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Abstract

Prostate cancer cells exist in dynamic, evolving tissue environments and their
behaviour is influenced by context-specific interactions with their surroundings. To better
understand how and why prostate cancer cells behave the way they do, they need to be
studied in context. To improve upon conventional cell culture techniques, I explored the
use of a disulfide-crosslinked hyaluronan hydrogel as a model cell culture environment. I
optimized a previously described chemical modification protocol to better suit the needs
of a general life science laboratory and characterized the material properties of the
resulting hydrogel. With unique diffusive properties, this hydrogel can potentially be
used to model hypoxic tissues with limited diffusivity. Model prostate cancer cells
cultured within this hydrogel environment exhibited increased metabolic activity despite
signs of limited access to nutrients. This hydrogel has potential for use in advanced three-
dimensional tissue culture and could help improve the physiological relevance of prostate

cancer research.
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Chapter 1. Introduction

1.1. Clinical Relevance of Prostate Cancer

Prostate cancer continues to be a prominent concern for healthcare systems around the world.
According to the Canadian Cancer Society, it is the most common form of cancer in men and also the 3rd
leading cause of death from cancer in this population (1). As a disease often associated with old age,
prostate cancer is particularly prevalent in developed countries, where life expectancy is high and
populations continue to grow older. Rates of diagnosis are increasing around the world as a result of
improved access to healthcare, improved diagnostic capabilities, and increasing life expectancy (2).
Prostate cancer poses a significant economic burden on healthcare systems and patients due to high costs
associated with initial diagnosis and treatment, as well as long-term follow-up and monitoring procedures
to track possible disease progression or recurrence after treatment (3). The high prevalence of prostate
cancer and the inherent risk of over-diagnosis leading to unnecessary treatment also poses a significant
challenge to healthcare systems. This is especially relevant in the context of early-onset prostate cancer.
The proportion of men below the age of 55 at diagnosis is increasing, and this younger cohort is more
likely to undergo prostatectomy as treatment compared to their older counterparts (4,5). Well-informed
risk analysis models that take into account disease progression, likelihood of recurrence, and treatment-
related complications are needed to better plan for patient care and to avoid unnecessary treatments that
might result in further complications.

Currently, a major issue in the diagnosis and treatment of prostate cancer is the lack of accurate
risk stratification in predicting disease aggressiveness and subsequent identification of patient candidates
that would respond well to medical intervention. Traditionally, various clinical algorithms have been used
to assess disease progression, such as the level of prostate-specific antigen (PSA) in serum and the
Gleason score, which is a morphological evaluation of prostate tissue obtained from biopsy (6—8). Studies

have also looked at the effectiveness of genetic markers and circulating immunological and cell-based



biomarkers in determining risk of metastasis, severity of disease, and potential effectiveness of treatments
(9—11). This has revealed a great diversity of genetic profiles and cellular phenotypes in prostate cancer,
which complicates the use of current models to predict disease outcomes. This is evident in differential
patient responses to cancer treatments. Even within the same tumour, the heterogeneity of cancer cells in
terms of mutations, proliferative potential, malignancy, and resistance to treatment poses a significant
challenge in evaluating disease state as a whole, especially given only a limited number of possible
diagnostic readouts. For example, multifocal prostate cancer can behave as multiple different cancers in
response to individual cancer treatments due to clonal differences (12). Moreover, the use of non-specific
biomarkers, such as PSA is known to result in false positives, potentially leading to unnecessary treatment
and possible patient morbidity (13). Issues of biomarker specificity and their accuracy in representing
overall disease state limit the effectiveness of personalized treatment strategies for cancer patients. New
personalized disease tracking models hold great promise in streamlining the identification of effective
treatment options for prostate cancer patients (14—16), but operate on the assumption that disease state can
be accurately, wholly, and specifically represented by monitored biomarkers in order to estimate disease
progression and to inform further treatment. These models are thus limited by the lack of understanding
of how biomarkers relate back to overall disease state in light of cancer cell heterogeneity and the

interplay of cancer cells with the surrounding tissue.

1.1.1. Genetic Basis of Prostate Cancer

At the cellular level, prostate cancer is the uncontrolled proliferation and growth of prostate cells
due to aberrant gene expression. The prostate cancer genome is complex and evolves over time with
disease state through cancer cell evolution. According to Arora and Barbieri in their review of the
molecular subtypes of prostate cancer (17), the disease can be loosely categorized according to present
mutations or genetic alterations at the onset of the disease, which predisposes cancer cells towards

specific subsequent genetic alterations. For example, one of the most common genetic mutations found in



prostate cancer cells, found in up to 50% of disease cases is the rearrangement and fusion of TMPRSS2
with members of the ETS transcription factor family (18,19). ETS transcription factors — which include
ERG, a prominent oncogene, mediate many important cell processes, including cell proliferation,
migration, and angiogenesis. The fusion of ERG with TMPRSS2 results in a substantial increase in the
expression of ERG in response to androgen signaling mediated by its TMPRSS2 fusion pair. Other genes
that can be mutated in the early stages of prostate cancer include FOXA1, which promotes androgen-
dependent cell growth and SPOP, which is involved in DNA repair and protein turnover (17).
Interestingly, SPOP mutations and TMPRSS2-ETS fusions appear to be mutually exclusive, suggesting
early divergence in genetic subtypes of prostate cancers (18,19). Since many of these early mutations act
on androgen signaling pathways, androgen deprivation therapy is an effective means of limiting cancer
growth (17). As prostate cancer cells acquire new mutations, however, the disease can progress from a
benign state to a malignant state. Loss of function or deletion of PTEN (20) or TP53 (21) can lead to
uncontrolled cell cycle progression leading to rapid overgrowth of cancer tissue. Interestingly, mutations
in these genes appear to be negatively correlated or entirely absent from cells with SPOP mutations while
being enriched in cells with ETS fusions (17,22), suggesting mutational predisposition and lineage
divergence. This is not, however, a reliable predictor of disease outcome (17). As the mutational burden
of a prostate cancer increases, the disease can become aggressively metastatic and insensitive to androgen
deprivation. Mutations in DNA repair genes like BRCAT1 and 2 cause genetic instability while mutations
in the androgen receptor signaling pathway can cause androgen hypersensitivity or constitutive activation
of downstream processes (17,19). This shift in cancer cell biology is difficult to predict since the factors

that contribute to this disease progression are not well understood.

1.1.2. Relationship with Tissue Environment

Many different aspects of overall health and lifestyle factors, on top of genetic predispositions can

contribute to changes in the cancer tissue environment, which affect overall disease state. For example,



obesity has long been associated with worse disease prognosis and more aggressive cancers in general
(23,24). This manifests clearly at the molecular level and can be observed as altered metabolic activity,
increased inflammation, and changes in the protein composition of tissues (25-28). Dietary, occupational,
and lifestyle factors can contribute to oxidative stress in tissues through the production and release of
reactive oxygen species, changing the overall balance of oxidants and antioxidants as well as promoting
inflammation (29). While tumour cells themselves are capable of priming their environment with
oxidative species (30,31), exogenous reactivity coming from the stromal environment can contribute to
changes in tissues that promote malignant transformation (31,32). Given this complex relationship
between cancer cells and their environment, it is understandable that predicting disease outcomes is a
challenge. Indeed, it is not fully understood how the interplay of all these factors affects the
transformation of tissue from a healthy state to a cancerous state.

Ultimately, greater understanding of the underlying molecular processes of prostate cancer
progression is required to improve disease monitoring and targeted cancer treatments. Accurate and
detailed cell-based in vitro models of prostate cancer as well as in vivo models of human disease are both
needed. Specifically, in vitro models need to take into account the complex relationship between cancer
cells and their tissue environment. A holistic understanding of how cells influence their environment and
how they are in turn influenced by their surroundings will help contribute to more efficient identification
of potential risk factors that may predispose patients to recurrent, aggressive, and/or metastatic disease.
Without understanding the physiological context in which a cancer grows, the disease state as a whole

cannot be fully elucidated.

1.2. The Tumour Microenvironment

In their seminal review on “occult” cancers, or cancers that remain undetected in the body, and
the role of tissue microenvironments in disease presentation and progression, Bissell and Hines argue that

context is paramount to understanding cancer cell behaviour (33). A key point they bring up is the



apparent overriding of cell genotype with external environmental cues, as evidenced in the tissue
specificity of heritable cancers despite the oncogene in question existing throughout an individual’s
somatic cells. The focus of Bissell and Hines’ review is the chemical aspect of the tumour
microenvironment, as parsed and decoded by cells by way of surface receptors such as integrins.
Biochemical signals from the extracellular environment are sensed and transduced by cells, resulting in
alterations in protein activity and gene transcription that drive changes in cell behaviour. However,
physical and mechanical aspects of the tumour microenvironment also have effects on cell function, and
there is an active and reciprocal role that cells have in shaping their surroundings. Disease presentation
and progression must therefore be studied within the context of the complex and dynamic relationship

that cancer cells have with their tissue environment.

1.2.1. The Extracellular Matrix

The non-cellular, structural portion of tissues is made up of an interconnected network of large
secreted macromolecules, termed the extracellular matrix (ECM) (34). For most solid tissues, the ECM
can be described as a hydrogel with covalent and non-covalent interactions that hold the macromolecules
together, functionally crosslinking them into a stable, insoluble structure (35,36) perfused by interstitial
fluid. The ECM is an integral part of tissues, providing both tissue-specific mechanical and biochemical
support to its resident cells. Signaling can be derived from soluble factors, exosomes, and other materials
sequestered or entrapped in the matrix (37,38), or through direct receptor binding with ECM components.
Cells can gather information about their environment through various cell surface receptors that bind with
specific molecular sequences. One well-studied example is the interaction between integrins and RGD
sequences on the fibronectin molecule (35,39), which are now often used in engineering biomaterials to
improve cell attachment (40,41). Direct ECM-binding allows cells to sense the chemical makeup of their
surroundings as well as the geometry and mechanics of their environment through the spatial variation of

bound receptors and mechanical reorganization of their cytoskeleton. These physical signals ultimately



get transduced into biochemical signals inside the cell which control gene expression and protein
function, contributing to tissue-specific cell phenotypes (34,39,42—45). The interplay of these cell-matrix
interactions is still not completely understood due to the complexity of the ECM environment. With so
many different signals being integrated by cells, it is difficult to parse out the individual contributions of
such interactions to cell behaviour. Reciprocally, cells can modify their extracellular environment through
the expression of matrix metalloproteinases (MMPs), which break down ECM constituents, and through
the laying down of new ECM materials. Dynamic, regulated ECM degradation and production is a normal
part of ECM turnover and allows cells to maintain a homeostatic environment for optimal function (46—
48). It is when this remodeling becomes dysregulated and cell-matrix interactions are knocked out of
balance that disease processes may occur.

In cancer, the dysregulation of ECM remodeling results in changes in ECM architecture and
tissue organization. Abnormal deposition of matrix components changes both the chemical and
mechanical properties of the extracellular environment, modifying patterns of cell attachment, signal
transduction, and cell activation (42,49-51). For example, collagen I has been found to be upregulated in
various cancers, including in prostate cancer, especially in the tissue stroma (52), resulting in a denser and
stiffer matrix, which affects interstitial fluid pressure and movement. The mechanical forces in this
environment can facilitate the alignment of collagen fibrils, providing enhanced directional cues for cell
attachment, which in turn can promote migratory behaviour via activation of the Rho-ROCK pathway
(53). These environmental conditions promote the expression of a migratory cell phenotype, a
characteristic that is indicative of an epithelial-to-mesenchymal transition (EMT), which is needed for
metastasis (54). Moreover, the increased collagen content results in stronger integrin engagement, which
can affect cell cycle progression via expression of cyclin D1 (55). Physically, the ECM acts as a barrier to
limit cell motility and the diffusion of signaling molecules and nutrients (56). Abnormal MMP expression
by activated cancer and cancer-associated cells can lead to disruption in the local integrity of the ECM,
allowing cell invasion. This is an important aspect of intravasation into vasculature during metastasis, as
specific MMPs are required to digest components of the basement membrane surrounding blood vessels

6



(45,52,57). Changes in the diffusive properties of the ECM can affect paracrine and autocrine signalling
pathways, which help modulate cell behaviour and control cell survival. As well, the formation of
concentration gradients of signalling molecules can be affected by changes in matrix properties, which
can in turn affect chemotactic behaviour (58—60). The correlation between disease progression, cell
behaviour, and ECM organisation is clear, but the specifics of ECM remodeling and cell signaling remain
unclear. Active remodeling of the tumour microenvironment and cancer progression occur hand-in-hand,
with the eventual emergence of malignant cell types and the development of an ECM environment that

facilitates their spread into neighbouring tissues and distant sites of metastasis (52,57).

1.2.2. Molecular Mechanisms of Phenotypic Shifts

Though not strictly pathological, as in development or wound healing, EMT is a hallmark feature
in the development of metastasis in epithelial tumours. Type III EMT, the process specifically involved in
cancer is characterized by the loss of epithelial cell markers, reorganization of cytoskeletal components,
and the expression of mesenchymal genes and markers which facilitate migratory behaviour and cancer
cell stemness. One of the most notable changes involved is cadherin switching, in which cells
downregulate E-cadherin expression — a cell adhesion molecule ubiquitously expressed in epithelial cells
that is important in the formation of intact cell sheets, and upregulate N-cadherin expression, which
promotes collective cell migration and is implicated in cancer invasiveness (61,62). EMT induction is
largely regulated by transcription factors, which can induce changes in gene expression programs that
govern cell behaviour (62,63). The tumour microenvironment plays a part in EMT induction by
promoting the expression of the canonical EMT-inducing transcription factors, TWIST, ZEB, and
SNAIL, among others (62). This can be achieved through cytokine or growth factor signaling, through
hypoxia inducible factor 1 (HIF-1) activation in hypoxic conditions (64), and through direct cell-matrix
interaction via integrin signalling (43,51). Upon EMT induction, ECM geometry and organization can

promote as well as direct cell migration. Increased ECM alignment and density decreases the energy



requirement for cell migration (49) and enhances characteristics that drive migration, such as cytoskeletal
tension, integrin clustering, and overall cell contractility via activation of Rho GTPases and the ROCK
pathway (51). Genomic analysis of cells that have undergone EMT also shows that genes involved in
ECM remodeling, including MMPs are upregulated (63), providing further evidence of the reciprocity of
cell-matrix interactions and the dynamic changes that occur in cancer progression.
Mesenchymal-to-epithelial transition (MET) is less well-studied compared to EMT but is
understood to be an equally important step in the establishment and stabilization of metastases. While
EMT is required for dissemination of cancer cells, the observation that metastases are phenotypically
similar to their primary epithelial tumour of origin suggests that metastatic cells revert to an epithelial
phenotype at the site of metastasis (65). This was evident in a rat model of squamous cell carcinoma, in
which TWIST activation was sufficient to induce EMT, but only reversal of TWIST activation allowed
for metastatic growth (66). The tissue microenvironment of a metastatic site appears to play as important
a role in cancer progression as that of the primary tumour. In breast cancer metastatic to lung, versican, an
ECM proteoglycan was found to enhance metastatic cell proliferation and induce epithelial phenotype
expression (67). MET was confirmed morphologically and biochemically through increased expression of
epithelial cell markers, notably E-cadherin. Myeloid progenitor cells were found to be responsible for
upregulation of versican in an example of pre-metastatic niche priming, which is discussed in Section The
Pre-Metastatic Niche. This shows that extrinsic environmental cues play important roles throughout the

progression of cancer, from the primary tumour to sites of metastasis.

1.2.3. Anoikis

Any discussion of the tumour microenvironment will invariably lead to the topic of anoikis, or
programmed cell death in response to the loss of ECM attachment. Normal cells derive important pro-
survival and anti-apoptotic signals from integrin and cell receptor engagement, which depend on the cell

existing in the correct ECM environment for its type. Loss of these signals triggers signal cascades that



result in cell death, or anoikis, ensuring tissue organization and preventing unchecked tissue expansion
(68-70). For cancer cells to metastasize, they must therefore acquire mutations that enable them to
overcome anoikis before being able to detach from their native ECM environment. Apoptotic machinery
can be decoupled from cell receptor engagement in a variety of ways, including through mutations or
altered behaviour of downstream control elements (71,72), co-opting of pro-survival signals derived from
other signal transduction pathways to replace those from cell-matrix interactions (73), and the use of
autophagy and other cell survival strategies to stave off cell death (74). Talinl overexpression, for
example, provides pro-survival signals via activation of focal adhesions (72) while inhibition of Bim, a
pro-apoptotic protein can prevent cell death when it would otherwise occur (68). The contrasting roles of
Akt, also known as protein kinase B, and adenosine monophosphate (AMP) activated protein kinase
(AMPK) are important in regulating cancer cell survival as cells detach and re-attach to ECM
environments during metastasis. Acting as a metabolic switch, differential activation of the two kinases
allows dormancy during matrix deprivation and metabolic reactivation upon attachment in a new tissue.
AMPK is also important for promoting autophagy, which is used by cancer cells as a survival mechanism
to improve metabolic efficiency (75). A great diversity of anoikis resistance mutations (as well as other
cancer-driving mutations) exists, and within the context of cell heterogeneity within a primary tumour,
this suggests that there are many different selective pressures within the tumour microenvironment, all
selecting for cells that are uniquely capable of metastasizing. This is supported by evidence of polyclonal
seeding of metastatic sites as well as metastasis-to-metastasis interactions and retrograde metastasis, in
which cells derived from a metastatic site subsequently metastasize and re-seed the site of the primary
tumour (76). The simultaneous existence of multiple sources of selective pressure reflects spatial and
temporal variations in the tumour microenvironment as it is dynamically remodeled throughout the

progression of cancer.



