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ABSTRACT OF THE DISSERTATION

Microfabrication of Three-Dimensional Complex Structures

for Biomedical Applications

Sohyung Lee
Doctor of Philosophy in Bioengineering
University of California, Los Angeles 2022
Panagiotis D. Christofides, Committee Co-Chair

Dino Di Carlo, Committee Co-Chair

The evolution of microfabrication has greatly contributed to the advances in biology and medicine,
as it can interface with and manipulate the interactions between biological systems and materials
with micrometer-scale precision. In addition, microfabrication allows the development of new
materials with unique properties by providing the tools to tailor defined topography as well as
overall geometry.

In the field of tissue engineering, to provide suitable functional microenvironments for cells or

tissues, there is a great need to structure artificial tissue constructs at the micrometer scale. In
i



addition, micrometer-sized reactors with defined shape and spatial chemistries can be utilized for
diagnostic applications to concentrate or enrich rare biomolecules or cells, otherwise not detectable.
The dissertation reports on the development of novel multifunctional biomaterials to overcome
current challenges in microfabrication techniques such as 3D bioprinting and microfluidics,
highlighted in Chapter 1.

In Chapter 2, we present a highly biocompatible and elastic bioink for fabrication of complex
biomimetic structures such as vascularized cardiac tissue constructs. The 3D bioprinting of soft
tissues has been challenging primarily due to the lack of suitable bioinks. To address these
shortcomings, we use recombinant human tropoelastin as a novel bioink with high printability,
biocompatibility, biomimicry, and proper mechanical properties. Using the freeform reversible
embedding of suspended hydrogels (FRESH) printing method, we demonstrate bioprinting
vascularized cardiac constructs using two-nozzles and we extensively characterize their functions
in vitro and in vivo.

In Chapter 3, we explore a scalable method to fabricate spatially functionalized microparticles for
“lab on a particle” applications. For the design of a novel high throughput microfabrication method,
we highlight the important role of thermodynamic factors, such as temperature and polymer
concentrations, on intermolecular interactions, and therefore, the phase-separation behavior of a
polymer mixture. These particles are utilized to analyze secretion phenotypes and heterogeneity
of CHO DP-12 cells and to sort rare populations of high-yielding producer cells using fluorescence
activated cell sorting (FACS).

In Chapter 4, we prove the broad generalizability of this lab-on-a-particle platform by
demonstrating their ability to screen and sort primary human T cells as well as genetically

engineered chimeric antigen receptor (CAR)-T cells based on cytokine production.
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Overall, we believe the work presented here demonstrates the importance and utility of
microfabrication techniques, especially 3D bioprinting and microfluidics. Combined with novel
biomaterials, microfabrication methods can significantly upgrade conventional platforms, such
that we can better recapitulate the in vivo microenvironment for tissue engineering or suggest an

entirely new technology as with lab-on-a particle technology for single-cell analysis and sorting.
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Chapter 1 Biomedical Applications of Different Micro-fabrication

Techniques

In biomedical field, microfabrication is a technology that broadly describe manufacturing of
physically or chemically complex products using biology-based materials such as living cells,
extracellular matrices, and biocompatible polymers.!? This technology has enabled the
manufacture of custom-designed implants and the precise control over the cellular
microenvironment in cell culture, addressing challenges in tissue engineering, in vitro cell culture
studies and many other biomedical applications. For example, different microfabrication
techniques can be used to modify the surface of scaffolds with important functional groups in
biology including hydroxyl, methyl, carbonyl, carboxyl, amino, phosphate, and sulthydryl groups,
enabling to achieve a certain surface charge, cellular/molecular interactions, or wettability.>
Microfabrication techniques, such as 3D bioprinting has proven its potentials to generate
constructs that more closely recapitulate the complexity and heterogeneity of tissues and organs
than traditional regenerative medicine therapies.* Such constructs can be applied for tissue
regeneration or as in vitro 3D models. The potential of biofabrication technology is not limited to
the traditional medically oriented tissue engineering and organ printing. It provides the
unprecedented abilities for developing highly predictive cell- and tissue-based technologies for
drug delivery and cell-based assays.’

As this field is maturing and growing, scientists with different backgrounds and skills are joining
this field. This chapter is to provide an introduction for different microfabrication technologies
and their potential applications in biology and medicine, as well as a discussion of the common

challenges being faced by the technologies.



1.1. Soft lithography

Soft lithography is a general term include microfabrication techniques that use elastomeric stamps
to pattern or mold materials at micro/nano-scales. In soft lithography, the precursor material is
casted and cured on previously fabricated masters to make defined structures. Though the master
mold is typically fabricated by photolithography which requires expensive clean-room facilities,
the subsequent fabrication steps can be performed in common wet lab area. The master molds can
be re-used repeatedly with a proper care, minimizing the need for access to the clean room facilities.
Therefore, soft lithography is considered as a simple, low-cost, and high-throughput process to
fabricate micro- and nanoscale patterns of different materials.

Numerous soft lithography-based patterning techniques have been investigated in a wide range of
biomedical applications. One important application of soft lithography in biology is control the
topography and the spatial distribution of molecules on a surface so that it either promotes or resists
the adhesion of proteins or anchorage-dependent cells.® Using this strategy, cells were isolated on
a defined surface to study behavior of single cells instead of relying on statistical distributions
based on ensembles of cells. In another example, high-density arrays of microscopic wells which
were as small as size of a cell were fabricated by replica molding of PDMS against a master of
photoresist.” The surface of wells was coated with an adhesive extracellular matrix protein such as
fibronectin that promotes cell adhesion, while the space between the wells were treated with
materials that resist the adhesion of proteins and cells (i.e. bovine serum albumin). The micro-well
platform can be applied to cell-based screens such that it enables identifying the phenotype of a
cell in a population of heterogeneously transfected cells. Using the platform, the production of a

fluorescently labeled gene product could be localized and detected in the well.
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Cells can be encapsulated within hydrogels using soft lithography techniques. Encapsulation of
mammalian cells within hydrogels has great utility for a variety of applications ranging from tissue
engineering to cell-based assays.® The use of microgels such as microrods or microbeads and
hydrogels with micro-feature such as microchannels, has been useful in various tissue engineering
applications.” These gels could be subsequently assembled to form complex 3D structures. Also,
the encapsulation of cells in microgels can prevent cell aggregation, which can be useful for stirred
bioreactor experiments. Furthermore, cell-laden hydrogels can be coated with various polymers to
immunoisolate the encapsulated cells from the surrounding environment, preventing allogenic or
xenogeneic responses from the host’s immune system when the cell-laden hydrogels were

implanted.

1.2. Electrospinning

Electrospinning is a relatively old technology which was first discovered and described as the
behavior of magnetic and electrostatic phenomena in the late 16th century. The fiber meshes are
created by passing a biomaterial solution through a high-voltage electric field near the deposition
nozzle. The high voltage charges a liquid droplet so that their electrostatic repulsion counteracts
the molecular cohesion of the liquid (surface tension), which stretches liquid droplet and forms a
charged liquid jet. The liquid stream is dried in flight and collected on a grounded plate, making a
fiber mesh with micro/nano-scale surface texture. The technique was originally developed for
manufacture of textile, but now it is widely adopted for biomedical applications, because it can
produce fiber meshes that resemble native extracellular matrix (ECM).

Simon, in a 1988 NIH SBIR grant report, showed that solution electrospinning could be used to

produced nano- and submicron-scale polystyrene and polycarbonate fibrous mats specifically
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intended for use as in vitro cell substrates.!? This early application of electrospun fibrous lattices
for cell culture and tissue engineering showed that various cell types would adhere to and
proliferate upon the fibers in vitro. The eletrospun fibers have been investigated for wound
dressings, medical implants, and scaffolds for artificial human tissues and these scaffolds fulfill a
similar purpose as the extracellular matrix in natural tissue.!'"!* Biodegradable polymers, such as
polycaprolactone and polysaccharides, are typically used for this purpose. These fibers can be
coated with other biomaterials to give additional benefits to the scaffolds such as improved cell

adhesion and cellular growth.

1.3. Microfluidics

The behavior of fluids at the micro-scale that differs from the behavior of bulk fluid because the
influence of surface tension, energy dissipation, and fluidic resistance become more dominant
when the liquid body is at micro-scale. Microfluidics is a field of study focuses on these unique
properties of the micro-scale fluid as well as the ability to hold a minimal volume of liquid and
apply these factors for multiple research areas.

To confine fluids in micro volume, microfluidics research is performed on a small device which
consists in micro-channels etched or molded into a different material such as glass, silicon and a
polymer. Since George Whitesides in 1998, for the first time introduced the use of PDMS in
microfluidics,'* PDMS has become the primary material of choice, and it has been playing an
essential role in microfluidics and enabling the rapid prototyping of microfluidic devices via soft
lithography. PDMS possesses unique advantages for biomedical applications including
biocompatibility, optical transparency, flexibility, and durability, which made microfluidics

technology a powerful tool for biologists to control the complete cellular environment, leading to
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new questions and discoveries. Different designs of PDMS microfluidics chips were created for
cell biology applications, such as sorting or patterning cells and proteins, cells-based biosensors,
studies of cocultures.

Microfluidic chips are beneficial in that they require small fluid volumes and provide faster
analysis and precise control over the on-chip experiments, which enables the integration of almost
all the processes required for complete biological, chemical and biomedical protocols on a single
microfluidic chip, often called labs-on-chips. One important subset of labs-on-chips is organs-on-
chips where a microfluidic device recapitulates the complex structures and functions of living
human organs. These three-dimensional human organ models can replace animals for testing of
drugs and toxins, and they can exhibit the highly differentiated tissue structures and functions that
was unavailable in conventional cell cultures or explant cultures of tissues.!> To make organs-on-
chips, microfluidic devices are selectively patterned with cells by modifying the surface of the
devices with cell adhesion molecules such as collagen and fibronectin. In recent research from
Donald Ingber group, a human lung bronchial-airway model was fabricated to study the human-
lung responses to infection by influenza and SARS-CoV-2 viruses and to test the efficacy of
therapeutic drugs.!® To make air-liquid interfaces, two parallel micro-channels separated by a
porous membrane were coated with lung bronchial-airway epithelial cells and endothelial cells,
creating an air channel and a vascular channel, respectively. Infection of human airway chips were
achieved by injecting a fluid containing viruses into the air channels, and neutrophils were perfused
in their vascular channel to study the interaction between influenza virus and neutrophils. The
resulting device exhibited multiple physiologically relevant features such as mucus layer formation,

cross-talk between the epithelium and endothelium, mucociliary clearance, and recruitment of



circulating immune cells which play critical roles in the host responses to infection by respiratory
viruses.

On the other hand, droplet microfluidics has been extensively utilized as powerful tools to fabricate
high-throughput monodisperse microdroplets or micro-hydrogels for tissue engineering and
molecular analysis. Conventional macro-scale tissue scaffolds have limited oxygen delivery
because the oxygen diffusion limit within hydrogel scaffolds is often below 200 um. To avoid that,
cells can be encapsulated within microgel by injecting cell-laden precursor solution into a
microfluidic droplet generator and polymerizing the cell-laden microdroplets.!” The cell-laden
microgels have a large surface-area-to-volume ratio, which lead to efficient mass transfer and
enhanced interactions between cells and their surrounding ECM. Another tissue engineering
application of microgels is interconnected microporous annealed particle (MAP) scaffold. '* In
MAP technology, cells are cultured in a scaffold composed of microgel building blocks that
circumvent the need for material degradation prior to tissue ingrowth by providing an
interconnected network of micropores for cell migration and proliferation.

The droplet microfluidics provides a high-throughput and precise analytics tool which led to its
widespread application in single-cell analysis. The ability to fabricate monodisperse water-in-oil
emulsions is exploited to enrich the target biomolecules such as single-cell RNA or secretions
within sub-microliter volume of liquids, revealing the heterogeneous behavior of cells which are
overlooked in conventional analog assays, typically performed in a well-plate.!®° There are three
prevalent droplet-based single-cell RNA sequencing (scRNA-sq), inDrop, Drop-seq and 10x
Genomics that are extensively studied in literature.?!?® In these scRNA-sq platforms, droplet

microfluidics were used to encapsulate single cells and barcoded beads in droplets where cells are



lysed to release mRNA. Reverse transcription and cDNA amplification are carried out before or

after demulsification of droplets.

1.4. 3D Bioprinting

Three dimensional (3D) bioprinting is the utilization of 3D printing—like techniques to combine
cells, growth factors, and biomaterials to fabricate biomedical parts, often with the aim of imitating
natural tissue characteristics. Tissue engineering offers tremendous potential to overcome issues
with organ transplant shortage, drug screening, and to study molecular phenomena that are
involved in higher biological functions (such as tissue morphogenesis, wound healing,
inflammatory reactions).?* However, conventional planar fabrication techniques are unable to
create the complex multiscale architecture such as the interface between the vascular endothelium
and surrounding connective tissue and parenchymal cells, which allows them only to investigate
basic functions of the respective tissue.? In that regard, 3D bioprinting, which can continuously
move in Cartesian (XYZ) coordinates, holds great potential to address the unmet needs of tissue
manufacturing to create realistic 3D tissue or organ models by mimicking the complex cellular
arrangement of native tissues in 3D structures.

One of the greatest challenges in tissue engineering is to fabricate vascularized tissues that can
easily integrate into the host’s circulatory system with the architectural complexity of native tissues.
It is reported that tissue constructs quickly develop necrotic regions when there is no perfusable
vasculature within a few hundred microns of each cell. Therefore, different 3D bioprinting
strategies have been developed to introduce vascular channels in tissue scaffolds.?6-?” Sacrificial
inks that leave a hollow structure behind after washing, have been used successfully to make

vascularized constructs.?® Pluronic, PVA, glass and gelatin have been embedded within a different
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surrounding material and washed after polymerization of the constructs to create vascular network.
These channels were often seeded with human umbilical vein endothelial cell (HUVEC), obtaining
perfusable endothelialized vascular channels. The needle gauge can be replaced to fabricate
vascularized constructs with different sizes to mimic the hierarchical vascular networks in native
tissues.

On the other hand, coaxial extrusion printing has been increasingly explored for direct 3D
bioprinting of vascular constructs.?*3! The nozzle of coaxial printer is a concentric set of coaxial
capillaries composed of an outer and inner needle, which enables simplified printing process and
scalability. Jia et al. designed a multi-layered coaxial extrusion bioprinting system and successfully
fabricated a range of cell-laden vascular constructs using a biocompatible hydrogel mixture
containing GelMA, alginate and PEGDA .3

Another printing method that has been used to create vascular networks is stereolithography (SLA)
3D printing.*-3* SLA printing works by selectively curing a light sensitive liquid resin within a
vat in a layer by layer fashion using photochemical processes. Cui et al. recently employed SLA
to fabricate a 3D vascularized model, that allows circulation of oxygen and cell growth gradients,
to investigate the breast cancer metastasis to bone.** By using a light crosslinkable material,
GelMA/PEGDA with or without nano-hydroxyapatite (nHA), the author successfully printed a 3D
vascularized construct which consists of three chambers: micro-vascularized bone, endothelialized

vessel and cancer tumor.



Chapter 2 3D Bioprinting of Complex Soft Tissues Using Elastin-Based

Multifunctional Bioinks

2.1. Introduction

Tissue engineering offers tremendous potential to overcome issues with organ transplant shortage,
drug screening, and to study molecular phenomena that are involved in biological functions such
as tissue morphogenesis, wound healing, and inflammatory reactions.?* However, conventional
planar fabrication techniques are unable to create the complex multi-scale architectures such as the
interface between the vascular endothelium and surrounding connective tissue and parenchymal
cells. This may limit the applications of these structures for studying basic functions of the
respective tissues.

A recent interesting development in the field of tissue engineering is the use of three dimensional
(3D) bioprinting technologies to merge the use of cells, biomaterials, and microfabrication.>>-’

The selection of a proper biomaterial as the ink is important for 3D bioprinting of constructs with

biomimetic architectures and properties. In the past few years, different biomaterials, including

38-39 40-41

synthetic polymers, natural polymers, and decellularized extracellular matrix (ECM),*
have been engineered as bioinks to print complex 3D structures such as perfusable vascular
networks. For example, in a recent study, Dvir and colleagues 3D bioprinted a decellularized ECM
hydrogel into a vascularized heart model.** However, the construct was not perfused long term in
vitro, and the viability and function of the encapsulated cells were not reported. Alternatively,
different techniques such as casting** and sacrificial ink-writing,?® that involve extra processing

steps, have been combined with 3D bioprinting to mimic vasculatures. The fabrication of complex

biomimetic structure that are entirely based on 3D bioprinting is still challenging primarily due to



the lack of suitable bioinks with high printability, biocompatibility, biomimicry, and proper
mechanical properties. Therefore, new biomaterial-based approaches are needed to address the
limitations of currently available bioinks.

