Here we present an approach for structuring Mat-
rigel into a three-dimensional, mesoporous mater-
ial composed of packed Matrigel microgels, which
we call granular Matrigel. We show that restructur-
ing Matrigel in this manner enhances the transport
of colloidal particles and human dendritic cells (DCs)
through the gel while providing sufficient mechanical
support for tissue culture. We concentrate the micro-
gels with centrifugation and use confocal microscopy
to characterize the structure and dynamics of gran-
ular Matrigel. We find that the microgels interact
attractively to form a dense granular gel. We find that
the granular Matrigel scaffolds allow for free diffusion
of colloidal microspheres and dramatically improved
migration of DCs, relative to bulk, non-porous Mat-
rigel, and demonstrate the capability of the scaffolds
for supporting the growth of human gastric organoids
(HGOs) over 19 days. To demonstrate the potential
utility of this material, we co-culture DCs and HGOs
in granular Matrigel.

2. Materials and methods

2.1. Microfluidic device fabrication

PDMS microfluidic flow-focusing drop makers [33]
were fabricated with standard photolithography tech-
niques [34]. SU-8 photoresist (Microchem SU-8 100,
Kayaku Advanced Materials Inc.) was patterned on
silicon wafers (ID No. 447, test grade, University
Wafer, MA, US) and polydimethylsiloxane (PDMS)
(Sylgard® 184, Sigma, MA, US) was poured at a 10:1
mass ratio of polymer to cross-linking agent onto
the patterned device master mold. Air was purged
from the uncured PDMS by placing the filled mold
in a vacuum chamber for at least 1 h. PDMS was
cured in an oven at 55 °C for 24 h and then removed
from the mold with a scalpel. Ports were punched
into the PDMS slab with a 0.75 mm diameter biopsy
punch (EMS Rapid-Core, Electron Microscopy Sci-
ences). The PDMS slab was bonded to a glass slide
(micro slides 48 382-179, VWR, PA, US) after plasma
treatment (Harrick Plasma PDC-001, NY, US) for
60 s at high power (30 W) and 700 mTorr oxygen pres-
sure. Devices were then made hydrophobic by flowing
Aquapel Glass treatment (Aquapel, PA, US) through
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the channels, followed by blowing the channels with
air filtered through a 0.2 pm filter (GVS ABLUO™
25 mm, Fisher Scientific, MA, US) before baking the
devices in an oven at 55 °C for 1 h.

2.2. Fabrication of Matrigel microgels

Matrigel drops of different sizes were fabricated
using the devices described above. Matrigel (Corn-
ing® Matrigel® Matrix, Corning, AZ, US) was
used as the drop phase, and a surfactant solution
made of 3 wt% RAN (Neat (un-dissolved) 008-
Fluorosurfactant, RAN Biotechnologies, MA, US) in
1-methoxyheptafluoropropane (HFE, Novec™ 7500
Engineered Fluid, Sigma, MA, US) was used as the
continuous phase. For drop creation, flow rates of
400 and 1200 (1l h™! were used for the Matrigel and
surfactant solution, respectively. The microfluidic
device and precursor materials were first allowed to
cool inside a 4 °C fridge to prevent the gelation of
Matrigel. Matrigel drops were gelled at 37 °C for
45-60 min to form Matrigel microgels. Afterward, a
2:1 volume ratio of phosphate buffered saline (PBS,
1X, MFCD00131855, Sigma, MA, US) was added to
Matrigel microgels. Matrigel microgels were washed
by adding 1:1 volume ratio of 20 v/v% 1 H,1 H,2 H,2
H-perfluoro-octanal (99%, PA, US) in HFE, centrifu-
ging at 100 g, and removing the oil phase. The wash-
ing process was repeated until no surfactant droplets
remained attached to Matrigel microgels. Matri-
gel microgels were imaged using an epi-fluorescent
microscope (Nikon TI-2, NY, US) and a 4x phase
contrast objective. To measure microgel size, image
analysis was performed using Image] [35]. For each
drop size, measurements were made on individual
Matrigel microgels (n 2 100). A high-speed camera
(1000 fps, Edgertronic™, CA, US) was used to image
Matrigel drop formation.

