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Abstract

John Redmond

Development and Characterisation of CollagetBased Scaffolds for
Cancer Research

Collagen is the most abundant component of the extracellular matrix, arefotber
represents an ideal platform for culture of a variety of cell types. Collagen has been widely
used in 3D culture models for tissue engineering and musculoskeletald research.
Recently, attempts to extend the use of collaggsed 3D culture meds to cancer research
have shown promise. While 2D culture presents a useful tool for cancer research, it is
ultimately flawed due to poor replication of the tumour microenvironment, the lack of three
dimensional ceifcell/cellmatrix interactions and afh exaggerated response to therapeutic
agents. 3D models that aim to overcome the issues associated with 2D culture research offer
a new frontier for cancer research with cell growth, morphology and genetic properties that
more closely matcin vivo cancer. The focus of this thesis was to develop 3D colagen
based scaffolds for use in breast cancer research. A range of cdikggshscaffolds were
successfully fabricated using a freeiging procedure. Scaffolds were highly porous with
homogenousqgre sizes and an interconnected structure that was suitable for cell infiltration
and nutrient/waste exchange. All scaffolds demonstrated appropriate mechanical properties
for mimicking cancerous breast tissue stiffness and displayednhgio stability with low
degradationCell line studies demonstrated scaffold biocompatibility with sustained breast
cancer cell proliferation over 21 days, with cells fully infiltrating throughout the scaffolds.
3D culture led to an increase in cell malignancy compar®, with MCF7 cells displaying
properties of ECM maodification, hypoxia and glycolysis. The fabricated scaffolds were
successfully applied as anvitro drug testing model, with cells cultured in the 3D scaffolds
displaying increased chemoresistancenpared to 2D cultured cells. Overall, this thesis
successfully delivered a biologically relevamtvitro culture model that offers significant
potential to deliver amncreased understanding of breast cancer progression and augment
drug discovery.
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Chapter 1:
Introduction and
Literature Review



Sections of this Chapter have previously been presented (with some modification) in a

literature review published iMaterials Science and Engineering: C (2021).

J. Redmond, H. McCarthy, P. Buchanan, T.J. Levingstone, N.J. Dunne, Advances in
biofabrication techniques for collagéased 3Dn vitro culture models for breast cancer
research, Mater. Sci. Eng. C. 122 (2021)944.



1.1 Overview

Breast cancer is a major healthcare burden worldwide 20@0global estimates indicating

that the disease is responsible for7#4.(~23 million) of all new cancer cases and tHé 5
highest cause of cancer mortality witB560M deaths (8% of total deaths) across both
sexeg[1]. Within the female population only, breast cancer is responsible for the highest
incidence and mortality rates, accounting fors524 .of all new cases and B8 of cancer
deathq2]. The 2018 data represents an increase compared to previous GLOBQTIN (
data of2.1 million new cases an@26,679deaths that yedR]. With ageing populations,
poorer diets and a host of other genetic amdronmental factors, urgent action is needed
to address breast canteotably in the case of metastatic breast cancer where median overall
survival remains poor at only2yeard3]. It is imperative to continue to invest in new and
novel ways to studyreast cancer across many disciplines including cancer morphology,

genetics, drug testing and more.

Collagen is the most abundant human protein (approximately 30% of total body protein) and
provides an essential structural role within connective tisadettze extracellular matrix
(ECM). At a cellular level it is involved in cell adhesion, and-cell and cellmatrix
communication. As the principal component of ECM, collagen plays a significant role in the
tumour microenvironmernéi 7]. Understanding #arole of the ECM in tumour development

and spread has allowed researchers to deuwehipro collagenbased culture models for the
growth of cancer cell§8i 12]. The generation of these biomimetic 3D models to culture
cancer cells allows for promisingvestigations into understanding cancer development and
progression, in addition to acting as a platform for testing the efficacy of traditional and new

cancer drug compounds. Use of 3Dvitro culture models can reduce the reliance on



traditional 2D moded and potentially pave the way to reduce the use of animals in drug

testing regimes, a key goal of the research community.

1.2 Breastcancer

Cancer is a family of cellular diseases characterised by uncontrolled cellular proliferation

leading to the devepment of tumours. Malignant tumours can spread around the body and

form secondary tumours at distant sites, which is known as metastasis. Multiple factors
influence the development of cancers including genetics, environment, diet/lifestyle and
infection.l n 2000, Hananan and Weinberg coined the
the capabilities and characteristics that tumours possess. These included: (1) resisting cell
death, (2) evading growth suppressors, (3) an ability to induce angiogenesisstédned

proliferation signals, (5) activation of invasion and metastasis, and (6) enabling replicative
immortality [13]. In 2011, they expanded these hallmarks to include further emerging

aspects of cancers such as tumaamoting inflammation, evadingnmune destruction,

genomic instability and mutation, and deregulation of cellular enerdétits

1.2.1 Breastcancerdevelopment andprogression

Breast cancers develop as cell division becomes uncontrolled, and a mass of cells known as
a tumour forms. At this early stage, cells are abnormal butcaocerous and form an
atypical hyperplasifil5i 17]. The hyperplasia may not progress to carteweverin some

cases these abnormal cells can begin to accrue mutations which drive thesdeebisiing
cancerouse., malignant. These cancerous cells developed the aforementioned hallmarks of

cancer and the now cancerous tumour continues to grow due to the uncontrolled cell division



and avoidance of apoptosis. While the tumour remains at igieairsite, it is known as an

in situcarcinomg15i 17]. As the cancer continues to progress, cells may become invasive
and migrate away from the parent site to distant tissues/organise where they form secondary
tumoursi this process is known as meta&d4$8]. It is at this late stage of breast cancer
whereby the mass of cells has outgrown oxygen and nutrient supplies and promotes
angiogenesis to form new vasculature which helps sustain growth and spread of the cancer
[19]. The above development candraded into various stages, labelled 0 to IV (which are
discussed in more detail elsewhgr®,20])), where Stage 0 denotesiarsitucarcinoma and

Stage IV denotes a cancer where distant metastases have od¢tti&8] The above

development and spreaftiloeast cancer has been summarised in Figure 1.1.
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Figure 1.1: Summarisedstages of cancer developmen{a) Demonstrates healthy breast tissue.
Breast cancer begins when cell division in the mammary tissue becomes uncontrolleglasidra
mass/tumour begins to form (B). This tumour continues to grow as cells proliferate rapidly and
uncontrollably. Some of these cells undergo mutation which can drive the benign to cancerous

transition (C). In (D), the tumour continues to grow witbtastasis and angiogenesis os¢LiB].



1.2.2 Breastcancersubtypes

The majority of breast cancers occur within the ductal or lobular tissue of the breast
(Fig. 1.2). Invasiveductal carcinoma accounts for ~80% of all invasive breast carerszs

while Invasive Lobular Carcinoma accounts for the majority of the rest of invasive breast
cancer casejRl]. Breast cancer can be further classified according to the tumour receptor
status, the three most common of which are the Estrogen RecepiprRiegesterone
Receptor (PR) and the Human Epidermal Growth Factor Receptor 2 (HER2)The
estrogen and progesterone receptors respond to the presence or absence of the namesaks
hormones for each. Breast cancers may be positive or negative for tesmés. ER

positive (ER+) tumours grow in response to estrogen whitp@dRive (PR+) tumours grow

in response to progesterone. If a tumour is classed as negative for these receprs (ER

), then the tumour can continue to grow regardless of thenmes®a absence of those
hormoned23]. HER2 is a protein which promotes cell proliferation and inhibits apoptosis
and in certain breast cancer cases (~15%), the HER2 gene (ERBB2) become overexpressed
(known as HERZ2 enriched). In most cases, there is &guest large increase in the HER2
receptor protein on the cell surface (known as HER2+ cancers) and this leads to an
aggressive disea$24,25] Patients without such amplification of HER2 on the cell surface
can be classified as HER2 negative (HERPatents can be classified as Triple Negative

or Triple Positive in cases where they have an absence (negative) or presence (positive) of
all 3 receptors. Tripldegative tumours can be notoriously difficult to treat as they do not

fall under the use of horme therapy or HER2 specific treatmef2$,27] The above
receptor statuses among other genetic or proliferation markers (sucbasafroliferation
biomarker[28,29)) drive the classification of breast cancers into four primary molecular
subtypes whik are outlined in Table 1.1; Luminal A, Luminal B, HER2 enriched and Basal

like breast cancers.
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Figure 1.2: Overview of breast structure.Lobules and ducts of the breast (highlighted) are the
most common sites of cancer within the brefaigfure fran Fenget al.(2018)[15].



Table 1.1: Overview ofbreast cancer subtypes

Subtype Tumour Status Summary Incidence

The most prevalent subtype of bre:
ER+ and/or cancer. Rather sloygrowing tumours
PR+, HER2 relative toother subtypes and have t

, : 68.7%*
[30], Ki-67 low best overall survival of all breast canc
[31,32] [30,33,34]
Luminal B tumours are similar t
ER+ and/or Luminal A, but have a more aggressi
Luminal PR+, HER2o0r phenotype incomparison. Tumour
B HER2+[30], proliferate at a higher rate than Lumir ~ 9.7%*
Ki-67 high A and have a poorer prognos
[31,32] [33,35,36]

Overexpression of HER2 ar
upregulation of HER2 receptor on ct
surface. Leads to increased tumc
proliferation, poor prognosis ar 4%*
poorer survival rates than both Lumir
tumours[33,37]

HER2 ER-, PR,
enriched HER2+[30]

Predominantly triplenegative breas

cancer (TNBC), though nc
exclusively. Poor prognosis ar

difficult to treat andhave the wors  10.1%*
survival rates of the four subtyp
[26,27,33]

Basal
like ER-, PR,
HER2- [30]

*Incidence rates derived from the SEER registry, assessing breast cancer incidence in the
United States by subtype through 2€A® 9, r=588,498, unknown rate 7.6%38].
Incidence rates can vary per region/population thus cited percentages may contrast to other

subtype studies.



1.2.3 Current treatments

A variety of treatments for breast cancer are available. In many cases, surgery will be used
initially for the physical removal of theeimour,and this can be followed by chemotherapy

or radiation therapy. Surgery can also be used as a preventative nieagurse who are
deemed at high risk of developing breast cancer, such as those with BRCA1/BRCA2
mutations[39]. Treatments are often tailored based
Hormone positive tumours are tackled with compounds that intenéctthe hormone
receptors or hormones themselves. Hormone receptor targeting compounds interact with the
hormone receptor thus blocking the hormone itself from eliciting its biological effects upon
binding to the receptor. Tamoxifen, an aggtrogen agdrused in ER+ cases, is a common
example[40]. Other compounds work by physically lowering the amount of available
estrogen. Aromatase inhibitors are an example and these compounds work by lowering
estrogen productioftl]. Letrozole is an example of anoaratase inhibitor indicated for

either estrogen or progesterone receptor positive breast cije$ER2+ cancers are less
affected by hormone therapies thus treatments include targeted therapies that selectively
modulate the function of the HER2 reaapiOne such therapy is Trastuzumab, a monoclonal
antibody, that binds to HER2 and ultimately causes downregulation of the receptor leading
to tumour regressiolj43]. Triple-negative presenting patients that respond poorly to
hormone/HER2 therapies are ait treated with chemotherapy though ultimately face a
poorer prognosif26]. Common chemotherapeutic agents used to treat multiple subtypes of

breast cancer include doxorubi¢##], docetaxe|45], epirubicin[46] and fluorouraci[47].
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1.3 Extracellular matrix (ECM), breastcancer andcollagens

The ECM is a dynamic network of proteins that plays a role in tissue organisation,
homeostasis maintenance and is also known for its preventative role in disease. Collagen is
the mostibundant protein present within the breast ECM, with laminins, elastin, fibronectin,
proteoglycans, glycoproteins and a range of ECM remodelling enzymes also pt8kent
Around the body, the ECM provides essential structural, biochemical and biomethanica
support to cell$49,50] The ECM also plays a key role in general cell activities including
adhesion, proliferation, cetlell communication and cell ded#il,52] It is through careful
regulation of these processes that the ECM maintains a healtysaadédree tissue state.
However, recently the role that the ECM plays in carcinogenesis, metastatic spread and
resistance to therapy has become more established, especially for breasfsc48¢&3

56]. Various alterations in the breast ECM structw@mposition and component density

(Fig. 13) have been highlighted as key occurrences in tumour growth, spread and resistance
to treatmentg$5,48,53 56]. Collagen is the major component of the breast ECM and thus

naturally plays a key role in the devetopnt and spread of candéB,57,58]
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A) Normal Breast ECM B) Cancerous Breast ECM
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Figure 1.3: Alterations in Breast ECM during cancer progression.This figure highlights the
development of invasive Ductal Carcinoma, the most common form of breast cancer. Key
developments include the; uncontrolled growth of tumour cells, disruption of the basement
membrane, stiffening of the interstitial ECM and ratign of cancer cells through the ECM.
Significant alterations take place in the collagen makeup, namely the breakdown of the basement
membrane and the increased deposition of collagen in the interstitial matrix. Adegatéigd from

InsuaRodrigueza an@skarsson, (201648].
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1.3.1 Collagen: generalrole, structure and function

There are 28 different collagen types (Type | through XXMlllthe most common and
abundant beingypes |, II, 1ll, IV and V[59]. Collagens are classified according to their
structure, which include; classical fibrillar and netwokming collagens, fibrdassociated
collagens with interrupted triple helices (FACITs), membrassociated collagens with
interrupted triple helices, and multiple trighelix domains and interruptions
(MULTIPLEXINs) [60,61] Collagen is unique from many otherofeins due to its
incorporation of modified amino acids hydroxyproline and hydroxylysine, which help
promote the structural arrangement of collafti 65]. Collagens are composed of three
pol ypeptide strands known attogethergofoam triple ¢ h a
helix structurg61] i despite the many classifications and differences among the collagen
superfamily, this tightly coiled triple helix structure is a shared feature by all. The triple helix
may be compos ed chaifs, forthimgéamotiintees oricamposdd of different
U chains, f or [66].rAfcollagenseshae & repeatingramino acid sequence
of glycine-X-Y (where X and Y are other amino acids though frequently proline and
hydroxyproline), and these reg@ting glycines at every third residue drive the formation of

the triple helix collagen structufg9i 61].

Formation of the complete collagen molecule is outlined in F#§. Tlhe process begins
when trree single procollagen chains interact with oneltertoto form the tightly coiled
triple helix procollagen trimer. This procollagen trimer is processed that includes the
removal of N & Cpropeptide tails resulting in the completed collagen molecule. Collagen
molecules interact with one another to formifdoand hese fibrils then further organise

with other fibrils to form collagen fibrg$0,67] Depending on tissue type, collagen fibrils

13



can organise and associate with one another in a varied manner to dictate specific tissue
functions and propertig$8]. Denaturation of collage(via thermal treatmengauseshe

unwinding of the triple helix structureesulting in the formation of gelatj9].

VW’V‘M Procollagen
WW chains

'

Mucleation at the
C-propeptide

N Procollagen
trimer
N-proteinase Tc-prcteinase
Collagen %
s o s by i by W— Fibril

Figure 1.4: Overview of collagenmolecule synthesisFigure from Canty and Kadler (200/)7].

As the major component of the ECM, collagen plays a significant role in not only aiding the
structure and integrity of tissues but also in cell signalling, differentiation and migration

through cellmatrix interations[60,61] Collagens have multiple binding sites for integrins,
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growth factors and other ECM components which all serve in biochemical and cell signalling
cascade$70]. Integrins, in particular, are of interest as they are the key mediator -of cell
matrix interactions and have been shown to regulate migration, invasion, proliferation and
survival of cancerous cel[§1i 73]. The role of integrin signalling has been observed in
colorectal adenocarcinoma metastases where increased collagen depositibsemzd to
assist tumour growth and survij@4]. Collagen also plays a significant role in modulating
matrix stiffness, which has been shown to modulate cell behaviour and stem cell
differentiation[75i 78]. While the role that matrix stiffness playsdancer progression is

still emerging, Engleret al. (2006) demonstrated the effect of matrix stiffness on cell
differentiation [75]. Here, mesenchymal stem cells (MSCs) were cultured on collagen
coated hydrogels of varying stiffness which served to replicate values reported for different
tissuedn vivo. Each collagertoated hydrogel encouraged MSC differentiation into defined
lineages based on the stiffness of the matrix. Gels of a stiffness rangei afikPa (brain
mimicking) were neurogenic, gels of a stiffness rangé ¥ &Pa (muscle mimicking) were
myogenic and gels of a stiffness rang@%f40 kPa (bone mimicking) were ostemyc[75].

While collagen plays the aforementioned crucial roles in maintaining tissue integrity and key
cellular processeéisit is now known that changes in the collagen family within the ECM are

important during the development and subsequent progresfdimaast cancer.

1.3.2 Alterations of collagen within the ECM during breastcancer

In breast cancer, increased deposition of collagess I, 11l and V has been observed, which
promotes tissue stiffness and is associated with increased canceriaggredsnetastases
risk [48,54,55,79] Within the molecular/immunohistochemical (IHC) breast cancer

subtypes (Table 1.1) there is emerging evidence of a correlation between subtype and
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collagen content/arrangement. Acegbal.(2015) found increased calien deposition and

fibre linearisation in the more aggressive HER2+ and TNBC tumours in comparison to both
the less aggressive Luminal A and B subtyjl. The breast ECM is further stiffened
through the action of lysyl oxidase (LOX) enzymes. Thersgymes promote crosslinking

of collagen within the ECM80] and elevated LOX levels in breast cancer patients are
associated with poor overall surviid,81,82] LOX expression has been observed to be
significantly increased in triple negative breastosas (advanced and aggressive disease) in
comparison to the other subtyd88]. Increased collagen expression and deposition are not
the only alterations observédhe breakdown of collagdgpe IV is a crucial step in breast
cancer metastadi®4]. Collagentype IV is a key component of the basement mem{&sie

and its degradation is key to membrane breaching, allowing cancer cells to migrate to distant
sites/organs. This degradation is mediated by matrix metalloproteinases (MMPS),
specifically MMP2 ad MMP9[86i 89]. A further key signature of collagen alteration during
breast cancer is the linearisation of collagen fibrils during carcinogenesis, which creates so
called 6highways6é that facilitate the migrat:.
towards the basement membr§v@,90,91] This feature is again seen to a greater extent in

the more aggressive HER2+ and TNBC subtypes in comparisonl torthmal subtypefb8].

The stiffness of the ECM is correlated to the elastic modulus of iisHter tissues
demonstrate increased elastic moduli and therefore leads to altered mechanical and
biomechanical responses, which often favours malignancy and cancer progi4s$pn

While stiffness and elastic modulus are technically two different measunts, they are
related andypically proportional. Stiffness and elastic modulus both quantify resistance to
elastic deformation but stiffness is a function of both material and geometry while elastic

modulus is an inherent feature of just the matewéthin this thesis, the elastic modulus
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was used to give an indication of the stiffness characteristic within breast cancer tissue/ECM
in vivo. There is limited agreement within the literature regarding the exact elastic modulus
of the breast ECM. This wue to the difficulty in determining the mechanical properties of

in vivo breast tissue and the variation in stiffness within different regions of the tumour
microenvironment. Techniques used to measure tissue stiffness include standard unconfined
compres®n, atomic force microscopy or elastografgdy92i 97]. Healthy human breast
tissue biopsies were found to have an elastic modulus ranging from-E83KPa as
determined using indentatid@gppe atomic force microscopy (AFM). In contrast, cancerous
breasttissue (patient IHC subtype not provided) demonstrates a large variance in stiffness
with distinct soft regions in the tumour core of0.35 kPa (densely populated with breast
cancer cells) and significantly stiffer regiafith moduliranging from 220 kPa towards the

tumour periphery (high collagen contef&2].

AFM analysis of breast ECM surrounding induced mammary tumoursim\avo murine
model (MMTV-PyMT mouse model, aggressive tumour resembling HER2+ subtype)
exhibited an averagelastic modulus of 1.&Pa in normal pr&ancer ECM, increasing to
1.3kPa in the premalignant state and further rising to 1.7 kPa in the malignant[SGite

In two other breast cancer murine model studies (both employing unconfined compression):
Paszelet al.(2005) found mean healthy breast tisslasticmodulusto be ~0.150.2kPa, a
mean tumoral tissumodulusof ~3-5 kPa and adjacent breast tumoural tissue to have a mean
modulusof ~0.651.2kPa (FVBTgN (MMTV-c-myc, HER2/neu, and 4ks)T HER2+
subtype model]94]; and Leventaét al.(2009) found mean healthy breast tissubave an
elastic modulus of0.2kPa, a mean tumoral tisse&stic modulu®f ~1.251.75kPa and
adjacent breast tumoural tissue to have a re&stic modulusf ~0.3-0.6kPa (FVB-TgN

MMTYV -Neu mouse modeHER2+ subtype modely]. Tissueelasticityktiffness values
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determined using AFM or static mechanical testing (e.g., under compressive loading) can

differ significantly to other technigues. Cancerous breast tisseehanial properties

measured using sheamve elastography reportetasticity/stiffnessy al ues 0100 kPa (
subtypes, Luminal A/B, HER2 enriched and Bddad (TNBC), assessed in each study)

[95i 97]. Thus, evidence in the literature suggests that the meeahamaperties of breast

cancer tissue are currently not yet fully understood, with few studies exploring the
relationship between mechanical properties of the different breast cancer subtypes and how

they may differ. It must also be noted that the compteofihuman breast tissue is difficult

to replicate in simple collagemased 30n vitro scaffolds. Tumour cells among other ECM

components and cell groups all contribute to the mechanical properties of breast tissue

in vivo.

The previously discussed correlation between breast cancer subtype and collagen
deposition/arrangemefi8] further translated into alignment of stiffness profiles with the
various subtypes. Highetastic modulusalues were reported amongst human samples for
more aggrssive Basalike (triple negative tumours) and HER2+ cancers, which had
increased collagen deposition while the less aggressive Luminal A and B cancers showed
lower elastic modulusin stiffnessdistribution profiles, determined through AFM, Basal

like andHER2+ had a large range elastic moduluyvalues with a greater skew towards
values >2 kPa, with many samples seeialgstic modulusalues of 16 kPa. Both Luminal

A and B tumours had a smaller distributionetdstic moduli with the majority of sampk

in a range of 0AL.5kPa[58]. Similarly, Min Changet al. (2013), through shear wave
elastography, found HER2+ (16(kkBa) and TNBC (165.BPa) tumours to have a greater
meanelasticityktiffness than Luminal tumours (13&PBa)[96]. This potential orrelation

between collagen properties and breast cancer subtype may present the opportunity for
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stratification ofin vitro work whereby 3D scaffolds are tailored based on the presenting

patients breast cancer subtype.

Overall, the complex alterations Wwih the ECM that occur during breast cancer
development and progression demonssriie increasing importance of the development

3D culture models that more accurately reflect these processes.