2.2. Results and Discussion

Here, we present a highly biocompatible recombinant human tropoelastin-based bioink for 3D
bioprinting of complex soft tissues. The engineered bioink is composed of two ECM-based
biopolymers gelatin methacryloyl (GelMA) and methacryloyl-substituted recombinant human
tropoelastin (MeTro) which can be crosslinked with visible light. ECM materials have been widely
used in tissue engineering field given that they provide a cell the environment similar to its origin.
However, tropoelastin as one of the main components of connective tissues has not yet been
studied for 3D bioprinting of soft tissues. Our recombinant human tropoelastin is identical to the
naturally secreted human form. Elastic fibers are integral to vertebrate tissues such as blood vessels,
skin, lung, and heart, where strength and elasticity are required for regular tissue function (i.e.
stretching and contracting). Elasticity of tropoelastin originates from its intermolecular alignment
governed by a modular structure of alternating hydrophobic and hydrophilic domains including
lysine residues (Figure 2-1A). In addition to intrinsic elasticity and resilience, tropoelastin provides
cell binding motifs and cell signaling pathways.* Though the binding site or mechanism of
bonding are not clearly revealed, tropoelastin have been demonstrated to support endothelial cell
recruitment and growth and to play a significant role in migration and angiogenesis.***” In addition
to tropoelastin, gelatin was selected as a base material in bioink formulation due to its properties.
Gelatin is an irreversibly hydrolyzed form of collagen, yet possesses many characteristics of
collagen (i.e. cell-binding sites, and matrix-metalloproteinase (MMP) degradation sites).* While

elastin is synthesized in the body by enzymatic cross-linking of lysine residues of tropoelastin,
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recombinant human tropoelastin can be chemically modified with methacryloyl groups to
synthesize MeTro, which can be photopolymerized to form highly elastic hydrogel (Figure 2-
1B).* Similarly, gelatin backbone can be also chemically functionalized with methacryloyl
groups to form GelMA (Figure 2-1C).>° While GeIMA in the bioink supports an amenable cell
culture environment,’! the incorporation of MeTro enhances elasticity and mechanical stability for
the printed structures.’? An optimized formulation of bioink based on testing different ratios of

GelMA/MeTro was used as a versatile platform for 3D bioprinting of soft tissues.

A 24 6 81012 1416 18 20 212324 2626228 303236
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B . C

o O o O
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Tropoelastin MeTro Gelatin GelMA
D Visible Light
0 MeTro \ Stretch
—
N GeMA ———» ,
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Figure 2-1. Synthesis of GelMA/MeTro composite hydrogel. (A) Domain map of human
tropoelastin. Methacrylation of (B) tropoelastin and (C) gelatin. (D) A schematic to describe the
formation of MeTro/GeIMA hydrogels. GeIMA and MeTro polymers are covalently crosslinked
upon exposure to visible light in the presence of LAP photoinitiator to form a highly elastic
hydrogel network.
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In our previous work, we engineered GeIMA/MeTro composite hydrogels for different tissue
engineering applications such as wound healing®® and nerve tissue regeneration®*. Here, we aim
to explore the use of GelMA/MeTro as ink for 3D bioprinting of vascularized soft tissues such as
cardiac tissue. Due to the hydrophobic hydration of tropoelastin, water molecules around
tropoelastin are expelled at temperatures above a characteristic transition temperature, which
results in coacervation of tropoelastin. Therefore, solutions of tropoelastin or MeTro, whose
solubility is identical with tropoelastin, in this study were handled in temperature around 8 °C. We
previously reported that the Young’s moduli of the visible light crosslinked MeTro/GelMA
hydrogels, using Eosin Y/triethanolamine (TEA)/N-vinylcaprolactam (VC) photoinitiation system,
was in the range of 4.05-10.25 kPa,>> which was comparatively lower than those for UV
crosslinked MeTro/GelMA hydrogels using Irgacure 2959 (16.5-49.8 kPa).>® Although the UV
crosslinked hydrogels were highly elastic, the procedure required exposure to UV light for a few
min, which can be harmful for the encapsulated cells by damaging their DNA.?’ To eliminate the
negative effects of UV irradiation, in this study, we investigated another photoinitiator, lithium
phenyl-2,4,6-trimethylbenzoylphos-phinate (LAP), to photopolymerize the bioprinted structures
containing different type of cells (Figure 2-1D). LAP can initiate photocrosslinking around 405
nm and demonstrated remarkable advantages as compared to other photoinitiators, including high
water solubility and low cytotoxicity.® To verify the crosslinking within the hydrogels, the 'H
NMR (400 MHz) spectra of the MeTro/GelMA hydrogels was compared with MeTro and GeIMA
prepolymers (Figure 2-2). The results demonstrated that 87.7 + 8.6% of the methacryloyl groups

in the MeTro/GelMA prepolymers were involved in the formation of the hydrogel network.
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Figure 2-2. 'H NMR (400 MHz; D,0) spectra of MeTro prepolymer, GeIMA prepolymer, and
MeTro/GelMA hydrogels confirming the degree of crosslinking in the composite to be 87.7 %.

Tensile tests demonstrated statistically significant differences in the mechanical properties
between the composites, pure GelMA and MeTro hydrogels. Specifically, the tensile modulus of
MeTro/GelMA hydrogel was calculated to be 47.9 + 2.6 kPa, which was higher than the value for
pure MeTro (39.7 + 3.8 kPa), and lower than pristine GeIMA hydrogel (79.2 + 8.5 kPa) (Figure 2-
3A, B). In contrast, an opposite trend was observed for the extensibility and ultimate stress values
(Figures 2-3A, C). As expected, pure MeTro hydrogel had extensibility around 2-fold higher than
pure GeIMA hydrogel and the MeTro/GelMA exhibited extensibility of 33.1 + 8.3 %. Cyclic
compression test showed similar trend where MeTro/GelMA hydrogels presented compressive
modulus of 49.2 + 8.7 kPa between the modulus of pure GeIMA (46.6 = 5.6 kPa) and pure MeTro
hydrogels (70.2 + 13.2 kPa) (Figure 2-3D, E). In addition, energy loss calculation proved that the
addition of MeTro increased the resilience of the composite hydrogel by showing a reduced energy
loss for both MeTro and MeTro/GelMA hydrogels as compared to pristine GeIMA hydrogel
(Figure 2-3F, J).
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Figure 2-3. Mechanical characterization of GeIlMA/MeTro composite hydrogel. Mechanical
properties of MeTro, GelIMA and MeTro/GelMA composite hydrogels, showing (A)
representative tensile stress-strain curves; (B) tensile moduli; (C) extensibility; (D) representative
compressive stress-strain curves; (E) compressive moduli; and (F) energy loss. (* p<0.05, **

p<0.01, *** p<0.001, **** p<0.0001)

Biodegradable hydrogels are the most promising bioinks for 3D bioprinting as they mimic salient
features of ECMs, can be modified to achieve mechanics similar to soft tissues, and can support
cell adhesion and proliferation. However, many of these hydrogel precursors shear easily and have
a low resistance to deformation, which limits their utilization as bioinks for 3D printing purpose.
To address this limitation, rheology modifiers such as glycerol,”® cellulose nanofibers,®*®! or
silicate nanoparticles®® ¢1%> have been used to endow the enhanced printability to the existing
bioinks. However, these additional bioink components can alter the mechanical and physiological

properties of the resulting printed structures, which can negatively affect the cell growth and
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differentiation within the materials. Therefore, sacrificial materials, such as alginate® and
poloxamer 407% have been used to improve printability of hydrogel-based bioinks. In this study,
cold water fish gelatin was used as a sacrificial material to enhance the printability of the designed
bioink (Figure 2-4A).

The MeTro/GelMA solution originally exhibited a viscosity (1) of ~162.6 mPa-s at shear rate of
~50 s ! and temperature of ~8 °C which were close to the conditions used during printing (Figure
2-4B). The addition of gelatin transforms the solution into a viscoelastic fluid and imparts the shear
thinning behavior under 10 °C due to the reversible gelation of gelatin (Figure 2-4C, D). The
resulting material, referred to MeTro/GelMA bioink, possesses a viscosity that exceeded 3000
mPa-s which was 20-fold higher than the composite bioink without gelatin. The non-Newtonian
behavior of this bioink was also evidenced by its high storage modulus (G') over the loss modulus
(G") (Figure 2-4E).

Although the use of gelatin increases the rheological properties, the uncured ink lacks the ability
to provide mechanical stability and immediately deforms upon exiting the nozzle. Thus, we
utilized a freeform reversible embedding of suspended hydrogels (FRESH) printing technique to
enable the fabrication of complex structures.®® Carbopol bath was used due to its biocompatibility
and ease of processing. Our biocompatible support bath is mainly composed of crosslinked
poly(acrylic acid) particles, which can be deswollen post printing and removed from the structure
permanently. Following photopolymerization of the printed construct, Carbopol bath was liquefied
by addition of monovalent cations such as Dulbecco's phosphate-buffered saline (DPBS) and the
print was released from the Carbopol.

Next, extrusion pressure and printing speed for 3D printing of MeTro/GeIMA bioink were

optimized to achieve the optimal printing time, provide structural integrity to the printed
15



constructs, and reduce stress to the cells during the printing process. We indirectly measured actual
shear stress on the cells to study the impact of the extrusion pressure on the cells encapsulated
within the bioink. The results revealed that the shear stress increased from 0.79 to 1.17 kPa, when

the extrusion pressure increased from 5 kPa to 25 kPa (Figures 2-4F, G).
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Figure 2-4. Rheological properties of MeTro/GelMA bioink. (A) Bioink formulation for 3D
bioprinting. (B) Viscosity of MeTro/GelMA/gelatin, gelatin, and MeTro/GelMA as a function of
temperature at shear rate 50 s'. Rheological properties of MeTro/GelMA bioink. (C) Temperature
dependence of viscosity of MeTro/GelMA bioink with different shear rate. (D) Viscosity and shear
stress of MeTro/GelMA bioink as a function of shear rate. (E) Storage modulus, G’, and loss
modulus, G”, of MeTro/GelMA bioink formulations as a function of temperature. (F) Shear rate

during the 3D printing of MeTro/GelMA Bioink as a function of extrusion pressure. (* p<0.05, **
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p<0.01, *** p<0.001, **** p<0.0001) (G) Shear stress of MeTro/GelMA bioink measured as a
function of shear rate. The diamond points indicate the actual shear stresses on the cells
encapsulated in the bioink exiting the nozzle under the extrusion pressures 5, 10, 15, 20, and 25

kPa, respectively (from left to right).

To qualitatively assess the printability of MeTro/GelMA bioink, curved-line structures were
printed under different printing speeds from 10 mm/s to 50 mm/s and extrusion pressures from 5
kPa to 25 kPa (Figure 2-5A). The printing conditions were categorized into good, normal and bad.
Based on the results, the final printing condition was selected to be 15 kPa pressure and 30 mm/s
speed at 8-10 °C which had 1.08 kPa of shear stress on the cells in MeTro/GelMA bioink (Figure
2-5B). The flow of MeTro/GelMA bioink exiting the nozzle was smooth without clogging and the
resulting constructs after crosslinking were mechanically stable and robust, allowing to print multi-
layered constructs. To ensure reliable printing fidelity of our bioink and printing system, constructs
with complex architecture were designed and printed with different sizes and heights including a

heart slice, a lattice cube, and a cat toy (Figure 2-5C, D).
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Figure 2-5. Optimization of 3D printing parameters. (A) Optimization of the printing speed
and extrusion pressure: (i) a schematic to illustrate printing speed and extrusion pressure; (ii)
MeTro/GelMA bioink filaments printed into the support bath at different printing pressures and
speeds; (ii1) qualitative evaluation of the MeTro/GelMA bioink printability at different printing
pressures and speeds. (B) Optimized printing parameters for MeTro/GelMA bioink. (C) A lattice-
shaped construct printed up to 16 layers to form constructs with a linear relationship between the
number of layers and the height of the construct. (D) Various 3D constructs printed with

MeTro/GelMA bioink (from left to right: heart slice, lattice cube and cat toy).

Lattice constructs were printed up to 16 layers (corresponding to 5 mm) and a linear relationship

was obtained between the number of layers and the height of the construct (Figures 2-6).
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Figure 2-6. MeTro/GelMA lattice constructs printed up to 16 layers to form constructs with a
linear relationship between the number of layers and the height. (A) Schematic representation of
layer-by-layer printing of multi-layered lattice structure. Each layer was overlapped with the next
layer to form an interconnected construct. (B) The heights of printed lattice constructs as a function
of the number of layers. (C) Representative images of the printed lattice constructs with different

number of layers.

To test the stability of the 3D printed MeTro/GelMA lattice constructs in aqueous solution, the
weight and microscopic structure of the constructs were monitored during a week of incubation in
DPBS at 37 °C (Figure 2-7A-C). The results showed more than 30 %(w/w) of the original weight
of the printed structures decreased in a day with no significant changes afterwards, implying the
gelatin and residual Carbopol gel in the 3D printed constructs were removed during the first 24 h.
The enzymatic degradation of 3D printed constructs was characterized using collagenase type II

solution in DPBS for up to 14 days (Figure 2-7D). Since we observed significant amount of the
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construct weight was lost due to the removal of gelatin and Carbopol, the printed constructs were
incubated in DPBS at 37 °C in order to remove the residual gelatin and Carbopol for 3 days prior
to the degradation test. Results showed 12.7 + 2.5 % enzymatic degradation of the construct during

the first 24 h, however, the degradation rate slowed down and reached 17.9 + 3.5 % at day 14.
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Figure 2-7. Post printing stability and degradation of 3D printed MeTro/GelMA constructs. (A)
A Schematic illustration of gelatin diffusing out of the printed constructs during the incubation at
37 °C following the crosslinking. (B) Mass fraction of printed MeTro/GelMA constructs at days
0, 1, 3, 5 and 7 post incubation showing removal of remaining Carbopol and gelatin from the
printed construct. (C) Microscope images of printed MeTro/GelMA constructs at days 0, 1, 3 and
7 post incubation. (D) Degradation rate of the lattice construct at days 0.5, 1, 3, 7 and 14 post

incubation in collagenase solution.



Cytocompatibility of MeTro/GelMA bioink was studied using different cell types. First, 3T3 cells
were used for 2D cell seeding on the printed structure as well as for bioprinting 3D cell-laden
structures. In both 2D and 3D culture conditions, high cell viabilities (> 90 %) were achieved

(Figures 2-8, 9).
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Figure 2-8. 2D cell seeding on 3D printed MeTro/GelMA constructs. (A) A schematic diagram of
2D cell seeding following the 3D bioprinting process. (B) Representative live/dead images of 3T3
cells seeded on 3D printed MeTro/GelMA constructs at day 3 post seeding. (C) Quantification of
cell viability of 3T3 cells seeded on 3D printed MeTro/GelMA constructs at days 1, 3 and 5 post

seeding.
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Figure 2-9. 3D bioprinting of 3T3 cell-laden MeTro/GelMA lattice. (A) Schematic showing the
bioprinting of 3T3 cells-laden MeTro/GelMA bioink procedure. (B) A representative image of
live/dead stained 3T3 cells within the 3D bioprinted MeTro/GelMA lattice at day 3. Representative
live/dead images showing the distribution and spreading of 3T3 cells in the 3D bioprinted
MeTro/GelMA constructs (C) at day 1 and (D) day 3 post printing. (C) Quantification of cell
viability of 3T3 cells within 3D bioprinted MeTro/GeIMA constructs at days 1 and 3 post

bioprinting.

To evaluate the suitability of our engineered bioinks for printing cardiovascular tissues, we next
encapsulate cardiomyocytes (CMs), cardiac fibroblasts (CFs) and human umbilical vein
endothelial cells (HUVECs) within the MeTro/GelMA bioink to 3D bioprint constructs containing

multiple cell types. A CM/CF-laden bioink and a HUVEC-laden bioink were loaded to separate
22



syringes and sequentially co-printed into a heterogeneous lattice construct (Figure 2-10A). For 3D
bioprinting, duration of the time during which cells were encapsulated in the bioink at 8°C was
around 30 minutes. The cold shock responses of mammalian cells generally involve suppression
of transcription and subsequent translation, modulation of the cell cycle and reduction in
metabolism. However, no significant responses of cells to cold stress were observed in our in vitro
experiments, suggesting that the exposure to 8°C for this relatively short period of time had
negligible effects on cells. All cells showed over 85 % of cell viability during the 7 days of culture
(Figure 2-10B-D). In addition, the result of immunostaining analysis confirmed the expression of
sarcomeric a-actinin by the CMs and CD31 by HUVECs on day 7 (Figure 2-10E). These results
demonstrate that our printing approach supports cellular growth and proliferation without affecting

the cells’ phenotype.
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Figure 2-10. 3D bioprinting of cell-laden elastic constructs using MeTro/GelMA bioink. (A)
A schematic illustration of 3D bioprinting of lattice scaffolds using HUVECs- and CMs/CFs-laden
MeTro/GelMA bioinks. Green and red food colors were used to distinguish the HUVECs- and
CMs/CFs-laden inks, respectively, only for imaging experiments. 3D bioprinting of lattice
scaffolds containing HUVECs and CMs/CFs. (B) A representative camera image of the 3D printed
lattice construct in the support bath. (C) Quantification of cell viability for 3D bioprinted cell-
laden Metro/GelMA hydrogels at days 1, 3 and 7 post bioprinting. (D) Representative images of
live/dead stained CMs/CFs and HUVECSs incorporated within the construct at days 3 and 7 post

bioprinting. (E) Immunostaining of the lattice structure against sarcomeric a-actinin (red), CD31
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(green), and DAPI (blue) at day 7 post bioprinting. Printed CMs/CFs and HUVECs are marked
with red and green boxes, respectively.

In human body, blood vessels have essential roles in constant nutrient-waste exchange between
the blood and tissue as well as in homeostasis and regulation of the human body system. Likewise,
3D bioprinted tissue constructs require vascular systems in order to circumvent necrosis and mimic
native tissue function. Connective tissues such as cartilage and bone have been successfully printed
without vasculature,®’-%® however, the creation of human-sized soft tissues for clinical translation
remains challenging due to slow vascularization rate in tissue constructs. One solution for this
challenge is to create vascular channel within artificial tissues to speed up the vascularization

43-44 which requires higher standards on printing speed, accuracy,

process when implanted in vivo,
processability and structural heterogeneity compared to printing simple structure like lattice.
Therefore, in our second in vitro model, we aimed to use our elastin-based bioink to print a
vascularized cardiac tissue as a proof of concept.