2.3. Two-step centrifugation of Matrigel microgels
To form granular Matrigel, microgels were packed
with a two-step centrifugation technique. To avoid
the accumulation of Matrigel microgels in one corner
of the container (384-well plate, flat bottom, tis-
sue culture treated, polystyrene, Eco-Sensa, NC, US),
the total volume of required Matrigel microgels was
divided in half and each half was sequentially cent-
rifuged in opposite directions by rotating the plate
inside the plate-holder of the centrifuge (Z 300 K
Universal Centrifuge, Hermle LaborTechnik GmbH,
Wehingen, Germany). This technique resulted in a
relatively homogenous granular Matrigel packing.
For example, to form granular Matrigel with thick-
ness of ~1600 pum in a 384-well plate, 50 ul PBS or
culture media was added in each well, and then 15 ul
of Matrigel microgel suspension (50 v/v% in PBS) was
added. The plate was centrifuged at 6 g for 155, 15 pl
of Matrigel microgel suspension was added, and then
the plate was centrifuged at 6 g for 15 s in the opposite
direction.
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2.4. Microscopy imaging

All confocal imaging was performed with a Leica SP5
inverted microscope. To visualize the 3D structure of
granular Matrigel, 2 v/v% of concanavalin A (Alexa
Fluor® 488 Con A, Molecular Probes Inc., OR, US)
was added into each well containing the granular
Matrigel, washed with PBS after one minute [36, 37],
and imaged using confocal microscopy.

2.5. Structural analysis of granular Matrigel

Effects of Matrigel microgel size and centrifugation
force on the packed structure of granular Matrigel
were investigated. Microgels of 100, 150, 200, and
250 pm diameter were fabricated and packed by cent-
rifugation at 6, 250, 500, 750, 1000, 2000, 3000 g
for 15 s, not including the acceleration and decel-
eration time. To observe the structure of granular
Matrigel, we imaged XY planes 300 and 800 pm
above of the well bottom using back-scattered laser
light. We use back-scattered microscopy instead of a
fluorescent dye to avoid any effect that a dye might
have on microgel surface chemistry. To assess the
homogeneity of granular Matrigel structure, images
were taken from the center and corner of the well
at each XY plane. Image analysis software (Image],
National Institute of Health, US [38]) was then
used to measure the 2D microgel area fraction ¢,p.
The 3D microgel area fraction ¢3p was estimated as
%¢2D as described in figure S2 (available online at
stacks.iop.org/BMM/17/045020/mmedia). To assess
microgel interactions, we performed time-lapse back-
scattered imaging for 10.5 h 300 pm from the bottom
of plates. The 384-well plates containing the granular
Matrigel were kept at 37 °C, 95% humidity, and 5%
CO, during imaging to represent typical cell culture
conditions.