1.4 Emergence of 3Dculture models

Both 2D and 3Din vitro culture models are used to study many cancer types, both in terms
of tumour morphology/characteristics and tumour response to therapeutic agents. The
application of 3Din vitro culture models plays a valuable role in cancer researclreesw

there is currently no one validated, trusted model for breast cancer. As a resnlyi2®

andin vivo (xenografts) culture remain popular and widely ug@8]. In vitro 2D culture
models involve the growth of cancer cell lines or dissociatedgoyitumour cells in a
monolayer[99]. The use of primary cells is preferred as they match the original tumour
[100]. However, culture lifespan of primary cells is limited and they are more difficult to
grow[101,102] As a result, cancer cell lines haveebaleveloped and have proven to be a
useful resource in cancer research, however their use is not without limitation. Cell lines are
robust and can replicate indefinitélybut they are clonally derived and thus homogeneous
populationd103,104] They do ot replicate the heterogeneity displayed within tumours, an
aspect of their morphology that makes certain cancers challenging t¢108htCertain
cancer cell lines may have subtle genetic and epigenetic differences from primary
counterparts, which mafurther reduce their usefulness in varigosvitro experiments

[106,107] Furthermore, existing 2 vitro culture methods do not adequately replicate the
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complex tumour microenvironment. The tumd@M interaction is fundamental in
directing and contrtihg many aspects of cancer development and progrefsigrand is
absent in 2D culture. The lack of the 3D matrix in 2D models results in poecetell
interaction and a lack of cefhatrix interactions. Also, there is a lack of nutrient/oxygen
gradients in 2D culture, which is not replicative of human canfEd8]. A further
consequence of these 2D culture models is altered/inflated drug response by cells grown in
a monolayer[9,12,109111]. Cells in their native 3D environment, coupled with the
presege of extensive ECM, frequently have a higher resistance to various drug compounds
than cell line counterparts in 2D culture. This can be seen in many 2D versus 3D studies,
whereby different responses to drug exposure, not just limited to increasecdcesistaurs

in 3D cultures compared to the same cells grown in monoj@ykz, 109 111]. Manydrugs

that show promise in 2 vitro cultureassessmentge not successful in clinical trials, with

only a small percentage (<5%)f compoundsthat demonstrate@nticancer activity in
preclinical development achieving licensing for (&2]. The primary advantages of 3D

models over 2D culture are highlighted in Ficp.
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¢ Good cell-matrix interaction
*  Good cell-cell interaction
* Nutrient/Waste/Oxygen gradients

» Lack of 3D cell-matrix interaction
» Poor cell-cell interaction
* No nutrient/waste/oxygen gradients
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Figure 1.5: 2D Culture comparison with 3D Scaffold Based CultureThis figure highlights some

of the advantages of 3D culture over 2D culture. 3D culture provides thmaiik interaction and

vastly superior celtell interactions and provides nutrient/waste gradients that are not present in 2D
culture. Ceculture with multiple cell types is also achievable in 3D scaffolds which in a cancer
setting is crucial as multiple cell types play a role in tumour progregsiowvivoof patient cells is

also achievable. Cells adopt a flat morphology in 2D monolayers whichsallmse to be an equal
distribution of nutrients and oxygen. In scaffolds, cells can form aggregates which resemble tumour
masses and these masses generate internal gradients of nutrients and oxygen as is thigacase
[108].
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In vivoxenograft animal studies overcome many limitations of existing 2D and 3D models,
however they also have associated challenges. The use of human cells in animal models has
a range of potential limitations, including; size difference between humans andsanima
slight genetic differences, differences in tumour microenvironmentpribotopic tumour
development, and many xenografts are developed in immunocompromised animals meaning
they lack the important interplay between tumours and the immune sjk&i&inThese
limitations contribute to the poor translation of results from preclinical animal trials to
human trial4112,114] An example of such is Endostatin, an angiogenesis inhibitor tested

for antirtumour actions. Tis drug saw largely positive results amtestedn vivoin a murine

animal model[115,116] However, beyond the lack of druglated toxicity, the tumour
responses to this drug in various human cancer clinical trials were minor -Existent

[1171 119] Furthermore, increasing ethical consaten for animal welfare has led to calls

to radically alter research practices, shining a light once more onthe dechdés 6 Thr ee Rs 6

T to replace, reduce and refine our usage of animals in scientific refE20¢h

The various issues that arise wh#sing 2Din vitro culture models and subsequently with
xenografts have driven the development of a plethora ah3Ltro culture models. Such

3D models provide the spatial context that replicates hunmanio) cancer and the
structural/biochemical cues that are more biologically relevant than the 2D culture
equivalent [121,122] Incorporating the third dimension intm vitro settings for
cancerbased research offers many potential advantageghe. grovison of stroma/matrix

and thus celmatrix interactions; improved resemblance of cellgteivo counterparts in
terms of shape, cetlell interactions, behaviours and genetic profiles; development of
heterogenous cell populations;-colture of multiple ck types; variable access for cells to

nutrients/oxygen as is the caseimvivo tumours; and a more clinically representative
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response to therapeutic agents as per solid tunf@@ys21,122] The inclusion of immune
function to 3D models also offers sifjoant potential due to the crucial role the immune
system plays in cancer, both in terms of disease initiation and progression but also regards
to therapeutic strategi§b23,124] There are limited examples of-calture of breast cancer

cells and immue cells to dat¢125i 127], emphasising this type of -@wlture is still in a

nascent stage and that more research is needed to develop such complex models. Many
platforms for 3Din vitro culture models have been developed, primarily consisting of;
spheroid [128,129] organoids[130], decellularzed tissue structureq131,132] 3D

scaffolds[9,12] and hydrogel$10,133]

1.4.1 Spheroids

Spheroids are a form of scaffold/matfree 3D culture system consisting of cellular
aggregates. Spheroids areadtnactive platform due to lowost of fabrication and the self
assembly of the 3D structures leads to a simple and convenient setup. Spheroids can also be
an attractive costffective option as the lack of matrix/scaffold materials (which may be
expensivesuch as collagen) in scaffeftke setups reduces user costs. Among the main
advantages of spheroids are: (1) provision ofaelll interactions within a 3D morphology

in vitro, (2) they allow secretion of ECM components resulting in provision ofncatix
interactions, (3) they can be used foratdtures and (4) they enable the development of
necrotic cores surrounded by actively proliferating periphery which drives gradient
distribution of oxygen, waste and nutrients, such a feature is commiarnvigd tumours
[134,135] Spheroids can be produced through a variety of techniques, which include the:
(1) use of suspension plates/ratherent surfaces, (2) hanging drop method, (3) use of

microfluidics and (4) use of rotatidid36,137] Some limitations ospheroids include: (1)
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simplified matrix recreation, (2) sensitivity to mechanical forces and (3) lack of control of
spheroid siz§134,135] Some spheroid culture may make use of a matrix support (e.g.,
Matrigel™) to assist in formation but also to ingve the performance of the spheroid
system through provision of improved cell to matrix interactifi83]. Applications of
spheroids include general cell property investigations, drug screening/development and
analysis of invasion/angiogenesis. Breastcea spheroids developed to date have
investigated the optimisation of spheroid formation, and their application-fmrltoes and

also drug screenind.39 142].

1.4.2 Organoids

Similar to spheroids, organoids are 3D aggregates of cells, thoughicsilgcihey are
composed of orgaspecific stem cells or progenitor cells and are of increased complexity.
They selfassemble into 3D aggregates upon introduction to a scaffold syppairi45],

though scaffold free organoids are also posdqibd,147] Upon stem cell differentiation

and proliferation, they generaite vivo-like structures with good resemblance to the parent
organ tissue in vitro [143i 145]. They have beenused in cancer research for disease
modelling and drug screening and development. Advantages of organoid cultures include;
development of complex orgdike structures that closely resembie vivo tissue both
histologically and genetically, development lbumanderived organoids allowing for
personalised strategies, provision of good-cell and celmatrix interactions, and relative

ease and robustness of organoid development and maintenance. Some limitations include
reproducibility concerns and higleVels of heterogeneity, lack of validated models and
established protocols, increased costs compared to other 3D models or 2D culture, and still

may lack full replication of the complex tumour microenvironment thus tusivoma
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interactions remain limitefll48i 150]. Many breast cancer organoids have been developed
to date and been used to investigate breast cancer morphology, cell behaviours and drug

discovery and testing.48,151 156].

1.4.3 Decellularized tissue structures

Decellularzed scaffolds are fabricated through the excision of tissue/ECM from an animal
or human and subsequent treatment of the excised material to remove cells and other
unwanted componentfl57,158] Decellularzation treatments may be achieved using
physical, chengal or biological processd458i 161], which leaves behind the bare 3D
tissue or ECM framework that serves as a scaffold for culture. Alete#iularzedscaffold
originates directly from native tissue/ECM, they provide excellent in vitro models that are
superior in composition to more simplistic ECM scaffold mimics that are fabricated in the
lab that typically are composed of a limited number of matefieds,158,162] The
decellularzedstructures are seeded with cells and the complex ECM makeup of the scaffold
allows for complex cellular processes such as growth, proliferation and gene expression to
proceed in a manner similar to in vivo procesgds158]. Advantages otlecellularzed
scaffolds include: (1) preservation of native tissue thus an excellent scaffold for cell culture,
(2) complex composition in comparison to many in vitro fabricated scaffolds, (3) wide
variety ofdecellularzationtechniqus with many cost friendly options and (4) retention of
high bioactivity of the native tiss&57,158] Disadvantages of the use ddcellularzed
scaffolds include: (1) difficult to scale up production compared tal&akeloped scaffolds,

(2) potential rsk of immunogenicity, (3) small remnants of DNA remainindanellularsed
scaffold and (4) large variation in ECM source owing to the high heterogeneity of cancers

[157,158] Decellularzed structures have been used in breast camesmarch for the
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investigation of cell behaviours/morphology, response to therapeutics and gene/protein

expression patterrj$32,163 165].

1.4.4 3D scaffolds andhydrogels

Scaffolds and hydrogels both provide 3D matrices to assist cell attachment and growth.
Many different naterials have been used to develop scaffolds and hydrogels fon/a

culture models, generally categorised into naturally derigad synthetic polymers.
Naturally derivediomaterialsncludecollagen8,12,166] fibroin[167,168] alginatg 169
171]and hyaluronic aciftLl33,172,173] Additionally, gelatin, which is denatured collagen,

is an attractive natural biomaterial as it maintains the parent molecules properties but has
increased solubility and reduced costs thus is a popular sc¢hjfdidgel materia[174i

176]. Synthetic polymersused to develop these structuiaslude polyethylene glycol
[177,178] poly(lactideco-glycolide) [179,180]o r  p-caprglgctohe]181,182] While

the successful culture of cancer cells/tumours has @@twrith synthetic modelgL77i
179,181,183]efforts have increased in the fabrication of biocompatible systems that more
closely replicate the native tumour microenvironment. Replication of the tumour
microenvironment is essential to bridge the gap betviesitro models and thén vivo
environment thus, many researchers believe the scaffolds/hydrogels should contain
biological componentd=or hydrogels, while variation in fabrication parameters exist, such
as component concentration, gelation temperatup#, the general technique is consistent.
The hydrogel material is solubilised and gelated into 3D gels of-vaggar content
[184,185] For scaffolds, different fabrication techniques be used, which freezeying,
electrospinning and 3D printind.86i 188]. These techniques result in 3D structures that

may resemble opecell foams or consist of dense fibrous networks. The use of scaffolds
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and hydrogels are similar providing a 3D structure for cells to attach to. Scaffolds and
hydrogels are widelyused in multiple fields including tissue engineering, regenerative
medicine and cancer reseaft34,189 191]. Unlike spheroids, scaffolds or hydrogels can
provide a more complex EClikke environment for cell growth. Other advantages of
scaffolds and hydgels include: (1) suitability for lonterm culture, (2) good
reproducibility and (3) ease of modification/fabricat[@85,192,193] Some disadvantages
include: (1) mechanical weakness of natural matrices without modification, (2)
biocompatibility issue®f synthetic structures such as lack of attachment sites for cells to
adhere to, (3) materials for scaffold/hydrogel fabrication can be expensive and (4) retrieval
of viable cells from structures for analysis can be difficuié to cells remaining trapped
with the 3D structurefl35,192,193] Scaffolds/hydrogels are frequently used in 3D breast
cancer research with applications including general cell growth and proliferation
assessments, transcriptional and translational research, disease progressietastadis

investigations and drug testif,186,194 197].

As this thesis involves the use of adherebased collagen scaffolds, the remainder of this
chapter will focus on matrix/adherent based systems including 3D scaffolds and hydrogels.
The use of allagen in the fabrication of 3D culture models will be the primary focus due to

collagen being the primary scaffold compones¢dwithin this thesis.

1.5 Collagenbasedbreastcancer models

Biologically, collagenrbasedin vitro scaffolds are excellergxamples of biocompatible
platforms suitable for use in cell culture. In recognition of this fact, there has been a growing

interest in the use of collagdrased scaffolds to study a range of cancer types, including
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breast cance[8,10,186,188,197,198]nitial research using collagdmsed 3Din vitro
culture models carried out by Yamegal. (1979, focused on the use of simplistiollagen
hydrogels composed o#t tail collagen fibres solubilised in acetic af1®9]. This study
demonstrated that dissociated primary mouse breast cancer cells could be successfully
maintained over an-&eek period on a 3 vitro collagen hydrogelThe culture model

was further validated by transplanting outgrowths from the 3D gedsaimhurine model
where the development of mammary adenocarcinomas, displaying histological similarity to
the original tumour from which the primary cells were dissociated from, was ob$£®@3d
Similar success in the growth of mammary tumour cells dagen hydrogels was reported
during a similar time frame (1980095) [200i 202]. While the success of these early
collagenbased 3D0n vitro models represented an important step forward in breast cancer
research, these collagen hydrogels have limitedtyhdi adequately replicate the breast
cancer ECM. Recent advances in biofabrication techniques havesdlipeater control

over scaffold microarchitecture providing new opportunities for the development of

biomimetic 3D breast cancer scaffolds.

Severaltechniques (summarised in Table 1.2) are available for fabrication of 3D collagen
structures. The most widely used include freémeng (lyophilisation), hydrogel synthesis,
electrospinning and 3D printing all of which produce 3D adherenbased scaffals or
hydrogels. The collagebased scaffolds fabricated in this research thesis were produced

using a freezelrying procedure.
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1.5.1 Hydrogels

Hydrogels area versatile biomaterial system with a large range of applications spanning
drug delivery, woundepair, tissue engineering and, to a lesser extent, cancer culture.
Hydrogels are 3D wateswollen gels consisting of hydrophilic polymers that interact with
one another through random interactions ,(hgdrogen bonding) or enforced crosslinks
[184,185] The physical characteristics of gelated hydrogels typically differ from that of
scaffolds fabricated using other techniques such as forgirey, appearing as a 3D mesh

like network of collagen fibres demonstrating no consistent pore shape or porosity

(Fig. 1.6A).

Collagen is the most predominant natural material used for hydrogel synthesis due to its
excellent biocompatibility and its abundance within the ECM. Differences in the hydrogel
preparation techniques and parameters result in the fabricdtibgdoogels exhibiting
different properties, which vary in degree of polymerisation, mechanical properties,
architecture and biodegradabilif§84,185,189,203] The architecture of collagdrased
hydrogels can be controlled through manipulation of thecistiength, pH and temperature
during gel polymerisatiof204,205] although it is more difficult to control these parameters
during hydrogel synthesis in comparison to other scaffold fabrication techniques. Increasing
collagen concentration (i,ethe ge$ ionic strength) results in increased fibre density,
reduced pore size but has no effect on fibre dianj2@&]. Increasing temperature and the

pH value accelerates polymerisatifire., the chemical joining of monomers to form
chainlike polymers)due to promoting fibre nucleation and electrostatic interactions and
results in reduced fibre diameter and smaller pore sizes. Increasing the pH value also
increases the mechanical properties of the hydr{izf®4,205] Besides control of the

architecturethe mechanical properties of collageased hydrogels are also of key interest.
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Leeet al.(2019) demonstrated collagen hydrogel compregsioduli values of 1.58 kPa

[206], demonstrating a wide range miechanical propertieschievable through hydrogel
fabrication(through variation of the gels ionic strength in this case). Crosslinking techniques
have been used to further increase the mechanical properties of the scaffold. Collagen
hydrogel crosslinking can be achieved by using crosslinking reagertsafseincluding
common chemical methods such asethy}t3-3-dimethyl aminopropyl carbodiimide
(EDAC) and glutaraldehyde (GTA) crosslinkif@07 209]. Chemical methods can offer a
significant increase irscaffold mechanicaproperties though such methods snaause
cytotoxicity. EDAC is generally well toleratd@10i 212] as it is not incorporated into the
final scaffold structure thus thorough construct washing prior to use can eliminate
cytotoxicity concerns. Nonetheless, at high EDAC concentrations, cidityaand poor cell
proliferation has been observgtl1,213] GTA is incorporated into the final scaffold as a
result of its crosslinking mechanism and poses a greater cytotoxicity cascdrare is the
potential for the GTA to leach out of the scaff@dd contaminate the culture media
[174,210,214]though again this may be heavily influenced by GTA concentration and can

be avoided.

Matrigel™ is a commercially available hydrogel that comprises different ECM components
including collagen type I\J215]. It has been widely used in cancer research as a versatile
platform for the 3Din vitro culture of cellg216i 218]. While easy to usebatchto-batch
variation can negatively impact research due to differences in hydrogel components and
concentrationsAs aresult,many researchers may prefer to fabricate their hydrogel systems
using defined concentrations. Use of collapased hydrogels for breast cancer cell growth

is common, including growth of MDMB-231 (pasallike, triple negative) breast cancer

cells ontype 1 collagen gelfl0,188,197]and culture of MCF7lgminal A type) breast
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cancer cells also ontgpe 1 collagen gdP19]. Good cell proliferation and viability have
been reported for the above examples, demonstrating the usedmigels as a viable

platform for applications in cancer research.

1.5.2 Freezedrying

Freezedrying, or lyophilisation, is a dehydration technique, whereby a solution is frozen
before undergoing a drying process under vacuum leadisgltimation of formed ice
crystals, resulting in the formation of a drynterconnected, welllefined porous
microstructure that can be tailored for specific applications (F&dR). This contrasts with
electrospun or hydrogdlased scaffolds that have a less defined pore shape. One advantage
of fabricating collage#ibased scaffolds using the freeding technique is the relative ease

that the architecture and mechanical propedassbe controlled to more closely replicate

the nativein vivo tumour environment. Controlling the temperature profile of the freeze
drying process can affect the pore structure and size within the scaffold. It has been
demonstrated that a lower final é&ng temperature results in reduced ice crystal size, and
therefore a scaffold exhibiting a smaller pore $220]. The rate of temperature reduction

to the final freezing point has also been shown to influence the architecture of the final
scaffold[221]. Rapid freezing reportedly results in a scaffold exhibiting a heterogeneous
architecture, whereas adopting a slower and controlled freezing rate results in a scaffold
demonstrating a homogeneous structure in terms of pore shape d2@%jz€he porody

(i.e., the empty space or void fraction of the internal scaffofdgollagen scaffolds is
generally observed to be ~99.5%, which is ideal for tumour cell infiltration and culture

[172,222,223]Varying the collagen concentration has also been showfitence scaffold
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pore size and porositincreasing collagen concentration from 0.5% to 1% (wt/v) increased

pore size and reduced scaffold porof®3].

Mould design also plays a key role in determining the final properties of the resultant freeze
dried scaf f oletal (2aD8)Bepdrtethat the use of large rectangular moulds
(16.9%25.3 cm) results in scaffolds demonstrating poor homogeneity in terms of pore size,
shape and alignment when compared to smaller rectangular moulds (12.4x1221dm)
Further alterations in mould design in terms of matéyjlpé and use of secondary mould
features, have enabled control of pore alignment, resulting in the development of
multidirectional porous collagelmased scaffolddsotropic or anisotropic structes have

been fabricated by tailoring mould des[§224] Isotropic scaffolds have pores of a random
arrangement (independent of direction) while anisotropic scaffolds are direction dependant
and pores are aligned along one aglampbellet al. (2017) ugd a polycarbonate mould

with cylindrical wells with pointed copper inserts (PTFE coated). The inserts were thermally
insulated from the freeze dryer shelf by a thin 1 mm rubber mat. The features generated a
single thermal gradient throughout the collagdurries resulting in pores aligned in one
direction. This ability to tailor the architecture is promising as it could facilitate the
fabrication of scaffolds that more closely represent the complexity of component alignment
observed in native ECM duringdast cancer development, where collagen fibrils frequently

linearise[56,90,91]

Freezedried collagerbased scaffolds typically haweeak mechanical properties (e,g.
elastic modulus)i.e, ~0.30.5kPa[172,222,223] Therefore, like with hydrogels, a critical

step in the fabrication of freeziied collagerbased scaffolds is the inclusion of a
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crosslinking technique. These include not only chemical methods such EDAC or GTA
[213,225,226] but also the use gfhysical methodssuch asdehydrothermaltreatment

(DHT) [213,227]andultra-violet (UV) [225,228] Physical methods are well tolerated and

elicit no cytotoxic effectsHowever, tiemical methods are considered more robust and offer
alargerimprovement irscaffoldmechanical propertieompared to physical metho@4 3].

Apart from crosslinking techniques, varying the collagen concentr§#i®8] and coe
polymerisation of collagen with other materidlis72] can also influence the scaffold
mechanical propertieScafblds produced via freezitrying have been used more frequently

in the culture of breast cancer cells compared to the other techniques discussed in this review
[8,186,194,195,198,229] Viable and proliferating cells were observed across all
aforementionedcaffolds with a variety of aspects of breast cancer explored from general
proliferation to hypoxia, angiogenesis, invasiveness and response to therapeutic agents. The
high porosities, wide range of pore sizes achievable, control over pore alignmensand ea

of modification ofmechanical propertienake freezalried scaffolds an attractive option for

a breast cancer model.
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Table 1.2: Summary of scaffold fabrication methods

Fabrication Method

Advantages

Disadvantages

Hydrogel Synthesis

[10,173,294296]

Freeze Drying

[90,172,186,198,213
223,297]

Electrospinning

[11,262 267]

3D printing

[187,287 284]

- Ease of fabrication.

- Good proliferation and
viability achieved.

- Matrigel™ is widely studied
and frequently used in cance
research thus many guides fc
use available.

- Good control ovescaffold
architecture through variation
in process parameters. Can
produce large range of pore
size and orientation.

- High porosity levels.

- Inexpensive.

- Good proliferation and
viability achieved.

- Production of fibrous
network that closely resemble
native collagen fibres.

- Large range of fibre
size/diameter/pattern
achievable

- Good proliferation and
viability achieved.

- Control over architecture
through use of computer
design software.

- High porosities achievable
- Use of bioinks for inclusion
of live cells into scaffold

- Good proliferation and
viability achieved.

- Reduced porosity comparec
to other models. Can result ir
poarer cell and nutrient
distribution.

- More difficult to control
architecture thus less
reproducibility of exact
desired architectures.

- Weak mechanically prior to
crosslinking

- Can be batch to batch
variation in final scaffold
architecture due to challenge:
in controlling the freezing
process

- Weak mechanically prior to
crosslinking

- Use of harmful solvents
required for the fabrication of
collagen scaffolds

- Solvents expensive

-Weak mechanically prior to
crosslinking

-Difficult to print collagen due
to viscosity issues and
difficultly working at room
temperature.

- Expensive to scale up.

- Often must be combined
with a lyophilisation step.

