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Abstract

Cancer is one of the most prevalent diseases, affecting millions of people throughout the
world in various forms. Significant multidisciplinary efforts are being conducted to improve
detection, diagnosis and treatment of the disease. One important research focus is to identify key
disease mechanisms which can be exploited for the development of efficient drugs, thereby
reducing cancer recurrence, improving patient mortality and ensuring progression-free survival.
The emerging field of cancer tissue engineering aims to provide platforms whereby cancer tissue
can be closely reproduced and simulated in a three-dimensional (3D) in vitro setup, facilitating
the study of the disease outside the body and testing efficacy of different drugs prior to
translation in clinical trials. This research focuses on the development of 3D in vitro models of
breast cancer, amongst other cancer types, which closely mimic the microenvironmental
conditions of native cancer tissue, and ultimately facilitate the investigation of specific
tumorigenic mechanisms and testing anti-cancer drug efficacy.

This work highlights the use of biomimetic PEG-based hydrogels for the encapsulation
and long-term 3D culture of various cancer cell types and subsequent investigation of cancer cell
behavior and disease progression within 3D hydrogel scaffolds and subsequent testing of
anti-cancer drug efficacy. Chapter 1 introduces the current state of cancer tissue engineering, the
use of various biomimetic materials for mimicking the native tumor microenvironment and
different biofabrication techniques employed for the development of tissue-engineered cancer
models and drug-testing. In Chapter 2, generation of a millimeter-scale breast cancer model via a

novel dual-phase, surface tension-based fabrication method for generation of poly(ethylene



glycol diacrylate) (PEGDA) hydrogel millibeads and tumor millibeads encapsulating breast
cancer cells is presented. Chapter 3 provides background on the use of fibrinogen coupled with
PEGDA (PEG-fibrinogen, PF), and its use in creating the tumor microsphere model for
encapsulation of breast cancer cells and investigation of subsequent tumorigenic characteristics
with relation to spontaneously aggregated tumor spheroids formed via the hanging droplet
method. In Chapter 4, the effect of matrix stiffness and physical properties of PF-based
hydrogels on the 3D growth and behavior of three breast cancer cell types is investigated. In
Chapter 5, a study establishing a microfluidic oncomimetic model for co-culture of vascularized

endothelium, breast cancer cells and fibroblasts and subsequent drug-testing is reported.
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1. INTRODUCTION

Breast cancer is the most frequently diagnosed and leading cause of death in women
throughout the world accounting for 25% of all cancer cases and 15% of all cancer deaths among
females with an estimated 1.7 million cases and 521,900 deaths in 2012 (Torre et al. 2015). It is
also the second leading cause of cancer deaths among women in the United States (Keller et al.
2011). Incidence rates in many developed countries have fallen in recent years due to improved
awareness and better treatment facilities. However, in many developing countries, the incidence
rates continue to rise due to several factors like poor quality of life and inadequacies in detection,
treatment and in health infrastructure. Thus, finding effective methods of preventing new
incidences, controlling the progression of the disease and reducing the number of deaths through
improved medication is of paramount importance.

Tissue engineering aims at applying the principles and methods of chemical and
biomedical engineering in the field of life sciences for the study of normal and pathological
mammalian tissue, and the development of biological substitutes to restore, maintain, or improve
tissue function. In recent times, this field has progressed towards modeling of diseases and
pathological conditions both in vitro and in vivo. Specifically, cancer tissue engineering, a
sub-discipline of this field, has been developed to provide platforms where various physiological
aspects of the disease can be studied both in vitro and in vivo (Ricci et al. 2013, Horch et al.
2013). Advances in this field have facilitated the development of different biomimetic models
that can recapitulate various features of the tumor tissue and its microenvironment, thereby
allowing investigators to better understand mechanisms of disease initiation and progression

(Hutmacher et al. 2009, Burdett et al. 2010).



Cancer is a not a single disease, but a group of physiological anomalies collectively
referred under the umbrella term “cancer’. These anomalies work in conjunction with each other
to produce a cascade of physiological disorders ultimately resulting in malignant and metastatic
diseases. Cancer tissue engineering aims at simulating these physiological disorders either
individually or synergistically, through the combination of biomimetic materials and different
biofabrication techniques. The main features of cancer tissue that are closely replicated are tumor
initiation, epithelial-mesenchymal transition (EMT), malignant progression, cancer cell
migration, angiogenesis, hypoxia and metastasis, amongst others (Hanahan and Weinberg 2000,
Hanahan and Weinberg 2011).

Biomimetic tissue-engineered cancer models and technologies offer high degree of
spatial, temporal and structural precision in controlling the physical parameters and components
characteristic of the native tumor microenvironment. These technologies help to bridge the
discontinuity existing between two-dimensional (2D) and in vivo models. 2D models are limited
in their ability to explore specific biological phenomena due to inability to replicate tissue-
specific pathophysiology. In vivo animal models are limited by cost and the challenge of
precisely controlling experimental variables (spatial, molecular, and physical) of the tumor
microenvironment. To address these limitations, well-characterized 3D tissue-engineered models
that incorporate tissue pathophysiology and complexity are needed within the cancer model
continuum. The objective of this work is the establishment of such 3D tissue-engineered cancer
models using biomimetic hydrogel-based materials and employing various fabrication
techniques, which result in tissue-mimetics with higher degree of pathophysiological structure

and function and can recapitulate essential characteristics of the native tumor microenvironment.



Overall, cancer tissue engineering lies at the interface of tissue engineering, cancer
biology and chemical and biomedical engineering, each field offering its own advantages and
applications to the sub-discipline, as shown in Figure 1.0. Cancer biology provides the basic
knowledge with regard to cellular growth, cell signaling, and morphological, phenotypic and
genotypic expression of cancer cells and subsequent investigations in cancer-related phenomena
like EMT, angiogenesis and metastasis. Based on information provided through cancer biology,
tissue engineering establishes biomimetic three-dimensional (3D) models and various
biofabrication techniques for investigation of the disease both in vitro and in vivo. Finally,
chemical and biomedical engineering provide the basis of material design and synthesis (for use
in tissue-engineered models), and platforms for the analysis of disease models and network
pathways. Through the combination of these approaches, the resulting field of cancer tissue
engineering broadly encompasses the knowledge gained from cancer biology, and engineering
principles from tissue engineering and biomedical engineering to produce holistic systems where
in-depth knowledge of disease mechanisms and efficacy of anti-cancer treatment strategies can

be obtained, thereby leading to more efficient targeting of the disease.



Figure 1.0: The broad scope of cancer tissue engineering. Schematic of the interface between
three major fields of tissue engineering, cancer biology and chemical engineering that gives rise

to cancer tissue engineering.



CHAPTER 1: Background

1.1 The Need for Tissue-engineered Cancer Models

Traditionally, cancer cells are cultured on 2D substrates for cellular investigations and
drug-testing applications. However, due to inherent differences and poor physiological
correlation between 2D cultured cells and cells in vivo, many candidate drugs fail to achieve the
required standards of high efficacy and low toxicity (Imamura et al. 2015, Das et al. 2015). In 2D
models, cancer cells lack microenvironmental cues and often, influence of other cell types
typically found in the tumor microenvironment (TME) (Hutmacher et al. 2010). The presence of
extracellular matrix (ECM) components and secondary cell types (e.g. fibroblasts, endothelial
cells, immune cells etc.) lends increased chemo-resistance to cancer cells, both through
intercellular signaling mechanisms and diffusion related mass transfer limitations (Kim and
Tanner 2015). Incorporation of these factors in engineered tumor models provides better
physiological context to cultured cells and helps obtain more relevant pre-clinical information
with respect to drug testing (Hutmacher 2010). Figure 1.1 provides a comparative visualization
of cancer cells cultured in 2D vs. 3D conditions. Specifically, the synergistic role of the range of
factors present in the TME in influencing 3D cancer cell behavior and associated processes of
epithelial-mesenchymal transition (EMT), tumor angiogenesis, cancer cell extravasation,
intravasation and metastasis can be more accurately studied through the incorporation of
biomimetic materials and associated cell types in the engineered models (Horch et al. 2013). In
addition, the function of various factors of the TME in imparting chemo-resistance to cancer
cells can also be studied using these tissue-engineered models (Hutmacher et al. 2010, Infanger

et al. 2013).
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Figure 1.1: 2D and 3D cell culture. Differences in morphology of (a) C6, (b) U-87 MG and (c)
U-118 MG glioma cells grown on 2D culture plates, Matrigel matrix, and CA scaffolds as
visualized by SEM imaging. Cells in 2D cultured surfaces are flatter and more spread out while
those in 3D culture are more rounded. Scale bars: 40 um. Used with permission: (Kievit et al.

2010)

1.2 Biomimetic Materials for Cancer Cell Culture

The use of biomaterials and biomimetic scaffolds in 3D in vitro models has facilitated the
bridging of the gap in correlation between 2D and in vivo models. These biomaterial-based
models offer distinct advantages for cancer studies compared to 2D models, namely, 1) enabling
of cell-matrix and cell-cell interactions, 2) induction of matrix mechanical stiffness effects on
cancer cell growth characteristics, 3) incorporation of other cell types (e.g. fibroblasts,

endothelial cells, immune cells and others) to recreate the tumor-stromal microenvironment,



4) involvement of specific cell-signaling mechanisms and related drug targets, 5) increase in
tumor heterogeneity and 6) increase in drug-resistance. Each of these factors plays a critical role
in simulating the pathophysiological complexities of native tumor tissue and ultimately
providing clinically relevant information about anti-cancer drug efficacies (Alemany-Ribes and
Semino 2014, Gill and West 2014, Seo et al. 2014, Chwalek et al. 2014, Yamada and Cukierman
2007). Biomaterials used in cancer research can be classified into three categories: 1) natural, 2)
synthetic and 3) hybrid (combination of natural and/or synthetic materials). Natural polymers,
obtained from animal or plant sources, include collagen, Matrigel, alginate and others; synthetic
polymers include polylactide, polyglycolide, poly(ethylene glycol) (PEG) and their derivatives,
while hybrid materials include PEG-conjugated proteins and biofunctionalized alginate amongst
others. Each of these materials offers specific advantages which can be suitably employed to
simulate the microenvironmental conditions of cancer tissue. One important category of
biomaterials is hydrogels, which are cross-linked networks of chains of natural or synthetic
polymers with the capability of high water absorption and facilitation of nutrient and cellular
metabolite exchange. Mechanical and bio-chemical characteristics of hydrogels can be
modulated by modifying either the individual polymer chains of the network or the cross-linking
properties of the polymer chains in general (Nguyen and West 2002, Hoffman 2012). Specific
bioactive moieties, including adhesive sites, growth factors and matrix metalloproteases
(MMPs)-sensitive cleavage sites, can also be incorporated within hydrogel matrices to influence
phenotype and growth of the encapsulated cancer cells in vitro (Nyga et al. 2011, Hutmacher
2010, Nguyen and West 2002). Overall, biomimetic hydrogels can be engineered chemically,
mechanically and structurally, to modify cellular behavior with time and provide critical

physiological context to 3D cultured cancer cells.



1.2.1 Natural Biomaterials

A number of naturally occurring proteins present in the tumor stroma contribute to the
tumorigenic behavior of cancer cells via physico-mechanical interactions. These proteins include
collagen, laminin, elastin and fibrinogen amongst others. In order to incorporate the biochemical
properties of these natural ECM proteins, a number of naturally occurring biopolymers are used
in 3D cancer models as described below.

Collagen 1 is the most abundantly occurring ECM protein found in the tumor stroma,
imparting structural integrity and mechanical strength to the tissue mass. Collagen hydrogels,
formed via physical crosslinking, have been used for the 3D encapsulation of various cell types
including breast, prostate, endometrial and lung cancer cells (Szot et al. 2011a, Chen et al. 2012,
Koutsilieris et al. 1994) (Fig. 1.2). In addition, collagen based gels have also been formed via
enzymatic crosslinking with transglutaminase for the culture of breast, prostate and bone cancer
cells (Fang et al. 2014). Metastatic MDA-MB-231 breast cancer cells within collagen | hydrogels
demonstrated tissue-thickness dependent hypoxia and central necrosis when compared to
standard 2D cultured cells (Szot et al. 2011a). In addition, breast and prostate cancer cells in
collagen hydrogels for modeling bone metastasis exhibited higher MMP expression,
symptomatic of enhanced metastatic potential (Koutsilieris et al. 1994, Bersini et al. 2014).
Collagen hydrogels, due to their fibrillar nature, have also been used extensively for
investigation of cancer cell migration via modulation of crosslinking density, fibril diameter and
pore size. Increased stromal collagen density leads to higher tissue stiffness and is often
predictive of malignant invasion. Elevated stromal collagen densities and associated fibrillar
architecture promoted tumor formation, invasion and metastasis in in vivo mouse models

(Provenzano et al. 2008), in in vitro mammary epithelial organoids (Cassereau et al. 2015) and in



self-aggregated tumor spheroids (Guzman et al. 2014). Specifically, modulation of fibrillar
density and pore size was shown to impact directionality, cell displacement (Guzman et al. 2014,

Bordeleau et al. 2013), persistence and morphological phenotype (Sapudom et al. 2015).
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Figure 1.2: Collagen matrices for cancer cell culture. (a) Non-metastatic MCF7 cells cultured in
2D exhibit epithelial sheet-like morphology. In contrast, (b) SEM and (c) confocal images
indicate diversified morphologies of MCF7 cells when cultured in 3D collagen scaffolds. (d)
Hematoxylin-eosin staining of 3D collagen scaffolds cultured with cells show a multi-layer cell

structure. Scale bar: 50 pm. Used with permission: (Chen et al. 2012).

Matrigel, a basement membrane composite secreted by Engelbreth-Holm-Swarm (EHS)
mouse sarcoma cells, has also been extensively used as a biomaterial for cancer cell culture
(Kleinman and Martin 2005, Benton et al. 2014). Primarily comprised of collagen type 1V,
laminin, perlecan, entactin and other proteases and growth factors, Matrigel significantly
promoted tumorigenic growth and invasive morphologies of various cancer cell types both in
vitro (Yeung et al. 2010, Sasser et al. 2007) and in vivo (Topley et al. 1993, Olsen et al. 2010).
Specifically, Matrigel enhanced breast cancer cell invasion in co-culture with human bone
marrow stromal cells (Sasser et al. 2007) and stromal fibroblasts (Pinto et al. 2014). Another

useful application of Matrigel is in invasion-based assays for investigation of cancer cell
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migration (Yu and Machesky 2012, Zhu, Liang, et al. 2015, Kramer et al. 1986) and
morphological aggressiveness (Bae et al. 1993).

Alginate, derived from seaweed, is another natural biopolymer used in cancer cell
studies. Alginate is composed of repeating units of a-L-guluronic acid and B-D-mannuronic acid
and has been used as a thermally stable cold setting gel for cancer cell encapsulation (Workman
et al. 2014, Kingsley et al. 2013). It exhibits a high water holding capacity and high porosity, and
its physico-chemical properties like pH, molecular weight, mechanical and ionic strength can be
tuned via modulation of relative concentration of the two monomer units (Draget et al. 1997, Xu
and Burg 2007). Alginate was used for the 3D hydrogel encapsulation of lung cancer cells
(Godugu et al. 2013), human leukemic cells (Thao et al. 2012), mouse breast cancer cells (Raof
et al. 2011) and for enrichment of cancer stem cells from hepatocellular and squamous cell
carcinoma cell lines (Xu, Liu, et al. 2014). In addition, alginate hydrogels with modulated
mechanical stiffness (soft (21 kPa), moderate (70 kPa) and hard (105 kPa)) were used to
investigate tumor-initiating features of head and neck squamous cell carcinoma cells (Liu, Liu,
Xu, et al. 2015) and tumorigenic characteristics in hepatocellular carcinoma cells (Liu, Liu, Xie,
et al. 2015). Agarose, a biopolymer similar to alginate and composed of D-galactose and
3,6-anhydro-L-galactopyranose, has also been used for the 3D encapsulation of mouse renal
carcinoma cells (Smith, Gazda, Conn, Jain, Asina, Levine, Parker, Laramore, Martis, Vinerean,
David, Qiu, Cordon-Cardo, et al. 2011, Smith, Gazda, Conn, Jain, Asina, Levine, Parker,
Laramore, Martis, Vinerean, David, Qiu, North, et al. 2011) and MCF7 breast cancer cells
(Vantangoli et al. 2015).

Hyaluronic acid (HA), a prominent member of the GAGs family, has also been

investigated for its role in cancer progression. Composed of repeating units of D-glucuronic acid
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and D-N-acetylglucosamine, it is known for its high molecular weight and presence in a wide
range of tissue ECM (Laurent and Fraser 1992). HA hydrogels were used for the 3D culture of
renal carcinoma cells for bone metastasis (Pan et al. 2015), study of invasive behavior of prostate
cancer cells (Gurski et al. 2012), recapitulation of prostate cancer spheroid microenvironment
(Xu et al. 2012) and 3D invasion of a wide range of cancer cell types from both primary and
metastatic tumors (David et al. 2004). Low molecular weight HA promoted invasion and
metastasis of breast cancer cells and represented a good prognostic indicator of breast cancer
progression (Wu, Cao, et al. 2015). U87 astrocytoma cells grown in 3D HA hydrogel displayed
enhanced expression of cancer stem cell markers including Nestin, CD44 and CD133 (Martinez-
Ramos and Lebourg 2015).

Silk fibroin, usually obtained from silk worm species Antheraea mylitta and Bombyx
mori, have been established as a suitable biomaterial for the culture of different cancer cell types
including those from breast, prostate (Talukdar et al. 2011), osteosarcoma (Tan et al. 2011) and
hepatocellular carcinomas (Kundu et al. 2013) (Fig. 1.3). Silk fibroin scaffolds were used for
investigation of breast and prostate cancer metastasis to bone, lung and liver (Seib et al. 2015,
Kwon et al. 2010a). Silk fibroin was also electrospun into cryogenic scaffolds for 3D culture of

squamous carcinoma cells (Bulysheva et al. 2013).
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Figure 1.3: Silk fibroin matrices for cancer cell culture. (A) Metastatic MDA-MB-231 human
breast adenocarcinoma cells cultured on different 2D matrices: a) tissue culture plate, b) 2D
Matrigel, ¢) A. mylitta silk fibroin 2D film, d) B. mori fibroin 2D film; (B) a) B. mori fibroin
scaffold without cells, b) B. mori scaffold seeded with MDA-MB-231 cells, ¢) A. mylitta fibroin
scaffold without cells, d) A. mylitta fibroin scaffold seeded with MDA-MB-231 cells cultured for
5 days. (C) Confocal images of a) A. mylitta 2% silk fibroin scaffold, b) scaffold with
MDA-MB-231 cells cultured with actin filaments (red) and nuclei (green). Scale bars represent

100 um. Used with permission: (Talukdar et al. 2011).

Other natural biomaterials used in 3D cancer cell culture include chitosan and fibrin.
Chitosan scaffolds were used for the 3D culture of MCF7 cells, with a higher degree of swelling
and acetylation of chitosan polymer promoting cell attachment and growth kinetics (Dhiman et
al. 2004). Fibrin gels of low stiffness (90 Pa), obtained by crosslinking of naturally occurring

fibrinogen with thrombin, were used for the 3D culture of various human and mouse cancer cell
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types, which promoted cancer stemness and formation of tumor spheroids with upregulation of
stem cells markers including CD133, Nestin, Bmi-1 and c-kit (Liu et al. 2012, Tan et al. 2014).
Overall, a wide range of natural materials obtained both from plant and animal sources
have been utilized for 3D culture of cancer cells and subsequent investigation of tumorigenic
phenomena including invasiveness, metastasis and expression of stem cell-like characteristics,

thereby providing reliable and scalable culture platforms for cancer research.

1.2.2 Synthetic Biomaterials

Though natural biomaterials provide good physiological context and facilitate biological
signaling mechanisms in 3D cultured cancer cells, they suffer from certain limitations including
batch-to-batch variability, low mechanical stiffness (0.1-10 kPa) and inconsistency in
presentation of bioactive ligands in 3D matrices. In order to overcome these limitations,
synthetic biopolymers have been developed as a substitute for natural materials. These polymers
include poly(ethylene glycol) (PEG), poly(e-caprolactone) (PCL), poly(vinyl alcohol) (PVA),
poly(glycolic acid) (PGA), poly(lactic acid) (PLA) and their derivatives. Due to lack of bioactive
sites, some synthetic materials including PEG need to be conjugated with biomimetic ligands
such as short peptide sequences or larger proteins to provide sites for cell adhesion and matrix
degradation and to facilitate cell-ECM interactions.

Conjugated PEG-based hydrogels can be fabricated via photo-polymerization and their
physico-chemical properties (mechanical strength, pore size, porosity and cell attachment sites)
altered by changing the molecular weight, cross-linking density, concentration and chemical
modifications of PEG chains (Zustiak and Leach 2010, Kloxin et al. 2010, Kloxin et al. 2009a).

PEG provides a “blank slate” into which various bioactive moieties can be incorporated via
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covalent coupling to individual PEG chains. These moieties include specific peptide sequences
mimetic of fibronectin (RGDS, REDV), laminin (YIGSR, IKVAV) and collagen (DGEA) for
cellular adhesion (Nguyen and West 2002, Zhu 2010) and proteolytically-degradable sequences
such as KCGPQG|IWGQCK, GCYK|YNRCG (derived from Collagen Type I, sensitive to
MMP-1, -2, -3, -7, -8, and -9) (Leight et al. 2015, Raeber et al. 2005, Gill et al. 2012, Singh et al.
2014). Unmodified PEG hydrogels were used for the 3D encapsulation and culture of MCF7
human breast cancer and 4T1 mouse breast cancer cells (Pradhan et al. 2014, Yang et al. 2013b).
Further, PEG hydrogels with conjugated CD44-binding peptide and modulated matrix stiffness
were used for investigation of cancer stem cell markers and tumorsphere formation for various
cancer cell types (Jabbari et al. 2015, Yang et al. 2013a). RGD- and YIGSR-conjugated PEG
hydrogels supported the growth and tumorigenic signaling of normal and cancerous mammary
epithelial cells (Weiss et al. 2012). Relative combination of adhesive PEG-RGDS and degradable
PEG-PQ-PEG hydrogels, with modulated stiffness (21-55 kPa), degradability and adhesion were
used for 3D culture of lung adenocarcinoma cells and subsequent investigation of epithelial
morphogenesis and EMT (Gill et al. 2012). Biofunctionalized PEG hydrogels were also used for
mimicking tumorigenic microenvironment of glioblastoma (Wang et al. 2014) and prostate
cancer (Sieh et al. 2012), and for investigation of cell migration characteristics of fibrosarcoma
cells (Singh et al. 2014).

In addition to PEG-based hydrogels, synthetic materials including PGA, PLA, PVA and
PCL have also been used in cancer cell studies. The components of these polymers are derived
from natural metabolites; hence, they are biodegradable, biocompatible in vitro and able to
provide critical biological cues to encapsulated cells. Also, PGA has a higher rate of degradation

compared to PLA, hence PGA is used as a co-monomer with PLA to form
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poly(lactic-co-glycolic acid) (PLGA) to control the rate of degradation of the fabricated scaffolds
(Xu and Burg 2007). Porous PLGA and PLA microparticles were fabricated via a solvent
evaporation technique for use as scaffolds for MCF7 breast cancer cell culture, with
incorporation of PVA demonstrating improved cell adhesion and growth (Sahoo et al. 2005). In
addition, PLGA was also used for making cryopreservable, tumorigenic 3D scaffolds using a
water-oil emulsion technique for culture of MCF7 cells (Kang and Bae 2009) and porous
sponges using a supercritical CO, gas-foaming method for culture of Hep3B hepatocellular
carcinoma cells (Zhu et al. 2008) (Fig. 1.4). In another model, 3D Ewing sarcoma tumors were
formed in porous electrospun PCL scaffolds to mimic the bone microenvironment, with cancer
cells exhibiting morphology, growth kinetics, and protein expression profiles close to native

tumors (Fong et al. 2013).

Figure 1.4: Synthetic PLGA scaffolds for cancer cells culture. SEM images of Hep3B cells
cultured on (a) PLGA 50:50 and (b) PLGA 85:15 sponges; (al and bl) cells grown on the outer

surfaces of the PLGA sponges; (a2 and b2) magnified images of the cells grown on the outer
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surfaces; and (a3 and b3) cells grown on the inner pores of the PLGA sponges. Used with
permission: (Zhu et al. 2008)

Overall, synthetic biomaterials have significantly facilitated the 3D culture and
investigation of a wide range of cancers, by providing a uniform, controlled platform with

modulated substrate characteristics and devoid of heterogeneity arising from biological factors.

1.2.3 Hybrid Biomaterials

Although natural and synthetic biomaterials provide important biological context to 3D
cultured cancer cells, due to specific inherent limitations, these materials independently lack the
ability to accurately present true tumor microenvironmental cues. For example, alginate by itself
lacks adhesive moieties for cellular attachment; hence it is coupled with chitosan (Phan-Lai et al.
2013, Florczyk et al. 2012) or fibronectin-mimetic peptide sequence RGD (Fischbach et al.
2009) to provide a more cell-permissive matrix for cancer cell culture. Specifically, chitosan-
alginate (CA) scaffolds were used for the 3D culture of mouse and human glioma cells,
demonstrating enhanced tumorigenic growth in vitro and in vivo (Kievit et al. 2010) and
enrichment of CD133+ glioblastoma stem cells with associated expression of stem cell markers
(Kievit et al. 2014). In addition, RGD-alginate scaffolds promoted tumorigenic morphology and
angiogenic expression of oral squamous cell carcinoma cells via integrin engagement (Fischbach
et al. 2009) and further regulation of hypoxia and global changes in gene expression (DelNero et
al. 2015). Alginate has also been combined with Matrigel to form interpenetrating network (IPN)
structured hydrogels for investigation of malignant progression of normal mammary epithelium.
The stiffness of the IPN matrix was controlled by modulation of relative Matrigel concentration

or enhanced calcium crosslinking of alginate without affecting pore structure or ligand
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accessibility. Addition of RGD ligands to alginate-Matrigel IPN matrix was used to alter ECM
composition. Increasing matrix stiffness induced malignant phenotype of normal mammary
epithelial cells which was abrogated by addition of adhesive ligands via 4 integrin-mediated
mechanotransduction (Chaudhuri et al. 2014).

Synthetic PEG and its derivatives have been combined with other natural materials such
as collagen and Matrigel for the fabrication of hybrid scaffolds. By reinforcing collagen fibers
with poly(ethylene glycol) di-(succinic acid N-hydroxysuccinimidyl ester), hydrogels of higher
stiffness (4.0 kPa vs 0.7 kPa) were obtained demonstrating proliferation, morphology and
proangiogenic activity of HepG2 hepatocellular carcinoma cells (Liang et al. 2011). Matrigel
combined with poly(ethylene glycol) diacrylate (PEGDA) and poly(ethylene glycol)
monoacrylate (PEGMA) in varying concentrations supported differential growth and branching
morphology of normal and tumor mammary epithelial organoids. Addition of a-CDYRGDS
adhesive ligand to PEG-Matrigel promoted dissemination of single cells from the epithelial
cluster and increasing stiffness with additional PEG moieties prevented branching
morphogenesis of both normal and tumor organoids (Beck et al. 2013). Matrigel was also
combined with another synthetic polymer, poly(2-hydroxyethyl methacrylate) (pHEMA) to form
sphere-templated scaffolds for the culture of various prostate cancer cell types (Long et al. 2014).

Examples of other hybrid biomaterials include chitosan coupled with silk-fibroin for the
culture of hepatocellular carcinoma cells (She et al. 2008) and with gelatin for 3D culture of lung
carcinoma, breast adenocarcinoma, cervical carcinoma and osteosarcoma cells (Arya et al.
2012). Collagen hydrogels reinforced with increasing concentrations of agarose were used to
modulate elasticity of bioengineered scaffolds for the culture of glioblastoma cells. Incorporation

of agarose introduced dense mesh-like structures within collagen fibers that ultimately induced
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mesenchymal-to-amoeboid transition in cell motility and reduced invasion of glioma cells
(Ulrich et al. 2010). In another study, the effect of micro-scale scaffold architecture on the
growth and function of pancreatic ductal adenocarcinoma was also investigated. Poly(vinyl
alcohol)/gelatin (PVA/G) and poly(ethylene oxide terephthalate)/poly(butylene terephthalate)
(PEOT/PBT) copolymers were used to form scaffolds using three different techniques: emulsion
and freeze-drying, compression molding followed by salt leaching, and electrospinning. In
comparison to PEOT/PBT fiber scaffolds, PVA/G and PEOT/PBT sponge-like scaffolds
promoted higher aggregate formation and MMP secretion similar to native cancer tissue, thereby
demonstrating the role of matrix architecture on cancer cell morphology and aggressiveness
(Ricci et al. 2014).

Overall, hybrid biomaterials provide combinatorial advantages of both natural and
synthetic materials in the fabrication of bioengineered scaffolds of 3D cancer cell culture. While
incorporating the biomimetic characteristics of natural materials essential for cellular growth,
morphology and function, hybrid materials also retain the ease of synthesis, reproducibility and
low batch-to-batch variability of synthetic materials. Thus, hybrid biomaterials can be suitably

produced in a scalable manner and applied for use in 3D cancer studies.