1.2.4. Cancer Cell Evolution

The mutational burden of a cancerous tissue and the process of cancer progression through the
acquisition of new mutations is an important aspect of emergent malignancies (77) — and the tissue
microenvironment plays a vital role in this as well. Adverse growth conditions, such as hypoxia or
fluctuating pH, induce metabolic stresses, such as the release of reactive oxygen species, that can lead to
DNA damage and genomic instability of a cell population (31,77,78). Hypoxia, in particular, is known to
repress the expression of genes involved in DNA repair (79) while also directly contributing to DNA
damage. If cells cannot faithfully reproduce their genetic code, the chance of mutation increases. As well,
many of the pathways downstream of cell adhesion-induced signaling involve cell proliferation and
survival, affecting the probability of a stable mutant line of cells taking hold in a host tissue (43,68,80). In
this way, the tissue microenvironment acts as a source for mutagenesis, providing the selective pressures
that can establish hardier populations of cancerous cells (81). Acquisition of mutations is random, but the
tendency for certain mutations and cell phenotypes to appear again and again suggests that there must be
some environmental factors selecting for or promoting their emergence. One of these is the upregulation
of C-X-C chemokine receptor type 4 (CXCR4), known to be an important mediator of metastasis and
cancer cell stemness in many different cancers. Cancers of the breast, lung, and kidney, but especially
those of the prostate tend to metastasize to bone (82,83) and the interaction of CXCR4 with its ligand, C-
X-C motif chemokine 12 (CXCL12), a chemokine highly expressed in bone tissue, facilitates the homing
of metastatic cells to bone marrow (84,85). The reasons for this are not well understood (86), but if
upregulation of CXCR4 begins in the primary tumour prior to migration and homing to bone tissue, then

there must be environmental factors in the primary tumour selecting for or promoting this characteristic.

1.2.5. The Pre-Metastatic Niche

Organotropism, or the “targeting” of certain tissues by metastatic cells has been noted since Paget

first described his “seed and soil” hypothesis in 1889 (87), but it continues to be an important topic of
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cancer research today. Previous work has operated under the assumption of passive dispersion and
implantation of metastatic cells, but the current paradigm has shifted towards active long-distance priming
of a pre-metastatic niche that actively accepts and supports metastatic growth (88). Active ECM
remodeling appears to be an important aspect of niche formation, as well as the reprogramming of
resident cells and co-opting of local growth conditions to facilitate the infiltration and spread of metastatic
cells. Many different secreted factors derived from primary tumours, as well as the release of exosomes
and micro-vesicles have been implicated in this process. Why these factors preferentially activate certain
sites of metastasis is still not well understood, though the targeting of exosomes can at least in part be
explained by integrin expression (89). Exosomes released from tumour cells can be enriched with specific
integrin isoforms that favour certain tissue ECM compositions. Randomly distributed throughout the
body, they would preferentially attach to pre-metastatic sites that match their integrin profile. A
bioinformatics study of exosome-encapsulated microRNAs (miRNAs) derived from prostate cancer
patient primary cells showed that miRNAs derived from tumour cells can regulate a variety of signaling
pathways involved in differentiation, proliferation, migration, and MMP synthesis. When these miRNAs
were transfected into a fibroblast cell line, MMP expression was functionally increased at the protein
level (90), which would encourage active ECM remodeling processes in the priming of a pre-metastatic
niche. It is not well understood how environmental factors might facilitate the expression of such
miRNAs in the primary tumour and what mechanisms are involved in their packaging into exosomes and
release into circulation. Hypoxic conditions in the primary tumour have been singled out as an important
promoter of the expression of angiogenic chemokines and enzymes involved in ECM remodeling (91—
93). The release of lysyl oxidase (LOX) by breast cancer cells through activation of HIF-1 under hypoxia
(91) is a particularly interesting example. LOX is an enzyme responsible for crosslinking structural ECM
proteins such as collagens and elastins and is known to be an important regulator of matrix stiffness in
primary tumours. In the pre-metastatic niche, it has been found to crosslink collagen IV, making the local
tissue architecture more amenable to the attachment and migration of circulating bone marrow-derived
cells. These recruited myeloid-type cells further remodel the ECM environment through the expression of
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MMP-2 (94). It is not clear whether LOX-mediated remodeling is tissue-specific and if any tissue
environmental factors contribute to its activity or if it is a probabilistic, non-specific first step in the
progression of a pre-metastatic niche that can occur throughout the body. The pre-metastatic niche has
the local ECM playing a central role in the development of metastases, but the ECM environment of the
primary tumour clearly also has an important role in promoting or selecting for the expression of niche-
priming signals.

Prostate cancer cells exist within the intricate context of the ECM, deriving biochemical,
mechanical, and physical cues from their surroundings via cell surface receptors and
mechanotransduction. At the heart of the complex changes involved in the progression and metastasis of
cancer are the ECM and the reciprocal interactions between cells and matrix. This is important both in
primary tumours and in potential sites of metastasis. Given the complexity of these environments,
reductionist techniques are required in cancer research to simplify and isolate certain aspects of cancer
cell behaviour. This must be carefully balanced with physiological relevance as, according to Bissel and

Hines, context is the key to understanding cancer.

1.3. Standards for Cell Culture

In vitro models are vital to the understanding of cancer cell behaviour, as they provide a
simplified environment that allows the control of cell growth conditions without many of the confounding
factors associated with real living tissues. Traditionally, cells are cultured on standardized glass or tissue
culture polystyrene (TCPS) plates. In the case of adherent cells, the adhesion of cells to TCPS surfaces
appears to primarily be a result of integrin binding to serum glycoproteins, such as fibronectin and
vitronectin derived from cell culture media, that have adsorbed onto the plate surface (95,96), though
evidence also exists of direct electrostatic interactions between cell surfaces and surface-treated TCPS
(97). This hard, stiff, two-dimensional (2D) environment does not reflect the chemical or mechanical

properties of real tissues from which cells are obtained. Furthermore, cells are forced into basal-apical
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polarization due to having all cell attachment molecules on the side adhering to the plate surface and the
opposing side exposed to free-flowing liquid medium. This results in increased cell spreading, differences
in integrin expression, perturbations to cytoskeletal organization and activation, as well as changes in
gene expression when compared to cells in 3D environments as they would be in vivo (98,99). These
differences ultimately affect morphology, differentiation, phenotypic expression, and proliferation (100).
Direct exposure of the “apical” side of the cell to liquid media introduces cells to shear forces from fluid
flow during media changes or physical perturbations of the culture environment. Diffusion in liquid
medium is also poorly representative of the diffusive environment imposed by tissue ECM and multiple
cell layers as in solid tissues, which has a molecular crowding effect resulting in localized concentration
gradients of nutrient and waste material (56,60). While 2D cell models have played an invaluable role in
biological research, their physiological relevance, especially in cancer research, is limited due to their
inability to recapitulate the context of the tumour microenvironment and the important cell-cell and cell-
matrix interactions that govern cell behaviour.

Three-dimensional (3D) cell culture models have been proposed as a way to bridge the gap
between the simplicity of 2D in vitro models and the physiological realism of live animal models. The
aim of 3D cultures is to recreate the mechanical and biochemical aspects of real tissue ECM in order to
provide the necessary context for cells to behave as they might naturally in the body. While there are a
variety of ways to generate 3D cell cultures, most protocols generally fall into two categories: spherical
(or spheroid) culture and scaffold culture. Terminology in literature is not always clear on 3D cell
structures, and the terms “spheroid” and “organoid” are sometimes used interchangeably to describe any
3D growth of cells (101). For the purposes of this thesis, “spheroid” will be used to describe an
aggregation of tumour cells grown in non-adherent conditions while the term “organoid” will be used to
describe a multicellular structure with some form of self-organization into a functional unit.

Spherical cell culture models rely on aggregation and cell-cell attachment to form 3D structures in
the absence of an adherent substrate. Not all cell types are capable of forming spheroids, but anoikis-
resistant prostate cancer cell lines lend well to this type of 3D model (102). One popular method for
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forming spheroids is the hanging drop method, which involves suspending cells in a droplet of culture
medium and relying on gravity to draw cells to the bottom of the droplet, where they eventually form
aggregates (103). Due to the small volumes involved in hanging drop culture, this method tends to suffer
from dehydration and is prone to physical perturbations from mishandling. A similar method is the liquid
overlay technique, which involves coating a standard multi-well plate with an agarose hydrogel, a
material for which mammalian cells have no natural receptors. Similarly to a hanging drop, this non-
adherent environment favours the formation of cell-cell interactions and aggregate formation as cells are
drawn to the bottom of the well by gravity (102,104). While care must be taken to ensure an even coating
of agarose to prevent cells from attaching to the walls of the well, this technique is relatively robust to
physical perturbation compared to the hanging drop method and can be done with a greater volume of
medium, lessening the effects of evaporative losses. Over time with both methods, cells will secrete ECM
components and develop as micro-tissues. Similarly to solid tumours, cells within a spheroid experience
concentration gradients as nutrients and waste diffuse through the layers of cells. These gradients lead to
decreasing cell viability towards the centres of spheroids, often forming necrotic cores akin to those in
solid tumours (101). In spherical models, cell-matrix interactions are secondary to cell-cell interactions in
that ECM materials must be produced and laid down by cells over the course of culture or introduced
after spheroid formation to allow appropriate aggregate formation.

In contrast to spherical cell culture, scaffold cell culture involves providing an adherent 3D matrix
environment with appropriate signaling cues to cells that allow them to attach and proliferate in the
material. A variety of culture materials can be used and are available commercially, including Matrigel, a
secretion of the murine Engelbreth-Holm-Swarm tumour containing ECM components representative of
basement membrane (105). Cells grown in Matrigel are known to differentiate and self-organize into
organoids with notable tissue-like structure (106). While Matrigel is an exciting material in terms of its
ability to direct cell differentiation and organization, it is not a well-defined matrix due to its nature as a
secretion from murine cells. Batch to batch variation is noted, as is the presence of non-structural ECM-
adjacent materials such as growth factors and intracellular proteins, even in growth factor-reduced
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Matrigel products (107). These confounding factors make it difficult to systematically study cell-matrix
interactions using this material. Synthetic or recombinant materials are also used as scaffold materials and
enable nearly complete definition of the material composition (108). These synthetic materials need to be
engineered with molecular sequences such as RGD peptides to allow cell attachment, but can be produced
with fine control of mechanical properties and matrix geometry to mimic natural ECM (42). Scaffold
cultures can sometimes be sensitive to cell seeding density. With low seeding density, cells are sparsely
dispersed and the contributions of autocrine, paracrine, and direct cell-cell signaling to cell behaviour are
relatively small compared to cell-matrix interactions. Over time, however, as cells proliferate and
populate the scaffold material, these cell-cell interactions can override matrix cues (109), illustrating the
complexity of cell signaling and the interplay of cellular interactions in the tissue microenvironment.
While 3D cultures have the potential to be powerful tools for cancer research, their adoption has
remained limited due to issues of practicality. Three-dimensional cell structures are difficult to image in a
high-throughput capacity due to opacity and the existence of cells on multiple focal planes, requiring
specialized imaging capabilities, such as confocal microscopy or histological sectioning. Lack of
standardization of methods for generating 3D cultures means it is difficult to translate functional and
biochemical assays optimized for 2D cultures to 3D cultures. Consistency of aggregate formation and
spatial variability of cells are also prominent issues, especially when cell viability is highly dependent on
position within the aggregate. While 3D cell culture is an exciting field and an important advancement in
the understanding of cell behaviour in physiological contexts, more work is required to address the issue

of feasibility for widespread adoption.

1.4. State-of-the-Art in Model Tissues

Considering the complexities of the tumour microenvironment, various strategies have been
employed to isolate aspects of tissues in model cell culture environments. Baker et al. describe a fully

synthetic ECM-mimicking fibre network composed of methacrylated dextran that they used to study cell-
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matrix interactions and mechanosensing (42). Their model tissue environment allowed controllable fibre
architecture with tunable mechanics via UV-mediated crosslinking. Addition of RGD peptides allowed
cell attachment and provided contextual ECM cues to cells. Using this cell culture environment, they
reported architecture-dependence of cell spreading and proliferation in response to matrix stiffness and
the ability of cells to recruit and pull on fibres to increase ligand density and subsequent matrix-derived
signaling cues. While powerful in allowing such a high level of control over culture conditions, such an
environment includes exogenous materials that would not normally be found in human tissues. Even if
cells do not have receptors for methacrylated dextran, its presence may have unknown effects on cells,
such as electrostatic or hydrophilic/hydrophobic interactions. Using a completely different top-down
approach, Piccoli et al. described a decellularized colorectal cancer biopsy sample for use as a model
environment for 3D cancer cell culture (110). After noting clear structural and compositional differences
between healthy colorectal tissue samples and cancerous samples, Piccoli et al. were able to show that cell
lines re-seeded onto decellularized matrices show marked differences in behaviour, with over-expression
of chemokines and genes related to angiogenesis and cancerous growth in cells grown in cancerous
matrices compared to matrices derived from healthy mucosa. These results come with a caveat that the
process of decellularization may affect ECM architecture, cause protein denaturation, and could also
leave traces of cellular material that may affect subsequently seeded cells. Regardless, this model is
especially interesting in preclinical research as it uses materials derived from real human tissues and
would thus reflect real disease states. Another interesting model cell culture environment is described by
Rodenhizer et al., who developed a platform to study spatial variations in metabolic signatures arising
from concentration gradients (111). Their platform consists of a bio-composite sheet on which cells are
seeded that can be rolled up to represent cell layers within a solid tumour. Diffusion of oxygen and
nutrients across the device resulted in concentration gradients that were differentially sensed by cells
depending on position within the construct. Unrolling the device allowed easy access to cells in different
layers, enabling the study of how concentration gradients affect cancer cells as they would in solid
tumours. The user-friendliness of this device in combination with its ability to recreate the diffusive
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environment of solid tissues is the real highlight of this technology, as it could easily be adapted to study
how chemotherapeutics diffuse through solid tissues and affect spatially varied cells. Drawbacks with the
use of this device include its specialized manufacture and the extra training required to learn how to
effectively use it.

The challenges of creating physiologically relevant in vitro disease models are particularly
relevant in the study of prostate cancer. Research is greatly hampered by the lack of representative model
cell lines that recapitulate the molecular aspects of disease presentation (112—-114). Recent work by
Sawyers et al. using primary cells derived from prostate cancer patients has demonstrated the utility of
Matrigel in sustaining organoid cultures that have many of the molecular characteristics of real prostate
cancers (113—115). Sawyers et al. characterized organoid lines derived from both circulating tumour cells
and biopsy samples that expressed the diverse genetic profiles seen in prostate cancer including
TMPRSS2-ETS fusions and SPOP mutations (113). They were also able to recreate accurate phenotype
expression in rare neuroendocrine type prostate cancer cells using this method (114). In vitro models
involving patient-derived cells are powerful tools for cancer research as they provide a broad
representation of real-world disease states. The required use of Matrigel to induce accurate phenotype
expression raises an interesting question, however. What aspect of Matrigel is actually required for self
organization and proper phenotype expression? Given the complexities of Matrigel composition, it would
be advantageous to have a bottom-up approach to growth matrix design to better understand the minimal

requirements for physiologically accurate cell culture.

1.5. Hyaluronan as a Cell Culture Environment

Given the complexity of the cancer microenvironment and the difficulties in studying prostate
cancer cells in physiological conditions, a bottom-up approach to augmenting standard cell culture
conditions would be a good step forward in prostate cancer research. The simplest way to do this would
be to introduce a layer of ECM material on top of a 2D culture (116,117). In this model, cells remain
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attached to a 2D TCPS surface, but the impact of cell polarization would be theoretically lessened by
receptor engagement in the presence of ECM material on the apical surface. When searching for a model
ECM material in which to culture and study prostate cancer cells, hyaluronan, also known as hyaluronic

acid (HA) stands out as a promising material.

1.5.1. Cell Interactions with HA

Hyaluronan is an anionic glycosaminoglycan found naturally in the human body and is
ubiquitously expressed in most tissues. In cartilaginous tissues and synovial fluid, its water content and
goo-like consistency provide a low-friction environment (47,118,119). Binding with proteoglycans, such
as aggrecan or versican links HA with a wider ECM network, where it plays an important role in the
retention of water and sequestration of soluble factors (47,120). HA is known to be overexpressed in a
number of malignancies, including those of the breast, lung, prostate, and urinary bladder
(80,118,121,122), and is also known to play an important role in inflammation and wound healing. When
tissue is damaged, HA degradation products can be detected by cells, promoting inflammatory responses.
In the newly synthesized and highly vascularized ECM of granulation tissue formed on wound surfaces,
HA is thought to help promote the migration of cells and the remodeling of tissue (123,124). Cells
interact with HA through two known primary receptors: cluster of differentiation 44 (CD44) and receptor
for hyaluronic acid-mediated motility (RHAMM). The interaction between CD44 and HA is of particular
interest, as CD44 is a known cancer stem cell marker and is used as a prognostic marker of poor disease
outcomes (80,118,125). Numerous studies have reported conflicting effects of HA on cultured cells,
which may be related to HA molecular weight. Smaller HA fragments present in the degradation products
of damaged tissues can be endocytosed and tend to promote inflammation, cell proliferation and
migration. In contrast, large HA molecules present in normal healthy tissues tend to act as a physical
barrier to cell movement and expansion (123,124,126). Differences in the function of HA signaling also

appear to be related to cell type, which suggests differences in signal transduction or HA uptake
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(80,127,128). Experiments with free, unbound HA oligomers have revealed that HA binding by CD44 is
cooperative, with stronger avidity as the number of engaged, adjacent receptors increases (129). This
provides a potential mechanism for differential cell activation based on HA molecule size and could also
explain differences in cell behaviour based on CD44 expression in different cell types. While cell
interactions with free, oligomeric HA and downstream CD44-mediated signal transduction are well-
documented, the effects of large HA molecules and ECM-bound HA on cell behaviour are less clear. HA
in the tumour microenvironment would have two-fold effects on cells by influencing the material
properties of tissues while also directly engaging cell receptors. Thus, it would be important to study how

HA in the prostate tumour can affect cancer progression in an ECM-mimicking environment.

1.5.2. CD44 in Cancer

CD44 is known to be expressed as numerous isoforms depending on alternative splicing of the
CD44 gene and expression of variant exons. Association of specific CD44 splice variants with cancer
aggressiveness, cell stemness, drug resistance, and overall disease outcome has made CD44 expression a
prominent prognostic marker and a target for therapeutic research in numerous cancers (121,130,131). For
prostate cancer specifically, CD44v5 is associated with benign prostate cells whereas the standard variant,
CD44s is upregulated in neoplastic cells (132). Isoforms that contain the v6 region of the CD44 gene are
implicated in increased metastatic potential (133).

