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ABSTRACT OF THE THESIS

3D Photopatterning of Hydrogels with Applications in Cancer Growth Models

by

Shruti Krishna Davey

Master of Science in Bioengineering

University of California, San Diego, 2016

Professor Shyni Varghese, Chair

Techniques for cellular encapsulation within three-dimensional (3D) structures,
such as bioprinting and patterning methods, play an important role in creating complex
and hierarchically organized tissues, as well as when studying cell-cell and cell-matrix

interactions. To this end, advances in technologies have enabled development of

Xi



methods to generate such 3D structures. We describe an easy-to-use photopatterning
method involving photomask and a simple fluorescence microscope. This method is
adapted to generate homogeneous and co-culture tissue constructs. Additionally, we
extend this approach to establish a system to quantitatively study cancer spheroid
growth. We developed a method combining the photomask-based 3D photopatterning
technique with microfluidics technology to encapsulate a cancer spheroid within a
patterned hydrogel embedded with fluorescent particles, monitor the cancer growth, and
quantify the corresponding relative changes in the mechanical properties of the
surrounding extracellular matrix (ECM). In this method, we applied hydrostatic
pressure to compress the acellular and cell-laden gelatin methacrylate (GelMA)
structure to detect volumetric strains. In the case of cell-laden GelMA hydrogel, we
applied hydrostatic pressure at different culture timepoints, and recorded the changes in
the local volumetric strains and compared it to a finite element simulation. We assess
the possibility of this approach to deduce the approximate changes in the material

properties during the cancer spheroid growth.
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CHAPTER 1: INTRODUCTION

1.1 Background

In recent years, there has been increasing evidence of the physiological
relevance of tissue organization and interactions within tissues, particularly cell-cell and
cell-extracellular matrix (cell-ECM) interactions, and the overall importance of the
microenvironment (1-3). The microenvironment, consisting of extracellular matrix
proteins, growth factors, and stromal cells, dynamically influence the cells and
therefore, the overall function is well regulated (1-5). Thus, when tissue constructs are
generated for implantation purposes, or when in vitro systems are designed to study
physiological conditions or disease states, there has been growing evidence for the need
to shift from two-dimensional (2D) to three-dimensional (3D) systems to better mimic
the natural environment (1,6). This shift towards 3D culture systems started in the field
of tissue engineering, starting with studies of scaffolds and hydrogels to function as the
substrates for in vitro cell survival, growth and differentiation, behaviors in accordance
with their normal physiological states (1,7,8).

More recently, these 3D culture strategies have been imbibed in studies of
disease states, particularly cancer, with the recognition that the interactions between
cancer cells and their 3D microenvironment have strong influence in cancer progression
(6,8). Statistics showing that more than 1.6 million new cases of cancer were projected
for the year 2016 in the United States alone and that globally there were approximately

14.1 million new diagnoses for the year 2012 indicate the high prevalence of the disease



worldwide, and the importance of cancer research for providing insights into
development of treatments and cures (9,10). Further, significant efforts have been put
into increasing the complexities of the in vitro 3D culture systems, using methods such
as bioprinting and photolithography, and also microfluidics technologies, to allow for
realistic co-culture systems and overall tissue organizations (11,12). Overall, such 3D
culture systems have the potential to serve as in vitro platforms for cancer studies, with
focus on cell-ECM interactions such as ECM remodeling, which consist of changing

ECM architecture, degradation and deposition of matrix proteins (2,4,6,13,14).

1.1.1 Importance of Cell-Extracellular Matrix Interactions

An important aspect of tissue function, repair, and diseases such as cancer, is the
interplay between the cells and its extracellular matrix (ECM), and evidence
demonstrates that the physical and chemical cues from the ECM influence cellular
behavior, such as proliferation, differentiation and migration (1,2,5,15).

One of the main receptors connecting cells and the ECM is a group of
transmembrane proteins called integrins, which consist of two distinct subunits
connected through non-covalent interactions (16,17). They can bind to specific motifs
present in the ECM proteins outside the cell, and they bind to the cytoskeleton
structures, typically actin, within the cells through intermediate molecules such as talin
(2,16,17). These interactions, in turn, relay signals that impact events in the nucleus,
such as gene expressions, resulting in modulated protein levels and cell behaviors,
indicating the broad mechanism of ECM influence on cellular function and vice versa

(1,18-21). Realizing that the ECM provides a complex mixture of cues, including



biochemical and physical, significant efforts have been undertaken to develop systems
to assess the effects of individual cues in a high-throughput manner (22-24). In recent
examples, one study developed a high throughput approach to modulate matrix stiffness
and ligand density separately to obtain different combinations of these parameters, with
cell seeding over the hydrogel, and another study employed a high-throughput method
for studying cells encapsulated in 3D (23,24).

Among the physical or mechanical cues present during cell-ECM interactions
are mechanical stiffness, fiber alignment, and porosity (25-27). The features, cues for
mechanotransduction, in turn contribute to the remodeling processes through
mechanisms such as protease activities like that of matrix metalloproteinases (MMPs)
(2,4,5,28,29). MMPs may be membrane bound or secreted by cells to alter the
environment enabling cellular process such as proliferation and migration (5,30,31).
Thus, in the case of cancer, ECM undergoes changes from the norm, including through

MMP activities, and further triggers the evolvement of tumors towards malignancy

(2,32,33).

1.1.2 Importance of Three-Dimensional Microenvironment

Collective evidence has demonstrated the importance of three-dimensional
culture systems to better represent physiological conditions (1,6,34). In addition, cancer
growth, migration or invasion all occur in a complex 3D microenvironment, and in order
to begin to understand cancer behavior and mechanisms of disease progression,
especially the role of cell-ECM interaction, culture systems that introduce the third

dimension are more likely to yield reliable and clinically-translatable results (6,8,34).



Studies have indicated that normal epithelial cells in 3D, compared to 2D,
demonstrate more regular behavior, such as formation of lumen by breast epithelial cells
(35). This is an indication that 3D cultures enable having a relative comparison in
experiments because there is an expectation for normal and cancerous cells to be more
distinctive and behave naturally in 3D cultures in vitro (1,35,36). In one study, behavior
of ovarian cancer cells was studied in 2D and 3D (37). Results indicated increased
proliferation in a 3D agarose gel compared to cells on a 2D substrate. Additionally,
MMP-2 and MMP-9, hypoxia inducible factor-lo. (HIF-1a) and vascular endothelial
growth factor A (VEGF-A) expressions, quantified by reverse transcription polymerase
chain reaction, were greater in 3D relative to 2D (37). Therefore, studies looking at
mechanisms or potential therapeutics benefit from having platforms that allow for better
physiological mimic as well as retain in vivo characteristics of cell types (8,36).

Additionally, 3D cultures simultaneously allow for co-cultures with spatial
control (38,39). This is especially critical for recapitulating cancer environment because
of the complex cell-cell interactions occurring between cancer cells and cells within the
stroma (3,36). In one such system, spheroids consisting of cancer cells and endothelial
cells mixed together were formed and encapsulated within fibroblast-mixed fibrin
matrix (40). This system of co-culture demonstrated endothelial cell sprouting to form
vessels, and under hypoxic conditions it was shown that cancer cells were more prone
to entering the vasculature mimicking intravasation (40). This demonstrates 3D systems
enable complex co-culture systems that have been shown to emulate pathophysiological

processes, such as the initial steps of metastasis.



1.1.3 Current use of Hydrogels as In Vitro Model Systems

Examples of widely wused hydrogels include poly(ethylene glycol),
polyacrylamide, alginate, agarose, collagen, fibrin, gelatin methacrylate (GelMA)
(41,42). Some degree of control in formation of natural hydrogels have been
successfully implemented. For example, the microstructures of collagen hydrogels have
been manipulated through temperature-dependent gelation approaches (43). The
temperature during the initial gelation phase was shown to determine the fiber diameter
and the pore sizes (43). This way, the differences in the ECM structure dictated the
invasion of glioma cells in vitro (43). Alternatively, the perceived stiffness of matrigel
was altered by changing the height of the hydrogel that was tethered to glass, such that
shorter hydrogel heights allowed the cells to perceive increased hydrogel stiffness (44).
Despite these benefits of using natural hydrogels, there are issues with consistency and
heterogeneity, making it challenging to produce defined culture systems (1,6).

On the other hand, hybrid and completely synthetic hydrogels provide certain
degree of consistency in properties, and enable manipulations to the hydrogels to modify
those properties (1,42). Progress in chemical modifications and technologies using
light-based polymerization also improve the ability to generate controlled cell-ECM
interactions and the spatial and mechanical organization of hydrogel structures for
various applications, such as hepatocytes and hematopoietic stem cell culture and
mechanotransduction studies (45-50). In recent years, the use of gelatin methacrylate
(GeIMA) has been recognized because its synthesis process is relatively simple, and the
overall costs are low, and mainly because it naturally has some cell-binding motifs (51—

53). Gelatin is a form of denatured collagen, which represents the one of the most



abundant proteins in the human body (52). Synthesizing gelatin methacrylate, provides
additional benefits of crosslinking-based hydrogel formations, including 3D patterning
and printing techniques that allow for spatial organization and consequently increased

complexity (52-54).