To this end, two bioinks were prepared to engineer a vascularized cardiac tissue model (Figure 2-
14A): 1) GelMA bioink loaded with CFs/CMs and HUVECs to represent parenchymal cardiac
tissue; 1) MeTro/GelMA bioink loaded with HUVECs for vessel formation. Prior to 3D

bioprinting, rheological properties and printing conditions for GelMA bioink were optimized using

a similar method as described for MeTro/GelMA bioink (Figure 2-11).
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Figure 2-11. Rheological properties of GelMA bioink. (A) Viscosity and shear stress of GeIMA
bioink as a function of shear rate. (B) Varied shear rates of GelMA bioink depending on extrusion
pressure. (C) Shear stress of GeIMA bioink measured as a function of shear rate. The diamond
points indicate the actual shear stresses on the cells encapsulated in the bioink exiting the nozzle
under the extrusion pressures 5, 10, 15, 20, and 25 kPa, respectively (from left to right). (* p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001) (D) GeIMA bioink filaments embedded into support bath
with different printing pressures and speed. (E) Evaluation of printability of GelMA bioink with

different printing pressures and speeds. (F) Optimized printing conditions for GeIMA bioink.

In the degradation study, 3D printed GeIMA constructs showed faster degradation rate than

MeTro/GelMA constructs due to the high MMP-sensitivity of GeIMA (Figure 2-12).
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Figure 2-12. Degradation rate of lattice constructs printed with GelMA bioink at days 0.5, 1,

3, 7 and 14 post incubation in collagenase solution.

Our cardiac tissue model was composed of 67 layers with 7.2 mm in length and width, and 16.5
mm in height (Figure 2-13). The bioprinting process took around 11 min and the bioprinted

structure was photocrosslinked upon exposure to visible light for 3 min (Figure 2-14D).
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Figure 2-13. Representative images of 3D printed vascularized cardiac tissue model. (A)
Schematic of the printed tissue model in different angles. (B) The process for 3D printing of the
vascularized cardiac tissue construct. (C) Photocrosslinking of the printed construct with a 405 nm

LED lamp. The printed structure was perfusable after washing step.

For the in vitro analysis, the printed constructs were sectioned into 3 mm slices with a razor blade.
The viabilities of CFs/CMs and HUVEC: in the printed structure were above 85% up to 15 days
of culture (Figure 2-14B, C). In addition, the printed cardiac tissue constructs demonstrated high
retention of cells’ phenotype as confirmed by immunofluorescent staining for sarcomeric o-
actinin, CD31 and DAPI at day 10 (Figure 2-14E). The endothelial cells proliferated in both
GelMA and MeTro/GelMA hydrogels, as confirmed by CD31 expression throughout the whole
constructs. Also, we observed that the CMs were elongated and branched in every direction to

connect to each other.
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Figure 2-14. 3D bioprinting of cell-laden elastic constructs using MeTro/GelMA bioink. (A)

A schematic to describe 3D bioprinting vascularized cardiac constructs with HUVECs-laden
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MeTro/GelMA bioink and CMs/CFs/HUVECs-laden GelMA bioink. (B) Representative images
of live/dead stained CMs, CFs and HUVECs incorporated within the bioprinted structure at days
5 and 10 post bioprinting. Parenchymal tissue printed with GelMA bioink and vasculature printed
with MeTro/GelMA bioink are marked with red and green boxes, respectively. (C) Viability of
HUVECs (in MeTro/GelMA bioink) and CMs/CFs/HUVECs (in GelMA bioink) within
vascularized cardiac tissue constructs. (D) A vascularized cardiac construct in the support bath
right after printing process (i) and the construct after the photocrosslinking and washing steps (i1).
Green and red food colors were used to distinguish the MeTro/GeIMA and GelMA bioinks,
respectively, only for imaging experiments. (iii) A cross-sectional fluorescence image of the
vascularized cardiac construct. Fluorescein and rhodamine dyes were added to the MeTro/GeIMA
and GelMA bioinks, respectively. (E) Immunostaining of the vascularized cardiac construct
against sarcomeric a-actinin (red), CD31 (green), and DAPI (blue) at day 10 post bioprinting.
HUVEC:s (in MeTro/GelMA bioink) and CMs/CFs/HUVECs (in GelMA bioink) are marked with

green and red boxes, respectively.

The layer of endothelial cells in human blood vessel is essential to form a semi-permeable barrier
that regulates the transport of water, proteins and blood cells between the blood and interstitial
fluids, which is important for normal blood vessel function.® In our study, to quantify the barrier
properties imparted by HUVECs in vascular construct, we measured the diffusional permeability
of fluorescein isothiocyanate-conjugated dextran (FITC-Dex). The results revealed that compared
to the acellular construct (1.4 + 0.4 x1073 cm/s), the HUVECs-laden structure (0.8 + 0.3 X107 cm/s)
showed a 2-fold reduction in diffusional permeability, confirming the barrier function of the

endothelium (Figure 2-14A-C).
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Figure 2-14. Evaluation of endothelium barrier function of 3D bioprinted constructs. (A)
Microscope images showing FITC-Dextran distribution within the constructs with acellular and
HUVECs-laden channel 0, 4, 8, 12 and 16 min after infusion of FITC-Dex to quantify the barrier
properties imparted by HUVECs in vascularized cardiac construct. (B) FITC-Dex distribution
within the constructs plotted as a function of distance from vasculature. (C) Diffusional

permeability of FITC-Dex in acellular and HUVECs-laden channels.

Cardiac excitation-contraction coupling (EC coupling) describes a series of events from the
production of an electrical impulse to the contraction of muscles in the heart.” In a native heart
tissue, when more than two independently beating cardiomyocytes are joined, the cell with the
highest inherent rate sets the pace. Cardiomyocytes are interconnected with gap junctions and the
electrical impulses to stimulate contractions spread from the fastest one to the rest, resulting in

synchronized beating. In this study, we evaluated EC coupling of the 3D bioprinted cardiac tissue
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constructs via video microscopy and a custom algorithm to quantify beat frequency and degree of
coordination as previously described.’® Beating cardiac cells were identified within 3D constructs
based upon inclusion criteria (i.e., signal-to-noise ratio, peak-to-peak frequency) and the dynamic
beating behavior of individual cells was quantitatively analyzed (Figure 2-15A-C). The contracting
CMs were first noticed at day 5 post bioprinting. During the 15 days of culture, the contractions
became more synchronous with increased interconnection between striated muscles, as confirmed
by immunofluorescent staining of sarcomeric a actinin-positive myofibrils. The beating rate and
the coordination reached 42.0 = 3.1 bpm and 73.1 + 3.2 % at day 15 (The degree of coordination
for native heart is considered 100 %) (Figure 2-15D, E). This result implies that the cells were
tightly interconnected through gap junctions, which contributed to the rapid transmission of the

electric impulse between cells and enabled the synchronized contraction.
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Figure 2-15. Evaluation of synchronized cardiac beating of 3D bioprinted constructs. (A)
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Microscope bright field images with automated identification of encapsulated cells at day 5, 10
and 15 post bioprinting. Beating CMs were identified and marked with red boxes as region of
interests (ROIs). (B) Representative spike train analogs used to quantify the degree of coordinated
contractions of cardiac cells encapsulated in 3D bioprinted constructs at day 5, 10 and 15 post
bioprinting. (C) Representative plots showing the change in pixel intensity over time for cardiac
cells encapsulated in 3D bioprinted constructs at day 5, 10 and 15 post bioprinting. (D) Beat rate

and (E) degree of coordination measured for the beating CMs.

To assess in vivo degradation and biocompatibility of our bioink, the acellular constructs that were
3D printed with MeTro/GelMA and GelIMA bioinks were subcutaneously implanted in rats (Figure
2-16A). The samples were explanted on days 7, 14, and 21 in order to obtain the degradation rate
and perform histological examination. The average biodegradation of the implanted samples
increased from 15.8 = 8.1 % at day 7 to 67.4 + 11.9 % at day 21 post-implantation (Figure 2-16B).
Similarly, the hematoxylin and eosin (H&E) staining of the samples revealed effective
biodegradation and significant integration between engineered constructs and surrounding tissue
(Figure 2-16C). This result suggests that the bioink can be potentially used for repair and
replacement of the damaged or diseased soft tissues due to fast degradation and bio-integration. A
fibrous capsule was observed around the explanted samples at day 7 but disappeared after 14 and
21 days, indicating minimal inflammatory response after implantation of the constructs (Figure 2-
16D). In addition, the immunohistochemical (IHC) staining for macrophages (CD68) and T-
lymphocytes (CD3) was performed on the cryo-sectioned samples and analyzed both qualitatively
and quantitatively to evaluate biocompatibility of the constructs (Figure 2-16E-G). The results

showed infiltration of CD3 and CD68 antigens on day 7 due to natural foreign body response.
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However, this response was not observed after 21 days, showing significant reduction of both
markers, which proves high biocompatibility of the printed constructs. Similar to H&E stain
results, a significant cell infiltration was observed on day 21 post implantation, confirming the

construct was well-integrated with the host tissue.
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Figure 2-16. In vivo biocompatibility of the 3D printed vascularized cardiac constructs. (A)
A schematic of the 3D printed implant structure. (B) /n vivo biodegradation rate of the 3D printed
constructs. (C) H&E staining of the 3D printed constructs explanted at day 21 post implantation.
(D) H&E staining images showing the interface between implanted hydrogel constructs and tissues
at day 7, 14 and 21 post implantation at 10 x (left) and 40 X (right) magnifications. (E) IHC staining
against CD3, (left, green) and CD68 markers (right, green) and DAPI (blue) in the explanted 3D

printed constructs at day 7, 14 and 21 post implantation. (F, G) Inflammatory response was
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quantified by calculating fluorescence intensity of CD3 and CD68 markers from IHC images. (*

p<0.05, ** p<0.01, *** p<0.001)

2.3. Conclusion

In this work, we demonstrate, for the first time, the use of recombinant human tropoelastin
combined with gelatin as an elastic bioink for 3D bioprinting. The synergistic association of two
biopolymers allowed a high-resolution printing with great cell viability. As a proof of concept to
fabricate an entirely 3D-printed artificial tissue, vascularized cardiac tissue constructs were 3D
printed and characterized both in vitro and in vivo. The printed constructs presented endothelium
barrier function and spontaneous beating of cardiac cells which are important functions of cardiac
tissue in vivo. Furthermore, the printed construct elicited minimal inflammatory responses, and
were shown to be efficiently biodegraded in vivo when implanted subcutaneously in rats. Taken
together, our results demonstrate the potential of MeTro/GelMA bioinks for printing complex 3D
functional cardiac tissues which could eventually be used for cardiac replacement.

3D printing holds great promise for engineering whole organs, but there are still challenges
remaining. These include the needs for a physiologically relevant number of cells and scalable
approaches to print complex human-scale tissues with hierarchical vascular network. The
vascularized cardiac construct presented in this work has proven that we can fabricate small-scaled
constructs that recapitulate the architectural and functional properties of native tissues. For clinical
translation, therapeutic value of cell-laden cardiac tissue should be evaluated by using a relevant
animal model (e.g. myocardial infarction model). We envision that integrating our approach with
modular tissue design will enable fabricating a complex multifunctional tissue at a clinically

relevant scale.
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2.4. Materials and Methods

Synthesis of gelatin methacryloyl (GelMA)

GelMA was synthesized as previously described elsewhere.*®’! Briefly, 10 g gelatin derived from
cold-water fish skin (Sigma-Aldrich) was dissolved in 100 ml Dulbecco's phosphate buffered
saline (DPBS) and heated to 60 °C for 30 min. Next, 8 ml methacrylic anhydride (Sigma-Aldrich)
was added gently and dropwise to the gelatin solution under vigorous stirring (300 rpm) at the
same temperature. The reaction was stopped after 3 hours by adding 300 ml DPBS and dialyzed
in dialysis tubing (Spectrum Laboratories, MWCO = 12-14 kDa) against deionized (DI) water at
50 °C for 5 days to remove any unreacted methacrylic anhydride. After sterile filtration, the

solutions were subsequently lyophilized for 4 days to generate a fibrous white foam.

Synthesis of methacryloyl substituted tropoelastin (MeTro)

Tropoelastin was expressed in bacteria and purified essentially as described previously.”
Methacrylated tropoelastin (MeTro) was synthesized as previously described elsewhere.’* Briefly,
2 g tropoelastin (Synthetic Human Elastin without domain 26A, recombinant human tropoelastin
isoform SHELdelta26A) was dissolved in 20 ml DPBS at 4 °C to reach a 10% (w/v) tropoelastin
solution. Once completely dissolved, 3 ml methacrylic anhydride was added dropwise to the
solution and allowed to homogenize at 4 °C. The reaction was stopped after 16 hours by adding
20 mL DPBS (pre-cooled at 4 °C) to the solution. This solution was then dialyzed against DI water
at 4 °C in a dialysis cassette (Slide-A-Lyzer™, MWCO = 3.5 kDa) for 3 days. After dialysis,

MeTro was lyophilized for 4 days.
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Hydrogel preparation

To form MeTro/GelMA hydrogels, different concentrations of MeTro (0, 7.5 and 15 % (w/v)) and
GelMA (0, 7.5 and 15 % (w/v)) were dissolved in DPBS with 0.4 % (w/v) Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) as a photoinitiator at 4 °C. The precursor solutions were then
placed in polydimethylsiloxane (PDMS) molds and photocrosslinked using a LED light (405 nm,

10 W) for 120 sec.

Bioink preparation

Gelatin from cold water fish skin (Sigma-Aldrich) were used to enhance the printability of the both
MeTro/GelMA and GelMA bioinks. After evaluating the extrudability and the cell viability, the
final concentrations of gelatin were determined for each bioinks. For MeTro/GelMA bioinks,
7.5 % (w/v) of MeTro, 7.5 % (w/v) of GeIMA, 20 % (w/v) gelatin and 0.4 % (w/v) LAP were
dissolved in cell culture media at around 10 °C and the pH was adjusted to 7. For GeIMA bioinks,
10 % (w/v) of GelMA, 23 % (w/v) gelatin and 0.4 % (w/v) LAP were dissolved in cell culture

media and the pH was adjusted to 7.

To make cell-laden bioinks, each step was carefully conducted under sterile conditions and
appropriate number of cells were mixed with the solutions at the last step. The lattice structures
were printed with MeTro/GelMA bioink with 2x107 cells/ml of HUVECs and MeTro/GelMA
bioink with 2x107 cells/ml of CMs and 1x107 cells/ml of CFs. For the vascularized cardiac
constructs, MeTro/GelMA bioink with 2x107 cells/ml of HUVECs and GelMA bioink with 2x107

cells/ml of CMs, 1x107 cells/ml of CFs and 5x10° cells/ml of HUVECs were used.
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Proton nuclear magnetic resonance ({H NMR) characterization

Spectra were acquired with Bruker AV400 NMR spectrometer for uncrosslinked GelMA and
MeTro dissolved in deuterated dimethyl sulfoxide (DMSO-d6) and the supernatant from a partially
dissolved composite (50/50 GeIMA/MeTro, 15% (w/v) total polymer concentration) kept under
vigorous shaking in DMSO-d6 overnight at room temperature. The degree of methacryloyl groups
consumption was calculated by the following equation, where PAy is equal to the peak area before

crosslinking, and PA, is the peak area after crosslinking (n = 3):

Degree of methacryloyl consumption(%) = % X 100 % (1)
b

Peak areas were measured using TopSpin 3.5pl4 to integrate the area of the curve with respect to

phenolic conjugated peaks at d = 6.5-7.5 ppm.

Mechanical characterization

Hydrogel samples were prepared in rectangular PDMS molds (12 mm length, 6 mm width, 1.5
mm height) for tensile test or in cylindrical molds (6 mm diameter, 3 mm height) for compression
test as described before. The dimensions of the hydrogels were then measured using a caliper. An
Instron 5542 mechanical tester was used to perform tensile and cyclic compression tests. For the
tensile test, hydrogels were placed between two pieces of tape within tension grips and extended
at 1 mm/min until failure. The tensile strain and stress placed on the hydrogel samples were
recorded through the Bluehill 3 software during the test and the compressive moduli of the
hydrogels were calculated from the slope of the stress-strain curves. For the compression tests,
hydrogels were loaded between compression plates. Cyclic compression tests were performed at

50% strain level and a rate of 1 mm/min by performing 10 cycles of loading and unloading. The

38



compressive strain and stress on the samples were measured using the Bluehill 3 software and the
compressive moduli were obtained from the linear region (0.15-0.25 mm/mm strain) in the stress-
strain curve. Energy loss were determined based on the area between the loading and unloading

curves for cycle 8. (n=4)

Area below loading curve—Area below unloading curve

Energy Loss (%) = x 100 % ()

Area below loading curve

Preparation of Carbopol support bath

The Carbopol gel was prepared as described earlier with some modification.” Briefly, 1.8% (w/v)
of Carbopol ETD 2020 (Lubrizol) was dissolved in 50 mL of Dulbecco's modified eagle medium
(DMEM, Gibco) and vortexed. 1.1 mL of 10 M NaOH was added to 50 mL Carbopol solution and
followed by vortexing until it became a gel. Next, the Carbopol gel was centrifuged at 1000 x g
for 1 hour until the gel became homogeneously dispersed. The Carbopol gel were manually stirred
with spatula once or twice during the centrifugation to facilitate the mixing process. The
homogeneous Carbopol gel was kept in a 4 °C fridge for storage.