2.6. Permeability experiments

Microspheres were prepared by adding a drop of
2.5% aqueous suspension (1 pm diameter, Fluores-
brite® Yellow Green Microspheres, PolyScience Inc.,
PA, US) into 500 pl PBS. Next, 50 pl of the micro-
sphere particle suspension was added to the super-
natant above the granular Matrigel (D ~ 150 pm).
DCs were obtained from heparinized whole blood
samples randomly selected from a pool of approx-
imately 20 healthy male and female adult volun-
teers aged 21-60. Blood was obtained with informed
consent and institutional review board approval.
DCs were prepared by isolating CD14" mono-
cytes from peripheral blood mononuclear cells from
human blood donation by gradient centrifugation
with Histopaque®-1077 (10 771, Sigma, MA, US) and
CD14 MACS beads (130-050-201, Miltenyi Biotec,
Cologne, Germany), as previously described [39].
Next, the isolated monocytes were cultured in RPMI-
1640 (SH30027.01, Cytiva, UT, US) with 10% human
AB serum (35060 CI, Corning, VA, US), 100 U 17}
penicillin, 100 mg 17! streptomycin (Gibco, MD,
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US), 50 mg ml~! gentamycin (IBI Scientific, IA,
US), 0.25 pug ml~' Amphotericin B (Omega Sci-
entific, CA, US), and 2 mmol 17! L-glutamine (Hyc-
lone, UT, US). Monocytes were differentiated to
DCs by culture with 7 ng ml~? rhIL-4 (204-TL-050)
and 25 ng ml~! recombinant human granulocyte-
macrophage colony-stimulating factor (215 GM-050)
(R&D Systermns, MN, US). After four days of culture,
DCs were recovered by vigorous pipetting followed by
washing with PBS. DCs were stained with CellTracker
Deep Red (C34565) ( ThermoFischer, MA, US), using
the protocol suggested by the manufacturer. A 30 pl
suspension of human blood monocyte-derived DCs
(6 x 10° cells ml~! media) was added to the super-
natant of granular Matrigel in a 384-well plate. For
both microspheres and DCs, time-lapse microscopy
was used to image a 400 pm thick sample volume
(100 pm above the well bottom and 1100 pm below
the granular Matrigel surface) using fluorescent time-
lapse microscopy (At = 3 min for 12 h). Particle
movement over time was tracked using Imaris.

2.7. Cell migration experiments

Chemokine solution was prepared by mixing 3 pl of
5 pg ml~! chemokine (CXCL1, 300-11, PeproTech,
NJ, US) and 7 pl of Matrigel at 4 °C. 5 pl of the
chemokine/Matrigel solution was added into a corner
of the well 3 h after addition of DCs (30 ul of DC
suspension). Migration of DCs through a 400 pm
thick volume (100 pum above the bottom of the well)
was imaged using time-lapse confocal microscopy
(At = 4 min for 4 h). A negative control sample was
prepared and imaged in the same manner, but no
chemokine was included in the 5 1l Matrigel added.
To ensure minimal disruption of the granular Matri-
gel structure solutions were added gently using nar-
row pipet tips and imaging was performed far from
the injection site to avoid any possible effect caused
by addition of solutions. Similar conditions were used
for bulk Matrigel migration experiments. After ima-
ging, individual cells were tracked using Imaris to
quantify cell motion. To determine the migration dir-
ection of each tracked cell, the following paramet-
ers were used: automatic background object subtrac-
tion; cell size = 11 pum; maximum cell displacement
between each frame = 100 pum. The ‘autoregressive
motion’ tracking algorithm was selected and max-
imum gap size of three set by Imaris. No extra filter
was selected. Individual x and y track displacement,
which is defined in Imaris as the distance between
the first and last cell’s position along the selected axis,
was used to calculate the migration angle of each cell
track. Cell velocity of each track was determined from
the xy displacement length over the time ofeach track.

2.8. Organoid and DC culture

Gastric organoids were generated from gastric glands
isolated from human tissue as previously described
[40]. Human gastric tissue was obtained from sleeve
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gastrectomy surgeries with institutional review board
approval. Lentiviral transduction was used to gener-
ate mCherry or GFP fluorescent organoids as pre-
viously described [41]. Organoids were cultured for
4-6 d in Matrigel with L-WRN media: advanced
DMEM/F12 (12 634010, Gibco, MD, US) with 10%
FBS (FB-02, Omega Scientific Tarzana, CA, US),
2 mmol 17! L-glutamine (SH30034.1, Hyclone, UT,
US), 50 mg ml~?! gentamycin (IB2030; IBI Scientific,
IA, US), 0.25 pug ml~! Amphotericin B (# FG-70,
Omega Scientific, CA, US), 10 uM ROCK-inhibitor
Y-27 632 (1254, Tocris Biosciences, Bristol, UK) and
10 uM TGF-beta-inhibitor SB431542 (1614, Tocris
Biosciences, Bristol, UK), with 50% conditioned
media from L-cells constituently expressing Wnt3a,
R-spondin 3, and Noggin, as previously described
[42]. Afterward, whole organoids were removed from
Matrigel by incubation on ice with Cell Recovery
Solution (354 253, Corning, Az, US) for 30 min. After
incubation, organoids were gently resuspended with
a wide bore tip to prevent aggregation and centri-
fuged at 200 g for 2 min. Cell Recovery Solution
was removed, and organoids washed with cold PBS
(<4 °C) to remove any remaining Matrigel before use.
For organoid culture, organoids were added to 30 ul
suspension of Matrigel microgels in L-WRN media
and centrifuged in 384-well plates to form granular
Matrigel. Organoids were cultured for eight days in
granular Matrigel and media (20 pl) was refreshed
daily. Daily confocal microscopy was performed to
evaluate the growth and integrity of organoids. For
co-culture experiments, organoids were first cultured
in granular Matrigel for four days. Afterward, 50 pl
of DC suspension (2 x 10° cells pl=! L-WRN media)
was added to the organoid culture. Migration of DCs
(stained with CellTracker deep red) was imaged using
time-lapse confocal microscopy for 40 h at 15 min
time intervals.