1.1.4 3D Hydrogel Patterning Methods

As previously described, 3D hydrogel constructs have become a critical part of
tissue engineering and cancer research, and additionally, the repertoire of technologies
that enable complexities within the 3D culture systems have grown over the years.
Examples of such technologies include photolithography, micromolding, and
bioprinting (12,52). Photolithography can be generally classified into two methods: with
or without use of photomasks to determine construct geometries (12). Transparency
photomasks containing 2D geometries of interest, function as a selective barrier for UV
penetration, and hydrogels that can form through UV polymerization can be used to
form constructs with spatial and geometric control (12,54-56). Several studies have
demonstrated this approach to create 3D constructs, and in one of the initial studies that
applied this approach, the setup involved adding a precursor solution with photoinitiator
to a mold, or an enclosed volume, that holds the solution during its polymerization with
spatial selectivity, dependent on the photomask design (11,55).

Photolithography methods that do not involve photomasks, instead utilize
devices that produce 3D structures based on computer-aided design model input and
medical imaging information to recreate 3D tissue structure (12,57). For

stereolithography, there are laser-based approaches, where UV laser light is introduced



in specific spatial patterns to crosslink the material (12,57). Both bottom-up and top-
down approaches have been implemented, each depending on the method of layer
formation (57). Within these approaches, is a concept called digital light projection,
using Digital Micro-mirror Decive™, where individually controlled series of mirrors are
used to crosslink a single layer at the same time (57). 3D bioprinting of hydrogels with
encapsulated cells has been an alternative approach in the field of 3D patterning for
tissue engineering applications (12). Similar to photolithography, the hydrogels can be
formed through photopolymerization, and additionally, because the patterns are
“deposited” continuously, they can also be thermally and chemically crosslinked as they
are added (58). This method is also amenable for first constructing a template around

which hydrogels can be formed (58).

1.1.5 Cancer and ECM Remodeling

Cancer is characterized by uncontrolled proliferation of cells and their potential
to migrate through tissue and metastasize to secondary sites (4,59—62). The initiation of
cancer is generally attributed to damaged DNA and genetic changes in cells, and
defective apoptosis, leading to uncontrolled proliferation and formation of tumors
(60,62—64). In recent years, studies have demonstrated that physical properties, such as
matrix stiffness or mechanical resistance, and alignment of extracellular matrix fibers
in the tissue, and chemical cues, such as cytokines and other secreted factors from the
microenvironment, play a significant role in cancer cell proliferation, migration and

metastasis (26,32,33,60,61,65-69).



Cancer cells/cancer associated stromal cells are known to remodel the matrix by
degrading the ECM, depositing their own ECM, and thereby changing the properties of
their environment (26,44,70). One of the main readouts of remodeling is the ECM
mechanical properties, and one of the ways these changes are medically determined is
through elastography (71-73). Elastography is based on the concept of force application
and deformation detection, which then provides information about the material
properties of the tissue (73,74). The deformation detection is generally done through
imaging techniques such as ultrasound, and abnormalities in the material properties
within a tissue has been used as a diagnostic tool (74).

Therefore, there has been extensive research into studying remodeling of the
cancer environment and the cellular responses. In one study, cancerous tissues were
studied using atomic force microscopy (AFM), and the stiffness of individual
components were assessed in the context of whole tissue, as opposed to considering
just isolated cells or ECM (75). In literature, other methods such as second harmonic
generation (SHG) microscopy, particle tracking microrheology (PTM) and particle
imaging velocimetry (PIV) are also used for detecting changes in extracellular matrix,
with SHG primarily used for collagen matrices (14,32,76). SHG microscopy is based
on nonlinear optics, empirically detecting key parameters such as polarization and
nonlinear susceptibility (77—80). Only certain types of structures can be used to image
using SHG, one being collagen I (78). Simply, the process involves interaction of two
low energy, high intensity photons, which interact with the material, and form waves

with frequency totaling the sum of the initial lower frequencies (80).



Multiple-particle tracking, PTM and PIV approaches have become more
diversified and useful in studying cell-ECM interactions, through detection of ECM
deformation and changes in its mechanical properties within in vitro systems
(13,14,44,76,81,82). In general, for PTM, particles’ Brownian motions are monitored
over time, and trajectories are used to determine particles' mean square displacement,
leading to the determination of the rheological properties of materials (82). Studies have
extended particle tracking methods to study time-dependent changes in properties of the
ECM and cellular interactions with the ECM (13,14,81). PIV-based approach, based on
image correlation of defined fields of intensity distributions, has also been applied to
systems to assess stresses and deformations in the context of cell-ECM interactions

(44,76,83).

1.1.6 Microfluidic Systems for Cancer Research

More recently, great strides have been achieved in incorporating microfluidics
platforms to cancer research, and flow systems have been devised to function as cell
culture systems, as well as tools for diagnostics, mechanical and biochemical testing
(84-88). In order to investigate the effects of hydrostatic pressure on cancer cells, a
system was developed to introduce different pressures into a microfluidics chamber with
lung cancer cells, and it was determined that the cells were more migratory under higher
pressures, and long durations of high pressure resulted in cell volume change, attributed
to changes in aquaporin expression (89). This indicates that the higher interstitial fluid

pressure present in a cancer microenvironment has effects on the cell phenotype.
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One of the highlights of the microfluidics system is its adaptability to various
types of biological analysis, because it can also serve as a cell culture platform while
allowing for 3D complexity. As an example, a co-culture system, involving cancer and
cells from the microenvironment, was established (84). Here, with the intention to
mimic bone-metastasized prostate cancer, prostate cancer cells were mixed with
osteoblasts and endothelial cells and added into the microfluidic device for spheroid
generation and culture (84).

The merging of ECM and microfluidics technology has furthered capabilities in
building up the complex cell culture systems to enable more realistic platforms for
cancer studies and drug screening efforts (90,91). In one study, patterning of GelMA
was extended into a perfusable system consisting of fibroblasts and endothelial cells co-
culture (54). To increase complexity, another novel method introduced photomask-
based patterning approach to generate homogeneous or co-culture systems with ECM
“microtissues” within microfluidics device that enabled continuous perfusion around
these microtissues (90,91). In addition, this system included two layers of
polyacrylamide hydrogels that served as non-cell adherent surfaces outside the

microtissues and also as force-sensors enabling stress measurements (90,91).

1.2 Thesis Objective
Studying any aspect of cancer progression should ideally involve understanding
the role of both the cancer cells themselves, as well as the important cues from the tumor

microenvironment (60,65). Therefore, techniques that enable creating three-
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dimensional (3D) cell-laden structures, with defined spatial organization and ability to
co-culture are crucial for modeling and studying different aspects of cancer progression.
Various methods such as 3D printing and photo-patterning approaches currently exist
(53,55,92). The aim is to establish a simple and modified, yet versatile approach, to
encapsulate cells within degradable, spatially-defined 3D structures, allowing single and
co-cultures, within defined geometries and confinements.

Here, we aimed to develop a modified approach to existing 3D photo-patterning
methods that utilize a transparency photomask that selectively allows for UV light
penetration, and therefore allows the generation of defined hydrogel structures. We first
optimized this approach by generating acellular constructs made of gelatin methacrylate
patterns, with full embedment within a secondary surrounding hydrogel. We next,
encapsulated cells within patterned structures, surrounded by a single hydrogel layer,
and results demonstrated significant viability of the cells immediately post-
encapsulation. Using this approach, we also tested co-cultures formation by adding
second cell types to either the surrounding hydrogel layer or by introducing a second set
of patterned structures around the initial set. This allows for controlled spatial
confinement of the different cell types of interest.

Next, we extended photopatterning into microfluidics devices. The aim was to
encapsulate cancer spheroids within a three-dimensional degradable hydrogel, and
observe their proliferation and quantify the changes occurring in the matrix. The
approach utilized here simply involved pressure application, deformation detection, and
assessing time-dependent changes in volumetric strains as a potential measure of

changing mechanical properties of the hydrogel structures.



CHAPTER 2: 3D PHOTOPATTERNING OF HYDROGELS WITH DIVERSE
AND COMPLEX ARCHITECTURES FOR TISSUE ENGINEERING AND

DISEASE MODELS

2.1 Abstract

Techniques that can create three-dimensional (3D) structures to provide
architectural support for cells have a significant impact in generating complex and
hierarchically organized tissues/organs. In recent times, a number of technologies,
including photo-patterning, have been developed to create such intricate 3D structures.
Herein, we describe an easy-to-implement photo-patterning approach, involving a
conventional fluorescent microscope and a simple photomask, to encapsulate cells
within spatially-defined 3D structures. We have demonstrated the ease and the
versatility of this approach by creating simple to complex as well as multi-layered
structures. We have extended this photo-patterning approach to incorporate and
spatially organize multiple cell types, thereby establishing co-culture systems. Such
cost-effective and easy-to-use approaches can greatly advance tissue engineering

strategies.