Rheological properties: A theometer (MCR 92, Anton Paar) equipped with a parallel plate with a
gap size of 1 mm and a diameter of 8 mm was used to characterize the rheological properties
different solutions including MeTro/GeIMA pre-polymers, gelatin solution, MeTro/GelMA
bioinks and GelMA bioinks. Viscosity and dynamic modulus of the solutions were determined as
a function of temperature. Viscosity and shear stress of both bioinks were measured as a function
of shear rate from 0.1 to 1000 s™'. The shear force applied to cells during bioprinting was measured

indirectly by calculating the shear rate during printing and matching it to shear stress-shear rate
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data. More details on rheological properties are outlined in Methods Section, Supporting

Information.

Rheological characterization

A rheometer (MCR 92, Anton Paar) equipped with a parallel plate with a gap size of 1 mm and a
diameter of 8 mm was used to characterize the rheological properties of different solutions
including MeTro/GelMA pre-polymers, gelatin solution, MeTro/GelIMA bioinks and GelMA
bioinks. Different solutions were prepared as outlined before and pipetted onto the rheometer. Any
excess solution was trimmed with a spatula before these measurements.

Viscosity of MeTro/GelMA pre-polymers, gelatin solution and MeTro/GelMA bioinks were
measured as a function of temperature. Shear rate was constant at 50 s™! and the temperature was
swept at the rate of 2 °C min™. To demonstrate the shear thinning behavior of the MeTro/GelMA
bioinks, viscosity was measured as a function of temperature under three different shear rates of 5,
50 and 500 s

In a temperature sweep test, the storage modulus and the loss modulus were recorded as a function
of temperature under a constant shear rate of 50 s7!.

For a shear rate sweep test, viscosity and shear stress of bioinks were measured while shear rate
was swept from 0.1 to 1000 s™'. During the test, temperature for the GeIMA bioinks and the
MeTro/GelMA bioinks were set at 20 °C and 8 °C respectively.

The actual shear force applied on cells during the bioprinting was measured indirectly. Briefly,

time spent for 1 ml bioink extrusion, T, was recorded and put into the equation below, where y is
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shear rate (s); V is volume of the extruded bioink (1 ml); d is diameter of printing nozzle (0.34

mm); T is time of extrusion (second).:

.8V
y_1Ici3T (3)

Then, the shear stress on cells according to the calculated shear rate was obtained from shear stress-

shear rate data.

3D printing of bioinks

Acellular and cell-laden bioinks were prepared as outlined before and were loaded into a 3 mL
syringe affixed to a 25-gauge blunt end needle. Support baths were prepared as described and
poured into a container large enough to hold the structure to be 3D printed. The syringe was loaded
onto an INKREDIBLE+ bioprinter printhead from Cellink® and MeTro/GelMA bioink was
maintained at 10 °C. Pressure was varied to change the flow rate (10-25 kPa) of the bioinks and
printed into different structures with a layer height of 250 um with custom G-code. The printed
structures were then exposed to light (405 nm) to crosslink up to 3 min depending on the shape
and the size of the structures, carefully removed from the support bath with a spatula, washed with
warm DPBS.

For 3D bioprinting, cells were mixed with the bioink before loading onto the bioprinter and the
printed structures were further washed with media to facilitate the removal of Carbopol bath
around constructs before they were immersed in media and kept in CO; incubators. The media was
changed once in the first 30 min to remove unreacted photoinitiator, gelatin and remaining

Carbopol gel and then changed every day.
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Enzymatic degradation

MeTro/GelMA lattice (8§ mm L x 8 mm W X 1 mm H) were printed as described previously. The
printed constructs were incubated in DPBS at 37 °C in order to remove the residual gelatin and
Carbopol in the printed constructs for 3 days. The DPBS solution was refreshed on a daily basis.
The dry weights of the samples were measured after freeze-drying. The samples were immersed
in 1 mL of DPBS containing 10 units/mL of collagenase II (Worthington Biochemical, Lakewood,
NJ, USA) and incubated at 37 °C. Samples were removed from the collagenase solution,
lyophilized and weighed at different time points (days 0.5, 1, 3, 7 and 14). The degradation rate
was calculated following the equation, where W, is the weight of dried samples after degradation

and W) is the initial weight of dried samples before swelling (n = 4):

Wo-Wgy

Degradation Rate (%) = e (4)

Cell culture and isolation

Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza and cultured in
endothelial growth BulletKit (EGM-2, Lonza) at 37°C in a humidified atmosphere containing 5 %
CO2. The 612" passages of HUVECs were used in this study. Neonatal ventricular rat
cardiomyocytes and cardiac fibroblasts were isolated at the UCLA NRVM core facility using 2-
to 4-days old rats. Myocytes and fibroblasts were separated using Percoll density gradient. NRVMs
were used on the same day that they were provide and NRVFs were cultured under standard
conditions (37 °C, 5% COz) in DMEM with 10% fetal bovine serum and 1%

penicillin/streptomycin before they were used at passage 1-3.
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Determination of cell viability

The viability of bioprinted neonatal cardiac cells and HUVECs was evaluated by LIVE/DEAD™
Viability/Cytotoxicity Kit (Invitrogen) at days 1, 3, 5, 7 and 15. Ethidium homodimer (EthD-1)
and calcein AM were diluted into 50:1 and 200:1 with DPBS respectively. Depending on the
structure, appropriate amount of the solution was assigned to 3D bioprinted constructs and
incubated for 45 min in 5% CO> at 37 °C. Live and dead cells were observed by a fluorescence
optical microscope (Primovert, Zeiss) or a confocal fluorescence microscope (SP8-STED, Leica).
Living cells were detected by calcein AM (green fluorescence), and death cells by EthD-1 (red
fluorescence). The number of viable cells was quantified using ImageJ (NIH) software. The
number of cells was calculated by the ratio among the area of each cluster with the area of a known
single cell. Then, the viability rate was obtained by comparing the number of viable cells with total

number of viable and non-viable cells.

Immunofluorescence staining

Cell-laden structures were cultured under standard condition as described before. At different time
points (days 5 and 10), samples were fixed for 1 h at room temperature using 4 % (v/v)
paraformaldehyde (Sigma-Aldrich) in DPBS. Cells were permeabilized by soaking the samples in
0.1 % (v/v) Triton X-100 (Sigma-Aldrich) dissolved in DPBS for 30 min while non-specific
binding was inhibited using 10 % (v/v) bovine serum albumin (BSA, Sigma-Aldrich) for 1 h at
room temperature. Samples were then incubated for overnight at 4 °C in a solution containing
primary antibodies at 1:200 dilution in 10 % (v/v) BSA and 0.1 % (v/v) Triton X-100 in DPBS. In

particular, rabbit polyclonal anti-CD31 (ab28364, Abcam) and mouse monoclonal anti-sarcomeric
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a-actinin (ab9465, Abcam) were used. Samples were then incubated for 1 hour at room
temperature in a solution containing secondary antibodies at 1:400 dilution in 10 % (v/v) BSA in
DPBS. Alexa 488-conjugated goat anti-mouse (ab150116, Abcam) and Alexa Fluor 594-
conjugated goat anti-rabbit (al1008, Invitrogen) were acquired from Abcam and Invitrogen
respectively. Nuclei of the cells were stained by 40,6-diamidino-2-phenylindole (DAPI,
Invitrogen). Images were taken using a fluorescence optical microscope (Primovert, Zeiss) or a

confocal fluorescence microscope (SP8-STED, Leica).

Evaluation of endothelium barrier function

To assess barrier function of the printed vasculature, diffusional permeability was quantified by
perfusing culture media with 25 pg/mL FITC-conjugated 70-kDa dextran (FITC-Dex; Sigma
product 46945) in the vascular channel at a rate of ImL/min for 20 min. The diffusion of FITC-
Dex was monitored using tile scan of a fluorescence microscope with 2.5x objective (Zeiss).
Fluorescence images were captured before perfusion and every 4 min. Diffusional permeability of
FITC-Dex is calculated by quantifying changes of fluorescence intensity over time using the

following equation:

Pam (52 4 (s)

Il_Ib t

P4 is the diffusional permeability coefficient, I; is the average intensity at an initial time point, I>
is an average intensity after time t (s), Iy is background intensity (before introducing FITC-Dex),
and d is the channel diameter (cm). The measurements are performed on embedded channels with

and without endothelium (n = 3).
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Evaluation of cardiomyocyte beating

The beating behavior of the engineered cardiac tissues were assessed as previously described 7.
Briefly, individual CM contractions within the engineered cardiac tissues were quantified with a
custom MATLAB code to calculate beats per minute (BPM) and degree of coordination using
video microscopy. Cardiac cells were recorded at 30 frames per second and raw video files were
exported as AVIs and imported into MATLAB for analysis. Regions of interest (ROIs) were
identified from the first frame of the video recording as objects between 75 pm? — 1000 pm? in
size. The average BPM was calculated as the mean number of contractions for all ROIs in field
of view (m > 20) multiplied by 60 and divided by the video length from a minimum of three
samples per condition (n > 3). Timestamps for each contraction from the identified CMs were
assigned a unique identification number to gather a quantification on the degree of coordinated

contraction in the tissue models.

Dorsal subcutaneous implantation of hydrogels

All animals were handled in strict accordance with good animal practice as defined in the federal
regulations set forth in the Animal Welfare Act (AWA), the 1996 Guide for the Care and Use of
Laboratory Animals, PHS Policy for the Humane Care and Use of Laboratory Animals, as well as
UCLA’s policies, and procedures as set forth in the UCLA Animal Care and Use Training Manual.
All animal work was approved by the UCLA Chancellor’s Animal Research Committee (ARC #

2018-076-01B).

3D printed cardiac tissue constructs (7.2 mm L X 7.2 mm W % 3 mm H) were used for this study
to evaluate biodegradation and inflammatory response of the MeTro/GelMA and GeIMA bioinks.
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The 3D printed constructs were immersed in DPBS and incubated at 37 °C for 7 days to stabilize
before implantation. Male Wistar rats (200—250 g) were purchased from Charles River
Laboratories (Wilmington, MA, USA). 3D printed constructs were prepared under sterile
conditions and their initial wet weights were recorded. General anesthesia and analgesia were
induced by inhalation of isoflurane (2.5% (v/v)), followed by subcutaneous meloxicam
administration (5 mg-kg!). Next, 1.2 mm subcutaneous pockets were made through the posterior
dorsal skin. The 3D printed constructs were then implanted into the subcutaneous pockets. The
acellular tissue constructs were inserted into the left pocket and the right pocket respectively.
Afterwards, the wounds were thoroughly closed with 3-0 polypropylene sutures. The tissue

constructs were harvested at weeks 1, 2 and 3 post-implantations.

Histological and immunohistochemical analysis

Histological and immunohistochemical analysis were performed on cryosections of the explanted
hydrogel samples in order to characterize the inflammatory response elicited by the implanted
material. After explantation, samples were fixed in 4% paraformaldehyde for 4 hours, followed by
overnight incubation in 30% sucrose at 4 °C. Samples were then embedded in Optimal Cutting
Temperature compound (OCT) and flash frozen in liquid nitrogen. Frozen samples were then
sectioned using a Leica Biosystems CM1900 Cryostat. 15-um cryosections were obtained and
mounted in positively charged slides. The slides were then processed for hematoxylin and eosin
staining (Sigma) according to instructions from the manufacturer. The stained samples were
preserved with DPX mountant medium (Sigma).

Immunohistofluorescent staining was performed on mounted cryosections as previously

reported.”> Anti-CD3 (ab16669) and anti-CD68 (ab125212) (Abcam) were used as primary
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antibodies, and an Alexa Fluor 594-conjugated secondary antibody (Invitrogen) was used for
detection. All sections were counterstained with DAPI (Invitrogen) and visualized on an

AxioObserver Z7 inverted microscope.

Statistical analysis

All values are presented as mean + standard deviation. Statistical differences between sample
means at each condition were evaluated with two-way ANOVA tests using GraphPad (Software

Inc., CA, USA) as P-values were defined as *< 0.05, **< 0.01, ***<(0.001, and ****< (0.0001.
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Chapter 3 Scalable Fabrication of 3D Structured Microparticles with

Spatially Functionalized with Biomolecules

3.1. Introduction
Microparticles with defined shapes and chemical modification promise to transform the way we
interface with cells and tissues, acting as in vitro cell carriers that can tune biochemical and

physical signals,’® scaffolds to promote the growth and infiltration of cells in vivo to regenerate

18, 77 78-719

tissue, compartments for high-throughput single cell analysis, and solid phases for
barcoded molecular assays.®®! Numerous approaches to manufacture shaped hydrogel particles
have been developed including wafer scale photolithography,® microfluidic emulsion
polymerization, and continuous and stop-flow lithographic methods.®*** These conventional
methods have had trade-offs between the throughput of manufacture and precision of particle
shape and chemical functionalization.

Droplet microfluidics, where single, double, or aqueous two-phase emulsions have been employed
to generate shaped microparticles,®>*® has emerged as a powerful platform to produce uniform
microparticles with different functions and properties. In particular, crescent-shaped
microparticles” or hollow shell particles®’ produced by polymerizing precursors following
aqueous two-phase separation (ATPS), possess a sub-nanoliter size cavity which can hold cells,
and can template water in oil emulsions for performing single-cell and digital molecular assays.
The current approach to manufacture these shaped particles, such as “nanovials”, requires precise
injection of multiple polymer precursors into flow focusing microfluidic geometries, limiting

scalability. Further, these previous approaches lacked robust approaches to spatially pattern

different chemical functionalities, limiting the flexibility of the platform. For example, by locally
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patterning cell adhesive proteins to the cavity region of the nanovials, cells can be preferentially
bound within the nanovials, protecting them from shear stress during more vigorous handling steps
such as emulsification, fluorescent activated cell sorting (FACS), or delivery in vivo into tissue for
therapeutic applications. Additionally, selective adhesion can direct loading to an adhesive region

or cavity sized to the dimensions of a single cell,3¥°

improving loading statistics beyond random
Poisson processes. While more scalable manufacturing devices such as parallelized step
emulsifiers and highly parallelized flow focusing devices have been used to dramatically enhance
the production rate of spherical microparticles,'® *1* high-throughput production of shaped 3D-
particles or capsules which require two phases has not been achieved.

In this study, we use a induced-phase separation concept to overcome tradeoffs between particle
complexity and fabrication throughput for the manufacture of microparticles with tunable localized
surface chemistry and shape. We fabricate monodisperse 3D-axisymmetric particles with a
chemically-functionalized cavity using a parallelized step emulsification device and temperature-
induced phase separation. Harnessing the conditional phase separation of polyethylene glycol
(PEG) and gelatin, photocrosslinkable PEG and gelatin ATPS droplets were generated and
crosslinked with UV light to form uniform 3D axisymmetric particles with geometries dictated by
the balance of interfacial tensions between the different phases (Figure 3-1).

The engineered particles were found to be selectively functionalized on their inner cavities with
higher densities of gelatin, which we showed was beneficial for their application as a platform for
cell-carriers and reaction vessels to perform single-cell assays. The embedded gelatin promoted
deterministic attachment of cells only within the cavities via integrin binding. The diameter and

the opening of the crescent particles were also controlled to efficiently encapsulate single cells

within nanovials, improving upon previous stochastic loading limitations governed by Poisson
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statistics. Cells adhered to nanovials could be sorted using standard FACS and viability was
increased for cells attached to nanovials compared to unbound cells, suggesting these nanovials
provide protection from fluid shear stresses during the sorting process. Finally, we showed the

localized gelatin, when functionalized with capture antibodies, could be used to locally enrich

secreted products from captured cells.

(A) High-Throughput Droplet Fabrication (B) Induced Phase-Separation of Droplets

Precursor Solution
[PEG-acryIate Gelatin Photo-]

initiator
bq NN 4

" Gelatin

Randol;n Coil

(D) Application as Single Cell-Carriers

Deterministic Cell Loading

Figure 3-1. Overview of 3D structured microparticle fabrication using induced phase
separation and their use. (A) Polymer precursors containing a mixture of PEG-acrylate, gelatin,
and photo-initiator are injected into a high-throughput microfluidic droplet generator to create a
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uniform two-phase water in oil emulsion. (B) By reducing the temperature of the emulsions, PEG
and gelatin undergo phase separation to create a three-phase PEG/gelatin/oil system. (C) The
emulsion is exposed to UV light to selectively crosslink the PEG-rich phase and washed to recover
3D structure particles with gelatin remaining localized on the cavity surface. (D) The structured
particles with localized surface chemistries act as cell carriers that protect cells from shear stress
and show enhanced performance for single cell loading, secretion capture and live cell sorting

using FACS.