- Weak mechanically prior to
crosslinking

34



Figure 1.6: Comparison of microarchitecture achieved by the four fabrication methods
discussed.(A) Collagen hydrogel (adapted from Achiliit al. (2010) [205] (B) Freezedried
collagen scaffold (adapted from Offedéu al. (2015) [230] (C) Collagen electrospun scaffold
(adaped from Simpsoret al. (2011) [231] (D) 3D printedcollagen scaffold (adapted from Lode
etal. (2016))[187].
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1.5.3 Electrospinning

The electrgpinning process makes use of electrical fofpesitively or negatively charged)

to form fibres from polymer solutions or melts. The resultant electrospun scaffold consists
of a network of fibres that offer a large surface area (FBC)l.which makes them an
attractive platform for cancer cell grdwtand adhesiof232i 235]. The electrospinning
technique is fast, efficient, relatively inexpensive and versatile, producing fibres ranging
from micrometre$236] to sub100 nanometrg@37] in diameter. Significant advancements

in electrospinning technolggand knowledge have allowed for controlled fibre architecture

in terms of fibre diameter and alignment. Increasing polymer concentration/vid@38iy

241] can increase the fibre diameter, which also benefits fibre uniformity and reduces the
incidence of fibre defects such as beading (low concentration or surface tension issues
causing formation of sphetike defects along fibre§p39,242,243] Solution caductivity

also promotes the production of uniform fibres, with increased conductivity equating to
smoother fibres and lower rates of bead2©g,242,244] Reducing the polymer flow rate

can also decrease the fibre diam¢239] andincreasing the flowate beyond an optimal

value can affect solvent evaporation resulting in highly beaded wet fibres on the collection
plate[239,245,246] The pore size (space between adjacent fibres) within the structure of
the electrospun scaffold can be indirectly altehedugh varying the fibre diameter. Thicker
fibres generally increase the pore size and fibres of reduced diameter exhibit the opposite
effect due to the higher density of the fibre network within the electrospun sd@4alfl

The inclusion of watesoluble fibres that are sacrificial can increase pore tiese fibres

are dispersed homogenously within the main electrospun material and their controlled
0sacrificed results in the f or[p48240lHigh of | ar g«
porosity isessential as dense fibrous networks may prevent cell infiltration into the scaffold

[248,250,251] thus when generating collagen scaffolds via electrospinning, fabrication
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parameters should be tailored to avoid overly dense tightly packed fibrous nefandss

fibres have also been developed which further increase surface area due to the presence of
pores within the fibres themselvE52,253] Zhanget al. (2006) achieved their porous
fibres through leaching of the water soluble constituent of gelom p o l-y ( U
caprolactonggelatin composite fibref252]. Kalra and Tran (2013) created porous fibres
through high temperature degradation of salfonated tetrafluoro¢hylene based
fluoropolymercopolymer (known commercially asNafion during carbonization of a
polyacrylonitrile/Nafion composite scaffolf253]. During conventional electrospinning
ttechniques, collection plates are typicall
the charged polymer, the solution collects in a randomwmren pattern. Rotating drum
collecting plates havalso bea used to generate aligned fibf254i 256]. Other parameters

used during the electrospinning process such as surface tension, field voltage, needle tip
design and collection plate design can also alter the architecture of the resultant scaffold
[257]. Electrospinning techniques have been develofedproduce more complex
electrospun networks, such as multilayer scaffolds or scaffolds with loaded/conjugated

compounds (e.gchemotherapeutic conjugation or genetic cafgbi 261].

Collagenbased scaffolds fabricated using electrospinning have bedindocumented
[11,262 268]. Typical solvents used during electrospinning of collagased scaffolds
include 1,1,1,3,3;Bexafluoroisopropanol (HFIP)264,267] and trifluoroethanol (TFE)
[262,263] though nanofibrous collagdmased scaffolds have beemsusing a more benign
water/salt/alcohol solvent systej@66]. Fibre diameter in these collagbased scaffolds
ranged from 10®00 nm, with differences achieved through changing the specific
electrospinning parameters. Similar to scaffolds fabricatedjule freezalrying technique

and hydrogel synthesis, crosslinking agestg.(EDAC and GTA) can be used to increase
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the mechanical properties of electrospun scaffdli?263 267]. Excellent cell proliferation

and viability have been observed in mangllagerbased scaffolds fabricated using
electrospinning[11,264,265,269] highlighting their potential as for use as 3D models

in vitro. However, their use in breast cancer research remains scarce compared to other tissue
engineering applications. In oseudy, MDA-MB-231 breast cancer cells were cultured on

an electrospun scaffold composed of a 1:1 ratio of collages 1 and PCL with varied
weight/volumes of 615%. Fibre diameters ranged from ~400 nm to 2.25 um, concentration
dependent. Breast cancelgshowed sustained viability and successful proliferation on the
electrospun scaffoldsdowever, the dense fibre network of the structure significantly

impacted cell infiltration, resulting in few cells infiltrating to the centre of the scd5id).

To date,the use of electrospun collagen for breast cancer is rare, collagen has been more
frequently used as a coating to nanllagenous electrospun fibres, in attempts to improve
the biological relevance of the fibres while bypassing the difficulties of using collagen in
electrospinning175,270] MCF7 and MDAMB-231 breast cancer cells were sustelty

cultured on collagen coated polycaprolactone fibres, fabricated through collection on a
rotating drum collector using two different speeds to alter fibre diameter and alignment. Both
cell lines adopted a more vivolike morphology within the fibrescaffold with an increase

in expression of cancer stem cell markers and in addition markers of epithes@ehchymal
transition markerf270]. Gelatin (type B) fibres similarly were coated with collagen (ipe

to improve biomimicry, resulting in unifor fibres of 440 + 86&m in diameter. MCF7 cells
displayed successful attachment and proliferation on the fibre neftvisk Electrospun
scaffolds composed of synthetic biomaterials have been used at a greater frequency for breast
cancer culturg271i 274]. Nevertheless, electrospun collagen remains an attractive option

due to the high level of user control over fibre architecture, rapid production process and the

38



fibrous collagen network achieved has greater resemblance to the fibrous collagenous

network d the ECM than the opecell foam like structures produced by freelging.

1.5.4 3D printing

Since its development in the 1980s, significant advancements in 3D printing technelegy ha
resulted in its application in the fields of tissue engineering, regenerative medicine and
cancer researcf275i 277). 3D printing of biologicabased materials has now become a
reality and allows for the creation of complex biocompatible 3D structuresy Mi&erent
techniques are available for the 3D printing of scaffolds, including; drbpked,
extrusionbased, inkjet, micrwalve, lasetinduced and stereolithography bioprinting
[277,278] Careful control of the design and architecture of the schfifsihg available tissue
imaging techniques and computgded design (CAD) software facilitates the precise and
detailed generation of both simple and complex 3D structures. Furthermore, user control
over the spatial positioning can facilitate controltiegé physical, mechanical and signal
transduction properties of the resultant 3D printed scaff@@£79] This high level of
control may offer a significant advancement in accurately modelling the breast cancer

ECM/tumour microenvironmerit vitro.

Collagen has proven to be a versatile material for bioprinting and has been used in many
different 3D printing techniquel 87,280 283]. Such collageiased scaffolds have the
classic printed layered lattice appearance, structure and alignment. The stestsffithe

3D printed scaffolds normally contain a distribution of micropores on their surface, which

facilitates cellular attachment and infiltration, while macropores are located between the
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layered fibres (Fig. D). 3D printing using collagen posesatlenges due to the low

viscosity of collagen solutions and their inability to solubilise. Therefore, higher viscosity
collagenbased solutions have been developed to overcome these issues elalcEtl8)

used a highly viscous collagen solution (8§/mL collagen in phosphate buféetsaline

(PBYS)) to fabricate fibrillar collagen scaffolds with an interconnected porous structure using

3D printing [284]. The 3D printed scaffold exhibited a
with pores ranging in size M 50500 Om, and <ceblbsingbothahbi | ity O

fibroblastic NIH3T3 and epithelial Vero cell ling84].

Coll agen scaffolds exhibiting highly porous (
~10-300pum have been fairated using a combination of 3D printing and fredrgng. The

addition of freezalrying to the printing process offered scaffold stabilisation and allowed

for the development of more complex structuE’7,283] A literature search revealed a

low numter of collagerbased printed scaffolds with applications in breast cancer research,

with preference for nowollagenous inks. Nerget al.(2019) successfully printed collagen
(acid-solubilized bovine type | collagen) Matrige™ composite inks into 3D scaffolds

using a microextrusion 3D printing technique. The fabricated scaffolds demonstrated

spatially controlled aligned collagen fibres. MEMB-231 breast cancer cells were

successfully cultured by seeding them on top of theadaf{285]. Another advantage of

bi oprinting is the potential to incorporate ¢
that allow cells to be seeded within the scaffold during the printing pr¢2é8f This

presents a distinct advantage adsceln be dispersed throughout a 3D scaffold during

fabrication negating potential risks of poor and slow cell infiltration when manually seeded

onto the scaffold surface. MDMB-231 breast cancer cells were successfully cultured by

incorporating them witim a bioink prior to printind285]. Both MCF7 and MDAMB-231
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breast cancer cells were printed within a collagen type 1/DMEM media ink. Constructs were
printed in a variety of shapes from simple spheroid structures to crosses, cubes and
dumbbells. Cells we of high viability and evenly distributed throughout the printed shapes
[286]. MCF7 and MDAMB-468 (asallike, triple negative) were printed within 3D
collagen gels (rat tail collagen), resulting in the formation of tumouroids with high ki67
positivity through a 3wveek duration. In addition, either of the cell lines werecgltured

with the MCF12A cell line (nottumourigenic breast cells) resulting in successful printing

of mammary organoidg87]. Elsewhere, collagebased bioinks containing cells suat
fibroblasts[288,289] MSC cells[290], osteoblast$280,291]and hepatocyteR89] have

been well documented and have demonstrated good/excellent cell viability and proliferation
T highlighting the overall promise of bioinks, and the application aamodgtiple cell types

opens up potential for multicellular printed constructs which more accurately represents the
tumour microenvironment. As with other collageasedin vitro scaffolds, different
crosslinking options are available to increase the mechlaproperties of 3D printed
collagenbased scaffolds including EDAC187,283] genipin [280] and tannic acid
[292,293] Notwithstanding the fact tha®D printing has been minimally used in the
development of collagebased 3D models for breast can{285], it nonetheless holds
significant potential to produce models that more accurately model the breast cancer tumour

microenvironment.
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1.6 Current applications: collagenbased models in breast cancer
research

Collagenbased platforms have been utiliseda range ofn vitro breast cancer models

aimed at advancing the current understanding of breast cancer development and progression.
A selection of these studies are discussed. Initial validation and confirmation of platform
biocompatibility is common throughout these studimg recently studies have focused on
complex investigations into various breast cancer phenomena. Some areas of study include
alterations in cell morphology and growth kinetics, assessment of therapeutic response,
genetic and metabolic analysis, metastasd the interplay between matrix stiffness and a

variety of cell properties.

Several studies have focused on the validation of colthgead 3Dn vitro culture scaffolds

with general confirmation of breast cancer cell growth and assessment oélalidur
within the 3D platforms. The MCF7 breast cancer cell line was successfully grown in a 3D
collagen scaffold fabricated using a freelrging techniqug194]. Cells in this 3Dn vitro
scaffold displayed similar proliferation rates to 2D culturesnduthe initial days, though
culture life was longer in the 3D models as 2D cultures reached confluency more quickly
and began undergoing apoptosis. Cells in 3D also displayed a more rounded morphology
than those in monolayer. Furthermore, the MCF7 dalsonstrated increased malignancy
and an invasive phenotype compared to when grown if128]. There was also an
increased expression of proangiogenic growth factors and MMPs within the 3D scaffolds
[194]i expression signatures such as these are comnuimical malignant case86,88]

The increased malignahke behaviour of the cells grown in 3D was confirmed through
xenograft developmentumours derived from 3D cultured cells were significantly larger

and displayed increased tumorigenicity compam@®D culturederived xenografts. A
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further interesting observation was the display of stemilikellproperties and markers
within the MCF7 population in 3D cultures compared to their 2D counterfEdt.
Electrospun collagen scaffolds have rarely besedufor breast cancer research, despite
frequent use elsewhere in tissue engineering. MIBx231 breast cancer cells were culture
on electrospun collagemased scaffolds, with viable breast cancer cell growth and
proliferation demonstratéthough poor celllar infiltration was observed as a limiting factor
of their applicatiorj250]. To overcome this, techniques to improve infiltration and increase
pore size of the scaffold would be required, such as altering solution concerjzd@par

use of sacrifial fibres[248]. While this study demonstrated the potential of electrospun
scaffolds to support breast cancer cell growth, to date electrospun staféeld 3D
scaffolds have not been used in to explore breast cancer cell behaviour or in drug screening

studies.

1.6.1 Breastcancer andbonemetastases

Bone is the most common site of metastasis in breast cancer for all sulitgpgh
progression to bone metastasis from initial breast cancer diagnosis is faster in the more
aggressive HER2+ and TNB€lubtypeg298,299] Once breast cancer has spread to the
bone, it is considered incuralf@00]i thus greater attention is urgently needed to develop
new approaches to increase survival and eventually to discover potential cunesitBD
scaffolds prowle a useful tool for the investigation of metastasis. Jdhasinet al.(2018)
developed a 3 vitro co-culture consisting of osteolytic breast cancer MBIB-231 cells

and preosteoblast MC3T-E1 cells within a dense collagen hydrogel (rat tail coltagpe 1
solubilised in acetic acid) to investigate the interaction between triple negative breast cancer

cells and osteoblastf]l88]. They reported that the @ulture of the MDAMB-231 and
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MC3T3-E1 cells resulted in an impairment of the differentiatcdnMC3T3-E1 cells to
osteoblasts and subsequently a reduction of osteohkdiited mineralisatiofiLl88]. A

similar effect was observed on exposure of MGEI3cells to MDAMB-231 conditioned

media. The suppression of osteoblast activity by breast cegltein this study is of interest

as it may be a potential target for the therapeutic reduction of bone density loss in metastatic
breast cancer. Murine mammary adenocarcinoma 4T1 cells have also been successfully
grown on a 3D collageglycosaminoglycarfreezedried scaffold in an investigation to
assess the adaptability of breast cancer cells to the bone microenvironment, which may
explain why bone is a preferential site of metastasis for breast cfi@®}sThe cells were
capable of osteomimicry andh@wved enhanced mineralisation properties, further
highlighting the potential of 3 vitro collagenbased scaffolds in the study of breast cancer
cells and their high rate of bone metast4$65]. A further study focusing on the interplay
between breastancer cells and bone cells used a 3D collagen scaffold to increase
understanding in breast cancer cell dormancy and eventual metfk®&gisA range of

breast cancer cell lines (8 cell lines tats&8UM159, SUM149, MDAMB-231, MDA-MB-

435, BT474, MCF7, 47D and ZR74L cells) and bone marrow cells were successfully
grown in coeculture on the scaffolds. Significant findings from this study were the
development of supportive and inhibitory niches to breast cancer cell proliferation by
varying the cecultureson the scaffolds. Primary bone marrow stromal cells supported breast
cancer cell proliferation while bone marrow cell lines (including osteoblast, mesenchymal,
and endothelial cell lines) suppressed proliferation of breast cancer cells and induced
dormang. The ability to model dormanaw vitro may lead to eventual biomarker discovery
concerning dormant disseminated cells that may cause metastasis upon proliferation at
distant site§196]i discovering these biomarkers and assessing patients for them feray of

a new frontier in predicting metastasis risk.
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1.6.2 Collagen alignment andcell invasion

A signature of breast cancer development and increased invasiveness is the linearisation of
coll agen fibres, c¢r eat i ngawaylirongttepingrgtdmoliror c
[57,90] This linearisation is seen increasingly in aggressive cancer subtypes including
HER2+ and TNBC tumoul$8] thus is an important point of investigation. In an attempt to
investigate the development of a new migratiovelsive potential assay, Campbetial.

(2017) [8] developed 3D collagebased scaffolds demonstrating both direction aligned
(anisotropic) and nedirectional random (isotropic) pore architectuf@g In this study a
freezedried collagen scaffold (bave Achilles tendon derived collagéype 1 solubilised

in acetic acid) was fabricated with axially aligned pores as it was hypothesised that such
scaffolds could better mimic thie vivolinearised collagen fibres. Pores within this scaffold
were ~10C mn size. Data from this study showed that the anisotropic scaffold significantly
increased the migration and invasion capacity of invasive breast cell line-WNMB231

when compared to the isotropic scaffold equivalent. High numbers of-MBA231 cells
migrated through the full depth of the collagkased scaffold, whereas nmvasive MCF7

cells travelled a significantly lower migration distance through the scaffjld The
anisotropic scaffold developed by Campbetl al. (2017) [8] was further applied for
migratory analysis in a study investigating xenograft tumour invasiveness and response to
chemotherapeutics. The study increased replication of the breast ECM through culture of

adipocytes within the collagen scaffolds prior to seeding of tumour fragh22%s

Adipocytes are a prevalent cell group within mammary tissues and are reported to play a role
in breast cancer invasiof801,302] Following 10 days of tumour fragment culture,

adipocytes were found to increase migration of tumour cells within the scaffolds. Treatment
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of cultures with chemotherapeutic canertinib (tyrosine kinase inhibitor) resulted in
significant reduction of tumouwrell migration into the scaffold, both in terms of distance and
number[229]. Such results further emphasise the potential of collageitro models for

drug development and discovery within cancer research. Furthermore, the successful culture
of xenogaft tumour fragments showed the potential in application of these modelx for
vivo culture of patient tumour fragmeniBhis could facilitate advancements of personalised
treatment strategies through investigation of tumour properties and responsep®then

a patierdby-patient basis. A further 3D collagen model highlighted the key role aligned
collagen fibres play in cancer cell migration. Aligned collagen hydrogels resulted in an
increased net migration distance through the constructs by -MBA231 cells when
compared to randomly organised collagen gels. The study also reported that collagen fibre
alignment was the dominant factor affecting the migration distance, leading to a greater

increase in migration distance thiaydrogel elastic modulyd 97].

1.6.3 Scaffold mechanical propertiesand breastcancer interplay

Stiffness of the ECM is a key prognostic feature of breast cancers and collagen plays a key
role in this matrix stiffening48,54,55,79] While it is generally accepted that stiffnetsyp

a role in progression and spread of breast cancer, the exact mechanisms of the influence of
stiffness remain poorly understood. Bar@isal. (2014) sought to understand the role of
matrix stiffness on prolactin signalling in breast cancer dell®]. Prolactin levels are
associated with breast cancer progresg303i 305] and as a result prolactin has attracted
much interest in breast cancer research, though its exact actions and role in the disease are
not fully understood. In this study, two coliEggels (rat tail type 1 collagen) of different

stiffness profiles, one a low stiffness 1.2 mg/mL gel and the other a high stiffness 2.8 mg/mL
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gel, were fabricated. Both T47D and MCF7 breast cancer cell lines were cultured. The stiffer
collagen gels led tprolactin induced stimulation of ERK1/2 signalling pathways in both
cell lines (potential protumourigenic role), increased expressiMM®P2 in both cell lines

(key factor in ECM degradation and spread of breast cqdB86&89]), linearisation of
collagen fibres within the gels cultured with T47D cells (assists metastasis and is a signature
of poor breast cancer prognofs$,90])) and a general increase in invasive and disorganised
behaviour by T47D cells. Similar effects of prdalaavere not observed in the lower stiffness
collagen gel, demonstrating the key role of stiffness in directing cell signalling/activity and
its association with favourable conditions for cancer spread and progrgriiverani

et al. (2017) furtherinvestigated the mechanobiology of breast cancers through culture of
two breast cancer cell lines, MCF7 (Rmwvasive) and MDAMB-231 (invasive), on
collagen scaffolds. Scaffolds consisted of a 1% (wt/v) bovine collagen (type 1) suspension,
prepared with & acetate buffer. The scaffolds were crosslinked with arbdtdnediol
diglycidyl ether solution before undergoing a freelrging procedure, producing an
interconnected porous structure (porosity of 87.8% and pores within a range3tfajh).

Upon cuture, both cell lines formed tisslike 3D features and maintained expected
morphology. The more aggressive MEMB-231 cells caused a significaimcrease in
scaffold elastic modulusith increased_OX expressionsuch properties resemhle vivo
tumours @nerated from MDAVIB-231 cells. Upon treatment of MDIB-231 cells with

L OX i n h-anbniopropionitrife, the cells ability to increase scaffaddisstic modulus

was impaired198]. Due to the correlation between increased ECM stiffness and poor patient
prognosigd4,78], in vitro models such as the above can serve as a useful investigational tool

for celllECM interactions and their influence on patient tumour behaviour.
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1.6.4 Hypoxic environment generation and investigation

Hypoxia is a keyactor in breast cancer progression and metastasigB@sk307] thus it is
important to investigate the development of hypoxia in a relevant 3D microenvironment
in vitro and its influence on key genetic and cellular behaviours. A collagen hydiggel (

1 extracted from rat tail) demonstrated generation of hypoxic conditiaitso that showed
similarity to in vivo breast tumours. MDAVB-231 cells were cultured onmBm thick
collagen gels and generated spheroid like clusters within the gels with éxygemt
gradients present and the development of necrotic regions was observed. Compared to 2D
culture, there was a significant upregulation in hypéxducible factor HIF1A (hypoxia
marker) and vascular endothelial growth factor VEGFA angiogenesisnarker)[10].
Liverani et al. (2019) also demonstrated the development of a hypoxia model with high
mimicry toin vivotumours using a freeze dried collagen scafftyigd 1 collagen solubilised

in acetic acid, crosslinked with tputanediol diglycidyl ter, average porosity &4.8%)

[186].

Through modelling the low oxygen environment typical of primary tumours, they were able
to successfully investigate a range of hypekiaren cell behaviours including proliferation,
aggressiveness, senescence and metabolic activity. Culture of MCF7 ahdVIAE231

breast cancer cells within the scaffolds resulted in generation of alilss@nvironment

and ECM secretions by the cancer cells resulting in a scaffold microenvironment that closely
corresponded with aim vivo mouse comparator. Both cell Imshowed development af
hypoxic niche with highHIF1A expression, upregulation of glyceraldehydph®sphate
dehydrogenase GAPDH) and successful pimonidazole staining (stains for poorly

oxygenated cells). FurthermoreQX expression and VEGF secretiorasvsignificantly
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higher in the 3D scaffolds when compared to monolayer 2D cylt86. Models such as
the above hydrogdll0] and scaffold186] platforms that can accurately replicatevivo
tumour hypoxic environments provide a poweifulitro tool for investigation into breast

cancer progression and for therapeutic targeting of hypoxia associated cell invasiveness.

1.6.5 Scaffold use indrug screening

A key application of 3D scaffolds is in drug screening and discovery. 2D cultures are known
for altered or inflated response to therapeutics, with poor translation of drug efficacies seen
in 2D cultures when they progress to animal mo@gk2,109 111]. The use of collagen
scaffolds for drug screening or discovery for breast cancer is at avelat present, though

the area offers huge potential and is a key factor imn3@tro platforms bridging the gap
between 2D culture and animal testing. In one study, patient tumour fragments were cultured
on a collagen gelgype 1, rat tail, 0.3 mg/mlLfor ex vivoculture validation and tamoxifen
(Estrogen Receptor (ER)+ treatment) assessfi3®®]. Patient tumours maintained high
levels of cell viability in culture and ER+ tumours showed a measured response to tamoxifen
treatment versus untreated ctarparts (ER+ tumour fragment with no tamoxifen exposure).
Low ER or ER tumours showed no significant reduction in tumour volumes with tamoxifen
treatment compared to untreated counterparts (ER tambur fragment with no tamoxifen
exposure). These raspses/lack of responses correspond with expected tamoxifen action in
human patients, demonstrating the useful application of collagen platforms for drug
screening and also as ax vivo platform [308]. MCF7 spheroids embedded and
unembedded in collagen getreated with anticancer compouddxorubicin displayed
increased resistance to drogediated cytotoxicity in comparison to a 2D monolayer of

MCF7 cells[141]. Reduced susceptibly to drug compounds in 3D platforms is a key
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advantage of their use compared to 2D monolayer and allows dogasedin vitro

correlation to typical animal model/human response profiles.
1.7 Summary

The emerging use of 3D vitro models over the last two decades for different applications
has seen a promising shift away from the heavy reliance am\#o culture models. While
collagen is a current mainstay as a culture scaffold in tissue engineering and regenerative
medicine research, its potential in the field of oncology research is still in the nascent stage.
A range of fabrication techniques (e.fyeezedrying, hydrogel synthesis, electrospinning

and 3D printing) are currently used to produce colladggsed scaffolds. Each technique
confers their advantages and disadvantages (Table 1.2) and depending on the end application
and the desired architece/final properties the most suitable method can vary.
Collagenbased scaffolds fabricated using the freégeng technique or through hydrogel
fabrication appear as the most popular methods of production, though if cancer research
follows the same traftory as tissue engineering and regenerative medicine, then 3D printing
offers enormous potential and opportun@pllagenbased scaffolds fabricated using freeze
drying, 3D printing and electrospinning techniques offer many advantages when considering
replicating breast cancer tissue, gdemonstration of a highly interconnected porous
structure, ease of fabrication and ability to tailor the physical, mechanical and biological
properties. Similar scaffolds produced by hydrogel synthesis demonstuatargs of lower

interconnectivity, porosity and poorer reproducibility, making them a less attractive option.