2.2 Introduction

The ability to encapsulate cells within biomaterials, like hydrogels, has been
widely used to achieve three-dimensional (3D) culture of cells. Significant progress has
been made over the years to engineer hydrogel matrices with tissue-specific mechanical

and biochemical properties (93-99). Recent times have witnessed a surge of interest in

12
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recapitulating the heterogeneity and architectural complexity of native tissues in
hydrogel scaffolds. To this end, a number of patterning and printing techniques have
been developed (11,53,92,100-106). Some of these include nozzle-based printing,
DMD projection patterning, and laser-based stereolithography to create 3D structures,
and methods to introduce required features into preexisting 3D structures
(53,100,104,107,108).

Among the 3D patterning methods, the use of stereolithography-based
approaches has garnered the most attention due to its versatility and ease of construction.
In general, this method spatially restricts the exposure of light into a hydrogel precursor
solution enriched with photoinitiators, thereby selectively polymerizing and creating
patterned structures that can be controlled spatially. Methods such as DMD projection
printing use computer controlled micro-mirrors to selectively reflect light from a UV
source to achieve spatially variant gelation of hydrogels (104,109). However, the
simultaneous encapsulation of cells within DMD generated scaffolds is a difficult task.
Laser-based methods have also been used, especially in applications where cells were
incorporated into the scaffold in situ during the patterning process. In these approaches,
a laser light source is directed and focused towards a precursor solution containing a
mixture of cells, polymers containing acrylate groups, and photoinitiator placed on a
motorized platform to initiate the gelation process. The programmed movement of the
platform generates patterned architectures in the resulting hydrogel (108). In addition to
these methods that require specialized technologies and equipment, studies have also

employed easily accessible approaches such as preexisting 3D structures and
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photomask-based systems to achieve similar results (39,46,55,100,102,103,105,110—
115).

In the case of photomask-based systems, a mask with desired patterns is printed
onto a transparency such that light only penetrates regions that are not printed on with
ink. A variety of approaches have been described using this method, including one
where precursor polymer solution mixed with cells was infused into a mold, and
polymerized with the mask acting as a selective barrier for UV light. This setup enabled
multiple rounds of washing off non-gelled regions, solution infusion, and subsequent
polymerization to create 3D patterns. The changes in the photomasks at each step meant
different pattern designs can be added, where each new pattern incorporated both the
depth of the previous and most recently polymerized pattern(s) (55,103,111). This
approach was used to create co-culture systems where one cell type is encapsulated
within patterned structures while the second cell type is confined within the surrounding
hydrogel (39). These mask-based methods were further diversified through efforts using
hydrogel polymerization that is inversely dependent on UV intensity exposures based
on degree of transparency on photomask. Thus patterned porosity within the hydrogel
could be generated (112). Using the overall photomask approach, a visible light-based
photopolymerization of multiple layers with different designs using lasers was also
achieved with added benefits of chemical tethering of different layers (113).

The merging of 3D patterning with stem cells and biomaterials has undeniably
provided researchers new prodigious tools to create complex tissues. The wide spread
application of such approaches, however, relies on easily adaptable and easy-to-devise

protocols. To this end, we have integrated a photomask-based stereolithography
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approach coupled with the photopolymerization of precursors to create patterned 3D
structures reinforced with a surrounding hydrogel layer. As a proof-of-concept, we have
created a wide variety of mechanically robust micro- and macro-scale structures with

simple to complex architectures. We have also demonstrated their use in cell culture.

2.3 Materials and Methods

2.3.1 Synthesis and Purification of Gelatin Methacrylate (GelMA)

Gelatin methacrylate (GeIMA) was synthesized as described previously (116).
In short, 10 g of bovine skin, Type B, gelatin (Sigma Aldrich) was added to 100 ml
phosphate buffered saline (PBS; Gibco) to obtain a 10%(wt/v) solution and stirred at
60°C for a minimum of 30 minutes to achieve complete dissolution. Around, 8 ml of
methacrylic anhydride (MA, Sigma Aldrich) was added dropwise to the gelatin solution
at a rate of 0.5 ml/min. This continuously stirred solution was brought to 50°C, reacted
for 1 hour, and quenched by addition of a 2x dilution of warm PBS. This was dialyzed
against Milli-Q water using dialysis tubing with a 12-14 kDa cutoff (Spectrum
Laboratories) for one week (3 times/day water change) at 40°C to remove the excess
reactants. The GeIMA solution was filtered, frozen down, and lyophilized for four days.
Prior to cellular encapsulation, the dried GeIMA was further purified using a Sephadex

G-25 column (GE Healthcare Life Sciences) and re-lyophilized.
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2.3.2 Synthesis and Purification of Poly(ethylene glycol)-diacrylate (PEGDA)
Poly(ethylene glycol)-diacrylate (PEGDA) was prepared as previously
described (117). Briefly, 5.29 mmol of poly (ethylene glycol) (18 g of 3.4 kDa; Sigma
Aldrich) was dissolved in 300 mL of toluene at 127°C and kept under reflux for 4 hours
with vigorous stirring. To remove trace amounts of water, the solution was subjected to
azeotropic distillation. 180 mL of anhydrous dichloromethane was added at room
temperature, and subsequently, 1.623 mL (11.64 mmol, 2.2 equivalents) of
triethylamine was added under vigorous stirring. The reaction mixture was transferred
to an ice bath to further cool it down. Upon cooling, 0.942 mL (11.64 mmol, 2.2
equivalents) of acryloyl chloride mixed in 15 mL of anhydrous dichloromethane was
introduced dropwise to the mixture at 4°C over 30 minutes. The reaction was kept for
30 more minutes at 4°C before increasing to 45°C overnight. The reaction mixture was
filtered through diatomaceous earth to remove quaternary ammonium salts. The filtrate
was concentrated using a rotary evaporator and precipitated in excess diethyl ether. The
precipitated product was redissolved in dichloromethane and reprecipitated in diethyl
ether. The resultant PEGDA was filtered and dried under vacuum at room temperature
for 24 hours. The dried PEGDA was further purified using a Sephadex G-25 column

(GE Healthcare Life Sciences) and lyophilized.

2.3.3 Synthesis of Lithium phenyl-2,4,6-trimethylbenoylphosphinate (LAP)

Lithium phenyl-2,4,6-trimethylbenoylphosphinate (LAP) was prepared as

previously described (118). 2,4,6-trimethylbenzoyl chloride (Alfa Aesar) was
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introduced dropwise to an equal molar of dimethyl phenylphosphonite (Alfa Aesar)
while stirring at room temperature under argon. After 18 hours, the temperature of the
reaction mixture was increased to 50°C. Lithium bromide, mixed in 2-butanone, was
added in excess, resulting in precipitation within 10 minutes. Upon precipitation, the
temperature was once again cooled to room temperature for another 4 hours. The
precipitate was collected via filtration, and washed thrice using 2-butanone to ensure
complete removal of excess lithium bromide. The product was dried under vacuum to

remove excess 2-butanone, to yield LAP.

2.3.4 Methacrylation of glass coverslips

The glass surface was methacrylated according to the manufacturer’s protocol.
Briefly, 15 mm diameter glass coverslips were treated with 2.5 M NaOH solution for
30 minutes before rinsing in DI water, and dried under airflow. A dilute solution of
glacial acetic acid was prepared in DI water at a ratio of 1:10. A working solution
containing 200 pL of ethanol, 1 pL of 3-(trimethoxysilyl) propylmethacryalte (Sigma
Aldrich), and 6 pL of the diluted acetic acid was prepared. The cleaned glass surfaces
were treated with this working solution for 6 to 10 minutes prior to rinsing with pure
ethanol for 10 minutes. The coverslips were dried under airflow and incubated in 60°C

for 2 hours. The coverslips were used within 24 hours.

2.3.5 PLL-PEG coated Coverslips
12 mm or 15 mm diameter coverslips, or 22 x 22 mm square coverslips were

treated with 100% ethanol for 15 minutes and dried under gentle airflow. The cleaned
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glass surfaces were exposed to UV/Ozone for 6 minutes and were immediately treated
with 0.1 mg/mL PLL-PEG (Surface Solutions), diluted in PBS from a stock solution
with a concentration of 5 mg/mL. After 30 minutes of PLL-PEG treatment, the
coverslips were rinsed in distilled water and were dried through aspiration. PLL-PEG

coated coverslips were used within 24 hours.