3.2. Results and Discussion

While PEG and dextran have been commonly used as two components of an ATPS in droplets,”®
9495 in this study, gelatin, instead of dextran, was used to enable us to trigger phase separation
following massively parallel step emulsification using a temperature change. Gelatin, as denatured
collagen, dissolves in water above its critical temperature and behaves as random coils in solution.
Upon cooling gelatin molecules partially revert to triple helical collagen-like sequences altering
the relative exposure of hydrophobic sites or other chemical groups on the surface of the gelatin
molecules,’® which we found to affect the miscibility of gelatin with PEG (Figure 3-2A). Thereby,
we could control the miscibility and the partitioning behavior of PEG/gelatin solutions by varying
the temperature and composition (Figure 3-2B). Here, we exploit these properties to create

multiphase water-in-oil templates that can be polymerized into 3D structured particles following

UV polymerization.
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Figure 3-2. Conditional miscibility of PEG and gelatin in aqueous solutions. (A)
Conformational change of gelatin molecules induced by temperature variation. (B) The phase
separation behavior of a solution comprising different concentrations of 4 arm PEG acrylate 5000
Da and fish gelatin depending on temperature. Three sets of conditions are highlighted in red in
which a single phase of precursor materials transitions to separated phases upon a temperature
reduction from 25 °C to 4 ° C.

Phase separation of PEG and gelatin is dependent on both the concentration of each component
and the temperature of the system.’” Using a microfluidic droplet generator, we constructed two
isothermal binodal curves, corresponding to which PEG and gelatin undergo phase transitions at
4 and 22 °C respectively (Figure 3-3A, B). We used gelatin derived from fish as it still remains
liquid at 4 °C, allowing flow to form a minimal energy configuration unlike for porcine-derived

gelatin. At concentrations above the binodal curves, the system undergoes phase separation to
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create PEG-rich and gelatin-rich regions within microscale water in oil droplets. For
concentrations below the binodal curves, PEG and gelatin were miscible. The binodal boundary
was found to be lowered by decreasing the temperature, which was attributed to favored
interactions between gelatin molecules at lower temperatures (Figure 3-3C, D). By using
compositions of the PEG/gelatin solutions located at points between the 4 and 22 °C binodal curves,
a transition is enabled from a miscible solution to a phase-separated state induced by the

temperature change.
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Figure 3-3. Temperature-induced phase separation of PEG and gelatin droplets. (A)
Microfluidic setup for construction of PEG-gelatin phase diagrams. PEG acrylate, PBS, and gelatin
are injected into separate inlets of a flow focusing device and mixed prior to a droplet generating
junction. The composition of droplets is controlled by adjusting the corresponding flow rates. (B)
Phase diagram of PEG and gelatin. The isothermal binodal curve is shown for 22 °C and 4 °C. The
dashed line in the inset shows the composition range whose transition temperature is indicated in
Figure 3-3C. (C) At concentrations between the binodal curves, phase separation can be induced

by adjusting the temperature of the system. (D) Example images of droplets with different gelatin
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compositions and temperatures (PEG concentration is 7.5% w/v). Phase separation is observed in

several different conditions.

When there is no flow, the ATPS droplet geometry is prescribed by the balance of interfacial
energies between the PEG-rich, gelatin-rich, and oil phases.”® These energies reflect the interfacial
tensions as well as the interfacial areas between each pair of phases. The more hydrophobic PEG-
rich phase encloses the gelatin-rich phase, as the interfacial tension between PEG and fluorinated
0il, Ypgg—oir» 18 smaller than the interfacial tension between gelatin and the oil, Ygeiatin—oii -
However, completely enclosing the gelatin-rich phase leads to an increased interfacial area (PEG-
gelatin and PEG-oil) which can be reduced if the gelatin rich phase partially wets the oil phase
over an area, 4. This partial interaction, leading to a Janus morphology, is observed when the
interfacial energy of the gelatin-rich and oil phase over 4 is smaller than the interfacial energy of
the combined PEG-rich and gelatin-rich (Ypgg—getatin) and the PEG-rich and oil phases acting
over the same increased area, such that Ygeiatin—oit < YpEG-getatin + YPEG—oil-

We use a parallelized microfluidic droplet generator to fabricate structured microparticles in high-
throughput by exploiting PEG/gelatin compositions that undergo induced phase separation. Step
emulsification devices can be easily scaled to generate droplets in high-throughput using hundreds

to thousands of parallel channels (Figure 3-4).!% 1%
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Figure 3-4. A schematic of a multi-channel step-emulsification microfluidic device which can
be used for high-throughput production of droplets for induced phase separation-based

manufacturing at high rates.

The high-scalability of the step-emulsifiers are beneficial especially for manufacturing
microparticles with small diameters such as ~35 pm particles. The flow focusing microfluidic
device has been commonly used to make two-phased droplets, since it can precisely control
different components to make different structures. However, to make small-sized droplets using
the flow-focusing device, channels’ size of the devices should be reduced accordingly. This causes
high viscous force in the channel during the fabrication and lead to a chaotic and unstable flow,
which results in non-uniformity in the droplet fabrication. Therefore, we had to use flow rate as
low as 0.06 mL-h! to stably manufacture crescent shaped microparticles with diameter 36 um
using a flow-focusing device, limiting the scalability of manufacturing. Using the step-

emulsification device, we dramatically increased the manufacture-throughput. We fabricated
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droplets of average diameter 36.5 um which were highly monodispersed (CV = 3.2 %) at a
production rate of 1 mL/hr using a step-emulsifier with a channel height of 11 um, which is more
than 15 times faster than the production rate using a flow-focusing device (Figure 3-5A, B).

Since the droplet formation in a step-emulsifier is mainly driven by interfacial tension,'® the
droplet size was determined by the height of the inlet channel and did not change significantly
over a range of flow rates of both the dispersed miscible precursor solution and the continuous oil
phases. However, as flow rate increases, collisions between the generated drops resulted in droplet
coalescence, which can explain the increase in droplet sizes and their variance at higher flow rates,

despite not reaching a jetting regime (Figure 3-5C).
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Figure 3-5. Characterization of PEG/gelatin droplets and particles generated using a highly
parallelized microfluidic droplet generator. (A) The step-emulsification device yielded droplets
of average diameter 36.5 um which were highly monodispersed (CV = 3.2 %) at a production rate

of 1 mL/hr. (B) Visual comparison of the production rate of the parallelized step emulsification
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device versus a flow focusing device (ImL-h™' and 0.06 mL-h™!, respectively). (C) Step-emulsifiers
with channel heights of 11, 14, and 26 pum generated droplets with mean diameters of 36, 45, and
65 um, respectively. (D) Microscopy images of PEG/gelatin (6.3 %w/v PEG and 4.5 % w/v
gelatin) droplets undergoing induced phase separation from a reduction in temperature and
resulting in monodisperse shaped particles after UV polymerization. Green fluorescent images
show the distribution of FITC conjugated gelatin during the process to aid in visualization. (E) The
morphology of the crescent shaped nanovials was confirmed using confocal microscopy.

Despite of its benefits of high-throughput production rate, parallelized step-emulsifiers have not
been adopted to fabricate microparticles with 3D shapes, since they are limited in that only a single
phase or stable mixture can be easily introduced when parallelized. Leveraging the PEG/gelatin
ATPS system, we are able to surpass these limitations by first generating droplets with a step
emulsification device, starting at a single-phase composition between the binodal lines, and then
inducing phase separation by reducing temperature to create uniform multiphase geometries.

As the temperature of the system is reduced, very small domains of the gelatin-rich phase form
within the larger drops, which coalesce and coarsen over time to form a single large spherical

gelatin-rich domain in each drop (Figure 3-6 ).
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Figure 3-6. Bright field and FITC microscopy images of PEG/gelatin (6.3 % w/v PEG and
4.5 % w/v gelatin) droplets undergoing induced phase separation from a reduction in

temperature.

The phase-separated droplets were then exposed to UV light to crosslink the PEG portion, yielding

particles with crescent-shaped cross-sections after washing steps (Figure 3-5D). The resulting
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particles were highly uniform in their size with an average diameter of 36.0 um (CV = 6.8 %) and
average cavity diameter of 21.4 pm (CV = 7.2 %) (Figure 3-5E). For the entire study, across
different temperatures and in the presence of buffers and different media we did not observe
particle aggregation or swelling, which indicates high stability of the nanovial particles. The
particles were generated at rates of 40 million/hour which is ~11 times faster than previous
methods that used a single flow-focusing device.”” Nanovials of various sizes could be generated
by using step-emulsifiers with different channel heights. The morphology of the ATPS droplets
and resulting particles can be adjusted by changing the composition of PEG and gelatin. The
compositions affect both the relative volumes of the PEG-rich and gelatin-rich regions as well as
the balance of interfacial tensions between the PEG-rich, gelatin-rich, and oil phases. Increasing
the concentration ratio of gelatin to PEG resulted in droplets with a higher volume fraction of the
gelatin-rich phase, and nanovials with a larger exposed cavity when crosslinked (Figure 3-7A).
Compositions were also found that result in particles with completely enclosed cavities (i.e. hollow
shell particles) (Figure 3-7B).
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Figure 3-7. Different particle shapes fabricated using a parallelized step emulsification
device and temperature-induced phase separation. (A) The structure of the resulting particles
can be modified by adjusting the composition of PEG .and gelatin (The corresponding
compositions are shown on the plot in Figure 3-3B). Conditions are shown for crescent particles
with different cavity ratios as well as fully enclosed hollow shell particles. Droplets are false
colored to aid in visualization of PEG (green) and gelatin (blue) phases. (B) The morphology of

the hollow shell particles was confirmed using confocal microscopy.

Our fabrication approach results in a localization of gelatin on the inner cavity surface of the
crescent shaped particles, which is advantageous for cell microcarrier applications utilizing this
nanovial geometry. We found that during our particle manufacturing process gelatin molecules
near the interface of the PEG-rich and gelatin-rich phases become trapped in the cross-linked
surface. We used fluorescein isothiocyanate (FITC)-conjugated gelatin to visualize this
localization effect using fluorescence and confocal microscopy (Figures 3-5D, 3-6, 3-8A). We
found that even after vigorous washing steps, the gelatin remained embedded in the particle surface

indicating either physical entanglement and/or chemical bonding had occurred.
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Figure 3-8. Nanovials with gelatin coated cavities for cell loading. (A) Confocal microscopy
shows the localization of gelatin on the inner cavity surface of the crescent shaped particles. (B)
Cell loading efficiency on nanovials with different distributions of binding moieties (No coating —
PEG particles without RGD or gelatin, Uniform coating — PEG particles with RGD uniformly
distributed, Localized coating — gelatin localized to the inner cavity). (C) The fraction of nanovials

with single cells increases as the particle cavity size approaches the cell diameter.

To investigate the effect of the localized gelatin layer on cell adhesion and growth in nanovials,
we compared the cell loading on three different particles with no binding motif, with uniform Arg-
Gly-Asp (RGD) motifs, and with localized gelatin, respectively (Figure 3-8B). Chinese hamster
ovary (CHO) cells were seeded at a 0.6:1 cell-to-particle ratio and after 2 hours of incubation, the
samples were rinsed using a 20 um reversible-strainer to remove the unbound cells. The particles
without cell binding motifs had few cells attached to the particles (0.26 & 0.17 % of particles had

adhered cells). More cells were bound to RGD-coated nanovials as expected (20.73 + 1.77 % of
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particles), but a significant fraction of cells was bound to the outside of the particle (80.31 % of
cells bound to particles). Particles with localized gelatin showed a significantly larger fraction of
cells bound to the particle cavity, 15.39 = 1.62 % of particles, while less than 1.33 £ 0.73 % of
them were bound to the outer surface (a 60-fold improvement as compared to uniformly coated
particles). By avoiding external adhesion, the majority of cells can be localized to cavity region
which can help ensure loading of single cells as well as reduce unwanted shear stress during
handling steps, improving cell viability. Also, we demonstrated that the cells bound to nanovials

can be released by using a protease such as trypsin when it is required (Figure 3-9).

) ) Dissociation of cells Recovery of cells
Cells in nanovials using trypsin using a cell strainer

Figure 3-9. Schematics and microscope images to describe the dissociation and recovery of
cells from nanovials using trypsin. Cells bound to nanovials were trypsinized and released from
nanovials. The solution with unbound cells and nanovials were strained with a 20 pm cell strainer

and cells were isolated from nanovials.
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Localized adhesion combined with size exclusion effects of the cavity enables deterministic
loading of single cells into the particle cavities. We found that for the same cell seeding
concentrations, nanovials with uniformly distributed binding moieties yielded a significantly
larger fraction of nanovials containing more than one cell (> 80 % cell containing nanovials) than
nanovials with gelatin localized to the cavity (~ 1% of cell containing nanovials). The high-
multiplet fraction for the nanovials with uniformly distributed binding moieties was attributed to
the larger fraction of cells bound to the outside of the particles and resulted in loading statistics
worse than Poisson loading (Figure 3-10A). For nanovials with localized gelatin, the reduction in
cells binding to the outer surface combined with exclusion effects of the inner cavity size was
found to improve loading of single cells beyond distributions predicted by Poisson statistics. Both
cells loaded in RGD-coated nanovials and localized gelatin-nanovials showed high viability
(>80 % over 5 days of culture (Figure 3-11)). Testing a range of nanovial sizes with three different
cavity diameters 21, 27 and 33 um, we found that as the cavity approached the average size of the
cells (~17 um diameter) the fraction of nanovials with singlets increased and multiplets decreased
(Figures 3-8C, 3-10B). Since it is difficult to fit more than one cell, the nanovials with cavities of
21 um in diameter maintained a lower fraction of multiplets than Poisson loading. This effect
became more evident at the higher cell seeding densities. When increasing the cell-to-particle ratio
from 0.4:1 to 1:1, the multiplet fraction for nanovials with 21 um cavities was reduced by as much
as 50% compared with Poisson loading (Figure 310C). We expect that improved singlet loading
can dramatically improve utility of the cell carriers for applications where clonality is critical and
overcomes one of the long-standing limitations of microfluidic platforms that are dictated by

Poisson loading.!”!
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Figure 3-10. Further characterization of cell loading into nanovials in comparison to Poisson
loading. (A) Comparison of loading into 36 micron nanovials with uniform binding moieties and
localized binding moieties. Particles with uniform binding moieties have loading statistics worse
than the Poisson distribution, likely due to cell clusters being able to bind to the outside of the
nanovials. This trend is highlighted when looking at the fraction of nanvovials with multiplets (>1
cell per nanovial). Localized binding moieties in particles promotes deterministic cell loading and
reduces the multiplet fraction below the number predicted by Poisson statistics. (B) As the cavity
size approached the average size of the cells (~17 um), the fraction of nanovials with singlets
increased and multiplets decreased. (C) The deterministic loading became more evident at higher

cell seeding densities.
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Figure 3-11. Viability of cells bound to nanovials with different cell binding moieties as
reported in Figure 3-8B. No Significant difference in viability was observed for the samples with

uniform and localized coating of binding moieties.

The 3D-structured nanovials with gelatin functionalized cavities facilitate cell growth and prevent
cell death during standard assays that can induce high fluid dynamic shear stress such as
fluorescence activated cell sorting (FACS). We sorted both freely suspended cells and cells
adhered in nanovial cavities at high-throughput using FACS (~270 events/second) (Figure 3-12A-
C) and expanded cells after sorting over several days (Figure 3-12E). We found that cells bound

in the nanovial cavities showed significantly higher viability than unbound cells right after sorting
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(54.9% vs. 80.0%, p < 0.0001) (Figure3-12D). Also, during the 5 days of culture after sorting,
there were no significant differences in viability of nanovials bound cells that were sorted vs
samples that were not sorted (Figure 3-12F). We attribute the high cell viability to the cavity acting
as a protective shelter that reduces hydrodynamic shear stress on cells during the sorting process. !
To further evaluate effects on long-term growth from the sorting process, we investigated the
proliferation of cells before and after sorting. At different time points, the number of cells per each
sample was counted and normalized to the number of nanovials for both sorted and un-sorted
samples. The cells loaded in nanovials in both groups proliferated over time increasing the number
of cells per nanovial (Figure 3-12G), suggesting that the sorting process did not have a substantial
effect on cell growth. This high cell viability and activity is critical for the success of clonal
expansion after sorting single cells and could be advantageous for analysis and recovery of

adherent cells.
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Figure 3-12. Nanovials with gelatin coated cavities for cell sorting. (A) A schematic to describe
sorting nanovials loaded with cells. (B) Sorting nanovials loaded with cells based on CellTracker

signal using FACS. (C) Cell-laden nanovials were sorted with high efficiency using FACS. (D)

67



Viability of suspended cells (Cell) and cells loaded in gelatin-nanovial cavities (Nanovial) after
sorting. Cells bound to nanovials showed significantly higher cell viability following sorting,
suggesting these nanovials provide protection from fluid shear stresses during the sorting process
(p <0.0001). (E) Example images of live/dead stained cells bound to nanovials after sorting. Cell
viability of freely suspended cells after sorting and un-sorted cells on nanovials were also
evaluated as controls. (F) Viability of cells loaded on nanovials remained ~80% over 5 days of
culture for both un-sorted and sorted samples. (G) Average number of cells in nanovials increases

as they proliferated for both sorted and un-sorted samples.