3. Results and discussion

3.1. Matrigel microgels of various diameters

To fabricate Matrigel microgels, we use a micro-
fluidic flow-focusing drop-maker [33] to create mon-
odisperse drops of Matrigel in fluorinated oil at
T =4°C,asshown in figure 1(A). This temperature is
below the gelation temperature of Matrigel subjected
to shear in a microfluidic device (T = 6 °C) [43];
thus, the Matrigel remains liquid during the drop
making process. To gel the liquid drops, we warm the
drops to 37 °C for 45-60 min and then use success-
ive washing and centrifugation steps to remove the
oil and surfactant from the system. A representative
brightfield microscopy image of monodisperse Mat-
rigel microgels is shown in figure 1(B). To produce
microgels of different sizes, we systematically vary the
characteristic channel dimension, W. We find that by
varying W in increments of 50 pm over the range

Z Mahdieh et al

100 € W < 250 we can produce monodisperse Matri-
gel microgels of average diameter, D =s 100, 150, 200,
and 250 pum, as shown by the drop size probability
distributions in figure 1(C). Plotting D as a function
of W reveals that drop size scales linearly with W over

this range (figure 1(D)).

3.2. Porous structure of granular Matrigel

To concentrate Matrigel microgels, we use centrifu-
gation. We find that the density difference between
the Matrigel microgels and suspension media is suffi-
ciently large that mild centrifugation can be used to
concentrate the microgels (figure S1). This is illus-
trated by the fluorescence microscopy images of dif-
ferent sized microgel particles in figures 2(A)—(D). To
explore the effect of centrifugation on the concentra-
tion of microgels, we systematically vary the effect-
ive gravity, gefr over the range: 6 g < gefr < 3000 g
by varying the centrifuge rotational frequency, w over
the approximate range: 211 rpm < w < 4725 rpm
(see Methods). To quantify the concentration of the
microgels after centrifugation at each w, we capture
2D microscopy images, and use a simple geometric
approximation to estimate the microgel volume frac-
tion, ¢ in 3D (figure S2). We find that ¢ increases
with g from approximately 0.25-0.35 as shown in
figure 2(E). This ¢ range is well below ¢ for ran-
dom closed packing of repulsive spheres, ¢rep 2 0.64,
which provides strong evidence that the microgels
are interacting attractively. We also observe that the
data in figure 2(E) exhibits power law scaling with
@ ~ g%, A theoretical description of this scaling,
while beyond the scope of this study, would require
consideration of all the microgel-microgel bonds that
are broken and formed during compression ofa dense
attractive gel.