Successful culture of breast cancer cells has been achieved using different dudlsegEn
scaffolds[8,188,194 196]. High cell viability, stake proliferation over days in culture and

formation of spheroids within these 3B vitro culture models highlight the promise of
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collagenbased scaffolds in understanding cancer development and progression. Building
and expanding on research in the figldlate, 3D collagebasedn vitro models may also
facilitate the use of patiemterived tumour samples for research and drug screening
purposesknown asexvivo culture models. By developing such a culture model for the rapid
ex vivo culture of patient umour samples, it will revolutionise personalised medicine

strategies, thereby devising treatments of best fit on a patygpatient basis.

It must be noted that research to date on the use of coltegen 3D culturenodels for

breast cancer researtlas limitations. Exhaustive characterisation of scafb@ided 3D

breast cancer models discussed has not taken place with respect to their suitability for breast
cancer culture. Many of the aforementioned studies have not focused on the fabrication of
scafolds with tailored pore size, porosityechanical propertiesnd scaffold composition

that increase their biomimicry for the breast cancer microenvironment. Going forward, a
greater focus needs to be directed towards the tailoring of scaffold propertiesre
accurately model the breast cancer microenvironment and assess how this affects their use

as a culture model.
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1.8 Project aims andobjectives

The overall goal of this research is to develop and validate a novel 3D biologateltsint
collagenbased scaffold as @ulture model for breast cancer research. The model aims to
provide a controlled and reproducible 3D collagen environment that mimics the breast
cancer ECM, thus overcoming many of the limitations associated withidredi 2D
research.The <affolds fabricated were used in the for the exploration of breast cancer
phenomena, includingcell proliferation, morphology and invasive/angiogenic potential.
Furthermore, the breast cancer model developed will be employepltoesthe efficacy of

therapeutic agents.

The specific objectives of this project are:

Objective 1: Fabrication and characterisation of collagesedscaffolds for application as
a breast cancer culture model. (Chapter 2)

Objective 2: Validation of colagenbased scaffolds as suitable breast cancer culture models
(Chapter 3).

Objective 3: Profile the gene expression patterns of breast cancer cells cultured in collagen
based scaffoldé€Chapter 4).

Objective 4: Assessment and validation of the collagpased scaffolds for use as vitro

drug testing model@Chapter 5).
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Chapter 2: Fabrication
and Characterisation of
CollagenBased Scaffolds



Sections of this Chapter have previously been presented (with some modification) in
Biomaterials Advance@022).

J. Redmond, H.O. McCarthy, P. Buchanan, T.J. Levingstone, N.J. Dunne, Development
and characterisation of 3D collaggglatin based scaffolds for breast cancer research,
Biomaterials Advanced42 (2022) 213157.
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2.1 Introduction

The ideal scaffoldbased breast cancer culture model should closely match the chemical,
structural and mechanical properties of breast cancer HGU4, extensive characterisation

of the scaffold properties is a key aspect of the biofabrication procesenCscaffold

based breast cancer culture models reported in the literature have not undergone extensive
characterisation and instead, a O0seed and
tailoring of the scaffold properties can result in inadequatiécation of the breast cancer
microenvironment/ECM, which may limit their ability to model key breast cancer
characteristics. Detailed characterisation provides information on the ideal scaffolds for cell
culture applications in breast cancer researchniogethe door for future works that can

increase our knowledge on a variety of breast cancer phenomena.

In the design of collagebased scaffolds several criteria must be considered. These include
characteristics such as the chemical, architectural, meethadegradative, and biological
properties. An ideal collagdemased scaffold for use asiarvitro breast cancer model should
demonstrate a high porosity with an interconnected structure and a suitable pore size to
enable the infiltration of cells thughout the scaffold and the diffusion of nutrients into the
scaffold and removal of waste. The pore size must not be too small, as this can impact
cellular migration, and equally the pore size should not be too large as this can reduce cellular
attachmentlue to less scaffold surface area being avail@i9fé,309] Consideringcommon

breast cancer cell lines, MCF7 cells have a reported size (diameter)8be#6[310] and
MDA-MB-231 cells with a mean cell diameterX#.81¢ n{311] - thus the lower limibf

pore sizes for scaffolds culturing these cells must be larger than these values to allow for cell

infiltration and migration throughout the scaffold. An optimal pore size or an upper pore size
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limit has not yet been determined for breast cancer casoifed pore sizes with successful
culture of breast cancer cells have ranged fror8 800 [8186] Large pores in excess of
500e m would | ikely have detri mental ef fect ¢
due to a significant reduction in $ftdd surface area and therefore a significant reduction

in ligand binding sites which would impact initial cell attachment and thus all future cell

growth dynamic$297,309]

Scaffolds for use in scaffoldased breast cancer models must demonstrateameah
properties similar to the properties of native breast tissue during cancer develf®hent
Scaffolds that do not replicate the mechanical properties of native tissue may poorly reflect
thein vivo mechanotransductidi@8]. Scaffoldmechanical properties (not limited to breast
cancer) have been observed to be crucial in driving various cellular pathways and behaviours
including proliferation, invasion and differentiatiff®8,314 314]71 thus it is of paramount
concern to design scaftts with the required mechanical properties during the fabrication
processBased on the reported data of human cancerous breast tissue the ideal scaffolds
should have an elastic modulus of ~8.%Pa[92,315] There is little need to have
excessively highmoduli (e.g., greater than ~5 kPa) as values greater than this represents
values not frequently seenlneast cancdeCM/tissue. Values at the lower end of the range
better represent the tumour environment nearer the core where cells cause regions of low
stiffness, while the higher stiffness values better capture the tumour peripheries where there
is a dense fibrotic stronf@2,93] Ther e may be no O6one shoe
mechanical properties, but the ease at which collagen scaffoldsecarosslinked, thus
altering elastic modulus, allows for the fabrication of culture models with a range of moduli

values if required.
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Mechanical properties of 3D scaffolds could also be tailored to replicate the ECM of specific
subtypes of cancers, sual increased scaffold modulus for culture of aggressive HER2+
and TNBC tumours/cell lines and lower stiffnesses in Luminal tumours/cell [583s
Compressive strengttnesistance to compression or crushing forcés)D scaffolds is of
greater interesduring cell culture applications for cancer research in comparison to tensile
strength(resistance to elongating of pulling apart forc&€s)lturing cells within 3D scaffolds

is known to result in compressive forces between the cells and the surrountlitxganh

may potentially result in pore buckling as cells traverse through the scE3f¢d317]
Furthermore, cell/aggregate expansion (representative of tumour expangian) and the
resistance provided by the surrounding scaffold generates comprésses|[318,319]

Li et al. (2020) recently observed that volumetric compression of 3D organoid cultures
induced intracell ul ar c¢r owatenmgignallimg io theirl e d
intestinal organoid based reseaf8R0]. WrChaténin sigalling plays a crucial role in
many cell functions including proliferation, migration and cell fate determination but also
has documented roles in can¢d821]. Thus, the Liet al. (2020) study emphasises the
importance of investigating the interplay betm mechanical forces and cell processes, and
how 3D models can advance our understanding of the relationship. Hresteollagen
based 3D scaffolds of a 0.5% (weight/volume (wt/v)) composition have well profiled
compressive moduli, exhibiting values ©0.30.5 kPa (standard uniaxial compression,
hydrated samplgLl72,222,223] Crosslinking can increase the compressive moduli values
to a range of ~2 kPa, crosslinking method and crosslinker concentration depej2i&it
Collagenbased scaffolds shouleixhibit longterm stability during culture to ensure the
maintenance of scaffold integrity over many weeksmaftro investigations (high scaffold
mass retention for a minimum of two weeks). Collagased scaffolds contain the necessary

binding motifs (e.g, RGD motifs) to allow for cell adhesiof322], demonstrating
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biocompatibility and suitability as a primary scaffold matenN#lthin this study, collagen
served of the primary component of the scaffolds investigated. Gelatin was incorporated into
the collagerbased scaffolds in varying concentrations to enable the mechanical properties
and micrearchitecture of the scaffold to ladtered. Further to this, in order to more closely
mimic the composition of the breast ECM, hyaluronic acid (Hya) was also incorporated into

an additional composition.

Gelatin is a denatured form of collagé®] and retains the biocompatibility and le@xicity

of native collagen andhas been widely used across a range of cell culture and tissue
engineering applicationNd 76,323 325]. Upon denaturation of collagen by hydrolysis, the
collagen triple helix unwinds resulting in the formation of gel§®]. Not only is gelatin
highly biocompatible like the parent collagen molecule, it is also significantly cheaper which
is an attractive feature of gelatin use in tissue enginedtliyguronic acid, or hyaluronan,

is a glycosaminoglycan widely used in tissangineering and wound healing. It is a
polysaccharide composed of repeating disaccharide chainsacetytglucosamine and
glucuronic acid. Hyronic acidis known for its extremely high hydrophilic nature and
water retentiorj326,327] Hyduronic acidis a key component of the ECM and plays a key
role in a wide range of cellular and tissue functions including; cell proliferation and
migration, tissue homeostasis and repair, inflammation and biomechanical integrity
[326,327] While it is involved in thee key processes, it has also been shown to play an
important role in the spread and progression of breast cargaluronic acidis highly
upregulated in breast cancer tissue in comparison to the healthy tissue state, and this
overexpression correlatestivpoor prognosis and patient surviyap8,329] A variety of
mechanisms in promoting cancer progression are attributeglypmsaminoglycas) a

notable one beingyaluronic acidnediated activation of the PI3KKT signalling pathway
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which promotes ceburvival [327]. Thus,hyaluronic acids an attractive third material to

incorporate into the scaffold makeup.

2.1.1 Chapteraims

The overall aim of this chapter was to develop and characterise cellaged scaffolds for
application as a 3Mreast cancer culture moddihe initial focus was developing and
optimising our selected fabrication technique of freeze drying in order to produce a range of
collagenbased scaffolds of suitable properties for application in future biological studies
within this thesis. Once fabricated, all scaffolds were characterised against a range of
chemical, architectural, mechanical and degradatreperties. Six scaffold compositions
were undeinvestigation:a collageronly scaffold, four gelatin containing cafiengelatin
composite scaffolds and a final composition containing collagen, gelatin and hyaluronic

acid.

The specific objectives of this chapter were to:

91 Fabricate a range of the collageased scaffolds for use as breast cancer culture
models using &eezedrying technique

91 Characterise the architectural and mechanical properties of fabricated scaffolds

1 Assess thén vitro stability of the scaffolds and their swelling ability

1 Determine the effect of the incorporation of gelatin or hyaluronic acid scéfld

properties
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2.2 Materials and methods

2.2.1 Solutionsteagents

Phosphate Buffeed Saline Solution 10X:80g sodium chloride (NacCl), § potassium
chloride (KCI), 14.4g9 sodium phosphate dibasic dihydrate fiRQs), 2.4g potassium
phosphate monobasic (KPIQy) into 800mL distilled water and adjusted td_1Diluted to
1x when needed. All mentions of PBS in the following studiese a 1x/0.01IM

concentration. All materials froigmaAldrich Chemical Co, Wicklow, Ireland.

2.2.2 Collagen andcollagengelatin slurry fabrication

Collagen (Col) and collagen/gelatin (Gel) scaffolds were produced using a-firyazg
process. 0.9 of fibrillar sheet type 1 bovine tendon collagen (Southern Lights Biomaterials,
New Zealand) was added to 100 mL 0.05 M acetic a8ignfaAldrich Chemical Co,
Wicklow, Ireland) resulting in a final collagen concentration of 0.5% weight/volume (wt/v).
For collagen/gelatin composite scaffolds, varying amounts of porcine gelatin ¢(Sigma
Aldrich Chemical Co, Wicklow, Ireland) were added deeatecollagen 0.5% (wt/v) &

Gelatin 0.05/0.1/0.15/0.25% (wt/v) slurries, listed below.

Col 0.5% (referred to as 0Col 0. 5%)
Col 0.5% + Gel 0.05% (referred to as w/Gel 0.05%)

Col 0.5% + Gel 0.1% (referred to as w/Gel 0.1%)

Col 0.5% + Gel 0.15%referred to as w/Gel 0.15%)

Col 0.5% + Gel 0.25% (referred to as w/Gel 0.25%)

= =2 4 A -

All slurries were stored at 4 f o h to didBin solubilisation of the collagen. The slurries

were blended in a cooled reaction vesselsetto4 t o avoi d denaturati c
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for 90 min at 10,005,000 revolutions per minute (RPM) usingamerhead blender (IKA
ULTRA-TURRAXE T25 Basic, IKA Werke GmbH & Co. KG, Staufen, Germany).

Slurries were degassed under vacuum for ~30 min. Prior to fdrgrsy slurries were

brought to room temperature (~20) and then po-designed mouslt o custo
(Fig. 2.1) composed of a stainlesteel base and polytetrafluoroethylene polymer body. The

moulds allowed for the production of homogenous cylindrical specimens (9 x 9 mm,

diameter x height). Conditioningto 20 ensur ed that aldgensusurri es

temperature and the cooling rate is consistent during freeze drying cycle.

Figure 2.1: Custom Designed moulds for the freezérying procedure. Custom designed trays
were designed using SolidWorks. The trays had removable bases and cylindrical weita (10
diameter and 10./hm depth) enabling efficient retrieval of homogenous (size and shape) scaffolds

with minimal handling of scaffolds.

2.2.3 Collagen-gelatin-hyaluronic acid slurry fabrication

After completion of initial assessment of the collagetatin scaffolds, an additional
scaffold group containing collagen, gelatin and hyaluronic acid was included. The new

scaffold was a modifideon of the w/Gel 0.15% composition (0.5% (wttype 1 bovine
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tendon ollagen, 0.15% (wt/v) porcine gelatin) with an addition of 0.05% (wt/v) hyaluronic
acid sodium salt (Contipro, Czech Republic). This new composition is referred to as the
0 C-&eFH y acdmposition. For this composition, Gg5of collagen and 0.1& of gelatin

were added to 9L 0.05M acetic acid and.05 g ofhyaluronic acidsodium salt was
separately added to 1OL of 0.05M acetic acid Both solutions were leftat4 f oh 48
prior to blending. Théyaluronic acidsodium salt was fully solubilised within this period

The collagen/gelatin slurry was blended 36rmin at 10,005,000 revolutions per minute
(RPM) using the overhead blender as 212.2. Thehyaluronic acidsolution was added
dropwise to the 9L collagen/gelatin slurry after the initial 30 min of blending. The slow
addition was necessary to avoid clumping/gelation of the hyaluronic acid which occurs when
added in more rapidly. The G@elHya slurry was blended forfarther 60 min, for a total

blend time of 90 min. The slurry was then degassed prior to freeze drying as previously

described.

2.2.4 Freezedrying procedure

Scaffolds were fabricated using a freelrging procedure. Filled moulds were placed into a
freezedryer (VirTis 35XL Ultra Super XL, Biopharma, Winchester, UK) with shelves pre
cooled to 20 . Preli4i nasytbBeudpesmahdfr d
pore size. The freezgdrying cycle consisted of a series of ramps and hdlasigh initial

freezing stages and then the drying phase (Table 2.1). Slurries were cooled from room
temperature (~20 ) t o a-40f i mdal af rceoeozliinngg
0.25 / mt. Scaffolds were then held &0 f o min ® @nsure eveand complete
freezing. The scaffolds were ramped to O

a vacuum of 27 Pémachine unit of 200nTorr), during which sublimation occurred. Post

sublimation, scaffolds were return to room temperature to @imfe cycle. This freeze
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drying cycle produced scaffolds of isotropic (rdinectional) architecture. Repeatability of
scaffold production was confirmed by usingyfe thermocouplegample of thermocouple

probe report in Appendix 1.1» monitor the teperature profile during the freeze drying
cycles, and also by routine checks of fabricated scaffolds properties (e.g., porosity, pore size

and mechanical properties).

Table 2.1: Overview offreeze drying process

Temperature Time (min) Ramp/Hold Pressure- mTorr
( ) (R/H) (Pascal (Pa))
20 Shelf start N/A Atm
20 10 H Atm
-40 240 R Atm
-40 30 H Atm
0 200 R 200 (27)
0 1200 H 200 (27)
20 60 R 200 (27)
20 20 H 200 (27)
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2.2.5 Dehydrothermal treatment (DHT)

Following freeze drying, scaffolds were carefully removed from moulds and placed in tin
foil packages to protect the scaffolds from moisture and bacteria. Scaffolds then underwent
dehydrothermal (DHT) treatment using a vacuum oven (Memmert VO200, MEMMERT,
Schwabach, Germany) at 195 for 24 h under a vacuum of 5,0B. DHT treatment was

used to provide initial physical crosslinking of the scaffolds, as well as sterilise them. The
foil packages were open during treatment to allow the removal of residusturecand

acetic acid from the scaffolds. Subsequently the foil packages were sealéaHgosb
maintain sterility. Scaffolds were stored in a desiccator at room temperature. For use in
experiments, the top and bottom surfaces of each cylinder scafisldanefully removed

using a scalpel bladas these surfaces had a skike covering from the freeze drying

procedure that consisted of smaller pores compared to the remainder of the scaffold depth.

The scaffolds were then bisected to produce structuitts dimensions of 9 x 4.5 mm
(diameter x height) for use in all experiments in this thesis. Initial mechanical and
degradation studies were conducted to assess if the DHT alone was sufficient to provide
suitable scaffoldnechanical propertieand in vitro stability. These preliminary studies
highlighted the relatively low mechanical properties and rapidtro degradation of the

DHT treated scaffolds. Although the results correlated well with similar collagen scaffolds
in literature, EDAC/NHS crosslinkingvas used in addition to DHT in order to improve
scaffold stability and mechanical properties. Throughout this thesis, scaffolds treated only

with DHT treat ment -cworsas |ln afkerdtbed t o as 6én
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2.2.6 EDAC/NHS crosslinking

Each scaffold composi@n underwent a secondary chemical crosslinking usiBth$l-3-
(3-DimethlamniopropyBcarbodiimide (EDAC) $igmaAldrich Chemical Co, Wicklow,
Ireland)coupled with catalyst, Mydroxysuccinimide (NHS)SigmaAldrich Chemical Co,
Wicklow, Ireland)at a molar (M) ratio of 31 EDAC:2M NHS. EDAC is a zerdength
crosslinking agent that crosslinks collagen/gelatin molecules directly adjacent to one
another, specifically forming links between carboxylic and free amine groups, with the
EDAC itself not eing incorporated into the final structuf2l3]. The concentration of
EDAC used was M per gram of scaffold, calculated using Equation 1, as this amount has
previously achieved significant increases in scaf@débtic moduliwhich differ minimally

to much greater amounts of EDAR13]. The amount (g) of NHS for a 5:2 molar ratio of

EDAC:NHS was the calculated using Equation 2.

Equationli Amount (g) of EDAC required:
000 @
GOIEDE & SRS T @ 640006 E & & DRAHQOO0Oj& ¢ OO 6

Equation2 i Amount (g) of NHS required:
0 "0YQ

GOIEDE aa GBI TG EOOHEDE & & @EANE & OV G £ ®OH 6

wp p 'R0 O ¢ ®OH &

The above values were per one scaffold,
scaffolds depending on the quantity to be crosslinked. EDAC was removed from the freezer
prior to its usage and dested for 1 h at room temperature in a desiccator. The required

amounts of EDAC and NHS were weighed using an analytical balance (METTLER AT261,
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Mettler Toledo, Belgium) and added to arfQ tube. The required amount of distilled water
was calculated throigthe simple equation: &L dH2O x no. of scaffolds. The @ was
added to the 561L tube and vortexed for 30 sec to ensure full solubilisation of EDAC/NHS.
The EDAC/NHS solution was then sterile filtered (Qr filter size cellulose acetaje
Scaffolds were initially hydrated iathanoland then transferred to a fresh&éll plate.

Each scaffold was incubated withn. of EDAC/NHS solution and then left at room
temperature for a total ofl2 Crosslinked scaffolds were then removed from EIMHS

wells andsoakedin 70% ethanol for sterilisation for =B) min. The scaffolds were then
transferred to sterile PBS for a preliminary wash and removal of excess ethanol and
EDAC/NHS. Following this, scaffolds were transferred tayd0centrifuge tubg (labelled
according to composition) to which ~8iL sterile PBS was added. The tubes were then
placed on an orbital shakat 30RPM for 30min for washing. This step was repeated for a
second time with fresh sterile PBS for an additionalm®®. Scaffotls were generally
prepared on an axeeded basis and were used immediately for testing. In instances where
scaffolds required short term storage (€ days), scaffolds were stored in sterile 1x PBS

at 4°C.

2.2.7 SEM analysis

Scaffold architecture was analysed using scanning electron microscopy (SEM) (Mono ClI
Evo L515). Crosslinked scaffolds were prepared for SEM by frdegag using the
standard freezdrying cycle. Before imaging, both the crosslinked and-crosslinked
saffolds were sectioned in the longitudinal and transverse planes at various depths
throughout each scaffold. Scaffolds were then mounted on stainless steel stubs coated with
a carbon adhesive. Prior to SEM, scaffolds were spottated with gold (Scanco&ix

Sputter Coater, BOC Edwards, United Kingdom). SEM imaging was conducted at an
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accelerating voltage of 15 kV. The microarchitecture was assessed at various depths
throughout the scaffold in both the longitudinal and transverse planes to ensureuptueestr

was largely homogenous. Scaffolds were viewed before and after the crosslinking procedure.

2.2.8 Porosity

Porosity was calculated using a gravimetric metfiod2], which measured the relative
density of the scaffold () Scaffold) i1in relati
The volume of each scaffold was measured using a Vernier caliper and the mass was
recorded using an analytical balance (METTLER AI2 Mettler Toledo, Belgium).

Density was calculated by dividing timeassby thevolumefor each sample. Theoretical

densities of collagen and gelatin were taken as 1.3 and ¢.86¢ [330,331] and for

sodium hyaluronate, 1g cm® [332]. For composite scaffolds, the ratio of
collagen:gelatirnyaluronic acidwas first determined to calculate the theoretical dry solid

densities of composite scaffolds. Porosity (%) was then determined (Equation 3). E§uation

shows how to calculate the ratio for the cosiposcaffolds.

Equation3i Porosity of scaffolds:
4EAT OO BRAIOEYG W QQ

b&édaddQ b "00 & &6 ‘Qf
POEOa®ORE o wmeannd 222 0% 3 & e @I0
pmm p Tt

P OOMA O TCEETDD, |, . L v x o w o
OWWNO 0 WO YD QQ
p T

Y0 O QA @
NGO 00ZEa® 6 Q

0Q¢ i NEM OO QE HED QQE
Porosity was then calculated as per the below:

Ry " YOO QQE 6 Q 5
UVEL &l 0 nmnn ——. Tt
P "YE o O
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2.2.9 Poresize

Pore size analysis (n=3) was completed using ImageJ2 software (v1.53n, NIH, Bethesda,
Maryland, USA)[333] using images captured via SEM. For pore measurements, SEM
images of norcrosslinked scaffolds for each scaffold type in both the longitudinal and
transverse planes at various depths was taken. Each SEM image was uploaded to ImageJ2
and a relevant scale waet for each image. Images were converted to binary to increase the
contrast between pore walls and empty space. Grids were applied to images and pores were
measured in each of the four corner sections and the centremost section in order to get a
represatative pore size for each scaffold image. A linear measuring tool was used to
measure the major axis of ~50 pores per image. Pores were measured in mioyodeén

pore sizes were calculated for each composition, alondssiegrams ofraw pore size

distribution data.