CD44 can bind to and interact with a variety of other materials besides HA, including collagens,
fibronectin, and other ECM components (121) as well as MMPs and growth factors (130). These
interactions can directly trigger numerous cell processes that can facilitate the progression of cancer.
CD44 forms a complex with MMP-9 on the cell surface, which facilitates the activation of MMP-9,
allowing matrix degradation and inducing migratory behaviour in cells (134). CD44 can also
phosphorylate runt-related transcription factor 2 (RUNX2), which targets it for nuclear localization,

facilitating the transcription of a number of different genes involved specifically in bone metastasis (135).
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One of these genes is that of receptor activator of nuclear factor kB ligand (RANKL), a cytokine that
promotes the priming of metastatic niches in bone tissue through osteoclast differentiation and activation.
RANKL can also have a paracrine effect on adjacent prostate cancer cells expressing receptor activator of
NF-kB (RANK), which can have a wide range of effects via NF-kB mediated protein expression (136).
Acting through ankyrin and Rho GTPases, CD44 signaling can activate cytoskeleton dynamics, leading to
altered cell adhesion and increased migration (137). CD44 can be cleaved, producing an intracellular
domain that localizes to the nucleus and directly acts as a transcription factor (138). This CD44-mediated
transcription can activate the canonical stem cell transcription factors Nanog, Sox2, and Oct4, promoting
self-renewal and metastatic behaviour (139). CD44 thus has a wide range of functions and its signaling

plays an important role in the progression of cancer.

1.5.3. HA Hydrogels

Using HA as a primary ECM material in which to culture prostate cancer cells serves to recreate
an ECM environment that might be found in a malignant or pre-metastatic tumour in which it would be
upregulated (122). As a material found naturally in the ECM, HA is not expected to pose any issues
towards cell viability at physiological concentrations and would be a material that can provide contextual
ECM signaling cues via CD44 and RHAMM. As a single-component semi-synthetic material, an HA
hydrogel would have a well-defined chemical composition, circumventing many of the issues involved in
the use of Matrigel. The main issue with HA as a culture environment is its handling properties. In its
reconstituted high-molecular weight form, HA is a highly viscous liquid that does not lend well to
standard liquid handling procedures using pipettes. Cell culture with liquid HA would also put shear
stresses on cells during media changes or physical perturbations, which would not be reflective of the
mechanical environment of solid prostate cancer tissue. Chemical modification of HA into a hydrogel
material is a popular method of addressing these issues in the fields of biomaterials and tissue engineering

(140-144). Chemical modification of HA to enable crosslinking improves the mechanical properties of
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the material, making it more similar to the crosslinked structure of natural ECM without having to
introduce other ECM materials that would naturally bind HA. By growing cells within a crosslinked HA
matrix, medium exchanges can be performed without disturbing the cells, preventing bulk-flow mixing
and exposure to shear stresses. Thus, the use of a HA-based hydrogel material in cell culture would allow
the study of prostate cancer cell interactions with HA in an environment that is mechanistically similar to,
but biochemically simpler than prostate cancer tissue ECM.

The goal of this research is to find a suitable HA-based hydrogel material to use as a cell culture
environment and to use it to study prostate cancer cell behaviour. By using a semi-synthetic hydrogel
system based on HA, cells will be provided contextual ECM binding cues while maintaining well-defined
material composition and characterization. Functional characterization of the hydrogel environment will
help tease apart the individual contributions of physical, mechanical, and biochemical properties that
influence cell behaviour within the system. In mimicking the mechanical properties of tissue ECM, the
hope is to better understand how ECM-bound HA contributes to cell signaling, cancer cell migration and
invasion, and phenotype expression. Using a bottom-up approach, a secondary goal of this project is to
augment and improve upon existing 2D cell culture models and move towards a more physiologically
relevant 3D model of prostate cancer tissue. Not only will this improve on the performance of 2D tissue
models, but this would also help in transferring established experimental procedures developed for 2D

systems to 3D systems.
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Chapter 2. Chemical Modification of HA

2.1. Disulfide Crosslinked HA Hydrogels

After reviewing a number of published HA crosslinking protocols available in literature (140-
144), 1 chose a carbodiimide-based modification procedure first proposed by Shu et al (143). The
procedure appeared straightforward and involved relatively mild reagents and reaction conditions, which
would be important for maintaining cell viability. Their thiol-modified HA material is available
commercially (Glycosil®, Advanced BioMatrix; HyStem®, Sigma-Aldrich) and is incorporated in a
number of hybrid copolymer hydrogel systems (142,145). Briefly, 3,3’-dithiobis(propanoic
dihydrazide) (DTP), a palindromic molecule with a central disulfide bond is coupled to carboxyl
groups on adjacent HA chains via carbodiimide-hydrazide chemistry, resulting in a hydrogel
material. The central disulfide bond can be broken through reduction, solubilizing the material,
and subsequently reformed through oxidation in air. This allows in situ gelation of the material at
physiological conditions. The hydrogel can also be broken down enzymatically with exogenous
or cell-expressed hyaluronidases. Though not mentioned in the original paper (143), a subsequent
paper using the thiol-modified HA material in a copolymer hydrogel system mentions preparing the
hydrogel under a blanket of nitrogen gas to prevent premature crosslinking (145). I decided to attempt the
procedure myself and optimize it for production and use in a typical life science lab, which may not have
access to equipment for chemical process control described in the previous studies. My optimizations
include decreasing batch size to improve mixing of the reaction volume and ensuring even crosslinking,
decreasing the amount of dithiothreitol (DTT) needed to reduce the disulfide bond and solubilize the
material by 64%, and removing the need to conduct the reaction under nitrogen by introducing a final

addition of glutathione to prevent premature crosslinking.
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Figure 1, Chemical modification of hyaluronan to form a hydrogel._DTP is coupled to HA chains with

carbodiimide-hydrazide chemistry to form a chemical crosslink. DTT is then used to break the central

disulfide bond to solubilize the material, resulting in a thiol-modified HA material.

2.1.1. Crosslinking Scheme: Materials and Methods

First, high molecular weight HA must be degraded in acidic conditions. Though the purpose of
this step is not mentioned by Shu et al., this acidic degradation greatly decreases the viscosity of the HA,
making it easier to work with and ensures a soluble end product. Initial attempts at hydrogel synthesis
without prior acid degradation all resulted in insoluble final products. In the optimized protocol, 1g of
fermentation-derived HA from Streptococcus equii (Sigma-Aldrich) is dissolved in 100mL of distilled
water on a hot plate set to 35°C. Once fully dissolved, 4M HCI is added until the solution reaches a pH of
0.5. Maintaining the temperature at 35°C with stirring at 130rpm, the mixture is allowed to degrade for 24
hours. Degradation is stopped by raising the pH to 7 using 1M NaOH and the mixture is put into dialysis
tubing (standard regenerated cellulose, 6-8kDa pore size; Spectra/Por®) and dialysed against distilled
water for 4 days, changing the dialysis bath every day. The mixture is then removed from the dialysis
tubing, frozen at -80°C in 50mL conical tubes, and lyophilized (AAPPTec Sharp Freeze -110). This
lyophilisation step allows subsequent rehydration of the low molecular weight HA for synthesis at the

appropriate concentration and this step cannot be skipped, even if the molar ratios of the other reactants
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are kept constant. Attempts at using the dialyzed low molecular weight HA solution directly in the
crosslinking reaction resulted in final hydrogel products that over-crosslinked and crashed out of solution.

An example of the amounts of reagents used in the crosslinking reaction is as follows: 0.5g low
molecular weight HA is dissolved in 50mL of distilled water, making sure a homogeneous solution is
obtained. A total of 50mL is the largest reaction volume I have attempted that has resulted in a soluble
final product. Larger volumes are associated with problems I discuss later in Section Protocol
Optimization. Next, 0.6g DTP (Frontier Scientific) is added to the mixture as a dry powder and the pH of
the reaction is adjusted to 4.75 with additions of 1M HCI. Once an appropriate pH is achieved, 0.48g N-
(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (VWR) is added to the solution as a dry
powder, starting the crosslinking reaction. The pH is maintained at 4.75 with additions of 1M HCI as the
reaction progresses. The solution will begin thickening as crosslinks are formed, eventually forming a
gelatinous mass. The reaction is stopped after 10 minutes by adjusting the pH to 7 using IM NaOH. At
this point, the material can hold its shape and can be cut; visible cleavage planes imply that the material
will not reform a single mass if remixed. To re-solubilize the material, 0.9g DTT (VWR) is added as a dry
powder and the pH is raised to 8.75 with 1M NaOH. This is left to stir overnight before being put into
dialysis tubing and dialyzed. Dialysis is done in a solution of 11.69g NaCl dissolved in 2L distilled water
and 600uL 1M HCI (pH 3.5) for one day, then in a solution of 600uL 1M HCI in 2L distilled water (pH
3.5) for three days, changing dialysis baths once a day as needed. According to Shu et al., the dilute acidic
dialysis conditions prevent crosslinking of the material while also ensuring the HA backbone does not
hydrolyze. After dialysis, 0.9g reduced glutathione (VWR) is added as a final measure to prevent
crosslinking before being lyophilized. Because of the dialysis in an acidic bath, the resulting lyophilized
product is acidic upon rehydration and requires aliquots of NaOH to bring it to neutral pH for use in cell

culture or other experiments.
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2.1.2. HA Content of the Final Hydrogel Material

Due to the potential loss of material during dialysis and the addition of glutathione, the final HA
content of the material is unknown. To correct for this, I use a turbidimetric assay described by Oueslati et
al. (146) to quantify HA content of the final material. This assay utilizes the specific formation of a
precipitate between cetyltrimethylammonium bromide (CTAB) and HA regardless of state of crosslinking
or molecular weight and provides a quantitative measurement of HA content. During initial testing, I
confirmed that DTP, DTT, and glutathione were non-reactive to the CTAB solution. By comparing the
absorbances of hydrogel test solutions with that of a pure HA standard curve, I can calculate the purity of
the final material. In general, I am able to achieve an average HA content by mass of 44+6% in the final
product following my optimized synthesis protocol. The remainder is likely glutathione and salts leftover
from dialysis.

The procedure for the CTAB turbidimetric assay is as follows: CTAB reagent is made by
dissolving 1.25g CTAB in 50mL 0.5M NaOH; a pure 0.6mg/mL HA standard stock is made by dissolving
30mg HA in 50mL phosphate buffer; a hydrogel test solution is made by dissolving 6mg hydrogel
material of unknown HA content in 10mL phosphate buffer. In a standard flat-bottom 96-well plate, both
the standard solution and test solution are serially diluted with phosphate buffer, with final volumes of
50pL in each well, done in triplicate. The three blank wells receive S0uL pure phosphate buffer. Each
well then receives another S0uL phosphate buffer, bringing the volume in each well to 100uL. This is left
to incubate at 37°C for 15 minutes. Next, 100uL of the CTAB reagent is pipetted into each well and
gently shaken. The precipitate forms instantly, but will begin to disappear over time, so the absorbance
must be measured within 30 minutes of adding the CTAB reagent. The absorbance at 595nm of each well
is measured using a Filtermax F5 Microplate Reader. The absorbance data are plotted against
concentration for both sets of data and the slopes are found using least-squares linear regression. By
dividing the slope of the test solution data by the standard solution data, the percent HA content can be

found. An example is shown in Figure 2.
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Figure 2, CTAB turbidimetric assay for measuring HA content. Pure HA standard curve in black with,
test solution with estimated concentrations in blue, and test solution with corrected HA content in green.
The correction is done by finding the slopes of the standard and test data with least-squares fitting,
dividing the slope of the original test solution data by that of the standard curve, and then multiplying the

estimated concentrations by this ratio. In this example, the test solution has an HA content of 43.6%.

2.2. Discussion

2.2.1. Choice of Chemical Modification

A number of chemical modification schemes have been described for the crosslinking of HA into
a hydrogel (141-144,147,148). Among these, methacrylated HA has specifically been used to emulate the
HA-rich environment of the stem cell niche to culture embryonic stem cells (147). Phenol-functionalized
HA hydrogels, on the other hand, have been used to aid in cell sorting and enrichment of cells expressing
CD44 (148). I chose the chemical modification procedure by Shu et al. over others because it is relatively
simple and used relatively mild reagents and reaction parameters. Other hydrogels that require the
addition of a crosslinking agent such as glutaraldehyde have the possibility of having unreacted reagent
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interfering with cell viability or behaviour. Hydrogels that require exposure to ultraviolet light for
photopolymerisation would also have issues with cell viability, as cells would be exposed to the light and
may incur DNA damage. The simplicity of having the gel form through oxidation in air is an attractive
selling point for me, as it allows forming of the gel in situ, encapsulating cells in an ECM-mimicking
environment. The crosslink molecule used is available commercially, so the initial crosslink synthesis
steps described by Shu et al. can be skipped. With this protocol, my hope was to make the procedure more
accessible for a general cancer research audience that may not have the facilities required in the original

protocol, such as the capability to work under nitrogen gas.

2.2.2. Protocol Optimization

My optimizations are simple, but have a great effect on material usage and feasibility. Shu et al.
report that a five-fold excess of DTT compared to initial HA by weight is needed to fully solubilize the
hydrogel material prior to dialysis and lyophilisation. In reducing the reaction volume and conducting
synthesis in smaller batches, I am able to shorten the crosslinking reaction time from two hours down to
ten minutes and reduce the amount of DTT required in the solubilisation step by 64%. In vivo, HA is an
important material for sequestering soluble factors and thus has a strong molecular crowding effect in
solution (47,120). Large reaction volumes would suffer from uneven reactions due to this crowding. To
prevent uneven reaction pockets, the original protocol probably would have required intense mixing,
which would incorporate air into the reaction, causing oxidation and premature gelation. This would
further increase the amount of reducing agent needed to solubilize the crosslinked material. Working in
smaller batches means the reaction volume can be more easily mixed at lower speeds. Reagents would
more readily disperse through the material, ensuring an even reaction. Less air would be incorporated
during mixing, minimizing the risk of oxidation. The final addition of glutathione also ensures that the
material remains uncrosslinked during freezing and lyophilization. Without glutathione, I find that the

final material after lyophilization tends to be insoluble. Using less glutathione tends to result in faster
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gelation and higher initial viscosity after rehydrating the material. I chose to use glutathione as opposed to
more DTT because glutathione is an antioxidant naturally found in vivo and is generally much milder with
low cytotoxicity (149).

An interesting phenomenon that occurs with this material if the crosslinking reaction proceeds for
too long or if the concentration of reagents in the reaction volume is too low (as it would be if dialyzed
acid degradation product is used directly in synthesis, skipping the first lyophilisation step) is over-
gelation of the final rehydrated material and its crashing out of solution. This over-crosslinked material
readily dissolves in phosphate buffered saline (PBS) and cell culture media, but over the course of
gelation, it shrivels up, squeezing the solvent out of the matrix and becoming a stiff and opaque mass, as
seen in Figure 3. This occurs to a greater extent if reconstituted at higher concentrations, usually above
1% (w/v). There are a few possible reasons for this. If the carbodiimide-hydrazide reaction proceeds for
too long, the HA material will become saturated with crosslinks, resulting in a very stiff matrix. I have
also noticed this in large reaction volumes in which the reagents are not well-dispersed, resulting in
uneven reaction pockets. My experience with the material has been that a ten-minute reaction is sufficient
to achieve desirable material qualities for cell culture. If reagent concentration is too low, the reaction is
slow, requiring extended amounts of time to achieve a gel of comparable mechanical properties compared
to the gel formed as described in Section Crosslinking Scheme: Materials and Methods. The resulting
hydrogel, however, is formed at a far lower HA concentration and a greater degree of crosslinking would
be required to have the same mechanical properties. Upon reconstitution at 1% or above, as used in
subsequent experiments, this hydrogel would have more crosslinks per unit volume, leading to over-

crosslinking and crashing from solution.
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Figure 3, Over-crosslinking of gels and crashing from solution. Following the procedure in Section 2.1
results in adequate crosslinking (A), but allowing the reaction to progress for too long will result in too
many active thiol groups per unit volume, which causes the material to over-crosslink upon rehydration
(B). Having a low initial HA concentration will also result in over-crosslinking because more crosslinks
are required to obtain a hydrogel with comparable mechanical properties. Upon rehydration, an over-
crosslinked hydrogel will “crash” out of solution, squeezing the solvent out of the matrix (C). D and E
show successful hydrogels at 1% and 1.5% w/v, respectively under the microscope (4X objective, scale
bar is 500um), which are optically clear. This is compared to F and G, which show over-crosslinked and
crashed hydrogels at 1% and 1.5%, respectively. In F, the hydrogel has not fully crashed, but has
coalesced into scattered translucent aggregates. In G, the higher concentration (and thus greater number of
crosslinks per unit volume) has caused the hydrogel to separate from solution, forming a single semi-

opaque mass. The edge of the mass is shown.

One drawback of my optimizations is that the reduction in reaction volume greatly decreases the
potential for large-scale synthesis of the material. The ratio of reactants would likely not scale linearly, as
increasing the reaction volume would lead to issues with reaction uniformity, as discussed earlier. While
this would not be ideal in an industrial setting, the amount produced per batch would be sufficient for a
general cancer research laboratory environment on a monthly basis. Regarding the addition of

glutathione, any reduced glutathione remaining in the final material could have some protective effects on
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cultured cancer cells. This would be especially relevant when testing chemotherapeutic drugs,
radiotherapy, or other cancer treatments that rely on the generation of oxidative molecules. One way to
address this would be to extensively wash the hydrogels after rehydration and gelation to gradually elute

the glutathione.