1.3 Tissue-engineered Cancer Models

Several aspects of native tumors need to be replicated in in vitro models for achieving
close physiological relevance, the chief among them being metastasis and angiogenesis, which
can be achieved by the modulation of the cell-cell and cell-ECM interactions in vitro (Morales
and Alpaugh 2009, Kwon et al. 2010b, Wang et al. 2005). Metastasis is initiated by cancer cells

with a high proliferation rate and high matrix degradation abilities which are able to invade
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through the surrounding stroma and extravasate into blood capillaries (Langley and Fidler 2011).
The matrix stiffness, incorporation of specific biological moieties, the tumorigenic nature and
invasive potential of the cancer cells can be enhanced by altering the biochemical and
mechanical properties of the surrounding ECM, thereby influencing their metastatic potential.
Hypoxia and angiogenesis experienced in tumor tissue are also correlated with each
other. As a result of altered cell phenotype and cell metabolism, high cell proliferation rates, and
non-uniformity in nutrient and waste exchange, hypoxia is frequently experienced by many cells
found within the tumor tissue. This triggers a cascade of events whereby hypoxia-inducible
factor (HIF)-1a is released by the cells in response to the hypoxic environment, causing the
release of angiogenic growth factors and cytokines including VEGF (vascular endothelial growth
factor) (Roskoski 2007) (Shweiki et al. 1995), bFGF (basic fibroblast growth factor) (Farhat et
al. 2012), 1L-8 (interleukin 8) (Xu et al. 2012) and others, both by cancer cells and surrounding
stromal fibroblasts (Li and Lu 2011) (Kalluri and Zeisberg 2006, R&sénen and Vaheri 2010). The
release of angiogenic factors leads to the migration of endothelial cells (ECs) (Oudar 2000) and
endothelial progenitor cells (EPCs) (Bourhis et al. 2010, Ehrbar et al. 2005) towards the cancer
tissue resulting in the formation of blood vessel-like structures (Melero-Martin and Dudley
2011). Simulating these phenomena, either individually or in conjunction with each other, is one
of the main challenges of cancer tissue modeling. In the following sections, the current
state-of-the-art 3D models developed to investigate the different hallmarks of cancer and related

phenomena including angiogenesis, invasion and metastasis are presented.
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1.3.1 Cancer Cell Culture using 3D models

Conventional 3D models can be grouped into two major categories: 1) cells embedded
within a layer of bioactive matrix and 2) cells organized as multicellular aggregates or spheroids.
Combinations of the two groups have also been explored. Cells encapsulated within biomimetic
matrices can also self-assemble into multicellular aggregates within these scaffolds during
culture over time. These models can be fabricated with a single cancer cell line or with
secondary cell lines co-cultured with cancer cells (Kimlin et al. 2011). With recent advances in
technology, newer models are being developed to extend the limits and capabilities of
conventional 3D tumor models beyond those classified above.

In pseudo 3D models, where cells are cultured on the surface of a bioactive matrix,
valuable information can be obtained regarding the invasive and metastatic potential of tumor
cells, migration mechanism and their cellular interactions. In an invasion assay, intra-epithelial
tumor cells migrated through HEK cell layers grown on the surface of human de-epidermalized
dermis. (Alt-Holland et al. 2008). Cancer cells cultured on the surface of biomimetic matrices
can provide information regarding integrin-mediated cell-matrix interactions and influence of
matrix stiffness on cancer cell behavior. Most commonly, polyacrylamide gels, coated with
collagen, and with controlled stiffness have been used for investigation of 3D cancer cell
behavior (Fischer et al. 2012). In addition, micropatterning of ECM surfaces for obtaining spatial
control of 3D cancer cell culture has also provided important information regarding cell
adhesion, migration and cell-matrix interactions (Théry 2010).

The first category involves encapsulation of cells within a bioactive matrix for 3D cell
culture. As discussed earlier, a variety of biomimetic materials have been used to fabricate

scaffolds for 3D growth and culture of cancer cells, whereby the cells are able to migrate through
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the interstitial spaces of the porous scaffolds. The scaffolds also typically contain MMP-sensitive
sites allowing cells to degrade the matrix, proliferate and gradually fill the internal spaces of the
scaffolds. As before, encapsulation can either include cancer cells alone or in co-culture with
tissue-specific cell types. Using these models, investigators can study the interactions of cancer
cells with the surrounding microenvironment and characterize their growth and phenotypic
behavior.

Models that enable co-culture of multiple cell types allow for the study of the potential
role of the secondary cells (Hanahan and Coussens 2012, Miki et al. 2012) and tumor stroma
(Pietras and Ostman 2010, Shieh 2011) in the promotion or inhibition of the tumorigenic activity
of the cancer cells. To study the process of blood vessel formation, endothelial cells can be
co-cultured with cancer cells and formation of branching networks of tubules, indicative of the
early angiogenic process, can be quantified. In one study, the process of vascular morphogenesis
in decellularized ECM obtained from the co-culture of breast cancer cell lines and fibroblasts
was investigated; the presence of fibroblasts with metastatic cells was found to have a
stimulatory role in formation of capillary-like structures with improved angiogenic properties
(Hielscher et al. 2012). Co-culture of basal and luminal non-invasive breast cancer cells with
mammary fibroblasts induces their conversion to a more malignant invasive phenotype through
reorganization of deposited extracellular collagen fibrils (Dang et al. 2011). Heterotypic
adhesions between cancer cells and fibroblast mediated by atypical cadherins may also play a
role in early metastasis (Apostolopoulou and Ligon 2012). Fibroblasts also regulate
morphological features and provide increased chemoresistance to cancer cells in co-culture (Li

and Lu 2011). Co-culture with embryonic stem cells or embryonic stem cell-conditioned medium

21



have been shown to have an inhibitory effect on the proliferation, migration and spheroid
forming ability of metastatic breast cancer cells (Raof et al. 2011).

The second category involves culturing cancer cells as multicellular tumor spheroids
(MCTS). MCTS are either grown in culture media or embedded within a bioactive matrix to
simulate the microenvironmental tumor conditions in vivo (Ho et al. 2010, Carlsson and
Nederman 1989). They can be formed with cancer cells only or in conjunction with other cell
types found in the vicinity of the native tumor tissue. MCTS are able to replicate many of the
cellular and histological characteristics found in native tissue. For example, Ewing tumor cells
cultured as spheroids were better able to replicate the signaling mechanism of primary tumors as
compared to 2D cultured cells with respect to morphology, proliferation and expression of
ERK1/2, AKT and cyclin D1 (Lawlor et al. 2002).

Different methods have been developed for the formation of tumor spheroids including
spontaneous cell aggregation both in liquid overlay culture and in spinner flasks, and biomaterial
encapsulation (Kim et al. 2004, Hirschhaeuser et al. 2010a). Continuous research is being
conducted to develop advanced models and fabrication methods for 3D cell culture. One recent
method involves the use of a rotating wall vessel under simulated microgravity with
micro-carrier beads, where cancer cell alone or in co-culture with multiple cell types can be used
to form aggregates (Jessup and Frantz 2000, Rhee et al. 2001). Human prostate cancer cells
co-cultured with bone fibroblasts showed significant chromosomal changes, altered growth
profiles, changes in response to androgens, estrogens, growth factors with enhanced
tumorigenicity and metastatic potential (Rhee et al. 2001). Another recently developed method is
a novel mini-bioreactor with a rotating aerial disk (RAD) design. Its enhanced cell culture

media-recirculation properties allowed improved oxygen diffusion and faster re-organization of
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mouse lymphoma cells into 3D colonies, resulting in decreased mitochondrial activity in the
cultured cells, indicating a quiescent cytoplasmic activity more similar to native tumor cells

(Thouas et al. 2008).

1.3.2 Modeling of Tumor Angiogenesis

Some of the prominent methods of modeling tumor angiogenesis involve the use of
PEG-based hydrogels, alginate and/or other materials which can conditionally release entrapped
growth factors that stimulate the encapsulated cells to undergo early angiogenic processes.
Spatio-temporal simulation of angiogenesis can be achieved by varying the combination and
concentration of growth factors delivered as well as the scaffolding design. This enables
investigation of multiple angiogenic aspects of the cellular microenvironment, including
chemotactic cell migration through the matrix, interaction between multiple cell types, response
of cancer cells to gradient-driven differences in specific factors and biological mechanisms
driving cancer cell migration and invasion (Verbridge, Chandler, et al. 2010). Endothelial cells
encapsulated within 3D scaffolds can also be studied for the phenomena of cell adhesion,
migration towards cancer cells, organization into tubular structures and vessel stabilization and
maturation.

In one study, human microvascular endothelial cells were co-cultured with
MDA-MB-231 breast cancer cells within bilayered, collagen 1 hydrogels to observe for
angiogenic sprouting (Szot et al. 2013). Co-culture of HUVECs with oral cancer cells in alginate
hydrogels in a controlled oxygen environment helped modulate hypoxic conditions within the
engineered tumors. VEGF and IL-8 levels in this model were dependent upon oxygen levels in

environment, location within the tumors and their size (Verbridge, Choi, et al. 2010).
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Thus angiogenesis can be modeled in 3D cultures by exploiting the cooperative
interaction between cancer cells and their surrounding microenvironment. Varying tumor cells’
distances from surrounding microvasculature to create cultures in different series of progression
with spatio-temporal variation can shed light on the invasive and angiogenic capability of the
tumor cells. The composition of the ECM can also be altered to incorporate different proteins
and related peptide sequences to help understand the specific interactions between cytokines and
secreted factors in the progression of disease, including angiogenesis and subsequent metastasis

(Ghajar and Bissell 2010).

1.3.3 Modeling of 3D Metastasis

Metastasis has been widely modeled in 2D and 3D cultures and extensive knowledge has
been gained about the mechanisms by which tumor cells detach from the primary site, traverse to
distant locations in the body, adhere and invade into the secondary site through matrix
degradation and repopulate the site with newly proliferating cells, especially in the bone, brain,
liver and lungs (Langley and Fidler 2011). 3D extravasation models have been developed which
can help identify highly metastatic and motile cancer cells and their interactions with endothelial
cells and the basal matrix during transendothelial migration (Brandt et al. 2005). These models
have also provided extensive insight into the underlying cellular mechanisms related to
epithelial-mesenchymal transition (EMT), thereby providing a platform for drug screening
processes (Li et al. 2011).

MCF7 and MDA-MB-435 breast cancer cells cultured in a modified Boyden chamber
were observed for cell migration and invasion. The ability of cells to migrate through control

(migration) or invade through Matrigel-coated filters (invasion) was measured within the Boyden
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chamber. N-cadherin-expressing cells migrated more efficiently, with increased invasion of
Matrigel, and adhered more efficiently to endothelial cell monolayers (Hazan et al. 2000). To
study the bone metastasis of prostate cancer, different options available for the 3D co-culture of
prostate cancer cells and osteoblasts, have been surveyed (Wang et al. 2005). Prostate cancer
PC3 cells cultured within 3D matrices made of silk fibroin and coupled with BMP-2 showed
significant increase in DNA content and gene expression indicative of cell proliferation and
metastatic phenotype of the cultured cells in the presence of BMP-2 (Kwon et al. 2010a). A 3D
spheroid culture of MCF7 cells and a xenograft cell type established from a human inflammatory
breast cancer (IBC) revealed that the IBC cells overexpress E-cadherin and exhibit high degree
of cellular polarity with similar architectural features as observed in vivo. Also, with progress of
time, there was degeneration of the cytoplasmic membrane and nuclear translocation of
cytoplasmic domain of E-cadherin which are early signals for EMT and hence metastasis
(Morales and Alpaugh 2009).

Thus it is evident that 3D models play a very important role in elucidating many of the
key mechanisms related to cancer. By recreating the microenvironmental conditions of the native
tumor tissue on a lab bench scale, they provide a suitable transition platform between the
traditional 2D monolayer culture and the more complex in vivo or animal models. The
continuous effort to improve the suitability of these models for the study of specific
cancer-related phenomena will lead to the generation of new knowledge and will give better

insight into the drug-targeting therapies for the disease.
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Figure 1.5: Modeling metastasis in 3D scaffolds. (Top) PEGDA scaffolds having 2D slab and 3D
log-pile structures and (bottom) cancer cells migrate through the successive layers of the above

construct. Scale bar: 100 pum. Used with permission: (Soman et al. 2012)

1.4 Fabrication Techniques for 3D Cancer Models
1.4.1 Fabrication of Multicellular Tumor Spheroids

A number of different techniques for the fabrication and investigation of tumor cell
aggregates or MCTS have been developed. This is particularly useful as some cancer cell lines
do not tend to spontaneously form tightly packed aggregates when cultured in vitro, hence
requiring special means to encapsulate cells in a spherical mass and establish cell-cell contact
within them. Traditionally, tumor spheroids have been generated using spontaneous aggregation
from cell suspensions on non-adhesive surfaces (Sutherland and Durand 1984, Smalley et al.
2006), hanging droplets (do Amaral et al. 2010, Yuhas and Li 1978, Kelm et al. 2003b) and
spinner flasks (Sutherland and Durand 1984). However, these methods are time dependent and

the spheroids obtained are variable in size and packing density depending upon the cell type.
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The review by Achilli, et al. demonstrates the different methods for tumor spheroid
culture that have been developed, their relative advantages and limitations, analysis methods and
their applications (Achilli et al. 2012). HeLa human cervical cancer cells encapsulated within
duplex microcapsules composed of gelatin gel surrounded by an alginate shell were made to
form spheroids and showed higher proportion of Go/G; cells than tumor spheroids formed by
self-aggregation (Sakai et al. 2011). MCF7 tumor spheroids were formed within alginate-
oligochitosan microcapsules were found to be more resistant to photodynamic therapy as
compared to cells grown in monolayers (Zaytseva-Zotova et al. 2011).

Tumor spheroid formation has also been facilitated by photolithography and
micromachining of structures on the surface of poly(dimethyl siloxane) (PDMS) and silicon
yielding homogenous spheroids at a higher throughput. MCF7 and HepG2 spheroids were
formed in pyramid-like holes on a silicon chip surface overlaid with PDMS microchannels and
cell culture media was perfused through the microchannels, enabling long-term culture
(Torisawa et al. 2007). MCF7 spheroids were also formed in hexagonal patterned microwells
coated with polyHEMA formed using photolithography and UV light embossing (Markovitz-
Bishitz et al. 2010). In another similar technique, microwells were molded on
photo-crosslinkable chitosan hydrogels using PDMS molds where HepG2 cells were grown as
spheroids in the microwells while NIH 3T3 fibroblasts were grown in monolayer co-culture on
the chitosan surface around the HepG2 spheroids (Fukuda et al. 2006).

Nanoprinting technology has been used to fabricate structures that minimize cell-surface
interactions and help in the formation of tumor spheroids. Tumor spheroids of multiple cell types

were formed on nano-culture plates (NCPs), in which nanoscale rectangular grids were printed
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on transparent synthetic resinous bases, the cultured spheroids being examined for tumor-specific
gene expression and morphological analysis (Yoshii et al. 2011).

Microfluidic systems have also been developed for high-throughput production of tumor
spheroids. These systems provide for the controlled formation of spheroids of uniform shape and
size and also facilitate their interaction with the surrounding microenvironment. LCC6/Her-2
breast tumor cells were entrapped within alginate hydrogels while flowing through microfluidic
channels, cell culture media being perfused through the microfluidic pathway bordering the
hydrogel (Chen et al. 2010). Similar alginate hydrogels encapsulating tumor spheroids were
formed on a specially designed cell culture microfluidic chip containing uniformly sized
microsieves to capture the cell spheroids (Yu et al. 2010). MCF7 spheroids of uniform shape,
size and cellular density was formed by hydrodynamic trapping cells in PDMS microtraps, the
trapped cells forming spheroids through the boundary restrictions imposed by the walls of the
traps (Wu et al. 2008). A PDMS microfluidic spheroid formation array was fabricated for the
production of size-controlled spheroids that allowed for the perfusion of desired components
between the tumor spheroids and the surrounding flowing media (Ota and Miki 2011). Colon and
breast tumor spheroids were formed within PDMS microbubbles with opened tops spheroids by
flowing culture media across the microbubbles (Agastin et al. 2011).

These techniques have been helped further our understanding of the formation and
culture of cancer cells in spheroids while also allowing them to be created at a faster pace and
higher throughput volume as compared to traditional methods of culture. Hence they can be used
for the testing and screening of a large number of candidate drugs. Though these culture methods
require specialized techniques and equipment, the advances of modern fabrication technology

have made it possible for many researchers to develop suitable platforms with relative ease.
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Figure 1.6: Tumor spheroids formed in calcium alginate microcapsules. Schematic of tumor
spheroids formed within calcium alginate microcapsules with spherical liquid cores template by
gelatin microparticles with each stage showing the gradual formation and retrieval of tumor

spheroids. Used with permission: (Sakai et al. 2010)
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Figure 1.7: Microfabrication methods for tumor spheroid generation. (Top) A PDMS
microstructure array and (Bottom) a chitosan-PDMS microarray for high-throughput spheroid
production. Used with permission: (Top) (Markovitz-Bishitz et al. 2010) and (Bottom) (Fukuda

et al. 2006)

1.4.2 Fabrication of Biomaterial-based Cancer Models

A number of innovative fabrication methods have been developed by investigators for 3D
cancer cell culture and cancer models (Nikkhah et al. 2011, Chung et al. 2012, Cuchiara et al.
2010, Tan and Desai 2005). These models can also be used for the investigation of
anti-angiogenic therapy and targets for drug delivery (Schneider and Miller 2005, Stroock and
Fischbach 2010).

An extensive review by Chung, et al. describes different microfluidic fabrication methods

using natural and synthetic biomaterials adopted for tissue engineering applications (Chung et al.
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2012). An integrated microfluidic system for the co-culture of HelLa cells and HUVECs to study
the cell migration and dynamic cell interactions between the two lines has been developed
(Zheng et al. 2012). A versatile, automated microfluidic cell culture system with tunable culture
conditions has also been fabricated (Gomez-Sjoberg et al. 2007), which could potentially be used
for long-term cancer cell culture.

Microfabricated and micropatterned constructs have also been used for the study of cell
adhesion, growth, migration and cellular interactions with the microenvironment (Liu and Chen
2005, Miller et al. 2012). In a recent study, perfusable 3D engineered tissue was formed by the
rapid casting of patterned vascular networks using carbohydrate glass as a sacrificial template.
This method is compatible with a wide number of natural and synthetic biomaterials and
facilitates ample vascularization of the fabricated construct to support cell viability and function
(Miller et al. 2012). A water-in-oil emulsion technique for the rapid formation of PEG-based
hydrogel microspheres encapsulating cells has been developed and could be extended towards
cancer cell culture (Franco et al. 2011). Peptide-coupled PEG-based hydrogels can also be
micropatterned to provide spatial cues that drive endothelial morphogenesis (Moon et al. 2009).
Microvasculature formation can also be guided within these hydrogels by the use VEGF-mimetic
peptides amongst others (Leslie-Barbick, Saik, et al. 2011, Leslie-Barbick, Shen, et al. 2011). In
one study, cancer and other cell types suspended in Matrigel were seeded on chromatography
paper, which was later stacked as multiple layers to simulate in vivo tissue, thereby allowing the
study of hypoxia, nutrients gradients (for cancer cells) and tubulogenesis (for HUVECS) (Derda
et al. 2009). In a co-culture study of cancer cells, macrophages and myofibroblasts, cancer cell
migration was inhibited due to the secretion of TNF-a by macrophages, leading to subsequent

reduction in TGF-B secretion by myofibroblasts (Hsu et al. 2012).
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Photolithography has facilitated the fabrication of microchannels in PDMS templates
filled with collagen gels to simulate endothelial tubulogenesis (Raghavan, Nelson, et al. 2010).
Confocal images from tissue samples coupled with two-photon laser scanning lithography has
been used for the patterning of microchannel networks in hydrogels coupled with peptides
(Culver et al. 2012, Hahn et al. 2005) or proteins (West 2011) for promotion of vascular
tubulogenesis. These techniques can also be used for the simulation of tumor microvasculature
and angiogenic growth by co-culturing cancer and endothelial cells. Breast cancer cells in HA
micromolded hydrogels spatially co-cultured with ECFCs in fibrin hydrogels were investigated
for the tumor angiogenic process (Dickinson et al. 2012).

Significant studies have been conducted to elucidate the role of micropatterned
environments on cell phenotype and morphology (Leslie-Barbick, Saik, et al. 2011). Various
methods have been developed to micropattern adhesive regions onto substrates and generate well
defined surface chemistry that can suitably promote specific cellular phenotype expression,
cellular interactions (Fukuda et al. 2006) and cell migration (Raghavan, Desai, et al. 2010).
Lithographically patterned microarrays facilitate the co-culture of different cell types and study
of their mutual interactions (Felton et al. 2012). Co-culture of endothelial cells and fibroblasts
using multilayer micropatterning of cell sheets for studying neovascularization has been
investigated (Asakawa et al. 2010, Muraoka et al. 2013, Tsuda et al. 2007). These models can be
extended for the study of cancer cell behavior and interactions with fibroblasts, endothelial cells

and other cell types.
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CHAPTER 2: Dual-phase, Surface Tension-based Fabrication of
PEG-based Hydrogel Millibeads and Tumor Millibeads
2.1 Introduction

Poly(ethylene glycol) (PEG)-based hydrogels have been extensively used for controlled
delivery of drugs (Lee and Feijen 2012, Knop et al. 2010, Fu and Kao 2009) and
macromolecules (Yonet-Tanyeri et al. 2013, Bal et al. 2013), cell-delivery for tissue regeneration
(Moon et al. 2010, Kraehenbuehl et al. 2009, Mooney et al. 2011), and two-dimensional (2D)
and three-dimensional (3D) culture of cells in vitro and in vivo (Soman et al. 2012, Sieh et al.
2012, Yang et al. 2013b). Some of the chief advantages of using PEG are its high water content
and porous nature, ability to crosslink at physiological temperature and pH, covalent binding and
controlled release of bioactive molecules (Bal et al. 2013), controlled proteolytic degradation of
bioactive sites (Lutolf et al. 2003), tunable mechanical properties (Deforest et al. 2010) and
permeability to oxygen and nutrients (Engberg and Frank 2011, Cruise et al. 1998). Numerous
techniques have been developed to fabricate PEG-based hydrogels by both physical and
chemical modifications (Kloxin et al. 2009b, Sant et al. 2010, Tibbitt and Anseth 2009). By
developing additional techniques to control the specific size and geometry of PEG-based
hydrogels, 3D tissues can be engineered that better replicate healthy and diseased physiological
microenvironments and be used in in vitro drug testing.

The suitability of PEG-based hydrogels in tissue-engineering applications has facilitated
the fabrication of 3D in vitro cancer models. These models aim to closely simulate the native
tumor microenvironment which can be further used for drug-testing applications. In previously
established methods, in vitro 3D cancer models are usually formed by spontaneous aggregation

of cancer cells (called tumor spheroids) (Hirschhaeuser et al. 2010b, Kong et al. 2011, Zhang et
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al. 2005) or encapsulation of cancer cells within biomimetic materials and scaffolds (Yang et al.
2013b, Szot et al. 2011b, Ho et al. 2010). Both techniques impose the desired limitations on
oxygen and nutrient diffusion to the cancer cells, leading to hypoxia and cell death at the core of
the aggregate and higher cellular viability and proliferation at the periphery. This phenomenon of
hypoxic core formation is observed in native and in vivo tumors and has been widely emulated in
vitro as a means of increasing physiological relevance (do Amaral et al. 2011, Fischbach et al.
2007, Kim et al. 2004).

A number of methods have been previously established to produce hydrogel
microstructures via photolithography, emulsification, microfluidics and micromolding (Chung et
al. 2012, Smith et al. 2012, Bing et al. 2013, Ren et al. 2012, Elbert 2011, Revzin et al. 2001).
Specifically, PEG-based hydrogel microspheres have been investigated for various applications,
with special focus placed on fabrication techniques to achieve desired specificity in size
distribution (King et al. 2011, Wohl-Bruhn et al. 2013, Nichols et al. 2009). However, majority
methods aim at creating relatively small hydrogel microparticles and microspheres (sub-500 um
scale) for efficient release of entrapped biomolecules or for ensuring good diffusion of nutrients
and oxygen to maintain high viability of encapsulated cells (King et al. 2011, Elbert 2011). The
method reported in this study is the first to fabricate large-sized (millimeter-scale) PEG-based
hydrogel millibeads for the 3D culture of encapsulated cancer cells, called ‘tumor millibeads’.
The larger size is critical for replicating key aspects of the native tumor microenvironment in
vitro and thereby recapitulating the cellular characteristics in a 3D in vitro context.

In this study, we demonstrated a novel fabrication method of creating PEG-based
hydrogel millibeads using a dual-phase water-in-oil system. By exploiting the differences in the

surface tensions of air, aqueous and oil phases, large, uniform and size-controlled hydrogel
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millibeads were formed. Encapsulation of cancer cells in the hydrogel millibeads (‘tumor
millibeads’) and maintenance in 3D culture was demonstrated, followed by assessment of cell
viability. This technique potentially facilitates the creation of a 3D tissue-engineered cancer
model that could be used for the investigation of tumorigenic phenomena occurring in the cancer
microenvironment in an in vitro setup. The fabricated millibeads were comparatively larger in
size as compared to hydrogel microspheres reported in other liquid-liquid emulsion systems and
the resulting tumor millibeads could effectively simulate larger, millimeter-scale tumors
occurring in the human body. In addition, the hydrogel millibeads could also be used for the
entrapment and controlled delivery of desired therapeutics at the site of delivery and thereby

prove useful in the field of drug-delivery.

2.2 Materials and Methods

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless mentioned
otherwise.
2.2.1 PEGDA Synthesis

Poly(ethylene glycol) diacrylate (PEGDA) was prepared as described previously
(DeLong et al. 2005). Briefly, PEG (Molecular weight: 10 kDa) was reacted with acryloyl
chloride (1:4 molar ratio) in anhydrous dichloromethane with triethylamine (1:2 molar ratio)
under argon overnight at 25°C. The resulting PEGDA was purified by phase separation using 2M
K,COgs. The organic phase containing PEGDA was dried using anhydrous MgSO, and filtered.
Finally, PEGDA was precipitated in diethyl ether, filtered and dried overnight under vacuum.

The degree of acrylation was characterized by *H-NMR and the PEGDA was stored at -20°C.
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2.2.2 Cell Culture and Maintenance

MCF7 human breast adenocarcinoma cells were kindly provided by Dr. Richard C. Bird,
College of Veterinary Medicine, Auburn University. MCF7 cells were cultured in DMEM
(GIBCO®, Carlsbad, CA) supplemented with 10% fetal bovine serum (Atlanta Biologicals,
Atlanta, GA), 1% (v/v) non-essential amino acids (NEAA) (Lonza, Walkersville, MD), 1% (v/v)
Penicillin/Streptomycin (GIBCO®), 1% (v/v) Glutamax (GIBCO®) and 1% (v/v) sodium
pyruvate (GIBCO®). The cells were maintained in tissue-culture flasks in a humidified
atmosphere of 5% CO, and constant temperature of 37°C. Cell passages of 6-20 were used for all
experiments. Cells cultured in 2D were enzymatically dissociated with 0.25% Trypsin/2.21 mM

EDTA (Corning Cellgro®, Manassas, VA) and used for 3D encapsulation.

2.2.3 Hydrogel Millibead and Tumor Millibead Fabrication

A dual photoinitiator, water-in-oil system was used for making hydrogel millibeads with
and without cells (Olabisi et al. 2010). The aqueous phase hydrogel precursor solution was made
by dissolving 10% (w/v) PEGDA in sterile PBS with 1.5% (v/v) triethanolamine (TEOA),
37 mM 1-vinyl-2-pyrrolidinone (NVP), and the aqueous phase photoinitiator, 0.1 mM Eosin Y in
PBS. PEGDA precursor was crosslinked into hydrogels by free-radical visible light
photo-polymerization. To make the oil phase solution, 1.5% (v/v) triethanolamine and 3 pl/ml of
oil phase photoinitiator (300 mg/ml Irgacure® 651 (Ciba®) in NVP) was mixed with mineral oil
in a Petri dish. Microspheres were fabricated using a novel method: a set volume of precursor
solution (2, 5 or 10 ul) was pulled up and then pipetted down slowly to form a droplet at the end
of the pipette tip. Droplets were then carefully placed on the surface of the oil, so that the
aqueous phase droplet remained floating at the oil-air interface. The floating droplets were

crosslinked by exposure to light (365-700 nm wavelength) for 10 seconds (Fig. 2.1). Upon
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completion of crosslinking, the newly formed hydrogel millibeads were removed from the oil
phase, washed with PBS and centrifuged at 200g for 2 minutes twice to remove all residual oil.
The millibeads were then allowed to swell in PBS and reach equilibrium state (swelling occurs
due to hydrophilic interactions between PEGDA chains and water molecules, causing absorption

of water).

a0

OIL
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Figure 2.1: Hydrogel millibeads formation. (A) Aqueous polymer precursor is pipetted onto the
surface of the oil phase, where it remains suspended at the air-oil interface due to surface tension
and is photocrosslinked to yield hydrogel millibeads. (B) Uncrosslinked polymer precursor
floating at the air-oil interface. (C) Crosslinked hydrogel millibeads after light exposure. (D) Size

comparison of hydrogel millibeads of three different pipetted volumes.
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For cell encapsulation, trypsinized MCF7 cells were mixed with the aqueous phase
hydrogel precursor solution at 60 x 10°cells/ml. Tumor millibeads were then formed as
described above. The millibeads containing cells were harvested, washed with DMEM and

incubated in cell culture media at 37°C, 5% CO, atmosphere for 5 days (Figure 2.2A)

Transfer to
15 ml tube Akl DMEM
— —-
Cancer cells fg
& {

Centrifuge;
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Add media

Figure 2.2: Tumor millibead formation. (A) Cells are mixed with the polymer precursor.
Suspension is crosslinked to form tumor millibeads at the air-oil interface. The tumor millibeads
are harvested, washed twice in DMEM to remove all oil and cultured in media.