2.2.10 Fourier transform infra-red (FTIR) spectroscopy

Attenuated total reflectanc@®TR) FTIR spectroscopy was carried out to examine the
composition of each scaffold type confirm the presence of signature collagen, gelatin and
hyaluronic acid peaks with no contaminants. Discs of each scaffold (n=3) composition of
equal size (~% 2 mm, diameter x height) were used for analysis on the Spectrum Two FTIR
spectrophotometer (PerkinEImeéBgaconsfield UK). Each spectrum for each repewas
combined into asingle spectrumfor graphing purposesSpectra were generated for
wavelengths of 40@,000cm? at a resolution of 4m?, with four scans recorded per
sample. The Spectrum Two FTIR spectrophotometer was fitted with a diamond universal

ATR accessory, lithium tantalate detector and -mfcared (MIR) source. Prior to the
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sample scan, a background scan was carried out to adooany potential signal from the

environmental conditions.

2.2.11 Mechanical testing

Unconfined compression testing was completed to determine the elastic modulus of each

scaffold (n=6 for nofrcrosslinkedandn=4 for crosslinked) composition using @chanical

testing machine (Z22.5 Zwick/Roell, Zwick Roell Ltd., Leominster, UK). Cylindrgtedped

speci mens of ~9 x 4.5 mm (diameter x height)
to testing. Scaffolds were placed in a water bath, maintained3orat containing
during testing to maintain the scaffolds in a hydrated state. Testing was performed using a

5N load cell at a rate of 10% strain/min to a maximum strain of 20%. The elastic modulus

was calculated by determining the slope of the l2€8% region of the stress/strain curves

for each scaffoldThe elastic modulus was used as a representative measure of tumour

tissue/ECM stiffness vivo.

2.2.12 In vitro degradation

In vitro degradation rates were determined gravimetrically by monitoring the extent of
weight loss of the scaffolds at scheduled times (1, 3, 5, 7 and 14 days). Each scaffold (n=6
or noncrosslinked scaffolds and n=3 for crosslinked) for each composition wasatedub

at 37 a md.5 BL%of Mudecco's Modified Eagle's Medium (DMEM) high
glucose, supplemented with 1% PenS{®gmaAldrich Chemical Co, Wicklow, Ireland)

At each timepoint, each scaffold was removed from media and thoroughly washed with
distilled water to remove media components from the scaffold. The scaffold was briefly

dried on filter paper to remove excess liquid. Scaffolds then underwent an overnight freeze
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drying procedure (VirTis 35XL Ultra Super XL, Biopharma, Winchester, UK) to ventioe
remaining liquid. Dried samples were weighed using an analytical balance and the weight

loss (%) was determined (Equation 4).

Equationd - Weight loss (%):

wpmTnh

W = Initial dry weight.

W1 = Dry weight posincubation and freeze drying.

2.2.13 Swellingratio

Scaffold swelling ratio was determined gravimetrically. As the-crasslinked scaffolds

were found from initial testing to have le@lastic moduland rapidn vitro degradation, th

swelling ratio assessment was only carried out on EDAC crosslinked scaffolds. Scaffolds
(n=6) were weighed using an analytical balance to determine the starting dry mgass (W
Scaffolds were then placed in a-2«4ll plate and 2nL PBS was added to eactafold.

Plates were then incubated at37 At sel ected ti mepth),platess (1
were removed from the incubator and scaffolds were briefly blotted with filter paper to
remove excess liquid. Scaffolds were themvegghed to determinieir swollen/wet weight

(Wy). The swelling ratio (%) was calculated using Equation 5:

Equation 5 Swellingratio %:

Wp T TT

Wo = Initial dry weight of scaffolds.

W1 = Wet weight of scaffolds.
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2.2.14 Statistical analysis

Statistical analysis was completed using the GraphPad Prism software, version 8.0.2
(GraphPad Software, Inc., San Diego, CA). The minimum number of samples tested per
study for each composition was n£3neway ANOVA or Twoway ANOVA was used to
compare means of multiple groups, alongside TukeBonferroniposthoctests. Results
calculated and shown in graphs were the mean * the standard deviation {&je p

O0.=0*pvalue OO0Ov@alue OO, 0p1 = *** ns = no
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2.3 Reallts

2.3.1 Analysis ofscaffold architecture

Collagen and composite scaffolds of homogenous shape and size @&hx@ameter x

height) were successfully and reliably fabricated using the defined foegng procedure

(Fig. 2.2). Scaffolds were biset to asize of 9x4mm, and t he &6skind |
pores on the top and bottom of each scaffold cylinder was removed. The scaffold
microarchitecture was assessed using SEM imaging alongside quantitative measurements of
porosity and pore siz&EM imaging demonstrated the scaffolds were highly porous with

an interconnected isotropic pore structure (Fig. 2.3 & 2.4).

Figure 2.2: Visualisation of collagenbased saffolds. Cylindrical porous scaffolds (~9 mm in
diameter and 4.5 mm in height) fabricated via a frelgeng procedure with the i) side view, ii)
front view and iii) top view shown with scale bar for size indication. Hydrated scaffolds during cell

culture are shan in iv).
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Transverse Longitudinal

Col 0.5%

w/Gel 0.05%

w/Gel 0.1%

Figure 2.3: Transversefongitudinal crosssections of Col 0.5%, w/Gel 0.05% and w/Gel 0.1%
scaffolds. Scaffolds were sectioned at various depths in both the transverse and longitudinal axis.
SEM imaging confirmed the highly porous and interconnected structure across all compositions

(non-crosslinked scaffoldspll scale bars represent 260m .
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Transverse Longitudinal

w/Gel 0.25% w/Gel 0.15%

Col-Gel-Hya

Figure 2.4: Transverselongitudinal crosssections of w/Gel 0.15%, w/Gel 0.25% an@ol-Gel-
Hya scaffolds. Scaffolds were sectioned at various depths in both the transverse and longitudinal
axis.SEM imagingconfirmed the highly porous and interconnected structure across all compositions

(non-crosslinked scaffoldspll scale bars repres&€200e m .
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Porosity analysis confirmed that each composition demonstrated a high porosity (>99.30%)
across all groups. Analysis revealed statistically significant differences between the means
of almost all groupings to one another (Fig. 2.5). Porosity decreasedumsti@n of
increasing gelatin concentration. However, sif compositions retained high porosity
values. The Col 0.5% group had the largest porosity of 99.53 + 0.029%, while the w/Gel

0.25% group had the lowest recorded porosity of 99.32 + 0.038%.
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Figure 2.5: Scaffoldporosity. Porosity was determined through a gravimetric technique, comparing
relative densities to the theoretical solid density and thus determining the empty spatee(i.e.
porosity) of thescaffold. Variance was tested using eway ANOVA with Tukey poshoc test.
Results shown are mean + SD2@:pv al ue OOv.a&l5ue OO0-vepl u=s OO, 0p1
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Regarding pore size, the CBklHya scaffold had the largest mean pore size in the
transverse (T) axis at 216.220.02um, while the Col 0.5% composition had the largest
mean pore size in the longitudinal (L) creestion at 290.42 + 29.09 yimalthough there

was negligible true difference in pore size across the six compositions inveiigtdo)

The majoriy of pores for all compositions were within a range of-250um in the
transverse axis and 2@50um in the longitudinal axis. Full details on mean pore sizes in
the transverse and longitudinal axis can be seen in the summary table (Table 2.2)ePore siz
were larger in the longitudinal axis compared to the transverse axisi(p 0.65), ad this
difference in size resulted in pores that wera ovshapeTherawdistribution of pore sizes

for each scaffold group is displayed in FigZ and Fig. 28.
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Figure 2.6: Poresize analysisPore size was measured using ImageJ software, by measuring the
major axis of pores on SEM acquired images. Raw measurements for pores were averaged for each
repeat, resulting in an average pore size for n\AaBance was tested using tway ANOVA with

Bonferroni postoc testResults shown are mean + SD (n=3v @ | ue OOv d5ue OQ. Pl

* p-val ue 00. 001 = =*** ns = no significance.
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Figure 2.7: Pore size distribution data Raw data of allmeasured pores are displayed above in
histogram formatfor the Col 0.5%, w/Gel 0.05% and w/Gel 0.1% compositions. Pores were

measured at various scaffold depths in both the transverse and longitudinal axis.
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Figure 2.8: Pore size distribution data Rawv data of all measured pores are displayed above in
histogram format, for the w/Gel 0.15%, w/Gel 0.25% and@eltHya compositions. Pores were

measured at various scaffold depths in both the transverse and longitudinal axis.
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Table 2.2: Summarytable of scaffold architectural properties.

Note (T) Transverse, (L) Longitudinal

Property

Porosity (%)

Pore Size im)

Col 0.5%
w/Gel 0.05%
w/Gel 0.1%
w/Gel 0.15%
w/Gel 0.25%

Col-Gel-Hya

99.53 + 0.03

99.50 + 0.02

99.46 + 0.03

99.41 +0.03

99.33+0.04

99.36 + 0.04

207.2 +17.5 (T)
290.4 +29.1 (L)

191.0 £ 9.3 (T)
236.4 + 19.3 (L)

199.3 + 12.4 (T)
274.9 + 28.9 (L)

184.9 + 8.53 (T)
232.1 + 16.80 (L)

178.2 + 20.0 (T)
242.3 +25.6 (L)

216.2 + 19.86 (T)
264.3 + 37.80 (L)
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FTIR spectroscopy confirmed the expected collagen and gelatin composition of each
scaffold (Fig. 29) for the initial five compositions. The five primary amide peaks associated
with collagen/gelatin were observed across all compositions at the expectiohi®evith

no contaminant materials. The amide A (3,869 peak assignment representsHN
stretching vibrations, amide B (2,9467%) represents asymmetrical stretching of 2CH
amide | (163%m?) represents stretching of the carbonyl group (C=0) esuplith N-H
bending and @\ stretching vibrations, amide (1,550cm™) represents NH bending and

C-N stretching vibrations, and amide Il (1,24®%) represents M bending and @\
stretching vibrationd334i 336]. Some selectetiyaluronic acidpeaks a& labelled 13.

Peakl at 1,607cm? represents C=0 (carbonyl group) stretching, peak 2 at tm05
highlights COO (carboxylic salt group) stretching while peak 3 at 1,086 indicates
C-O-C stretching vibration related to ester bo[887,338] The incorporation dfiyaluronic
acidinto the collagen/gelatin scaffolds is largely undetectable with no clear shifts or changes
to the peaks already seen in the other compositidikely owing to the low concentration

of hyaluronic acidaddel to this composition relative to both collagen and gelatin. There is
some indication of successtwaluronic acidncorporation within the 1,036ém* region of

the ColtGelHya spectra. Here a slight increase in the peak depth and broadening of the peak
was observedThis can result from the increase in ester linkages between carboxylic and
hydroxyl groups of collagen artyaluronic acidn the composite scaffold mediated by the

crosslinking procedurgB39].
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Figure 29: FTIR analysis. FTIR spectra of collagen (0.5%), gelatin, hyaluronic acid and the
composite scaffolds are shown above. All primary amide peaks were identified and labelled for one
composition for exampleEach individual spectra for each repeatre combined into asingle
spectruntor visualisation purposefashed lines represent each amide peak. Separate peks (1

have been labelled with black arrows for hyaluronic acid.
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2.3.2 Assessmenbf scaffold mechanical properties

The scaffolds were assessed under compressading to determine the elastic modulus
(Fig. 210). In the norcrosslinked group, the Col 0.5% scaffold demonstrated the lowest
modulus with a mean elastic modulus of 0.30 + 0.04 kPa. The w/Gel 0.15% had the highest
value of the six compositions with a mean modulus of 0.46 + 0.08 kPa. The addition of
gelatin resulted in an increase in elastic modulus @1 ue OO0. 01) . Crossl
an increase in the elastic modulus for all six scaffold compositions when compared to their
noncrosslinked equivalent counterpartpa | ue OO0 . 00 1) . affdichhad the/ Ge |
highest elastic modulus amongst the crosslinked scaffolds with a mean modulus of 1.85 +
0.37kPa(ral ue O00.01 vs. Col 0.5%), followed I
elastic modulus of 1.56 = 0.25 kPa. The Col 0.5% scaffold agaimhe lowest mean elastic
modulus of 1.03 = 0.04 kPa. The addition of hyaluronic acid to the w/Gel 0.15% composition
did not have any significant effect on the elastic modulus. Complete modulus data can be

seen in Table 2.3 (crosslinked data only shown).

83



mm Col 0.5% B w/Gel 0.05% @ w/Gel 0.1%
1 w/Gel 0.15% [ w/Gel 0.25% [ Col-Gel-Hya
3.5

(0233
(023
(0233

3.0

(03
(03

2.5

T

1.5

1.0

¢
[0

Elastic Modulus (kPa)
_|
_|
_|

I
0.5 T

- B
0.0-

Non-Crosslinked Crosslinked

Figure 2.10 Comparison of elastic modulus betwer non-crosslinked and EDAC/NHS
crosslinked scaffolds The elastic modulus for each scaffold, royosslinked and crosslinked was
determined using unconfined compression testing rydrated environment. The modulus was
determined through the slope of the line of tHe&2linear region of the stresgrain curves. Variance
within either group (nottrosslinked or crosslinked) was tested usingwag ANOVA with Tukey
posthoc test andrariance between both groups was tested usingmawyo ANOVA with Tukey
posthoc test.Results shown are mean £ SD (n=6 for {toosslinkedand n=4 for EDAC/NHS
crosslinked). pr al ue OOv.&l5ue OO0-v@Lu=e OO, 0p1 = ***
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2.3.3 Degradation andswelling properties of scaffolds

For noncrosslinked scaffolds, five scaffold group displayed rapid degradation in a short
period, with over 50% degradation seen afteh2d all compositions and many scaffolds

had completely degraded within53days (Fig. ZL1A). What mass remained presented as
weak fragmented structures that were not measurable or readily removed frquiatesl

In contrast, the CeGelHya scaffolds displayed significantly lower mass loss compared to
the other compositionspal ue O0. 001). The EDAC/ NHS cra
the extent of degradation for all scaffold compositions investigatgdZEilB). By Day 14,
degradation of <15% had occurred in all scaffold groups (Table 2.3). Th&edbblya
scaffolds underwent an initial mass loss in the first three days before a selection of these
scaffolds displayed an increase in mass at Day 5, bemugh the large increase in standard
deviation. This continued until Day 14 where all of the-Gel-Hya scaffolds increased in
mass. Of the other five scaffold compositions, at Day 14 there was no difference amongst
the compositions in terms of their mass loss. The high retention of scaffold mass
demonstrates the crosslinked scaffolds applicability in-tengn cultures. Qualitatively,
noncrosslinked scaffolds were difficult to handle upon hydration and lost their shape
readilyi which would lend to difficulties in scaffold preparation and processing in culture
applications. Crosslinking greatly improved thege retention of the scaffolds and made

handling of specimens easier.
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Figure 2.11: Degradation of noncrosslinked and EDAC/NHS crosslinked scaffolds$n vitro.
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In swelling tests, all six compositions rapidly swelled and quickly attained equilibrium
(Fig. 2.12). From the initial analysis point athlall the way until 12®, there was no change

in the swelling ratio within each group. At 1B0the Col 0.5% scaffoldsad the highest
degree of swelling at 9531.53%, significantly higher than the w/Gel 0.15%, w/Gel 0.25%
and ColGelHya scaffoldsg-v a | u e .Oweral) thelw)Gel 0.25% group had the lowest

swelling at 5642.48%.
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Table 2.3: Summary table of scaffold physical properties (crosslinked only)

*Negative value indicates a mass gain.

Propert Elastic Mass Loss at Swelling Ratio (%)
PEIY " Modulus (kPa)  Day 14(%) at 120h
Col 0.5% 1.03+£0.04 6.84 £5.93 9531.53 £1302.47

w/Gel 0.05% 1.45+0.15 1.18 £5.36 8018.12 + 760.16
w/Gel 0.1% 1.85+0.37 2.67 +£4.62 8084.37 + 993.34
w/Gel 0.15% 1.56 £ 0.25 5.16+ 2.24 6856.85 + 969.67
w/Gel 0.25% 1.51+0.16 7.56£3.79 5642.48 + 1159.23
Col-Gel-Hya 1.39+0.30 -11.06 +£2.79* 6300.56 + 490.36
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2.4 Discussion

This chapter aimed to fabricate and characterise a range of cellaged scaffolds for
application asa 3D breast cancer culture madebr use as a cell culture model, scaffolds
must be fabricated with suitable pore architecture and mechanical/degzgutaperties that
provide an optimal environment for cell proliferation, while mimicking the properties of
breast cancer ECM. Furthermore, this chapter sought to evaluate the impact of the addition
of gelatin and/or hyaluronic acid to the Collagen 0.5%ffetd (i.e, the collageronly

comparator) in terms of these structural and physical properties.

Collagen is an extremely versatile material and its biological relevance in breast cancer
[48,54,55,79]makes it a standout choice in culture model fabrication. Gelatin, which is
denatured collagen, retains the biocompatibility of collagen and as such is a similarly
versatile and beneficial scaffold component. Across the various physical characterisations,
the addition of gelatin to the Col 0.5% base scaffold had a measurable impact. Furthermore,
the addition of hyaluronic acid to the equivalent w/Gel 0.15% composition led to a decrease
in porosity. The decrease in scaffold porosity was expected as themdflitarious wt/\2o

of gelatin or hyaluronic acid to the Col 0.5% scaffold increased the relative density of the
scaffolds. Increases in relative scaffold density results in less empty space per unit volume
thus a reduction in porosif}76,223,340] While this decrease was found to be statistically
significant, the actual decrease was negligible, and all scaffolds maintained a highly porous
architecture. The scaffold pordsgmatch closely with collagebased scaffolds previously
reported in terms ofamposition, though these scaffolds were fabricated for applications in

bone tissue engineerity72,222,223] Values achieved are desirable for 3D culture as they
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provide a large surface area for cellular attachment and efficient exchange and diffusion of

waste and nutrien{841].

In addition to porosity, pore size is of crucial importance to cellular behaviour in scaffolds
in other applications such as bone repair/regenergtn309] In these instances, tailoring

the pore size has wide ranging imggafrom directing cell attachment and proliferation,
stimulating bone formation and even in cell differentiat[809,342,343] In terms of
optimising collagerbased scaffolds for use as 3D breast cancer culture models, the ideal
pore size will facilitateattachment and proliferation of breast cancer cells, allow for
sufficient diffusion of nutrients and waste, enable provision of structural support while
contributing to the required scaffatdechanical propertieprovide sufficient pore space for

3D celtcell interactions, and promote cell migration and infiltration throughout the full
scaffold depth. However, the precise relationship between the cancer cell and pore size of

collagen scaffolds has not yet been fully elucidated.

Studies elsewhere have sassfully cultured viable and proliferatingreast cancer
[8,186,194,195]prostate cancg®] and glioma cancer cell$66] on collagen scaffolds with

pore sizes ranging from 5800¢ m scaffolds fabricated achieved this target pore size range
(Fig. 2.6) Due to the nature of using the same freggeng cycle across all six
compositions, no significant changes in scaffolchdecture were observed resulting from
scaffold materials alone. Nor did the gelatin or hyaluronic acid addition have any observable
effect on ice crystal formation during the freezing procedure, thus little to no downstream
implications on pore architagte occurred. Changing the freezing temperature of the freeze

drying procedurg344] or a more sizeable change in scaffold relative density/material
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concentration[223] would likely have far more meaningful architectural changes. This
would allow a more dailed study of the impact of pore size on breast cancer cell behaviour

to be completed.

A crucial property of a culture model is the elastic modulus of the scaffold, which was used
as an indicator/representative of breast cancer ECM/tissue stiffnesaffélds mechanical
properties provide physical benefits in terms of scaffold stability through links between
mechanical propertiésosslinking density and degradation rates, but also the degree of
scaffold modulus plays a crucial role in cell activithe elastic modulus values reported for

the Col 0.5% scaffold, both namosslinked and crosslinked (~&Ra for norcrosslinked

and ~1kPa for crosslinked), are consistent with those of collagen scaffolds reported in other
studies[172,213,222,223] The increase in scaffold modulus observed as a function of
gelatin addition was largely attributed to the increase in relative dgB4ity345] The
higher relative densities and previously discussed reduction in porosities attributes greater
resistance to fege induced pore buckling, thus higher elastic moduli were achieved.
Qualitatively, the addition of hyaluronic acid seemed to create a meli&eebnsistency,
which made the resultant scaffolds difficult to handle and they did not hold its cylindrical
shape as well as the other compositions. Though ultimately, there was no statistically

significant decrease in scaffold modulus compared to other scaffold compositions.

Elastic moduli values achieved in this study e BPa (Fig. 210) correlate well wih
mechanical mapping of cancerous mammary ECM within a murine model, where a moduli
range of 1.B1.7kPa was observg@®3]. Stiffness of breast tissue is seen as a key driver of

cancer progression and metastd4i48,54,78,346] Therefore, the mimicking of similar
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stiffness/modulus values within amvitro breast cancer modisl crucial. As the stiffness of

breast cancer ECM increases with disease progression, there is a large variation in breast
cancer tissue stiffness in hungd92] and lack of complete understanding of these breast
cancer stiffness properties make the replication of human breast tissue more hffitrdt

As mentioned previously in 82.1, scaffolds exhibiting an elastic modulus ranging from
0.5-3 kPa aresuitable to replicate human breast cancer ti$88@3]. The replication of

elastic modulus values seen in the aforementioned murine model of breas{23lnoethe
collagenbased scaffolds fabricated is promising as it demonstrates how 3D scaffolds ca

bridge the model complexity gap between 2D culture and animal models.

Scaffold degradation rate is a crucial factor to take into consideration fatro culture
models. Suitable culture models for cancer research require stable degradation kitietics w
minimal mass loss over multiple weeks to allow long term observatiatitso. In this study,

the noncrosslinked scaffolds demonstrated rajpicdvitro degradation with significant loss

of mass within 24 h, with degradation patterns similar to preloreported values for
collagen/gelatin scaffold847]. EDAC/NHS crosslinking resulted in a significant reduction

in degradation rates amongst all six compositighg. 211). At Day 14 all scaffolds had
~90% of their mass remaining, highlighting thlaé taddition of crosslinkg resulted in
scaffoldsthatare highly stablen vitro and could be used in long term experiments (2 weeks
or more). By Day 14, a mass gain was evident within theGabHya scaffold composition.

This was not an unexpected outcome due to the seatding and highly hydrophilic
behaviour othyaluronic acid348,349] While thehyaluronic acidaddition did not impact
scaffold elastic modulugo any measurable degree, it enhanced the stabilisation of the
scaffold under culture conditions and reduced dissolution of the construct. Combining the

degradative propges with the initial mechanical results of the roosslinked scaffolds
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resulted in the decision to move forward only with EDAC/NHS crosslinked scaffolds. This
crosslinking resulted in a significant increase in scaffelastic modulusand stability

without negative impacts on scaffold architecture.