To better understand the interactions between
Matrigel microgels and the impact of these interac-
tions on the dynamics of the packing, we perform
time-lapse microscopy imaging of granular Mat-
rigel. We observe minimal internal movement,
even over 10 h, and observe stable linear particle
‘strings, as shown by the series of microscopy
images in (figures 2(F)—(H), video S1). Near the
edges of a microgel packing, we observe that tenu-
ous particle clusters occasionally break away and
rotate slowly as rigid bodies (figures 2(I)-(M),
video §2). These observations provide additional
evidence that Matrigel microgel particles inter-
act attractively and also that the bonds between
microgels are shear-rigid [44]. This behavior con-
trasts with that of most granular hydrogels repor-
ted in the literature, which interact repulsively and
approach volume fractions ¢rcp =2 0.64 through set-
tling. These attractive interactions between Matrigel
microgels will have implications in the rheology,
dynamics, and applications of granular Matrigel
systems.
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Figure 1. Production of monodisperse Matrigel drops with drop-based microfluidics. (A) High-speed video micrograph of
microfluidic drop-maker producing Matrigel drops. (B) Representative brightfield microscopy image of monodisperse Matrigel
microgels made using channel width, W = 150 pm. (C) Measured probability distribution, p(D) of Matrigel microgel diameter,
D produced by four different drop-makers with varying channel widths, W = 100 pm (red), 150 pm (green), 200 tm (blue), and
250 um (grey). (D) Average Matrigel microgel diameter, D as a function of W. Error bars represent one standard deviation.

150 200 250 300
W (um)

3.3. Improved permeability of granular Matrigel

The porous structure of granular Matrigel should
enhance material transport and cell migration rel-
ative to bulk Matrigel. To assess this, we introduce
fluorescent colloidal microspheres and fluorescently
tagged human monocyte-derived DCs to both granu-
lar Matrigel and bulk Matrigel and track their motion
using time-lapse confocal microscopy. We observe
that the colloidal microspheres, with average particle
diameter, d ~# 1 um and density, p = 1.05 g cm™2,
exhibit Brownian motion and settle slowly (video S3),

distributing throughout the granular Matrigel (thick-
ness, h = 1.6 mm) over the course of the imaging
period (At = 10 h), as shown by the microscopy
image in figure S3(B). By contrast, the microspheres
do not penetrate the surface of bulk Matrigel, as
shown by the microscopy image in figure $3(A). Sim-
ilarly, we observe that DCs fail to penetrate the surface
of bulk Matrigel, even after 10 h (figure 3(A), video
$4), but rapidly penetrate and migrate through gran-
ular Matrigel by attaching to the surface of the micro-
gels and migrating along their surfaces (figure 3(B),
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Figure 2. Structure and dynamics of dense, attractive gels formed by concentrated Matrigel microgels. (A)-(D) 3D volume
projections obtained with fluorescence confocal microscopy after low-speed centrifugation (effective gravity, g.sr = 6) of

microgels with D 22 100, 150, 200, and 250 um, respectively, from left to right. Microgels labelled with green fluorescent lectin.
Void spaces indicate microgel-microgel interaction is attractive. (E) Microgel volume fraction, ¢ for microgels in (A) plotted as
function of g.gr. At the highest g, ¢ 72 0.35, well below ¢ == 0.64 associated with random close packing, Datais fit to a power law
(black line, R = 0.9867). Error bars represent standard deviation. (F)—(H) Time-lapse imaging of concentrated microgels using
back-scattered laser light reveals minimal internal movement over 10 h. Linear particle strings (white outline) and open (dark)
voids indicate that the particle-particle interaction is attractive and not repulsive. (I)-(M) Rotation of particle cluster behaving as
arigid body provides additional evidence of attractive interaction. White arrow points to particle moving into the imaging plane

during rotation. Image series beginning with F and I were started approximately 2 h after centrifugation at g.z = 6 for 30 s
(see Methods). Scale bars in (D), (H), and (M) correspond to 300, 200, and 100 pm, respectively.

video S5). Enhanced mobility of particles could prove
beneficial for nutrient [45] and drug delivery applic-
ations [46, 47]. Enhanced cell migration is import-
ant for stem cell therapy [48—50], tissue engineering
[51, 52], cancer research [53, 54], organ development
applications [55, 56], and basic immunology research
[11,57].