Gelatin localized on the inner particle surface enables facile spatial modification of particles with
other biomolecules of interest. Due to the abundance of functional handles such as free amines and
carboxylic acid, gelatin is a convenient base for bioconjugation. For example, free amines can be
easily linked to using N-hydroxysuccinimide (NHS) ester conjugates (Figure 3-13A). Using an
NHS-biotin conjugate we selectively modified the inner cavity of the particles with biotin, a
biomolecule commonly used as a high affinity linker for antibodies, proteins, or oligonucleotides
via the extremely high affinity biotin-streptavidin non-covalent interaction. To visualize the
difference in localization, we fabricated particles with both biotin incorporated throughout the PEG
backbone (Biotin-PEG) and biotin linked directly to the localized gelatin (Biotin-Gelatin) and
stained with fluorescent streptavidin. Fluorescence and confocal microscopy revealed that the
Biotin-PEG particles have a uniform distribution of biotin groups, while Biotin-Gelatin particles
have a significant increase in fluorescence intensity around the inner surface of the cavity,
indicating a higher concentration of available biotin groups (Figure 3-13B, C). The localization of

biotin molecules in the cavity can dramatically expand the application of nanovials. As an example,
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biotin molecules can be used to link biotinylated antibodies through streptavidin-biotin coupling
in order to capture cells that otherwise do not adhere strongly to nanovials, such as suspension
cells. We demonstrated that various cell types, including non-adherent cells, can be loaded into

nanovials by using antibodies against cell-surface-specific antigens (Figure 3-14).
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Figure 3-13. Spatial modification of particles with biomolecules using localized gelatin. (A)

Free amine groups on gelatin are conjugated with biotin using NHS-ester modification. (B) Both
biotin modified PEG (Biotin-PEG) and biotin modified gelatin (Biotin-Gelatin) are conjugated
with AlexaFluor™ 488 conjugated streptavidin after fabrication. (C) Fluorescence and confocal
imaging show increased fluorescence intensity in the inner cavity of Biotin-Gelatin nanovials

indicating localization of biotin.
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Figure 3-14. Loading jurkats to nanovials using antibodies that are against cell specific
antigens. Jurkats with CD45 expression on their surface bind to nanovials labeled with anti-

CD45 through antibody-antigen interactions.

The ability to spatially pattern biomolecules can be further exploited to enhance detection accuracy
for high throughput analysis of single cell secreted products. Previously, we have shown that
nanovials can be used to perform single cell secretion assays by using the particle surface to
immobilize secreted antibodies and perform a fluorescent sandwich immunoassay. To reduce

cross-talk between cells and ensure accurate measurements an emulsification step was required
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with the previous particles.”” Here, we show that performing the assay with nanovials, in which
biotin is localized to the inner cavity surface, substantially reduces the amount of cross-talk
between cells enabling single cell secretion assays, without the need for extra steps to prevent
cross-talk.

To characterize the effect of localized biotin on cross-talk, we measured the secretion of a human
immunoglobin G (IgG) against interleukin 8 (IL-8) produced by CHO cells loaded on both Biotin-
PEG nanovials and Biotin-Gelatin nanovials (Figure 3-15A). We characterized the amount of
cross-talk by introducing a population of empty control particles with a fluorescent label prior to
the incubation step and measured the relative amount of secretions that were bound to these control
“empty nanovials” compared to the cell containing population by flow cytometry (Figures 3-15B,

C, 3-16).
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Figure 3-15. Localized conjugation of affinity agents reduces cross-talk for single cell

secretion assays. (A) Single cell secretion assays were performed by first loading human IgG
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producing CHO cells into nanovials. After cell adhesion free biotin groups were conjugated with
streptavidin and biotinylated antibodies against IgG. Cells were then incubated for different
durations to accumulate secreted molecules on the surface of the particles and captured secretions
were then fluorescently labeled with fluorophore conjugated antibodies. (B) The nanovials were
analyzed and sorted in high-throughput based on secretion signals using FACS. (C) A flow
cytometry scatter plot of 0.5 hr incubated nanovials, showing distinct scatter signal for nanovials
containing cells. (D,E) Flow cytometry analysis and microscopy images showed that assays with
Biotin-Gelatin nanovials (E) led to higher secretion signal and lower background intensity on
empty nanovials as compared to Biotin-PEG nanovials (D) due to the localized capture antibody
in cavity. The dashed lines in the histograms show the threshold to exclude the bottom 99% of
control empty nanovials. The samples were stained with CellTracker before imaging to aid in
visualization of cells. (F) ROC analysis was performed to compare the classification accuracy for
Biotin-PEG and Biotin-Gelatin nanovial-based assays. (G) Area under the ROC curve indicates
that Biotin-Gelatin nanovials enable more accurate classification than Biotin-PEG nanovials due
to reduced cross-talk (p < 0.1) across all incubation times. (H) Nanovial fraction containing cells
after incubating for 1 and 4 hours and sorting, reflecting the cross-talk differences between Biotin-

PEG and Biotin-Gelatin.
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Figure 3-16. Flow cytometry gating strategy and scatter plots for secretion assay samples
from Figure 6. (A) Cells that fall off during the assay can potentially skew the higher false

positive signal. To account for this variability particles stained with AF350 were spiked into the
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population at the beginning of the secretion assay to quantify amount of cross-talk signal. This
population was first gated from the remainder of the population to define as our empty nanovial
intensity. The remaining population was gated and the cell containing sub-population was then
gated based off increased forward and side scatter signal. (B) Raw scatter plots and gating for all
of the samples.

We found that Biotin-Gelatin nanovials possessed a higher secretion signal and lower background
intensity as compared to Biotin-PEG nanovials, indicating that the localized capture antibody in
cavity of nanovials enriched the secretion signals and reduced secretion leak from cells to
neighboring empty nanovials (Figure 3-17). We defined a threshold of fluorescence intensity to
exclude the bottom 99 % of control nanovials (1 % false positive rate) and identified the percent
of cell-loaded nanovials (true positive rate) that were above this threshold (Figure 5D-E). For
Biotin-PEG nanovials we found that ~30-34% of cell-loaded nanovials possessed positive signal
above this threshold when incubated within 2 hrs, which decreased substantially by 4 hrs to ~13%
due to an increase in crosstalk to control nanovials (Figures 3-15D, 3-17B). For the Biotin-Gelatin
particles, ~60% of cell-loaded nanovials were detectable above threshold after 30 minutes of
incubation, which decreased slowly over time to ~21% at 4 hrs, indicating a significant reduction

in cross-talk as compared to Biotin-PEG nanovials (Figure 3-15E, 3-17B).
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Figure 3-17. Additional characterization of the single cell secretion assay. (A) Biotin-Gelatin
nanovials showed lower IgG secretion signal on empty nanovials, while having higher signal on
cell-laden nanovials when compared to the same assay performed on biotin-PEG nanovials. (B)
When we defined a threshold of fluorescence intensity to have an only 1 % false positive rate,
Biotin-Gelatin nanovials had a higher fraction of nanovials with positive signal above this
threshold, indicating a significant reduction in cross-talk. For both nanovials, the fraction dropped

as the nanovials were incubated longer than 2 hours.

To fully characterize the capability of selecting out cell-containing nanovials from nanovials with
signal cross-talk, we performed receiver operating characteristic (ROC) analysis, a standard
method to assess classification accuracy independent of a single threshold. For each condition, a
curve of true positive rate versus its false positive rate were obtained across a series of cutoff levels
to depict the trade-off between the sensitivity and specificity (Figure 3-15F) and the area under the
curve (AUC) for each ROC curve was calculated (Figure 3-15G). The ROC curve indicated that
Biotin-Gelatin nanovials overall provide higher accuracy than Biotin-PEG nanovials with a

minimum trade-off between true positive rate and false positive rate (Figure 3-15F). While both
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nanovials allow accurate detection of secretions (AUC > 0.85), Biotin-Gelatin nanovials showed
significantly higher AUC values (AUC > 0.93) than Biotin-PEG nanovials due to the reduced
cross-talk (p < 0.1) (Figure 3-15G). This was also reflected in fluorescence microscopy images of
the samples (Figure 3-18). The reduction in cross-talk for Biotin-Gelatin nanovials was further
evidenced by inspecting nanovials sorted based on the top 5 % of fluorescence intensity. For
shorter incubation times (1 hr) both the Biotin-PEG and Biotin-Gelatin particles had a relatively
low fractions of nanovials without attached cells: 7.1 % and 12.1 % respectively (Figure 3-15D,
E, H). After 4 hours, the amount of empty nanovials sorted for the Biotin-PEG nanovial condition
increased to 55.5 + 4.0 % while Biotin-Gelatin nanovial sorts yielded only 33.8 + 8.6 % empty
nanovials (Figure 3-15H). We hypothesize that having the antibody binding sites localized in the
cavity reduces the amount of leaked secretions reaching the binding sites of other particles from
convective transport. Convective flows into nanovial cavities are expected to be reduced given the
boundary conditions. Further, it is possible that the higher concentration of binding sites in the
cavity of the Biotin-Gelatin particles more efficiently captures secretions before they have time to
diffuse out of the cavity or be convected away, further reducing crosstalk. Taken together, we
conclude that locally functionalized nanovials can effectively capture the secretions from the
single cells with lower cross-talk, enabling more accurate analysis and sorting of desired sub-

populations with a reduced number of processing steps than previous approaches.
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Figure 3-18. Brightfield and fluorescence microscopy images of nanovials and cells after an
IgG secretion assay and prior to sorting. Biotin-Gelatin nanovials have signal more
concentrated to the cavity and only start showing cross-talk at later time points. Signal on the
biotin-PEG nanovials tends to bind more uniformly across the nanovial surface and shows signal

on empty nanovials at earlier timepoints.

3.3. Conclusion
To summarize, this study presents a scalable approach to fabricate 3D structured microparticles

locally functionalized with gelatin molecules. Our temperature sensitive PEG/gelatin ATPS
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system enables generation of multiphase droplets using scalable step-emulsification devices to
produce 3D structured particles at rates of 40 million/hr. We believe that using the temperature-
induced ATPS system, production rate of >1 billion/hr can be easily achieved by further scaling
these devices,'® and can be potentially scaled further to >1 trillion/hr using other microfluidic
approaches.’! Crescent-shaped nanovial particles fabricated with this approach have an added
benefit of gelatin localization inside the nanovial cavity. Harnessing this property enables
deterministic loading of cells into the particle cavities and single cell loading at rates higher than
expectations based on Poisson statistics. Moreover, the particle cavities act as a shelter for the cells
that protects them from shear stress during handling and processing by FACS, improving viability
and promoting cellular growth. We further exploit this localization effect to selectively
functionalize biotin and capture antibodies to the cavities of the particles enabling single-cell
secretion assays with reduced crosstalk. This can be applied beyond producer cells to other cell
types such as B cells and T cells where secretion profiling is of importance for the development of
antibody and cell-based therapeutics.'%

Beyond these initial demonstrations, we anticipate broad impact of this technology across other
systems. Cavity-containing cell carriers can be used more generally for improved viability of cells
sorted using FACS.!% Particles can be further modified to tune stiffness or extracellular matrix
coatings to probe cellular response or provide more relevant cell microenvironments.'® Due to the
scalability of our approach, it unlocks potential utility in other areas such as tissue engineering
which typically requires a significantly larger amount of materials. For example, the protective
cavity of the particles can be exploited to reduce the harmful effects of shear on in vivo delivery
of cells for cell therapy applications while also providing a matrix for improved cellular growth.!%

Localization of the binding moieties can further be exploited for the self-assembly of multicell
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systems.!?” Aside from the crescent shaped nanovial particles we focus on in this work, this
approach can also be applied for scaled fabrication of hollow-shell particles which can be used for
studying clonal populations of mammalian cells, microalgae, and bacteria in biologically relevant

environments,®’ or act as an immunoprotective layer for allogeneic or xenogeneic cell therapies.

3.4. Materials and Methods

Microfluidic Droplet Generator Fabrication

Step emulsification devices were fabricated as previously described.'® Master molds were
fabricated on silicon wafers using a two-layer photolithography process to define the nozzle
heights and reservoir heights. Devices were molded from the masters with PDMS and bonded to
glass slides. Devices were treated with 2% trichloro (1H,1H,2H,2H-perfluorooctyl) silane (Sigma)
in Novec 7500 (3M) to make the channel surfaces fluorophilic. Flow focusing devices used for the

phase diagram studies were fabricated using a similar process.””

Identifying Phase Separation Compositions in Bulk

For PEG and gelatin, 5000 Da 4 arm PEG acrylate (Advanced BioChemicals) and cold water fish
gelatin (Sigma) were used. Nine different PEG/gelatin solutions comprising PEG at 5, 6, and 7 %
w/v and gelatin at 5, 7.5, and 10 % w/v were prepared at room temperature and transferred to a
refrigerator maintained at 4 °C. Three sets of conditions were identified in which a single phase of
precursor materials transitioned to separated phases upon a temperature reduction from 22 °C to

4 °C.

Identifying Phase Transition Temperature for Different Gelatin Concentrations
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30 % w/v PEG, 20 % w/v gelatin and Dulbecco's phosphate-buffered saline (DPBS), respectively,
were injected into a flow focusing device with 3 aqueous inlets at different flowrates to precisely
control the final compositions of water-in-oil droplets. As an oil phase, 0.5 % v/v Pico-Surf (Sphere
Fluidics) in Novec 7500 was used. Five groups of droplets with fixed PEG concentration of 7.5 %
w/v and different gelatin concentrations, 1.9, 2.7, 3.6, 4.4, and 5.3 % w/v, were generated. The
PEG/gelatin droplets were collected in a downstream reservoir and immersed in a water bath in
which the temperature was decreased from 22 °C to 4 °C by 1 °C every 30 minutes to identify at

which temperature the droplets undergo phase separation.

Binodal Construction at Two Different Temperatures.

To build the binodal curve for PEG/gelatin droplets at 22 °C, different concentrations of
PEG/gelatin droplets were generated using a flow focusing device as described above. Starting
from 25 % w/v PEG, the target concentration of PEG was decreased by 0.75 % w/v and at each
PEG concentration the minimum gelatin concentration required to yield phase separation in the
ATPS droplet were measured. To build the binodal curve for PEG/gelatin droplets at 4 °C the
above procedure used for 22 °C was followed but the generated droplets were collected in a

downstream reservoir immersed in a 4 °C water bath.

Fabrication of Nanovials with Localized Gelatin

For the dispersed phase, a homogeneous precursor solution with 6.3 % w/v PEG, 4.5 % w/v gelatin
and 1.5 % w/v lithium phenyl-2.4,6-trimethylbenzoylphosphinate (LAP) dissolved in DPBS was
injected into a parallelized step-emulsifier at 8 pL/min. In some cases, biotinylated PEG,

biotinylated gelatin and FITC-gelatin were added to the solution to make Biotin-PEG nanovials,
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Biotin-Gelatin nanovials and FITC-labelled nanovials, respectively. The continuous phase
comprised 2 % Pico-Surf in Novec 7500 injected at 16 pL/min. Single-phase PEG/gelatin droplets
were generated and streamed through a Tygon tube (0.03" 1.D., 0.0625" O.D, Murdock) immersed
in a 4 °C water bath for temperature induced phase-separation of PEG and gelatin. The length of
the tubing was adjusted to ensure full phase separation (~60 cm for 10 min incubation). The stream
of phase separated droplets was directed into a PDMS reservoir submerged in the 4 °C water bath
and exposed to UV light (200 mW/cm?) for 1-3 seconds near the outlet region of the reservoir for
polymerization. Upon UV exposure, the photocrosslinkable PEG components formed polymer
networks while gelatin components remained unpolymerized. The crosslinked particles were
collected, and the oil and the gelatin-rich drops were removed in a series of washing steps as
previously described (for more details: see Methods in the Supporting Information),” yielding

crescent-shaped particles with localized gelatin in the surface of cavities.

Fabrication of Nanovials with Uniform RGD Motifs

Nanovials with uniform RGD cell binding motifs were fabricated by injecting PEG and dextran
solutions comprising RGD peptides into a flow-focusing device with 2 aqueous inlets as described
in our previous study with some modification.” A PEG phase solution was prepared with 28.9 %
w/w 10 kDa 4-arm PEG-Norbornene (Creative PEGWorks), 2 % w/w LAP, and 0.5 mg/ml Biotin-
PEG-thiol (5000 MW, Nanocs) in DPBS. A dextran phase comprised of 11 % w/w 40 kDa dextran
(Sigma), 0.7 % w/w dithiothreitol (DTT, Sigma), and 5 mM RGD peptide (Ac-
RGDSPGERCGNH2, Genscript) in milli-q water. The PEG and dextran solutions were injected
into a flow-focusing device at 0.5 pL/min separately. An oil phase comprised of 0.5% w/w Pico-

Surf in Novec 7500 was injected at a rate of 10 pl/min to partition the aqueous phases into
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monodisperse water-in-oil droplets. The droplets were exposed to UV light (500 mW/cm?) for 1-
2 seconds near the outlet region of the reservoir for polymerization. The oil and dextran-rich drops

were removed using a series of washing steps.

Fabrication of Nanovials with No Binding Motif
Nanovials with no cell binding motifs were fabricated in the same way as RGD nanovials were

made, except RGD was excluded from the composition.

Washing Particles

Surfactant oil was first removed by pipetting. A solution of 20% v/v perfluorooctanol (PFO,
Sigma) in Novec 7500 and milli-q water were added consecutively to break the emulsions and
transfer particles to the aqueous phase. Samples were centrifuged at 2500 xg for 1 minute and oil
phase was removed. Particles were washed with Novec 7500 twice to remove remaining PFO and
surfactant. After removing the oil layer with pipetting, the residual oil was washed three times with
hexane (Sigma). Samples were then washed three times with 70 % ethanol and then twice with
milli-q water to remove gelatin. Particles were sterilized by incubating in 70 % ethanol overnight

before use.

Labeling of Gelatin with FITC

50 mg gelatin was dissolved in 5 ml of pH 9.2 sodium carbonate/bicarbonate buffer. 0.25 mg of
FITC was dissolved in 250 uL. DMSO and slowly added to the gelatin solution. The reaction
mixture was stirred for 6 hours in a 4 °C refrigerator. The reaction was quenched by the addition

of 15 mg of ammonium chloride (50 mM) and the mixture was stirred for 2 more hours in the same
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condition. The solution was dialyzed against milli-q water with 14,000 dalton dialysis tubing for
5 days to remove excess FITC. The FITC-gelatin solution was collected in a 50 mL Falcon tube

and stored in a -80 °C freezer and lyophilized.