Photomicrographs of cancer cells encapsulated within (B) 2 ul and (C) 5 ul tumor millibeads.

2.2.4 Image Acquisition and Analysis

For each of the three different groups (2, 5 and 10 ul millibeads), two experimenters
made 20 millibeads in 3 different batches (a total of 60 millibeads per condition). For each
group, fabricated millibeads were pooled together and selected randomly for microscopic

imaging and quantitative analysis. Phase contrast images of hydrogel millibeads with and
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without cells were acquired using an inverted Nikon Eclipse Ti microscope fitted with an Andor
Luca S camera. For each millibead, the perimeter, P, the geometric mean diameter (D) and the
projected area (A) were determined using ImageJ version 1.48a software (NIH). For each size
group, 20 millibeads were analyzed. Data was exported to MS Excel and a shape factor
describing the sphericity of the millibeads (®) was calculated as described earlier (Kelm et al.

2003b):

T X

®=— 1)

2|3

The mean geometric diameter calculated from the major (a) and minor (b) axes of the fitted
region of interest (ROI) around the millibeads is given by:
D=va X b (2)

The spherical volume of the millibeads, based on the projected area, was calculated as follows:

_ 4 (D)3
v=3() ®)
The shape factor corrected volume, V', is given by:

V' =0V (4)

2.2.5 Hydrogel Swelling

To assess hydrogel millibead swelling, size and percentage increase of volume were
evaluated with time. Acellular hydrogel millibeads were allowed to swell in PBS and images of
swollen hydrogels were acquired at 5, 30, 60 and 120 minutes after incubation in PBS. The
images were analyzed using ImageJ to determine geometric mean diameter, volume, and
sphericity of swollen millibeads as described in the previous section. For each size group 30
millibeads were analyzed. The percentage increase in volume of hydrogel millibeads due to

swelling was calculated using the following formula:
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Final volume-Initial volume
Final volume

% Increase in volume = *100 (5)
2.2.6 Diffusional Release from Hydrogel Millibead

The release profile of entrapped TRITC-dextran from the hydrogel to the surrounding
buffer was analyzed. Hydrogel millibeads entrapped with 5 mg/ml of (Molecular Weight: 4400
Da) were formed as described above. After removal of residual oil, the millibeads were allowed
to incubate in 50 pl of PBS (for each millibead) to ensure that the entire millibead is completely
submerged and to facilitate the diffusion of the entrapped TRITC-dextran from within the
hydrogel matrix to the surrounding PBS. The PBS was collected at specific time points in a 96
well plate and 50 pl of fresh PBS was immediately added to the hydrogel millibeads. The
collected PBS containing the TRITC-dextran was analyzed through a plate reader at 540/25
excitation wavelength and 590/35 emission wavelength. Known concentrations of
TRITC-dextran in PBS were used for the standard curve and fresh PBS without TRITC-dextran
was used as the blank. This procedure was continued until there was no detectable signal in the
collected PBS. The absolute fluorescence intensity obtained from the plate reader was converted
into concentration based on the standard curve and was reported as the percentage of the total
TRITC-dextran that diffused out over the entire period of observation. For each size group 10

samples were analyzed for each time point.

2.2.7 SEM Imaging

Hydrogel millibeads with and without cells were visualized through scanning electron
microscopy (SEM). First, the samples were fixed in 3% glutaraldehyde for 2 hours at room
temperature and then post-fixated in 2% osmium tetroxide for 2 hours, each step being followed

by 2 PBS washes. The fixed samples were dehydrated in graded ethanol series sequentially and
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made to undergo chemical drying by hexamethyldisilazane (HMDS) for 30 minutes, followed by
air drying (Braet et al. 1997). Finally, the dry samples were sputter-coated with gold (EMS 550X
Auto Sputter Coating Device), mounted on aluminum stubs and imaged using SEM (Zeiss EVO
50 SEM). The average size of cells encapsulated within tumor millibeads was also evaluated
from the obtained micrographs using ImageJ. Dehydration of samples in ethanol may cause
undesired shrinkage of molecules, hence care must be taken to dehydrate in a graded series of
30%, 50%, 70%, 80%, 90% and 100% with 15 minutes incubation at room temperature at each

step to minimize shrinkage and maintain the intact structures of the samples.

2.2.8 Fluorescence Staining and Analysis

Cancer cells were encapsulated within hydrogel millibeads and maintained in 3D culture.
They were subsequently washed with PBS and incubated in the Live/Dead® Cell viability stain
(Invitrogen, Carlsbad, CA) for 1 hour. The samples were washed with PBS again and imaged
under an inverted Nikon Ti microscope. Tumor millibeads were washed with PBS to remove all
media and fixed with 4% paraformaldehyde for 1 hour at room temperature. They were
subsequently washed and permeabilized with 0.5% Triton X-100 for 15 minutes. The millibeads
were blocked with blocking buffer for 3 hours. They were subsequently stained with Alexa
Fluor® 568 Phalloidin and DAPI (Invitrogen) in blocking buffer overnight. The millibeads were
washed in PBS and dehydrated using graded ethanol series. After air-drying, they were mounted
on coverslips and imaged using confocal microscopy to observe encapsulated cell morphology

and distribution (Nikon Al Confocal Scanning Laser Microscope).

2.2.9 Statistical Analysis
All statistical analysis was performed using Minitab 16 Statistical Software (Minitab

Inc.). One-way analysis of variance (ANOVA) with Tukey’s family error rate of 5% was used to
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evaluate statistical significance between multiple groups. An assumption of equal variances
between groups was made, based on the large, equal and independent sample size for each group,
low variance ratio (<4) and effectively negligible difference in sampling variance (c*/n) between
different groups, thereby maintaining the robustness of the ANOVA test. A minimum of 10
replicates of each category was used for statistical analysis. Unless otherwise indicated, p<0.05

was considered statistically significant.

2.3 Results and Discussion

A novel method for the fabrication of millimeter-scale hydrogel beads using a
dual-phase, dual photoinitiator system to crosslink hydrogels at the air-water-oil interface is
presented. The resulting hydrogel millibeads were characterized for size, swelling behavior and
diffusion characteristics. Using this fabrication method, cells were then encapsulated within the
millibeads and cell viability and morphology was evaluated. SEM analysis was conducted on

millibeads with and without cells to visualize the microstructure of fabricated millibeads.

2.3.1 Tight Control of Millibead Shape and Size

To demonstrate the feasibility and capabilities of this technique, three different initial
volumes for the fabrication of hydrogel millibeads, 2, 5 and 10 pl, were tested to demonstrate the
ability of this technique for creation of large millimeter-scale hydrogel constructs over a range of
sizes (2-15 mm?®). These volumes were selected based on the final desired sizes of the resulting
hydrogel millibeads. Physiologically, tumors in the absence of vasculature are typically limited
to 1-2 mm in diameter (1-2 mm?® in volume). Though the hydrogel millibeads encapsulating
cancer cells are larger in size compared to avascular tumors, these tumor-mimic millibeads could
be further encapsulated in larger matrices with pre-formed vasculature to mimic advanced,

vascularized tumors. The millibeads formed were imaged and analyzed for mean geometric

42



diameter, sphericity and volume. The average geometric mean diameters for the 2, 5 and 10 pl
millibeads were 1670 + 35 um, 2370 £ 12 pm and 3089 + 56 um, respectively. The average
volumes of the 2, 5 and 10 pl hydrogel millibeads after complete swelling in PBS were
244 £0.15 pl, 6.94 + 0.08 pl and 15.06 + 0.81 pl, respectively (Fig. 2.3). Mean geometric
diameter and volume were significantly different between the three size groups of hydrogel
millibeads (p<0.001, n=20). Importantly, the standard deviations of both mean geometric
diameter (2.09%, 0.49% and 1.80% of the means for the 2, 5 and 10 pl millibeads respectively)
and volume (6.15%, 1.15% and 5.38% of the means for the 2, 5 and 10 pl millibeads
respectively) for each of the size groups were also minimal, indicating good size-control of

millibeads using the established technique.
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Figure 2.3: Size-controlled fabrication of hydrogel millibeads. Hydrogel millibeads of different
sizes were generated by pipetting three different volumes (2, 5 and 10 pl) of the polymer
precursor. The final volumes of the hydrogel millibeads after swelling correlated well with the
initial pipetted droplet volume. The geometric mean diameters (+ p<0.001) and volume

(* p<0.001) were significantly different for all tested droplet sizes (n=20 per condition). Low
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standard deviation of the same pipetted volume reflects the tight control over millibead size and

volume.

The average sphericities of the 2, 5 and 10 pl millibeads were 0.990 + 0.002, 0.983 +
0.016 and 0.974 + 0.002, respectively (0.000 being perfectly linear and 1.000 being perfectly
spherical), indicating that the millibeads formed using the technique were consistent and close to
perfectly spherical in shape (Fig. 2.4). Additionally, there was no significant statistical difference
in the sphericity between the three groups, indicating uniformity of the resulting millibeads. The
millibead size range achieved using this technique is substantially larger than that obtained by

similar liquid-liquid emulsion techniques with tight control of size.
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Figure 2.4: Sphericity of hydrogel millibeads. Hydrogel millibeads of three different droplet
sizes (2, 5 and 10 pl) showed sphericity very close to 1, where 1 indicates a perfect sphere. No
significant difference (p<0.001, n=20 per condition) was found in the sphericity of millibeads
between the three sizes, demonstrating the usefulness of the fabrication technique over a range of
sizes. Also, the small standard deviation (< 0.02) between millibeads indicates the uniformity

and repeatability of the process.
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2.3.2 Swelling of Hydrogels

Hydrogels are characterized by the uptake of water and swelling to an equilibrium size,
post fabrication. Hydrogels encapsulating cells also undergo swelling after incubation in culture
media due to hydrophilic interactions between polymeric functional groups and water molecules,
causing absorption of water. This behavior was anticipated in the case of hydrogel millibeads
and hence, the swelling behavior and final size of the swollen hydrogel millibeads was quantified
for each initial polymer precursor volume. The swelling behavior of the hydrogel millibeads was
studied by allowing the millibeads to incubate in PBS for 5, 30, 60 and 120 minutes and
subsequent imaging of swollen hydrogels. Hydrogel millibeads started swelling immediately and
reached a plateau phase within 2 hours of incubation time. For the 2 pl millibeads, there was no
significant difference in mean geometric diameter between time points. However, for the 5 and
10 pl millibeads, there was significant increase in mean geometric diameter between the initial
and final time points (Fig. 2.5). The small standard deviations in the diameters for each of the
size groups indicated that final swollen millibead sizes for each initial droplet volume remained
tight. Understanding millibead swelling and final size is critical for their use in future

applications, including cell encapsulation and long-term culture.
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Figure 2.5: Swelling behavior of hydrogel millibeads. Hydrogel millibeads of three different
sizes (2, 5 and 10 pl) were swollen in PBS and their increase in sizes was quantified. Uniformity
and size differences were maintained throughout the swelling process. Millibead diameter
increased significantly between the initial and final time points for the 5 and 10 pl size

millibeads (* p<0.05, n=20).

2.3.3 Size-dependent Release from Hydrogel Millibeads

PEG-based hydrogels have been extensively used for the controlled release of entrapped
bioactive molecules in drug-delivery applications. Hence, investigating the release behavior of
our established hydrogel millibead system was deemed important. By entrapping TRITC-dextran
(Molecular weight: 4.4 kDa, Concentration: 5 mg/ml) into the millibeads at the time of
crosslinking and measuring the cumulative release with time, the differences in release behavior
between the three sizes of hydrogel millibeads were evaluated. The 2 pl hydrogel millibeads
showed the fastest release with no further release detected after 60 minutes, whereas the 10 pl

millibeads showed the slowest release of the entrapped TRITC-dextran, with the 5 pl millibeads
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being intermediate (Fig. 2.6, 2.7). The rate of change of fluorescence intensity (indicative of rate
of release from the millibeads) was also observed to decrease with time, possibly due to
reduction in the mass transfer driving force (Fig. 2.8).

These observations indicate that release of entrapped molecules from the hydrogel matrix
is dependent on millibead size; larger hydrogel millibeads offer greater mass transfer resistance
to entrapped molecules, whereas smaller millibeads facilitate faster release of molecules.
Therefore, control over the time-course of diffusion can be achieved by varying the size of the
fabricated millibeads. In addition, the rate of release from the hydrogel millibeads would also be
dependent of the nature (molecular weight, hydrophilicity/hydrophobicity etc.) of the entrapped
molecules and the initial concentration difference between the millibead interior and the
surrounding buffer. Higher molecular weight molecules would be released from hydrogel
millibeads at a much slower rate compared to low molecular weight molecules, possibly due to
differences in interactions with PEGDA microarchitecture. Further work would be required to
ascertain the rates of diffusion of oxygen, carbon dioxide, glucose, lactic acid and other
physiologically relevant molecules in the hydrogel millibead model and associated diffusion
coefficients. It can be surmised that diffusion of gaseous molecules like oxygen and carbon
dioxide would also be dependent on their relative solubility in the culture media. Glucose
(molecular weight: 180 Da) and lactic acid (molecular weight: 90 Da) would be expected to
exhibit higher diffusion rates compared to the TRITC-dextran (molecular weight: 4400 Da) used
in this study. When cells are encapsulated within the millibeads, understanding and controlling
the time-course of diffusion is important for understanding the exchange of oxygen, nutrients and
cellular metabolites through the hydrogel matrix. Limiting diffusion to differing degrees is

anticipated to provide control over size of the hypoxic core within tumor millibeads; cells
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encapsulated within larger millibeads would be expected to undergo greater nutritional
deprivation, leading to the formation of a larger central hypoxic core (and larger region of cell
death) as compared to smaller millibeads. In addition, knowledge of the diffusion properties
could also be exploited for drug-delivery applications by entrapping suitable bioactive molecules

within the millibeads to facilitate controlled release at desired delivery sites.
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Figure 2.6: Size-dependent release profile from hydrogel millibeads. The release of TRITC-
dextran is dependent on the diameter and volume of the millibeads, due to the diffusion
resistance presented by the millibead size. Cumulative release was significantly different
between 2, 5 and 10 pl millibeads for time points up until 360 minutes (p<0.005, n=10). (Inset)

Expanded view of the diffusion profile for the initial 70 minutes of study.
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Figure 2.7: TRITC-dextran release profile from hydrogel millibeads. The concentration of

TRITC-dextran released from hydrogel millibeads at each time point and rate of release over

time is dependent on the diameter/volume of the millibeads.
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Figure 2.8: Rate of TRITC-dextran release from hydrogel millibeads. The rate of release of
TRITC-dextran from hydrogel millibeads gradually decreases with time due to decreasing

concentration gradient from the hydrogel millibead to the surrounding buffer.
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2.3.4 Replication of Native Morphology and Viability in Tumor Millibeads

MCF7 breast cancer cells were encapsulated in the hydrogel millibeads to form ‘tumor
millibeads (Fig. 2.2B, C). The MCF7 cells within these tumor millibeads were visually observed
through phase contrast and fluorescence microscopy to study their distribution, morphology and
growth. Initially and also over 5 days in culture, cells were evenly distributed throughout the
entire volume of the tumor millibeads and had a rounded morphology as revealed by
fluorescence imaging (Fig. 2.9). Based on these observations, we can support the hypothesis that
cancer cells can be cultured for several days within the 3D environment provided by the PEGDA
tumor millibeads. The increase in contrast observed beyond Day 3 might indicate proliferation in
the cell colonies. However, it is also possible to have been caused by the onset of cell death due
to diffusional limitations of oxygen and other nutrients. Fluorescence staining of nuclei and actin
filaments and confocal imaging was used to examine the 3D morphology of the cells within the
millibead matrix (Fig. 2.9). Cells were found to be uniform distributed with evidence of cell-cell
contact. Actin filaments were found to be uniformly surrounding the nucleus, thereby revealing
the rounded cytoskeletal structure of the cells. This rounded nature of the cells within the 3D
culture environment of the tumor millibeads more closely replicates the native morphology of
cancer cells in vivo as compared to those in 2D culture where cells appear flatter and more

spread out.
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Figure 2.9: Morphology of MCF7 cells within tumor millibeads. Confocal fluorescence imaging

of cancer cells on Day 5 showed uniform cell distribution and rounded cell morphology within
the 3D matrix. (A) Cell nuclei (DAPI, blue), (B) Actin filaments (Phalloidin, red) and (C)

overlay.

To observe the ultrastructure of hydrogel millibeads with and without cells and the
arrangement of the cells in the 3D matrix, we visualized the millibeads using SEM. Hydrogel
millibeads displayed a much smoother surface compared to those with cells, with closer
inspection revealing the presence of grooves and ridges (Fig. 2.10A,B). It is possible that ethanol
dehydration steps may have introduced surface artifacts and shrinkage of samples during
preparation. Tumor millibeads with cells (Day 3) showed the random distribution of cells on the
surface of the millibeads. The cells appeared to be rounded and well-encapsulated within the
PEGDA matrix, with their diameter ranging from 8-13 um (Figure 2.10C,D). Most of the cells
appeared to have projections on their surface and hollow cavities leading into the interior regions
were visible in many of the cell encapsulated millibeads (Figure 2.11). Although the PEGDA
used to establish this technique is not readily degradable by the encapsulated cells, this
fabrication method can be readily used with other photocrosslinkable PEG co-polymers

containing cell adhesion and enzymatic degradation sites, which would likely result in a less
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rounded cell morphology. Overall, the tumor millibead ultrastructure revealed the presence of

well-established cell-cell and cell-matrix interactions.

Figure 2.10: Ultrastructure of hydrogel and tumor millibeads. Hydrogel millibeads without (A,B)
and with (C,D) encapsulated cancer cells were observed through SEM. (A) Millibeads without
cells displayed a smoother surface. (B) Closer inspection reveals the presence of grooves and
ridges possibly caused by sample preparation. (C) Tumor millibeads appear dotted with cells at
the surface. (D) Magnified view of tumor millibead reveals the uniform distribution of round-

shaped cells on the surface.
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Figure 2.11: Ultrastructure of tumor millibeads. Visualization of cell distribution on tumor
millibead surface. Cancer cells encapsulated within tumor millibeads are observed through SEM
at high magnification. The ultrastructure reveals the presence of cell surface projections and
hollow cavities leading into the interior of the millibeads. The cells appear rounded with well-

established cell-cell junctions.

Native tumors found in the human body are characterized by the presence of a region of
cell death at the core surrounded by viable, proliferative cells at the outer regions. This
phenomenon occurs, in part, due to the diffusional limitations of oxygen and other nutrients,
which cannot diffuse beyond a distance of a few hundred microns into the tumor mass. In
addition, the presence of concentration gradients of various biomolecules from the peripheral
regions to the inner regions also exerts survival pressure on cancer cells. Most current tumor
models strive to achieve a heterogeneous population of cells within the fabricated constructs
thereby better replicating the native microenvironment. By using our novel fabrication technique
to create tumor millibeads over 1 mm in diameter, we anticipated being able to create tumor
millibeads that developed a core region of cell death and viable cells at the periphery.

Importantly, cell viability 3 hours post-encapsulation was high and uniform throughout the tumor
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millibeads as visualized by fluorescence-based live/dead staining, where live cells appear green
and dead cells appear green (Fig. 2.12A,B,C). These results indicate that the cells survived
encapsulation using this technique and that regional differences in viability were not initially
present. However, live/dead staining of tumor millibeads after 5 days in culture showed the
presence of a large number of dead (red) cells in the central region of tumor millibeads
surrounded by green-stained cells at the periphery (Fig. 2.12D,E,F).

Some key aspects related to diffusion need to be considered in the case of hydrogel
millibeads and tumor millibeads. Though complete release of entrapped molecules can be
achieved in hydrogel millibeads without cells when maintained over a sufficiently long time
period, the same may not hold true for the case of tumor millibeads with encapsulated cells. The
presence of the cells themselves may pose mass transfer resistances to the diffusion of molecules
(media reagents, oxygen, carbon dioxide, drugs) and hence establish a diffusion gradient from
the periphery to the core regions of the millibeads. A comparative study of diffusion in
millibeads with and without cells is necessary to investigate this hypothesis in more details. In
addition, the size of the core region of dead cells might also be affected by the size of the
fabricated millibeads. Smaller millibeads (2 ul) might exhibit smaller regions of cell death while
larger millibeads (5 or 10 pl) might exhibit larger regions of cell death in the core of the
millibeads due to differences in diffusion gradients. Another interesting aspect for investigation
would be the penetration of drugs within the tumor millibeads. The ability of drug molecules to
diffuse within the millibead structure would depend on the molecular weight and molecular
characteristics of the drug compound, the density of the encapsulated cells and the overall size of
the tumor millibeads, amongst other factors. The diffusion gradient of drug molecules and

resulting cancer cell death need to be investigated in future work.

54



Figure 2.12: Native tumor conditions replicated in tumor millibeads. Cancer cells encapsulated
within tumor millibeads were stained for live (green)/dead (red) cells on Day 0 (A,B,C) and
Day 5 (D,E,F). (A) On Day 0, majority of cells were viable with (B) the presence of few dead
cells that are uniformly distributed as seen in (C) overlay. (D) However, on Day 5, cells viability
was no longer uniform, with a high percentage of cells in the outer regions remaining viable and
(E) a region of high cell death having formed in the center of the tumor millibead as seen in (F)
overlay, thereby closely replicating the heterogeneous viability patterns in native and in vivo

tumor masses.

2.4 Conclusions

This study demonstrates the ability to fabricate large-sized hydrogel millibeads using a
novel surface-tension based liquid-liquid system. Crosslinking was achieved using a dual
photoinitiator system. The hydrogel millibeads formed using this system were consistent

between batches, uniform in size and shape, and substantially larger than those obtained using
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similar methods reported earlier. In addition, the pipetted droplet volumes correlated well with
the final volumes of the hydrogel millibeads. Good control over the size, and thereby volume, of
the resulting hydrogel millibeads was demonstrated. Hydrogel millibeads were characterized in
terms of size, shape, swelling behavior and diffusion properties. Additionally, cancer cells were
also encapsulated within the hydrogel millibeads and were maintained in 3D culture for multiple
days. The ability to fabricate large millibeads facilitated the formation of a necrotic core of cells
surrounded by healthy, proliferative cell layers within the tumor millibeads; in vivo and native
tumor tissues also display this type of tumor morphology. By creating a reproducible fabrication
method, this system paves the way for generation of large hydrogel millibeads that could
potentially be used for future drug-delivery applications and in the creation of in vitro tumor
models that better the native tumor microenvironment for use in drug testing and cancer

research.
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CHAPTER 3: Development of a Three-dimensional Spheroidal Cancer Model via
Water-in-oil, Emulsion-based Fabrication of PEG-fibrinogen Tumor Microspheres

3.1 Introduction

The tumor microenvironment (TME), composed of various extracellular matrix (ECM)
proteins and supporting cell types, plays an influential role in the tumorigenic progression of
breast cancer cells, including malignant growth, loss of epithelial polarity and disorganization of
normal cellular architecture in the breast tissue (Allen and Louise Jones 2011, Krause et al. 2010,
Bissell et al. 2002). Specific components of the ECM (e.g. collagen, laminin, fibrinogen, and
others) have been implicated in these changes, involving abnormal production and deposition of
ECM proteins in the TME, dysregulation in integrin-mediated cell-matrix interactions and
subsequent uncontrolled cellular signaling mechanisms (Oskarsson 2013, Staton et al. 2003,
Costantini et al. 1991, Kolodziejczyk and Ponczek 2013). Specifically, fibrinogen has been
shown to be assembled, secreted, and deposited in the breast TME by MCF7 breast
adenocarcinoma cells (Rybarczyk and Simpson-Haidaris 2000). In addition, fibrinogen and its
related fragments also promote tumor angiogenesis through interaction with fibroblast growth
factor-2 (FGF-2), vascular endothelial growth factor (VEGF) and subsequent activation and
proliferation of endothelial cells (Sahni and Francis 2000, Sahni et al. 2008). In this study, a
biosynthetic hydrogel material, PEG-fibrinogen (PF), obtained by covalent coupling of PEGDA
and fibrinogen, is employed to maintain MCF7 cells in long-term three dimensional (3D) culture
and, evaluate the growth and tumorigenic phenotype of cells within the 3D matrix.

Development of tissue-engineered breast cancer models requires a good understanding of
the biophysical and biochemical interactions between cancer cells and the TME. Traditionally,

2D models have been used in cancer research for candidate drug screening due to their ease of
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handling, observation and analysis. However, 2D cultured cells are unable to replicate the native
TME conditions due to significant differences in the cellular morphology, gene expression at the
RNA level, intracellular signaling, and drug resistance between 2D cultured cells and those in in
vivo tumors (Smalley et al. 2006, Pickl and Ries 2009). Hence, various 3D models have been
established to improve upon 2D models and better recapitulate in vivo animal models (Baker and
Chen 2012). 3D models combine the advantages of both 2D models (in vitro controllable
conditions, relative ease of handling and analysis compared to animal models) and xenograft
models (recapitulation of physiological complexities of the TME) (Yamada and Cukierman
2007). The tumor spheroid model, formed by spontaneous self-aggregation of tumor cells on a
non-adhesive surface such as agar or in hanging droplets (Kelm et al. 2003a, Sutherland et al.
1971), replicates specific features of in vivo tumors including central hypoxic conditions,
heterogeneity in phenotype and gene expression and altered cellular metabolism (Carlsson and
Acker 1988, Hirschhaeuser et al. 2010a), but suffers from some limitations as well. Aggregate
forming tendencies in different cancer cell lines vary widely, especially with respect to time-
length of aggregation, cell-cell adhesion, and size, shape and consistency of resulting spheroids
(Rainaldi et al. 1999, Wu et al. 2008, Elliott and Yuan 2011, Lin and Chang 2008). Tumor
spheroids are susceptible to dissociation during handling and experimentation and the
microenvironmental conditions (e.g. presence of ECM, cell-matrix interactions, mechanical
stiffness) in tumor spheroids cannot be controlled (Markovitz-Bishitz et al. 2010). Moreover,
mass transport limitations imposed by ECM components on exchange of cellular metabolites and
delivery of anti-cancer drugs in native or in vivo tumors cannot be accurately replicated in tumor

spheroids.
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Thus, as an improvement over the tumor spheroid model, current methods employ the use
of various biomimetic materials (natural, synthetic or a hybrid of both) coupled with novel
fabrication techniques (microfluidics, photolithography and others) to develop in vitro
tissue-engineered models of breast cancer that closely mimic native tissue characteristics. A
number of different natural and synthetic materials have been used for cancer cell encapsulation
including collagen (Szot et al. 2011a), calcium alginate (Sakai et al. 2010), poly(D,L-lactic-co-
glycolic acid) (PLGA) (Kang and Bae 2009), polylactic acid (PLA) (Xu and Burg 2007), silk
fibroin (Talukdar et al. 2011) and PEG-based hydrogels (Liang et al. 2011). These models aim to
simulate the microenvironmental conditions of native breast tumors in order to provide more
accurate and clinically relevant information about molecular mechanisms of breast cancer
progression and to obtain more physiologically relevant drug-efficacy results.
Biomaterial-incorporated engineered cancer models have distinct advantages over traditional
spheroid models of cancer; biomaterials enable regulation of the microenvironmental conditions
surrounding the cancer cells and provide the ability to establish and maintain tissue heterogeneity
and complexity.

To this end, the naturally occurring ECM protein fibrinogen has been covalently coupled
with synthetically prepared PEGDA to produce PF, to investigate its potential suitability in
supporting cancer cell proliferation and facilitating tumorigenic expression in 3D culture. PF has
been previously used for the 3D culture of smooth muscle cells (SMCs) (Lee, Tin, et al. 2014),
induced pluripotent stem cells (iPSCs) (Bearzi et al. 2014), fibroblasts (Kesselman et al. 2013),
mesenchymal stem cells (MSCs) (Xu et al. 2015) and others, but its applicability in cancer
models is yet to be investigated. The mechanical and biochemical properties of the PF hydrogels

can be modulated to recapitulate that of native cancer tissue by controlling the relative
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concentrations of PEGDA and fibrinogen in the hydrogel precursor (Bearzi et al. 2014).
Covalently coupled PEGDA renders PF photocrosslinkable at physiological temperature and pH
and provides sustained mechanical stiffness and architecture to the 3D matrix. Fibrinogen
facilitates critical integrin-mediated signaling mechanisms required for cell attachment,
spreading, and proliferation (Mosesson 2005). Thus, PF provides both biological functionalities
required for cell survival and proliferation and the ability to control the cellular
microenvironment to simulate native tumor conditions. In addition, the ability of PF to be
fabricated into spheroidal hydrogel constructs of consistent size and shape enables ease of
translation towards existing drug-testing platforms and assays.