2.2.3. Hydrogel HA Content

The average final HA content of the hydrogel material I can achieve is 44+6% by weight, as
measured by the CTAB turbidimetric assay. The remainder is the glutathione that is added after dialysis
and possibly salts derived from the acidic dialysis bath. Assuming all HA is conserved through the

reaction and dialysis, the addition of glutathione should result in a maximum theoretical purity of about

0.59g HA
0.5g HA+0.9g glutathione

= 36% HA. While salt content and pH can affect the assay by interfering with

precipitate formation (146), their contribution in this case would be negligible due to being highly diluted
in buffer. I confirmed that DTP is unreactive to the CTAB reagent on its own, but this apparent inflation
of HA content suggests that the DTP crosslink contributes to precipitate formation, lacking alternative
explanations. Oueslati et al. note the insensitivity of this assay to HA molecular weight, suggesting that
the interaction with CTAB relies on the material bulk rather than on individual molecules (146).
Therefore, as a functional group covalently attached to the HA chain, the DTP crosslink is likely adding

to the bulk mass of the material, which gets reflected in this inflated concentration reading.

2.2.4. Molecular Weight and Degree of Crosslinking

Aspects that I have not addressed in the material synthesis are the molecular weight of the HA
and the degree of crosslinking in the material. Shu et al. have described these aspects in their original
paper, conducting detailed chemical analyses, and note the use of reaction time and pH to control both the
molecular weight of HA during the initial acid degradation prior to crosslinking and the degree of

crosslinking during synthesis. While my decreased reaction volume affects the reaction time and thus the
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degree of crosslinking, I have maintained constant reaction time from batch to batch and evaluated the
progression of the crosslinking reaction based on qualitative visual and mechanical criteria (e.g. whether
the material is still capable of flowing, whether it can hold its shape, whether stirring the material results
in visible cleavage planes, etc.). These methods have resulted in fairly consistent hydrogels, as evidenced
in later mechanical testing and diffusivity data, but there is some variability due to the crudeness of using
reaction time and qualitative assessment to monitor reaction progress. As for the molecular weight, again
there is some variability stemming from the acid degradation as well as the crosslinking and dialysis in
acidic conditions. This aspect may not be relevant to the final material, however, since the crosslinking of
HA appears to result in a consistent bulk material. The average molecular weight of the material is likely
lower than that of natural HA found in vivo, which can exist in the 1000-8000kDa range but could,
however, be representative of low molecular weight HA degradation products found in wound repair and
inflammatory processes (47,118). How cells might differentiate between low and high molecular weight
HA in the context of a chemically crosslinked matrix remains unclear. This would require further
investigation, but previous tests of crosslinking high molecular weight HA without prior acid degradation
resulted in an insoluble material. Thus, a different strategy would be required to determine the effects of
molecular weight on matrix properties and cell behaviour. The DTP crosslink is probably poorly
representative of the HA-binding ECM proteins found in vivo, both due to its relative size as well as its

non-specificity in reacting with carboxyl groups on HA chains (120).
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Chapter 3. Material Characterization

Much of the material characteristics of this disulfide-crosslinked HA hydrogel have been
previously described by Shu et al., including reaction kinetics, crosslinking efficiency, gelation, and
swelling ratio (143). The goal of my material characterization was to understand its functional properties
relating back to its use as a model cell culture environment. I wanted to see how the mechanical
properties of HA on its own would compare to those of real tissues made up of a complex mix of ECM
proteins. My hypothesis was that since the hydrogel material did not contain any fibrous structural ECM
elements, such as collagen or elastin, it was highly unlikely that I would achieve comparable mechanical
stiffness to real tissue. I conducted mechanical testing to obtain the elastic modulus of the material and
also used simple measurements based on rheology to better understand the transition kinetics involved in
the gelation process.

Though my protocol optimizations would not have fundamentally changed the carbodiimide-
hydrazide chemistry from the original protocol by Shu et al., I wanted to see how the addition of
glutathione would affect the gelation of the material upon rehydration since the disulfide linkage in the
crosslink requires oxidation to reform and the glutathione would change the redox balance. Previous
studies have shown that the gelation of reversibly and covalently-interacting biopolymers is dependent on
concentration according to a power law relationship with a negative exponent value (150,151). I
hypothesized that the addition of glutathione as a reducing agent would slow the gelation process by
inhibiting the oxidation of the disulfide crosslink. Only once the reduced glutathione is spent would the
disulfide bond be able to form stably. The power law relationship would likely still be intact, since the
molecular interaction governing gelation would not change. My hydrogels would have longer gelation

times compared to the values reported by Shu et al. in their original paper, however.

32



3.1. Results

3.1.1. Power Law Dependence of Gelation on Concentration

Shu et al. originally determine onset of gelation using a test tube inversion method and report that
the speed at which HA hydrogels solidify is dependent on the pH of the final gel solution and the
reactivity of thiol groups (143). Their data, however, was not collected with enough time intervals to be
able to calculate a gelation time. I decided to use a method described by Xu et al. (152) based on capillary
action of liquids to characterize the onset of gelation of four different concentrations of hydrogel solution:
0.5%, 1%, 1.5%, and 2% w/v. Using this data, I could then characterize the power law relationship
between gel time and concentration and compare my gelation times to those reported by Shu et al. If my
hypothesis about the glutathione addition was correct, the predicted gelation time for a 3% HA hydrogel

using my gelation data should be appreciably longer than the observed gelation time reported by Shu et al.

Capillary Gelation Test
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Figure 4, Gelation progression as measured using a capillary gelation test. Data were fitted to exponential
curves to show time trends using least-squares regression. Hydrogel solutions of 0.5% (w/v) do not fully

stabilize into gels and remain liquid, hence the plateau in the data presented.
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Above 0.5% w/v, hydrogel solutions fully stabilize and form gels. At 0.5% and below, however, the little
amount of HA in solution is unable to fully stabilize into a gel (Figure 4), and therefore, the HA remains a
viscous liquid. This is the approximate the critical gelling concentration of the HA hydrogel. Variability

in gelation curves is likely due to inconsistencies in gel synthesis and imprecision of the capillary gelation

assay.
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Figure 5, Power law relationship between hydrogel concentration and gelation onset. Left: exponential
time constants obtained from gelation curves in Figure 4 (black) were fitted to a power law function with
least-squares regression (blue) with an exponent of -1.148; R-square = 0.9977. Right: the predicted
gelation curve of a 3% HA hydrogel, obtained by extrapolating a time constant of 1.3 minutes from the
fitted power law function. According to this predicted curve, a 3% w/v HA hydrogel would be fully

gelled within 5-10 minutes.

The gelation times of the hydrogel solutions appear to follow a power law relationship according
to concentration (Figure 5). Due to the viscosity of the hydrogel solution, it is too difficult to
homogeneously rehydrate the material above 2% w/v. Extrapolating from the fitted power law, it appears
that a 3% w/v hydrogel would fully gel in less than 10 minutes. Shu et al. report onset of gelation for a
3% hydrogel within 15 minutes at a pH of 7 with their original protocol, though their experiment did not
include any earlier time points. Counter to my hypothesis, this suggests that the gelation of the material
may not be affected by the presence of glutathione, since the predicted gelation time is comparable to
what was reported
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3.1.2. Mechanical Stiffness of HA Gels is Much Lower than Prostate Tissue

Compression tests were used to characterize the mechanical properties of the hydrogels. The
hydrogels show clear concentration-dependent stiffness as expected, both due to greater overall material
density at higher concentrations, as well as a greater number of crosslinks per unit volume with increasing
concentration (Figure 6). A study by Ahn et al. report an average elastic modulus of 24.1+14.5 kPa for
cancerous prostate tissues (153). This is much higher than that of the HA hydrogels and is expected, since
HA would not contribute significantly to the mechanical strength of real tissues compared to structural
ECM proteins like collagen or elastin. Although the 0.5% hydrogel solutions did not form solid gels, I
was able to obtain a non-zero modulus, suggesting that the 0.5% solutions are not fully liquid and can

exhibit gel-like behaviour under compression.
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Figure 6, Hydrogel mechanical properties measured with compression testing. Left: representative force
vs deformation curves of the different hydrogel concentrations tested. Right: elastic moduli, as calculated
using a flat, rigid axisymmetric punch model up to 5% deformation. Error bars show standard deviation. *
indicates statistical significance as computed using one-way ANOVA and pairwise Tukey-Kramer post-

hoc analysis, p<0.01.
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3.2. Materials and Methods

3.2.1. Capillary Gelation Test

Ideally, quantitative rheological measurements would provide the most precise characterization of
the mechanics involved during gelation. Lacking access to a rheometer compatible with small volumes, I
opted to use a method described by Xu et al. (152) to qualitatively characterize the gelation process.
Liquid is wicked up the narrow lumen of a glass capillary due to attractive intermolecular forces between
the hydrogel solution and the capillary wall. As the hydrogel solution gels, however, its viscosity
increases and its ability to be wicked up the capillary decreases. Once the hydrogel is fully set, it is
incapable of flowing and cannot be wicked up by capillary action.

The procedure for the capillary gelation test with representative amounts of materials used is as
follows: an HA hydrogel solution is made by dissolving 0.049g of 47% HA content hydrogel material in
1.0mL PBS. The HA content was found using the CTAB turbidimetric assay previously described. The
mass of material used was equivalent to 0.023g pure HA. To bring the solution to neutral pH, 100uL 1M
NaOH is added, bringing the liquid volume to 1.1mL. The solution is topped up to 1.15mL with an
addition of 50uL PBS, bringing the final HA concentration to 2% w/v. This solution is serially diluted
with PBS to make up the other concentrations as follows: 700uL of 2% solution is added to 233ul. PBS
to make a 933puL 1.5% solution; 483uL of 1.5% solution is diluted with 241uL. PBS to make a 724ul 1%
solution; 274uL of 1% solution is diluted with 274ul. PBS to make a 548ul 0.5% solution. The
remaining 450puL of each solution is pipetted into the wells of a standard 96-well plate, making up 5 gels
for each concentration, each 80uL in volume. At chosen time points, a 1.5mm-diameter borosilicate glass
capillary (Kimble Chase) is inserted into each hydrogel solution. The liquid level is allowed to equilibrate
before the capillary is removed and the liquid level is measured using a caliper. A different gel is sampled
per concentration at each time point, cycling back to the first gel upon running out of fresh gels to sample.
This is to try and minimize the possibility of breaking up the gel matrix structure by sampling a gel too

often, leading to over-estimation of liquid level and gelation time.
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Time constants were obtained from exponential curves fitted to the gelation data using the

following form

y:e‘[ 1

Where y is the liquid level in the capillary tube, ¢ is the time in minutes, and 7 is the time constant. Time
constants were then plotted against hydrogel concentration and fitted to a power law relationship of the
following form

T=kC™ 2

Where C is the concentration of the hydrogel solution, # is the power law exponent, and k is a constant of

proportionality. All fitting was done with least-squares regression in MATLAB.

3.2.2. Compression Testing

To characterize the mechanical properties of the hydrogel material, I used a compression test to
obtain force vs deformation curves of hydrogels with the following concentrations: 0.5% 1%, 1.5%, and
2% w/v. The hydrogels were formed in the wells of a custom 3D printed holder, consisting of cylindrical
8mm-diameter, 22mm-deep wells. A 2% w/v HA hydrogel solution was made with PBS, pH adjusted
using 1M NaOH, and serially diluted with PBS to make up the other concentrations, with 750uL of each
solution used in each well. This corresponded to an approximate gel height of 1.5cm. The custom holder
with the gels inside was then placed on a Mettler Toledo XS105 analytical scale. A syringe pump (KD
Scientific) was propped up vertically and a metal 1m-long metal rod was placed in the holder of the pump
mechanism (Figure 7). The threads of a small plastic screw were filed down to make a smooth cylindrical
probe, 3.8mm in diameter. The probe was attached to the end of the metal rod with double-sided tape and
lowered towards the surface of the gel in the holder on the scale. The syringe pump was set and calibrated
to depress at a constant 0.1mm/s speed. Once the scale was tared, the syringe pump was turned on, with

the probe moving towards the gel surface and subsequently into the gel. Measurements were made at 10
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samples/s using the interval weighing protocol from the LabX instrument interfacing software (Mettler

Toledo) as the gel was depressed by the probe.

Syringe Pump
Metal Rod

Probe

Analytical
Scale

Figure 7, experimental setup for compression testing. An analytical scale is used to record mass
measurements, which are converted into force readings. A syringe pump is used to depress a probe

attached to a metal rod at constant speed into hydrogels placed on the scale.

Mass measurements from the scale were converted into force readings by multiplying the masses
by 9.81m/s?, the acceleration by gravity, according to Newton’s Second Law. Since the software recorded
at 10 samples/s and the syringe pump had a constant speed of 0.1mm/s, each sample corresponded to a
deformation of 1.0x10m. Force readings were plotted against deformation and each curve was visually
inspected to determine the onset of compression as the probe made contact with the gel surface. The first
75 data points after the onset of compression, corresponding to a total deformation of 0.75mm, or 5% of
the total gel height were taken and fitted with least-squares linear regression to obtain the slope. Only
these data were considered because they were relatively linear in this region and would be more

representative of the mechanical forces that cells would encounter in real tissues. Limiting the amount of
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deformation of the sample would also help emulate the ideal conditions of a flat, rigid axisymmetric

punch on an infinite elastic half-space (154). This model is given by

_ F(1—v?)
= 2Er

)

Where ¢ is the deformation, F is the measured force, v is Poisson’s ratio of the tested material, E is the
elastic modulus, and 7 is the radius of the cylindrical probe (1.9mm). Since the HA hydrogel is mostly

water, its Poisson’s ratio can be approximated to be that of water, hence v = 0.5. Rearranging Equation 3

gives:
E=37(5) 4
E = oo (5) 5
£ =19737m™" (5) 6

where F/0 is the slope of the force vs deformation curve. Equation 6 was used convert the slope into
elastic modulus. Despite the fact that the diameter of the hydrogel sample was on the same order of
magnitude as that of the probe, I felt confident in using a flat, rigid axisymmetric punch model for this
analysis because I was only using data up to 5% deformation. At small enough deformation, the pressure
distribution in the hydrogel sample would decay before reaching the edge of the sample, approximating
the ideal condition of an infinite elastic half-space.

Statistical significance between hydrogel moduli was determined using one-way ANOVA with

pairwise Tukey-Kramer post-hoc analysis, p<0.01 on MATLAB.
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3.3. Discussion

While crude compared to rheological data obtained from a rheometer, the capillary gelation assay
provided qualitative kinetic data based on the mechanical processes involved in gelation. The advantage
of this assay over traditional rheological measurements was that very little test material was required with
no need for specialized equipment. I was able to confirm a power law dependence of gelation time on
hydrogel concentration, as had been previously reported in other biopolymer systems (150,151). Using
this relationship, I found that the predicted gelation time of a 3% hydrogel solution was less than 10
minutes. Shu et al. reported a gelation time of 15 minutes, but did not have earlier time points for testing
gelation onset. While it was not possible to confirm without more data, it appeared that my predicted
gelation time did not disagree with what was reported. Interestingly, the added glutathione did not
appreciably affect gelation onset upon rehydration of the hydrogel material, counter to my initial
hypothesis. It is possible that the redox potential of the glutathione relative to the disulfide bond in the
HA material in solution made it ineffective as a reducing agent, though this is unlikely because prior
attempts at processing the hydrogel without glutathione resulted in insoluble products. This would
suggest that most of the reduced glutathione was spent during lyophilisation to prevent gelation and so
was no longer active upon rehydration. Given the crudeness of the capillary gelation assay, another
possibility is that the effect of glutathione was too small to be detected. There was variability in the
gelation data, and this could be evidence of the effect of glutathione on gelation. Because of the final
dialysis in the production process, there was risk of losing materials smaller than the 6-8kDa molecular
weight cut off of the dialysis tubing. This was not taken into account prior to the addition of glutathione,
which would have resulted in variable glutathione-to-HA ratio in the final material, even after correcting
with the CTAB turbidimetric assay. Variability also arose both from the crudeness of the capillary
gelation assay as well as other batch-to-batch variations in the hydrogel material.

For mechanical testing, I showed that the elastic moduli of HA hydrogels increased with

concentration, but were far smaller than the average elastic moduli of cancerous (24.1+14.5 kPa) and non-
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cancerous (17+9 kPa) prostate tissues previously reported by Ahn et al. (153). Given that the mechanical
properties of tissues are largely determined by fibrous ECM proteins that are missing from the hydrogels,
such as collagen or elastin (34), this is not surprising. This seems to suggest that HA, as a component of
tumour ECM that is tethered and functionally crosslinked to structural elements does not contribute much
to the overall stiffness of tumour tissue. At the degree of crosslinking I set through qualitative control of
reaction parameters, the resulting hydrogels were very soft. Even if the degree of crosslinking were to be
increased to improve on stiffness, the resulting material is unlikely to resemble real tissue without the
addition of structural ECM components. There is also the issue of the material’s tendency to crash out of
solution and become opaque at high degrees of crosslinking, as discussed in section 2.2.2. What was
encouraging in the mechanical data was that the moduli between concentrations were significantly
different. This would suggest that the crosslinking protocol was fairly consistent, even with qualitative
control measures, and that the CTAB turbidimetric assay could be used to accurately correct for HA

content in the final material.
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Chapter 4. Diffusivity and Mass Transfer

Continuing with my functional characterization of disulfide-crosslinked hyaluronan hydrogels, I
was next interested in studying the diffusive environment in the hydrogels. In solid tissues, mass transfer
of nutrient and waste materials occurs via diffusion through a heterogeneous material environment,
resulting in localized concentration gradients (56). It is well known that HA plays a role in this, as it has a
strong molecular crowding effect and is capable of sequestering soluble factors in vivo (47). Thus, I
wanted to study the diffusive environment imposed by a crosslinked HA hydrogel, as that could affect

cellular access to nutrients and local concentrations of metabolites.