2.3.6 3D Patterning of Structures

The designs of interest were generated using the software AutoCAD. The file
was then sent to CAD/Art Services, Inc, who generated the corresponding transparency
photomask. The photomask along with a collimated light was used to selectively
polymerize the desired structures. Specifically, the photomask was placed directly on
the stage of an inverted microscope. A photopolymerizable solution (here GelMA with
LAP), which was sandwiched between two coverslips was placed directly on the

photomask and polymerized with collimated UV light (Supplementary Fig. S2.1).

2.3.7 Embedded 3D Patterning

A known weight of GelMA powder was added into a known volume of PBS to
create 10% wt/v solution. The GelMA in PBS solution was vortexed at room
temperature to dissolve the polymer. The resultant mixture was transferred to a 60 °C
water bath for 15 minutes and vortexed for an additional minute at room temperature.
This process was repeated once more to achieve complete dissolution of the GeIMA in
PBS. Once completely dissolved, the solution was brought to 37 °C and used to create

acellular and cell-laden hydrogel structures.
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The 10% wt/v GelMA solution was supplemented with the photoinitator LAP
and 200 nm diameter green fluorescent particles at concentrations of 2mM and 1% v/v,
respectively. A 22 x 22 mm square coverslip was cleaned in DI water and dried prior to
adding the precursor solution onto the surface. A PLL-PEG treated 12 mm coverslip
was gently placed on top to sandwich the solution between the two glass surfaces.

A transparency photomask containing dark background and clear patterns was
placed onto the microscope stage and positioned under bright field such that the desired
pattern is centered over the eyepiece. The GeIMA solution between the coverslips was
placed onto the mask and photopolymerized using a collimated UV light source, which
was generated by passing the light from an X-Cite Mercury lamp through a conventional
DAPI channel filter cube with excitation and emission centered around 358 nm and 463
nm, respectively. The gelled construct was transferred to a petri dish filled with 37°C
PBS and the solution was pipetted gently yet repeatedly between the glass coverslips to
remove the unpolymerized GelMA solution and detach the PLL-PEG treated coverslip.
The resulting GelMA structures were temporarily stored within a PBS solution.

PEGDA (Mn: 3400) was dissolved in PBS to achieve 10% wt/v along with 2
mM LAP and 1% wt/v of 200 nm diameter red fluorescent particles. The GelMA
structures attached to the square coverslips were retrieved and the excess liquid was
aspirated prior to the addition of the PEGDA precursor solution onto the GelMA
patterns. A 15 mm diameter methacrylated coverslip was gently placed on top and was
polymerized as previously described. The coverslip was transferred into a PBS solution

afterwards and the gelled construct tethered onto a methacrylated coverslip was
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retrieved. The hydrogel composite structure, with GeIMA and PEGDA, was stored
within a PBS solution.

To complete the enclosure of the GeIMA features within the PEGDA hydrogel,
PEGDA precursor solution was aliquoted onto a 22 x 22 mm square coverslip. The
patterned construct was retrieved and the excess liquid was removed prior to placing the
hydrogel surface onto the precursor solution. After photopolymerization and removal of
the cover slip, the supported 3D constructs tethered onto 15 mm diameter coverslips

were obtained.

2.3.8 Free-standing photo-patterned scaffolds

The GelMA patterns were constructed on 22 x 22 mm square coverslips and
were incubated in PBS as described in Embedded 3D Patterning. PEGDA was dissolved
in PBS to obtain a solution containing 10, 20, or 30% wt/v along with LAP
(concentration of 2 mM). The coverslips containing the patterns were removed from
PBS and the excess liquid was aspirated. The PEGDA solution was added onto the
patterns and a 15 mm diameter PLL-PEG coated coverslip was placed on top. The
precursor solution was photopolymerized and the resulting gel was incubated in PBS
for 5 minutes at room temperature. The PLL-PEG coated coverslip was mechanically
removed. The GelMA construct remaining on the square coverslip was carefully

detached to yield a free-standing scaffold.
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2.3.9 Multi-layered scaffolds

The methodology resembles the procedure discussed in Embedded 3D
Patterning however with significant modifications. To create the first layer of the
scaffold, 22 x 22 mm square coverslips were coated with PLL-PEG while the 15 mm
diameter circular coverslips were methacrylated. This resulted in GelMA structures
covalently bonded to the circular coverslip. GelMA precursor solution supplemented
with 2 mM LAP was added onto the PLL-PEG coated square coverslip prior to placing
the circular coverslip onto the solution submerging the GelMA structures. The construct
was photopolymerized and the circular coverslip was removed. The above process was

repeated to construct supporting layers and additional patterned layers.

2.3.10 Cell Culture and Encapsulation

Human mesenchymal stem cells (hMSCs), human fibroblasts, and MDA-MB
231s (breast cancer cell line) were cultured in growth medium comprised of 1%
Penicillin/streptomycin, 1% L-Glutamine, 10% Fetal Bovine Serum (Gibco), and 88%
DMEM (HyClone®, Thermo Scientific). Human umbilical vein endothelial cells
(HUVECs) were cultured in medium (HUVEC medium) composed of 1% Sodium
Pyruvate (Life Technologies), 1% Penicillin/Streptomycin, 10% Fetal Bovine Serum
(Gibco), 10% Endothelial Cell Growth Medium (Gibco) and 78% M199 (Gibco).

To label the cells, they were trypsinized and resuspended in 7 uM green or red
CellTracker dyes (Molecular Probes®, Life Technologies) or 1 pg/mL of Hoescht 33342
(Life Technologies) dissolved in OPTIMEM (Gibco). After 20 minutes of incubation,

the cells were washed multiple times with PBS.
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During the cell encapsulation, a cell pellet, containing between 2-6 million cells,
was resuspended in 100 pL of 10% GelMA precursor solution supplemented with 2 mM
LAP and 0.01% ascorbic acid. The cells were patterned following the procedure
discussed in Free-standing photo-patterned scaffolds until the step where cell-laden
GelMA patterns were embedded with an additional hydrogel layer. Here, the construct
was not detached from the glass. Though we use both GeIMA and PEGDA to create the
surrounding hydrogel layer, in the ones shown in Fig. 4 the hydrogel layer used was
GelMA. The cell-laden constructs were incubated in sterile PBS containing 2%
Pen/Strep for 5 minutes at 37 °C prior to replacing the solution with growth medium.

The co-cultures involving HUVEC cells were cultured in HUVEC medium.

2.3.11 Live/Dead Assay of Cellular Constructs

The cell-encapsulated constructs were first washed three times with PBS, and
subsequently incubated in a Live/Dead solution (500 pl DMEM containing 0.25 pL of
Calcein AM, 1 pL of Ethidium homodimer-1, Life Technologies) for about 30 minutes
at 37 °C. After incubation, the constructs were once again washed thoroughly with PBS

to remove residual dye, and imaged using fluorescence microscopy.

2.4 Results

2.4.1 Scaffold fabrication

GelMA solution of 10% wt/v was used for the fabrication of 3D-patterned

hydrogel structures of varying shape, size, height, and complexity. The formation and
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optimization of the structures were carried out using fluorescent particles of 200 nm
diameters suspended in GelMA solution allowing easy visualization of the resulting
structures. Furthermore, we tested the cytocompatibility of the described fabrication
procedure for various cell types (hMSC, HUVECs, human fibroblasts, MDA-MB 231).

Both homogeneous and co-culture systems were implemented.

2.4.2 Embedded 3D Patterning

The GelMA solutions supplemented with LAP and fluorescent particles were
sandwiched between PLL-PEG treated and regular coverslips (Fig. 2.1A), which was
exposed to a collimated UV light through a photomask printed with the desired patterns.
The PLL-PEG treatment was used to promote adhesion of the hydrogel onto the regular
coverslip. The non-irradiated regions were then washed off to leave behind the 3D
patterned GeIMA structures (Fig. 2.1B). To embed the 3D patterned structures within a
hydrogel, the GelMA structures formed onto the glass coverslip was immersed within
PEGDA precursor solution and photopolymerized, where the PEGDA solution was
sandwiched between the GelMA layer and a methacrylated glass coverslip prior to
gelation (Fig. 2.1C). The use of methacrylated coverslip ensures the detachment of the
GelMA structures after they are embedded within the PEGDA hydrogels. To achieve
the complete embedment of the GelMA structures, the above-mentioned procedure was
repeated using a glass coverslip that was not methacrylated (Fig. 1D). Though the results
describe the use of PEGDA to create the surrounding layer, any photopolymerizable
biomaterial could be used. We have validated the use of PEGDA and GelMA towards

this patterning approach.
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Figure 2.1: Schematic representation of the protocol for generating three-dimensional
patterned structures. (A) The GelMA solution was sandwiched between a PLL-PEG coated
coverslip and a non-treated coverslip. (B) The sandwich was exposed to collimated UV light
with a transparency photomask to selectively block the light reaching the GeIMA solution. (C)
Precursor solution, consisting of PEGDA, was added onto the patterned structures and
sandwiched with a methacrylated coverslip prior to exposing to UV. (D) To completely embed
the patterned GeIMA structures, PEGDA solution was sandwiched between a coverslip and the
previous structure from (C) and exposed to UV.
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2.4.3 Varying the height and size of the 3D patterned structures