Crosslinked scaffolds retained their shape during experiments and handling whereas non
crosslinked scaffolds were deformed easily upon handling and lost their cylindrical shape.
The poor handling propertiesubsequently lead to difficulties during preliminary cell
seeding procedures. All six compositions had large degrees of swelling, with groups holding
50-100 times their original dry weig(fig. 2.12). While gelatin and hyaluronic acid are both
hydrophilicand therefore their addition to original collagen only scaffold was expected to
increase scaffold swelling, the results showed that the Col 0.5% scaffold had the greatest
swelling and the max gelatin containing scaffold (w/Gel 0.25%) and theGEldllya
scaffold had the lowest. This was likely due to EDAC/NHS mediated crosslinking and
formation of ester linkages between hydroxyl/amino collagen groups and carboxylic groups
of hyaluronic acid[350]i and it is known that greater crosslink density reduces isgell
capacity{351]. Similar results, in relation to addition of hyaluronic acid, have been reported
elsewhere whereby Davidenkbal.(2010) observed that the additionhgfaluronic acido
collagen reduced swelling/water uptake. Nonetheless, all swelling ratios achieved were
relatively high and of a nature that would support cell infiltration and exchange and

absorption of nutrients within the culture medium during cell culture.
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2.41 Concluding remarks

In conclusion, a protocol to enable the successful fabrication of collagen and
collagen/gelatifiyaluronic acidcomposite scaffolds using a controlled rate fredzgng
procedure has been developed. All six scaffold compositionstigaéed underwent a
detailed characterisation in terms of theahemical, architectural, mechanical and
degradativeproperties. Each of these characterisations served to assess whether the scaffold
is a suitable platform for use in tissue culture appboat The affolds fabricatedvere

highly porous with homogenous pore sizes and porosity across all compositions. Addition
of gelatin did significantly alter the porosity of the scaffolds, with a reduction of porosity
observed as a function of increasigeglatin concentratigrihough the magnitude of the
change was small. The mechanical and degradation studies highlighted low inherent
structural integrity and poor workability for the rorosslinked scaffolds. Upon hydration,
these scaffolds lost their stture and degraded rapidiy vitro. Following crosslinking,
scaffolds displayed improved mechanical stability in terms of elastic modulus and were now
in a suitable range to mimic the mechanical properties of the ECM of breast cancer tissue.
The addition of gelatin led to significant increasin scaffold modulus compared to the
collagenonly scaffold§generating scaffolds with the preferred elastic moduli profiles in
terms of the above breast cancer ECM recreation. Crosslinking also greatly improved
scaffold shape retention and handling, hwiignificantly reduced mass loss vitro
confirming all scaffold compositions were suitable for long termitro culture applications.

All six scaffold groups again displayed high degrees of swelling, an important attribute for
cell culture as it allow for optimal nutrient absorption and exchan§e a result of the
promising improvements owing to the crosslinking procedure gbision was made to only

carry forward using EDAC/NHS crosslinked scaffolds for remaining chapters within this
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thesis. The wsslinked scaffolds displayed the properties required, as discussed throughout

this chapter, for their use aseaffoldbasedoreast cancer culture model.
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Sections of this Chapter have previously been presented (with some modification) in
Biomaterials Advance@022).

J. Redmond, H.O. McCarthy, P. Buchanan, T.J. Levingstone, N.J. Dunne, Development
and characterisation of 3D collaggglatin baed scaffolds for breast cancer research,
Biomaterials Advanced42 (2022) 213157.
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3.1 Introduction

Interest in 3D culture has rapidly increased in recent times. While 2D culture has provided
significant advancements in cancer research, limitations of 2D culture and the desire to
improve the replication ah vivoconditions in lakbased research has keda growing shift

from 2D to 3D. Within this chapter, the biocompatibility of the collagen and composite
scaffolds and their ability to support the growth and proliferation of the MCF7 breast cancer
cell line (Objective 2) was investigated. The strudtcinaracterisations in Chapter 2 enabled
the identification of scaffolds that closely replicate the breast cancer ECM and thus
suggested their suitability for cell culture applications. However, the determination of the
ability of the scaffolds to suppotte proliferation of breast cancer cells requiresitro
investigation. Further to validating the biocompatibility of the scaffolds, this chapter
investigated if the addition of gelatin or hyaluronic acid to collagen scaffolds improved cell

attachment ash proliferation.

Collagenbased scaffolds have become a mainstay in the world of tissue engineering and
bone repaif352]. In recent years there has been a surge in their use as a culture model for
cancer researdh93,353,354]Culture of breast canceells using 3D collagen models dates

back to the late 1970s, where pioneering studies demonstrated the successful transplant and
long-term culture of dissociated mouse breast cancer cells on simplistic collagErdgéls

Over the following decades research continued in the field with continuing advancements in
the biofabrication techniques used for producing colldgesed models, offering higher
degrees of biomimicry and replication of the breast cancer tumour microemént- thus
increasing the significance of research outpli$sdiscussed in the literature review (81.6),

collagenbased scaffolds have been used in breast cancer research across a variety of
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applications including: (1) disease modelling from initiatio progression to metastasis, (2)
scaffold biocompatibility and cell growth dynamics, (3) therapeutic agent assessment, (4)
interactions between the 3D scaffold environment and cells, and (5) modelling development
of hypoxia and related procesg&s10,186,188,194,195,197,198,229,359hese studies
demonstrate the potential that collagesed scaffolds offer in becoming a mainstay in

in vitro breast cancer research and the ultimate health benefits that may arise from their

prominent use.

Studies have shown the addition of gelatin to scaffolds -@atiagenous) improved
proliferation and cell biocompatibilitf3561 359]. Denaturation of collagen is proposed to
expose cryptic RGBnotifs that are not accessible to cells in collagens natipke-tielix
state[360,361] Thus, it is hypothesised that the addition of gelatin will provide increased
cellular attachment sites and improved proliferation. In addition to gelatin, an additional
scaffold composition containing hyaluronic acid was undegstigation. Hyaluronic acid

highly upregulated in breast cancer tissue, and this overexpression correlates with a poor
disease prognosi828,329] thus its addition served to increase the biomimicry of the
scaffold in terms of recreating the breastaa microenvironment. In terms of functionality

as part of a 3D culture model, it has been observed that the additiyalofonic acid to
collagenbased scaffolds resulted in an increase in cell infiltrafd&2], and as such the
potential effects ofts incorporation on cellular infiltration and other aspects of cell

behaviour within the scaffold was of interest.
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3.1.1 Chapteraims

Within this chapter, the overall objective was to investigate the biocompatibility of the
collagen anadomposite scaffolds. To demonstrate the suitability of the scaffolds as a breast
cancer culture model, a range of cell studies were then carried out to profile cell behaviour
within the six scaffold compositions. Aspects of cell behaviour under investigatiuded:

cell attachment efficiency, cell viability within the scaffolds, cell proliferation rates, cellular
infiltration throughout the scaffolds and finally cell morphology and growth patterns within
the scaffolds. All six scaffold compositions (Gbb%, w/Gel 0.05%, w/Gel 0.1%, w/Gel
0.15%, w/Gel 0.25% and C@elHya) were carried forward from Chapter 2 for initial

assessments, before reduction of the working compositions to four took place.

Primary aims of this chapter were to:

9 Assess biocompatility of scaffoldsto ensure scaffold materials themselves or

degradation byroducts do not cause cytotoxicity towards the MCF7 cells.

91 Demonstrate the successful attachment and proliferation of breast cancer cells in

the scaffold.

9 Assess cellular infiltion and general morphology of cells cultured within the

scaffolds.

1 Investigate the potential impacts of gelaimdhyaluronic acid incorporation on

the various cell properties and their behaviour.
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3.2 Materials and methods

3.2.1 Solutions/reagents

Phosphate Buffer Saline Solution 10x:80g NaCl, 2g KCI, 14.4 g NaHPQi, 2.4g
KH2PQy into 800mL distilled water and adjusted toL1 Diluted to 1x when needed. All

mentions of PBS in the following studies were a 1x/0/Ddoncentration.

Papain digestion buffer pH 6: 0.1M Sodium phosphate buffer, ImiM (millimolar)
ethylenediaminetetiacetic acid (EDTA), 5.5mM L-cysteinehydrochloric acid (HCI);
125¢e g papai n mnotbuffee(all pnaterialsifronsigmaAldrich Chemical Co,

Wicklow, Ireland).

10x TNE buffer pH 7.4: 100mM Tris(hydroxymethyl)aminomethaseCl (TRIS-HCI),

10mM EDTA, 2M NacCl (all SigmaAldrich Chemical Co, Wicklow, Ireland).

1x TNE buffer pH 7.4: 1 mL 10x TNE into 9mL molecular grade WateG{gmaAldrich

Chemical Co, Wicklow, Ireland)

2¢ g / rmbechst working dye solution (per 12nL); 24¢ L  H o e mdinsLtstock

solution, was diluted into 11.976L 1x TNE buffer.
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3.2.2 Cell culture

Cells
MCF7 cells (ATCC #HTB22) were kindly received from the National Institute for Cellular
Biotechnologyat DCU. MCF7 cells are a human breast adenocarcinoma ER+ cell line

derived from a metastatic site.

Cell line maintenance

MCF7 cells were maintained in DMEMigh glucose media (Sigr@adrich Chemical Co,
Wicklow, Ireland) supplemented with 10% foetal baiserum (FBS)YThermo Fisher
Scientific, Hemel Hempstead, United Kingdomo PenStrep (Sigmaldrich Chemical

Co, Wicklow, Ireland) and &M L-glutamine (Thermo Fisher Scientific, Hemel
Hempstead, United Kingdonih 75cn? flasks. Going forward the fully supplemented
DMEM medi a wil/l be referred to as ODMEM medi &
5% CQ incubator at 37C. Cells were passaged when8®b confluency was reached. The
split ratio used during passaging wggitally 1:31:6. The cell culture medium was replaced
every 48h. Forin vitro procedures, cells were trypsinised with 0.25% Tryg3imermo
Fisher Scientific, Hemel Hempstead, United Kingdombllected via centrifugation
(800RPM for 5 min) and resuspéed in fresh media to be used in below studies. A cell
bank was generated by occasionally freezing dowren?sflasks. Cell suspensions
posttrypsinisation were spun down and the pellet was resuspended in DMEM media with
10% DMSO at ~1 x 10cells/mL. Cellsuspensions were stored-8d °C and each vial was

labelled with key information (e.g., storage date and passage number).
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3.2.3 Scaffold preparation for cell culture assessments

All scaffolds (Col 0.5%, w/Gel 0.05%, w/Gel 0.1%, w/Gel 0.15%, w/Gel%.2hd Col
GelHya) were EDAC/NHS crosslinked as p&2.2.6 prior to cell culture applications.
Crosslinked scaffolds, ~9 x 4.5 mm (diameter x height), were sterilised prior to cell culture
experiments through immersion in 70% ethanol for 10 min. Follostegjisation, scaffolds

were then thoroughly washed with sterile 1x PBS. Scaffolds were then incubated overnight
in DMEM supplemented with 50% FBS at 5% £&nd 37°C and then placed into-2l|

plates for the seeding procedure.

3.2.4 Cytotoxicity analysis

Potential cytotoxicity of the scaffolds and degradationpbyducts from the scaffolds
towards MCF7 breast cancer cells was investigated in 2D. Cytotoxicity was analysed in
accordance with the extraction method outlined in ISO 1@@&3art 5: Tests for imitro
cytotoxicity) [363], with cytotoxicity itself measured vithe thiazolyl blue tetrazolium
bromide (MTT) assay (Sigmaldrich Chemical Co, Wicklow, Ireland). The extract based
method is routinely used to evaluate if biomaterial composition or degrmagaoduct is
cytotoxic to cellg[344,364 366]. Cytotoxicity testing was only performed on crosslinked
scaffolds as nowrosslinked scaffolds were not used in cell culture studies.>IMTOF7

cells per well were seeded in a-@¢ll plate with 1 mL of reglar supplemented DMEM
media @s per 83.22and placed in an incubator (5% &Q@7 °C) for 24 h (n=4).
Concurrently, scaffoldierived extracts for analysis were developed following immersion of
each of the six crosslinked scaffold compositions in suppiesdeDMEM media. The
extraction ratio used was one scaffold (9 x 4.5 mm (diameter x height)) per one mL af media

this ratio simulates the experimental use of the scaffolds during 3D culture, which conforms
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to the ISO 1099% extraction ratio guidelines. €h extracti on process toolk
for 24 h. The negative control (NC) was unaltered, supplemented DMEM media with no

scaffold immersion and the positive control (PC) was a 70% methanol/DMEM solution.

After 24 h, the culture media was removed fromNt@F7 cells and replaced with 1 mL of

the scaffoldderived extract media of each scaffold composition. Plates were returned to the
incubator at Ba72h. fAftertRdvy 724 h incubation,
media/controls was removed andlrepc ed wi th 100 €L of a 5 mg/ mL
concentration of 0.5ng/mL). Well plates were incubated foh4after which the media was

carefully removed and 5¢0L o f di met hyl sul foxide (DMSO) w,
solubilise the formazon criysa | s . Pl ates were <20hnmninutoatded at 3
solubilisation.10&@ L of t he sol ubilised for walplatm was tr a
for reading. Absorbance (Abs) was read at BA0(Infinite 200 PRO plate reader, TECAN,

Switzerland). ADMSO-only background blank was subtracted from all readings. Negative

control readings were averaged and set as 100% viable. Cell viability (%) was then

determined (Equation 6).

Equation 6 Calculation ofcell viability %:

Own Qi QDD & @i
0 QWEQQMOREDMG diat gtd

wpmmhp

3.2.5 3D scaffold seeding

Prior to seeding, each scaffold was prepared as outlined in 83.2.3. MCF7 cells were collected
from 75 cn? culture flasksvia trypsin treatment and pelleted via centrifugation atRRBM

for 5 min. Cell pellets were resuspended 2 L. DMEM media and then cells were
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counted using the trypan blue exclusion method and the volume of cell suspension needed

for seeding was caltated.

Add 5 x 10* Add 5 x 10%
MCEF7s MCF7s Slowly add media
\ and return to
/ Incubate for 30 min @ Incubate incubator for 24 hr
at37°C.Flip 7 for 90 min
N geaffold.  eeoowidZf Ry o437 0C
e O

Figure 3.1: Two-sided scaffold seeding procedurdMCF7 cells were seeded onto both the top and
bottom surfaces of each scaffold, with half the total amount of cells seeded to each surface.

The seeding approached used in allfthiewing studies was a twsided method (Fig. 3.1).
This involved seeding cells onto both the top and bottom surface of each scaffold. Unless
otherwise stated, each scaffold was seeded with ¥ oell§, derived from a study elsewhere
using a similar sie collagen scaffold, albeit with prostate cancer cells (which were a similar
size to the MCF7 cdlused)[9]. Each scaffold was placed in a well of -avéll plate and

was manually seeded (via pipette) with an aliquot of 5*MIDF7 cells on both the tagnd
bottom surfaces (1x2@ells total) under static conditions in a dropwise manner. Seeding of
the initial 5x13 MCF7 cells on the top surface was followed by 30 min incubation &E37

to allow for initial attachment. Then, each scaffold was turnedearefully and the bottom
surface was seeded with the additional 5 XMGF7 cells. Each scaffold was returned to
the incubator for a further 1tb(total 2h attachment incubation). After thendncubation,

each scaffold was carefully transferred todanzll plate and 1.5nL of DMEM media was
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slowly added to the wells, and plates were returned to the incubator. For mid-terong

culture, the media was replaced every72a.

3.2.6 3D cell viability

Scaffolds were assessed for cell viability dur@dig culture using the trypan blue exclusion

method. Scaffolds were prepared for culture and seeded &3j2e8 and §3.2.5 (n=3).
Postseeding, each scaffold was placed in 1.5 mL of supplemented DMEM media and
returned to the incubator at 37 °C / 5% @ 48 h, 7 and 14 days. At each respective

timepoint, plates were removed from the incubator and scaffold/cell constructs were washed

with sterile PBS to remove media traceas 6erum in the media can inhibit the action of

trypsin). Each scaffold was pBically disrupted with a blunted needle before being treated

with 0.5mL of 0.25%trypsinat 37 °C for 10 min to detach cells from the scaffolds. After

10 min, 0.5mL of DMEM media was added to each scaffold to inhibit trypsin aclibrs

procedure did noremove the entire cell population from the scaffold, however excessive

trypsin treatment can cause cell lysis which would negatively influence the régeltemL

of scaffold/cell supernatant was collected and placed in elfl.Bicrocentrifuge tube ah

centrifuged at 800 RPM for 5 min to pellet the cells. The supernatant was removed, and the

cel | pell et was resuspended biuevahility wasthen0 e L of
perfor med. 10 eL of cell s/ trypanterladdeells suspens

in the four corner quadrants were counteell viability was determined by Equati@n

Equation 7i Calculation of 3Ccell viability (%):

006 Qb OO M QO WP TP
50 @ 00 ¢ don o g1

0 0da0OR WO i
|
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3.2.7 alamarBlue assay: cell proliferation/biocompatibility

The alamarBluassay was used to initially assess cell proliferation/viability of MCF7 cells
growing within the collagen scaffold¥he alamarBlue assay is based on the measurable
reduction of resazurin to resorufin by metabolically active cg@B&7]. Scaffolds of

~9x 4.5mm (diameter x height) were use&h initial alamarBlue cell proliferation study
was used to assess general biocompatibility on all six scaffold compositions odaya 7
period. This study along with the previous cytotoxicity/viability studies wemdbared with

the characterisation data from Chapter 2 to refine the number of working scaffold
compositions from six to four for the remainder of the biological characterisations in this

chapter.

The initial alamarBlue on all six scaffold compositions spad a 7day period with
timepoints at Day 1, 4 and 7. A further alamarBlue study on the selected four compositions
(Col 0.5%, w/Gel 0.15%, w/Gel 0.25% and @a¢lHya), alongside a 2D growth
comparator (consisting of 1xA®CF7 cells seeded in 2D in avéell plate), spanned a
14-day period with timepoints at Day 1, Day 4, Day 7 and Day 14. Each crosslinked scaffold
was seeded with a total of 1XIICF7 cells under static conditions as per §3.2.5niL5

of supplemented DMEM media was added to each well and tiheRplates were returned

to the incubator until the various timepoints. At each timepoint, culture media was aspirated,
and each scaffold was washed with sterile PBS to remove excess nitltiasahy attached

cells. Following washing, each scaffold was transferred to a nemeR4late that contained
supplemented DMEM media with 10% alamarBlue solution (Thermo Fisher Scientific,
Hemel Hempstead, United Kingdom). The negative control fordrackd normalisation
consisted of supplemented media with 10% alamarBlue and an unseeded scaffold (no cells).

For 2D cells, the media was aspirated and cells were washed with sterile PBS before the
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10% alamarBlue solution was added. The negative controRfb cultures was 10%
alamarBlue solution with no cells. The plates were returned to the incubatdr foradlow

the reduction of resazurin to occur. Following incubation, scaffolds were discarded and
100puL of now reduced media from each well was tfaned to a 9éwell plate for
measurement. Reduction of alamarBlue was determined through the colourimetric method
with the absorbance read at wavelengths of 570 nm and 600 nm (Infinite 200 PRO plate
reader, TECAN, Mannedorf, Switzerland). The reductiorcgaage for each scaffold was
calculated as per Equation 8 below. The manufacturer guidelines provided the relevant
values for the molar extinction coefficients (E) for oxidised (Eoxi) and reduced (Ered)

alamarBlue.

Equation 8 Percentage (%) reductiarf alamarBlue reagent:

O¢ @RI ovux 1z O¢ R 6T T
Ol QR mopmnig O Q@m O6v Xt

wp T

A570/600i Absorbance (sample) at 570/600 nm

C570/600r Absorbance (control) at 570/600 nm

Eoxi 5701 molar extinction coefficiendf oxidised alamarBlue at 570 nm = 80,586
Eoxi 600- molar extinction coefficient of oxidised alamarBlue at 600 nm = 11,7216
Ered 570 molar extinction coefficient of reduced alamarBlue at 570 nm = 15,5677

Ered 600- molar extinction coefficient of reded alamarBlue at 600 nm = 14,652

3.2.8 DNA quantification

DNA guantifications were completed using a Hoechst 333&@naAldrich Chemical Co,

Wicklow, Ireland)DNA quantification microplate assay. Hoechst 33258 is a cell permeable
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dye that selectively binds to double stranded DNA and emits a bright fluorescence at
440/460nm. Each crosslinked scaffold (Qbb%, w/Gel 0.15%, w/Gel 0.25% and
Col-GelHya) was seest with 1x18 MCF7 cells (twesided as per §3.2.5). Four timepoints
were subject to analysis; Day 1, Day 4, Day 7 and Day 14. At each timepoint, scaffolds were
removed from the culture media, washed with sterile 1x PBS to remove loosely adhered cells
and ecess media and then transferred to an individual sterile 1.5 mL microcentrifuge tube.
Each scaffold was digested using the cysteine protease P&jgamaAldrich Chemical Co,
Wicklow, Ireland) Papain solubilised the scaffold and assisted with cellysas to release
cellular DNA into solution. 508 L o f¢ g 1 pathain digestion buffer (83.2.1) was added

to each scaffold. Each microcentrifuge tube was then placed in a preheated water bath set to
60 f o Ihun@eHconstant agitation. Pakgiestionthe scaffold DNA lysates were stored

on ice if being used immediately or-20 f o r -tesnrstorage (2 weeks) or80

for long-term storage (+2 weeks).

DNA quantities were to be determined using a calf thymus D8lgmaAldrich Chemical

Co, Wicklow, Ireland)standard curve ranging froml®e g/ mL of eDNA.f Wdd Q@ es
scaffold DNA lysate was addedto 160 o f 2 e€eg/ mL Hoechst 3325
Samples and dye were mixed thoroughly and read immediately at an excitationnoh 340
andan emission of 468m using a plate reader (Wallac Victor2, PerkinElmer Life Sciences).
Samples were diluted with 1x TNE (83.2.1) if required to ensure they fit onto the standard
curve. The concentration of DNA per scaffold was calculated using the stacualae

equation of the line on Microsoft Excel. For assessing proliferation rates, the relative change
of DNA amounts relative to Day 1 (initial value) for each respective timepoint (final value)

was also calculated as per Equation 9.
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Equation 9 DNA relative changévs. Day 1):

"QQeNXHd 6% Q0 VDODOD
Qe Q0 VODO

3.2.9 Cell attachment efficiency

The efficiency of cell attachment to the scaffolds was assessamhiparing the number of

cells within the scaffolds after Zdcompared to the number of cells originally seeded. A
total of 1x1@MCF7 cells were seeded on each crosslinked scaffold. Cells were seeded using
a two-sided seeding which was used in all expenis in this thesis (as per 83.2.4). After an
initial attachment period of 24, each scaffold was carefully removed from the well plate
and washed in sterile 1x PBS to remove any excess media. DNA quantification of cells
adhered to each scaffold was coetptl using the papain digest/Hoechst 33258 assay (as per
83.2.8). Values were converted to a cell number using a MCF7 cell standard curve (cell
number vs. fluorescence intensity) 6fL00,000 cells, cultured in 2D in 24 well plate
overnight prior taundergoing DNA quantification as above. Seeding efficiency (%) was then

determined (Equation 10).

Equation 10 Seeding efficiency %:

£ 0 G G Q aDICE D, .
£ 06 00Dodao0idn”

3.2.10 Cellular morphology assessment VISEM

For qualitative cell morphology analysis, scaffolds were seeded® MT&7 cells as per
83.2.5.Scaffolds were removed from culture at Day 1 and Day 14 for SEM analysis and

each scaffold was washed three times in 1x PBS to remove loosely attached/unattached cells
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and culture media remnants. Each scaffold was then fixed in@ui&aldehyde in 1x P8

(pH 7.4) for 24h at 4 . After fixing, each scaffold v
(10min per wash) and then washed twice in distillegDH10min per wash) before
undergoing a graded ethanol (EtOH) dehydration composed of the following steps each
consisting of 15 min: 30% EtOH, 50% EtOH, 70% EtOH, 90% EtOH, 95% EtOH and 100%
EtOH (x2). Each scaffold was then submergedtmilL of hexamethyldisilazane (HMDS,
SigmaAldrich Chemical Co, Wicklow, Irelandsolution for 10 min (x2) to improve drying.