In this study, the ability to encapsulate MCF7 cells within PF hydrogel microspheres
using a dual-photoinitiator, water-in-oil emulsion technique, and to maintain the resulting “tumor
microspheres” in long-term 3D culture is demonstrated. To establish PF tumor microspheres as
an improved spheroidal 3D cancer model, the size and shape distribution of tumor microspheres
(TM) and self-aggregated tumor spheroids (TS) formed using the hanging droplet method is
compared. Further, the growth rate, viability, ultrastructure and 3D morphological features of
cells within TM and TS is compared, and thereby the advantages of incorporating PF as a
biomimetic matrix on the tumorigenic growth and morphology of encapsulated MCF7 cells is
investigated. Finally, the ability to culture a range of cancer cell types (metastatic and
non-metastatic) within PF microspheres is demonstrated, thereby establishing the applicability of

using the tumor microsphere model to study diverse types of cancer.
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3.2 Materials and Methods

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless mentioned
otherwise.
3.2.1 Cell Culture and Maintenance

MCF7 human breast adenocarcinoma cells were kindly provided by Dr. Richard Bird,
College of Veterinary Medicine, Auburn University and cell passages of 6-20 were used in all
experiments. Cells were cultured in DMEM (GIBCO®, Life Technologies, Carlsbad, CA)
supplemented with 10% fetal bovine serum (Atlanta Biologicals, Norcross, GA), 1% (v/v)
non-essential amino acids (NEAA) (Lonza, Walkersville, MD), 1% (v/v) penicillin/streptomycin
(GIBCO®), 1% (v/v) Glutamax (GIBCO®) and 1% (v/v) sodium pyruvate (GIBCO®).
MDA-MB-231 breast cancer cells were provided by Dr. Robert Arnold (Harrison School of
Pharmacy, Auburn University) and were maintained in the same media as MCF7 cells. SK-BR-3
breast cancer cells were provided by Dr. David Riese (Harrison School of Pharmacy, Auburn
University) and were maintained in McCoy’s 5a Modified media (VWR, Radnor, PA) with
10% FBS and 1% (v/v) Pen-Strep. HT29 colon cancer cells were obtained from Dr. Michael
Greene (Department of Nutrition, Auburn University) and were maintained in the same media as
SK-BR-3 cells. PC-3 and PC-3-Met (a metastatic variant of the wild-type PC-3 cells) were
obtained from Dr. Allan David (Department of Chemical Engineering, Auburn University) and
were maintained in F-12K (Kaighn’s Modified Media) media (VWR) with 10% FBS and

1% (v/v) Pen-Strep.

3.2.2 Tumor Spheroid Formation and Culture
MCEF7 cells were made to aggregate into tumor spheroids (TS) using the hanging droplet

technique. Briefly, cells obtained after trypsinization were resuspended in cell culture media at a
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density of 0.15x10° cells/ml. 150 mm Petri dishes were filled with 20 ml autoclaved deionized
water to provide humidification to the hanging droplets. To form the TS (day 0), 20 ul droplets
(3000 cells/drop) of the cell suspension were formed on the lids with a multichannel pipettor,
which were then inverted over the dishes and allowed to incubate for 3 days. Due to gravity, the
cells aggregated at the apex of each hanging droplet to form tumor spheroids. The spheroids
were  harvested (day 3) and maintained in  suspension  culture  using
poly(2-hydroxy ethyl methacrylate) (Poly-HEMA)-coated Petri dishes for 28 days following

initial formation of droplets.

3.2.3 PF Synthesis and Characterization

Poly(ethylene glycol) diacrylate (PEGDA) was prepared as described previously
(Pradhan et al. 2014). Bovine fibrinogen was covalently coupled to PEGDA according to
established protocols (Plotkin et al. 2014). Briefly, fibrinogen was dissolved in an 8 M solution
of urea in 10 mM PBS at a concentration of 7 mg/ml. Tris (2-carboxyethyl) phosphine
hydrochloride (TCEP-HCI) was added at a molar ratio of 1.5:1 TCEP to fibrinogen cysteines to
the above solution, the final pH being adjusted to 8.0. PEGDA was dissolved in the 8 M
urea-PBS buffer at 280 mg/ml (300% excess), centrifuged and the clear PEGDA solution was
slowly added to the fibrinogen solution. The reaction was allowed to proceed for 3 hours at 25°C
in the dark. The solution was then diluted with an equal volume of urea-PBS buffer and
precipitated by adding it into acetone (J.T. Baker, Center Valley, PA) at a volumetric ratio of 4:1
of acetone to product solution. The precipitate was separated, centrifuged and the supernatant
acetone was removed. After air-drying, the precipitate was weighed and re-dissolved in

urea-PBS buffer at 2.2 ml of buffer/g of precipitate. The product was dialyzed against 1 L sterile
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PBS over 24 hours (with three changes of PBS) at 4°C in the dark. The final product was
aliquoted into sterile centrifuge tubes and stored at -80°C.

To characterize the synthesized PF, the protein concentration and the net solid weight of
the dry product was determined. Briefly, the protein content of the final PF solution was
measured using a standard Pierce™ BCA Protein Assay Kit (Thermo-Scientific, Rockford, IL).
In order to measure relative PEG content, PF solution was aliquoted in glass vials, lyophilized,
and the net weight of the dry solid was determined. The PEGylation efficiency was calculated
according to the previously established formula (Dikovsky et al. 2006) as given below in
Equation (1).

[PEG]
[Fibrinogen]

IV|WFibrinogen
€PEGylation™

X theoretical {
29XMWpgg

1)

3.2.4 PF Hydrogel Microsphere Fabrication

PF hydrogel microspheres were formed using a dual-photoinitiator, water-in-oil emulsion
based method adapted with some modifications from that described by Franco, et al. for
PEG-peptide hydrogel microspheres (Franco et al. 2011). Briefly, trypsinized cells were
resuspended at the desired initial cell density (20x10° or 60x10° cells/ml of PF) in a hydrogel
precursor consisting of PF dissolved in PBS, with 1.5% (v/v) triethanolamine (TEOA), 37 mM
1-vinyl-2-pyrrolidinone (NVP), 1% (v/v) Pluronic F68 (10% (w/v) solution in PBS) and 0.1 mM
Eosin Y in PBS. 100 ul of the above cell-laden aqueous phase suspension was added to an oil
phase solution in a glass test tube consisting of 1 ml mineral oil and 5 pl Irgacure® 651 (1651)
(Ciba Specialty Chemicals, Tarrytown, NY) photoinitiator solution (300 mg/ml of 1651 in NVP).
The aqueous and oil phases were simultaneously vortexed (for 2 seconds) and photocrosslinked

(for 28 seconds) in the presence of a light source of wavelength 365-700 nm to obtain hydrogel
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microspheres encapsulating cancer cells. The emulsion was resuspended with washing buffer,
DMEM, and centrifuged at 200g for 3 minutes to separate the aqueous and oil phases. The oil
phase was aspirated and the remaining aqueous phase was resuspended, washed with DMEM
and centrifuged again. The tumor microspheres (day 0) were finally resuspended in media and
maintained in culture in PolyHEMA-coated dishes for 28 days. As a negative control, MCF7
cells were also encapsulated within PEGDA hydrogel microspheres (polymer precursor
concentration: 100 mg/ml) and maintained in 3D culture for at least 21 days.

A similar protocol was followed for microsphere encapsulation of other cell types.
MDA-MB-231, SK-BR-3, HT29, PC-3 and PC-3-Met cells were encapsulated within the PF
microspheres at an initial density of 10x10° 10x10° 20x10° 10x10° and 10x10° cells/ml

respectively and maintained in the respective culture media for at least 14 days.
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Figure 3.1: Schematic of fabrication processes for PF tumor microsphere (TM) and tumor
spheroid (TS) models. (A) Dual-phase, water-in-oil emulsion technique for the 3D encapsulation
of cancer cells in PF hydrogel microspheres. (B) Comparative fabrication technique for TS and
TM. MCFT7 cells (C) in 2D culture, (D) cultured as TS or (E) in TM. (F) PF microspheres formed

without cells.

3.2.5 Image Acquisition and Analysis
Phase contrast images of the hanging droplet tumor spheroids (TS) and the PF hydrogel
tumor microspheres (TM) with “low” (20x10° cells/ml) and “high” (60x10° cells/ml) cell

densities were acquired using an inverted Nikon Eclipse Ti microscope fitted with an Andor
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Luca S camera on days 3, 7, 14, 21 and 28 (for TS) and days 0, 7, 14, 21 and 28 (for TM). The
images were analyzed using ImageJ software, version 1.48q (NIH), to obtain size and shape
characteristics. Briefly, regions of interest (ROI) were drawn around TS and TM, major and
minor axes and circularity were evaluated and the data was exported to MS Excel. The mean
geometric diameter (D) was calculated from the major (a) and minor (b) axes of the fitted ROI
according to Equation (2) as described previously (Pradhan et al. 2014).
D=+vaxb (2)
A minimum of 100 individual TS and TM were analyzed at each time point for each of 3

individual batches.

3.2.6 SEM Imaging

Hanging droplet tumor spheroids (TS) and PF tumor microspheres (TM) were imaged
through scanning electron microscopy to visualize their ultrastructure. Briefly, TS and TM were
washed with PBS to remove all culture media and fixed in 3% glutaraldehyde (Electron
Microscopy Sciences, Hatfield, PA) for 2 hours at 25°C. After two PBS washes, the TS and TM
were postfixated with 2% osmium tetroxide for 2 hours. The fixed samples were dehydrated in
graded ethanol series sequentially and made to wundergo chemical drying by
hexamethyldisilazane (HMDS) for 30 minutes, followed by air drying. Finally, the dry samples
were mounted on aluminum stubs, sputter-coated with gold (EMS 550X Auto Sputter Coating

Device) and imaged using SEM (Zeiss EVO 50 SEM).

3.2.7 Viability Staining and Quantification

Cell viability and growth in tumor spheroids (TS) and tumor microspheres (TM) were
visualized and quantified through fluorescence staining and imaging. Briefly, TS and TM were
washed in PBS to remove media and incubated in the Live/Dead® cell viability stain (Invitrogen,
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Carlsbad, CA) for 30 minutes. The samples were washed with PBS again and imaged under an
inverted Nikon Ti microscope. Acquired images (z-stacks) were analyzed using ImageJ software.
For each individual TS and TM, the number of live and dead cells and the mean geometric
diameter (as described in Section 2.4) were quantified manually. The volume of individual TS

and TM was computed according to the formula:

V= 2D’ (3)

The total number of cells (live and dead) was quantified and the cell density was
calculated based on the volume of each individual TS and TM. This analysis was carried out on
days 3, 7, 14, 21 and 28 (for TS) and days 0, 7, 14, 21 and 28 (for TM). A minimum of 15
individual TS and TM from each of 3 independent batches (for both TS and TM) were analyzed

for each time point.

3.2.8 Fluorescence Staining and Quantification

In order to visualize and quantify the 3D morphology of MCF7 cells in tumor spheroids
(TS), PF tumor microspheres (TM) and PEGDA microspheres, the cells were fluorescently
stained and imaged via confocal microscopy. Briefly, TS and TM were washed with PBS and
encapsulated within larger PEGDA hydrogel discs (diameter: 5 mm, thickness: 500 um) to
ensure sharp focus in the interior regions of the 3D samples. The encapsulated samples were
fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 1 hour at 25°C, washed
with PBS, permeabilized with 0.5% Triton X-100 for 15 minutes followed by incubation with
blocking buffer (2% bovine serum albumin and 5% FBS in PBS) for 3 hours. They were
subsequently stained with Alexa Fluor 568 Phalloidin and DAPI (Invitrogen) in blocking buffer
for 3 hours, mounted on coverslips and imaged using confocal microscopy (Nikon Al Confocal

Scanning Laser Microscope) to obtain z-stacks. Fluorescence images were analyzed using
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ImageJ software and the data was exported to MS Excel. A minimum of 20 images were
analyzed for each group (TS and TM). For morphometric analysis, several parameters were
quantified including percentage of polar cells, nuclear area, cellular area, nuclear:cytoplasmic
ratio (Equation 4), nuclear volume density (Equation 5) (Nandakumar et al. 2011, White et al.

1997), cell-cell junction length and normalized junction length (Equation 6).

Nuclear area

Nuclear volume density = ————— (4)
. . L Nuclear area
Nuclear:cytoplasmic ratio = ————"——"—— (5)
. L Cell-cell junction length
Normalized cell-cell junction length = oot Jneon °9 (6)

Total junction length of corresponding cells

3.2.9 Statistical Analysis

All statistical analysis was performed using Minitab 17 Statistical Software (Minitab
Inc.). After checking for normality of distribution, One-way Analysis of Variance (ANOVA)
with Tukey’s family error rate of 5% was used to evaluate statistical significance between
multiple groups, assuming equal variance and equal sample size of compared groups. In case of
unequal variance between groups, the Games-Howell post-hoc test was employed following the
ANOVA analysis. Unless otherwise indicated, p < 0.05 was considered statistically significant.
For analysis of diameter and circularity of tumor spheroids and tumor microspheres, at least 100
spheroids and microspheres were evaluated in 3 independent batches. For analysis of viability
and growth rate of cells within tumor spheroids and microspheres, at least 15 spheroids or
microspheres were evaluated for each of 3 independent batches. For morphological analysis, a

minimum of 100 cells were analyzed from each group.
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3.3 Results
3.3.1 Characterization of Synthesized PF

In order to confirm the quality and consistency of the synthesized PF, the degree of
acrylation of PEGDA, evaluated using NMR spectroscopy, was found to be 96.50%. The
concentration of fibrinogen in the PF precursor, evaluated using the BCA assay, was found to be
9.94 mg/ml. After lyophilization, the net weight of PEGDA in the precursor was calculated as
21.01 mg/ml with a PEGylation efficiency of 120.78%. Subsequent synthesis batches yielded
product with a fibrinogen content of 9-11 mg/ml and a PEGylation efficiency of 85-110%,
thereby demonstrating a tight control over the quality of the final product and low batch-to batch
variability. The resulting hydrogel, formed via visible light exposure in the presence of Eosin Y
photoinitiator, was also subject to degradation by collagenase type Il (1 mg/ml, 200 units/mg),
where it underwent complete degradation within 30 minutes at 37°C, thereby demonstrating its
suitability for degradation by cell-secreted MMPs. These results are consistent with previous

observations reported in literature (Dikovsky et al. 2006, Almany and Seliktar 2005).

3.3.2 3D Culture of MCF7 Cells in Tumor Microspheres

In order to create a biomaterial-based spheroidal tumor model that could overcome
certain limitations of the standard tumor spheroid (TS) model, the PF tumor microsphere (TM)
model was fabricated using a dual-phase, emulsion-based technique for encapsulation and 3D
culture of MCF7 cells (Fig. 3.1A). Initially, microspheres without cells were fabricated (Fig.
3.1F) to optimize the vortexing speed, photocrosslinking time and intermediate wash steps with
DMEM. Next, the optimum initial cell encapsulation density was determined by testing the
initial cell density within the TM at 20x10° cells/ml (“low” density) and 60x10° cells/ml (“high”

density). Through 28 days in culture, cells appeared to proliferate, forming dense colonies. This
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led to increased darkening and reduction of transparent void space within the TM, as observed
through phase contrast microscopy. Subsequently, the effect of low and high cell encapsulation

densities on the size and shape of microspheres were evaluated.

3.3.3 Influence of Initial Cell Density on Microsphere Size and Shape Characteristics

The cell density of engineered bio-constructs is an important consideration for the close
replication of native tissue. Cancer tissues from different sources have been reported to have cell
densities on the order of 10° cells/ml (Elliott and Yuan 2012). The initial cell encapsulation
density within hydrogel microspheres is of importance in achieving subsequent cell densities on
this order of magnitude. Hence, the initial cell densities within the PF precursor were varied
between 20x10° and 60x10° cells/ml with the goal of obtaining a final density on the order of
10® cells/ml in the microspheres within the culture period. The initial cell density was observed
to have a profound effect on the cell encapsulation and formation of the hydrogel microspheres,
specifically with respect to diameter and circularity of the final constructs. At a the “low” density
of 20x10° cells/ml, the encapsulation efficiency was quite high with nearly 100% of cells being
encapsulated within the microspheres (Fig. 3.2B). A small number of microspheres (<1%) less
than 50 um in diameter were observed to form without any encapsulated cells (Fig. 3.2B), which
were subsequently eliminated with ease during subsequent media changes (Fig. 3.2E, H). With
time, cells were observed to form local colonies, with eventual darkening of colonies and
reduction of transparent void space within the microspheres. Additionally, the cell colonies
remained completely confined within the boundaries of the microspheres even on day 28 with
very little protrusion outside the microsphere edge (Fig. 3.2H). In contrast, when the cell density
was raised to a “high” value of 60x10° cells/ml, a large number of cells were observed to remain

unencapsulated outside the microspheres, suspended in the culture media (Fig. 3.2C). With
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subsequent culture time, these cells either adhered to the outer surface of the microspheres or
formed independent cellular aggregates (tumor spheroids) (Fig. 3.2F). In addition, the cells on
the outside surfaces of microspheres adhered with those on surrounding microspheres, thereby
leading to adhesion and aggregation of individual microspheres and formation of larger,
heterogeneous structures (Fig. 3.2F,1). Both low and high cell density PF microspheres supported
the growth and maintenance of cells in the 3D hydrogel matrix.

In comparison to tumor microspheres, cells grown in self-aggregated tumor spheroids were
highly heterogeneous in terms of growth and size distribution (Fig. 3.2A,D,G). The harvesting
process of tumor spheroids from the hanging droplets three days post-formation led to
disaggregation of some spheroids, resulting in individual cells remaining suspended along with
aggregated spheroids (Fig. 3.2A). With time, the spheroids appeared to grow darker in contrast,
indicating increased cell density, and with more condensed bodies on day 28 as compared to
loose aggregates on day 3 (Fig. 3.2A,G). In addition, individual spheroids were also observed to
adhere to one another over time, leading to formation of larger and more irregular spheroid

bodies (Fig. 3.2D, G).
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Tumor microspheres (TM)

Tumor spheroids (TS)

20 million cells/ml 60 million cells/ml

A

Day 0 (TM)
Day 14 Day 3 (TS)

Day 28

Figure 3.2: Long-term culture of tumor spheroids (TS) and tumor microspheres (TM).
Representative images of TS (A,D,G) and TM (B,C,E,F,H,I) from 3 independent batches. Tumor
spheroids (A,D,G) displayed heterogeneous growth in size and shape with increasing cell
density. Tumor microspheres with lower cell density (B,E,H) resulted in a more uniform range of
size and circular shape profile with the presence of some microspheres without any encapsulated
cells (solid arrows). Size and shape homogeneity were progressively lost in microspheres with

higher cell density (C,F,1) due to presence of unencapsulated cells (black arrows).

Uniform size and shape characteristics of bio-engineered tumor constructs are critical in
obtaining relevant and comparable information in high-throughput drug screening assays. Hence,
analysis of diameter and circularity (metrics for size and shape respectively) of fabricated tumor

microspheres was important in determining the potential of the model in generating uniform
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constructs. Examination of the size and shape of engineered constructs revealed broad
differences in the distribution ranges among the 3 groups (self-aggregated tumor spheroids, PF
tumor microspheres with 20x10° cells/ml and those with 60x10° cells/ml) (Fig. 3.3). Tumor
spheroids were highly polydisperse with respect to diameter and circularity with a significant
fraction being less than 50 um in diameter and less than 0.75 in circularity (1.00 being perfectly
circular). With time, the fraction of spheroids in the 100-400 um range increased due to cell
proliferation and subsequent spheroid growth (Fig. 3.3A). Circularity of tumor spheroids was
heterogeneous with a significant fraction remaining less than 0.75 throughout the 28 day culture
period. This trend can be attributed to non-uniform and loose aggregation of cells in the hanging
droplets, adherence of individual spheroids to form larger irregular bodies (highly elongated in
some cases) and spatial heterogeneity of growth within individual spheroids. The size of the
hanging droplet tumor spheroids and the PF hydrogel microspheres in this study were usually
within 500 um in diameter, hence diffusion gradients of nutrients, oxygen and other metabolites
were not pronounced enough to cause any core hypoxic or cell death regions. Whereas this small
size scale is not appropriate for investigating the effects of hypoxic core formation and resulting
effects on cell behavior, this size range is appropriate for ready adoption for assays already
established for tumor spheroids (Ho et al. 2012, Kenny et al. 2015, Gong et al. 2015, Kunz-
Schughart et al. 2004) (including MTT assay, LDH cytotoxicity assay). Creating tumor
microspheres of this size provides the ability to have 3D tumor microenvironmental control
while still employing established experimental approaches.

In comparison to tumor spheroids, in low cell density tumor microspheres
(20x10° cells/ml) the size and shape distributions were significantly more uniform; a large

fraction were between 100-300 pum in diameter and 0.95-1.00 in circularity throughout the
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culture period, with a very small fraction having a diameter below 50 pm or above 300 um
(Fig. 3.3A, B). Increasing the cell encapsulation density to 60x10° cells/ml in the microspheres
introduced a certain degree of heterogeneity, with a higher fraction being above 300 um in
diameter and less than 0.90 in circularity over time. The variance and coefficient of variation in
distribution was lower for the tumor microsphere groups compared to tumor spheroids, both in
terms of diameter and circularity (Fig. 3.4).

Overall, tumor microspheres with 20x10° cells/ml cell encapsulation density provided the
tightest control of size and shape characteristics with least variance amongst the three groups.
Regulation of the cell density resulted in formation of more uniform microsphere constructs,
which were able to maintain this uniformity (with respect to diameter and circularity) throughout
the culture period. Adherence between individual microspheres was also greatly reduced at the
lower cell encapsulation density. These characteristics are important for maintaining
homogeneity in bio-engineered tumor models for further scalability towards high-throughput
platforms. Though the fabricated hydrogel microspheres with diameter of 100-300 pum are
representative of very small tumors which may not be physiologically relevant when considering
advanced or aggressive tumors, the ultimate objective of this study is to establish a geometrically
similar model to the established self-aggregated tumor spheroid model and subsequent
comparative investigation of the biomaterial matrix effect on cancer cell growth and

morphology.
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Figure 3.3: Size and shape characteristics of tumor spheroids (TS) and PF tumor microspheres
(TM). TM displayed higher uniformity in size and shape distribution compared to TS. TM with
lower cell density had (A) the most uniform distribution of diameter (100-300 um) and (B) the
highest degree of circularity (close to 1.00), compared to TS and TM with higher cell density.
Individual numbers represent percentage and individual letters represent significance grouping
obtained from statistical analysis. Groups not sharing a common letter have significantly

different means. (n>300 TS or TM in 3 independent batches, p<0.05)
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Figure 3.4: Size and shape distribution of tumor spheroids (TS) and tumor microspheres (TM).
(A) Mean geometric diameter and (B) circularity of TS and TM, with low and high initial cell
encapsulation densities, at different time points of culture. Blue diamonds denote mean while
rectangular boxes represent lower quartiles, medians and upper quartiles. Groups not sharing a
common letter have significantly different means (n>300 TS or TM in 3 independent batches,

p<0.05).

3.3.4 Viability and Cell Proliferation within Spheroids and Microspheres

Maintenance of high viability and continued proliferation of cells are important criteria in
engineering 3D cancer models for subsequent drug-testing studies. We hypothesized that cells in
the tumor microspheres would demonstrate high viability and time-dependent growth consistent
with observations from phase contrast images. Both tumor spheroids and tumor microspheres
demonstrated high cellular viability (close to 90%) throughout the entire culture period with
minimal batch-to-batch variability (Fig. 3.5A,B). Although initial viability in tumor
microspheres on day 0 was marginally lower, it recovered to above 90% in subsequent days with
cellular growth (Fig. 3.5B). Considering that the diameters of the vast majority of spheroids or
microspheres did not exceed 500 um, mass transfer limitations were not pronounced enough, in
general, to cause hypoxic cell death. However, with further optimization of the fabrication
technique, this model is could be transitioned to platforms currently being established to employ
tumor spheroids. The use of biomimetic PEG-fibrinogen in the tumor microsphere model
provides added physiological complexity, tumor microenvironmental influences and cell-matrix
interactions which would be difficult to achieve in the traditional tumor spheroid model.

Tumor spheroids demonstrated a high cellular density (on the order of 10° cells/um?®),

consistent with that observed in native cancer tissues of different origins (Fig. 4C). It can be
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inferred that in the absence of any exogenous ECM, the cells were tightly confined in close
proximity to each other in order to form individual spheroids. The cell packing density within the
tumor spheroids was 91 + 16 cells/10° um® (91x10° +16x10° cells/cm® on day 0 and
124 + 29 cells/10° um® (124x10° + 29x10° cells/cm®) on day 21 (Fig. 3.5C). In contrast, cell
packing density in tumor microspheres increased from 20 + 4 cells/10° um® (20x10° + 4x10°
cells’cm®) on day 0 to 106+ 12 cells/10° um® (106x10° +12x10° cells/cm®) on day 21
(Fig. 3.5D). Initial cell density evaluated on day O was consistent with cell concentration in the
PF polymer precursor during the microsphere fabrication process; the final cell density obtained
on day 21 was similar to that in tumor spheroids. Batch-to-batch variability in average cell
density was minimal for both tumor spheroids and tumor microspheres; however, the coefficient
of variation of cell density at all the time points was significantly lower in tumor microspheres as
compared to that in tumor spheroids (Fig. 3.6).

Overall, encapsulation of MCF7 cells in the PF hydrogel microspheres promoted cell
proliferation while maintaining high viability throughout the culture period. These results
corroborate our initial assumption about cell growth based on increase in colony formation and
gradual reduction in void space within the microspheres. Thus, the importance of incorporating

biomimetic PF as a cell-permissive ECM in spheroidal cancer models is validated.
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Figure 3.5. Comparison of cell viability and growth within the TS and TM models. High cell
viability is maintained in both (A) TS and (B) TM through 21 days in culture (p<0.05, n=45 in 3
independent batches). Cell density was relatively higher in TS (C) compared to that in TM (D),
where rapid increase in density is observed through 21 days (p<0.05, n=45 in 3 independent

batches).
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means (n=15 TS or TM per batch per time point, p<0.05).

3.3.5 Ultrastructural Differences between Tumor Spheroids and Microspheres

In order to view the ultrastructural matrix properties and determine differences in cellular
morphology and tissue structure, SEM imaging was conducted on tumor spheroids and tumor
microspheres (with and without cells). In general, cells within tumor spheroids appeared to be
larger in size with numerous cell surface projections, tight cell-cell adherens junctions, and more
uniform organization reminiscent of the epithelial polar morphology found in normal breast

tissue (Fig. 3.7A,B). In some loosely aggregated tumor spheroids, cells seemed to lack these

80



tight junctions and appeared more spherical in morphology, while still remaining firmly adherent
within the spheroids. In contrast, cells within tumor microspheres appeared more randomly
organized, heterogeneous in orientation, smaller in size and well-distributed throughout the
hydrogel matrix (Fig. 3.7C,D). Presence of cell adherens junctions was markedly absent in tumor
microspheres. In addition, numerous pore-like structures leading to the interior of microspheres
were also noticed on the surface and immediate interior of microspheres (Fig. 3.8E,F). A
cross-sectional view of the tumor microsphere interior revealed dense cellular packing with cells
homogenously interspersed within the PF matrix (Fig. 3.8F). Tumor microspheres without cells
revealed a porous, mesh-like architecture both on the surface and in the interior regions of the PF
hydrogel microspheres (Fig. 3.8A, B).

In general, SEM imaging revealed broad differences in the ultrastructural morphology
and organization of cells within tumor spheroids and tumor microspheres. Cells within tumor
microspheres appeared to have a more disorganized and random structure compared to those in
spheroids, reminiscent of the disorganized structure in native breast cancer tissue. Loss of
epithelial polarity and tight adherens junctions of cells in tumor microspheres were also
indicative of departure from epithelial morphology of these cells in 3D culture, possibly due to
selective pressure exerted by the matrix on the encapsulated cancer cells. Another interesting
aspect of investigation would be ultrastructural variations between different breast cancer cell
lines. Specifically, MDA-MB-231 cells, being metastatic and aggressive in nature, would be
expected to exhibit elongated morphologies and cellular protrusions when cultured within PF

hydrogel microspheres.
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Tumor microspheres (TM) Tumor spheroids (TS)

Figure 3.7: Ultrastructural differences between tumor spheroids (TS) and tumor microspheres
(TM). TS (A,B) display higher degree of uniformity in cellular architecture with distinct
adherens cell-cell junctions and apico-basal polarity. TM (C,D) exhibit a more disorganized

arrangement of cells with loss in polarity and reduced cell size.
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Figure 3.8: Ultrastructural features of tumor spheroids and tumor microspheres. PF microspheres
without any cells display a porous mesh-like matrix both on the outside (A) and inside (B) of
microspheres. (C) High degree of size and shape heterogeneity of tumor spheroids. (D)
Magnified view of a tumor microsphere (inset) with disorganized cellular architecture at the
surface. (E) Pore-like structures visible at the surface of a tumor microsphere (denoted by white
arrows). (F) Dense cell packing and random presentation of cells in the interior region of a tumor

microsphere (inset).

3.3.6 Promotion of Tumorigenic Morphology within Microspheres
In order to understand the influence of the biomaterial matrix on key tumorigenic

characteristics of MCF7 cells cultured as spheroids or in hydrogel microspheres, 3D
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morphometric analysis was conducted on three fabricated models, tumor spheroids, PF tumor
microspheres and PEGDA microspheres. PEGDA microspheres were specifically chosen as the
non-bioactive, control group as PEGDA is not known to support cell adhesion or cell-matrix
interactions. 3D morphological characteristics of cells in all groups were quantified using
fluorescence images of cellular nuclei and actin filaments. Cells in tumor spheroids displayed a
more organized, oriented arrangement with sharp, distinct and rounded nuclei and actin filaments
being concentrated at the periphery of cells (Fig. 3.9A). Cells in PF tumor microspheres were
observed to be disorganized with lack of specific orientation and diffuse appearance of cell
nuclei. In addition, cells in microspheres seemed compressed and were significantly smaller in
size, so that the nuclei occupied a major fraction of the cell itself (Fig. 3.9B). Cells in PEGDA
microspheres appeared to be further rounded, confined and restricted to local regions, possibly
due to lack to cell-matrix interactions (Fig. 3.9C). These observations could be attributed in part
to the spatial limitations imposed by the surrounding hydrogel matrix on the cells.