The photo-patterning process described here can be used easily to vary the height
and sizes of the patterned structures. The height of the structures can be easily adjusted
by varying the volume of GelMA precursor solution sandwiched between the cover
slips. By photopolymerizing volumes of 8, 14, and 20 uL of GelMA solutions, we
fabricated cylindrical structures with heights of approximately 47, 103, and 115 pm,
respectively (Fig. 2.2A). Figure 2.2A depicts the z-stack confocal images of the
cylindrical hydrogel structures of different heights. The X-Y cross-sections show the
circular GeIMA structures, embedded with green fluorescent beads, surrounded by
PEGDA hydrogels embedded with red fluorescent beads (Fig. 2.2A Top Panel). The
confocal images in X-Z plane show the increase in height of the GeIMA structures
encased within the PEGDA layer with increase in the volume of the GeIMA precursor
solution (Fig 2.2A Bottom Panels). The images of GeIMA with green beads and
PEGDA with red beads have been merged to demonstrate the embedment of GelMA
structures within a PEGDA hydrogel. The size of the structures can be controlled by
altering the size of the patterns on the photomasks. Figure 2.2B illustrates X-Y cross-
sections of the circular structures with increasing diameters of approximately 80, 160,
and 250 um. In addition to circles, we have also created other basic geometries such as
triangles and squares. The 3D reconstructed images from the z-stack volumes of these
structures are depicted in Fig. 2.2C. Since the 3D structures are mechanically supported
by the PEGDA hydrogels, we can generate free-standing scaffolds containing embedded
3D patterned GelMA structures. The mechanical properties of the PEGDA hydrogels

increase with increasing precursor concentration (119). By tuning the concentration of



26

the PEGDA hydrogels from 10% to 30%, we can vary the mechanical properties of the

hydrogel surrounding the GelMA structures (Fig. 2.2D).
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Figure 2.2: Optimization and characterization of patterned structures. (A) The height of
the patterned features was adjusted by changing the volume of the GeIMA solution from 8 to
20 pl prior to gelation. Horizontal scale bar: 100 um. Vertical scale bar: 50 um. (B) Cylindrical
patterns with increasing diameters of 80, 160, and 250 um were generated by altering the design
on the photomask. Scale bar: 75 pum. (C) 3D reconstruction of the GeIMA structures with
different extruded shapes — circular, triangle, and square. (D) Free-standing patterned GelMA
structures surrounded with a PEGDA hydrogel with varying PEGDA concentration (30-10%).
The inset shows the GeIMA patterns within the PEGDA hydrogel, with the arrow provided for

easy identification.
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2.4.4 Generating complex and multi-layered structures

We have extended the photo-patterning process to create large, complex
structures. To this end, we employed image processing techniques on available images
of Isaac Newton to generate a binary image suitable for the photomask. Employing this
photomask and following the protocol described in materials and methods, we have
created a 3D patterned portrait of Isaac Newton in GeIMA structures embedded within
the PEGDA hydrogels (Fig. 2.3A). We employed a similar approach to recreate, in
hydrogel form, the vascular network observed in the kidney based on a figure from
Marxen, et al (120). Figure 2.3B shows the X-Y cross-section depicting the vascular
network structure made of GeIMA with the surrounding PEGDA structures.

We have also created multi-layered, supported structures using this approach.
Specifically, we generated a bilayer scaffold consisting of line patterns of approximately
100 pm width, with spacing of 500 um (Fig. 2.3C). X-Y confocal sections of the
structure at various Z planes indicate two different GeIMA line patterns perpendicular
to each other. The X-Z cross-section of this multi-layered structure indicates that the
two GelMA lines are integrated at the interface between the layers. One of the current
caveats of multi-layered patterning approaches is the lack of structural stability with the
additional stacks often leading to structural collapse. In our study, we did not observe
any such collapsing of the GeIMA upper layer irrespective of the distance between the
line GeIMA structures in the lower layer. This is mainly due to the supporting hydrogel,
which provided the mechanical integrity and support to the patterned GelMA structures
and thereby circumventing the inherent mechanical instability. Figure 2.3D shows the

3D reconstructed images of the bilayer patterns.
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Figure 2.3: Generation of complex patterns. GeIMA patterns of (A) Sir Isaac Newton and
(B) kidney vasculature. Scale bar: 500 pm (C) Confocal sections of bi-layer hydrogels
containing line patterns showing the X-Z plane and X-Y planes at indicated z positions.
Horizontal scale bar: 150 um. Vertical scale bar: 25 um. (D) 3D reconstruction of the GeIMA

structures in the bilayer constructs.
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2.4.5 Cell Encapsulation

We encapsulated multiple cells within the GelMA structures to assess the
cytocompatibility of the 3D photo-patterning technique. Figure 2.4A demonstrates the
viability of hMSCs encapsulated within a cylindrical patterned structure of
approximately 250 pm diameter surrounded by another hydrogel layer. The cells were
labeled with green dye prior to encapsulation to visualize their distribution within the
patterned structure (Fig. 2.4A left column). Live-dead analyses of the encapsulated cells
indicate that majority of the cells remain viable post-encapsulation (Fig. 2.4A right
column). A similar encapsulation experiment was also performed with the bilayer line
structures. The hMSCs were encapsulated in both the top and bottom line structures
(Fig. 2.4B). Similar to the cylindrical patterns, majority of the cells within the line
patterns were found to be viable (Fig. 2.4B right column).

We next determined the ability of the cell-encapsulation within 3D patterning to
create spatially distinct co-culture systems. To this end, we have encapsulated HUVECs
and MDA-MB-231s where MDA-MB-231 cells were first encapsulated within
cylindrical patterns, and HUVECs were encapsulated within the hydrogel layer
surrounding the initial patterns. The images obtained from live/dead assay performed
three days post-encapsulation illustrates the dense cluster of cancer cells within the
circular regions with sparse distribution of surrounding HUVECs (Fig. 2.4C). Secondly,
another approach to co-culture, relying on alignment of the photomask, was performed
with HUVECSs and human fibroblasts, where the two cell types were encapsulated in a
spatially confined manner, both within cylindrical 3D patterned structures. The cells

were labeled with fluorescent dyes prior to their encapsulation. The HUVECs, shown
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in red, and fibroblasts, shown in green, were spatially confined in distinct and alternate
positions by photopolymerizing GeIMA solutions containing the respective cells in a

two-step process (Fig. 2.4D).
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Figure 2.4: Encapsulation of cells. (A-B) 3D reconstruction of cells within the patterned
hydrogel and the surrounding GeIMA hydrogel layer (Left Column), where the cells were
fluorescently labeled with green cell tracker. (Right column) Phase contrast and Live/Dead
image of the cylindrical patterns, and Live/Dead images of distinct layers of the bi-layer
structures. In live/dead images the green cells indicate viable cells while the red indicates non-
viable cells. Scale bar for (A): 200 um. Scale bar for (B): 150 um. (C) Co-cultures of HUVEC
and MDA-MB-231 cells, where the MDA-MB-231 cell-laden GelMA cylindrical structures are
surrounded by hydrogels containing HUVECs. Phase contrast image (top) along with
corresponding live/dead image (bottom). Scale bar: 200 um. (D) Phase contrast and the
fluorescently-labeled fibroblasts and HUVECs (bottom) spatially patterned within cylindrical
GelMA structures. For easy visualization, the cells were labeled with dyes, with HUVECs
represented as red and fibroblasts represented as green. Scale bar: 200 pm.
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Supplementary Figure S2.1. Experimental Set up for Photopatterning. The GelMA
solution, sandwiched between two coverslips, is selectively polymerized using a specific pattern
on the transparency photomask using UV light. The effect of using a photomask in between the

light source and GelMA is represented by the green light that penetrates through only the desired
patterned region on photomask.
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2.5 Discussion

Advances in bioprinting have led to the advent of a broad range of approaches
to create hierarchical 3D structures with and without cells. However, the widespread
use of this technology has been limited due to the requirement of sophisticated
equipment and expertise. Herein, we demonstrated an easy to adapt biofabrication
technique, which can be used to create 3D structures with varying height, size, shape,
and complexity.

When encapsulated, the cells were found to be viable within these structures.
Both GeIMA and PEGDA are biocompatible and have been extensively used for 3D
cell culture systems (39,95,99,116,118). In this study, we opted to encase the patterned
structures within a continuous, or non-patterned, surrounding hydrogel layer. Besides
providing mechanical integrity and ease of handling, the surrounding hydrogel layer
could be doped with biochemical cues and other cells types to create morphogenic
gradients and heterotypic cell-cell interactions. Particularly if one chose to engineer
integrated tissues within the patterned structures and encapsulate the HUVEC cells
within the surrounding hydrogel layer that could lead to vascularization of the tissues.