Here, DCs are chosen because of their migrat-
ory capacity and their central role in tissue immun-
osurveillance [58-62]. In the body, DCs and other
immune cells migrate through the ECM in response
to chemotactic gradients [63]. To explore this capab-
ility in granular Matrigel, we prepare granular sys-
tems containing DCs, impose a chemokine gradient
using recombinant CXCL1, and image DC dynam-
ics over 4 h by time-lapse confocal microscopy. We
observe clear directed motion in the presence of the
chemokine gradient but not in the no-chemokine
control. This is shown qualitatively by the represent-
ative microscopy images and DC migration tracks in
figures 4(A), (B) and figures 4(E), (F) (videos S6 and
§7). We quantify DC chemotaxis through granular
Matrigel using image analysis, as shown by the DC
displacement vectors and Rose graphs in figures 4(C),
(G) and figures 4(D), (H), respectively. We also
observe increased DC migration speed in the presence

of the chemokine, relative to the non-chemokine con-
trol, as shown by the probability distribution of DC
velocities in figure 4(I). As an additional test, we
embed DCsinbulk Matrigel and impose a chemokine
gradient; under these conditions we do not observe
DC migration (video S8). This lack of migration is
likely due to limited DC mobility, but could also be
caused by limited diffusion of the chemokine in Mat-
rigel, which has been shown for other proteins like
VGEEF [64].

3.4. Granular Matrigel application for 3D cell
culture scaffold

To evaluate granular Matrigel for long-term 3D
cell culture applications, we culture human gast-
ric epithelial organoids (HGOs) in granular Matri-
gel for multiple days. We select organoids due to
their growing importance in various research areas
such as human physiology [65, 66], disease model-
ing [67, 68], and drug development [69, 70]. We find
that HGOs remain apparently viable and maintain
their integrity for multiple days after transfer from
bulk Matrigel cultures to granular Matrigel of all sizes
(100 um < D < 250 um). Representative brightfield
and fluorescent image time series for HGOs grown
in granular Matrigel (D a2 250 pm) over eight days
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Figure 3. Human blood monocyte-derived dendritic cells (DCs) migrate into granular Matrigel but not bulk Matrigel. (A) Left:
illustration of DCs (red spheres) added to liquid media above bulk Matrigel. Right: fluorescence confocal microscopy volume
projection image 10 h after addition of DCs shows they remain on the surface of the Matrigel and do not migrate into the bulk.
(B) Left: illustration of DCs (red spheres) added to liquid media above granular Matrigel. Right: fluorescence confocal microscopy
volume projection 10 h after addition of DCs shows DCs migrate deep into the granular Matrigel (top of imaging volume > 1 mm
from surface of granular Matrigel). Granular Matrigel composed of microgels of D =2 200 um concentrated at 6 g. Micrographs in
(A) and (B) constructed of 450 um z-stacks. DCs labelled with CellTracker Deep Red. Scale bars correspond to 100 um.

are shown in figure 5. We observe that HGOs exhibit
many of the same behaviors reported in bulk Matrigel
[71]; for example, small organoids (yellow arrows,
figure 5) fuse together to form larger organoids (red
arrows figure 5). In cases where imaging time was
freely available, we observed HGO growth for much
longer than eight days; for example, images of a
19 day culture are provided in figure S4. While we
hesitate to report conclusions comparing growth of
HGOs in granular Matrigel with bulk Matrigel (figure
S5) without further studies, our results indicate that
granular Matrigel provides sufficient nutrient trans-
port and mechanical support for long-term organoid
cultures.

3.5. Granular Matrigel for co-culture model
applications

To better understand human physiology and dis-
ease, the ability to co-culture more than one cell
type in the same matrix material to enable physiolo-
gical cell interactions is critical [62—69]. We previ-
ously used co-cultures of HGOs and DCs embed-
ded in Matrigel to analyze mechanisms of DC
recruitment and antigen uptake [58]; however, sub-
sequent studies revealed that DC migration in bulk
Matrigel varied significantly from batch to batch and