Quantification of these distinct morphological differences was conducted by evaluation
of specific parameters including apico-basal polarity, nuclear area, cellular area,
nuclear:cytoplasmic ratio (NC ratio), nuclear volume density and cell-cell junction length for
both tumor spheroids and tumor microspheres. Cell polarity is a distinguishing feature of the
normal mammary epithelium, with cells displaying a broader apical surface and tapering down to
a narrower basal surface in conjunction with adjacent cells while maintaining tight cell-cell
junctions with each other. The percentage of cells displaying this apico-basal polar morphology
was significantly lower in the non-bioactive, control group of PEGDA microspheres (11 = 4%)
than in tumor microspheres (51 +9%) or in spheroids (85+ 9% ) (Fig. 3.9D). Nuclear area

(PEGDA microspheres: 87 + 45 um?, PF tumor microspheres: 92 + 42 um? and tumor spheroids:
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150 + 46 umz) and cellular area (PEGDA microspheres: 175 + 92 umz, PF tumor microspheres:
194 + 97 pm? and tumor spheroids: 451 + 148 um?) were significantly reduced in cells in the
presence of biomaterial matrix (Fig. 3.9E, F). Interestingly, the NC ratio (PEGDA microspheres:
1.16 + 0.59, PF tumor microspheres: 0.97 + 0.35 and tumor spheroids: 0.55 £ 0.20) and nuclear
volume density (PEGDA microspheres: 0.51 + 0.11, PF tumor microspheres: 0.48 £ 0.08 and
tumor spheroids: 0.34 £ 0.08) were significantly different in all three groups (Fig. 3.9G, H). This
observation can be attributed in part to the restrictive forces exerted by the surrounding 3D
matrix on the cells and possibly higher nuclear activity of cells within PF tumor microspheres. In
the absence of an initial supporting matrix in the tumor spheroids, cells appeared to have a higher
degree of freedom in arranging themselves into organized architectures within the spheroids,
while those in PF tumor microspheres were spatially restricted, growing outward from local
colonies and gradually forming local niches of cellular growth as permitted by the 3D matrix.
Further, analysis of cell-cell junction length revealed significantly lower junction lengths
between cells in PEGDA and PF microspheres (PEGDA microspheres: 13 £ 4 um, PF tumor
microspheres: 13 +4 um and tumor spheroids: 17 =5 um) possibly due to lower cell size
(Fig. 3.91). When normalized with respect to the total length of the cell periphery, junction length
as a percentage of total cell length was found to be higher in the PEGDA microspheres compared
to the other two groups (PEGDA microspheres: 0.16 £ 0.04 um, PF tumor microspheres:
0.13 £ 0.04 um and tumor spheroids: 0.14 £+ 0.04 um) (Fig. 3.9J).

In summary, cells in PF tumor microspheres, although smaller in cellular size, had higher
nuclear mass, a greater degree of disorganization and enhanced tumorigenic morphology
compared to those in tumor spheroids. Though cells displayed tight junctions in all three models,

cells in tumor spheroids were more similar to the normal mammary epithelial morphology as
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compared to those in tumor microspheres. The induction of tumorigenic characteristics of MCF7
cells within PEG-fibrinogen microspheres in comparison to those grown without any biomaterial
(tumor spheroid model) can be attributed to a number of factors including the inherent 3D
selective pressure on the encapsulated cells, influence of matrix stiffness, specific integrin-
mediated cell-matrix interactions amongst others. The specific role of each of these factors on
the promotion of tumorigenic characteristics of MCF7 cells could be investigated in more details
in future studies. Overall, these morphometric analyses demonstrate the important advantages of
employing an exogenous, biomimetic matrix within 3D spheroidal tumor constructs. Though
MCF7 cells are not highly tumorigenic in vivo, these investigations primarily concern with
establishing a 3D biomimetic model to demonstrate the role of PEG-fibrinogen in modulating 3D
cancer cell characteristics and morphology in comparison to the traditional method of forming
self-aggregating tumor spheroids. In future, this technique can be extended towards modeling of
more phenotypically aggressive tumors that are more physiologically relevant compared to that
presented in this study. Certain highly aggressive cell lines are unable to form spontaneous tumor
spheroids due to weak cell-cell interactions and hence cannot be investigated consistently using
the approaches designed for the tumor spheroid model. However, with the established tumor
microsphere model, this limitation can be overcome as multiple cell lines of varying degrees of

aggressiveness can be cultured within biomimetic microspheres in future cancer studies.
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Figure 3.9: Enhanced morphometric tumorigenicity of cells in PF tumor microspheres. Confocal
image slice of (A) tumor spheroids (TS), (B) tumor microspheres (TM) and (C) PEGDA
microspheres (PEGDA-TM) stained for nuclei (DAPI, blue) and actin filaments (phalloidin, red).
Compared to TS, TM and PEGDA-TM exhibit (C) reduced polarity (n>20 representative images,
p<0.05), (D, E) reduced nuclear and cellular area (n>100 cells, p<0.05), (F, G) elevated nuclear
cytoplasmic ratio and nuclear volume density (n>100 cells, p<0.05) and (H) reduced cell-cell
junction length. (I) TS and TM have lower normalized cell-cell junction length compared to
PEGDA microspheres (n>100 cells, p<0.05). Blue diamonds denote mean while rectangular

boxes represent lower quartiles, medians and upper quartiles.

3.3.7 3D culture of other cancer cell types in PF hydrogel microspheres

Finally, it was of general interest to investigate the applicability of extending the tumor
microsphere model for encapsulation of other cancer cell lines. Cancer cells lines of different
origins tend to exhibit differential growth characteristics between 2D and 3D culture (Ivascu and
Kubbies 2007). Specifically, cells of epithelial origin display a tendency to grow in local
colonies with a higher degree of cell-cell adhesion and cellular circularity in 2D culture
(Loessner et al. 2010). In contrast, metastatic and more aggressive cancer cell lines display a
mesenchymal phenotype where cells appear more elongated, with visible protrusions and with
significantly lower cell-cell adhesion tendencies (Neve et al. 2006). Further, the lack of strong
adhesion capabilities of these cell lines prevents them from forming dense cellular aggregates in
3D culture, thereby making the formation of tumor spheroids severely challenging (Rainaldi et
al. 1999). Hence, comparative investigation of cancer cell lines of epithelial and mesenchymal

phenotypes using tumor spheroids is technically challenging.

88



In order to address this issue, we encapsulated cancer cells from different tissue origins,
displaying a range of phenotypes and exhibiting differential growth characteristics in 2D culture,
within PF hydrogel microspheres. We hypothesized that cells grown in 2D culture would display
specific phenotypic differences from those in 3D microsphere culture. For breast cancer, two
additional cell types, SK-BR-3 and MDA-MB-231 were chosen for 3D encapsulation within
microspheres. SK-BR-3 cells displayed tight cell-cell junctions bearing an epithelial morphology
in 2D culture (Fig. 3.10A). Upon encapsulation in microspheres, these cells formed local
spherical colonies initiating from single cells (Fig. 3.10B, C). In contrast, MDA-MB-231 cells
displayed an invasive, mesenchymal phenotype with highly elongated cells in 2D culture (Fig.
3.10D). Interestingly, when encapsulated within PF microspheres at the same initial density,
these cells spread out rapidly and occupy the entire volume of microspheres within just 7 days of
culture (Fig. 3.10B, C). Colon cancer HT29 cells grew as local colonies with tight cell-cell
junctions in 2D culture, reminiscent of the intestinal epithelia (Fig.3.10G). In 3D PF
microspheres, they were observed growing in dense local clusters arising from single cells,
becoming larger with time and eventually occupying the previously unoccupied void space
within microspheres (Fig. 3.10H, I). For prostate cancer, two cell lines, PC-3 and a metastatic
variant, PC-3-Met, were chosen. In 2D culture, PC-3-Met cells were observed to be more
elongated and displayed a more aggressive phenotype compared to PC-3 cells (Fig. 3.10J,M). In
3D PF microspheres, the PC-3-Met cells displayed faster and denser colony formation and
invasion through the 3D matrix compared to the PC-3 cells, thereby demonstrating the
differences in aggressiveness between the two variant cell lines (Fig. 3.10K, L, N, O).

Overall, we have demonstrated the ability to encapsulate a large variety of cancer cell

types, both of epithelial and mesenchymal phenotype, and maintain them in culture through at
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least 14 days within PF hydrogel microspheres. This capability provides significant advantages
over the tumor spheroid self-aggregation technique, where certain cell lines do not have a
tendency to spontaneously form multicellular aggregates or form very loose aggregates at best.
In addition, encapsulation of multiple cancer cell types provides us previously unknown
information about the nature of 3D growth, aggressiveness and morphology in comparison with
each other and stark differences from that observed in 2D cell culture. Hence, the PF
microsphere model can be generally extended for use in 3D spheroidal culture of cancer cells,

further investigation of tumorigenicity and drug-testing applications.
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Figure 3.10: Culture of other cancer cell types in tumor microspheres. A wide range of metastatic
and non-metastatic cancer cells displaying either epithelial or mesenchymal morphology in 2D
culture were successfully cultured within PF microspheres including breast cancer SK-BR-3 (A-
C), MDA-MB-231 (D-F), colon cancer HT29 (G-I) and prostate cancer PC-3 (J-L) and PC-3-

Met (M-O) cells with representative images at day 14 of culture.
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3.4 Discussion

Microenvironmental regulation of tumorigenic progression is a vital consideration in the
development of bioengineered 3D tumor models. Various ECM components such as collagen,
laminin and fibrinogen, found in the TME, have been implicated in aiding the progression of
pre-cancerous cells towards more malignant and metastatic growth. Hence, incorporation of
these ECM cues into 3D tumor models for investigation of biological mechanisms of disease
progression is of vital importance. To this end, collagen, Matrigel, hyaluronic acid, calcium
alginate, PLA, PLGA and other materials have been widely used for encapsulation and 3D
culture of cancer cells. However, the role of fibrinogen in the tumorigenic progression of cancer
cells has not received much attention. In this study, the ability of fibrinogen to support and
promote phenotypic tumorigenicity of MCF7 cells and other cancer cell types is demonstrated,
thereby addressing in part, the lack of application of fibrinogen in 3D cancer models.

Multicellular aggregates or tumor spheroids are regarded as the “gold standard” in 3D
cancer models and have been widely used for testing anti-cancer drug efficacies. Numerous
investigations have been conducted to improve the suitability of the tumor spheroid model for
use in high-throughput screening assays. Novel fabrication methods and techniques have been
developed to generate uniform, size-controlled and robust tumor spheroids; some of these
methods include the use of ice lithography for fabrication of quasi-spherical microwells on
hydrophobic substrates (Liu et al. 2014), microfluidic self-assembly (Wu et al. 2008),
nanoimprinted scaffolds for spontaneous cellular aggregation (Yoshii et al. 2011) and polymer
microstructure arrays for high-throughput generation of tumor spheroids (Markovitz-Bishitz et
al. 2010). However, the majority of these techniques are limited by the inherent inability to

control and investigate the influential role of ECM components in regulating 3D morphological
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characteristics of cancer cells, exchange of cellular metabolites, and diffusion of drugs. In
addition, the varying propensity of different cancer cell lines to form highly heterogeneous
multicellular aggregates also imparts non-uniformity in further drug-testing results and hinders
the ability to obtain clinically-relevant information about drug toxicity and efficacy. Therefore, a
platform enabling the high-throughput generation of bioengineered spheroidal tumor constructs
that incorporate a biomimetic ECM and provide a tumorigenic microenvironment, would be a
significant improvement over current tumor spheroid technologies.

In previous studies, comparative analyses have been conducted between 2D cultured
cancer cells and those in 3D self-aggregated spheroids or in novel biomaterial matrices (Xu,
Sabanayagam, et al. 2014, Chen et al. 2012, Huang and Hsu 2014). However, comparative
analysis between 3D spheroids and a geometrically similar model incorporating the effects of a
biomaterial matrix has been lacking. In order to address this issue, a novel tumor microsphere
model for the encapsulation and 3D culture of cancer cells was developed and comparative
analyses with the traditional tumor spheroid model to determine the influence of a biomimetic
matrix, PF, on the 3D tumorigenic growth characteristics of MCF7 cells were conducted. The
mere presence of a permissive, exogenous, fibrinogen-based matrix in the cellular
microenvironment was demonstrated to have a drastic effect on the tumorigenic growth and
morphology of 3D cultured cells. Specific parameters of the dual-phase, water-in-oil emulsion
technique used for the fabrication of tumor microspheres, including vortexing speed, cross-
linking time and initial cell encapsulation density, were carefully optimized for the
high-throughput generation of PF hydrogel microspheres, with high encapsulation efficiency,
high initial cell viability, low batch-to-batch variability and a high degree of uniformity of cell

density within individual microspheres, while eliminating any microsphere agglomeration. For
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comparison, the hanging droplet method was chosen for the generation of tumor spheroids due to
its relative ease in spheroid formation and harvesting, higher degree of spheroid uniformity
compared to the non-adhesive agar plate method and rapid rate of aggregate formation. The
initial cell density per hanging droplet and spheroid formation time were optimized for the
generation of tight cellular aggregates of controlled size. However, a certain degree of
heterogeneity inherent to the fabrication and handling of the tumor spheroid model could not be
eliminated. Analysis of diameter and circularity (descriptors of size and shape respectively)
revealed the higher degree of uniformity and lower variance of PF tumor microspheres
(particularly with the lower initial cell encapsulation density) compared to tumor spheroids.
Overall, the fabrication method for generation of tumor microspheres yielded highly superior
bioengineered tumor constructs as compared to those obtained via the hanging droplet method.
In addition, the size range obtained with the microsphere fabrication method could potentially be
narrowed further by adopting a microfluidics approach to generate more homogenous and
monodisperse microspheres. The significant improvement in uniformity in size and shape
distribution of the microsphere method over the hanging droplet technique merits attention and
further investigation in the future.

In the present study, the growth profiles of MCF7 cells revealed broad differences
between cells cultured as multicellular tumor spheroids and those within PF microspheres. Cells
in tumor spheroids displayed a higher cell density throughout the 21 day culture period with
moderate increase in density at later time points. This observation could be attributed to the
absence of significant ECM components in the tumor spheroids, thereby leading to the dense
packing of the cells in tight conjunction with one another. However, it can be surmised that the

cells produced endogenous ECM components, albeit in relatively minute quantities, that might
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have enabled initial aggregate formation and subsequent cell proliferation. Additionally, if the
increase in tumor spheroid diameter over time is taken into account, it can be implied that as new
cells were produced within spheroids, the spheroids themselves grew radially outwards, with the
cells gradually arranging themselves into a regulated architecture with moderate increase in cell
packing density. In sharp contrast, cells within tumor microspheres appeared individually and
uniformly dispersed within the 3D matrix, with subsequent local colony formation, increasing
colony size and merging of individual colonies, thereby leading to a substantial rise in cell
density over time. The lower cell density at the initial time point corresponded to the optimized
cell concentration in PF precursor used for generation of tumor microspheres and the final cell
density obtained was comparable to that in tumor spheroids and those found in native tumor
tissues. It is worthwhile to mention that the overall size of tumor microspheres remained fairly
constant through 21 days along with progressive increase in cell density within the microspheres.
Beyond 28 days, some cell colonies seemed to protrude beyond the spherical edges of the
microspheres and escape the 3D matrix environment imposed by the hydrogel material. Hence,
our investigations were limited to the culture period where the cells colonies were completely
restricted within the hydrogel matrix. Comprehensively, we demonstrate the ability of the PF
matrix to support the rapid proliferation and maintenance of MCF7 cells in 3D culture, thereby
establishing the suitability of the tumor microsphere system as a 3D model for further
investigation into mechanisms of tumorigenic progression.

3D morphometric analyses revealed stark differences between cells in self-aggregated
tumor spheroids and those within PF tumor microspheres. Initially observed via SEM and further
confirmed through fluorescence imaging, apico-basal polarity of cells appeared to be drastically

reduced in tumor microspheres compared to tumor spheroids. Apico-basal polarity is a
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distinguishing feature of the normal mammary epithelium; departure from this polar organization
and architecture represents the first step in epithelial-mesenchymal transition and subsequent
malignant transformation (Huebner and Ewald 2014, Chen et al. 2013, Godde et al. 2010). Cells
in tumor spheroids displayed a high degree of organization and self-assembly, forming structures
reflective of normal mammary acini. In sharp contrast, cells within tumor microspheres
displayed a disorganized and abnormal arrangement, reminiscent of aggressive tumor growth.
Though both nuclear and cellular area were significantly reduced in cells within tumor
microspheres, possibly due to spatial limitations imposed by the surrounding hydrogel matrix,
the nuclear cytoplasmic ratio (NC ratio) and nuclear volume density were highly elevated in the
tumor microspheres compared to tumor spheroids. In addition, cells in tumor microspheres also
displayed higher degree of cellular and nuclear atypia, consistent with cancerous growth. The
NC ratio has been frequently used in histopathological analyses and gradation of tumors and to
differentiate regions of cancerous growth from normal tissue (White et al. 1997, Nandakumar et
al. 2012, Nandakumar et al. 2011). Pre-malignant and cancerous cells are characterized by scant
cytoplasm, larger nuclear size, higher NC ratio and higher nuclear volume density compared to
normal cells, possibly due to chromosomal abnormalities and poor cellular differentiation state
(Pienta and Coffey 1991, Ladekarl 1995). Specifically, for breast DCIS (ductal carcinoma in
situ), NC ratio was found to increase from 0.4 to 0.8 with increased hypoxic load and decreased
cellular differentiation stage (Helczynska et al. 2003). Therefore, our observations led to the
conclusion that MCF7 cells in tumor microspheres display enhanced tumorigenic morphology
compared to those in tumor spheroids. Further in-depth investigations at the genomic and
proteomic level would be required to establish the tumorigenic capabilities of the MCF7 cells

cultured both within PF hydrogel microspheres and those grown as self-aggregated spheroids.
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Further analysis of tight cell-cell junctions revealed prominent differences between the
cellular architecture and organization within tumor spheroids and tumor microspheres. Tight
junctions play an important role in maintenance of apico-basal polarity, with specific
demarcation of apical and basolateral membrane domains of cells, inhibition of cellular
migration and preservation of tissue architecture. Malignant transformation of cells is
characterized by loss of tight junction proteins (claudins and zona occludens), reduction in
cell-cell adhesion capacity and increased ability of cellular migration and invasion into
surrounding stromal tissue (Le Bras et al. 2012, Martin and Jiang 2009). In general, cells in
tumor spheroids displayed higher cell-cell junction lengths, specifically those arranged in an
apico-basal architecture. However, the junction length was significantly reduced for cells in
tumor microspheres with a corresponding loss of polarity, indicative of the malignant
progression within the hydrogel matrix. Interestingly, when the cell-cell junction length was
normalized to the total cell perimeter, the observations were reversed, with cells in tumor
microspheres displaying higher normalized junction length compared to those in tumor
spheroids. This could be attributed in part to the reduced cellular size and reduced perimeter of
individual cells, thereby leading to an overall increase in normalized junction length. Overall, the
3D morphometric analyses revealed the increased phenotypic tumorigenicity and proclivity
towards malignant transformation of cells within tumor microspheres compared to those within
tumor spheroids. These observations reinforce the importance of incorporating a cell-permissive
biomimetic ECM matrix in the cellular microenvironment when designing and fabricating
bioengineered cancer models.

This study specifically focuses on the impact of PEG-fibrinogen as a biomimetic matrix

on the morphological and growth features of MCF7 cells. Though the MCF7 cell line is
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representative of a non-aggressive breast tumor subtype, its use in this study is meant to provide
a preliminary proof-of-concept of the suitability of PEG-fibrinogen for 3D cancer cell culture.
Further work would be needed to elucidate the role of PEG-fibrinogen on the tumorigenicity of
MCF7 cells and other more aggressive cell types at the genomic and proteomic levels. In
addition, this work primarily deals with the fabrication and optimization of micron-scale tumor
constructs. Future work will focus on the addition of more complex and intricate microstructures
associated with small tumors, for example, basement membrane surrounding the micro-scale
tumors. In addition, these tumor microspheres can also be encapsulated within larger
PEG-fibrinogen hydrogels encapsulating secondary cell types including cancer-associated
fibroblasts and endothelial cells.

The differences in growth trends between the tumor microsphere model and in vivo
models could possibly result from inherent differences between 3D in vitro systems, which are
more simplistic in nature compared to in vivo models, which involve higher degrees of
physiological complexities that are challenging to incorporate in 3D in vitro systems. MCF7 cells
are non-aggressive in nature and do not form spontaneous tumors in in vivo models.
Additionally, since MCF7 cells exhibit hormone responsiveness, their proliferation and
invasiveness can be hormonally stimulated under specific conditions. When MCF7 cells are
exposed to culture media under 2D and 3D conditions, the cells are exposed to basal levels of
hormonal stimulation from the serum components of the culture media itself. However, due to
increasing physiological complexities of in vivo models and absence of sufficient hormonal
stimulation, MCF7 cells are unable to form spontaneous tumors in vivo. A similar growth trend
is observed in the tumor microsphere model as well. Since cells cultured in the PEG-fibrinogen

tumor microspheres are maintained in the same culture media as 2D cells, it can be surmised that
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the cells are also exposed to certain levels of hormonal stimulation from the serum components
of the culture media, similar to those cultured in 2D. In addition, MCF7 cells encapsulated within
the PEG-fibrinogen microspheres also experience greater spatial freedom for local colony
formation within the structure of individual microspheres than is potentially available in vivo. In
comparison, MCF7 cells cultured as tumor spheroids are more tightly packed throughout the
culture period and only the outermost layer of cells enjoy the spatial freedom of outward growth.
These differences, in part, can explain the growth trends of MCF7 cells in the tumor microsphere
and the tumor spheroid model.

In general, the tumor microsphere model presents distinct advantages over the currently
popular tumor spheroid model, namely: (a) Presence of a cell-permissive fibrinogen matrix that
supports tumorigenic growth and morphology of encapsulated cancer cells, (b) Ability to
uniformly encapsulate a wide variety of cancer cell types and potentially co-encapsulate
secondary cell types along with cancer cells within microspheres and (c) High-throughput
generation of homogeneous spheroids with ease of analysis for investigation of biological
mechanisms associated with tumor progression. In addition, this model could potentially aid in
testing drug-efficacy on cancers at different growth stages. For example, drugs could be tested
immediately after encapsulation of cells to study the cytotoxic effects on individual cells or at a
later time point, where cells have formed large colonies and display advanced tumorigenic
growth features. Additionally, individual microspheres could be encapsulated in co-culture with
other cell types (e.g. stromal fibroblasts, endothelial cells, immune cells and others) within larger
hydrogel constructs to generate a more recapitulative, 3D bioengineered tumor model. Based on
the results of the current study, the established tumor microsphere model could be employed for

evaluation and screening of anti-cancer drug compounds in future investigations.
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3.5 Conclusions

A novel fabrication technique for the high-throughput generation of PF hydrogel
microspheres and the ability to encapsulate and maintain a range of different cancer cell types
within these 3D spheroidal constructs for long culture periods has been demonstrated.
Comparative size and shape analysis established the higher uniformity and lower variability in
diameter and circularity of the tumor microspheres over self-aggregated tumor spheroids. Cell
viability was high in both models with tumor microspheres having a higher cellular growth rate.
Investigation of the ultrastructural and 3D morphological features of cells within both systems
revealed the superiority of the tumor microsphere model in supporting and enhancing the
morphometric tumorigenicity of encapsulated cancer cells. It is anticipated that continued
adaptation and improvement of microsphere fabrication techniques could facilitate the
application of the tumor microsphere model in high-throughput assays designed for multicellular

tumor spheroids.
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CHAPTER 4: PEG-fibrinogen Based Hydrogels For 3D Breast Cancer Cell Culture

4.1 Introduction

The development of three-dimensional (3D) tissue-engineered biomimetic cancer models
for 3D cell culture is an important step towards modeling of the disease for investigations of
tumorigenic mechanisms and drug-testing applications (Estrada et al. 2016, Bray et al. 2015,
Chen et al. 2012, Szot et al. 2011a). Traditionally in high-throughput screening (HTS) assays,
cancer cells cultured on two-dimensional (2D) 96- or 384-well plates are used for testing
efficacies of large numbers of potential candidate drugs. However, due to inherent differences
between 2D cultured and native cancer cells, many tested drugs fail to achieve desired results in
clinical studies (Bray et al. 2015, Edmondson et al. 2014, Hickman et al. 2014). In order to
bridge this gap in correlation, bioengineered cancer models are developed via 3D culture of
cancer cells within biomimetic hydrogels that closely mimic native tissue characteristics under in
vitro conditions (Gu and Mooney 2015, Carvalho et al. 2015). These scaffolds used for
simulating native extracellular matrix (ECM) characteristics are usually obtained from natural
(e.g. collagen, Matrigel, agarose) (Provenzano et al. 2008, Sapudom et al. 2015, Sasser et al.
2007, Pinto et al. 2014, Vantangoli et al. 2015), synthetic (e.g. poly(ethylene glycol),
poly(lactic-co-glycolic acid)) (Pradhan et al. 2014, Gill et al. 2012, Yang et al. 2013b) or hybrid
(combination of natural and synthetic) sources (Fischbach et al. 2009, Kievit et al. 2010).

One of the components of the native tumor ECM is fibrinogen, which is known to be
secreted and deposited by cancer cells (Simpson-Haidaris and Rybarczyk 2001, Rybarczyk and
Simpson-Haidaris 2000). Fibrinogen (Fb) is a hexameric, nodular protein with a molecular
weight of approximately 340 kDa and consisting of two sets of a, B and y chains, linked by

disulfide bonds (Hall and Slayter 1959). Fibrinogen can be covalently conjugated with PEGDA
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to form PF (PF) via Michael-type addition reaction between thiol groups on cysteine sites in the
fibrinogen molecule and PEGDA polymeric chains (Almany and Seliktar 2005). PF precursor,
mixed with Eosin Y, can be photocrosslinked to form hydrogels using visible light under
physiological temperature and pH (Kerscher et al. 2016), which renders it suitable for 3D culture
of a wide variety of cell types including smooth muscle cells (SMCs), induced pluripotent stem
cells (iPSCs), chondrocytes and others (Peyton et al. 2008, Bearzi et al. 2014, Appelman et al.
2011).

3D cell behavior and function within PF-based hydrogels can be influenced by
modulation of matrix stiffness and other physical characteristics of the hydrogel matrix. Specific
modifications of the PF precursor (variation in PEGDA chain length, incorporation of Pluronic
F127 micelles) resulted in significant changes in the microarchitecture and overall bulk
properties of the resulting hydrogels and subsequent cellular morphology and function (Frisman
et al. 2012, Almany and Seliktar 2005). Specifically, addition of excess PEGDA in the PF
precursor led to increase in crosslinking densities in hydrogel matrices, increase in storage
moduli, and differences in morphology, viability and cardiac function of encapsulated
PIGF-MMP9-engineered iPSCs (Bearzi et al. 2014). Overall, the bulk and microstructural
features of PF hydrogels can be suitably modulated to study cellular responses to changes in
microenvironmental stiffness.

In recent studies, breast cancer models have been developed using various biomimetic
materials for the investigation of tumorigenic phenomena such as cellular migration,
angiogenesis, and metastasis and for anti-cancer drug testing (Peela et al. 2016, Estrada et al.
2016, Seib et al. 2015, Zhu, Wang, et al. 2015, Dhiman et al. 2005, Subia et al. 2015). Generally,

breast cancer can be classified into three distinct molecular subtypes: luminal subtype (estrogen
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receptor positive (ER+)/progesterone receptor positive (PR+)/human epidermal growth factor
receptor negative (HER2-)), HER-2 subtype (ER-, PR-, and HER2+), and triple negative subtype
(ER-, PR-, HER2-). Some comparative studies have been conducted between representative cell
lines of these subtypes (Kenny et al. 2007, Subik et al. 2010, lvascu and Kubbies 2007, Feng et
al. 2013, Bray et al. 2015, Hakanson et al. 2012, Peela et al. 2016, Rijal and Li 2016); however,
the role of matrix stiffness and physical properties in modulating the morphology and behavior
of multiple breast cancer molecular subtypes in an in vitro, tunable 3D model needs to be
investigated in more detail.

In this study, a comparative investigation of three different cancer cell lines, representing
the major breast cancer subtypes, cultured within PF hydrogels is presented and 3D cell behavior
(morphology, growth) in response to varying physical properties is examined. Hydrogel stiffness
was modulated by the addition of excess PEGDA, which resulted in microarchitectural
differences and variation in growth and morphological characteristics of the encapsulated cell
lines. In addition, high viability and rates of proliferation were also observed for all cell lines
within the tumor models. Interestingly, within these models, variation in colony size with
distance from periphery was observed, which is reminiscent of native tumor heterogeneity.
Overall, these findings can be useful in engineering tumor microenvironments in vitro and for
comparative analysis of cancer cell behavior in modulated microenvironments. These tumor
models can be further extended for the investigation of tumorigenic phenomena (e.g. epithelial-
mesenchymal transition, angiogenesis and metastasis) and for anti-cancer drug testing
applications. Investigation of the role of the tumor microenvironment, its characteristics and its influence

on the growth and 3D behavior of cancer cells can provide valuable information on cell-matrix

interactions and could reveal potential targets for the development of anti-cancer therapeutics. Aspects of
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cellular biomechanics, 3D behavior and cell-matrix interactions can be recapitulated in 3D in vitro

models, hence providing researchers with opportunities to discover these targets.

4.2 Materials and Methods

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless mentioned
otherwise.
4.2.1 Cell Culture and Maintenance

MCF7 (ER+, PR+, HER2-) breast cancer cells were kindly provided by Dr. Richard Bird,
College of Veterinary Medicine, Auburn University. SK-BR-3 (ER-, PR-, HER2+) breast cancer
cells were obtained from Dr. David Riese, Harrison School of Pharmacy, Auburn University.
MDA-MB-231 (ER-, PR-, HER2-, metastatic) breast cancer cells were provided by Dr. Robert
Arnold, Harrison School of Pharmacy, Auburn University. All cells were cultured as described

previously in Section 3.2.1.