4.1. Results

4.1.1. Cell Viability Appears Limited by Access to Nutrients

Initially, I ran a short-term cell viability assay, simply with the HA hydrogel introduced on top of
a standard monolayer cell culture to ensure that the HA hydrogel did not pose any issues with cytotoxicity
at the concentrations [ would use for subsequent experiments. [ decided to run the experiment with two
different cell lines: LNCaP (Figure 8), which is representative of a moderately-malignant prostate
adenocarcinoma (155) and PC3 (Figure 9), which is a highly malignant model prostate cancer cell line
with characteristics similar to a small cell carcinoma of the prostate (156). In testing the two cell lines and
comparing them, I wanted to get a better understanding of how cells of different characterized phenotypes
would behave in the hydrogel environment. As would be expected of more aggressive and hardier cells,
the PC3 cells appear more robust against increasing hydrogel concentration compared to the less
aggressive LNCaP cells. Overall, the hydrogel had negligible cytotoxic effects at low concentrations, up
to 2% w/v. The 2% hydrogel, however, caused a large increase in cell death after 3 days of culture in both

cell lines.
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Figure 8, LNCaP acute cytotoxicity after exposure to HA hydrogels of varying concentration. Top:
representative images of LNCaP cells cultured underneath HA hydrogels of different concentrations over
one and three days. Viable cells were stained green with Calcein-AM and dead cells were stained red with
propidium iodide. Hoechst was used to visualize nuclei to help with cell counting. Scale bars represent
250um. Bottom: average percentage of dead cells across one and three days of culture in hydrogels of
different concentrations. Error bars show standard deviation. * denotes statistical significance determined

with two-way ANOVA and pairwise Tukey-Kramer post-hoc analysis, p<0.05.

43



[ Ae

250 pm

¢ Ae(q

. 250 pm -
Control 1% 2%
PC3 Acute Cytotoxicity

100 -
u
< g0 4 day 1
3 m day 3 i
A 60 -
— %
@ 40 -
@)
£ 20 -
0 o G x — I
0 5 1 1.5 .

Hydrogel Concentration (%w/v)

Figure 9, PC3 acute cytotoxicity after exposure to HA hydrogels of different concentrations. Top:
representative images of cells cultured underneath hydrogels of different concentrations over one and
three days. Viable cells were stained green with Calcein-AM and dead cells were stained red with
propidium iodide. Hoechst was used to visualize nuclei to help with cell counting. Scale bars represent
250um. Bottom: average percentage of dead cells after one and three days of culture under hydrogels of
different concentrations. Error bars represent standard deviation. * denotes statistical significance

determined with two-way ANOVA and pairwise Tukey-Kramer post-hoc analysis, p<0.05.
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Interestingly, cell death is only statistically significant after three days of culture in a 2% w/v
hydrogel for PC3 cells, and not at one day of culture. Even in the LNCaP cells, the cell death observed
after three days of culture in the 2% hydrogel is far greater compared to that after one day of culture, and I
was not convinced that this was purely due to toxicity from exposure to the hydrogel. Had this been the
case, [ would have expected to see more comparable cell death between days one and three instead of the
dramatic spike seen only on day three of culture.

Because the cells used were model prostate cancer cell lines, there was a possibility that the cell
death observed after three days of culture in the 2% hydrogel was not due to direct cytotoxicity of the
material, but instead due to limits on diffusivity in the system. Rapidly dividing cells would quickly use
up nutrients in their immediate surroundings, and any limitations in the ability of materials to diffuse
would result in lack of nutrients and buildup of metabolic waste materials. This process would take time
and cell death would be drawn out, as was observed in the data instead of appearing immediately. To test
this hypothesis, I repeated this cell viability assay, but in a different cell culture configuration (Figure 10,
Schematic diagram of different hydrogel cell culture configurations.). Using LNCaP cells, the more
sensitive of the two cell lines used, I cultured cells on top of a layer of 2% HA hydrogel and compared
cell viability with that of cells cultured underneath the hydrogel, as before. A layer of medium was added
on top of the cells cultured on top of the hydrogel to allow direct access to liquid medium and freely
diffusing nutrient materials. For consistency, liquid medium was also added on top of the hydrogel for the

cells cultured underneath.
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Figure 10, Schematic diagram of different hydrogel cell culture configurations. Cells were cultured “in”

the hydrogel, as before, in a standard monolayer configuration with the HA hydrogel layered on top or
“on” the hydrogel, with a layer of hydrogel coating the bottom of a well and the cells seeded on top. In
the “on” configuration, cells remain in direct contact with the hydrogel, but also have access to free-
flowing liquid media, whereas cells in the “in” configuration only have access to whatever is able to

diffuse through the hydrogel.

I again quantified cell death in both conditions and also decided to measure adenosine triphosphate (ATP)
content, which is the “energy currency” used by cells. The amount of ATP present in cells would be
representative of the amount of nutrients the cells had access to in each culture system. I found that cell
death was significantly higher in cells cultured underneath hydrogels compared to cells cultured on top
(Figure 11). I also found that cells cultured on top of hydrogels had more ATP and therefore better access
to nutrients than cells cultured underneath hydrogels. Taken together, this evidence supported my
hypothesis that cells were not dying due to direct cytotoxicity from the hydrogel material — cells were in
direct contact with the material in both culture conditions. Instead, it appeared that the cells were dying of

starvation, possibly from essential serum proteins, amino acids, or sugars.
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Figure 11, Comparison of cells cultured underneath and on top of HA hydrogels. Left: representative
images of LNCaP cells cultured underneath (IN) and on top (ON) of 2% w/v HA hydrogels, over one and
three days of culture. Viable cells were stained green with Calcein-AM, dead cells were stained red with
propidium iodide, and nuclei were visualized with Hoechst to help with cell counting. Scale bars
represent 250um. Top right: cytotoxicity, as measured by percentage of dead cells cultured underneath
(in) and on top (on) of 2% w/v HA hydrogels. Bottom right: ATP content of cells as a proxy for access to
nutrients, as measured using CellTiter-Glo Assay normalized to cell count. Error bars represent standard
deviation. * indicates statistical significance as determined with two-way ANOVA and pairwise Tukey-

Kramer post-hoc analysis, p<0.01.

Moving forward, I was now interested in characterizing the diffusive environment of the HA
hydrogels to better understand how the physical properties of the material environment affected access to

nutrients and the formation of concentration gradients.
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4.1.2. Diffusivity of Small Particles is Independent of HA Content

I used fluorescence recovery after photobleaching (FRaP) to study the ability of particles of
different sizes to diffuse through the hydrogel material. If diffusivity was the limiting aspect for cell
viability in culture underneath the hydrogel, there would be differences in the diffusion rates of dye
particles within hydrogels of different concentrations. Even a subtle difference in diffusion rate could
affect the formation of concentration gradients and I expected to see such differences particularly between
the 2% w/v hydrogel compared to the lower concentrations, as it was in this condition that I saw the
greatest difference in cell death. I was also interested in seeing how particles of different sizes would
differ in their ability to diffuse through the hydrogel system. This would be an indirect method for
determining pore size of the hydrogel material, as particles on the order of or larger than the effective
pore size would be impeded from diffusing within the matrix while smaller particles would diffuse with
relative ease. I hypothesized that dye particles in the 2% w/v hydrogel would have significantly higher
diffusion half-times compared to lower hydrogel concentrations across dye particle sizes. This limitation
on diffusivity would explain the lack of resources leading to starvation I observed in my cell viability
experiments.

Interestingly, diffusion half-times for particles 125kDa and smaller are not significantly different
across all concentrations of hydrogels tested, as determined by two-way ANOVA. Even when compared
with liquid PBS and the 0.5% hydrogel solution, which is functionally liquid in that it is capable of
flowing, the half-time does not appear to change. This would suggest that for small enough particles,
diffusion rates are independent of HA content, at least for the hydrogel concentrations tested. Only for the
500kDa dye particle does hydrogel concentration appear to have any impact on diffusion rate, where
diffusion through the 2% hydrogel was found to be significantly different from the other hydrogels and
PBS (Figure 12). This would suggest that the 2% HA matrix has a functional pore size on the order of or
smaller than the 500kDa dye particle, which has a hydrodynamic coil radius of 15nm (157), thus

impeding its movement.
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Representative FRaP Curves for 1% Hydrogel Effect of HA Content on Diffusivity
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Figure 12, FRaP analysis of diffusive properties of HA hydrogels. Left: representative FRaP curves of
dyes of different molecular weights in a 1% w/v HA hydrogel. Right: comparison of average diffusion
half-times obtained from FRaP curves across hydrogels of differing HA content and dye particles of
differing sizes. Dye particle size was found to have an effect on diffusion half-times, but not hydrogel
concentration for dye particles below 125kDa in size, as determined by two-way ANOVA, p<0.05. A
separate one-way ANOVA with Fisher’s least significant difference post-hoc analysis on the half-times of
the 500kDa dye particle showed that the 2% hydrogel was significantly different from the PBS and 0.5%

conditions, p<0.05, as indicated by *.

These results were interesting, as they were not what I was expecting. Though there appears to be
a difference in the ability of dye particles 500kDa or greater to diffuse through 2% hydrogels compared to
the lower concentrations, the difference is subtle and does not exist for smaller particles. This challenged
the idea that cells lacked access to nutrients, as most nutrient materials such as glucose and amino acids
are even smaller than the fluorescein-tagged glycine that I used as my smallest dye particle. Following
these results, [ was interested in seeing if another material property of the HA hydrogels was responsible

for limiting cellular access to nutrients.
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4.1.3. HA Hydrogels Sequester Proteins from Medium

In vivo, HA is known to have strong molecular crowding effects and is responsible for
sequestering important soluble factors. Shu et al. originally showed that the disulfide-crosslinked HA
hydrogel can be loaded with blue dextran, which cannot be released from the hydrogel unless the
crosslinks are broken or the hydrogel is enzymatically degraded with hyaluronidase (143). I was
interested in seeing if the same effect could be observed with essential serum proteins derived from cell
culture medium. I developed a procedure to determine whether hydrogels made up with conditioned
medium could retain their protein content after extensive washing with PBS. What I found is that the
hydrogels indeed prevent proteins from being washed out (Figure 13). Hydrogels between 1% and 2%
concentration have similar protein retention capabilities. Moreover, while 0.5% w/v hydrogel solutions
were prone to bulk mixing and being pipetted off during liquid transfer, the solution was still capable of
retaining proteins to some extent. This seems to suggest that this protein sequestration has less to do with

physical state of gelation or matrix geometry and more to do with molecular interaction.
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Figure 13, Dot-blot analysis of HA hydrogel protein retention. Left: representative dot-blot; each dot
represents a sample taken from a hydrogel that was either washed extensively with PBS or not washed.
The blot was stained with Coomassie Blue to detect protein content. Right: protein retention, as measured
by change in Coomassie Blue staining intensity. Error bars represent standard deviation. * denotes
statistical significance as determined with one-way ANOVA and pairwise Tukey-Kramer post-hoc

analysis, p<0.05.
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It was clear that medium-derived proteins were not able to leave the HA hydrogel matrix, but I
was interested in seeing if they were able to enter it. This would be particularly important for this
material’s use as a long-term cell culture environment that would require medium changes. If culture
medium components were unable to penetrate the matrix, cells cultured within would eventually starve. I
used a similar dot-blot procedure as before, this time looking at the amount of protein that was able to
enter hydrogels made with PBS during thirty minutes of incubation with conditioned medium. The
results, shown in Figure 14 show that medium-derived proteins can enter HA hydrogels, but in a limited
capacity. Again, hydrogels between 1% and 2% have similar protein penetrance and the 0.5% HA

hydrogel solution showed intermediate penetrance, owing to bulk mixing of the solution with the

conditioned medium.
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Figure 14, Dot-blot analysis of protein penetrance in HA hydrogels, or the amount of medium-derived
protein that was able to enter the hydrogels during incubation. Left: representative dot-blot with samples
derived from hydrogels made with PBS and either incubated with conditioned medium or without
incubation. Right: protein content of hydrogels after incubation with conditioned culture medium,
measured as Coomassie Blue staining intensity. Data were normalized to the PBS condition, in which
pure liquid PBS was mixed with conditioned medium during incubation. Error bars show standard
deviation. * denotes statistical significance as determined by one-way ANOVA and pairwise Tukey-

Kramer post-hoc analysis, p<0.05.
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4.2. Materials and Methods

4.2.1. Cell Line Culture Methods

I used the model prostate cancer cell lines LNCaP (ATCC CRL-1740) and PC3 (ATCC CRL-
1435) for my cell viability experiments and LNCaP alone for culture on top of hydrogels, as they were the
more sensitive of the two. Both cell lines were confirmed with Short Tandem Repeat analysis at the
Centre for Applied Genomics at SickKids (Toronto, Canada). The LNCaP cells I used had 89% match
with expected alleles and the PC3 cells had 100% match.

Both cell lines were cultured in standard 100mm by 22mm tissue-culture treated culture dishes
(Falcon) and kept in an incubator at 37°C with 5% CO,. Dulbecco’s Modified Eagle’s Medium (DMEM,;
Sigma-Aldrich) was used for LNCaP cells, supplemented with 10% fetal bovine serum (VWR) and 1%
antibiotic antimycotic solution (Sigma-Aldrich). This was used as opposed to what is suggested by the
American Type Culture Collection, as the cells had been previously cultured with DMEM prior to my
acquisition of them. Complete culture medium for PC3 cells was composed of Kaighn’s Modification of
Ham’s F-12 Medium (F-12K; Corning), supplemented with 10% FBS and 1% antibiotic antimycotic
solution. Culture medium was replaced every 3-4 days.

Subculture and passaging was done at 70-90% confluency for both cell lines. First, medium is
removed and the culture dish is rinsed with sterile PBS. Next, 2mL of 0.05% trypsin and 0.53mM EDTA
in Hank’s balanced salt solution (Corning) is added to the dish and the dish is placed in an incubator at
37°C to incubate for 5-10 minutes. Plates are visually inspected to assess cell detachment from the dish
surface. Once detached, the trypsin is quenched with 3mL complete cell culture medium of the
appropriate type and the dish contents are transferred to a 15mL conical tube (Greiner). Tubes are
centrifuged at 200 times the force of gravity for 5 minutes to pellet the cells. The supernatant is removed
and the pellet is re-suspended in fresh cell culture medium before being added to new culture dishes or

seeded into plates for subsequent experiments.
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4.2.2. Acute Cytotoxicity Experiments

To test cell viability, cells were detached from tissue culture plates, as described above and
seeded into 96-well plates at a density of 10000-12000 cells/well. After letting the cells attach overnight,
HA hydrogel solutions were made up in the appropriate complete cell culture medium, adjusting the pH
to 6.5-7 using of 1M NaOH. To ensure consistency of hydrogels across concentrations, a large batch of
2% w/v hydrogel solution was made and serially diluted with culture medium to make the 1.5%, 1%, and
0.5% solutions. Old culture medium was removed from the 96-well plate 80pL of hydrogel solution was
added on top of cells in each well. For the control, the old medium was replaced with 80uL fresh culture
medium without any HA hydrogel. Plates were returned to the incubator at 37°C and 5% CO, and
allowed to culture for one and three days.

At one and three days of culture, cells underwent viability testing. The following is an example of
the amounts of reagents used for analyzing fifteen wells of cells. A dye mixture was made with 4.5pL
1005uM Calcein-AM (Biotium), 3uL 1500uM propidium iodide (Sigma-Aldrich), and 1uL bisbenzimide
Hoechst #33342 (Sigma-Aldrich), diluted with 71.5uL. PBS for a total volume of 80uL. Each well
containing 80uL of hydrogel or culture medium received SuL of the dye mixture. The plate of cells was
then incubated for 20 minutes at 37°C to allow the dyes to penetrate the hydrogels and reach the cells
underneath before being visualized. Representative images were taken using a Nikon Eclipse Ti
Epifluorescence Microscope and later processed with ImagelJ to obtain live and dead cell counts.

I chose a hydrogel volume of 80uL for this experiment because greater gel volumes, especially at
2% w/v concentrations were difficult to image through and required long incubation times with the dyes. |
found that using the Hoechst stain to visualize nuclei made it easier to use the semi-automated cell
counting algorithm in Imagel, especially for highly confluent wells.

Statistical significance for all cell viability data was determined with two-way ANOVA and

pairwise Tukey-Kramer post-hoc analysis with p<0.05 in MATLAB.

53



4.2.3. Modified Culture Configuration

To test whether cells were dying from direct hydrogel cytotoxicity or starvation due to lack of
access to nutrients, cells were cultured on top of hydrogels and compared to cells cultured underneath.
These two conditions had to be tested separately, but in parallel due to logistical issues of allowing time
for hydrogels to gel and cells to attach.

For growing cells on top of hydrogels, first a 2% w/v hydrogel solution was made with DMEM
supplemented with 10% FBS and 1% antibiotic antimycotic solution, with the pH adjusted to 6.5-7 using
additions of 1M NaOH. Each of the centre 40 wells of a standard 96-well plate received 80uL of the
hydrogel solution, with the bordering wells filled with 100uL of PBS to maintain humidity and minimize
evaporation. The solutions were allowed to fully gel overnight in an incubator at 37°C and 5% CO,. The
next day, LNCaP cells were detached from their culture dish, as described in section 4.2.1 and seeded on
top of the 2% hydrogels at a density of 5000 cells/well, with each well topped up with 50uL liquid
medium to prevent cells from dehydrating. These plates were returned to the incubator and underwent cell
viability and ATP content testing after one and three days of culture.

For growing cells underneath hydrogels, the procedure is similar to the original cell viability
assay, but with minor alterations to keep consistency with the cells grown on top of gels. First, LNCaP
cells were seeded into the middle 40 wells of a 96-well plate at a density of 5000 cells/well and allowed to
attach overnight. I reduced the amount of cells in each well from before to ensure the cell death observed
was not an artefact from seeding density. Bordering wells were filled with 100uL PBS to maintain
humidity and prevent evaporation. The next day, the old medium in each well was replaced with 80pL of
2% w/v hydrogel solution, which was allowed to gel for 2 hours. Once set, S0uL. of DMEM was added on
top of the hydrogels. These cultures were returned to the incubator and underwent cell viability and ATP
content testing after one and three days of culture.

The cell viability assay was as before, using the same ratio of dyes, but now using 8.5uL of the

final dye mix in each well. For the ATP content assay, culture plates were placed on ice and 50uL of
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CellTiter-Glo 2.0 Cell Viability Assay reagent was added to each well. Hydrogels were broken up
mechanically by pipetting up and down and scraping the bottom of the wells to disperse the reagent.
Luminescence in each well was analyzed using a Filtermax F5 Microplate Reader. These readings were
then normalized to average viable cell counts obtained from the Calcein-AM and propidium iodide
experiments to obtain average ATP content per cell.