Figures 2.4C and 2.4D were constructed as a proof of concept co-culture systems
because a number of studies have shown the importance of homo- and hetero-typic cell-
cell interactions (121,122). Though the demonstration involves only two cell types, the
process can be used to encapsulate many more cell types within the same system without
overexposing majority of the cells to UV. In addition to the cell phenotype and cell

density, the distance between the 3D structures confined with the cells can be easily
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varied to create morphogen gradients to study the impact of cell-cell communication
through soluble factors.

While the photo-patterning process described in this study offers an easy-to-use
and highly adaptable method to create 3D structures with various architectures, the
method suffers from a few limitations compared to 3D printing. The technique’s
dependence on the photomask to extrude patterns with multiple features of varying size
could affect the resolution of the structure dimensions, especially for structures with
multiple intricate features such as in Isaac Newton’s portrait. Since small features
require more polymerization time, when larger features are extruded together with these
small features, they tend to “over-polymerize” as radicals diffuse outwards from the
polymerization site at UV exposure durations required for the smaller features to form.
On the other hand, shorter durations required to polymerize large features may be
insufficient for the smaller features to form. Thus, when a single gelation time is used
for the entire pattern, it is possible for the features’ results in GelMA patterns to not
coincide with the dimensions of design on the photomasks. In addition, there are
limitations to the overall height of the patterns since the coverslip placed onto the large
volume of the precursor solutions could tilt resulting in features with uneven heights.
Nonetheless, the photo-patterning methodology described in this study offers sufficient
promise for homogenous and multi- cell cultures requiring spatial organization in 3D.
Since the protocol relies only on a photomask and collimated UV, it could be easily
adapted. Such technological platforms could be used to study cell-matrix and cell-cell
interactions in a defined 3D environment and to create hierarchical cell-laden structures

to engineer complex tissues.
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CHAPTER 3: NOVEL APPROACH TO QUANTIFY THE DYNAMIC MATRIX

MECHANICAL PROPERTIES DURING CANCER GROWTH

3.1 Abstract

The mechanical properties of a cancer microenvironment are known to play a
critical role in cancer progression, and therefore, having methods to understand the
changes in these properties are of great value. We have developed a novel approach
combining 3D photopatterning technique with microfluidics technology to encapsulate
a cancer spheroid within a Gelatin Methacrylate (GelMA) hydrogel embedded with
fluorescent particles, monitor the cancer growth, and quantify the corresponding
changes in the rigidity of the surrounding extracellular matrix (ECM). Here, we applied
hydrostatic pressure to compress the cell-laden GeIMA hydrogel and recorded the
changes in the local volumetric strain throughout culture time. By comparing these
empirical results to a finite element simulation, we aim to deduced the approximate

changes in the material properties during the cancer growth

3.2 Introduction

3D matrices have proven essential for understanding the importance of matrix
mechanical properties in cancer growth. For example, the extent of spheroid growth,
and cellular packing density, within agarose gel was shown to be affected by the solid
stress in the external matrix (123). Similarly, the mechanical stress distribution has been
shown to affect the growth patterns of the cells within these agarose gels, such that the

growth is more prevalent in the direction of lower mechanical resistance (67). In another
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study that encapsulated cancer cells within deformable alginate capsules of defined radii
and shell thicknesses, it was shown that the capsules with thick walls provided
confinement to growth, greatly slowing down proliferation after reaching confluence
(68). These confinements, relative to free suspension, yielded organization of spheroids
with necrotic core, and highly migratory phenotype of the cells at the edges of the
spheroids (68). A recent study also demonstrated time-dependent cell growth
differences in increasing stiffnesses of alginate gels (124). Here, initially, intermediate
stiffness gels produced larger spheroids, but after 13 days, the spheroids in the stiffest
gel yielded larger volumes (124). These studies, taken together, portray the significance
of a spatial confinement, and how it affects cell behavior, specifically the limitations on
growth and in promoting migratory behavior. Additionally, they demonstrate the value
in developing in vitro systems that allow for versatile and systematic testing of cell
behaviors.

To fully appreciate the role of mechanical resistance, the degradability of native
tissue around proliferating cancer cells, where they are capable of degrading the
environment using matrix metallo-proteinases (MMPs) has to be considered. Secreted
MMPs and membrane bound MMPs play important roles in cancer proliferation and
invasion, and in vitro systems have shown its effect on the extent of proliferation
(44,125-127). A study that considered the role of mechanical resistance on cell
proliferation in a degradable matrix, observed lower proliferation at higher stiffness
(126). Further, MMP activity was demonstrated to affect growth, when spheroid size
and proliferation comparisons showed smaller spheroids with inhibited MMP activity

relative to control samples with no such protease activity inhibition (126).
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Studies have also assessed certain changes in the microenvironment properties
using particle-tracking methods, such as particle tracking microrheology (PTM)
(14,81). The measurements of rheological properties as well as stresses around cancer
growth and invasion demonstrated time dependent changes in the surrounding
microenvironment and traction forces around invasive cells (14,81). These studies
indicate that the cells affect their microenvironment both through applied stresses and
by changing the microenvironment properties. This growing appreciation for the
complexities involved in cell-matrix interactions underscores the need for studying the

responses of cancer cells to their surrounding mechanical cues.

3.3 Materials and Methods

3.3.1 Cell culture

MCF7s (breast cancer cell line) were cultured in growth media and passaged
approximately every 3 days. The growth media consisted of 10% fetal bovine serum
(FBS, Gibco), 1% penicillin/streptomycin, 1% L-glutamine, and 88% DMEM

(HyClone®, Thermo Scientific).

3.3.2 Cancer spheroid formation

MCF-7 cells were trypsinized and counted. Approximately 0.75 million cells
were suspended in 4mL growth media. This suspension was added to a non-adherent
petri dish, and placed on a shaker with 45rpm. Spheroids were cultured this way for at

least 2 to 3 days, and were used subsequently for encapsulation.
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3.3.3 Microfluidics Device Preparation

The microfluidics chip device was prepared as previously described (90,91).
First, a 24x50 mm glass coverslip and a 12 mm diameter circular coverslip were
methacrylated with a solution consisting of 40 pul 3-(trimethoxysilyl)
propylmethacrylate (Sigma Aldrich), 60 pl of glacial acetic acid diluted 1:10 in
deionized (DI) water, and 1.9 ml of 100% ethanol. The coverslips were treated for
approximately 15-20 minutes, washed with 100% ethanol, and dried using airflow.
These were then placed in 60°C oven for about 30 minutes before use.

Next, polyacrylamide (PAm) gels were formed on each coverslip. Accordingly,
6.25 ul of 40% acrylamide solution, 5.625 ul of 2% bis-acrylamide solution, and 0.5 ul
of 200 nm far red fluorescent particles were added to 38.1 ul PBS. A 10% ammonium
persulfate (APS) and N,N,N’,N'-tetramethylethylenediamine (TEMED) solutions were
prepared. 0.6 pl of each APS and TEMED solutions were added to the polyacrylamide
solution and vortexed. 3 pl of this solution was added to the methacrylated 24x50 mm
coverslip, and a non-treated 12 mm coverslip was added over the droplet. Similarly, a 3
pl droplet was added onto a non-treated coverslip and the methacrylated 12 mm
coverslip was add. After about 30 minutes to allow polymerization, the gels were
submerged in DI water and the coverslips were detached. This resulted in PAm gel on
the methacrylated 24x50 mm coverslip and another gel on the methacrylated 12 mm
coverslip.

A 5 pl Milli-Q water droplet was added on the chamber part of the silicon wafer,

and the methacrylated 12 mm coverslip with PAm gel was added over the droplet, such
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that the gel was in contact with the water. Next, a 10:1 polydimethylsiloxane
(PDMS):curing agent mixture was thoroughly mixed, degassed, carefully poured over
the wafer, and then cured at 60°C. During this process, the coverslip becomes attached
to the PDMS. The completed PDMS structure was cut and peeled from the wafer, and
this results in a PDMS structure with the flow channels and the chamber containing the
exposed PAm gel. To the complete the chip fabrication, the PDMS and the
methacrylated glass, both with PAm gels, were exposed to UV-Ozone for 5 minutes and

then bonded. This structure was allowed to completely bond in 60°C oven.

3.3.4 Encapsulation of MCF-7 in GelMA inside Microfluidics Device

Prior to encapsulating cells inside, the device was perfused with PBS and
sterilized using UV exposure. GeIMA was weighed and dissolved in PBS to make 8%
(w/v) solution, and kept in 60 °C until completely dissolved. The solution was then
filtered to allow for sterile, long term cell culture. To prepare the cells for suspension in
GelMA, the MCF7 spheroids were filtered through 40 um cell filters, and spheroids
mostly larger than 40 um were collected and centrifuged at 500 rpm for 5 minutes. The
spheroid pellet was resuspended in the 8% GelMA solution, and addition of fluorescent
particles, LAP, and ascorbic acid yielded a solution composed of spheroids, 1%
fluorescent particles, 2 mM LAP, and 0.01% ascorbic acid. This solution was introduced
into the device, and exposed to microscope UV light through a photomask consisting of
320 pum circular pattern. Positioning of the pattern under spheroids of choice allowed

for selective polymerization of GelMA to encapsulate specific spheroids. Next, 5%
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penicillin-streptomycin in PBS solution was perfused to wash out excess spheroids and
unpolymerized GeIMA.