4.2.2 PEG-fibrinogen Synthesis and Characterization

PEGDA was prepared as described previously (Pradhan et al. 2014). Bovine fibrinogen
was covalently coupled to PEGDA according to established protocols (Almany and Seliktar
2005). Briefly, fibrinogen was dissolved in an 8 M solution of urea in 10 mM PBS at a
concentration of 7 mg/ml. Tris (2-carboxyethyl) phosphine hydrochloride (TCEP-HCI) was
added at a molar ratio of 1.5:1 TCEP to fibrinogen cysteines to the above solution and the final
pH was adjusted to 8.0. PEGDA was dissolved in the 8 M urea-PBS buffer at 280 mg/ml,
centrifuged, and the clear PEGDA solution was slowly added to the fibrinogen solution. The
reaction was allowed to proceed for 3 hours at 25°C in the dark. The solution was then diluted

with an equal volume of urea-PBS buffer and precipitated by adding it into acetone (J.T. Baker,
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Center Valley, PA) at a volumetric ratio of 4:1 of acetone to product solution. The precipitate
was separated from the acetone by centrifugation, weighed and re-dissolved in urea-PBS buffer
at 2.2 ml of buffer/g of precipitate. The product was dialyzed against 1 L sterile PBS over
24 hours (with three changes of PBS) at 4°C in the dark. The final product was aliquoted into
sterile centrifuge tubes and stored at -80°C. The synthesized PF was characterized similarly as

described earlier in Section 3.2.3.

4.2.3 Cell Encapsulation in PF Hydrogels

Poly(dimethyl siloxane) (PDMS) molds were prefabricated for hydrogel formation by
preparing a PDMS sheet of thickness 600 um between two glass slides separated by spacers. The
sheets obtained were then punched using a biopsy punch (diameter: 4 mm, maximum height:
700 um) to obtain cylindrical shaped molds. These PDMS sheets with cylindrical shaped molds
were affixed tightly to the bottom of a 6 well plate to prevent leakage of cell-hydrogel precursor.
Hydrogel precursor was prepared by mixing PF solution in PBS with 1.5% (v/v) triethanolamine
(TEOA), 37 mM 1-vinyl-2-pyrrolidinone (NVP), and 0.1 mM Eosin Y in PBS as photoinitiator.
A volume of 10 pL of the precursor was pipetted into each PDMS mold affixed in a well-plate
and crosslinked via visible light exposure (Light intensity: 203 mW/cm?) for 2 minutes. After 2
minutes, the PDMS sheet was peeled off from the well plate leaving behind cylindrical shaped,
photo-crosslinked hydrogels. Media was added to the well plates and hydrogel constructs were
maintained in the well plate for further analysis (Fig. 4.1). In order to modulate hydrogel
stiffness, additional PEGDA (250 mg/ml in PBS) was added to the PF precursor at a volumetric
ratio of 96:4 (PF+1%P) or 92:8 (PF+2%P) prior to photocrosslinking. In order to encapsulate

cancer cells within PF hydrogels, cells maintained in 2D flasks were trypsinized, counted, and
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resuspended in polymer precursor at 20x10° cells/ml prior to photocrosslinking. The resulting

tumor constructs were maintained in their respective culture media through the duration of study.

Cell suspension in Cell suspension pippeted
PF hydrogel matrix into PDMS molds

\

PDMS mold with PDMS mold placed in 6 well plate
punched holes

LED flashlight

= 8

PDMS molds removed Photocrosslinked hydrogels Photocrosslinking via visible light
and media added

Figure 4.1: Schematic of PF-based hydrogel formation. PDMS molds (thickness: 700 um) are
affixed on a 6 well plate and hydrogel precursor (10 ul) mixed with cells is pipetted within the
molds. The precursor-cell mixture is crosslinked via visible light for 2 minutes and the PDMS
molds are removed to obtain hydrogels encapsulating cells which are then maintained in culture
media.
4.2.4 Mechanical Characterization

In order to measure the Young’s modulus of the tumor constructs, constructs were
subjected to parallel-plate compression testing under physiological conditions using a CellScale

Microsquisher® system and associated SquisherJoy software. Briefly, MCF7 cells were
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encapsulated within hydrogels of varying PEGDA concentrations at 20x10° cells/ml and
maintained in 3D culture for 5 days prior to mechanical testing. These tumor constructs (4 mm in
diameter and 700 pm in thickness) were then loaded onto the Microsquisher® platform and
maintained at 37°C in PBS, preconditioned for compression testing and made to undergo cycles
of compression and relaxation at a rate of 5 um/s for a minimum of 20% strain. The force-
displacement data obtained from the compression test were converted to stress-strain curves and
the lower portion of the curve (5-15% strain) was used to obtain a linear regression line and
estimate the Young’s moduli of the bioengineered tumor constructs. A minimum of 3 samples

were measured for each condition.

4.2.5 SEM Imaging

The ultrastructural features of acellular hydrogel constructs and cell-laden tumor
constructs were visualized through SEM. Acellular hydrogel constructs were washed in PBS,
cryo-frozen in liquid nitrogen and dried using lyophilization for 3 hours. Tumor constructs were
first washed with PBS, fixed with 4% glutaraldehyde for one hour, and then post-fixated with
2% osmium tetroxide for one hour, all at 25°C. The fixed constructs were dehydrated gradually
in increasing concentrations of ethanol (30%, 50%, 70%, 90% and 100%, 10 minutes for each
concentration) and finally chemically dried using hexamethyl disilazane (HMDS, Electron
Microscopy Sciences, Hatfield, PA) for 3 hours. Dried samples were mounted on carbon taped-
aluminum stubs, sputter-coated with gold (Pelco SC-6 sputter coater) and imaged using scanning
electron microscope (JEOL JSM-7000F). SEM images of the acellular hydrogel constructs were
analyzed for pore size, pore density and porosity using ImageJ software (NIH, version 1.48q). A
minimum of 50 pores per condition were analyzed for pore size determination and 5

representative images per condition were analyzed for pore density and porosity quantification.

107



Individual pores in the representative SEM images were outlined manually in the Imagel
software and their mean geometric diameters were considered as pore size. The number of pores
in specific sections of the SEM images (2500 um? area) were manually counted and extrapolated
on a per mm? area basis. For porosity analysis, the SEM images were converted to binary masks
with pores appearing black in color and ‘non-pore’ regions appearing white. The total area
covered by the black regions (pore regions) was measured and the divided by the total area of the
image field of view (entire hydrogel area) to obtain the percentage porosity for the respective

conditions.

4.2.6 Morphological Analysis

Morphological features representative of cancer cell growth and cell spreading were
quantified via phase contrast microscopy and image analysis through 15 days in culture.
Post-encapsulation of cancer cells, tumor constructs maintained in 3D culture were imaged using
a Nikon Ti inverted microscope equipped with an Andor Luca S camera every three days.
Z-stacks obtained above were analyzed using Imagel software to determine colony area,
diameter, circularity, and aspect ratio (for MCF7 and SK-BR-3 cells) and cellular area, diameter,
circularity, aspect ratio, and elongation length (for MDA-MB-231 cells). Specifically,
colony/cellular morphologies were quantified by focusing through individual planes in a
sequential manner from top to bottom of the z-stacks. Since, individual planes contain both
in-focus and out-of-focus regions of interest, quantification of morphological features was
conducted at only those planes where edges and boundaries of cells/colonies appeared sharpest
and most distinct. A minimum of 50 colonies (for MCF7 and SK-BR-3 cells) or cells (for

MDA-MB-231 cells) were analyzed for each time point and each condition.
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4.2.7 Cell Viability Analysis

Viability of cells within the PF hydrogel tumor models were observed and quantified via
fluorescence microscopy and image analysis. Briefly, tumor constructs were washed with PBS
and incubated in Live/Dead® cell viability stain (Invitrogen, Carlsbad, CA) for 30 minutes.
Excess Live/Dead stain was washed with PBS and z-stack images of the samples were acquired
under an inverted Nikon Ti microscope. The images (z-stacks, thickness: 200 um) were analyzed
using ImagelJ software by manually counting the cells in each slice of the z-stack. A minimum of

5 z-stack images were quantified for each time point and each condition.

4.2.8 Immunostaining and Fluorescence Microscopy

The 3D morphology and proliferation of cancer cells within bioengineered tumor
constructs were visualized by immunostaining and confocal fluorescence microscopy and
quantified via digital image analysis. Briefly, tumor constructs maintained in 3D culture were
washed with PBS, fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 1 hour
at 25°C, permeabilized with 0.5% Triton-X for thirty minutes followed by incubation with
blocking buffer (2% bovine serum albumin and 5% FBS in PBS) overnight. On the following
day, the constructs were incubated with primary antibody against Ki67 (rabbit polyclonal,
Abcam, Catalog# ab15580, 1:100 dilution) for 3 hours followed by incubation with secondary
antibody against Ki67 (Alexa Fluor 488 goat anti-rabbit polyclonal, Thermo-Fisher, Catalog#
A-11008, 1:200 dilution) and Alexa Fluor 568 Phalloidin (Thermo-Fisher, Catalog# A12380,
1:200 dilution) for 3 hours. Finally, the constructs were stained with Hoechst 33342 (1:200
dilution) for one hour and washed with PBS. Immunostained constructs were mounted on
coverslips and imaged using confocal microscopy (Nikon Al Confocal Scanning Laser

Microscope) to obtain z-stacks. Fluorescence images were analyzed using ImageJ software by
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manually counting the number of cells in the field of view positive for Ki67 expression. A

minimum of 5 z-stacks were analyzed for each condition.

4.2.9 Statistical Analysis

All statistical analysis was performed using Minitab 17 Statistical Software (Minitab
Inc.). After checking for normality of distribution, One-way ANOVA with Tukey’s family error
rate of 5% was used to evaluate statistical significance between multiple groups, assuming equal
variance and equal sample size of compared groups. In case of unequal variance between groups,
the Games-Howell post-hoc test was employed following the ANOVA analysis. Unless

otherwise indicated, p < 0.05 was considered statistically significant.

4.3 Results
4.3.1 Modulation of Hydrogel Stiffness via Relative PEGDA content

A number of techniques were used to determine specific characteristics of the PF-based
hydrogels. The degree of acrylation of PEGDA, measured via ‘H NMR spectroscopy, was
determined to be 96.0%. The fibrinogen concentration and the dry weight of PEGDA in the
synthesized PF solution obtained after dialysis were determined to be 16.6 mg/ml and
21.5 mg/ml, respectively. The PEGylation efficiency was calculated as 74.0%. Addition of 1.0%
and 2.0% PEGDA in the PF precursor resulted in protein concentration of 16.0 mg/ml and
15.3 mg/ml, respectively, and PEGDA concentration of 30.6 mg/ml and 39.8 mg/ml,
respectively. The final composition of the three hydrogel formulations used were: PF: % Mass of
total polymer = 3.8% w/v, Molar ratio of PEG: fibrinogen = 44:1; PF+1%P: % Mass = 4.7%

w/v, Molar ratio = 65:1 and PF+2%P: % Mass = 5.5% w/v, Molar ratio = 88:1.
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Mechanical characterization of tumor constructs (diameter: 4 mm, thickness: 700 um) 5
days post cell encapsulation revealed significant differences in stiffness of the constructs. The
stress-strain curves for all three hydrogel compositions were linear and elastic in the 15% strain
range (Fig. 4.1A). The Young’s moduli for the three hydrogel compositions were evaluated as
3.2+05kPa (PF), 5.4 + 0.5 kPa (PF+1%P) and 9.0 + 1.4 kPa (PF+2%P), which were
significantly different from each other (Fig. 4.1B). Thus, modulation of mechanical stiffness,
amongst changes in other parameters (e.g. pore characteristics), can be achieved by incorporation
of excess PEGDA within the PF precursor and can be subsequently used for detailed
investigation of 3D cancer cell behavior. Specifically, differences in diffusion coefficients that
might result from the addition of excess PEGDA needs to be investigated in details in future

studies.
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Figure 4.2: Mechanical characterization of tumor constructs. (A) Stress-strain behavior of
hydrogel constructs of PEG-fibrinogen (PF), PF with 1% excess PEGDA (PF+1%P) and with
2% excess PEGDA (PF+2%P) demonstrates the influence of PEGDA moieties in hydrogel
characteristics. (B) Incorporation of excess PEGDA results in increasing Young’s modulus of

bioengineered tumor constructs (n=3 hydrogels, *p<0.05).
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4.3.2 Ultrastructural Variations in PF-based Tumor Constructs

Acellular hydrogel constructs were fabricated and visualized via SEM to observe
stiffness-dependent ultrastructural differences. All three hydrogel compositions (PF, PF+1%P,
PF+2%P) displayed a uniform, porous architecture with good pore interconnectivity (Fig. 4.2A,
B and C). PF hydrogels exhibited a rougher surface with the presence of microgrooves and
sub-micron pores, while PF+2%P hydrogels had a smoother and more structured appearance,
indicating that the excess PEGDA promotes a firmer matrix with self-supporting
microarchitectural features (Fig. 4.2D, E and F). Quantification of pore size of these PF-based
hydrogel matrices revealed the average pore size of PF, PF+1%P and PF+2%P hydrogels to be
4+] pm, 8+3 pm and 16+4 pm respectively, which were significantly different from each other
(Fig. 2G). In addition, the pore density of PF hydrogels (50000 + 4000 pores/mm?) was
significantly higher than that of PF+1%P hydrogels (39000 + 5000 pores/mm?) and PF+2%P
hydrogels (20000 + 5000 pores/mm?) (Fig. 4.2H). Interestingly, the porosity of the three
different hydrogel compositions (PF: 49 £ 3%, PF+1%P: 50 + 5% and PF+2%P: 52 + 2%) were
comparable with each other (no significant difference), indicating that as the relative PEGDA
concentration increases, the pores become larger in size but less numerous, thereby maintaining
relative consistency in the overall porosity of the PF-based hydrogels.

Ultrastructural visualization of tumor constructs revealed prominent cell line-dependent
variations in tumor constructs. In general, for all the three cell lines, uniform cell distribution in
the field of view was observed. MCF7 cells in PF hydrogels formed distinct colonies with
possible presence of tight and adherens cell-cell junctions, particularly at the edges of the tumor
constructs (Fig. 4.3A and D), while cells in the middle regions appeared more isolated

(Fig. 4.3G). Closer inspection of the MCF7 cell surface revealed the presence of numerous
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microvilli and other cell-surface projections that potentially play a significant role in cell-cell and
cell-matrix interactions (Fig. 4.31J and M).

SK-BR-3 cells also displayed a similar ultrastructural morphology in PF hydrogels. The
cells formed local colonies with visible cell-cell junctions, potentially tight and adherens
junctions, though the colonies were of smaller size compared to MCF7 cells (Fig. 4.3B). As
observed earlier with MCF7 cells, SK-BR-3 cells at the edge of tumor constructs formed larger
colonies compared to those in the middle regions which appeared more isolated (Fig. 4.3E and
H). At higher magnification, the mesh-like nature of the matrix was visible and cell-surface
projections of SK-BR-3 cells appeared grossly different from those of MCF7 cells (Fig. 4.3K and
N).

MDA-MB-231 cells appeared to be distributed as single cells within the hydrogel matrix
without the presence of major cell-cell junctions (Fig. 4.31 and L), as is characteristic of their
metastatic nature. On closer inspection at the edges and middle regions of the bioengineered
tumor constructs, some cells appeared to be elongated or have cellular extensions while other
appeared more rounded (Fig. 4.3F and I). At higher magnifications, the mesh-like appearance of
the hydrogel matrix and microvilli and filopodia at the cell surface interacting with the
surrounding matrix were distinctly visible (Fig. 4.3L and O), which were consistent with
observations in a previous study with fibroblasts cultured in collagen scaffolds (Masci et al.

2016).
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Figure 4.3: Stiffness-dependent ultrastructural differences in PF-based hydrogels. (A and D) PF
hydrogels exhibit a greater degree of surface roughness due to the presence of microgrooves and
sub-micron pores and a higher degree of pore interconnectivity. (B and E) PF+1%P hydrogels
reveal an increasing degree of groove-like features. (C and F) PF+2%P hydrogels display a
smoother pore surface and a greater degree of self-supporting features indicative of higher

stiffness imparted by excess PEGDA. Quantification of ultrastructural characteristics of
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PF-based hydrogels revealed (G) increased pore size and (H) decreased pore density with
increasing relative PEGDA content. Red points denote individual pore measurements, blue
diamonds denote mean of respective group and black boxes represent the upper quartile, median,
and lower quartile of each respective group (Pore size: n=50 pores, Pore density: n=5

representative regions of interest, *p<0.05).
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Figure 4.4: Ultrastructural features of tumor constructs. MCF7 cells within PF hydrogels display
(A, D) a greater degree of colony formation at the edge compared to (G) the center of the
hydrogel constructs and also exhibit (J) cell-cell interactions (denoted by white arrows) through
(M) numerous cell-surface microvilli. SK-BR-3 cells display smaller colony formation compared
to MCF7 cells which are (B, E) more numerous at the hydrogel edge compared to (H) the center
regions. (K, N) Cell-cell and cell-matrix interactions are visible through surface microvilli-like
features. MDA-MB-231 cells exhibit (C) more elongated and invasive morphology with (F)
higher cell density at the hydrogel edge compared to () the center of hydrogel constructs. (O)
Elongated cells exhibit distinct cell-surface projections of varying shapes and dimensions. (M, N,
O) Cell-surface projections are markedly different for the three cell types indicating heterotypic

cell-matrix interactions.

4.3.3 Influence of Hydrogel Matrix Modifications on Cancer Cell Morphology

In order to assess the impact of hydrogel stiffness on encapsulated cancer cells, PF-based
hydrogels were visualized and phase-contrast images were analyzed for morphological features
indicative of cancer cell growth and migration. In general, irrespective of stiffness variations,
MCF7 cells encapsulated within bioengineered tumor constructs appeared as individual cells on
day 0 which progressed to form distinct locally distributed colonies through day 15 of culture,
especially near hydrogel construct edges (Fig. 4.5A-D). The cell colonies formed by MCF7 cells
increased in area and diameter through 15 days. Cells in PF+2%P hydrogels (highest stiffness)
formed significantly larger colonies (based on colony area and diameter) compared to cells in PF
hydrogels (lowest stiffness) (Fig. 4.5E and F). However, colony circularity and colony aspect
ratio (indicative of invasiveness (Chaudhuri et al. 2014, Jimenez Valencia et al. 2015, Wu,

Phillip, et al. 2015, Geum et al. 2016)) remained fairly comparable among the three groups (Fig.
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4.5G and H). Cells in phase contrast images appear different from those in SEM images due to

differences in magnification and artifacts of SEM sample preparation.
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Figure 4.5: Characterization of MCF7 colonies over time. (A-D) MCF7 cells display tight cell
colonies within PF-based hydrogels. (E) Colony area and (F) colony diameter of MCF7 cells
increase with time, with PF+2%P hydrogels promoting larger colony formation. (G) Colony
circularity and (H) colony aspect ratio remain fairly constant among the three groups (n= 50
colonies in 3 hydrogels per condition, * Significant difference between PF and PF+2%P, #

Significant difference between PF and PF+1%P, p<0.05). Scale bar = 50 um.
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SK-BR-3 cells also showed similar morphological characteristics with single cells on day
0 forming distinct cell colonies through day 15 (Fig. 4.6A-D). SK-BR-3 cells exhibited increases
in colony area and diameter through 15 days of culture. However, no significant difference was
observed in colony area or diameter among the three hydrogel groups, suggesting that SK-BR-3
cells may be less responsive to changes in matrix stiffness compared to MCF7 cells. Notably,
SK-BR-3 cells formed smaller colonies in the hydrogel constructs compared to MCF7 cells for
all the three hydrogel compositions (~2000 pm? area for SK-BR-3 cells vs. ~3000 um? for MCF7
cells) (Fig. 4.5 E-F and Fig. 4.6 E-F). As reported above for MCF7 cells, colony circularity and

aspect ratio remained fairly constant throughout the culture period (Fig. 4.7C and D).
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Figure 4.6: Characterization of SK-BR-3 colonies over time. (A-D) SK-BR-3 cells display tight
cell colonies within PF-based hydrogels. (E) Colony area and (F) colony diameter of SK-BR-3
cells increase with time, with no significant effect of matrix stiffness on morphological features.
(G) Colony circularity and (H) colony aspect ratio remain fairly constant among the three groups
(n= 50 colonies in 3 hydrogels per condition, no significant difference between groups). Scale

bar = 50 um.

MDA-MB-231 cells, being metastatic in nature, formed cellular protrusions with gradual
elongation of cells and subsequent apparent migration and invasion of individual cells within the
hydrogel matrix (Fig. 4.7A-D). Elongated cells were also observed to form cellular
interconnections with each other via protrusions (Fig. 4.7B). Interestingly, a distinct proportion
of MDA-MB-231 cells were observed to remain spherical in shape throughout the 15 day culture
period, without committing to an invasive morphology (Fig. 4.7C and D). Cellular area and
diameter remained fairly constant over time; however, cells in the lowest stiffness hydrogels
displayed significantly higher cellular area and diameter (Fig. 4.7E and F). Cellular circularity
and aspect ratio (indicative of invasiveness) were also significantly different between hydrogels
with the highest and lowest stiffness (Fig. 4.7G and H). Average elongation length was
significantly higher in hydrogels of lowest stiffness (Fig. 4.8). These observations can be
attributed to PF hydrogels (lowest stiffness) potentially having lower crosslinking density, higher
pore interconnectivity, higher average pore diameter and lower stiffness compared to PF+2%P
hydrogels (highest stiffness), thereby allowing a higher number of cellular protrusions and
greater degree of invasion. Notably, standard deviations of measured parameters were
considerably higher for MDA-MB-231 cells compared to the other two cell lines. This can be

attributed to the presence of a distinct sub-population of cells that remained spherical in shape,
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potentially quiescent in behavior, without displaying any invasive phenotype through the entire

culture period.
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Figure 4.7: Characterization of MDA-MB-231 cells over time. (A-D) MDA-MB-231 cells
exhibit an invasive and elongated morphology within hydrogel matrix while some cells remain
spherical in shape and non-committed towards an invasive morphology. (E) Cellular area and (F)
cellular diameter of MDA-MB-231 cells vary over time, with PF hydrogels promoting higher
cellular size. (G) Colony circularity and (H) colony aspect ratio are also significantly different

between hydrogels of the lowest and highest stiffness. (n= 50 cells in 3 hydrogels per condition,
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* Significant difference between PF and PF+2%P, # Significant difference between PF and

PF+1%P, p<0.05). Scale bar = 50 pum.
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Figure 4.8: Elongation of MDA-MB-231 cells over time. MDA-MB-231 cells in the PF
hydrogels are more elongated compared to those in PF+1%P and PF+2%P hydrogels. (n= 50
cells in 3 hydrogels per condition, * Significant difference between PF and PF+2%P, #

Significant difference between PF and PF+1%P, p<0.05).

Overall, morphological features of encapsulated cancer cells in PF-based hydrogels of
varying stiffness are primarily dependent on cell type. Cells of epithelial phenotype (MCF7,
SK-BR-3) displayed tight colony formation and local growth while cells of mesenchymal
phenotype (MDA-MB-231) exhibited invasive morphologies. In addition, increased matrix
stiffness and decreased matrix porosity also had cell type-dependent effect on cellular
morphology. These morphological trends are a result of the synergistic effect of changes in
matrix stiffness and pore characteristics, rather than individual influences of matrix
characteristics. The individual role of stiffness and pore characteristics on 3D cell behavior needs

to be investigated in more details.
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4.3.4 High Cell Viability in Tumor Models

In order to assess the viability of the encapsulated cancer cells in 3D culture, the tumor
constructs were stained with Live/Dead dye and cell viability was evaluated via fluorescence
imaging. On day 0 immediately after encapsulation, all cell lines displayed high viability (>90%)
irrespective of matrix stiffness. No significant effect of stiffness or trend was observed on
viability for any cell line and viable cells appeared to be fairly well-distributed throughout the
entirety of the bioengineered tumor constructs, with no obvious locational differences
(Fig. 4.9A-L). Interestingly, MDA-MB-231 cells that appeared rounded in shape within
PF-based hydrogels also demonstrated high viability, indicating that these cells were
non-invasive and potentially quiescent in terms of proliferative and metabolic behavior (Fig.
4.9], K and L). In some cases, at the final time point on day 15 of culture, there was a significant
reduction in cell viability compared to day O values across the three cell lines and three matrix
stiffnesses; however, these day 15 values still remained relatively high (>80%), indicating good
viability of cells within bioengineered tumor constructs over time (Fig. 4.9M). As future work,
the effects of diffusion coefficients of bioactive molecules, if any, on the viability of

encapsulated cells need to be investigated in more detail.
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Figure 4.9: Cell viability in 3D tumor models. (A-L) Representative fluorescence images of cells
within 3D bioengineered tumor constructs (combined Z- stack of thickness 200 um) stained with
calcein AM (Live, green) and ethidium homodimer (Dead, red) on days 0 and 15 demonstrate
uniform distribution of live cells. (M) MCF7, SK-BR-3 and MDA-MB-231 cells exhibit
relatively high cell viability through 15 days of culture, irrespective of matrix stiffness, thereby
demonstrating that matrix stiffness does not influence cell viability; temporal changes in viability

were observed in some conditions (n = 5 z-stacks from at least 3 separate constructs, *p<0.05).
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4.3.5 3D Morphology and Proliferation in Tumor Models

In order to characterize 3D morphology and quantify proliferation of cancer cell lines, the
bioengineered tumor constructs of varying stiffness were stained with phalloidin to visualize
actin filaments and for Ki67 to identify proliferating cells and imaged under fluorescence
confocal microscopy. MCF7 cells were observed to form local, circular colonies with prominent
cell-cell junctions and actin filaments localized at the periphery of cells. Approximately 70% of
cells stained positively for Ki67 in hydrogels of varying stiffness (subcellular location: nuclei),
indicating relatively high cell proliferation irrespective of matrix stiffness (Fig. 4.10A-C, J).

SK-BR-3 cells also showed similar behavior within the bioengineered tumor constructs.
These cells also appeared as local colonies with tight cell-cell junctions replicative of their native
morphology with approximately 80% of the cells staining positive for Ki67 (Fig. 4.10D-F, J).
Majority of cells displayed nuclear localization of Ki67 while some cells displayed
cytoplasmic/membranous localization of Ki67. No stiffness-dependent differences in cellular
proliferation were observed in the bioengineered tumor constructs.

MDA-MB-231 cells displayed an invasive morphology with cellular extensions within
the 3D hydrogel matrix. Cells within PF hydrogels (lowest stiffness) displayed higher degree of
filopodial extensions and elongations, which were gradually reduced in hydrogels with
increasing PEGDA concentrations and increasing stiffness (Fig. 4.10G-I, J). Interestingly, a
significant proportion of MDA-MB-231 cells remained circular in shape without displaying an
invasive phenotype and this proportion gradually increased with increasing stiffness. In addition,
cells with an invasive morphology exhibited nuclear Ki67 expression while those with a rounded
morphology exhibited cytoplasmic Ki67 expression (Fig. 4.10G-1). Cytoplasmic/membranous

staining of Ki67 has been previously reported and has been correlated with high grade,
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ER- tumors with HER2 amplification (Faratian et al. 2009, Grzanka et al. 2000). Possible
explanations for this observation include cross-reactivity with other analogous proteins or
relocalization of Ki67 within cells (Faratian et al. 2009). It could also be attributed to the five
different isoforms of the Ki67 protein (o, B, v, & and €) which have been reported in literature;
although their functional roles have not been investigated in detail (Schmidt et al. 2004). It is
possible to surmise that Ki67 positivity alone may not be sufficient to comprehensively describe
the proliferation status of MDA-MB-231 cells and further investigation is necessary to

distinguish truly proliferative cells from quiescent ones.
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Figure 4.10: Cell line- and stiffness-dependent morphology and proliferation within PF-based
hydrogels. On day 15 post-encapsulation, (A-C) MCF7 and (D-F) SK-BR-3 cells display local
colony formation with cells stained for actin filaments (red, cell morphology), Ki67 (green, cell
proliferation), and nuclei (blue). (G-1) MDA-MB-231 cells display elongated morphology which
is decreased with increasing stiffness. (J) Relative percentage of Ki67 positive cells for cancer
cell lines in PF-based hydrogels of varying stiffness (n= 5 z-stacks from at least 3 separate

constructs).
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4.3.6 Locational Growth Heterogeneity in Tumor Models

Cancer cells found in native tumor tissue exhibit significant heterogeneity in growth
characteristics, proliferation, metabolism, hypoxia and other cellular signaling mechanisms. In
this context, we observed locational growth heterogeneity in the tumor constructs, specifically
with MCF7 and SK-BR-3 cells, via analysis of cell colony size on days 0, 7 and 15. After
encapsulation on day 0, MCF7 and SK-BR-3 cells appeared as single cells distributed uniformly
throughout the tumor constructs (Fig. 4.12A and B). However, when observed on day 7, cells
close to the edge of the tumor constructs formed larger colonies compared to those located in the
further interior regions (Fig. 4.12C and D). This difference in colony area was even more
conspicuous on day 15 when colonies near the hydrogel edge appeared distinctly larger
indicative of extensive cell growth while those farther away from the edge appeared isolated and
relatively quiescent in behavior (Fig. 4.12E and F, Fig. 4.13). The decrease in colony area was
either exponential or according to the power law with increasing distance from the hydrogel edge
(Fig. 4.12). However, no distinct effect of matrix characteristics on cellular heterogeneity was
observed, with cells in different stiffness hydrogels exhibiting similar trends in growth
heterogeneity (Fig. 4.12). Further investigation of cell proliferation revealed that more Ki67+
cells were localized near the tumor construct periphery and gradually decreased in number
beyond a distance of ~ 400 pum from the hydrogel edge (Fig. 4.13E). Spatial variation in the
density of Ki67+ cells and colony size were well-correlated, with higher numbers of proliferative
cells and larger colonies at the construct periphery and lower numbers of proliferative cells and
smaller colonies in the interior regions of the construct (Fig. 4.13F,G).