Statistical significance for cell viability comparisons between culture underneath or on top of
gels, as well as ATP content assays was determined with two-way ANOVA and pairwise Tukey-Kramer

post-hoc analysis, p<0.01 using MATLAB.

4.2.4. Fluorescence Recovery after Photobleaching

I used FRaP to study diffusivity in hydrogel environments of differing concentrations. For
simplicity, | compared the measured diffusion half-times of dye particles of known molecular weight, to
which the corresponding diffusion constants are inversely proportional according to the numerical models
described by Axelrod et al. (158) and Soumpassis (159).

The following is an example of the amounts of reagents used to make hydrogels for FRaP
analysis. First, a suspension of microbeads was made by adding 1mg of polystyrene latex beads (3um
mean particle size, Sigma-Aldrich) to 500uL PBS. These microbeads aided in focusing the confocal
microscope onto a plane in the middle of the hydrogel samples. Next, 35mg of 45% HA content hydrogel
material, corresponding to 15.8mg pure HA was dissolved in 700uL PBS and the pH was adjusted to 6.5-
7 with 50uL 1M NaOH. To this mixture, 10puL of the microbead suspension and 20puL fluorescein 5-
isothiocyanate (FITC) conjugated dextran (125 or 500kDa; Sigma-Aldrich) was added. The final volume
was topped up to 790uL with PBS to make a 2% w/v HA hydrogel solution, doped with dye and
microbeads. Approximately 750puL of solution was dispensed into a 35mm Matsunami glass bottom
culture dish (VWR). A similar process is used to make up other gel concentrations and with different

sized dye particles.
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For the smallest dye particle size, I wanted to use pure FITC, but as it is reactive to amines, I
needed to quench it, so I conjugated it to glycine. For this, 2mg FITC (TCI Chemicals) is dissolved in
2mL dimethyl sulfoxide (Thermo Fisher) and in a separate SOmL conical tube, 20mg glycine (VWR) is
dissolved in 10mL PBS. Next, 20mL borate buffer is added to the glycine solution. For the borate buffer,
0.62g boric acid, 0.44g NaCl, and 0.95g sodium tetraborate are dissolved in distilled water and the pH is
adjusted to 8.4. The FITC solution is then added to the glycine, the conical tube is wrapped in aluminum
foil, and the mixture is incubated in the dark at 37°C for 90 minutes. I did not confirm whether all the
FITC was conjugated, so there was a possibility that the FITC would have conjugated to the HA matrix.
If this were the case, the immobile fraction would be affected, since a portion of the FITC would not be
able to diffuse away, but the time constant would not be affected, as other quenched dye particles would
still be able to diffuse through the matrix. Given that I used a two-to-one excess of glycine to FITC and
that I only looked at the half-time of diffusion during analysis and not immobile fraction, the effect of this
would have been negligible.

For FRaP, samples in glass bottom culture dishes were visualized under confocal microscopy
with 488nm laser illumination and 40X objective. The presence of microbeads allowed focussing on a
plane within the gel to obtain an even laser bleach spot. Ten initial pictures were collected before the
bleaching to obtain a baseline fluorescence reading. After this, a circular 5x5pum region of interest was
bleached with a 488nm laser. Data were collected at 200ms intervals over a minute. To analyze the data,
the fluorescence intensity in the region of interest was measured and was corrected for photobleaching
from the imaging laser by subtracting the signal obtained from a reference spot away from the FRaP
region of interest. This was repeated 6 times per gel sample. The data obtained was then processed in
MATLAB, normalizing the fluorescence intensity with the baseline measurements and then removing the
baseline measurements to obtain just the exponential FRaP curve. The data were fit with exponential

curves of the following form using the curve fitting toolbox in MATLAB:

f(x) =a(l—eP¥)e~* 7
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where a is the immobile fraction, b is the exponent constant of the FRaP recovery curve, and c is a
correction term for the effects of photobleaching. Although the preliminary data processing included
correcting with data from a reference point outside of the FRaP region of interest, I found that there were
residual effects of photobleaching from the imaging laser. I thus used the extra exponential decay
correction term to obtain a better fit to the data. To obtain half-times, the following relationship with the
time constant was used. Given an arbitrary exponential function, f{t)=e® with exponent constant b, the

ratio of the function evaluated one half-time, #,4y after an initial time, ¢ to the function evaluated at ¢ is

given by
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Thus, half-times were obtained with Equationtyq;r = In (2)b

12 from the measured exponent constants.

Differences in half-times across hydrogel concentrations for dye particles smaller than 125kDa
were determined to not be statistically significant with two-way ANOVA, p>0.05. A separate one-way
ANOVA with Fisher’s least significant difference test (p<0.05) was computed on the 500kDa dye particle
half-times, which showed that the only significant differences were between the 2% hydrogel and the
0.5% solution and the 2% hydrogel and PBS. I decided to use a less conservative statistical test to see if
there was any possibility of the diffusion half-time being affected by hydrogel concentration. This was
computed using MATLAB. Analyzing the correlation ratios of diffusion half-times, the variability in the
data was determined to arise predominantly from inter-replicate variation, i.e. variation between hydrogel
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samples as opposed to intra-replicate variation (Table 1). The correlation ratio is the ratio between the

standard deviation across different replicates and the standard deviation of the ensemble data in all

replicates.
Correlation Coefficients of Diffusion Half-Times
Dye Particle PBS 0.5% 1% 2%
FITC-gly 0.7031 0.6840 0.7067 0.8441
125kDa 0.4754 0.8889 0.9667 0.9173
500kDa 0.2440 0.9458 0.9832 0.7725

Table 1, Correlation ratios of diffusion half-times to determine source of variability in data. Coefficients
for HA hydrogel conditions are larger than those for the PBS conditions. The coefficients for the FITC-

gly dye particle appears relatively constant across gel and PBS conditions.

The high values seen in the gel conditions compared to the PBS conditions suggest that the variability in
the hydrogel measurements most likely derives from differences in the hydrogels rather than from
systematic measurement error or variability in the FRaP analysis. Since the PBS samples all came from
the same stock, as did the dye solutions, measurement error in those cases would have a greater
contribution to overall variability, hence the smaller coefficients. The FITC-gly dye is an interesting case,
because the correlation ratios are fairly constant across the hydrogel and PBS conditions and is also fairly
high compared to the other PBS conditions. This could stem from variability in the dye mixture, such as
not having fully quenched the FITC with glycine, leading to FITC binding to the HA and affecting
diffusion. Another possibility is uneven FITC binding, whereby some glycine molecules are being bound

by more than one FITC molecule.

4.2.5. Dot-Blots

The procedure I developed to study the sequestration of proteins by HA hydrogels is as follows.

First, conditioned medium was obtained from LNCaP cells cultured for 3 days in DMEM supplemented
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with 10% FBS and 1% antibiotic antimycotic solution. HA hydrogels were then made with this
conditioned medium, first at 2% w/v with the pH adjusted to 6.5-7 using additions of 1M NaOH, and then
serially diluted to form solutions of 1.5%, 1%, and 0.5%. Next, 80uL volumes of hydrogel solution were
added to a 96-well plate and allowed to gel overnight. For the control, 80uL of pure conditioned medium
was used. The next day, half of the gels (and medium controls) were subjected to five washes, 10 minutes
each with 100uL PBS while the other half was left unwashed as references.

For the other experiment involving protein penetration into hydrogels, 2% w/v hydrogels were
made up in PBS, pH adjusted to a pH of 6.5-7 with 1M NaOH, and serially diluted to form 1.5%, 1%, and
0.5% hydrogel solutions. Volumes of 80uL were added to a 96-well plate and the hydrogels were allowed
to gel overnight. The control consisted of 80uL of pure liquid PBS. The next day, half of the gels and
PBS controls received 100pL of LNCaP-conditioned DMEM and were left to incubate at room
temperature for 30 minutes on an orbital shaker. The rest of the hydrogels and controls did not receive
any medium and served as references. After incubation, the media were removed from the incubated gels
and they were washed briefly with 100puL PBS. This was to remove any media from the surface of the
gels.

For both dot-blot experiments, a solution of 0.2g/mL DTT dissolved in PBS is made, and 40uL is
dispensed into each well, for every condition, including the controls. I found that DTT was not only
required to solubilize the gels, but also to denature the medium-derived proteins in order for them to
properly attach to the blotting membrane and allow Coomassie Blue staining. The gels were left to
incubate with the DTT solution for 10 minutes and then broken up mechanically with a pipette tip and by
pipetting the hydrogel solution up and down. For the blot, 2puL. samples of each solubilized hydrogel and
control were spotted onto a polyvinylidene fluoride (PVDF; Millipore Sigma) membrane and left to dry
overnight. Once the spots had fully dried, the blotting membrane was rinsed with Tris-buffered saline
with 0.05% Tween 20 (TBST). A Coomassie Blue staining solution was made by dissolving 6mg
Coomassie Brilliant Blue G (Sigma-Aldrich) in 30mL TBST. Staining solution was added to the blot, just
enough to cover and left to incubate at room temperature on an orbital shaker for 10 minutes. The stain
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solution was then removed and the blot was washed extensively with TBST. I found that the PVDF
appeared intensely blue while the membrane was still wet and translucent. When left to dry, however, the
PVDF became opaque, making the blue less pronounced and the contrast between the dots and the
membrane made the blots easier to see. I thus allowed blots to dry overnight before imaging using an
Azure c300 imaging system (Azure Biosystems). Images were processed with ImageJ to measure average

integrated pixel intensity of the dot-blots.

4.3. Discussion

4.3.1. Diffusion and Systems-Level Mass Transfer

Taken altogether, my experimental results seem to raise conflicting conclusions about diffusion
and mass transfer in the HA hydrogels. While diffusion within the hydrogels, as observed with FRaP
appears to be unimpeded by HA content, at least for small enough particles, the results from the dot-blot
experiments show that HA sequesters medium-derived proteins and prevents them from diffusing out. To

reconcile these results, I would look at this problem from a systems-level point of view, as illustrated in

Dot-blots:
Mass Transfer w FRaP:
Between Systems Internal

Diffusion

Figure 15.

Figure 15, Mass transfer compartmentalization. Whereas FRaP looked at internal diffusion within the

hydrogel material, the dot-blot experiments looked at mass transfer between the hydrogel and an external
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liquid phase. Thus, diffusion within the hydrogel can occur relatively unimpeded while movement of

materials into and out of the hydrogel is limited.

FRaP provides a microscopic internal view of diffusion within the hydrogel system, whereas the dot-blot
experiments describe a higher-level mass transfer between the hydrogel system and an external liquid
phase. With this compartmentalized model, the sequestration of proteins by the hydrogel can be described
as one-way mass transfer. Swelling of the hydrogel material in the presence of culture medium allows
medium-derived proteins to enter the hydrogel. Whatever is already in the hydrogel, however, is
sequestered and is not able to leave the hydrogel system, as was observed with the PBS washes and in a
drug-release experiment described by Shu et al. in their original paper (143). Once in the hydrogel,
materials freely diffuse throughout the hydrogel volume, as was observed with FRaP. Interestingly,
sequestration appears to be independent of matrix geometry or gel stability, as it can be seen to some
extent with the 0.5% w/v hydrogel solution, which is functionally liquid. It is likely that even in this
solution, the HA molecules are crosslinking, but without enough ensemble interactions to allow stable
matrix formation. The blue dextran loading experiment for studying drug release conducted by Shu et al.
also suggests that intact disulfide crosslinking is required for material sequestration, as blue dextran was
observed to be released by the hydrogel upon reduction of crosslinks. Release was also seen when the
hydrogel was enzymatically degraded with hyaluronidase, so it could also be related to molecular weight
of individual HA chains. Non-crosslinked HA molecules or HA after enzymatic degradation would be too
small to hold together, whereas crosslinking would increase overall molecular weight, allowing individual
crosslinked constructs to sequester materials. It remains unclear whether unmodified but functionally
crosslinked, ECM-integrated HA also has this ability.

It is important to note that the results from my dot-blot experiments are fairly non-specific. I am
only able to conclude that HA is capable of sequestering proteins in general and this provides no
information on the types of proteins being sequestered, nor whether other nutrient materials are being
sequestered. The fact that Shu et al. showed that blue dextran can be sequestered, however, suggests that

this phenomenon is likely not due to electrostatic attraction. Dextran has a net anionic charge and at least
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some proteins in media would have positive charge or polar interactions via amine groups, so they should
have opposite electrostatic interactions with HA, which has a net anionic charge in physiological
conditions (47). It may be interesting to repeat the FRaP experiments with dye particles with net cationic
charge to see if particles can still freely diffuse with little impedance or if they would start to interact with
the HA matrix. To determine the protein species being sequestered by HA matrices, the PBS washing
experiment or the conditioned medium incubation experiment could be repeated, with the hydrogels
solubilized with DTT and run through gel electrophoresis for Western Blot analysis.

In terms of my theory on cell starvation, it is still not clear what exactly cells cultured underneath
the hydrogel are lacking, though it is clear that the HA hydrogels at 2% concentration are limiting their
access to these materials to a greater extent than the other concentrations. Likely it is the denser packing
of HA molecules that causes this, whether through entanglement in HA chains, increased electrostatic
interaction from higher charge density, or a combination of different molecular interactions. Under
culture conditions, the cells would form an external compartment relative to the hydrogel, with limited
transfer of materials. This would prevent cells from getting access to materials inside the gel, as well as
cause the buildup of metabolic waste materials. There is also the possibility of other molecules being
prevented from diffusing through the hydrogel leading to cell death, such as oxygen (the possibility of
which is explored later in Section 5.1.2) or hydrogen ions. The latter would derive from the Warburg
effect, in which cancer cells prefer lactic fermentation over aerobic respiration for ATP production, thus
causing buildup of metabolic lactic acid and the acidification of their immediate environment (160). In
this regard, these material characteristics may be exploited to model specific tissue environments in which
there is limited diffusion, such as the inside of solid tumours or perhaps metastases in cartilaginous tissues
(161,162), in which HA is an important component (118).

The mass transfer characteristics and resulting effects on cell viability I have described in this HA
material have not previously been reported in other HA hydrogel materials including methacrylated HA
(144,147) and phenol-functionalized HA (148). There are a number of possible reasons for this, primarily
having to do with differences in experimental setup, materials, and cell culture environment. For some
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studies, HA hydrogels were not used to encapsulate cells — in particular, cells exposed to the phenol-
conjugated HA were merely seeded on top of the hydrogels (148). Thus, cells were not cultured in the
same diffusive environment. Other studies involving HA hydrogels may have used lower molecular
weight HA in hydrogel synthesis or had lower final crosslink density, resulting in looser gels that may not
be as efficient at sequestration of materials as the disulfide crosslinked hydrogels that I produced. A final
possibility is the interaction of diffusing materials with the disulfide crosslink, either sterically or
electrostatically. This would require further study with direct comparisons between hydrogel formulations

of equal degree of crosslinking and HA molecular weight.

4.3.2. Differences in Cell Viability

LNCaP and PC3 cells displayed differences in viability in response to culture in HA hydrogels of
varying concentration. This could be due to PC3 cells simply being more resistant to adverse growth
conditions, but there are other possible reasons involving cell signaling pathways. Of particular interest is
that of CD44 signaling. It is known that PC3 cells, as a model small cell carcinoma of the prostate express
CD44 while LNCaP cells more reminiscent of a standard adenocarcinoma do not (133,156). PC3 cells can
therefore exploit CD44 signaling to promote survival responses while LNCaP cells would not have this
capability. LNCaP cells are also androgen-sensitive with intact androgen receptor signaling whereas PC3
cells are not (155,156). Neither cells were treated with androgen during the cytotoxicity experiments.
Thus, LNCaP cells were missing an important signaling element important for cell growth and
proliferation as well as survival. Some important signaling molecules may have been present in serum
which was added to the whole cell culture media, but these molecules may not have reached cells due to

being sequestered in the HA hydrogel.
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4.3.3. Cell Aggregation

An interesting phenomenon I noticed when culturing LNCaP cells on top of 2% w/v hydrogels
was that the cells grew in aggregates (Figure 11). Compared to cells grown underneath the hydrogel,
which had spread-out spindle-like and cobblestone-like morphologies, the cells grown on top of the
hydrogels had a rounded morphology and were growing in clumps. This would suggest that the cells had
greater affinity for cell-cell attachment than attachment with the hydrogel substrate. This is not surprising,
given that the main cell attachment molecule for HA is CD44, which is not expected to have as strong a
binding effect as the integrins that make up focal adhesions or the cadherins that make up adherens
junctions. Cell aggregation on HA suggests that HA could be used as a non-adhesive environment for the

culture of 3D cell structures, such as spheroids.
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Chapter 5. Cells in Gels

With a better understanding of the mechanical and diffusive properties of disulfide-crosslinked
HA hydrogels, I wanted to see how culture within the hydrogel environment would affect cell behaviour.
In particular, I was interested in understanding how cell metabolism would respond to the lack of
resources imposed by limited mass transfer of nutrients and waste. One of the main signaling pathways
involved in nutrient sensing and directing cell growth and proliferation is the Akt-mTOR pathway, as
illustrated in Figure 16. Akt is a central integrator of numerous growth and nutrient signals and its activity
is often upregulated in cancer cells (75,163). Downstream of Akt is mammalian target of rapamycin
(mTOR), an important effector element that controls protein synthesis, cell growth, proliferation, and
metabolism via activation of the ribosomal protein p70 S6 kinase (S6K) (164). Parallel to the Akt-mTOR
axis is adenosine monophosphate-activated protein kinase (AMPK), which is an energy sensor that, when
activated, is responsible for downregulating anabolic activities and upregulating energy scavenging and

survival mechanisms, including autophagy (75).
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Figure 16, Akt-mTOR signaling pathway with adjacent control elements. Elements in green were studied
with Western blot analysis. Akt is an integrator of numerous upstream growth signals (red dotted oval)
and has a number of effector elements that control a wide variety of cell activities. One of these effector
elements is mTOR, which controls protein synthesis, metabolism, and cell growth and proliferation via
activation of the ribosomal protein, S6K. Parallel to the Akt-mTOR axis is AMPK, which is responsive to
the ratio of AMP to ATP, which would indicate nutrient availability and energy content. When active,
AMPK downregulates energy-consuming processes, including the mTOR pathway. AMPK also

upregulates autophagy and energy-scavenging processes as survival mechanisms.
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Altered signaling involving the Akt-mTOR axis is often implicated in numerous cancers,
including that of the prostate. As a central control element that mediates cell growth, proliferation, and
protein synthesis, Akt activity is often affected by upstream mutations, such as knockdown of PTEN or
hyperactivation by PI3K (163). This results in Akt hyperactivity, driving cell survival and proliferation.
This has been directly implicated in the growth and progression of prostate cancer (165). Many mutations
that confer anoikis resistance act through Akt to provide pro-survival signals to replace those normally
derived from ECM attachment (50,72,75). As a downstream controller of protein synthesis, mTOR is also
a common signaling element that is affected by oncogenic mutations. By decoupling mTOR from
upstream growth signals or disconnecting feedback signals to Akt, mTOR can be made constitutively
active (166). The risk of using up cell resources in unchecked mTOR-mediated protein synthesis is often
balanced by AMPK activity, which induces autophagy (75). In activating energy scavenging mechanisms
like autophagy, AMPK can increase the energy efficiency of cells and allow continued mTOR activity.
This complex signaling behaviour allows cancer cells to survive and multiply even in adverse growth
conditions.