Cell Culture

CHO DP12 cells (ATCC CRL-12445) were cultured according to manufacture’s specifications.
Briefly, cells were cultured in DMEM (Invitrogen) supplemented with 10 % fetal bovine serum
(FBS, Invitrogen), 1 % penicillin/streptomycin (P/S, Invitrogen), 0.002 mg/ml recombinant human
insulin (Sigma), 0.1% Trace Elements A (Fisher Scientific), 0.1% Trace Elements B (Fisher

Scientific), and 200 nM Methotrexate (MTX, Sigma).

Seeding Cells on Nanovials

CHO cells were loaded by adding a cell solution to nanovials as described earlier with some
modification.”” Nanovials were stained with AF 350 streptavidin (Fisher Scientific) before use.
Nanovials were washed with cell culture media and concentrated in a conical. The amount of
concentrated nanovials was calculated to cover the whole well area with a nanovial monolayer,
which were 3.2, 4, and 4.8 uL/cm? for 36, 45 and 55 pm nanovials, respectively. The proper amount
of nanovials were transferred and dispersed in a well plate. CHO cells pre-stained with CellTracker
deep red (Invitrogen, C34565) were seeded into the well with the nanovial monolayer at a target
cell-to-nanovial ratio. The solution in the well was pipetted multiple times to evenly disperse the
cells and particles across the well area. The sample was incubated for 2 hours in a CO; incubator
to allow cells to adhere to nanovials. In order to remove unattached cells, samples were strained

with a 20 um reversible cell strainer (CellTrics) and washed with “washing buffer” comprised of
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0.5 % bovine serum albumin (BSA), 1 % P/S and 0.05 % Pluronic F-127 in DPBS. Since the cell
size was smaller than the sieve, unbound cells passed through while the cells bound to nanovials
were collected above the strainer. Next, the cell strainer was flipped, placed on top of a 15 mL
conical tube and rinsed with the washing buffer to recover the nanovials in a conical tube. The
nanovials were centrifuged to remove washing buffer, resuspended in media, and cultured in a

CO; incubator.

Cell Loading Statistics

Cell loading efficiency was evaluated using custom image analysis algorithms in MATLAB. After
cell loading, nanovials were transferred to a well plate and imaged with a fluorescence microscope.
The number of total particles were first identified using the particle fluorescence channel by the
MATLAB script and the number of cell-laden nanovials were counted manually with detailed

information including the number and location of cells within nanovials (n > 1500).

Cell Viability Characterization

The viability of cells encapsulated in nanovials was evaluated using a live/dead assay. A staining
solution of 2 uM calcein AM solution and 4 uM ethidium homodimer (EthD-1) was prepared in
DPBS. Nanovials with cells were first concentrated in a conical tube by centrifugation and
supernatant was aspirated. The concentrated nanovials were mixed with the staining solution and
incubated for 30 minutes in a CO; incubator. The samples were washed with DPBS, centrifuged
and transferred to a well-plate for imaging. Live and dead cells were observed by a fluorescence
optical microscope where living cells were detected by calcein AM (green fluorescence), and dead

cells by EthD-1 (red fluorescence). The number of viable cells was quantified using ImageJ (NIH)
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software. Then, the viability rate was obtained by comparing the number of viable cells with total

number of cells.

Cell Viability Before and After Sorting.

Cell viability of cells encapsulated in nanovials were characterized before and after sorting
compared to unbound cells. CHO cells prestained with CellTracker were loaded in nanovials.
Some of the samples were kept as un-sorted samples. The cell-loaded nanovials were sorted
directly to a 96-well plate using a FACS machine (Sony SH800) based on the intensity of
CellTracker signal at 100-500 events/second. Unbound cells were sorted in the same condition as
a control. Viability of cells in different samples were assessed at days 1, 3, and 5 by staining live

and dead cells as described above.

Single Cell Secretion Assay and Cross-Talk Characterization. Nanovials were used as a
secretion assay platform to capture human IgG targeting IL-8 produced by a CHO cell line
(ATCC® CRL-12445™), Biotin modified nanovials were fabricated and CHO cells were seeded
on nanovials at a cell-to-particle ratio of 0.8 as described above and cultured for 12 hours prior to
the secretion test. Empty nanovials were stained with Alexa Fluor 350 streptavidin to distinguish
them from the nanovials loaded with cells. The cell-loaded nanovials were mixed with the blue-
stained empty nanovials as a method to characterize cross-talk. This was done in order to ensure
signal on empty particles that was measured did not arise from cells that may have detached from
the particles during various steps of the assay. All later steps were performed on the mixed
nanovials. Mixed nanovials were diluted in a streptavidin solution (0.1 pug/mL streptavidin

(Thermo Fisher, 434302) in washing buffer) at a 1:10 ratio and incubated for 10 minutes. The
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nanovials were washed with washing buffer three times. A capture antibody solution was prepared
by adding 0.02 pg of biotin anti-FC (Thermo Fisher, A18821) per 1 mL of washing buffer.
Nanovials were functionalized with capture antibody, biotin anti-FC (Thermo Fisher, A18821), by
mixing the nanovial concentrate and the antibody solution at a 1:10 ratio and incubating for 10
min. The nanovials were washed three times and incubated in CHO cell media in a CO; incubator
for different durations 0.5, 1, 2, and 4 hours to allow cells to secrete IgGs which can bind to capture
antibody. “Staining buffer” was made by mixing 10 % FBS, 1 % P/S and 0.05 % Pluronic F-127
in DPBS. The samples were washed three times with staining buffer and incubated in 0.01 pg/mL
AF 488 secondary anti-human IgG (Invitrogen, A18821) solution for 30 minutes. The nanovials
were washed three times with staining buffer and analyzed using a FACS machine at 100-500
events/second using both 350 nm and 488 nm laser excitation. For 1 and 4 hour incubated samples,
nanovials with the top 5 % secretion signal were sorted directly into a 96-well plate pre-filled with
culture media and imaged with a microscope. The nanovials before and after sorting were imaged
with a fluorescence microscope (Nikon, Eclipse Ti-S). The samples were stained with CellTracker
before imaging to aid in visualization of cells. The FCS data files from flow cytometry were
analyzed using FlowJo and secretion signals from control and cell-loaded nanovials were

compared.

Receiver Operating Characteristic (ROC) Analysis. The signals from cell-loaded nanovials
were identified based on their scatter readouts while control empty nanovials were found using
their blue signals (Figure S9A). A threshold for anti-IgG signal was set and signals higher than the
threshold from empty nanovials and cell-loaded nanovials were considered false positive and true

positive signals, respectively. The true positive rates versus false positive rates at fifteen different
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cut-off levels were plotted and the area under the ROC curve was calculated using the trapezoidal

method.
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Chapter 4 Selective Nanovial Capture and Single-Cell Sorting of Antigen-

Specific T Cells Based on Cytokine Secretion

4.1. Introduction

In this chapter, we highlight the broad generalizability of the lab-on-a-particle platform by
demonstrating the ability to screen and sort primary human T cells as well as genetically
engineered CAR-T cells based on cytokine production.

Our immune system is comprised of an incredibly complex network of cells which work in
harmony to protect the body from a seemingly limitless array of pathogens and infections.
Although the cells which comprise the immune system are drastically different in both form and
function, much of their collective behavior is tightly regulated through a shared library of secreted
effector proteins. Unfortunately, due to the complexity of accurately detecting and quantifying
secreted proteins much of the nuance surrounding such signaling dynamics is still not well
understood. Most common laboratory assays measure secretions from bulk cell cultures, providing
insights into average production rates across cell populations but obscuring heterogeneity in
individual cell function.?’ Newer single-cell technologies are beginning to enable researchers to
measure protein production from individual cells massively in parallel, however high costs and the
need for specialized end-user expertise have limited broad translation in research settings.

Here, we demonstrate a workflow for the rapid screening and sorting of individual T-cells based
on secreted factors that are accumulated on 3D-structured microparticles using a standard
fluorescence activated cell sorter (FACS). We adopted the nanovial-based single-cell assay
platform, that was utilized for identifying highly productive antibody secreting CHO cells in the

previous chapter, to detect and isolate single T cells based on their cytokine production. Cytokines
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are small molecular weight proteins or peptides secreted by many cell types, particularly immune
system cells, that regulate the duration and intensity of the immune response. We engineer the
nanovials with commercially available antibody capture reagents and analyze the production of
the cytokines which are tumor necrosis factor-alpha (TNF-a), interferon-gamma (IFN-y), and
interleukin-2 (IL-2) from human primary T cells. To enhance the accuracy of detection, we
included a detailed exploration of the optimal sorting conditions to minimize detection noise from
non-specific staining.

Next, we expand the findings from this cytokine-based T cell screening platform to screen chimeric
antigen receptor (CAR) T cells genetically modified to respond to specific antigen for therapeutic
purposes. Engineered T cell therapy is an emerging and effective cancer immunotherapy especially
in hematological malignancies, which is accounting for more than half of the cell therapies that
are currently under development or in the market.!® In a CAR-T cell immunotherapy, cells are
withdrawn from a patient, genetically engineered to target tumor cells, expanded ex vivo, and
finally reinjected into the patient to systemically search for and destroy malignancies. Chimeric
antigen receptors are designed by pairing target antigen specific single chain variable fragments
(scFvs) with components of the native intracellular T cell receptor signaling apparatus. While
simple in principle, the modular design of CARs can become quite complex, with factors such as
the affinity of the scFv, the length of the extracellular hinge region, the structure of the
transmembrane region and the identities of the intracellular costimulatory domains each having
significant impact on the final CAR activity.!?!'% Since treatment works by using the immune
system, off-target activity of engineered T cells promotes inappropriate immune responses which
can cause severe side effects.!!!"!'2 Therefore, ability to screen individual CAR T cells with the

specific antigen-receptor is important to minimize the adverse effects of T cell therapy.
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In this study, we targeted to screen universal anti-FITC CAR based on their cytokine secretory
function potentially for improved discovery and manufacturing of CAR T cell therapies.!!>'1'* We
engineered nanovials to have FITC molecules as well as capture reagents on the cavities, enabling
T cells that express the anti-FITC CAR to bind to FITC molecules on the cavities and the secreted
cytokines from them to be captured and analyzed.

The compatibility of lab-on-a-particle technology with standard laboratory equipment yields
transformative potential by democratizing functional analysis of single cells for immunotherapy
across laboratories.” !5 Such highly accessible screening tools will prove imperative for
advancing both basic immunological science as well as for informing novel strategies in the

development of next generation immune cell therapies.

4.2. Results and Discussion

Improving on our previous work to adhere CHO cells and capture secreted antibodies on nanovials,
we have further modified the nanovials to be optimized for T-cell cytokine secretion assay. The
assay workflow was similar as in the previous chapter that single cells were loaded on nanovials
functionalized with ligands to capture the secretions and they are incubated to enrich the secretions
from the cells on the nanovial cavities (Figure 4-1A). However, unlike the adherent cells like CHO
which adhered to the gelatin coated cavities of nanovials, suspension cells such as T cells can not
adhere to the nanovials through integrin binding. Therefore, we incorporated antibody against
CD45, a unique and ubiquitous membrane glycoprotein expressed on almost all hematopoietic
cells, as a binding moiety on nanovial cavities for loading non-adherent T cells.!'® To localize the
CD45 antibodies on the cavities of nanovials, gelatin coating on nanovials were biotinylated,

modified with streptavidin and then labelled with biotinylated anti CD45 as well as with capture
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antibodies for TNF-a, IFN-y, and IL-2 secretions. The cells were selectively bound to the cavities,
which is proven in the previous chapter to be required for single cell loading and precise secretion
analysis. In addition to introducing the localized cell binding antibodies, cell loading conditions
were also optimized to enhance the single cell loading fraction. As cell seeding density increased,
both the fraction of nanovials with single-cells and multiplets increased (Figure 4-1B). Testing a
range of cell seeding densities, we found that when we load 1.6 cell per particle, we achieve around

16 % of single-cell loading efficiency with multiplets fraction as low as 3 %.
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Figure 4-1. Primary T cell loading on nanovials using CD45 antibodies for analysis of
cytokine secretion. (A) Overview of cytokine secretion assay for T cells workflow. (B)

Characterization of primary T cell loading into nanovials with varying cell seeding density.

Prior to performing single-cell secretion assays, the dynamic range and detection limit of the
nanovial cytokine assay were investigated by incubating nanovials with different concentrations
of recombinant TNF-a, IFN-y, and IL-2 then staining with detection antibodies. Nanovials
combined with the FACS analysis could detect each cytokine as low as 1-10 ng/ml with four orders
of magnitude dynamic range, while the nanovials on fluorescence microscopy has a higher
detection limit of 10-100 ng/mL (Figure 4-2). These values are comparable with the other state of

the art single cell cytokine detection platforms.'!7-18
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Figure 4-2. Dynamic range of cytokine detection on nanovials. Nanovials were functionalized
with capture antibodies targeting either TNF-a, IFN-y or IL-2 and incubated with varying
concentrations of the appropriate cytokine. Samples were analyzed using both fluorescence
microscopy and flow cytometry. Cytokines were detectable down to a concentration of 10-100
ng/mL using fluorescence microscopy, or 1-10 ng/mL using FACS depending on the target

cytokine.
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Next, we demonstrated the cytokine secretion assay with single T cells. Cells are first loaded into
the nanovial cavities via CD45 antigen-antibody binding and unbound cells are rinsed to remove
background secretions. For cytokines to be produced by primary T cells, the T cells should be
activated to make immune response because under normal growth conditions, none or little amount
of cytokines are produced. We used phorbol myristate acetate (PMA) and ionomycin to initiate
the T cell activation. PMA diffuses through the T cell membrane into the cytoplasm and activates
protein kinase C which trigger calcium ion release and mobilization, resulting in a cascade of
additional cellular responses mediating T-cell activation.'!”

For 3 hours of T cell incubation with PMA/ionomycin-included culture media, we enrich either
TNF-a, IFN-y, or IL-2 on the nanovial cavities depending on our target cytokines. However, after
staining with the fluorescent reporter antibodies, we found significant amount of cell loaded
samples showed intracellular cell staining which obscured the signals from soluble cytokine
secretions (Figure 4-3A). These false positive signals from the cell stain were observed in the
nanovial assays for all three of cytokines. Since the intensity of two different types of staining
were comparable, isolating high producer T cells by gating the high signal populations on FACS
as done in previous chapter was less effective.

In order to differentiate these two signals, we focused on area versus height metrics. When a
sample passes through the laser beam spot in a flow cytometer, it generates scattered light or
fluorescence signals, and the flow cytometer quantifies the signals by calculating its height, width,
and area (Figure 4-3B). The height of signals is the maximum amount of the output intensity, the
width represents the time interval during which the signal occurs, and the area is the integral of the

height over width. The signal from cell stain is smaller in width than the secretion signal on
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nanovials, having a distinct population in a lower area region than the secretion population on the
area versus height plot (Figure 4-A, C, D). Using the strategy, we were able to sort out nanovials

with only secretion signal without the cell stain.
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Figure 4-3. Screening and sorting cells with high secretory functions. (A) Gating strategy to
differentiate the secreted cytokine signal on wider nanovials from the signal solely from
presumably permeabilized or dead cells. (B) A schematic to explain how flow cytometer generates
signals when a sample pass through the laser path. The T cells secreting high dose of (C) TNF-a

and (D) IL-2 are identified using the gating strategy (scale bar 50 pm).
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Furthermore, we found that the cell stain occurs when the membrane of cells on nanovial are
damaged and internally stained with detection antibody and we exploited it to eliminate the cell
stain population. We multiplexed secretion signals with signals from a non-invasive, non-toxic
dye that stains intact cell membrane, calcein AM. When live cells take up calcein AM, the ester
groups in calcein AM gets hydrolyzed into fluorescent calcein by intracellular enzyme and the dye
is retained in the cytosol and not bound to DNA. It has been proved that calcein AM at its working
concentration does not induce any cell stress or death upon exposure to the dye and after exposure
to calcein AM, cells were able to proliferate as efficiently as the controls.'”® As we gated the
calcein AM positive population, we could remove the cell stain population on the area versus
height plot. Targeting TNF-a and IFN-y secretions from T cells, we could split the secretion signal

population into three based on their secretion levels and sorted each group separately (Figure 4-4).
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signals with calcein AM to exclude the cell stain as well as to select viable cells. High, medium,

96



and low secretor T cells for TNF-a and IFN-y are identified and sorted successfully (scale bar 50

um).

Next, we performed multiplexed profiling of TNF-a and IFN-y. We located the four populations
that secrete either or both of the cytokines on the TNF-a versus IFN-y plot by comparing with the
signals from negative control samples (Figure 4-5). By gating these populations, we were able to
sort and recover the cells that secrete each cytokine as well as polyfunctional cells secreting
multiple cytokines which represent only 13.4 % of the total population.
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Figure 4-5. Multiplexed profiling of TNF-a and IFN-y secretion of primary T cells using

PMA/ionomycin as an activator (scale bar 50 pm).
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We demonstrated that we could sort T cells based on their secretory functions using
PMA/ionomycin as activating agents. We further appled our nanovial based cytokine assay
platform to identify and sort antigen specific T cells such as CAR T cells.