After HMDS treatment, each scaffold was then moved to a dwyell4plate and placed in

a desiccator for overnight drying. When dry, each scaffold was then sectioned in both
transverse and longitudinal axes, mounted on a carbon adhesive/aluminium stub before
being sputtercoated with gold particles. SEM imaging was conducted at an accelerating

voltage of 5V, as per§2.2.7

3.2.11 Cellular infiltration assessment via fluorescence imaging

For qualitative cell infiltration/migration analysisgaffolds were seeded 1XIMCF7 cells

as per previously described83.2.5. At each timepoint (Day 1 and Day 14), eactffsidl

was removed from culture and washed three times in 1x PBS to remove loosely
attached/unattached cells and culture media retendfach scaffold was then fixed
overnight in 4% formaldehyde at 4. Foll owing fixation, each
longitudinal axis (Fig. 3.2). Each scaffold half was then washed in 1x PBS (x3) before being
submerged in a 0j3g/mL solution of DAPI for 15 min at room temperature in the dark.
Each scaffold was then washed a further two times in fresh 1x PBS to remove excess DAPI
solution to avoid high background fluorescence. Each scaffold was placed faced down in a

glass 8well ibidi p-slide for maging (ibidi GmbH, Lochhamer Schlag 11 | 82166 Grafelfing,
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Germany). Scaffolds were imaged on a Nikon TiE Widefield Fluorescence Microscope
(Nikon, Amsterdam, Netherlands) fitted with a 20 X objective lens and a DAPI filter cube.
Due to the relatively lge scaffold size in comparison to the lens field of view, images were

captured of both top and bottom surfaces of each scaffold and the central regions (Fig. 3.2).

Place scaffold face

Bisect scaffold down on glass slide

in half and stain

' for imagin “Ton’

Fix cells on with DAPI ging Top
scaffold —\ I —\ o surface
Sy W ey | [ ) Scaffold
X centre

& &5 ’ ! ‘

D D) i < BE ‘Bottom’
- o surface

Objective Lens

Figure 3.2: Preparation of Scaffolds for DAPI staining and fluorescent imagingMCF7 cells
were seeded onto scaffolds before fixation in 4% formaldehyde. Scaffolds were then bisected, stained
with DAPI dye and placed face down on a glass slide for imaging. Images were taken at three

locations: top surface, the centre of the scaffold aadtttom surface.

3.2.12 Statistical analysis

Statistical analysis was completed using the GraphPad Prism software, version 8.0.2
(GraphPad Software, Inc., San Diego, CA, www.graphpad.com). The minimum number of
biological replicates tested per stuady £ach composition was n=Bneway ANOVA or
Two-way ANOVA was used to compare means of multiple groups, alongside Tukey
posthoc tests. Results calculated and shown in graphs were the mean * the standard
deviation (SD). pr al ue OO0-vaudOO0= 0*l, -vmPFdde ©O. 001 = *

significance.
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3.3 Results

3.3.1 Scaffold cytotoxicity and 3D cell viability assessment

To ensure each scaffold material composition was not cytotoxic towards the cell line in use,
the extract method describedISO 109935 [363] was used to investigate potential toxic
effects of scaffold components or degradatiorphyducts in 2D culture. At 24, MCF7

cells exposed to extracts derived from all scaffold groups demonstrated mean viabilities in
the range of 90 100%, which is higher than the 70% viability requirement defined by the
ISO standard (Fig. 3.3A). Furthermore, there was no differgreal(e >0.05)in viability
compared to the negative control of unaltered media (normalised to 100% viability) for any
scaffold composition extract. Qualitative evaluation via microscopic analysis revealed
no/negligible cell lysis, changes in morphology or presence of intracytoplasmic granules in
either the negative control or the scaftblased extracts (Fig. 3.4B). This was in contrast

with the positive control (cells exposed to DMEM with 70% methanol), whereby a large
reduction in attached cells was observed, along with increased cell lysis and cellular debris
in the media (Fig. 3.4 F). At 72, viability across aléxtracts remained above 70%, though
there was a drop in viability compared to then2gamples, with mean viabilities across the

six compositions now in the range of 8@0% (Fig. 3.3B). Though importantly, there was
again no statistical difference betweabe negative control and the six scaffold compositions
(p-value >0.05) At 72h, microscopic evaluation observed visible egenfluency in
multiple samples leading to cell death, which likely contributed to the decrease in cell
viability measurements. dhetheless, results demonstrated that the scaffold components,
both the collagen type 1 base and the addition of gelatin and hyaluronic acid, and also any

potential scaffold degradation 4pyoducts are notoxic for in vitro culture applications.
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Figure 3.3: Cytotoxicity analysis of collagerbased scaffolds Cytotoxicity analysisof
scaffolds was carried out through the extraction based method ihQSZ35. MCF7 cells
grown in 2D monolayer were exposed to scaHddutived extract media f@¢A) 24 h or(B)
72 h. Dashed line at 70% represents the threshold whereby materials are considered
cytotoxic if cell viability decreases below this value (as per ISO 1:3993ell viability was
determined through MTT assay. NC = negative control and PC zveostintrol.Variance

was tested using ongay ANOVA with Tukey posthoc testResults shown are mean + SE4h
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Figure 3.4: Cytotoxicity analysis of scaffolds.Qualitative assessment of the extract
samples and controls revealed viable attached cells with no observable signs of cell lysis or
cytotoxic effects in all groupfA) negative control(B) Col 0.5%,(C) w/Gel 0.15%,(D)

w/Gel 0.25% andE) Col-GelHya) cmmpared to the positive contr@t), where large scale

cell lysis was observe&cale bars illustrate a size of L.
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In addition to the 2D assessment of scaffold materiaigfbgucts potential cytotoxicity, the
trypan blue exclusion methadas usedo directly check for cell viability of cells growing

on the scaffolds in 3DViabilities for dl groupswere>85% after 4& of culture (Fig3.5),
demonstrating the growth of healthy and viable cell populations within the scaffolds. At
Day 7, viability had decreased to ~70% for the four scaffold compositions and by Day 14
there was a further decrease/(@ | u ©1 cGnfparifig Dayl and Dayl4) to ~50% viability

across the six scaffold compositions.

%k % %k
1009 | | I
~
=
m T T 8
-+
N’
X
E
=
>
o
o
Day 2 Day 7 Day 14
Bl Col 0.5% Bl w/Gel 0.05% E3 w/Gel 0.1%

= w/Gel 0.15% 3 w/Gel 0.25% 3 Col-Gel-Hya

Figure 3.5: 3D Cellviability assessmentTrypan blue exclusion was used to assess cell viability in

3D (n=3) MCF7 cells were seeded on each scaffold group and incubated for 2, 7 or 14 days. Then,
scaffolds underwent a trypsin treatment to remove cells from the scaffolds for coMariamce

was tested using twavay ANOVA with Tukey poshoc testResults shown are mean + SD (n=3).
pval 06="(Q-v al 0.="8p-v a | 0.01=C
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3.3.2 alamarBlue results

An initial 7-day alamarBlue study (Fig 3.6A) showed that all six scaffold compositions had

a significant increase in the reduction of alamarBlue when compared to their Day 1
counterparts@vw al ue OO0. 001). At Day 1, t édredusgionwas |
of alamarBlue among the six scaffold compositions. At Day 4 (Fig. 3.6B), the w/Gel 0.05%
had a larger reduction of the alamarBlue dye than both the w/Gel 0.25% afkiEtja

scaffolds (pv al ue OO0. 05) . | n addi t idgemreductiomtban theé Ge |
w/Gel 0.25% scaffold groupfpal ue OO0. 05). However, by Day
in dye reduction amongst the six groups, with mean reduction values across all six groups in

the range of 3@0%.
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Figure 3.6: Reduction of alamarBlue by MCF7 celloon collagenbased scaffolds(A) All six
scaffold compositions had a significant increase in the reduction of alamarBlue at Day 7 when
compared to their Day 1 counterpar{B) Shows timepoints separated into individual graphs.
Variance was tested using tway ANOVA with Tukey poshoc test (A) or using oreay
ANOVA with Tukey posthoc test (B)Results shown are mean + SD (n95V a | 0.G65 = ‘(o

v al 0.04="9p-value.001 = **,
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All data collectedrom Chapter 2 and ®as assessed to select four scaffold compositions
out of the six groupwo carry forward into subsequent biological studighin this chapter
There was limited to no significant differences acrbgsphysical characterisations and the
initial cell viability studies in this chapte€hapter 2 showed that all six scaffold groups
demonstrated high porosity, suitable pore size and mechanical properties anit sitiole
degradation kinetics, with sitar value ranges observed between groups. ,Tthaswv/Gel
0.05% and w/Gel 0.1% compositions were excluded from further analysis and just the w/Gel
0.15% and w/Gel 0.25% collaggelatin compositions were included in further studies.
was no envisaged th@wer concentrations of gelatin added to the scaffolds would have any
impact in future studiesThe Col 0.5% composition was included as a -gelatin
comparatarto ensure all future cell work would allow for the assessment of any potential
benefit of ading the gelatin or hyaluronic acid to the collagen only scaffdie. ColGel

Hya composition was includeds the fourth groupto further assess the influence of
hyaluronic acid on cell behaviowshyaluronic acid is a key component of the breaster

ECM and plays an important role in the progression of the di§828¢ The four selected

scaffolds were the following compositions:

Col 0.5%

w/Gel 0.15%
w/Gel 0.25%
Col-GelHya

= =4 =4 =4

The expanded lday alamarBlue study, including the selected fouffslchcompositions
(Col 0.5%, w/Gel 0.05%, w/Gel 0.1%, w/Gel 0.15%, w/Gel 0.25% andGebHya)
alongside a 2D comparatasgain showed an increase in reduction of alamarBlue as a

function of time(Fig. 3.7) All Day 14 values showed a significant incre&s reduction of
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alamarBlue compared to Day 1-{pa | 0.@1) Smongst the four scaffold compositions

only, at each timepoint, theweereno statistical difference in reduction levels. At Day 1, the

2D comparator had a higher dye reduction than the Col0.52#&p ue OO0. 001), w/ Gel
(bval ue O0.01) anwdat be WO Gatm)gh Rt BdGeHpya s

scaffold. By Daw, the 2D cultured cells displayed higher reduction compared to all 3D

cultures (pvalueO0 . 00 1) . H o @, eellxinr the 2D studyDaeeng 100% confluent,

with large levels of floating dead cells observed, and there was a yellowing of the culture

meda due to large amounts of cellular waste/metabolites causing a drop in the media pH.

As such, the 2D comparator was not continued beyond this point.
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Figure 3.7: Reduction of alamarBlue by MCF7 cells wittselected collagetbased scaffoldsThe
alamarBlue study was repeated to an extendethy4eriod, and additionally a 2D comparator was
included.Variance was tested usibgo-way ANOVA with Tukeyposthoc testResults shown are
mean+SD (n=3p-v a | 0.65="p-v a | 0@ ="Qp-v a | 0.091 =G

3.3.3 Cell attachment efficiency

The efficiency of initial cell attachment to the scaffolds was assessed by quantifying the
attached cells prest within the scaffolds after an initial 24 period. All scaffold
compositions showed mean attachment efficiencies of >50% (Fig. 3.8). The w/Gel 0.25%
scaffolds had a mean attachment percentage 65.34 + 10.17%, followed by the Col 0.5%
scaffold at 59.32 4£6.14%, the w/Gel 0.15% with a mean attachment of 52.84 + 9.14% and
finally the Gl-GelHya scaffold with a mean attachment of 50.69 + 8.63%. There were no

statistical differences amongst the four compositions.
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Figure 3.8: Cell attachment efficiency (%). Cellular attachment was assessed fbstseeding.

1x1® MCF7s were seeded using a taided technique and using a cell number standard curve,
percentage of cells adhered to the scaffold afteh 24s calculatedvariance was tested using

oneway ANOVA with Tukey posthoc testResults shown are mean + SD (n=5x @ | ue OO0. 05 =

*pvalue OOv@alue O, 0p1 = *** ns = no significanc
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3.3.4 DNA guantification

The Hoechsbased DNA quantification showed increasing DNA antsiwas a function of

time for all scaffold compositiongFig. 3.9) This indicates that cells are actively
proliferating within the scaffolds. Unlike the alamarBlue asddy. 3.6 and 3.7)DNA
quantifications can directly indicate proliferating cells as DNA content can only increase if
the number of cells increasd3iscrepancies between results of metabolic based assays and
DNA quantifications can occur, with overestimations of cell peadition in metabolic
assays possiblg868]ithus DNA quantifications are a more accurate barometer of cell

proliferation within this thesis.

All four scaffold compositions demonstrated a significant increase in DNA amount for the
3-week studyg-v a | u.@01 far@ayl vs. Day7, Day 14 and Dag1 for all four groups,

(Fig. 3.9). In terms of raw totals, there were no differenceslpe>0.05) amongst the four
compositions at any of the five timepoints (RgL0). By Day21, all fourcompositions had
mean DNA amounts per scaffold of @@ or greater. When looking at DNA quantities
through relative changes (i.groliferation rates), calculated by comparing the relative
change of DNA amounts at each timepoint relative to Dayherewere no differences in

the rate of change of DNA amount per scaffold amongst the four groups at any timepoint
(Fig. 3.11). At Day?1, the relative change in quantity compared to Dagross all groups

were in the range of ~5B5 fold-increases. Overall]ldour compositions had similar rates

of DNA increase across the fulwieek period.
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Figure 3.9: Raw quantification of DNA from 3D scaffolds Cells were seeded onto scaffolds for a

threeweek timeframe. Scaffold/Cell constructs were thegested via papain enzyme, with DNA
guantified using the HOECHSBased fluorometric assai) Col 0.5%(B) w/Gel 0.15%(C) w/Gel
0.25% andD) Col-GelHya. Variance was tested using eway ANOVA with Tukey posthoc test.

Results shown are mean + §ix4). pv al u e
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Figure 3.10: Raw gquantification of DNA from 3D scaffolds (grouped)Cells were seeded onto
scaffolds for a tweweek timeframe. Scaffold/Cell constructs were then digested varpapzyme,

with DNA quantified using the HOECHSHased fluorometric assat all timepoints (Day 1, Day

4, Day 7, Day 14 and Day 21) there were no differences across the four compositions in terms of raw
DNA amounts per scaffold/ariance was tested using tway ANOVA with Tukey posthoc test.

Results shown are mean + SD (n=4).
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Figure 3.11: DNA guantity (relative change vs. Day 1)Cells were seeded onto scaffolds for a
two-week timeframe. Scaffold/Cell constructs were then digested via papain enzyme, with DNA
guantified using the HOECHShasedfluorometric assayFor assessing proliferation rates, the
relative change of DNA amounts versus Day 1 (initial value) for each respective timepoint (final

value) was calculateariance was tested using tway ANOVA with Tukey poshoc testResults

showvn are mean + SD (n=3).
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3.3.5 Cell morphology analysis

SEM analysis of dehydrated scaffold demonstrated MCF7 cells attached and proliferating
for all scaffold compositions (examples in Fig. 3.12DA Both rounded globular cells and

also flatelongated cells were clearly visible throughout the porous architecture. At,Day
cells grew in an isolated fashion, though clusters of cells in sphiéteitbrmations were
already visible at this timepoint (Fig. 3.12HE The majority of cells were sbrved at the
periphery surfacésvhere cell clusters were also observed. At locations further into the
scaffolds, cells were more isolated. At Day 14, there was an increase in cells observed across
the four compositions throughout the scaffold structuranyimore clusters of cells were
seen, with some very densely populated cell structures obgéppendix 3.1) There was

an apparent increase in cells in the central regions of the scaffolds compared to the Day 1
counterparts. Alongside cell proliferatiamd celicell interactions, celinatrix interactions

were observed througamellipodiainteraction with the collagen surfaces (Fig. 3.2H5

No morphological or growth pattern differences were observed between the four scaffold

compositions at eitherday 1 or Day 14.
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Figure 3.12: SEM imaging of dehydrated cell/scaffold constructgA-CD) General attachment of
MCF7 cells on pore walls was observed (image shows A) w/Gel 0.15% at Day 14, B) w/Gel 0.25%
at Day 14, C) CoelGelHya at Day 14).[D) Cell cluster observed at Day 14 (white arr@w| 0.5%
scaffold. (E-F) The formation of spheroitike cell aggregates (white arrow) was observed within
the Col 0.5%(E) andCol-GelHya (F) scaffolds, both atDay 1, indicating 3D celcell interactions

in a short timeframe.@-H) Cell-matrix interactions were observed with cklmellipodiaseen
interading with the collagen pore surface (white arrows) (image sti@yva/Gel 0.15% scaffold at

Day 14 andH) Col-GelHya at Day 14.
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3.3.6 Cell infiltration and migration analysis

Infiltration/migration analysis via DAPI staining of cell nuclei provides qualitative
confirmation of successful cell attachment and proliferation within the scaffolds (Fig. 3.13

I Fig. 3.17). At Day 1, across all four compositions, many cells were looatadthe top

and bottom surfaces of the scaffdldhe points at which cells were originagededThe

Col 0.5% scaffold had less cells populating the central regions of the scaffold at Day 1
compared to the w/Gel 0.15%, w/Gel 0.25% @uwiltGelHya compmsitions. These groups

had superior infiltration of cells towards the centre of the scaffdiie. CotGelHya
scaffolds had the best observed distribution of cells, with an even spread of cells throughout
the entire depth of the scaffold already at DagylDay 14, an increase in cells was observed
across all compositions, including an increase in infiltration to the centre of the scaffold in
the Col 0.5% group, bringing it more in line with the other four composititims.greatest

cell numbers remainedn the peripheral surfaces of the scaffolds across all four groups.
Unseeded scaffolds (one example shown in Fig. 3.17) confirmed the fluorescence observed
in seeded constructs were cells, as the unseeded coptomlaced no visibleDAPI

fluorescence.
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Figure 3.13: DAPI staining of Col 0.5% scaffold At Day 1, imaging demonstrated many cells at

the peripheral regions, both top and bottom surfaces, of the Col 0.5% composition. Cell numbers
were more sparse towards the centre region of the scaffoldsayAtDthe Col 0.5% scaffolds had
higher levels of cells present throughout the scaffolds, including a notable increase in cells within
the central region of the scaffolds. Scale bar representpriOBhite dotted lines indicate the

scaffold edge/periphery

132



Day 1 Day 14
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w/Gel 0.15%

Figure 3.14: DAPI staining of w/Gel 0.15% scaffoldAt Day 1, imaging demonstrated many cells

at the peripheral regions, both top and bottom surfaces, of the w/Gel 0.15% composition. More cells
were visible in the central region of theaffolds compared to the collagen only (Col 0.5%) scaffold
already at Day 1. At Day 14 the w/Gel 0.15% scaffolds had a higher level of cells present throughout
the scaffolds. Scale bar represents 180 White dotted lines indicate the scaffold edge/dezipy.
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Day 1 Day 14

20--0®

w/Gel 0.25%

Figure 3.15: DAPI staining of w/Gel 0.25% scaffold after seedingAt Day 1, imaging
demonstrated many cells at the peripheral regions, both top and bottom surfaces, of the w/Gel 0.25%
composition. At Day 14 the w/Gel 0.15% scaffolds had a hilglvet of cells present throughout the
scaffolds. Scale bar represents 10@. White dotted lines indicate the scaffold edge/periphery.
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Figure 3.16: DAPI staining of ColGel-Hya scaffold. At Day 1, imaging revealed an even
distribution of cells throughd the scaffold. At Day 14, the scaffolds had a higher level of cells
present throughout the scaffolds. Scale bar representaniOWhite dotted lines indicate the

scaffold edge/periphery.
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Day 1 Day 14

Z20=-=-0w%

w/Gel 0.15% (Unseeded)

Figure 3.17: Example of DAPI stained unseeded w/Gel 0.15% stalfl. Unseeded control
revealed low background autofluorescence of the scaffold. Unseeded scaffolds were used as
comparators to make identification of fluorescence generated by cells on the scaffolds easier. Scale

bar represents1Q@m. White dotted linesnidicate the scaffold edge/periphery.
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3.4 Discussion

This chapter aimed to assess the biocompatibility of the various colegend scaffolds

and their ability to support breast cancer cell attachment and proliferation. The ideal culture
model forcancer cells would allow for initial cell attachment and subsequent sustained cell
growth and proliferation over multiple weeks to allow for ldegn analysis of cell
behaviour within the scaffolds. Studies began using all six previously fabricatedds;affo
though after initial cell studies (cytotoxicity, viability and alamarBlue) and the data from the
previous physical and structural characterisations, four compositions were selected for
further assessment. This chapter also aimed to assess the fettiecaddition of gelatin or

hyaluronic acid to the scaffold in terms of cell biocompatibility and ultimate performance.

Biocompatibility assessments firstly confirmed that the scaffold materials themselves did
not constitute any cytotoxic effect towartgleast cancer cel(&ig. 3.3) Cytotoxicity testing

via ISO 109935 revealed no adverse effects of the crosslinked scaffold extracts on MCF7
cells grown in 2D. The use of EDAC may be cytotoxic to cells if traces of the chemical
remain in the 3D scaffold®11]. Resultsindicate that the proposed washing procedures
were effective, and no crosslinking agent remnants were present in the final scaffold.
Furthermore, there were no adverse issues relating to the acetic acid, collagen, gelatin or
hyaluronic acidused for fabricating the scaffolds, as expected. Supplementing this
cytotoxicity data, the growth and proliferation of cells when cultured directly within all four
scaffold compositions at the Day 2 timepoint was confirmed. Viability was observed to
decreae as a function of time, to ~70% at Day 7 and ~50% on Day 14 (Fig. 3.5). This
decrease over time was largely expected due to increasing confluency within the scaffold

and also features like necrotic regions/hypoxia developing within cellular aggregaths wh
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contribute to cellular deafi86,369,370] The lack of a scaffold vascular network results in

an eventual strain on cells due to the development of low oxygen niches, and without this
vascular network to replenish oxygen levels, apoptosis will ofgut]i though in the
context of replicating the tumour environment, the provision of hypoxic/necrotic niches
within thein vitro scaffolds mimics the generation of hypoxic/necrotic regions within breast
cancer tumours thus improving the biological relevasfcde model. A previous study by
Liverani et al. (2019) reported that MCF7 cells grown on a similar collagen 3D scaffold
(type 1 collagen, 1% (wt/v), freeze dried scaffold, 85% porosity) saw a reduction in viability
to ~20-30% after 10 days of culture, thia parallel increase in apoptotic cells and expression

of hypoxia markerg186]. This decrease in viability is larger thabservedherein. Of
interest, Liveranet al.(2019)noted that the more aggressive breast cancer cell line,-MDA
MB-231, showed preferential migration towards the peripheral regions of the scaffold, away
from the regions of low oxygen that were observed in the central region of the scaffold. The
lowly-invasve MCF7 cells did not show the same behaviour, and as such saw apoptosis rise
instead of thgossibleescape mechanism of migrating towards the oxygen s{LB864

such a phenomenon likely contributed to a similar decrease in viability within our 3D system
also using the lowhmvasive MCF7 cell lineThe initial cell proliferation studies used the
alamarBlue assay to assess the metabolic activity of MCF7 cells within all six scaffold
compositions over a-day period(Fig. 3.6) A sustained and continualliyncreasing
reduction of the alamarBlue dye was observed. A slight increase in alamarBlue reduction
upon addition of gelatin to the scaffolds was observed at Day 4, however no such differences
in reduction were observed at either Day 1 or Day 7, thus th&cinof gelatin or hyaluronic

acid on cell metabolic activity was considered negligililee above biological studies,

alongside results from Chapter 2, led to the selection of four scaffold compositions to
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continue to more detailed biological assessmeiitsi the Col 0.5%, w/Gel 0.15%, w/Gel

0.25% and CelGelHya scaffold compositions.