To study how this metabolic network is affected by hydrogel culture conditions, I decided to look
at protein activation at key control points, namely Akt, AMPK, and S6K. This would provide a general

1dea of the metabolic state of the cells.

5.1. Results

5.1.1. Decreasing ATP Content Suggests Lack of Nutrients

Repeating the ATP content assay from Section 4.1.1, I looked at energy content of PC3 cells in
varying hydrogel concentrations over one and three days of culture. I found that ATP content appeared to
decrease over time and with increasing hydrogel concentration, as seen in Figure 17. This was most
prominent in the control condition, in which cells were cultured in a standard configuration with liquid

medium, as well as in the 0.5% hydrogel solution. The fact that the cells in the 0.5% hydrogel solution
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followed the same trend as the control group, whereby ATP content dropped over time, supports my
initial hypothesis that cell death was related to starvation due to limits in diffusion and mass transfer.
There was little change in energy content between days for cells cultured in hydrogels, which would

suggest that right away, the cells in hydrogels had less access to nutrients compared to cells in the control.
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Figure 17, ATP content of PC3 cells cultured in hydrogels. ATP content decreases with day of culture and
hydrogel concentration. * indicates statistical significance as determined with two-way ANOVA and

pairwise Tukey-Kramer post-hoc analysis, p<0.05.

5.1.2. PC3 Cells in Hydrogel Culture Upregulate HIF1A mRNA Expression

Hypoxia inducible factor 1 (HIF-1) is the primary transcriptional control element in cells that
responds to a lack of oxygen. Under hypoxic conditions, HIF-1 upregulates various genes, including
vascular endothelial growth factor (VEGF), which induces angiogenesis (91). This is particularly relevant
in metastatic cancers, as HIF-1 upregulation is implicated in promoting metastasis and priming of the
metastatic niche (64,91,94). I was interested in how culture of PC3 cells in the diffusive environment of
the HA hydrogels would affect the expression of HIF-1a, a subunit of HIF-1. Using endpoint reverse

transcriptase PCR, I quantified HIF1A (the gene encoding HIF-1at) mRNA expression in cells cultured
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under varying hydrogel concentrations. I also looked at mRNA expression of the HMBS gene, which
encodes porphobilinogen deaminase. This enzyme is involved in the biosynthesis of heme and its mRNA
expression levels have previously been found to be stable across states of differentiation and metabolism
in hepatic carcinoma cells, macrophages, and bone cells. Thus, its expression is suitable for use as a
normalization factor for PCR analysis (167,168). Using HMBS as a reference gene representing overall
metabolic state, | found that the ratio between HIF1A and HMBS expression increased with hydrogel
concentration in PC3 cells (Figure 18). This would imply that the cells are under hypoxic stress and are

upregulating HIF1 A expression as a survival response.
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Figure 18, Endpoint PCR analysis of HIFIA mRNA expression. Left: representative DNA gel
electrophoresis of HIF1IA and HMBS transcripts from reverse transcriptase PCR, with RNA samples
derived from PC3 cells cultured under hydrogels of varying concentration. Right: ratio between HIF1A
and HMBS, showing increasing ratio with increasing gel concentration. Error bars represent standard
deviation. * denotes statistical significance as determined by one-way ANOVA and pairwise Tukey-

Kramer post-hoc analysis, p<0.05.
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5.1.3. Akt-AMPK-mTOR Activity Profile of PC3 Cells

I used Western blot to analyze protein activation of key control elements in the Akt-AMPK-
mTOR signaling network to see how cells were responding to hydrogel culture conditions. In PC3 cells
after three days of culture in 0.5%, 1%, 1.5%, and 2% w/v hydrogels, no significant differences in Akt
activation were found among culture conditions (Figure 19). This is not particularly surprising, as by day
3, cells in all conditions had comparable ATP content, suggesting similar nutrient availability. While the
apparent hypoxic conditions of the 2% hydrogel environment might have affected the ability for another
cell type to undergo aerobic respiration, PC3 cells likely would not be as sensitive due to the Warburg

effect, i.e. the switching of cell metabolism from aerobic to anaerobic respiration.
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Figure 19, Akt activation in PC3 cells cultured in varying concentrations of HA hydrogel. Left:
representative Western blots of Akt and two of its phosphorylated forms. Middle: ratios of Akt
phosphorylated at its serine 473 residue to whole Akt protein content. Right: ratios of Akt phosphorylated
at its threonine 308 residue to whole Akt protein content. No significant differences were found between

conditions using one-way ANOVA, p>0.05. Error bars represent standard deviation.

Parallel to Akt, I looked at AMPK activity, which should line up well with measurements of ATP
content. Again, I found that similarly to ATP content after 3 days of culture, AMPK activation was not
significantly different across hydrogel concentrations (Figure 20). Certain anoikis-resistant cancer cell
types have constitutively active AMPK, which prevents apoptotic signaling by promoting autophagy

(74,75). This also improves energy efficiency by breaking down aging cell components.
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Figure 20, AMPK activation in PC3 cells cultured in varying concentrations of HA hydrogel. Left:
representative Western blots of AMPK and phosphor-AMPK. Right: ratios of phosphor-AMPK to whole
AMPK protein content. No significant differences were found between conditions using one-way

ANOVA, p>0.05. Error bars show standard deviation.
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To check if PC3 cells were undergoing autophagy as a result of AMPK activation, [ used Western
blot to look at LC3B expression. LC3B is used as a marker of autophagy and is detected as a double band
in Western blot. The lower band, as seen in Figure 21, represents an active form of LC3B that has been
post-translationally modified and is a component of autophagic membranes. The upper band represents an
inactive form of the protein. Looking at LC3B-II (the lower band) content, there were no significant
differences between conditions. Finding LC3B-II expressed at all, however, is indicative of active
autophagy taking place, which matches AMPK activity in all conditions. It is interesting to note that
neither AMPK nor LC3B activation appear to be affected by the apparent hypoxia, as reported by HIF1A
mRNA expression. Previous work has shown that hypoxia induces an autophagic response via HIF-1
activity (169). It is possible that the hypoxic response requires more time to be expressed at the levels of
AMPK or LC3B expression. It is also possible that the cells are in active ‘autophagic flux’ whereby
LC3B-II is dynamically being synthesized and degraded during autophagy. In this case, Western blot

would only provide a snapshot of LC3B content and not be reflective of the active process of autophagy.
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Figure 21, LC3B expression in PC3 cells cultured in varying concentrations of HA hydrogel. Left:
representative Western blots of LC3B and histone H3, which is used as a normalization factor. LC3B is
detected as a double band, with the top band representing an ‘inactive’ form and the bottom band
representing a post-translationally modified active form found in autophagic membranes. Right: LC3B-II
content normalized to histone H3 content of cells cultured for 3 days in HA hydrogels of varying
concentration. No significant differences were found between conditions, as determined with one-way

ANOVA.
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The final protein I assayed, and the final effector protein in the Akt-mTOR pathway is S6K. This
ribosomal protein is used as a marker for mTOR activity, being its main substrate for phosphorylation. It
is an indicator for cell growth and proliferation. I found that S6K activation in PC3 cells after 3 days of
culture in the 2% hydrogel environment was significantly higher than that in the control condition, as
illustrated in Figure 22. This is an interesting outcome, as all prior data would suggest that S6K activity
would decrease or be the same as the control condition. Likely what is happening, since this data
represents 3 days of culture in the hydrogel environment, is that S6K activation is having a negative
feedback effect on Akt, thus decreasing its activation levels. Meanwhile, this feedback likely has not
permeated back down the signal cascade to affect S6K itself. Another possibility is that the upregulated

HIF-1 expression is driving protein synthesis and thus activating S6K.
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Figure 22, S6K activation in PC3 cells cultured in varying concentrations of HA hydrogel. Left:
representative Western blot of phospho-S6K and whole S6K protein content. Right: ratio of phosphor-
S6K to whole S6K content. A one-way ANOVA F-test did not find significant differences between
hydrogel concentrations, but the 2% condition was found to be significantly different from the control via

Student’s T-test, p<0.05, as indicated by *. Error bars represent standard deviation.
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5.2. Materials and Methods

5.2.1. ATP Content Assay

Similar to the procedures described in Sections 4.2.2 and 4.2.3, PC3 cells were cultured in
monolayer with 0.5%, 1%, 1.5%, and 2% w/v HA hydrogels. The control condition consisted of PC3 cells
cultured in standard monolayer format with liquid culture media only. After one and three days of culture,
plates of cells were placed on ice and 40uL of a solution of 0.2g/mL DTT was pipetted into each well.
The DTT solution loosened up the hydrogels and allowed them to be gently removed using a standard
handheld pipette or plastic transfer pipette, taking care not to disturb the cells underneath. CellTiter-Glo
Cell Viability Assay reagent was then immediately added to the cells and the cells were mechanically
broken up by scraping and pipetting up and down. Luminescence was then measured using a Filtermax F5
Microplate Reader. Parallel to these experiments, cell lysates were obtained and used for Western blot, as
will be described in Section 5.2.3. Blots were probed for histone H3, and protein content was analyzed
with densitometry. Using histone H3 content as a measure of cell density, CellTiter-Glo data was

normalized to the amount of histone H3 protein per well to obtain average ATP content per cell.

5.2.2. Endpoint Reverse Transcriptase PCR Analysis

PC3 cells were cultured in 0.5%, 1%, 1.5%, and 2% HA hydrogels, as well as the control
condition of liquid culture medium. After three days of culture, plates were put on ice and hydrogels were
removed from each well, as described earlier. Cellular RNA was extracted using the Aurum Total RNA
Mini Kit (Bio-Rad). Briefly, cells were lysed in lysis buffer and lysates were spun through RNA-binding
columns with a microcentrifuge. After washing with the provided wash buffer, contaminating genomic
DNA was removed via incubation with DNAse. The columns were washed thoroughly and the RNA was
eluted using the provided elution buffer.

RNA content of each sample was determined using a SPECTROstar Nano Microplate reader.

RNA samples were aliquoted into RNAse-/DNAse-free PCR strip tubes, diluting each sample with
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diethyl pyrocarbonate (DEPC) treated water to obtain equal RNA content in each tube with a final volume
of 16uL. For the reverse transcriptase reaction, I used qScript cDNA SuperMix (QuantaBio), making
cDNA from the collected RNA. Briefly, 4ul. of the 5x concentration SuperMix was added to each well,
with a final volume of 20uL. Strip tubes were placed into a T100 Thermal Cycler (Bio-Rad) for the
following reverse transcriptase reaction cycle: Smin at 25°C, 20min at 46°C, and Imin at 95°C. Strip
tubes were removed and placed back on ice to add PCR reagents. PCR primer sequences (Invitrogen) are
as follows,

HMBS-forward: 5’-AAGTGCGAGCCAAGGACCAG-3’,

HMBS-reverse: 5’-TTACGAGCAGTGATGCCTACCAAC-3’

HIF1A-forward: 5'-CATAAAGTCTGCAACATGGAAGGT-3’

HIF1A-reverse: 5'-ATTTGATGGGTGAGGAATGGGTT-3'

Primers were reconstituted in DEPC-treated water according to the volumes provided by the manufacturer
for a primer concentration of 100uM. For a reaction of 20 samples, a mix was made of the following
reagents for PCR: 100uL. OneTaq reaction buffer, 10uL. dNTPs, 2.5uL OneTaq DNA polymerase (New
England Biolabs), 1uL forward HIF1A RNA primer, 1pL reverse HIFIA RNA primer, 1pL forward
HMBS RNA primer, 1pL reverse HMBS RNA primer, 16uL. DEPC-treated water. Each sample received
SuL of the above mix and was placed into the thermal cycler for the following incubation cycle: 1min at
94°C, 2min at 55°C, and 3min at 72°C for 40 cycles.

A solution of 1.6% w/v agarose was made by dissolving 0.64g agarose (Amresco) in 39.4mL
Tris-acetate-EDTA (TAE) buffer. The solution was heated in a microwave until melted and
homogeneous, and 4uL. SYBR Safe DNA Gel Stain (Fisher) was added. The agarose was cast in a DNA
electrophoresis gel mould (Bio-Rad) with a 15-well comb. PCR products were run in the gel on a
horizontal electrophoresis system (Bio-Rad) for one hour at 100V. Gels were then visualized with blue

epifluorescence on an Azure ¢300 imaging system (Azure Biosystems).
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5.2.3. Western Blot Analysis

Cells were cultured, as mentioned, under 80uL of 0.5%, 1%, 1.5%, and 2% HA hydrogels over
three days in a standard 96-well plate. The control condition consisted of a standard monolayer culture
with liquid culture medium only. After 1 and 3 days of culture, plates were placed on ice and hydrogels
were treated with 40uL of 0.2g/mL DTT to loosen up the hydrogels. Hydrogels were removed with a
handheld pipette or a plastic transfer pipette. Because of the use of DTT and the mechanical disturbance
from hydrogel removal, I decided to not rinse the cells with PBS prior to lysis to prevent loss of sample
content. Cells were lysed in radio-immunoprecipitation assay (RIPA) buffer, 10uL per well. Cells were
mechanically broken up by scraping and pipetting up and down. Lysates from each conditioned were
pooled together and aliquoted into 40uL volumes in PCR strip tubes. Because the cells were not washed
with PBS prior to lysis, there was likely contamination of lysates with serum proteins derived from
culture media. Thus, normalization of protein content by Bradford assay was not possible.

Cell lysates were mixed at a 1:1 ratio with 2x Laemmli SDS-PAGE sample buffer with 355mM
B-mercaptoethanol. Samples were incubated in a T100 Thermal Cycler (Bio-Rad) for 5 minutes at 100°C
to denature the proteins. Samples were then run on 4-20% gradient polyacrylamide gels for 1 hour at
100V, then 30 minutes at 200V using a Mini-PROTEAN Tetra Cell system (Bio-Rad). Protein was then
transferred onto PVDF membranes (Millipore Sigma) using a Mini Trans-Blot Cell system (Bio-Rad)
running at 100V for 80 minutes. Blots were then

After transfer, blots were washed briefly in TBST and then blocked for 1 hour in 5% bovine
serum albumin (BSA; Sigma-Aldrich). Primary antibodies were diluted 1:1000 in 1% BSA in TBST and
added to blots to incubate overnight on a shaker table at 4°C. The primary antibodies used were all
obtained from Cell Signaling Technologies and are as follows: phospho-Akt (Ser473) mouse monoclonal
antibody (#12694), phospho-Akt (Thr308) rabbit monoclonal antibody (#4056), Akt rabbit antibody
(#9272), p70 S6 Kinase rabbit antibody (#9202), phospho-p70 S6 Kinase (Thr389) rabbit antibody

(#9205), phospho-AMPKa rabbit monoclonal antibody (#2535), AMPKa mouse monoclonal antibody
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(#2793), and histone H3 rabbit antibody (#9715). The next day, blots were washed three times with
TBST, 10 minutes per wash and then underwent secondary incubation for 1 hour with horseradish
peroxidase (HRP) -conjugated secondary antibodies diluted 1:1000 in 1% BSA in TBST. The secondary
antibodies used were anti-rabbit I[gG HRP-conjugated antibody and anti-mouse IgG HRP-conjugated
antibody (R&D Systems). After incubation, blots were washed three times in TBST, 10 minutes each
wash. ECL Western Blot Substrate (Thermo Fisher) was then added to the blots and incubated for up to 5
minutes. Finally, the blots were visualized via chemiluminescence using an Azure c300 imaging system.

Blots were stripped with house-made acidic glycine stripping buffer, 3 washes of 25 minutes
each, then washed in PBS twice for 20 minutes each, then in TBST for 10 minutes before blocking and
re-probing. A pair of blots was done per replicate and probed in the following order: one of the two is
probed for LC3B, then pAkt>*’®, then pAkt™%, then Akt, and finally histone H3; the other is probed for
pS6K, then S6K, then pAMPK, then AMPK, and finally histone H3. The blotting order was determined
based on strength of signal, strength of antibody binding, host species of antibody, and specifically so that
whole proteins were only probed after phosphorylated proteins.

Densitometry was conducted on images of blots using ImageJ, measuring integrated pixel
intensity. Protein levels were normalized per blot to the control condition to remove effects of exposure
time and antibody avidity. Phosphorylated proteins were normalized to whole protein content to obtain
protein activation. LC3B-II was normalized to histone H3 content because the antibody used
preferentially bound to LC3B-II and the signal from LC3B-I could not be relied upon to provide accurate

whole protein content.

5.3. Discussion

5.3.1. Cell Line Mutations

For this characterization of cell processes in hydrogel culture, I decided to focus on PC3 cells as a

model prostate cancer cell line as opposed to working with LNCaP cells. While PC3 cells may not be
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reflective of a common prostatic adenocarcinoma due to its similarities to a small cell carcinoma of the
prostate, the Akt-mTOR signaling pathway remains entirely intact. In contrast, LNCaP cells express a
number of mutations in the Akt-mTOR pathway that have the potential to decouple nutrient sensing from

metabolic activity and cell survival.

mTORC2

PRAS40

Figure 23, Known mutations in the Akt-mTOR pathway in LNCaP cells. Known mutations expressed by
LNCaP cells are shown in red. These mutated elements of the Akt-mTOR pathway could affect nutrient
sensing and metabolic activity and not all are well-characterized. Mutations were identified using the

Broad Institute Cancer Cell Line Encyclopedia.