was most often highly limited [11]. We found that
higher-permeability, synthetic hydrogels allowed for
increased DC migration, but did not support robust
HGO growth [11]. Thus, to demonstrate the util-
ity of granular Matrigel for co-culture applications,
here we combine DCs and HGOs together in gran-
ular Matrigel. We begin by culturing HGOs for four
days and then adding DCs. Following the addition of
DCs, we image the system using confocal microscopy
for 40 h. Images of the HGOs immediately following
the addition of DCs and 30 h after their introduction
are shown in figures 6(A) and (B). Importantly, we
find that DCs migrate through the granular Matrigel
and interact closely with the basolateral surface of the
HGOs. DC migration is illustrated by a microscopy
image volume projection overlaid with DC migra-
tion pathways in figure 6(C). DC interaction with the
basolateral surface of an HGO is illustrated by the
image series in figures 6(D)—(G). A full 40 h video of
DC migration in the co-culture is shown in videos S9
and S10. The mechanical stability of granular Matri-
gel can be clearly seen in video S10. Our results here
show the promising potential of granular Matrigel for
applications that require both a solid matrix to sup-
port 3D cell culture and high permeability to allow for
migration and interaction of cells.
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Figure 4. Time lapse microscopy of DC migration in granular Matrigel in response to a CXCL1 chemokine gradient. (A),

(E) Fluorescence confocal micrographs of two granular Matrigel samples containing DCs (red; microgels not labelled). Matrigel
(5 ) without chemokine (A) and with chemokine (E) added to the top right corner (arrow) in each sample, 221 mm from the top
right corner in the field of view. Images correspond to t = 0, before 4 h time-lapse imaging,. (B), (F) DC migration tracks extracted
from 4 h video. (C), (G) DC displacement vectors extracted from 4 h video. (D), (H) Rose graph histograms of DC migration
angle reveal biased migration in the direction of the chemokine gradient. (I) Probability distribution of DC velocity, V in the
presence (red) and absence (blue) of a chemokine gradient reveals an increase DC velocity in presence of chemokine gradient.
Histogram bins are overlaid on the same scale, not additive in y. Scale bar in (A) represents 200 pm and applies to all images.

Figure 5. Granular Matrigel as a scaffold for long-term, 3D organoid culture applications. Representative brightfield (A) and
fluorescence (B) time-lapse confocal image series of mCherry-expressing HGOs cultured for eight days in granular Matrigel
(D == 250 um) reveals robust growth. Yellow arrows denote the small HGOs fusing together and forming larger HGOs shown
with red arrows. Scale bar is 100 pum for all images.
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30 min

Figure 6. Granular Matrigel for organoid-immune cell co-culture. Fluorescence confocal microscopy max projection images of
(A) GFP-expressing HGOs (green) after four days of culture in granular Matrigel (not fluorescently labelled), and (B) the same
culture in (A) after the addition of human blood monocyte-derived DCs stained with CellTracker Deep Red. Image taken 30 h
after DC addition. (C) 3D volume projection depicting the migration of DCs (red lines) over 40 h tracked with Imaris software.
(D)—(G) Time series of confocal images show DCs (CellTracker Deep Red stained, pseudo-colored blue) interacting with the
basolateral surface of an mCherry-expressing HGO (red). Scale bars in (A) and (D) apply to images (A)-(C) and (D)-(G),

respectively. Imaging volume depth for (A)—(C) is 340 pm.

4, Conclusions

Here we present an approach for restructuring bulk
Matrigel into a porous, three-dimensional culture
material we call granular Matrigel. This approach is
important because it provides a means to change the
physical properties of the hydrogel without altering
the composition. We fabricate monodisperse Mat-
rigel microgels using drop-based microfluidics and
control the size of the microgels by controlling the
characteristic channel dimension; large quantities of
polydisperse microgels could also be made using bulk
emulsification. We use a standard lab centrifuge to
concentrate the microgels to volume fractions as high
as ¢ =2 0.35. Higher ¢ could be achieved by compress-
ing the microgels with a simple filter. We find that the
granular Matrigel allows for free diffusion of micro-
sphere particles and migration of DCs; the open,
interconnected pore structure will likely enhance the
diffusion of other materials that have limited trans-
port in bulk Matrigel as well. We also show that
granular Matrigel supports culture of HGOs and co-
culture with human DCs. In future studies, culture of
other cells and tissues in granular Matrigel should also
be explored.
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