A 10 mL syringe containing growth media was connected using tubing to the
inlet port of the device, while the outlet port was connected to a tubing with needle. The
needle was connected to a stopcock valve. The 10 mL syringe was mounted onto a
syringe pump, and the device was placed in a 37°C and 10% CO, incubator. While in
the incubator, the stopcock valve was set to the open position to allow flow of the growth

media through the device for normal cell culture.

3.3.5 Compression Experiment

For the experiment, the device was removed from the incubator, and the syringe
was removed from the pump. The valve at the outlet port of the device was closed while
the syringe was kept at an approximate level of the chip itself. The device was then
mounted on a Spinning Disk microscope with oil objective lens of 40x. The imaging
was set to capture 3x3 fields of view with 15% overlap and stitched to generate a
complete view of the XY image. This way, the bright field images of each sample was
captured. In addition, to capture a 3D section of the fluorescent particles, for each
sample within the device chamber, an arbitrary middle slice was chosen, and imaging
was set to capture Z-slices 10 pm above and below this middle section at Z-increments
of 0.2 um.

To start the experiment, the syringe was placed next to the device, representing
a relative height of 0 inches, and consequently, zero relative pressure. The syringe was

maintained at that height for at least 15 minutes before imaging. Samples were identified
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within a single device chamber. At this relative O pressure, the 3D stack for each sample
was captured. Next, the syringe was moved to the relative height of approximately 11.5
inches, representing a relative pressure change of approximately 2.8 kPa, based on the
hydrostatic expression, pgh. Here, the density was of the growth media which was
approximated to equal that of water. For the new pressure, the approximate middle z-
slice for each sample was re-identified based on distinct beads distribution. This change
was maintained for at least 15 minutes before imaging was resumed. These were

repeated on Day 1, 2, 3, and 6.

3.3.6 Initial Image Processing

Before quantification of the displacements of the fluorescent particles due to the
applied pressure, the overall XYZ image shift between the 3D stack at the two different
pressures was identified. For this, the two different stacks were visualized using ImageJ,
and by eye, mid-slices for the two stacks were matched based on similar beads
distribution. From these matched mid-slices, 5 um above and below the mid-slices were
identified for further processing. This way, the Z shift was approximated and corrected
visually. Next, these mid-slices were processed through MATLAB to identify XY shifts
in the fields of view of the two images based on shifts in the centroids. These XY shift

values were entered into the particle image velocimetry (PIV) algorithm.

3.3.7 Particle Image Velocimetry (PIV)
PIV interrogation box sizes in the x, y, and z dimensions were prescribed to be

100x100x15, with the shifts of 25x25x5. The displacements obtained from PIV were
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converted to volumetric strains, first using the gradient function to obtain strains and

then summing the normal strains.

3.3.8 Simulation

COMSOL was used to simulate pressure application on a cylindrical structure
with dimensions of 320 pm in diameter and 120 um in height. The cylindrical model
was prescirtbed to have homogeneous mechanical properties. For the boundary
conditions, the applied pressure on the cylinder side was 2800 Pa, and the displacements
at the top and bottom was set at 2 um and 4 pm. The asymmetric displacement was used
because of the potential asymmetric extension in the experimental condition. This
simulation volumetric strain result was used as a means to identify the natural spatial
variation in volumetric strains in the case of a sample with homogeneous material

properties, and to identify the possible heterogeneity present in the hydrogel.

3.3.9 Analysis Methodology

The simulation yielded a theoretical volumetric strain. To calculate the
volumetric strain deviation for each day, a single slice of empirical volumetric strain for
a day was subtracted by the theoretical, and this was divided by the theoretical strain.
In order to determine the changes relative to Day 1, the volumetric strain deviations for
Days 2, 3, and 6 were resized to match the dimension of the Day 1 result. The volumetric
strain deviations for Days 2, 3, and 6 were normalized to Day 1. This normalization was
done by subtracting either Day 2, 3, or 6 strain deviation by the Day 1 deviation, and

dividing the values by the Day 1 deviation. This normalizing to Day 1 approach allows



43

using a standard theoretical volumetric strain field, without requiring the simulation of
the exact experimental hydrogel conditions, as long as there is no comparing across
different sample conditions. Positive deviation, indicated possible stiffening of the
material. Negative values indicated potential softening of the material. These
connections between the strains and the changes in mechanical properties can be made
under the assumption that the compression of the material was dominant, and any

extension in the z direction of the block was negligible.

3.4 Results

3.4.1 Compression Method

This novel approach to determine possible changes in ECM mechanical
properties utilizes the previously described photopatterning approach in conjunction
with the application of hydrostatic pressure within a microfluidics device. The schematic
in Figure 3.1 demonstrates the overall approach taken to apply a load onto the hydrogel.
Raising the syringe, with the valve in closed position, introduces hydrostatic pressure
within the device chamber and deforms the hydrogel. The deformations present include
compression along the radial direction of the cylindrical structure and extension along
the axial direction.

As seen in Figure 3.2A, the fluorescent particles were visualized using Spinning
Disk microscope, and the cylindrical shape can be observed through the circular XY
image and a height of approximately 80 um. This sample was processed using PIV

algorithm to determine the displacements and ultimately the volumetric strains, shown
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in top Figure 3.2B. The presence of extension in the Z-direction, shown in the bottom
part of Figure 3.2B was an indication that the deformation due to hydrostatic pressure
was not entirely compression, but in fact there was certain chamber expansion, pulling
on the samples in Z-direction when the pressure was increased.

As a first step, the simulation model, depicted in Figure 3.2C, consisted of a
cylinder with height of 120 pm, with total extension percentage of 0.5%. The simulation
used top displacement of 2 um and bottom displacement of 4 um. The reason for this
asymmetric displacement assumption was the presence of PDMS layer above the
chamber, but no such thick layer at the bottom. Next, the simulation result was compared
to the experimental result (Figure 3.2D). An interesting aspect of the experimental result
is the trend in volumetric strain where the compression is higher in the interior relative
to the outer edge of the hydrogel. One of the reasons for this observation could be due
to the photopolymerization process, where the light diffraction at the edges of the
transparency pattern could yield more cross-linking. On the other hand, a possibility is
that the box sizes used during PIV analysis may yield less accurate results at the edge
because of very high displacements that may not be completely captured during the

analysis.



45

A 8% GelMA
Spheroids
— LAP
Ascorbic acid —>
~ Fluorescent particles Single pattern mask uv
-y
\
B C \
Ah |
1
1
|
I
i

‘.&
i “— Open valve \

Closed valve

Figure 3.1. Schematic representation of the protocol for performing compression test on
cell-laden GelMA structures. (A) Spheroids are suspended in the GelMA solution,
supplemented with fluorescent particles, lithiumphenyl-2,4,6-trimethylbenoylphosphinate
(LAP), and ascorbic acid. The solution is perfused through the microfluidic device. The device
is exposed to UV through a photomask with specific pattern to form hydrogel structures with
embedded spheroids. (B) The output tubing of the device is connected to a valve, which is set
to open position for perfusion of growth media. (C) During the compression test, conducted at
different timepoints, the valve is closed, and an open syringe is connected to the input. To apply
hydrostatic pressure, the syringe height is varied. The hydrogel structure is imaged when the
syringe is at two different heights to detect the compression of the hydrogel due to pressure.
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Figure 3.2. Acellular constructs were visualized using fluorescent beads, and the
deformations were determined using particle image velocimetry (PIV). (A) An XY view of
the cylindrical hydrogel structure (top) and a cross-section view XZ of the structure (bottom).
Horizontal scale bar: 50 pm. Vertical scale bar: 50 um. (B) PIV was used to obtain the
displacement field in three-dimensions. Volumetric strain was calculated from the displacement
field. The top color map represents the volumetric strain, and the arrows indicate the
displacements (top). The bottom color map represents the vertical displacements and arrows
represent the displacement field of this acellular sample (bottom). (C) Simulation of cylinder
with prescribed boundary conditions (top) and a simulated volumetric strain field (bottom). (D)
A cross-section simulated volumetric strain (top) and an experimental volumetric strain
(bottom).
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3.4.2 Simulation Results