LNCaP cells would require more careful and in-depth analysis and interpretation of data due to the
possibility of altered protein function. PC3 cells, however, provide a baseline model of metabolism under

hydrogel culture.
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5.3.2. Expression of HIF-1 in PC3 Cells

There is a caveat with the results of the endpoint PCR experiment, in that PC3 cells are known to
overexpress HIF-1 (156). There is also the possibility that upstream signaling could be causing
upregulation of HIF-1, downregulation of HMBS, or affecting the degradation of HIFIA mRNA
degradation. Of particular interest is the activity of CD44, the main cell receptor for HA and an important
marker for cancer cell stemness. Evidence exists of HIF-1 activity affecting CD44 expression and
modulating phenotype expression (170,171), though it is unclear whether the reverse is true. Whatever the
cause, the data show quite clearly that cells cultured in 2% hydrogels have a significantly higher HIF1A
mRNA to HMBS mRNA ratio compared to lower concentration hydrogels and particularly cells cultured

in liquid media. This would suggest some relation to the material environment.

5.3.3. S6K Activation amidst Metabolic Stress

Western blot analysis showed that the ratio of pS6K to S6K is higher in cells cultured in 2% HA
hydrogels than cells in the control. It is possible, because the antibody signal for S6K content was quite
weak, that this is an effect of over-inflation from normalization. The consistency across replicates
suggests this is unlikely, however. The lack of a trend and statistical significance with lower hydrogel
concentrations is also not surprising, given that it is only in the 2% hydrogel condition that any effect is
observed in HIF1A expression and cell viability.

Looking at the data as a whole, it appears the cell death seen in my cell viability experiments is
correlated with HIFIA mRNA expression and increased S6K activation despite a lack of significant
increase in Akt activity. It is possible that the material environment is directly responsible for both HIF-1
expression and S6K activation, either at once or sequentially. Hypoxia could be driving HIF-1 activity,
subsequently leading to S6K activation in a hypoxic response. Cell receptor binding to HA could also
have an effect on downstream metabolic activity. Previous studies have reported that CD44, the main cell

receptor for HA can enhance glycolytic metabolism in cancer cells (172,173) and CD44 signaling could
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affect HIF-1 via NF-xB (130). Finally, the fact that Akt activity did not match up with S6K activity could
be the result of decoupling of the Akt-mTOR pathway due to cancer cell mutations. No genes directly
involved in the pathway are known to be mutated in PC3 cells, but other genes encoding for adjacent
elements could be feeding into the network, bypassing Akt entirely. More work would have to be done to
analyze elements upstream of this pathway in more detail. Another possibility is simply the difficulty in
obtaining reliable quantitative data from Western blot analysis due to the nature of variable lysate
concentrations, antibody binding, and exposure times for obtaining images of blots. While the Akt data
shows no significant activation across conditions, it does appear that the hydrogel conditions have higher
Akt activity than the control, albeit with high variability. This variability could be a result of differences
in initial cell seeding densities between replicates, variabilities in the hydrogel material, or quality of
Western blot.

The results from my experiments appear to support the idea that cell metabolic activity is ramping
up, or at the very least not decreasing despite adverse growth conditions. It is possible that this metabolic
activity is compensatory as cell components are broken down through autophagy or in preparation of
proteins and enzymes required for protein scavenging. Perhaps in combination with hypoxia, limited
nutrient availability, and environmental acidification from glycolysis, the upregulation of S6K activity
caused cells to use up already limited resources and eventually die from metabolic stress. The adverse
growth conditions imposed by the 2% HA hydrogel environment has another effect that would not be
immediately detectable — hypoxia and limited access to nutrients could be selecting for hardier and more
resistant cell types. This could drive cancer cell evolution and generate more aggressive populations of
metastatic cells. Indeed, the cell death observed and the increase in S6K activity could be related in that
once weaker cells in the population had died off, the cells leftover were more capable of growth and

proliferation under adverse conditions.
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Chapter 6. Conclusion

6.1. Future Directions

6.1.1. From 2D to 3D

All of the experiments using HA hydrogels discussed have been done on “2.5D” models of
prostate cancer tissue — that is, cells are grown in a monolayer culture, but with an ECM-mimicking
material overlaid on top. Ideally, this ECM-mimicking material would minimize cell polarization and
provide ECM attachment sites that would allow upwards growth and migration of cells into the material.
In practice, I never observed upwards growth or invasion of cells into the HA hydrogels. For the most
part, cells expressed the spread-out spindle-like or cobblestone-like morphology of adherent cells attached
to a stiff TCPS surface. Because of this, I have been able to obtain baseline data of how the material
properties of HA hydrogels affect cells grown under 2D conditions. This provides a basis for comparison
with cells grown in 3D culture conditions, allowing the study of how 3D orientation can influence cell
behaviour.

I have had the chance to conduct pilot experiments growing spheroids in an HA hydrogel
environment. As was observed in Section 4.2.2 and discussed in Section 4.3.2, HA hydrogels appear to
provide a non- or weakly-adherent environment that would support the development of spheroids. I
found, however, that the very soft material caused cells seeded on top to form scattered aggregates with
variable shapes and sizes. In contrast, cells grown on stiffer but still non-adherent materials like agarose,
as in the liquid overlay method of generating spheroid cultures tend to coalesce and form large single
spheroids, as seen in Figure 24. This allows the generation of uniform spheroid cultures, minimizing
variability due to cell density and geometry of aggregation. By using an agarose-HA hydrogel “sandwich”
culture system, cells can be grown in a 3D, tissue border-mimicking environment, which would allow the
study of how cells interact with ECM environments of different composition, as would be found at the

border of a solid tumour.
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Figure 24, Spheroids grown in agarose-HA hydrogel sandwich culture. LNCaP cells were seeded at a
density of 12000 cells/well into the wells of a U-bottom 96-well plate that were coated with 30ul 1%
SeaPlaque™ agarose (Lonza) dissolved in PBS. After allowing cells to aggregate overnight, 1% w/v HA
hydrogel solutions were mixed, as described previously and added on top. Images are of the same
spheroid, corresponding to 6 (left), 10 (middle), and 15 (right) days of culture. Cells were observed to
initially condense and form a round spheroid structure after aggregating. Growth of the spheroid after
addition of the hydrogel occurred at the edge of the spheroid, growing flat and outwards as opposed to
evenly around the spheroid. This suggests that the cells were not able to penetrate the hydrogel, instead

growing along the border between the agarose and HA.

The ability to generate uniform spheroids is important for replicability as well as the translation of
standard assays developed for 2D cell culture systems to 3D applications.

An advantage of using this tissue ECM-mimicking HA hydrogel material for 3D cultures is the
relative ease of fixing and handling spheroid constructs for imaging. Without the hydrogel material,
spheroids can easily be lost during liquid handling. During initial experimentation, I found that spheroids
in HA hydrogels could easily be fixed with standard paraformaldehyde fixing procedures and could be
treated like tissue samples. The HA material was further crosslinked by formaldehyde, making the sample
mechanically robust and preventing the loss of the spheroid during liquid handling. The sample could
casily be moved around using gentle suction with a plastic transfer pipette and could be sectioned for
immunohistochemistry. Immunostaining would need to be optimized for this procedure, especially given

that the HA hydrogel has limited protein penetrance.
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6.1.2. ECM Additives

Because this HA hydrogel material is well-defined in chemical composition and has non-adherent
properties in cell culture, this material would make a good “background” material for the addition of other
ECM components. This would allow bottom-up construction of tissue-specific, ECM-mimicking
environments based on the addition of materials such as collagen IV and laminin for basement membrane,
collagen I and elastin for fibrous tissues, or tenascin and neurocan for brain tissues (174). Especially with
the relative ease in preparing uniform 3D sandwich cultures, this platform has potential for use in

studying 3D cell-ECM interactions.

6.1.3. Comparing Cell Types

While I have done some work comparing the viability of LNCaP model prostate cancer cells with
PC3 cells cultured in HA hydrogels, it would be interesting to further characterize the metabolic activities
of both cell lines in light of their different mutations. This can be expanded to include other cell lines with
different characterized mutations and levels of malignancy, such as benign prostatic hyperplasia or
DU145. Cells with different mutations would likely have different ways of dealing with the lack of
nutrients and diffusive environment imposed by the HA hydrogels. Signaling from ECM ligand binding,
such as the interaction between CD44 and HA, as well as downstream transduction would also vary
across cell lines, especially when such signaling pathways are often restructured from mutational load.
Understanding how these differences might contribute to invasiveness, cancer cell dormancy,
chemoresistance, and recurrence would provide better understanding of patient-specific disease outcomes.
Ultimately, work with primary cells derived from prostate cancer patients would provide the most
realistic model of prostate cancer cell behaviour in different ECM environments. While variability with
primary cells is much greater, this variability could be an advantage in better understanding the interplay

of cell genotype and phenotype within the context of external environmental cues.
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6.1.4. HA Hydrogels as Surgical Filler

With the observed limitations on mass transfer, there is potential use of this material as a surgical
filler for use after prostatectomy or brachytherapy to treat prostate cancer. This HA hydrogel could be
used to smother remaining tumour tissue to help slow or stop recurrent cancer growth. Though I have not
observed any evidence of cell invasion in the material, further testing would have to be done to confirm
this. As well, it would need to be able to prevent invasion of endothelial cells and angiogenesis in order to
starve cancer cells and prevent recurrence. This can be studied with a modified invasion assay to test
whether cells are able to penetrate the gel in response to a chemokine gradient. The sequestration
observed in the material is also promising, as it would prevent soluble factors released by cancer cells
from getting into surrounding tissues. One issue that may arise would be the possible expression of
hyaluronidase by cancer cells or surrounding stromal cells, which would compromise the HA material

and lead to degradation.

6.2. Limitations of HA Hydrogels

What is still not well-characterized for this HA hydrogel material is the structure of the hydrogel
matrix. While the overall effects of HA chain organization may not be entirely relevant in terms of
diffusion and mass transfer, as discussed in Chapter Chapter 4, there may be some unknown effects on
cells cultured in hydrogel environments, especially in light of CD44 signaling. Study of matrix geometry
would be challenging. The material would not lend well to scanning electron microscopy, since it would
require specialized drying and fixing procedures to prevent major structural changes in matrix geometry.
Regardless, comparisons between HA gels of different concentrations or hydrogels formed through
different methods could provide interesting qualitative information on matrix geometry. Atomic force
microscopy, on the other hand, may provide some information on surface characteristics, though the low

HA content actually used to make the hydrogels might be problematic. It is not well understood how
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unmodified HA molecules orient in solution, whether as globules or an amorphous lattice network, for
example, so it is not well understood how crosslinking would affect molecular structure.

Bottom-up ECM production and 3D scaffold cultures in general are limited by the inability to
recreate in vivo conditions of ECM structure and organization. Natural ECM organization can result in
localized enrichment of certain components or context-specific presentation of cell receptor ligands.
Because ECM is naturally laid down and remodeled by cells in a dynamic nanometre-scale process
throughout organ and tissue development, it is very difficult to recreate this level of complexity in vitro.
This must be taken into consideration with any reconstituted ECM material or ECM-mimicking culture
environment, even with complex products like Matrigel. For the HA hydrogel specifically, it is unlikely
that the disulfide crosslinking would accurately model how HA is naturally coupled to other ECM
components, especially given the size of the DTP crosslink compared to HA-binding proteins like
versican or fibronectin. As well, HA-specific binding regions on such proteoglycans likely leave specific
free-hanging regions of the HA molecule for cell receptor binding and material sequestration, which
would not be represented by the fairly non-specific carbodiimide-hydrazide displacement reaction that
couples DTP to HA carboxyl groups. There is also evidence that chemical modification of HA,
specifically the conjugation of thiol groups could interfere with cell signaling via CD44 (175). This would
lead to the loss of binding motifs that might contribute to cell signaling and motility, which could explain

why cells do not seem to be growing into or invading the hydrogel material.

6.3. Is the Future of Cancer Research 3D?

More and more, empirical evidence shows that 2D cell culture models are unable to fully
recapitulate the cellular interactions involved in prostate cancer development and progression.
Unfortunately, widespread adoption of 3D cell culture models in cancer research remains elusive due to
issues of accessibility and replicability. It is important as a designer of a cell culture platform to address

the feasibility of using a platform as a general life science researcher.
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A general life science lab may not have specialized chemical processing equipment required for
in-house generation of cell culture materials. Purchase of commercially-available products may not be a
popular option unless that product has been shown to yield scientifically interesting and unique results, as
in the case of Matrigel, which is popular as a bio-active substrate that can direct cell organization.
Disulfide crosslinked HA hydrogels are also available commercially with the optional addition of other
functionalized ECM-derivatives, growth factors, and synthetic polymers (HyStem, Millipore Sigma). The
draw of this product is its customizability and versatility in the culture of numerous cell types. Thus, the
worth of a cell culture material is closely related to the balance of accessibility and functionality. Simply
from a production standpoint, I have shown that disulfide-crosslinked HA hydrogels are a viable option
for in-house synthesis, though access to a freeze dryer is required. I have also demonstrated unique
material properties of the hydrogel material that could be exploited to model certain tissue characteristics.
There is potential to use this material in 3D culture platforms and in combination with other materials as
an interpenetrating network of ECM components. On its own, this material is unlikely to be accurately
representative of native ECM structure and its use is also limited by its mass transfer properties, which
may be problematic for long term cell culture. This hydrogel should only be used up to 1% w/v
concentration as a model cell culture environment to avoid the more dramatic effects of limited mass
transfer of nutrients leading to starvation that was seen with higher concentration hydrogels. This material
would likely be more effective as an ECM-mimicking environment if other ECM components were added
to better simulate the mechanical as well as biochemical properties of real tissues.

A major challenge in using 3D cell culture platforms is translating experimental procedures
optimized for 2D cell culture for use on 3D cell constructs. Imaging is often a challenge, especially given
the opacity of 3D specimens and the difficulty of confocal imaging in a high-throughput capacity. For
assays requiring the collection of cell lysates, scaffold materials can contaminate samples or clog up
columns and gels used for separating and purifying cell contents. Optimization of experimental
procedures has to be done on a per-experiment basis and often comes with extended troubleshooting.
With pilot experiments using 3D cell constructs embedded in HA hydrogels, I have successfully fixed and
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mounted samples for microscopy, though antibody staining requires more work due to possible
entrapment of antibodies in the HA and non-specific binding to the sample. The hydrogel material can
also be removed by solubilizing it with a DTT solution, making the collection of lysates much easier.
Unfortunately, some experimental measures have to be replaced with indirect methods of quantification
due to challenges in obtaining data. An example of this is cell count for spheroids, which technically can
be done directly, but requires prior trypsinization and dissociation of cells, which could result in loss of
cells and underestimation. Proxies I have previously used for normalization include histone H3 content,
whole DNA content, and genes or proteins that have been previously shown to be metabolically stable. |
have shown that many standard assays can be reworked to function with 3D culture models, but more
work needs to be done to show that this is a viable platform that can work with other experimental
procedures.

Another challenge in the adoption of 3D culture models is the lack of standardization and control
of existing culture techniques. A wide variety of culture models exist, from scaffold cultures to spherical
cultures and beyond. It is often difficult to directly compare experimental results between studies in
literature because of the many confounding factors that could affect experimental outcomes. As
mentioned previously, cell seeding density in scaffold culture models can override the effects of matrix-
derived cell signaling via autocrine and paracrine signaling. In spherical models, variable geometry can
greatly affect access to nutrients and diffusion gradients. Variability in material composition, differences
in model cell types used, manufacturing processes, and methods for material and cell characterization all
result in context-specific results in 3D culture models that cannot be directly compared across studies.
There is even much variability in terminology and definitions used, especially in terms of the words
“organoid” and “spheroid.” For more widespread adoption of 3D cell culture models, more work needs to
be done to compare culture environments and standardize biological assays across different 3D platforms.

In short, 3D cell culture is an exciting way to improve the study of cells in life-like conditions,
but it is unlikely that these models will be completely replacing 2D models in the near future. While cells
in 2D environments may not accurately reflect in vivo cell behaviour, their physiological relevance is far
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outweighed by the simplicity and standardization of their use. Improvements in 3D culture models need to
be matched by improvements in experimental procedures like imaging technology and protein assay.
Furthermore, comparisons of 3D cell culture systems would help in the standardization of experimental
procedures and provide better understanding of the different confounding effects of culture environments
on experimental results. In the end, the distinction between 2D and 3D cell culture models is not
dichotomous; a variety of culture models exists that can be used for the study of biological processes in

any kind of environment, physiological or not.

6.4. Final Remarks

Disulfide-crosslinked HA hydrogels are an interesting material that has potential to be used as a
model cell culture environment for the study of prostate cancer cells. Diffusion and mass transfer in the
material represent unique material characteristics that can be exploited to recreate a tissue environment
with limited nutrient access, such as the inside of a prostate tumour. Isolation of cultured cells from liquid
media by the hydrogel environment prevents perturbation by fluid flow and bulk mixing, allowing short-
to-medium term culture of cells in a tissue-mimicking environment. Study of PC3 model prostate cancer
cells cultured in hydrogels reveals interesting metabolic activity despite low energy content, hypoxic
stress, and limited access to nutrients. Further study into cell energetics and metabolic pathways would be
required to fully understand how prostate cancer cells respond to such an environment and whether such
environmental conditions can contribute to cancer malignancy, dormancy, or recurrence.

Importantly, the study and characterization of this material for use as a culture environment will
hopefully help with the adoption of 3D cell culture models in general in prostate cancer research. In order
to better understand why cancer cells behave the way they do, cancer cell culture models need to be able
to recreate the environmental conditions in which cancer cells grow and invade. Understanding the

context in which cancer cells behave will allow better understanding of why they do so.
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