In this study, we engineered Jurkat cells (a CD4+ T cell leukemia line) and peripheral blood
mononuclear cells (PBMCs) with anti-FITC CAR which is designed for the T cells not to directly
recognize antigen on target cells but recruited to effector cells through a bispecific small molecule
(Figure 4-6A). This universal anti-FITC CAR 1is beneficial in that they can target various antigens
by using bispecific anti-tumor antibodies conjugated with FITC. Therefore, antigenically
heterogeneous tumors comprised of different tumor clones can be eradicated by a single anti-FITC
CAR T cell.'?!

Nanovials can be functionalized with target antigens as well as the capture antibodies targeting the
cytokines of interests. The antigens enable selective binding to CAR T cells with the specific
receptors, and individual clones demonstrating enhanced cytokine production could be recovered
for improved discovery and manufacturing of cell therapies or sequenced to identify their
constructs.

Prior to performing nanovial assays, we first confirmed that the engineered anti-FITC CAR T cells
secrete cytokines upon interacting with FITC nanovials using commercial ELISA kits. FITC
nanovials are prepared by conjugating FITC molecules to gelatin molecules on nanovials. We
cultured 1.5 million/mL of anti-FITC CAR Jurkats in different activation conditions, including
incubation with no activator, PMA/ionomycin and nanovials that were functionalized with
different concentrations of FITC solutions, 0, 0.25, and 2.5 mg/mL. After 12 hours of incubation,
we collected the conditioned media to measure the secretion of cytokines, either TNF-a, IFN-y or

IL-2 (Figure 4-6B). The ELISA results showed that when cultured with FITC nanovials, the
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Jurkats became activated and secreted IL-2, but not TNF-a and IFN-y, while jurkats were activated
by PMA/ionomycin secreted IFN-y and IL-2. The amount of FITC molecules on nanovials affect
the activation of jurkats. The cells incubated with nanovials labelled with 0.25 and 2.5 mg/mL
FITC solutions showed 15.5 pg/mL and 62.5 pg/mL of IL-2 secretions, respectively, which
corresponds to on average 10.3 pg and 41.6 pg of IL-2 secretions per one million cells, showing

the presence of more FITC molecules enhances the secretion amount from Jurkats.
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Figure 4-6. The secretory function of CAR T cells designed to specifically bind to FITC and
become activated. (A) Schematic representation of universal anti-FITC CAR constructs as
compared to conventional CAR constructs. (B) Cytokine secretion analysis of anti-FITC CAR

Jurkats cultured with different activating conditions using a commercial ELISA kit.

Since FITC conjugation and biotinylation of gelatin, which is required to functionalize nanovials
with cytokine capture antibodies, occurs on the same functional groups on gelatin polymer chain
(Figure 4-7A), we assessed the trade-off between FITC- and biotin-conjugation on nanovials using
microscopy and flow cytometry. Nanovials were first conjugated with FITC by incubating them
in a FITC solution for 2 hours at room temperature and then biotinylated with 5 mg/mL biotin

solution for 15 hours at 4 °C. Sweeping the concentration of FITC solution from 0 to 2.5 mg/mL,
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we found that the nanovials with higher FITC concentrations have lower biotin concentrations,
which was proven by streptavidin-biotin staining (Figure 4-7B). However, when we tested the IL-
2 detection of the non-FITC and FITC nanovials that were functionalized with IL-2 capture
antibodies, the detection signals from 10-1000 ng/mL of IL-2 solution only slightly decreased by
using the nanovial with FITC molecules (Figure 4-7C). Therefore, considering that the nanovials
with higher FITC concentrations provide significantly higher activation for anti-FITC CAR T cells,
we decided to use 2.5 mg/mL FITC solutions to conjugated FITC molecules to nanovials for the

rest of the study.
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with biotin and eventually capture antibodies and the FITC nanovials which partially shared their
reacting groups for FITC conjugation, were incubated with different concentration of standard IL-
2 and subsequently stained with reporter antibodies (APC). The increase in FITC concentration on
nanovials slightly decreased the dynamic range of nanovial assay because of the reduced

biotinylation.

After the optimization of FITC nanovials, anti-FITC CAR Jurkats were loaded on to the FITC
nanovials (Figure 4-8A). Because of the affinity between the FITC molecules on the nanovials and
the anti-FITC CARs on the loaded cells, cells were loaded without incorporating additional cell
binding motifs (e.g. anti-CD45) to nanovials. We explored the cell to particle ratio to find a cell
loading condition that gives high single-cell loading but low cell multiplets (Figure 4-8B). To
decide the incubation duration for cytokine secretion, we cultured the anti-FITC CAR Jurkats in
various activation conditions, including incubation with no activator, PMA/ionomycin and FITC
nanovials (Figure 4-8C). We found that in all activating conditions the cells started secretion
between 3- and 5-hours post activation. For the cells activated by FITC particle (2.5 mg/mL FITC
condition), there was little increase in the secretion between 7- and 15-hours post activation. While
the secretion signals from PMA/ionomycin triggered samples stopped increasing after 5-7 hours-
post activation, we assumed that it could be explained that the secretion level reached over the
maximum detection range and the signal was saturated.

After 12 hours of incubation, the cell-loaded nanovials were washed and labelled with the detection
antibodies (Figure 4-8D). Under a fluorescence microscope, we found localized bright signals on
the cavities of nanovials which demonstrates that the FITC nanovial activated the loaded CAR T

cells to secrete IL-2 and captured the secretions on their cavities. When manually counted, 0. 83 +
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0.17 % of the total nanovials, which was equivalent to 4.01 + 1.24 % of the total cell-loaded
nanovials, showed secretion signals. We attributed this rarity of the signals to the low cytokine

secretions of Jurkats, which has been previously reported, and potential low transduction

efficiency.
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Figure 4-8. Nanovial-based cytokine secretion assay for anti-FITC CAR T cells. (A)
Schematic overview of cytokine secretion assay for anti-FITC CAR T cells workflow. (B)
Characterization of anti-FITC CAR jurkats cell loading into nanovials with varying cell seeding
density. (C) ELISA was performed to assess the time dependence of IL-2 secretion from anti-FITC
CAR jurkats and to decide the proper incubation duration for nanovial secretion assay. (D) After

12 hours of incubation, IL-2 secretions (APC) were captured on some of the cell-filled nanovials.
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In addition to the Jurkats transduced with the FITC CAR, we expanded the study to PBMCs
transduced with anti-FITC CARs which secrete higher levels of TNF-a and IFN-y and a lower
amount of IL-2 (Figure 4-9A). We followed the same workflow as for anti-FITC CAR Jurkats in
terms of particle preparation, cell loading and capturing cytokines on the nanovials, but targeted
TNF-a and IFN-y instead of IL-2. We prepared nanovials functionalized with capture antibodies
against either of TNF-a or IFN-y and a mixture of both for multiplexed secretomic analysis.
Individual PBMCs were bound to the inner surface of nanovials, and secretion assays were
performed to assess their production of the cytokines. PBMCs were activated by FITC molecules
on nanovials and incubated for a period of 12 hours to generate signal. After incubation and
subsequent staining, both the TNF-a- and IFN-y-targeting nanovials showed bright fluorescent
signals along the edge of cell-filled nanovial cavities. Flow cytometry analysis revealed that IFN-
vy staining led to some cell staining populations, but we could use the area versus height parameters
to differentiate them from the cytokine secretion signal populations as done for primary T cells
cytokine assays (Figure 4-9B). Additionally, we have been able to detect the production of both
IFN-y and TNF-a from single viable CAR-T cells. Secreting cells were easily identified using flow
cytometry and fluorescence microscopy and could be possibly enriched via standard FACS sorting

(4-9 C).
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Figure 4-9. Nanovial-based cytokine secretion assay for anti-FITC CAR PBMCs. (A) ELISA

tests proved that anti-FITC CAR PBMCs secrete TNF-a (APC) and IFN-y (brilliant violet 421)

and lower dose of IL-2. (B) We could differentiate the secretion signals from the cell stain signals

by applying the same gating strategy that we used for primary T cells. (C) After incubation and

subsequent staining, nanovials with either of TNF-a and IFN-y capture antibodies showed bright

fluorescent signals on the nanovial cavities. The nanovials with the mixture of both capture

antibodies showed multiplexed signals as well as the single signals of each cytokine.

4.3. Conclusion

Our technology can quantitatively screen, and sort millions of viable cells based on cytokine

secretion, which will aid in discovery of TCRs, CARs, and surface markers involved in specific
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immune responses. It may also prove useful for analysis of unwanted phenomena, such as
generation of consecutive signaling from CAR constructs in the absence of target antigen (tonic
signaling), providing a route to select out CAR designs that will result in rapid cell exhaustion. We
can further investigate the transcriptome of sorted polyfunctional T cells to uncover drivers of this

phenotype, potentially improving upon the current paradigm of cell therapies.

4.4. Materials and Methods

Culture of Primary T cells

Trima filters were purchased from the UCLA virology core and eluted to recover concentrated
volumes of whole blood. T cells were isolated from the trima filter eluent using the RosetteSepTM
Human T Cell Enrichment Cocktail (STEMCELL Technologies) according to manufacturer
instructions and immediately frozen at a concentration of 1 x 107 cells/mL of freezing media.
Before analysis, each aliquot of T cells was rapidly thawed and transferred into pre-warmed
ImmunoCultTM-XF T Cell Expansion Media supplemented with 25 pL/mL ImmunoCultTM
Human CD3/CD28 T cell activatior, and 50 IU/mL IL-2 at a final concentration of 1 x 10° cells/mL.
Cells were passaged twice a week. Culture media was replenished with 50 IU/mL of IL-2 every 2
days. Cells were cultured in a sterile incubator at 37°C and 5% CO? for up to 3 weeks before

thawing a fresh vial of cells.

Engineering Anti-FITC CAR Jurkats
Jurkat T cells were maintained in complete RPMI-1640 media as described above. For
transduction, replication-incompetent lentivirus was packaged via PEI transfection of HEK293FT

cells in a 6 well plate with lentiviral packaging and envelope plasmids (pDelta, Vsvg, and pAdv)
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and the anti-FITC CAR construct in a pHR lentiviral expression vector. Virus-containing
supernatant was collected 3 days post-transfection and spun down to remove cell debris. 5 x 10°
Jurkat cells were infected with 500 uL — 1 mL of anti-FITC CAR viral supernatant then diluted
with 4 mL complete RPMI media 24 hr post infection. Four days after infection, transduced Jurkat
cells were analyzed via flow cytometry to assess transduction efficiencies and anti-FITC CAR

expression via mCherry or myc tag staining.

Engineering Anti-FITC CAR PBMCs

Anonymized whole peripheral blood was obtained from Boson Children’s hospital and primary
CD8+ T cells were isolated using the STEMCELL CD8+ Enrichment cocktail and RosetteSep
system. CD8+ T cells were cryopreserved in 90 % human Ab serum (Valley Biomedical) and 10 %
DMSO. Two days prior to transduction, T cells were thawed and activated with ImmunoCult
human CD3/CD28 T cell activator (STEMCELL).

For transduction, replication-incompetent lentivirus was packaged via PEI transfection of
HEK293FT cells in a T175 flask with lentiviral packaging and envelope plasmids and the anti-
FITC CAR construct. One day after transfection, the HEK293FT culture media was removed and
replaced with prewarmed FreeStyle 293 expression medium (Gibco) supplemented with 100 U/mL
penicillin, 100 pg/mL streptomycin, 1 mM sodium pyruvate, and 5 mM sodium butyrate.
Beginning 48 hours post transfection, viral supernatant was collected and replenished with fresh
FreeStyle 293 media for 3 days. Then, the harvested lentivirus was concentrated using a 40 %
(w/v) PEG-8000 and 1.2 M NaCl solution overnight and spun down for 1 hr at 1600 xg at 4°C.
One day prior to transduction, T cells were activated with Immunocult Human CD3/CD28 T cell

Activator according to manufacturer instructions. Additionally, a non-TC treated 6-well plate was
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coated with 20 ug/mL of Retronectin in PBS and left at 4°C overnight. For primary T cell
transduction, all of the concentrated virus collected from one T175 flask was spun onto one well
of the Retronectin coated plate for 90 min at 1200 xg. The viral supernatant was then removed and
4 mL of activated primary CD8+ T cells was added and incubated for 72 hrs at 37 °C before
moving to a T75 flask for expansion. Transduction efficiencies were analyzed via mCherry

expression or myc tag staining.

Nanovial FITC Conjugation

Nanovial was spun down to a pellet. FITC solution is made by dissolving 1 mg of Fluorescein
isothiocyanate isomer I (Sigma F7250) into a solution made of 200 pl of DMSO and 200 ul of
sodium bicarbonate buffer. 25 ul of nanovial was incubated with 50 pl of FITC solution for 1 hour
at room temperature on a rotator. After an hour, the nanovials are washed 5 times with washing

buffer.

Biotinylation of Nanovials

Biotin solution was prepared by dissolving 5 mg of sulfo-NHS-Biotin (ApexBio) into 1.1 mL of
DPBS. 10 mg of gelatin in nanovials was mixed with 330 mL of biotin solution and incubated in
a 4 °C refrigerator over 12-18 hours. After incubation, nanovials were triple washed with washing

buffer.

Primary T Cell Cytokine Secretion Assay
Nanovials were used as a secretion assay platform to capture cytokines produced by primary T

cells. For primary T cells, biotin nanovials were incubated in 0.2 mg/mL streptavidin for 30
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minutes and then washed three times. The streptavidin labelled nanovials were labelled with
biotinylated-anti CD45 antibody and biotinylated cytokine capture antibodies either for TNF-a,
IFN-y, and IL-2 for 30 minutes. T cells were seeded on nanovials at an appropriate ratio between
cells and particles and incubated for 1 hour. The cell loaded nanovials were rinsed on top of the
27 um strainer to remove unbound cells and resuspended to a well plate (12 pul of nanovial pellet
per well in a 24 well-plate).

The culture media was supplemented with 100 ng/mL phorbol 12-myristate 13-acetate (PMA) and
2.5 uM ionomycin, and cells were incubated for 3 hours to accumulate the secretions on the
nanovials. After the incubation, the sample was recovered in an Eppendorf tube and washed with
washing buffer three times. The captured secretions on nanovials were labelled with detector
antibodies for the target cytokines for 30 minutes and then washed three times. The secretion

signals were analyzed using microscopy and flowcytometry.

Anti-FITC CAR T Cell Cytokine Secretion Assay

Nanovials were used as a secretion assay platform to capture cytokines produced by CAR T cells.
For the CAR T cell loading, FITC and biotin-labelled nanovials were incubated in 0.2 mg/mL
streptavidin for 30 minutes and then washed three times. Anti-FITC CAR T cells were seeded on
FITC nanovials at an appropriate ratio between cells and particles and incubated for 1 hour. The
cells adhered to nanovials through FITC and FITC anyibody interaction. The cell loaded nanovials
were rinsed on top of the 27 um strainer to remove unbound cells and resuspended to a well plate
(12 ul of nanovial pellet per well in a 24 well-plate). With no need to add any other activation
agent, the anti-FITC CAR T cells were stimulated by incubating the cells on FITC nanovials. After

12 hours of incubation, the sample was recovered in an Eppendorf tube and washed with washing
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buffer three times. The captured secretions on nanovials were labelled with detector antibodies for
the target cytokines for 30 minutes and then washed three times. The stained samples were

analyzed with fluorescent microscopy and flow cytometry.

Chapter S Concluding Remarks

The focus of this work was developing multifunctional hydrogels and applying them to overcome
the challenges of the existing microfabrication techniques such as 3D bioprinting and microfluidics.
Microfabrication techniques are poised to revolutionize the next generation of biotechnology, as
it can interfere and manipulate the interactions between materials and biological systems in
microscale. Cells sense and respond to the properties of biomaterials such as stiffness, adhesive
ligands, and geometry. Understanding this complex microenvironment and their impact on cells
and, more importantly, optimizing these properties would help resolving current challenges in
micro fabrication. In this work, we investigated this interaction at multi-cellular tissue level to
single cell level using two microfabrication methods 3D bioprinting and microfluidics.

In Chapter 2, we developed a highly biocompatible and elastic bioink for fabrication of complex
biomimetic structures such as vascularized cardiac tissue constructs. The 3D bioprinting of soft
tissues has been challenging primarily due to the lack of suitable bioinks. To address these
shortcomings, we used recombinant human tropoelastin as a novel bioink with high printability,
biocompatibility, biomimicry, and proper mechanical properties. We successfully bioprinted
vascularized cardiac constructs using two-nozzles, which mimic key functions of vascularized

cardiac tissue in vivo such as endothelium barrier function and spontaneous beating of cardiac cells.
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Furthermore, the printed construct elicited minimal inflammatory responses, and were shown to
be efficiently biodegraded in vivo when implanted subcutaneously in rats

The nanovial-based assay platform highlighted in chapters 3 and 4 of this work is a novel
technology that has the potential to transform the study of single cell secretions across numerous
applications. In addition to the assessment of antibody production from producer cell lines such as
CHO-DP 12, we have also been able to detect various cytokines (TNF-a, IFN-y, and IL-2)
produced by primary T cells and CAR T cells. We proved that using this platform, we could detect
the cytokines down to 1 ng/mL, and sort high secreting cell clones out of a background of non-
producers.

The new tools of microfabrication are opening up opportunities for biotechnology, refashioning
strategies and perspectives how we approach molecular, cellular and tissue engineering. Overall,
we believe the work described here demonstrates how microfabrication techniques can advance

the existing technologies, providing multiple options to innovate related studies.
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