These observations can be attributed to the assumption that cancer cells near the edge

have better access to nutrients and oxygen from media diffusing near the edge of the hydrogel;
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however, as the diffusion distance increases, mass transfer resistance prevents cells in the interior
regions from being proliferative or metabolically active. In addition, as the cell colonies near the
edge become larger with time, the colonies themselves impart intrinsic resistance to the diffusion
of nutrients to cells located in the interior regions of the hydrogels, further enhancing the
locational differences in colony area. The effect of additional PEGDA incorporation on the
diffusional gradients of nutrients and cellular metabolites and resulting 3D cell behavior and

morphology should be investigated in more detail.
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Figure 4.11: Spatial variations in proliferation and colony area. (A) MCF7 cells cultured within
PF hydrogels (white arrow represents hydrogel edge) and imaged on day 15 exhibit locational
differences in colony size with (B) those near the edge being largest in size, (C) those in the
intermediate zone being smaller, and (D) those in the innermost zone being most isolated and
smallest in area. (E, F, G) MCF7 cells positive for Ki67 (proliferative cells) are located closer to
the hydrogel edge (represented by dotted lines) while those in the hydrogel center appear non-
proliferative and quiescent. (H) MCF7 and (I) SK-BR-3 cells are uniformly sized throughout
hydrogel constructs on day 0, but locational differences in colony area are observed on day 7 and

become more prominent by day 15.

4.4 Discussion

This study establishes a 3D in vitro model of three molecular subtypes of breast cancer
and investigates the effect of matrix stiffness on the growth, morphology and heterogeneity of
encapsulated cells maintained in long-term 3D culture. Establishing 3D biomimetic
microenvironments in tissue-engineered cancer models is essential for recapitulating intrinsic
tumorigenic characteristics of cancer cells including cellular mechanobiology, cell-cell and cell-
matrix signaling. Towards this end, PF has been employed as a suitable biomaterial for
establishing 3D tumor models. Previously, a number of natural and synthetic materials have been
used for establishing 3D cancer models including collagen, Matrigel, agarose, alginate, silk
fibroin, peptide-conjugated PEG and others (Rijal and Li 2016, Xu and Burg 2007). However,
the use of fibrinogen as a potential ECM scaffold for cancer cell studies has not been
investigated in detail. The native breast tissue ECM is composed mainly of fibrillar collagens,
laminin, tenascin, fibronectin and other proteins (Oskarsson 2013, Lu et al. 2012). In addition to

these proteins, fibrinogen has also been found to be an important constituent of the ECM matrix
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in normal and malignant breast stroma, promoting tumorigenic progression not only through
integrin-mediated cancer cell-matrix interactions, but also by stimulating angiogenic growth via
endothelial cell communications (Costantini et al. 1991, Kolodziejczyk and Ponczek 2013,
Simpson-Haidaris and Rybarczyk 2001, Palumbo and Degen 2001). Hence, detailed
investigation of the biochemical interactions between breast cancer cells and ECM fibrinogen is

of potential interest in discovering novel therapeutic targets for drug treatment strategies.

In addition to cell-matrix signaling mechanisms, the bulk stiffness of the breast tissue
(imparted by the cells and ECM matrix components) is also a driving factor towards malignant
and metastatic behavior (Fenner et al. 2014, Butcher et al. 2009). In an investigation of normal
and cancerous breast tumor clinical samples, it was found that normal fat and fibroglandular
tissue exhibited Young’s moduli of ~3 kPa and fibroadenoma and low grade IDC (invasive
ductal carcinoma) exhibited a moduli of 6-10 kPa. However, with evolution of tumor stage to
DCIS (ductal carcinoma in situ) and intermediate grade IDC, the moduli increased to ~15-20 kPa
and in the case of high grade IDC, the modulus was ~ 40 kPa (Samani et al. 2007).
Bioengineered tumor models employing other biomaterials also exhibit a wide range of stiffness
values. Soft fibrin gels used for culturing B16-F1 melanoma cells demonstrated higher
tumorigenicity in 100 Pa gels compared to 400 Pa or 1000 Pa gels (gel stiffness corresponding to
initial measurements of cellular constructs) (Liu et al. 2012). Human head and neck squamous
carcinoma cells (HNSCC) cultured within alginate beads of wide stiffness range demonstrated
higher enrichment of tumor initiating cells (TICs) in moderate stiffness (70 kPa) hydrogels
compared to soft (20 kPa) or hard (105 kPa) stiffness hydrogels (stiffness being measured in
acellular constructs) (Liu, Liu, Xu, et al. 2015). Specifically, acellular PF hydrogels have been

shown to be relatively soft in terms of stiffness (~0.01-0.10 kPa), with the Young’s moduli
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dependent on molecular weight of PEGDA crosslinkers (4-20 kDa) and the relative weight of the
PEGDA fraction (10-20% w/v) in the polymer precursor (Almany and Seliktar 2005). Shear
storage moduli (G’) of acellular PF, PF with additional 1% PEGDA and PF with additional 2%
PEGDA hydrogel were reported as ~120 Pa, ~350 Pa, and ~700 Pa respectively (Bearzi et al.
2014). Similarly, the compressive moduli of acellular PF hydrogels with 0%, 1% and 2%
additional PEGDA were reported as 448 Pa, 1008 Pa and 2306 Pa respectively (Peyton et al.
2008).

When reporting stiffness of hydrogel constructs, it is important to consider the presence
of encapsulated cells and their ability to dynamically modulate bulk stiffness when maintained
under long-term 3D culture. In this study, we observed that the incorporation of breast cancer
cells within tumor constructs significantly increased the stiffness range to ~3-9 kPa, as compared
the stiffness of acellular PF hydrogels (reported earlier in literature). At the high cell
encapsulation density of 20 million cells/ml used in this study, the encapsulated cells themselves
were a major contributor to the stiffness of tumor constructs, in addition to the hydrogel matrix
per se. Although the Young’s moduli of the tumor models were closer to that of low-grade IDC
than that of intermediate or high-grade IDC, even these moderate variations in matrix stiffness
and microarchitectural properties elicited a prominent response in breast cancer cells. In this
study, encapsulated MCF7 cells were allowed to acclimatize in the 3D PF-based matrix and start
expressing their characteristic morphology for 5 days prior to mechanical testing. The stiffness of
PF-based tumor models is expected to further increase with time, as was demonstrated earlier
with fibroblasts (Kesselman et al. 2013), and vary with the morphology and phenotype of
encapsulated cancer cells as the cells proliferate in long-term culture, exerting cellular stress on

the surrounding ECM matrix and also secreting and depositing endogenous ECM components in
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the surrounding microenvironment. Reciprocally, the dynamic changes in stiffness could
potentially affect cancer cell-matrix signaling mechanisms and induce genetic, proteomic and
morphological changes at the cellular and tissue scales.

Matrix stiffness and porosity are important factors affecting the cellular fate of
encapsulated cancer cells within engineered tissue constructs (Lu et al. 2012, Levental et al.
2009). In this study, the stiffness and pore characteristics of PF-based hydrogels are coupled with
each other, which is a limitation of this hydrogel platform. Addition of excess PEGDA leads to
increasing stiffness while at the same time, increase in pore size and reduction in pore density.
Detailed investigation of material design and fabrication are necessary to uncouple the effect of
one parameter from the other and study the resulting effects on 3D cell behavior. In a previous
study, interpenetrating networks of reconstituted basement membrane matrix and alginate were
used to independently modulate matrix stiffness, composition and architecture for the culture of
normal mammary epithelial cells (Chaudhuri et al. 2014). In addition, the responsiveness of
encapsulated cells to independently modulated matrix stiffness, ECM chemistry and ligand
density has also been investigated (Peyton et al. 2006). The matrix stiffness of tumor models in
this study could be further increased by incorporation of bioactive PEG-peptide moieties into the
PF precursor prior to crosslinking in order to match it to intermediate or high-grade IDC. The
peptide sequences that could be conjugated to PEGDA macromer include RGDS or YIGSR (for
cellular adhesion) and GGGPQG|IWGQGK or KCGPQG|IWGQCK or GCYK|YNRCG (for
enzymatic degradation) (Leight et al. 2015, Raeber et al. 2005, Gill et al. 2012, Singh et al.
2014). However, it must be noted that incorporation of these sequences in PF precursor would
also alter the ultrastructural characteristics, and biochemical composition of the engineered

scaffolds in terms of bioactive moieties available for cellular adhesion and degradation; hence,
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care must be taken to suitably match these characteristics with that of native and in vivo tumors
to maintain physiological relevance. Specifically, it has been demonstrated that the compressive
modulus of bioactive PEG hydrogels could be varied in the range of ~20-55 kPa, independent of
tunable biochemistry, by modulated incorporation of adhesive RGDS and degradable
GGGPQG|IWGQGK sequences and controlled PEGDA macromer concentration in the polymer
precursor. These biomolecular variations eventually led to changes in epithelial morphogenesis
and induction of epithelial-mesenchymal transition (EMT) in a lung adenocarcinoma cell line
(Gill et al. 2012). Incorporation of these bioactive moieties within PF-based hydrogels in a
physiologically relevant context could potentially reveal more interesting differences in cancer
cell morphology, proliferation rates and EMT. Additionally, the incorporation of additional
PEGDA moieties could also lead to changes in the diffusion rates of specific bioactive molecules
like glucose, lactic acid, oxygen, carbon dioxide and others. The role of pore characteristics and
porosity of the hydrogel matrices in influencing the diffusion phenomena and the resulting
effects on 3D cell behavior also needs to be investigated in details.

Future investigations of the tumor models established in this study could incorporate
higher degrees of complexity such as inclusion of secondary cell types (e.g. fibroblasts,
endothelial cells, macrophages etc.) to more closely replicate native tumor conditions.
Fibroblasts are known to exert contractile stresses on the surrounding ECM matrix due to their
tendency of cell spreading and have the ability to dynamically stiffen hydrogel constructs over
time (Frisman et al. 2011). Hence, fibroblast-ECM interactions could also have a significant
reciprocal effect on cancer cell growth and malignant progression. Specifically, cancer-
associated fibroblasts (CAFs), known to upregulate tumorigenicity, malignancy and metastasis,

co-cultured with cancer cells could reveal important information about mechanisms of disease
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progression and anti-cancer drug resistance (Liao et al. 2009, Orimo et al. 2005). In addition,
testing of specific anti-cancer drugs could be conducted on the tumor constructs to evaluate their
cytotoxic effectiveness. These tumor models offer an advantage over other traditional 3D tumor
models through their ability to recapitulate the heterogeneity that is inherent to native tumors.
Specifically, cells located at the native tumor periphery are in close proximity to neo-vasculature
and hence richly supplied with nutrients and oxygen. However, cells located in the interior
regions of the tumor tissue experience diffusional gradients of oxygen (leading to hypoxia) and
nutrients (leading to accumulation of waste metabolites and acidic pH). When cancer cells are
cultured within in vitro 3D biomimetic models, some of the key features related to tumor
heterogeneity such as hypoxia and cell proliferation can be more closely recapitulated than is
achievable in typical 2D culture conditions. Previously, we have shown that MCF7 cells cultured
within spheroidal PEGDA hydrogel millibeads (2 mm diameter) exhibit viable cell layers in the
hydrogel periphery, but undergo significant cell death in the interior regions of the millibeads
(Pradhan et al. 2014). A previous study of MDA-MB-231 cells encapsulated within
transglutaminase-crosslinked gelatin hydrogels also displayed growth and morphological
heterogeneity due to onset of hypoxia in the central regions of the hydrogel constructs (Fang et
al. 2014). Likewise, since a distinct sub-population of MCF7, SK-BR-3 and MDA-MB-231 cells
in the central regions of PF-based bioengineered tumor constructs appear to be non-proliferative
or non-committed towards phenotypic invasive morphology, the effect of anti-cancer drugs on
these cells could be studied with special focus. These cells within the PF-based tumor constructs
could also be investigated for potential cancer stem cell-like characteristics.

Overall, the established bioengineered breast tumor models provide a reliable and

effective method for investigation of 3D cancer growth and morphology in the presence of a
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biomimetic matrix of tunable stiffness with future applications in cancer cell studies and

drug-testing platforms.

4.5 Conclusions

In this study, tumor models based on PF hydrogels with varying physical characteristics
representing three distinct molecular subtypes of breast cancer have been developed.
Incorporation of additional PEGDA in the PF matrix led to an increase in the Young’s moduli of
constructs and prominent differences in ultrastructural architecture as observed through SEM.
Cancer cells encapsulated within these hydrogels exhibited cell type-dependent and matrix-
dependent variation in morphology, cell spreading and growth. High viability of cell lines was
maintained in 3D culture. 3D morphology was visualized and proliferation was quantified within
the tumor models. Additionally, locational variation of colony size, indicative of tumor
heterogeneity, was quantified within the tumor models. These tumor constructs can be used in
the future for designing improved biomimetic models that can recapitulate key characteristics of
the native breast tumor microenvironment and facilitate further investigation of tumorigenic

phenomena in vitro.

136



CHAPTER 5: Investigation of Anti-cancer Drug Testing on a

3D Microfluidic Cancer-on-a-chip Platform

5.1 Introduction

The tumor microenvironment (TME) consists of diverse elements in addition to cancer
cells, most notably, cancer-associated fibroblasts (CAFs), endothelial cells, immune cells and
stromal ECM proteins like collagen, laminin and others (Mao et al. 2013, Soysal et al. 2015).
The complex milieu of these entities acting synergistically through cell-cell and cell-matrix
signaling mechanisms gradually leads to malignant and metastatic progression. In addition to
these elements, some other contributing factors of the TME in tumorigenic progression include
the mechanical stiffness of the tissue, factors secreted by the cancer and other cell types that
induce paracrine signaling and abnormal deposition and arrangement of ECM proteins within the
ECM. Understanding the role and influence of each of these factors independently and also
synergistically with each other is critical in constructing the mechanistic timeline of disease
progression. Further, recognition of important signaling and tumorigenic mechanisms is valuable
in finding new therapeutic targets for drug discovery and development.

Current in vitro 3D tissue-engineered cancer models incorporate particular elements of
the TME in various degrees of complexity that faithfully recapitulate specific tumorigenic
phenomena like angiogenesis, epithelial-mesenchymal transition (EMT), cancer cell migration
and metastasis (Bischel et al. 2013). Incorporation of ECM-mimic biomaterials within these
models helps provide important information of cancer cell behavior in 3D matrices in response to
ECM composition, porosity, microarchitecture and stiffness, amongst other parameters. In
addition to these models, microfluidic chip-based platforms have also been developed to

investigate the interactions of cancer cells with the surrounding stroma in the presence of an
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endothelial vasculature (Lee, Park, et al. 2014, Sung and Beebe 2014, Bischel et al. 2015). These
cancer-on-a-chip platforms facilitate investigation of specific tumorigenic mechanisms like
cancer cell migration, EMT, extravasation and metastasis, in addition to cancer-endothelial
interactions and cancer-fibroblast interactions (Boussommier-Calleja et al. 2016, Bersini et al.
2014, Jeon et al. 2015, Bruce et al. 2015). However, these platforms also suffer from some
limitations; many of them incorporate very simplistic vasculature designs that may not mimic
native physiological blood flow in the TME while others feature too few elements of the TME
that may not achieve the required level of complexity as in vivo or native systems.

In order to address these challenges and to improve upon currently existing systems, a
novel 3D microfluidic platform has been developed that incorporates the following key features:
1) an intricate network of lumenized endothelial vasculature originally obtained from an in vivo
source, 2) a central chamber consisting of cancer cells and fibroblast co-encapsulated within a
3D biomimetic PEG-fibrinogen (PF) matrix, 3) a well-established perfusable connection between
cancer-fibroblast region and surrounding vasculature and 4) inlet and outlet ports for introduction
of cells, culture media and anti-cancer agents in a dynamic and continuous manner. Using this
cancer-on-a-chip platform, specific interactions of cancer cells with surrounding endothelial
vasculature including cancer cell extravasation and migration to secondary sites were
investigated. In addition, cancer cells and fibroblasts were maintained in long-term 3D co-culture
and morphological progression of cancer cells was quantified. Diffusion of fluorescently-tagged
TRITC-dextran from the vascular channels to the cancer-fibroblast region was evaluated and the
resulting tumor heterogeneity was visualized. Finally, two anti-cancer drugs, doxorubicin and
paclitaxel, were perfused from the vascular channels and their cytotoxic effects on the cancer

cells as well as the endothelial cells were quantified, thereby demonstrating the ability of this
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system in assessing anti-cancer drug efficacy in the presence of multiple physiological factors of

the tumor stroma.

5.2 Materials and Methods

5.2.1 Design and Fabrication of Microfluidic Platform

Two specific microvascular designs (C002 and D002) were used in this study. They will
henceforth be referred to as “high perfusion chip” (HPC, for C002 design) and “low perfusion
chip” (LPC, for D002 design). These designs were obtained from digitized images of mouse
vasculatures. Briefly, a fluorescent probe (FITC-dextran, Molecular weight: 4 kDa) was injected
into mouse vasculature and confocal microscopy images were obtained in the local area of
perfusion. These images were then digitized using the software package Arc-Info (ESRI) into
AutoCAD-MAP format. The “arc-node topology” feature in Arc-Info was used to digitize the
microvascular network to map the vessels. Flow directions in these networks as observed in vivo
served as guidelines for defining inlet and outlet ports in the digitized network. Layouts of the
digitized network images were rendered in AutoCAD LT (AutoDesk, San Rafael, CA). The
AutoCAD designs were printed at high resolution on Mylar film (CADArt, Poway, CA). The
Mylar film was then used as a photomask for ultra-violet (UV) light (365 nm) for patterning an
8 um thick layer of positive SU-8 photoresist (AZ P4620, Clariant, Somerville, NJ) spun on top
of a silicon wafer. After development of the photoresist, the layer was removed using a
developer solution. PDMS (Sylgard 184) was prepared according to manufacturer’s (Dow
Corning, Midland, M) instructions, added on top of the photoresist mold and allowed to cure for
4 hours at 70°C. Through holes, defining the inlets and outlets, were punched using a beveled
25-gauge needle. The bonding surfaces of the PDMS and a pre-cleaned 1x3 in. glass slide
(Fisher Scientific, Pittsburgh, PA) were treated with oxygen plasma (150 mTorr, 50 W, 20 s)
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produced in the parallel plate plasma asher (March Inc., Concord, CA), to produce a tight bond
between the two surfaces. Tygon microbore tubing with an outside diameter of 0.6 in. and inner
diameter of 0.2 in. connected to 24 gauge stainless steel needle served as the connecting port to
the syringe mounted on a programmable syringe pump. All the studies for this work were

performed on networks with vessel diameters of 100 um.

5.2.2 Cell Culture and Maintenance

MCF7 and MDA-MB-231 breast cancer cells were obtained and cultured as described in
Section 4.2.1. BJ-5ta normal human foreskin immortalized fibroblasts were obtained from ATCC
(Manassas, VA) and maintained in 4 parts of Dulbecco's Modified Eagle's Medium containing
4 mM L-glutamine, 4.5 g/L glucose and 1.5 g/L sodium bicarbonate, 1 part of Medium 199
supplemented with 0.01 mg/ml hygromycin B and 10% fetal bovine serum. Human breast tumor-
associated endothelial cells (hnBTECs) were obtained from Cell Biologics (Chicago, IL) and were
maintained in Human Endothelial Cell Medium (500ml) (Cell Biologics, Chicago, IL)
supplemented with 0.5 ml VEGF, 0.5 ml heparin, 0.5 ml EGF, 0.5 ML hydrocortisone, 5.0 ml
L-gutamine, 5.0 ml antibiotic-antimycotic solution, 10.0 ml endothelial cell supplement and

50.0 ml FBS.
5.2.3 Establishment of Lumenized Vasculature

Fabricated microfluidic chips were initially degassed and coated with human fibronectin
solution (Sigma-Aldrich) (100 pg/ml) for 3 hours and with a gelatin-based coating solution (Cell
Biologics) for 30 minutes prior to cell seeding. hBTECs cultured in 2D flasks were trypsinized
with 0.05% trypsin-EDTA solution (Cell Biologics) and resuspended in endothelial media at
50x10° cells/ml. The hBTECs were loaded into a 1 ml syringe and manually flowed in through

the inlet port of the chips and allowed to attach overnight. Subsequently, the cells were
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maintained under continuous flow conditions (0.1 pl/min) via syringe pump (KD Scientific,
Holliston, MA) for at least two days to form complete lumenization with 360° coverage of the
vascular channels.

Immunostaining of hBTEC vasculature was conducted post lumenization according to
previous protocols. Briefly, media was removed and cells were washed with PBS through the
vascular channels. 4% paraformaldehyde solution in PBS was flowed in for 10 minutes to fix the
cells. The cells were further permeabilized by with PBS-T for 10 mins and blocked with
blocking buffer for three hours at room temperature. CD31-FITC (Invitrogen, 1:50 dilution) in
blocking buffer was perfused and staining was done overnight in the dark. Alexa Fluor 568
Phalloidin (Invitrogen, 1:200 dilution) and Hoechst 33342 (1:200 dilution) in blocking buffer
were flowed in and cells allowed to stain for 2 hours in the dark. The staining solution was
washed away with PBS and fluorescence images were obtained using confocal microscopy
(Nikon Al Confocal Scanning Laser Microscope) to obtain z-stacks. Fluorescence images were
analyzed using ImageJ software (NIH) to obtain morphological characteristics of endothelial

cells.

5.2.4 Long-term 3D Co-culture of Cancer Cells and Fibroblasts

PEG-fibrinogen (PF) was synthesized and characterized as described previously in
Section 4.2.2. Microfluidic devices vascularized with hBTECs were used for co-culture of cancer
cells (MCF7, MDA-MB-231) with BJ-5ta human fibroblast within PF hydrogels. MCF7 and
MDA-MB-231 cells cultured in 2D flasks were trypsinized and resuspended individually with
BJ-5ta cells in PF precursor at a density of 50x10° cells/ml (for cancer cells) and 10x10° cells/ml
(for fibroblasts). The cancer-fibroblast-precursor mixture was perfused through the central tumor

loading port and allowed to occupy the entire central tumor chamber. Some cancer
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cells/fibroblasts which initially escaped into the surrounding vasculature were washed away with
media immediately after cell perfusion. The perfused cells were allowed to settle in the central
chamber for 1 hour, after which the precursor was crosslinked with exposure to visible light for 2
minutes. Fresh media was perfused every 6 hours to replenish the small volume of media within
the microfluidic chips. Seeded cells were imaged every seven days under phase contrast
microscopy and these images were analyzed with ImageJ software to determine morphological
features representative of the two cancer cell lines. A minimum of three independent chips were
imaged and analyzed for each condition. At least 15 colonies for MCF7 cells and 50 cells for
MDA-MB-231 cells were analyzed per time point.

In order to assess long-term viability of seeded cells within microfluidic chips, cancer
cells and fibroblasts maintained in co-culture through 28 days were stained with Live/Dead® cell
viability stain (Invitrogen, Carlsbad, CA) for 20 minutes and fluorescence images were obtained
via a Nikon Ti inverted microscope. The number of live and dead cells were manually counted
using ImageJ software. A minimum of 5 images from 3 independent chips were analyzed for
viability assessment.

The extravasation and migration of MDA-MB-231 cells from the primary tumor region
into the surrounding vasculature was also quantified over time. Phase contrast images of cancer
cells in the vicinity of vascular networks were acquired every seven days and analyzed via
ImageJ for cells which had extravasated into the surrounding microvasculature and further
invaded into the secondary sites reminiscent of metastasis. A minimum of 5 images from 3

independent chips were analyzed for this purpose.
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5.2.5 Diffusion Testing within Microfluidic Chips

The diffusion of bioactive molecules from the vascular network to the interior regions of
the central tumor chamber was analyzed in order to understand the impact of diffusional
heterogeneity and resulting impact on cell morphology. Briefly, microfluidic chips were coated
with fibronectin, seeded with hBTECs and maintained under dynamic perfusion to form
lumenized vasculature. MCF7 cells and BJ-5ta fibroblasts were co-encapsulated in the PF
hydrogel matrix within the central tumor chamber and maintained in culture overnight. ).
Fluorescent TRITC-dextran (Sigma-Aldrich) was perfused through cell-seeded microfluidic
devices (Molecular weight: 4400 Da) at 1ul/min for 2 hours using a syringe pump. The chips
were imaged under fluorescence microscope and the images were analyzed using Imagel
software to generate heat maps of the concentration profile within the microfluidic chips. In
addition, the images were also analyzed to estimate the diffusion profile in specific local regions
of the two microfluidic chips using MS Excel. Phase contrast images of various regions of the
cell-seeded microfluidic devices were also obtained to visualize the morphological heterogeneity

due to diffusional differences.

5.2.6 Anti-cancer Drug Testing

Two common drugs, doxorubicin and paclitaxel, were tested on the microfluidic chips
seeded with endothelial cells, cancer cells and fibroblasts. Briefly, vascularized microfluidic
chips were seeded with cancer cells and fibroblasts within the PF hydrogel matrix and
maintained in culture for 2 days. Doxorubicin and paclitaxel (Euroasian Chemicals, India) were
dissolved in DMSO as solvent at 10 mM concentration. The drug solutions were diluted to 10
uM in hBTEC media prior to infusion in the microfluidic chips. The drugs were perfused via

syringe pump at lul/min for 19 minutes (for high perfusion chip) or 7.5 minutes (for low

143



perfusion chip) and maintained in culture for 4 hours. After 4 hours, fresh media was infused in
the chips to flush out all drug components. The chips were maintained in culture for a further 48
hours and Live/Dead cell viability staining was conducted on the chips to ascertain cell death.
Fluorescence images of stained regions of the chips were taken and analyzed by ImageJ software
to determine viable cell density and viable tumor area. The number of live cells (stained green)
within the field of view was manually counted to obtain viable cell density. The area occupied by
the live cells (viable tumor area) within the primary tumor chamber was demarcated by drawing
a line around region of interest and the area was calculated by the ImageJ software. The values
obtained were normalized to that from the control chips with no drug treatment. Microfluidic
chips with media perfusion were run as controls and chips with 0.1% DMSO were run as

vehicular controls. A minimum of three chips were analyzed per condition.

5.2.7 Statistical Analysis

All statistical analysis was performed using Minitab 17 Statistical Software (Minitab
Inc.). After checking for normality of distribution, One-way ANOVA with Tukey’s family error
rate of 5% was used to evaluate statistical significance between multiple groups, assuming equal
variance and equal sample size of compared groups. In case of unequal variance between groups,
the Games-Howell post-hoc test was employed following the ANOVA analysis. Unless

otherwise indicated, p < 0.05 was considered statistically significant.

5.3 Results and Discussion

5.3.1 Geometry-dependent Variation in Shear Rates
The shear flow rates within the microfluidic channels of the cancer-on-a-chip platform
were analyzed via Computational Fluid Dynamics software (Autodesk) to obtain the variations

of vascular flow that is closely reminiscent of physiological flow patterns in in vivo and native
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tumors. The high perfusion chip had a higher tumor chamber volume (127.10 pl) and a higher
average shear rate compared to the low perfusion chip (tumor chamber volume: 77.85 ul). Native
and in vivo tumors are characterized by abnormal blood flow in the surrounding vasculature with
the presence of closed loops, branchings, bifurcations and other complex patterns. Traditional
microfluidic systems rely on very simplistic designs and geometries for modeling of vascular
flow surrounding the central tissue chamber. However, in order to recapitulate native, dynamic
shear flow characteristics in these systems, it is necessary to incorporate increased degrees of

complexity in vascular patterns and networks.
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Figure 5.1: Experimental timeline and design of microfluidic chips. (A) Experimental timeline of
different steps involved in the cancer-on-a-chip platform starting from chip design and
fabrication to final drug-testing stage. AutoCAD design of the (B) high and (C) low perfusion
microfluidic chips used for experiments (black circle denote the tumor loading port). Shear rate
maps of the (D) high and (E) low perfusion chips reveal vastly different patterns and regional

variations in shear flow rate dependent on the vascular geometry of the designs.
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5.3.2 Formation of 3D Mature, Lumenized Vasculature

hBTECs seeded within fibronectin-coated microfluidic channels were maintained under
continuous perfusion culture to form complete lumenized vasculature with 360° coverage (Fig.
5.2E), indicating high degree of maturity. Immunostaining of this microvascular network
revealed high degree of CD31 expression, specifically at cell-cell junctions, which is
characteristic of native endothelium. Various sections of the microfluidic channels including
linear sections, bifurcations, X-junctions, loops and bends were imaged and consistent
immunostaining patterns were observed throughout the network (Fig. 5.2 A-D). Specific
morphological characteristics of the endothelial cells were quantified from fluorescence images
and are reported as follows: Mean surface area: 2220 + 794 um? Mean geometric diameter:
53 +10 pum, Mean circularity: 0.6 + 0.1, Mean aspect Ratio: 2.5 + 0.8, Mean cell density:
285 + 24 cellssmm?, Mean elongation length: 92 + 21 um. In addition, the directionality of
endothelial in different sections of the microfluidic network was also analyzed. Cells were highly
aligned in the direction of flow, with majority of cells being in the range of 0°-30° and 150°-180°
of flow channel direction (Fig. 5.2F, Fig. 5.3). A minor fraction of cells located in some of the
junction regions experienced flow from multiple directions and hence did not show preferential
alignment in a single direction.