In an effort to understand the relationship between the volumetric strain changes
and mechanical properties of the structure, simulations were run for varying bulk
modulus (B) and shear modulus (G). For arbitrary baseline moduli the volumetric strains
were determined, and as a function of radius are represented in the black curve in Figure
3.3A. Lowering the bulk modulus (B) resulted in more negative volumetric strain, and
increasing the bulk modulus yielded less negative volumetric strain. The divergence
from the baseline is greater with increasing radius. The shear modulus on the other hand
tended to converge towards the baseline with increasing radius. Figures 3.3B and 3.3C
demonstrate that the volumetric strain deviations from the baseline, are dependent on
both the bulk (K) and shear modulus (G), closer to the center of the structure, as seen by
the non-zero mean values in Figure 3.3B. However, the shear modulus affect tends
towards zero with increasing radius. Based on these simulation results seen in Figure
3.3, as the radius increases, there is a trend toward increasing bulk modulus dependence
on the volumetric strain. Additionally, the color maps indicate that when the bulk and
shear modulus change are positive, the volumetric strain deviation percentage also tends
to be positive. Similarly, when bulk and shear modulus deviation are negative, the

deviation in volumetric strain also tends to be negative.
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Figure 3.3: Determining the effects of deviations in shear modulus and bulk modulus on
the volumetric strains deviations for different radial positions. (A) The volumetric strains
as a function of cylinder radial position was plotted for different bulk moduli, B, and shear
moduli, G. (B) Mean values of the ratio of deviation in volumetric strain to modulus deviation,
as a function of radius. (C) The percentage deviation of volumetric strains is represented by the
color maps as a function of bulk modulus (horizontal axis) and shear modulus deviation (vertical
axis).

3.4.3 Spheroid Growth and Changes in Matrix Properties

As seen in the top row of Figure 3.4A, a spheroid encapsulated on Day 0 within
a GelMA hydrogel, inside a microfluidics chamber, was observed to grow through Day
6. The overall growth in size was also observed in the fluorescent particles images by
the increase in the size of the interior region lacking the particles, representing the space

where a spheroid was present. In addition to the increase in the interior area, the overall
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area of the hydrogel also increased, through outward expansion. Next, the deviation of
volumetric strains, relative to the theoretical values were quantified for each day. The
Day 1 in Figure 3.4B is a representation of this deviation quantification. These
volumetric strain deviation quantities for Days 2, 3, and 6 were further normalized to
Day 1, shown in the remaining 3 maps in Figure 3.4B. Recognizing that the overall area
of the hydrogel outline increased with days, before the normalization, each Day sample
was resized through image processing to fit the size of the Day 1 sample.

The overall deviation, both negative and positive combined, was quantified as a
function of radius starting with the spheroid periphery. When deviation values only
greater than +1 and less than -1 were combined for different normalized radial values,
results indicated that there was overall greater deviation closer to the spheroids, and
these decreased farther away (Figure 3.4C). Next, positive and negative normalized
deviation was determined. Specifically, the radii range that contained high number of
total deviation was considered, and values less than -1 and greater than 1 were further
categorized as negative or positive. Results averaged from 3 different samples
demonstrated positive deviation was prominent on all days, possibly indicating
consistent stiffening. This could be a result of pushing on the GeIMA material as a result
of spheroid growth. The difference between -1 and +1 deviation categories appears
greater for Day 6, compared to Day 2 and 3. Another interesting note is the lack of

significant increase in the positive deviation on Day 6, compared to Day 2.



50

Bright Field

17
=]
©
o]
[a2]
-
c
)
o
0
o
o
]
=
[

Normalized Y Postion

Normalized X Posttion Normalized X Position Normalized X Position

g W Day 2 - [l Day 2
< Day 3 2
5~ M Day £ 04 W Day 3
5204 MDay6 e [ Day 6
g3 £& 03
O 3 § c
35 5%
Eé 0.2 83 02
E e
2 £ o1

0.0 0o

D8 0@ WO g W8N @ olmys hn ANIL NI WL MRLAYUAYU NI 00

Normalized Distance from Spheroid (r / Rspneroid) Deviation Ratio, (Dev,p p- - DeVexp01)/abs(Devespn1)

Figure 3.4. Cell proliferation and dynamic matrix mechanical properties. (A) Spheroid
growth as a function culture time, from Day 1 post-encapsulation through Day 6 (top). For the
bright field images, scale bar: 50 um. A set of fluorescent particles around a spheroid for
different days of growth (bottom). The green indicates the fluorescent particles embedded
within the GeIMA structure. For the fluorescence images, scale bar: 100 um. (B) Deviation in
volumetric strain for Day 1 relative to simulated results is represented as percent deviation. Days
2, 3, and 6 were normalized to Day 1 results. (C) Deviation ratio greater than 1 or less than -1
was used for quantification. The area of deviation, or the total number of deviation values than
are greater 1 or less than 1 combined, and that fall within than normalized radial value,
normalized to total area of a normalized radial value, shows overall deviation close to and farther
from the spheroid periphery. (D) The distribution of deviation ratio for different days of culture
indicate the possible changes in matrix properties occurring around growing spheroids.
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3.5 Discussion and Future Directions

We aimed to extend the photopatterning approach to study cancer growth and
quantify any associated changes in matrix mechanical properties. We introduced the
microfluidics aspect to allow for a flow system, which can then be used as a tool to
provide hydrostatic pressures to the system. Here, we injected spheroid-GelMA solution
into the microfluidic device, exposed to UV through a photomask, and generated
cylindrical structures, with a spheroid in the interior. These samples were perfused with
media, and thus a culture system was generated. Introduction of relative hydrostatic
pressure, through change of height resulted in the deformation of the hydrogel structure,
through compression in the transverse plane (X-Y plane), and extension in the axial (Z
plane). The extension was likely a result of the chamber expansion through glass
bending.

In the experiments involving cell growth and monitoring over time, the relative
volumetric strain deviations were determined by comparing the deviation from
theoretical result for different days to Day 1 deviation result. These relative deviations
were classified as positive or negative. In a system where compression dominates, and
the extension is negligible, after hydrostatic pressure application, the negative deviations
can be attributed to possible softening of the material, and positive deviations can be
attributed to possible stiffening of the material. In the experimental case with cells, the
PIV output for a given hydrogel section suggested that the extension appeared to be
relatively small compared to the compression. This could be because of the overall small
thin section that was imaged and analyzed, limiting the extent of extension influence.

Additionally, another important factor that could contribute to the lower extension strain
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values are the PIV parameters used during displacement calculation. The interrogation
box size chosen for the z direction may have not completely captured the beads
displacement. This suggests that optimization of the interrogation box size is a critical
step. This can be done in future experiments by performing the compression experiment
on multiple acellular samples and capturing thicker sections. By visually determining
displacements of the beads, and running the images through PIV using several
interrogation box sizes, one can aim to obtain box sizes that correctly capture the
displacement. Nevertheless, in order to correctly connect the volumetric strains to the
mechanical properties, the extension has to be negligible compared to the compression.
This requirement can be addressed in the future by attempting to minimize the extension
through use of different hydrogel geometry, like taller structures, or using thicker glass
slices for microfluidics device fabrication to minimize bending. The drawback of this is
that the thicker glass will prevent higher magnification imaging, thus compromising
resolution. On the other hand, using lower magnification would reduce the potential of
having stitching artifact present in the images because using higher magnification
imaging requires stitching different fields of view to capture the entire hydrogel sample
in the XY dimension.

Other improvement needed for the system include use of an open syringe during
compression application. The previously described experiments were conducted with a
regular closed syringe, with the liquid not exposed to the atmosphere. The pressure
application was performed by changing the height of the syringe in a horizontal position.
Therefore, the liquid volume in the syringe itself does not play a role. However, in the

open syringe, the syringe can be placed in a vertical direction with the liquid column
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inside affecting the hydrostatic pressure. Changing the height of this open syringe will
result in a pressure change causing deformation of the hydrogel. With this set up, the
liquid column height is important because in the vertical position, the liquid height will
determine the initial state of the hydrogel at relative zero pressure. This liquid and
syringe height, and therefore the initial state has to be as consistent as possible for
different days so that the comparisons relative to Day 1 can be accurately performed.
Then, a direct translation of the syringe will cause increase in hydrostatic pressure, and
keeping this height change consistent can ensure similar pressure application every day.
Additionally, overall automation of the compression testing and image processing and
analysis will further improve the consistency of the results.

Overall, this was a proof-of-concept of a novel method to assess changes in the
mechanical properties by applying a load and detecting a deformation within an in vitro
system. For this, we characterized one method of pressure application and resulting
hydrogel deformation detection. The volumetric strain calculation process and important
improvements associated with these calculations, and the possible simulation and image
processing-based analysis method were described. Finally, the ability to determine the
changes in the mechanical properties of the matrix based on volumetric strain deviations
using this method was deemed to be dependent on negligible extension of the overall
hydrogel deformation. This last aspect, considering our samples had overall hydrogel
extension, would require making significant adjustments to the current set up, such as

hydrogel geometry and thicker glass coverslips used for device fabrication.
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