Establishment of a complex, intricate vascular network is an essential step towards
modeling of the native tumor microvasculature. The added presence of this level of complexity is
a determining factor in the investigation of a number of different pathophysiological aspects,
namely: 1) exchange of media and cellular metabolites between the tumor region and
surrounding microvasculature, 2) diffusion and penetration of drug components from the

vasculature to the tumor mass, 3) presence of leaky vasculature and abnormal flow patterns
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(backflow, closed loops) that is characteristic of native tumors and 4) endothelial-cancer cell
communications and bidirectional signaling mechanisms that promote tumorigenesis and

malignant growth.
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Figure 5.2: Vascular immunostaining and characterization. hBTECs seeded on fibronectin-
coated microfluidic channels and maintained under continuous perfusion flow are stained for
CD31, F-actin and nuclei in various regions of the network including (A) linear sections, (B)
bifurcations, (C) X-junctions and (D) branching loops. (E) Side view of the linear section of the
microfluidic channel demonstrating uniform coverage of the microfluidic channels. (F) hBTECs

are aligned in the flow direction when maintained under continuous flow.
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Figure 5.3: Flow alignment of hBTECs. Relative alignment angle of hBTECs in microfluidic

channels reveals high degree of alignment with flow direction.

5.3.3 Long-term Co-culture and High Viability within Microfluidic Chips

MCF7 and MDA-MB-231 cells were individually co-encapsulated with BJ-5ta
fibroblasts within PF hydrogel matrix in the endothelialized microfluidic chips and maintained in
3D culture for 28 days for observation of morphology and viability. Both cancer cell lines were
uniformly distributed throughout the central tumor chamber on day 0 (Fig. 5.4A,D). MCF7 cells
formed distinct local colonies with tight cellular packing through 28 days in culture reminiscent
of their epithelial phenotype (Fig. 5.4B). MDA-MB-231 cells formed elongated and invasive
morphologies as is characteristic of their native metastatic nature (Fig. 5.4E). Staining of the

cultured cells with the live/dead dyes revealed high cell viability for both cell types within the
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microfluidic devices with quantification revealing over 90% live cells at the end of 28 days Fig.
5.4C, F, G).

Morphological quantification of cellular features was conducted from phase contrast
images every seven days post encapsulation of cancer cells. For MCF7 cells co-encapsulated
with fibroblasts, there was an increase in colony area (~1900 um? on day 0 vs. ~4200 pm? on day
28), increase in colony diameter (50 pm on day 0 vs. 80 um on day 28), decrease in colony
circularity (0.65 on day 0 vs. 0.55 on day 28) and no significant change in colony aspect ratio
(~1.5-2.0) over time (Fig. 5.5 A-D). Increases in colony area and diameter are indicators of cell
spreading and growth while decrease in colony circularity and increase in aspect ratio are
indicators of invasive morphology of MCF7 cell type. For MDA-MB-231 cells co-encapsulated
with fibroblasts, there was an increase in cellular area (~600 um? on day 0 vs. ~1500 pm?® on day
28), increase in cellular diameter (28 pm on day 0 vs. 42 um on day 28), decrease in cellular
circularity (0.30 on day 0 vs. 0.20 on day 28) and increase in cellular aspect ratio over time (4.0
on day 0 vs. 10.0 on day 28) (Fig. 5.5 E-H). In addition, there was also increase in cellular
elongation length (60 um on day 0 to 150 um on day 28) over time (Fig. 5.6). These changes are
indicative of cellular spreading and progression towards invasive morphologies.

In addition to gas exchange via the endothelialized microvasculature within the chips, gas
exchange is also permissible through other surfaces on the chips. Specifically, the PDMS
structures supporting the microvascular networks and cancer chamber is permeable to oxygen
and hence would allow diffusion of oxygen from the outside ambient atmosphere to the interior
regions, in a thickness dependent manner (Firpo et al. 2015, Markov et al. 2014). Given that the
PDMS thickness was uniform throughout the entire area of the microfluidic chips (and hence

oxygen permeability was also uniform), any variation in cell viability and growth can be
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attributed to differences in media perfusion resulting from shear rate and microfluidic geometry
variations. In addition, the distance of the MCF7 colonies from the surrounding vasculature was
approximately within a 500-600 um range. Cells seeded beyond this region did not form distinct
colonies and remained as single cells throughout the culture period, possibly in a quiescent state.
No difference in viability of cell colonies was observed within this 500-600 um distance. Cell
viability beyond this distance could not be quantified due to the inability of the Live/Dead dye to
perfuse to the innermost regions of the tumor chamber and due to autofluorescence effects from

the chip itself making it difficult to quantify fluorescently labelled cells.
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Figure 5.4: Long-term culture and viability of cancer cells within microfluidic chips. MCF7 and
BJ-5ta cells (A-C) and MDA-MB-231 and BJ-5ta cells (D-F) co-encapsulated in the PF hydrogel
matrix within microfluidic devices on day 0 (A, D) and day 28 (B, E) post seeding. Viability
staining (C, F) and quantification (G) of two cell types within chips reveal high viability of cells

maintained within microfluidic chips. Scale bars = 50 um
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Figure 5.5: Morphological quantification of cells within microfluidic chips. Quantification of

MCF7 morphology (co-encapsulated with fibroblasts) reveals (H) increase in colony area, (1)

increase in colony diameter, (J) decrease in colony circularity and (K) no change in colony

aspect ratio over time. Quantification of MDA-MB-231 morphology (co-encapsulated with

fibroblasts) reveals (L) increase in cellular area, (M) increase in cellular diameter, (N) decrease

in cellular circularity and (O) increase in cellular aspect ratio over time. Groups having different

letters have significantly different means (p<0.05). Red points denote individual colonies (for

MCEF7 cells)/cells (for MDA-MB-231 cells) and blue dots represent mean of group. Rectangular

boxes represent upper quartile, median and lower quartile of the group.
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Figure 5.6: MDA-MB-231 elongation length in microfluidic chips. Cellular elongation length of
MDA-MB-231 cells increases in long-term culture within microfluidic chips. Groups having
different letters have significantly different means (p<0.05). Red points denote individual
colonies/cells and blue dots represent mean of group. Rectangular boxes represent upper quartile,

median and lower quartile of the group.

5.3.4 Extravasation and Migration within Microfluidic Chips

In addition to quantification of morphological parameters, the invasiveness and migratory
behavior of cancer cell types were also analyzed. For MDA-MB-231 cells, cellular migration and
invasion was observed in long-term culture over 28 days. Cells initially seeded in the primary
tumor region were observed to be intravasating into the adjacent endothelialized vascular
channels (Fig. 5.7A). These intravasated cells further migrated into the secondary region after
crossing the endothelial barrier and by day 28, these cells had completely occupied the secondary
region with increased cell density over time (Fig. 5.7B, C). Quantification of cellular
intravasation revealed relative increase in intravasation from day 0 to 7, beyond which there was
a drop in the relative values, possibly due to cell death in the primary tumor region caused by
lack of diffusion of media (Fig. 5.7D). There was also an increase in invasive cell density in the
secondary tumor region (~50 cells/mm? to ~400 cellssmm? on day 28) and increase in the
distance covered by the invading cell front (~200 um on day 0 to ~3000 um on day 28) over time

(Fig. 5.7E, F). These parameters are indicative of the invasive and migratory behavior of the
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MDA-MB-231 cancer cells as is observed in in vivo systems. These observations highlight the
usefulness of the cancer-on-a-chip system to study the invasiveness and aggressive behavior of
metastatic MDA-MB-231 cells. In contrast, MCF7 cells remained localized within the primary
tumor chamber without any tendency of migrating to secondary chambers or extravasating to
adjoining endothelial channels (Fig. 5.8). The differences in these cell behaviors demonstrate the

potential ability of the cancer-on-a-chip platform in assessing the invasiveness and metastatic

potential of cancer cells in future work.
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Figure 5.7: Intravasation and cell migration of MDA-MB-231 cells. (A) MDA-MB-231 cells (co-
encapsulated with fibroblasts) extravasate from the primary tumor region into the adjacent
vascular channels (white dotted lines) by day 3 (denoted by red arrows) and further migrate
towards the secondary region (denoted by yellow arrows). (B) Cells invade into the secondary

region by day 14 and (C) by day 28, there is increase of cell density in the secondary region.
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White arrow indicates diection of vascular flow. (D) Relative extravasation, (E) increase of cell
density and (F) increase in distance of the invasive cell front of MDA-MB-231 cells. Groups

having different letters have significantly different means (p<0.05).
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Figure 5.8: Differences in cancer cell aggressiveness in microfluidic chips. (A) MCF7 cells

co-encapsulated with fibroblasts remain localized in the primary tumor region forming cell
colonies without invading into the secondary chamber, thereby displaying non-aggressive
behavior. (B) MDA-MB-231 cells co-encapsulated with fibroblasts are able to extravasate from
the primary tumor chamber into the adjoining vascular channels by day 3 and invade into the

secondary tumor chamber by day 14, thereby displaying aggressive behavior.

5.3.5 Geometry-dependent Variation in Diffusion and Cellular Morphology

In role to assess the role of the microvascular geometry and shear variation in the
diffusion profile within the central tumor chamber, fluorescent TRITC-dextran was used to as a
probe to quantify concentration gradients in different locations within the central tumor chamber.

The TRITC-dextran (molecular weight: 4.4 kDa) used in this study was not specifically meant to
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model a particular bioactive moiety but rather used to highlight differences in diffusion gradients
within the central tumor chamber. It can be assumed by extrapolation that bioactive moieties of
other molecular weights might also display such gradients to varying degrees depending on their
molecular weight and diffusive abilities. In the high perfusion chip, higher degree of TRITC-
dextran diffusion was observed compared to the low perfusion chip (Fig. 5.9A, B). A greater
area of the tumor chamber was represented by the red, orange and yellow regions in the heat map
in the high perfusion chip. This observation could be attributed to the higher shear rates of the
surrounding microvascular flow in the high perfusion chip compared to the low perfusion chip.
However, locational differences in diffusion were observed for both the chips. Accordingly,
these regions of the tumor chamber regions were denoted as high diffusion region of interest
(ROI) and low diffusion ROI. In the high perfusion chip, the high diffusion ROI was located
closer to the inlet port of the chip. Analysis of the diffusion profile (denoted by blue, green and
red arrows) revealed a relatively high concentration gradient with increasing distance from
vascular channel (Fig. 5.9E). However, in the low diffusion ROI (denoted by the magenta, cyan
and orange arrows), there was a sharp drop in concentration with increasing distance from the
vascular channel (Fig. 5.9G). Similar concentration gradients were also observed in the low
perfusion chip. In this chip, the drop in concentration gradient in both the high diffusion ROI and
low diffusion ROI was even higher compared to the high perfusion chip, possibly due to effects
of low shear flow rates in the adjacent vascular channels (Fig. 5.9F, H).

Due to the effect of the diffusional gradients of media and cellular metabolites,
morphological differences in seeded cancer cells were also visualized within microfluidic chips
(Fig. 5.10A). In the high diffusion ROI regions, MCF7 cells were able to form local colonies

characteristic of their 3D phenotype (Fig. 5.10B, C) while MDA-MB-231 cells were able to form
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elongated and invasive morphologies indicative of cell spreading (Fig. 5.10D, E). However, in
the low diffusion ROI, both cell types appeared rounded, dark and unhealthy indicative of either
dormant, quiescent state or a state of cell death due to lack of sufficient media diffusion (Fig.
5.10F, G, H, I). Fibroblasts present in the high diffusion ROI regions were able to form
elongated and spread out morphologies but those present in the low diffusion ROI appeared

rounded and dormant.
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Figure 5.9: Diffusional variation within microfluidic chips. Heat maps of (A) high and (B) low
perfusion chips reveal variation in concentration of TRITC-dextran after 2 hours of continuous
flow. Schematic of the analyzed diffusion profile directions of the (C) high and (D) low

perfusion chips. Relative fluorescence intensity of the analyzed images in the (E, G) high
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perfusion chip and (F, H) low perfusion chip reveals decreasing concentration with increasing
distance from vascular channel. VG (vascular gap) represents the distance between vascular
network and tumor chamber. Though the differences in relative fluorescence intensity due to
distance from vascular channel may not appear significantly different between the two different
designs, even these small variations within the first 500 um distance were pronounced enough to

cause differences in encapsulated cell behavior and morphology.
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Figure 5.10: Tumor heterogeneity within microfluidic chips. (A) Representative heat map of the
high perfusion chip reveals locational heterogeneity within the microfluidic chips. (B, C)
MCF7+BJ-5ta cells in the high diffusion region of interest (ROI) are able to form distinct
colonies in long-term culture and (D, E) MDA-MB-231+BJ-5ta cells are able to form invasive

morphologies characteristic of their metastatic phenotype. However, MCF7 cells (F, G) and
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MDA-MB-231 cells (H, 1) are unable to survive long-term in the low diffusion ROI and appear

rounded and unhealthy in those regions.

5.3.6 Drug Testing within Microfluidic Chips

In order to test the efficacy of anti-cancer drugs on cancer cells encapsulated within the
microfluidic chips, doxorubicin and paclitaxel were perfused through the vascular channel and
resulting cell viability was tested 48 hours post drug treatment. In general doxorubicin appeared
to have a higher cytotoxic effect on the cancer cells compared to paclitaxel in terms of viable cell
density (Fig. 5.11A, B). In the high perfusion chips, viable cell density was considerably reduced
by both drugs on both cell lines, possibly due to higher penetration of drugs into the respective
central tumor regions of the microfluidic chips. However, in the low perfusion chips, only
doxorubicin had an appreciable effect on reduction of cell density of MDA-MB-231 cells. In
addition, the cell density of MDA-MB-231 cells was considerably lowered in the high perfusion
chip compared to the low perfusion chip. In terms of the viable tumor area (area occupied by the
viable cancer cells), significant reduction compared to the control was observed across all tested
conditions (Fig. 5.11C, D). Specifically, in response to doxorubicin, viable tumor area of MCF7
and MDA-MB-231 cells were significantly reduced in the high perfusion chip compared to the
low perfusion chip, possibly due to higher diffusion of drug in the interior regions of the high
perfusion chip. Assessment of the cytotoxic effects on endothelial cells also revealed higher
cytotoxicity of doxorubicin compared to paclitaxel on both high and low perfusion chips (Fig.
5.11E).

These drug studies were also conducted in parallel with static 3D well plate cultures
where cancer cells co-encapsulated with BJ-5ta fibroblasts within PF hydrogels were treated with

drug, but without the effect of flow or diffusional resistances. Interestingly, both doxorubicin and
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paclitaxel had a much higher cytotoxic effect on both the cancer cell lines in the static 3D culture
conditions compared to that under the microfluidic flow conditions (Fig. 5.11F).

The drug studies were conducted with co-cultures of cancer cells and fibroblasts which
were initially encapsulated within the PF matrix in a 5:1 ratio of cancer cells:fibroblasts. So the
drug efficacy data presented here represents the combined action of the drug on both cancer cells
and fibroblasts. In order to distinguish the effects of drug action on cancer cells from that on
fibroblasts, it would be necessary to run separate drug testing experiments on vascularized chips

seeded with only cancer cells or only fibroblasts in the central tumor chamber.
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Figure 5.11: Drug-testing in microfluidic chips. Reduction in viable cell density due to (A)
doxorubicin and (B) paclitaxel in high and low perfusion chips for both MCF7 and
MDA-MB-231 cells co-encapsulated with fibroblasts. Reduction in viable tumor area (area
occupied by viable cells) due to (C) doxorubicin and (D) paclitaxel in high and low perfusion
chips for both the cell lines. (E) Drug cytotoxicity on endothelial cells in both high and low
perfusion chips. (F) Decrease in viable cell density of both cell lines in static 3D hydrogel well
plate culture (* Significant difference between control and drug treatment groups, p<0.05; #

Significant difference between same cell type in different chips, p<0.05).
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Figure 5.12: Comparison of high and low perfusion chip with respect to drug action. In terms of
cell viability, (A) doxorubicin has a significant reduction in MDA-MB-231+fibroblast viable cell
density in the high perfusion chip compared to the low perfusion chip, but this trend is not visible

in the MCF7+fibroblast cells. (B) Paclitaxel does not exhibit any differences in viable cell
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density in either chip design. In terms of viable tumor area, (C) doxorubicin causes significant
reduction in viable tumor area for both MCF7 and MDA-MB-231 cells, co-encapsulated with
fibroblasts in the high perfusion chip compared to the low perfusion chip. However, (D)
paclitaxel causes significant reduction of viable tumor area only in MCF7 cells but not in

MDA-MB-231 cells, co-encapsulated with fibroblasts.

These differences in the drug action can be attributed to a number of factors as stated: 1)
the design and geometry-dependent variation of shear flow and diffusional profiles within the
microfluidic chips that regulates the concentration of drug that is ultimately experienced by the
cancer cells in different locations of the central tumor chamber, 2) the state of proliferation and
activity of the two cell types (MDA-MB-231 cells are more proliferative than MCF7 cells and
hence are more susceptible to drug action that is dependent on inhibiting cell division processes),
3) the differences in mechanism of drug action between doxorubicin and paclitaxel. Specifically,
doxorubicin is known to intercalate with the DNA (irrespective of cell type), leading to
stabilization of the topoisomerase Il complex necessary for DNA replication. As a result, cells
are forced into a state of quiescence and further on to apoptosis due to prolonged inhibition of
DNA activity. In contrast, paclitaxel targets tubulin and stabilizes the microtubule polymer,
preventing it from disassembly during metaphase spindle formation. Thus mitotic progression is
blocked and prolonged activation of the mitotic checkpoint triggers apoptosis or reversion to the
G-phase of the cell cycle without cell division. In the chip system, the observations of drug
action were somewhat different from the expected observations. Paclitaxel had a much lower
cytotoxic effect on the cancer cells compared to effect of doxorubicin. This could be attributed to
the comparative ability of paclitaxel and doxorubicin to diffuse through the endothelial layer and

through the PF hydrogel matrix encapsulating cancer cells. The state of proliferation and active

164



cell division of encapsulated cancer cells could also be a determining factor behind the
responsiveness to drugs. It can be surmised that cancer cells seeded in the PF matrix within the
microfluidic chips might not have been in an active of proliferation (or might have been in an
quiescent state), hence not being as sensitive to paclitaxel as compared to doxorubicin. It is also
possible that paclitaxel might have had some unexpected side interactions with PDMS structures
that make up the microfluidic system. This would also explain the differences in cytotoxicity of
the drugs observed on endothelial cells. hBTECs are fully lumenized and stabilized in the
microvasculature of the chips and hence not in a state of active cell division. Hence, these cells
are affected by paclitaxel to a much lesser degree than doxorubicin. Overall, these cancer-on-
chip platforms facilitate the investigation of anti-cancer drug efficacy and cytotoxicity with a
greater degree of physiological context (in the presence of dynamic and geometry-dependent
flow) than that available in static 3D systems.

Due to the differences in perfusion capacities of the two different chip designs with
respect to TRITC-dextran, it can be surmised that doxorubicin and paclitaxel might also
experience different perfusion profiles within the chips based on both the nature of the drug
molecules and also the vascular network geometries. Hence standardization of drug action
should be done either based on drug-to-drug on the same chip design or chip-to-chip design
based on the same drug. Overall, the use of this cancer-on-a-chip model provides a more realistic
and relevant prediction of drug action on in vivo tumors, by incorporating a multiple important
elements of the TME that synergistically act to recapitulate key features on in vivo tumors. The
presence of an intricate network of complex and abnormal microvasculature, that is found
surrounding tumor tissues, provides shear flow variances and perfusion differences in the flow of

metabolites and drugs. The presence of the PF matrix simulates native tumor ECM matrices that
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provide mass-transfer limitations to the diffusion of different molecules. The presence of
fibroblasts as supportive cell types for cancer cells provides greater degree of physiological
context with regards to in vivo tumors. Specifically, the microfluidic platform can provide
important information regarding the ability of drug compounds to perfuse through the vascular
network and into the central tumor chamber and subsequent effects of drug action on
encapsulated cancer cells. Comprehensively, the synergistic influence of all these parameters
significantly enhance the ability of this platform to provide predictive information of drug action
with higher degree of accuracy compared to traditional 2D and static 3D model systems.

The primary objective of this project was the establishment of a cancer-on-a-chip
microfluidic platform for the 3D co-culture of cancer cells and associated cell types and
subsequent demonstration of the ability to test common breast cancer drugs within the platform
as a preliminary proof-of-concept for future drug testing applications. In future studies, improved
models would be developed that incorporate tumor cells derived from patient-derived xenografts

and more targeted anti-cancer drugs would be used to assess their therapeutic potential.

5.4 Conclusions

This study established a novel cancer-on-a-chip platform for the investigation of 3D long-
term co-culture of cancer cells and fibroblasts within a biomimetic PF hydrogel matrix in the
presence of an intricate microvasculature. The vascular network formed from hBTECs was
mature, lumenized and aligned in the direction of flow, as is observed in in vivo and native
systems. Breast cancer cells were able to be maintained in long-term co-culture with fibroblasts
with high cell viability through 28 days. Further these cells also displayed their characteristic
morphologies indicative of cell spreading, proliferation, invasion and metastasis. Specifically,

MDA-MB-231 cells were observed to extravasate form the primary seeded region into the
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adjoining vascular space and further migrate and invade into secondary tumor regions with the
progress of time. Geometry-dependent variation in shear flow rates and diffusion profiles were
quantified in the chips and resulting variation in cellular morphologies indicative of tumor
heterogeneity were also observed. Finally, testing of anti-cancer drug efficacy and cytotoxicity
revealed prominent differences in drug action based on geometry and design of microfluidic
chips, types of cancer cell lines tested and the mechanism of drug action in general. Overall, this
cancer-on-a-chip platform can be used in the future of investigation of larger number of potential
drug candidates and for detailed investigation of various tumorigenic mechanisms related to

EMT, metastasis, and tumor-related angiogenesis.
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CHAPTER 6: Summary and Conclusions

This work presents the use of polymeric biomimetic materials and biofabrication
techniques for establishing 3D in vitro tissue-engineered cancer models and recapitulation of
specific aspects of the tumor microenvironment, which can be potentially used for investigation
of 3D cancer cell behavior and for evaluating efficacies of anti-cancer drugs. The results from
this work demonstrate that the use of photocrosslinkable, PEG-based hydrogels modified with
suitable bioactive factors that facilitate 3D long-term culture, maintenance and investigation of
cancer cells in vitro. Further, novel fabrication techniques based on water-oil emulsification,
microfluidics and PDMS photolithography have been employed to recreate 3D tumor models of
desired shape, size and geometries. In addition to cancer cells, a range of other influential factors
present in the tumor microenvironment including fibroblasts, abnormal vasculature comprised of
tumor-associated endothelial cells have also been incorporated into the fabricated tumor models
with increased degrees of complexity. The combination of all these elements ultimately help
establish novel in vitro platforms for evalution of anti-cancer drug efficacies prior to in vivo or
pre-clinical translation.

The work presented here describes four specific studies for the development and
investigation of 3D tumor models. In the first study, the establishment of PEGDA tumor
millibeads using a surface-tension based, dual-phase technique facilitated the recreation of native
tumor microenvironment within millimeter-scale tumor constructs with core regions of cell death
surrounded by viable, peripheral cell layers. The tumor millibead model can be potentially used
an in vitro tool to mimic large tumors in a scalable and reproducible fashion. In conjuction with

the tumor millibeads, pre-formed tumor-mimic vasculature could also be incorporated in future
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models with higher degrees of complexity to more closely mimic the native physiology of large
tumors.

In the second study, the primary objective was to develop and optimize a fabrication
technique that would enable the encapsulation of various cancer cell types within PEG-
fibrinogen microspheres which could potentially be used in the future in 96 or 384 well plate
formats for high-throughput screening assays. The use of a water-in-oil emulsion technique for
generation of PEG-fibrinogen hydrogel microspheres enabled the fabrication of the tumor
microsphere model and investigation of the role of PEG-fibrinogen on the growth and
morphology of MCF7 cells. With future improvement and optimization of fabrication
techniques, this microsphere model could be used for the simultaneous testing and validation of
large number of drug compounds, which could potentially provide closer physiologically
relevant drug-efficacy information than that provided by current 2D assays.

In the third study, the effects of modulation of physico-mechanical characteristics of
PEG-fibrinogen matrix on 3D breast cancer cell behavior, morphology and proliferation was
explored. The in vitro model developed in this study focuses on the comparative study of three
different cell lines representative of the major breast cancer subtypes and their 3D behavior in
response to varying matrix characteristics. This model could be used in the future to investigate
aggressiveness and behavior of various other cancer cell types in a 3D context and under varying
matrix characteristics, while also incorporating more complex elements of the tumor
microenvironment in conjunction with cancer cells.

Finally, in the fourth study, the establishment of a microfluidic cancer-on-a-chip system
provided a combinatorial platform for co-culture of cancer cells and fibroblasts within PEG-

fibrinogen hydrogel matrix along with an intricate network of endothelialized tumor
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microvasculature for the recapitulation of the native tumor microenvironment and evaluation of
anti-cancer drug efficacies. This microfluidic system brings together specific elements of the
TME into a single platform and facilitates the investigation of the synergistic effects of 3D
cancer cell behavior with secondary cell types under tumor-mimic fluidic conditions. This
platorm could be potentially used in the future to evaluate their degree of aggressiveness of
cancer cells under a complex 3D microfluidic environment and also assess the ability of drug
molecules to perfuse through the tumor-mimic vasculature and cause cell death in the tumor
region. In addition, this platform could also be used for mechanistic examination of therapeutic
particle uptake by investigation of particle flow through the tumor vasculature, particle diffusion
through the vascular barrier and cellular uptake in the central tumor region. In future studies,
this platform could be further validated using chemotherapeutics that were found to differ in their
effectiveness between in vivo models and 2D assays. The following schematic (Fig. 6.1) provides

a brief overview of the scope of this work in relation to the overall drug development process.

|Three-dimensional tumor models for cancer research |

¥

PF-based hydrogels for
3D cancer cell culture

Tumor millibead model

- Replicates millimeter-scale
tumors with central

- PEG-fibrinogen matrix

necrotic cores ] characteristics influences Cancer-on-a-chip model
- Could be used in conjuction ~ Tumor microsphere model 3D breast cancer cell
with vasculature to mimic behavior - Microfluidic platform for co-culture of

- Replicates micron-scale cancer cells and fibroblasts within
tumors that can be PEG-fibrinogen matrix along with

i i i behavi d - L
fabricated in a reproducible, gggr:s::gr:eig of other endothelialized tumor-mimic

physiological tumors - Could be used to assess

high-throughput manner J ; )
9 ughp cancer cell types in 3D vasculature and testing of. drug efficacies
- PEG-fibrinogen used as a scaffolds - Could be used for evaluation of tumor
biomimetic material to support aggressiveness and validation of novel
3D cancer cell culture therapeutics

170



Fig. 6.1. Overview of models fabricated in relation to cancer research. The current work presents
four different strategies for investigation of cancer cells in 3D culture via different biofabrication
techniques that can be suitably used to replicate specific aspects of cancer biology and could be
used selectively in the future in different phases of the drug discovery process to test or validate

the efficacies of anti-cancer therapeutics.

Each in vitro model is designed to answer specific questions regarding cancer biology
and/or subsequent chemotherapeutic treatment. Hence, comparison of the suitability of different
models to native tumors and assessment of physiological relevance of these models need to be
made with care. Microtissue-scale models of all organ types are physically limited in their ability
to recapitulate the physiological complexities of the entire organs or organ systems, but are more
suited to simulate specific key features representative of the organs. A similar approach has been
adopted in the design and fabrication of the tumor models described in the above studies. Some
of the current assays in use require the use of small, replicable and reproducible tumors in a high
throughput fashion. These model tumors may not be positioned to capture the entire gamut of
physiological complexities of native tumors including hypoxia, interaction with secondary cell
types and other factors, owing to inherent physical limitations of biofabrication techniques.
However, compared to standard 2D models, novel 3D tumor models offer dimensional
complexity (including cell-cell and cell matrix interactions, influence of mechanical stiffness)
owing to contextual presentation of cancer cells in 3D microenvironments. In addition, small,
uniform 3D tumor models could be adapted for use in high-throughput screening assays.
Whereas the size of the tumor models developed in these studies are representative of small
localized tumors that are generally undiagnosed or treated by surgery rather than by

chemotherapy, yet the contextual cues provided in these models present a subunit view of the
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larger tumor tissue and is one of the preliminary steps towards building more complex and
intricate cancer tissue which would be more closely replicative of the native TME. Various
elements of the native TME inclusing hypoxia, changes in pH levels, presence of cancer-
associated fibroblats or macrophages contribute synergistically to disease progression
mechanisms. Each of these aspects is important in promoting aggressive and chemo-resistant
behavior of cancer cells. The tissue-engineered tumor models developed in these studies can help
replicate specific aspects of cancer biology and can provide information about specific aspects of
drug testing processes. The specific physical and biological limitations of each developed model
must be kept in mind while making subsequent interpretations regarding physiological relevance
or therapeutic drug action.

Overall, these investigations provide a foundation for further work and specific toolsets
to better understand the role of the tumor microenvironment in the malignant progression of
cancer, metastasis and tumor-related angiogenesis. In addition, the use of these bioengineered
platforms for recreating the tumor microenvironment can provide greater physiological context
than current in vitro 2D models of cancer and provide more relevant information with regards to

disease progression and treatment mechnisms.
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