MCF7 cells adhered readily to the scaffolds, with cell attachment efficiencies for the four
selected scaffold compositions ranging from7%% (Fig. 3.8) These valuesampare
favourably to reported cell attachment rates for similar collagen scaffolds, albeit not with
cancer cell$213,309] In these studies, a mean attachment of ~30% was achieved in a 0.5%
(wt/v) collagen scaffold (with an additional 0.05% (wt/v) choraine6-sulfate) of a mean

pore size of 19¢uim (MC3T3EL cells, preosteoblastic cell line)309] and a mean
attachment of ~40% was achieved in a 0.5% (wt/v) collagen scaffold (with an additional
0.044% (wt/v) chondroiti¥b-sulfate) of a mean pore size dtQum (MC3T3EL cell line)

[213]. A high level of cell attachment is crucial as a low successful seeding density can
impact cell growth and behavioy872,373] Furthermore, low attachment can impact
experimental procedures, such as PCR analysis, due to low DNA/protein yields in the early
days of culturelt was hypothesised that the addition of gelatin to the collagen scaffolds
would enhance cellular attachméaytincreasing cell attachment si{860,361] While the
attachment levels were highest in the w/Gel 0.25% scaffold (max gelatin concentration), no
significant difference in cellular attachment was observed between the four scaffolds groups
in the twoesided seeding approach. Therefore, there was no benefit of gelatin addition to the
collagenonly scaffold base in terms of increasing cell attachment. In addition, in
aforementioned instances of gelatin addition improving cell attachment and proliferation in
83.1, it must bexcknowledgedhat the primary scaffold materials included materials such
as chitosanj359] and alginatg356]. While both materials are considered biocompatible
alginate and chitosan are known for a lack of or low level of cell adhesien used as a

single scaffold material, thus they are normally functionalised or improved through
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incorporation of secondary scaffold materials with superior biological propg7iés375]

In our case, the use of collagen as the primary scaffold matefiath is noted for its
excellent biocompatibility and cell adhesion proper{&®2,352] may negate potential
benefits of gelatin addition because collagen alone is sufficient to reach the maximum

achievable level of initial cell adhesion within thelagerbased scaffolds fabricated.

A significant and continuously increasing reduction of the alamarBlue dye was observed
when the proliferation period was extended to 14 days, thus suggesting constant proliferation
of the MCF7 cells within the scaffoldBig. 3.7) The physical properties of the scaffold, or

the incorporation of gelatin/hyaluronic acid did not affect cell activity. In the 2D culture
comparator group, cells rapidly reached evenfluency within six days with substantial
levels of floatingdead cells observed. It has been previously reported that cells growing in
3D proliferate at a slower rate in comparison to the same cells in 2D. Lie¢r@n{2019)
observed similar whereby MCF7 cells cultured in 2D demonstrated a rapid increale in ce
number from Day 1 to Day 7), significantly greater than 3D cultured MCF7 cells, before
reaching confluency and undergoing growth arrest and ultimately apda@&g&jsSimilarly,

MCF7 cell proliferation was significantly higher in 2D culture compare@Doculture

within collagen type 1 hydrogels. Cell doubling time was found to ben~8&D and 30

36h in 20 a threefold increase[376]. While the 2D cultured cells showed increased
alamarBlue reduction in the first two timepoints compared to 3D cslttie culture span

of cells growing in 2D is limited based on the surface area of the culture dish/flask in use.
Once cells are confluent, they must be subcultured. This is an advantage of the 3D scaffolds
that developecdherein with the provision of a more prolonged period of continuous
expansion of cells within the scaffolds allowing for lelegm investigations without the

need for subculture. Longer culture periods may be beneficial when looking aefomg
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gene or proteirexpression patterns within 3D cell cultures or culturing cells for longer
durations in 3D prior to drug exposueNA quantification assessments offer a more
accurate method to confirm increasing cell numbers with the scaffolds compared to cell
metabolic ativity assays (due to the ability of nalividing but metabolically active cells to
reduce dyes involved in metabolic assays such as the alamg@8¢)Overall, the study

once again confirmed the successful attachment and proliferatlmeasdt canaecells on

the scaffolds oveRl days(Fig. 3.9) As with the previous alamarBlue data, proliferation
rates were greatest during the initial period of culture and reduced thereafter, with no
apparent effect of the addition of gelatin or hyaluronic aciceesl. Previouslyit was
observed that cell viability in 3D dropped during thedb4 culture period. However, the
reported DNA quantifications revealed continuous expansion of cell numbers within the
scaffolds despite the increase of apoptosis/cell déatting into account the above results,

the hypothesis that the addition of gelatin or hyaluronic acid could improve the attachment
and proliferation of MCF7 cells was disproven. Perhaps it is a case that the gelatin or
hyaluronic acid concentrations needbe increased to higher leveddso, it may be a point

of future work to alter physical properties of the scaffold (e.g., pore architecture and elastic
modulus) in a more significant manner. Fabricating scaffolds with vastly different physical
propertes would conclusively determine if these altered physical properties, with a greater
magnitude of difference than this researchhave more complex cellular effects in terms

of cell proliferation.

A major advantage of 3D culture systems is their greasemblance tm vivo cancer cell
morphology and behaviour. Formation of spheiliid aggregates within the scaffolds is a
positive result as it highlights the superior el interactions seein 3D in comparison to

2D cultures (Fig. 3.12). Elsewies Liveraniet al. (2022) observed MCF7 forming round

141



clusters upon culture within a freedged collagen scaffol§i355]. Spheroids have been
documented to develop hypoxic cof83%7,378] a feature of solid tumours in humans that
plays a significant r@ in disease progression and spr&a®] i thus their replication in a

3D scaffold is an attractive feature as it paves the way for research into hypoxia in a 3D
vitro setting. In addition, celinatrix interactions were also observed within the scaffolds,
which again demonstrates an advantage over 2D culture. DAPI staining showed successful
infiltration of cells throughout the full depth of all four scaffolds after &g¢sd(Fig. 3.13

3.17). Both the addition of gelatin and hyaluronic acid appeared to have a beneficial impact
on infiltration, as the Col 0.5% scaffold had the lowest observed levels of cells in the central
regions of the scaffold at Dayilthough the pasng of time seemed to negate this feature

as by Day 14 there were no issues with infiltration in this scaffold. TheGEHya
scaffolds in particular had many clusters of cells observed at the centre of the scaffold after
just24 h of culture, suggestinthe addition of hyaluronic acid does indeed improve cell
infiltration, as seen elsewhd@62]. Successful infiltration is a positive feature here as other
3D scaffolds have reported challenges in achieving cell migration throughout scaffolds, with
den® layers of cells forming in the peripheral regions of scafff886,381] Providing a
scaffold that cells can freely migrate through opens up potential for research into the various
genetic processes involved in cancer cell migration, and the intergtiagdn thescaffold

mechanicabnd architectural properties.
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3.4.1 Concluding remarks

The developed scaffolds demonstrated excellent biocompatibility. The attachment studies
exhibited promising levels of cell attachment for all four scaffploups evaluated, with
MCF7 cells readily adhering throughout the scaffold. DNA quantifications alongside
alamarBlue assays highlighted the continuous proliferation of cells oveiday2fieriod.
Provision of a 3D scaffold, demonstrating a porous andciomerected network, allowed for

the MCF7 cells to adopt a rounded morphology that is more representative af thedr

cell morphology. Additionally, the cells were observed to grow as sphikeidlusters,
demonstrating enhanced ceédll interactionghan seen in the 2D culture studies. Cells were
observed to migrate throughout the scaffold irrespective of compositiosummary,
irrespective of composition, the developed scaffolds represent excellent biomimetic,
biocompatible and functional templatr the investigation of more complex breast cancer

processes, gene expression patterns and applications in therapeutic assessment.
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4.1 Introduction

3D culture of cells has been shown to result in cell behaviours and expression patterns that
differ significantly from 2D culture and more closely resemblgivo tumours[382,383]

Within the literature, it has been observed that expression patteersdifiveen 3D and 2D
cultures across a range of targéi86,194,384] and these differences often demonstrate a
more phenotypically relevant model with the 3D cultuMthin this chapter the gene
expression of the breast cancer MCF7 cells grown in@Dpared to the 3D collagdrased
scaffolds, as developed in Chap?eand 3, was investigated. As sizeable osignificant
differences imphysical omiological performance were found between the different scaffold
compositions in Chapter2 and3, it was not anticipated that scaffold composition would
drive significant differences in cell behavianterms of gene expressitmat would warrant

the use of multiple scaffold compositioneherefore, for the study described within this
chapter, a single affold composition was selected from the previously used four gioups

the cellular studies in Chapter Bhe composition group selected was w/Gel 0.15% as it
demonstrated good architectural and physical properties (Chapter 2) and strong cell
attachmentjnfiltration and continuous proliferation for aveek period (Chapter 3t is

not without possibility that gene expression may differ amongst the different scaffolds, the
primary objective of the chapter was to assess any expression differences bgbween

scaffold culture and 2D culture.

Extracellular matrix (ECM) modificatiorj4,80/ 82,86 89], ECM component synthesis
[48,57,392,58,385391], angiogenesi§393i 397], glycolysis[398i 406] and hypoxid407i
414] are crucial processes involved in breast cadegelopment, progression and ultimate

spread (metastasis). These hallmarks of cancers are of high importance to replicate within
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anin vitro 3D culture model to demonstrate these models can acquire the same increased
expression of genes associated whtese hallmarks that is seegnvivoi and notably is not

seen in 2D cultures. A panel of 15 targets consisting of genes involtredlaforementioned
processes were selected. The selected targets and their relevance to breast cancer are

summarized imable4.1.
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Table 4.1: Selected gene targets and role in breast cancer.

Target

General function and link to breast cancer

Matrix metalloproteinase2
(MMP2)
[861 89]

Matrix metalloproteinase2
(MMP9)
[861 89]

Lysyl oxidase LOX)
[4,801 82]

Collagen type | alpha 1
chain COL1A)
[48,57,58,385,386]

Fibronectin 1 EN1)
[48,385,387,388]

MMP2 encodes an enzyme that is involved in the
breakdown of the ECM, notably collagen type | and |
(basement membrane). As such, MMP2 may play a |
in metastatic spread in breast cancer.

MMP9 encodes an enzymehdt is involved in the
breakdown of the ECM, notably collagen type |
Similar to MMP2,MMP9 may play a role in metastat
spread in breast cancer due to the ability to degrad
basement membrane, an essential barrier to cance

migration.

LOX encodes an enzyme which crosslinks Ef
components such as collagen and elastin. This incre
ECM stiffness which is associated with breast cat

progression.

COL1Alencodes for a major portion of the full collag
type | molecule. Collagen is the major component of
breast ECM and dysregulation of collagen within
breast ECM plays a key role in breast cancer.

FN1 encodes for fibronectin, a major glycoprotein of-
ECM. Fibronectin interacts with collagen but a
modulates key signalling pathways that med
adhesion, migration and proliferation. FN1

overexpressed in breast cancer.
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Hyaluronan synthase 1/2
(HAS1/HASD
[389i 392]

HAS1/2code for two of three enzymes responsible
hyaluronarhyaluronic acid synthesis. Hyaluronic acid
a glycosaminoglycan which has size depende
interactions with other proteins and receptors. Hyalur
acid is highly upregulated in breast cancer tis

compared to healthy tissue.

Vascular endothelial growtl VEGFAencodes for a glycoprotein which plays a role

factor A VEGFA
[393i 395]

Transforming growth Facto
beta 1 TGFB))
[396,397]

Jagged 1JAG))
[415 417]

CXC chemokine receptor
type 4 CXCRj
[4181 420]

cell migration, proliferation and angiogenes&GFAis
highly expressed in breast cancer cells and plays a ci
role in angiogenesisvhich is key for continued survive
and progression of breast cantenours.

TGFB1encodes for a muHunction cytokine with roles
in general cell activity such as proliferatic
differentiation and apoptosis but also in wound heal
cancer and angiogenesis agpithelialto-mesenchyma
transition (EMT). TGFB1 has been found at elded

levels in breast cancer patients.

JAG1codes for a key cell surface ligand, which intere
with the notch receptor family. Notch signalling is cruc
in many aspects of cell differentiation across multi
celltissue types. Overexpression AG1 in breast
cancer (and resulting dysregulafddtch signalling) has

been observed and is associated with a poor progno

CXCR4 encodes a chemokine receptor, which u
ligand binding plays a role in cell migration a
movement. HighCXCR4expression has been linked

metastasis in breast cancer and a poorer patient outc
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Glyceraldehyde -phosphate GAPDH encodes for an enzyme, which plays a key
dehydrogenasé5APDH) in glycolysis but also other nametabolic activities
[398i 401] ElevatedGAPDHexpression has been recorded in bre

cancer and is linked to a poor prognosis and dis

progression.

Glucose transpter 1 GLUT1codes for a uniporter protein which assists in
(GLUT) transport of glucose across the plasma membrane
[4021 406] such it has links to glycolytic pathways and is invoh

in many cancersGLUT1is upregulated in breast canc

and again is associated with a poor dsgeprognosis.

Endoplasmic reticulum ERO1Aencodes an endoplasmic reticullnaised proteir
oxidoreductase 1 alpha involved in protein refolding.ERO1A expression is
(ERO1A induced by hypoxia thus serves as a novel biomarke
[407 409] this feature. Its high expression in breast cancer is lit

with a poor prognosis.

Hypoxiainducible factor 1 HIF1A encodes for a subunit of the HIF1 transcript
alpha HIF1A) factor protein. HIF1 plays a key role in cell response
[410i 414] oxygen levels (thus linked with tumour adaption
hypoxia). High levels ofHIF1A expression in breas
cancer patients is associated with increasedastasis

thus a poorer outcome.

Note: Gene and protein nhomenclature and formatting in the above table and elsewhere
derived from HUGO Gene Nomenclature Committee (HGNC). Gene names use italics, to

differentiate from the protein forigmonitalic) [421].
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Initial targets were selected for their involvement in modification or alteration of the ECM,
which plays a key role in the development, progression and spread of breas{sd@ter
These targets wetdMP2, MMP9 andLOX. It was hvestigated if the 3D scaffolds would
induce increased expression of these enzymes compared to 2D cultured cells, improving the
biological relevance of the collagéased scaffolds through demonstrating the high
expression of ECM modifying genes which Isaaseen irin vivo tumours. These targets

have previously been shown to have altered expression in 3D compared to 2D using MCF7
cells [186,194] MMP2 and MMP9 code for enzymes belonging to the matrix
metalloproteinase family and are involved in the breakd of collagen type IV, the key
component of the ECM basement membr@&86 89]. As such, they may play a key role

in facilitating cancer cell migration away from the parent tumour and allow for metastasis to
occur. BothMMP2 and MMP9 have been observad be overexpressed in breast cancer
tissue compared to narancerous breast tissy86i89]. LOX enzymes promote the
crosslinking of collagen within the ECN8B0] and elevated_OX levels in patients are
associated with poor overall survival in breast carjdeB1,82] Increases in collagen
crosslinking result in stiffening of the ECM, and these stiffness increases are associated with

increased tumour aggressiveness and metapt8sis},55,79]

Alongside genes involved in modifying the breast cancer EECipup of ECM component
synthesising genes were investigéiadluding COL1Al FN1, HAS1and HAS2 These

genes are involved in the synthesis of collagen, fibronectin and hyaluronic acid, and each of
these plays a significant role in breast cancer disease progression and spread. Of particular
interest here is determining whether the 3D scaffold indtisesproduction of ECM
materials to a greater extent than in 2D culture, in a manner that is more analogeisoto

tumours. As these materials are of high importance, it would be beneficial to hawetem
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model that can promote their productiorolli@gen, as discussed in detail in Chafter
undergoes significant alterations within the tumour microenvironii@&ns7,58] Of key

interest within this chapter is to assess if expressioB@E1Alis increased under 3D
culture, aligning with thén vivoincrease of collagen deposition during cancer development
and progressior{385,386] Fibronectin plays a key role in breast cancer due to its
involvement in a multitude of signalling pathways that control adhesion, migration and
proliferation [48,387] FN1 (codes for fibronectin) is overexpressed in breast cancer
[385,388] HAS1landHAS?2are two of three isoforms that are involved in the synthesis of
hyaluronic acid389]. Hyaluronic acid is an ECM glycosaminoglycan that is overexpressed

in many breast caers and promotes a more aggressive phenotype and disease progression

[390i 392].

VEGFA TGFBJ], JAG1land CXCR4were nextto beassessed. These genes have links to
many general cell functions, such as proliferation, differentiation, migration and apoptosis,
but also in more complex processes, like angiogenesis, metastasis and etothelial
mesenchymal transition (EMTY.ascular endothelial growth factor A (VEGFA) is known

for its angiogenic properties and typically promotes more aggressive tumour growth and
metastasi$393]. It is highly upregulated in breast cancer tissues and is a poor prognostic
factor for patientd394,395] TGFB1 encodes a protein with a vast array of functions,
governing cell proliferation, differentiation and apoptd8@6] but it is also known for its

role (albeit paradoxical at times) in cancer, angioger{88ig] and notablyepitheliatto-
mesenchymal trangin (EMT) [422]. JAG1codes for a cell surface ligand which is closely
involved with the notch receptor famif¢15]. Overexpression GfAG1lhas been observed

in breast cancer and is associated with a poor progidd€igi17] and also with metastasis

to the bong423], which is progression to an incurable form of breast c868]. CXCR4

153



is overexpressed in many breast cancers and is associated with a poor pfdgB8asi9]

It plays a key role in cell migration and movement and thus is linked to tas&$20].

HIF1A, GLUT1, GAPDH and ERO1Awere assessed due to their association with the
development of hypoxia and related processes (such as anaerobic respiration) within the
scaffolds. Hypoxia is a crucial feature in cancer progression and spresadstbf high
interest to create am vitro culture model that can replicate these conditions. Currently,
hypoxia is manually induced in 2D cultures using low oxygen environrfdin$ However,

in a 3D collagen scaffold, it has recently been demonsttagadthe scaffold itself was
capable of inducing hypoxia and related cell procdd8&. HIF1A is a transcription factor
heavily associated with hypoxia and angiogenesis, along with other general cell processes
including proliferation and survival. Upon development of hypoxic environments in solid
tumours HIF1A activates and regulates thepeession of target genes involved in adaption

to the hypoxic environmer[g¢10,411] HIF1A also plays a role in a shift to anaerobic
metabolisnina feature that is commonly associated with improved tumour cell survival and
continued growth and spre@R5]. HIF1A is highly upregulated in breast cancers and is a
poor prognostic factg@i12i 414]. Endoplasmic reticulum oxidoreductase 1 algfR@@Q1A

is induced by hypoxi§07,408] Recently it has been designated a novel poor prognostic
factor for breast canc@09] and serves as a useful biomarker for detecting hypoxi#ro.

While its role in breast cancer remains poorly defined, it is purported to have an impact in
disease progression through influencing tumour cell proliferation and migration and also
immune escap@l26i 428]. The glucose transporter 1 (GLUT1) protein allows for glucose
transportation across plasma membrgA6g8]. Increased glycolysis (breakdown of glucose
for energy)/anaerobic respiration is a hallmark of several cancer typeSithlEl plays a

key role in continued tumour growth and sprgt@B,404] In breast cancer, elevatédlUT1
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expression is associated with a poor prognosis and outcome, thus it was selected as another
relevant biomarker for assessmgti5,406] GAPDH s primarily involved in glycolysis,
metabolic activity and transcription. It has also been associated with carcinogenesis and
tumour progressiofi398,399] In breast cancer, high expressionGAPDH is linked to

poorer overall patient surviva[400,401] GAPDH was initally used during the
housekeeping gene assessments, but due to its above roles in glycolysis it was also
considered a gene of interest as it was believed that increases in hypoxia within the scaffold
would lead to abnorm&APDH expression in 3D culture®mpared to 2D. Thus, it would

not be suitable as a housekeeping gene as it would not be constitutively expressed under all
experimental conditions. Such an occurrence was evident within the literature, where in the
culture of MCF7 and MDAVIB-231 breast camer cells, Liveraniet al. (2019) found
GAPDH o be significantly upregulated in 3D cultures when compared to 2D monolayers

[186].
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4.1.1 Chapteraims

Within this chapterthe primary objective wae assess the expression of several gene targets
that are required to support a biologically relevanti@itro breast cancemodel. These
targets are involved in a variety of key processes in breast cancer development and
progression including the mdudation of the ECM, synthesis of new ECM materials,
development of hypoxia, shifts in cell metabolism and the occurrence of glycolysis, and the

development of a more aggressive/malignant phenotype.

Primary aims of this chapter were to:

9 Assess a panel dbur housekeeping genes to determine the two most stable
expressed genes for use in the calculation of relative expression levels of all
selected targets.

9 Determine the expression of selected gene targets in 3D cultured MCF7 cells.

T Investigate if there is differential expression of the selected targets in 3D
compared to 2D culture.
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4.2 Materials and methods

4.2.1 Solutionstkeagents

Phosphatebuffer saline solution10X: 80 g NaCl, 2 g KCl, 14.4 g NAPQy, 2.4 g KRPOy
into 800 mL distilled water and adjusted to 1 L. Diluted to 1x when needed. All mentions of

PBS in the following studieserea 1x/0.01 M concentration.

0.2 M EDTA stock (300mL batches): 17.534g EDTA (SigmaAldrich Chemical Co,
Wicklow, Ireland) into 200nL distilled water. NaOH pellets slowly added until pH reached
~8. Volume adjusted to 300L. 0.2M stock diluted to required concentration with distilled

water when needed.

4.2.2 Scaffdd fabrication and seeding

w/Gel 0.15% scaffolds were prepared as described in Chapter 2. In brief, scaffolds were
EDAC/NHS crosslinked as p&R2.2.5 prior to cell culture applications. Each scaffold was
thoroughly washed,and scaffolds were then preparémt cell seeding via overnight
incubation of unseeded scaffolds in DMEM supplemented with 50%ifrBShumidified

5% CQ incubator at 37C. Scaffolds used in all the following experiments were of the
dimensions ~9 x 4.5 mm (diameter x height). Scaffaldse seeded with 3x¥0ICF7 cells

as per the twaided seeding method described in Chapter 3 (83.2.4). After seeding, each
scaffold was submerged in Ini. of DMEM media and incubated &7 °C/5% CQ.
Timepoints for gPCR analysis consistedcofture periods of 1, 7 and 14 dayb cell
monolayers were cultured alongside scaffolds for each timepoint as controls. 2D cultures

were in 6well plates and were passaged at confluency as per standard 2D culture protocol.
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4.2.3 RNA isolation

Total RNAwas isolated from each scaffold/cell construct using TRIzol reagent (Invitrogen,
Waltham, Massachusetts, USAdt each timepoint (Day 1, 7 or 14), eackaféold or 2D
monolayemwas removed from culture and washed three times in 1x PBS to remove loosely
atached/unattached cells and culture media remnaathscaffold was then transferred to

a new 24well plate, at which point inL of TRIzol reagent was added to each well. Each
scaffold was homogenised with B0A ULTRA -TURRAXE T25 Basic blender for 30 se

to breakdown the scaffold. This was to facilitate future steps as larger remnants of the
scaffold could impact solution separations during the debsited centrifugation steps.
After homogenisation, the scaffold/TRIzmi 2D monolayer/TRIzanix was left to incubate

for 5 min to allow for cell disruption and nucleoprotein dissociation. After 5 min, each
scaffoldor 2D lysate was transferred to an RNAse freertil5tube. 0.2nL of chloroform

was added to each tube and the tube was gently sfaakidhsec before being left to incubate

at room temperature for 3 min. Each sample was then centrifuged at 12,000 RPM for 15 min
at4 °C. This centrifugation separates the solution into three lalyer€lear upper agueous
layer contains the RNA. The ugplayer was then transferred to a new RNAse free tube,
avoiding disturbing the lower layers which would reduce the purity and quality of the RNA
containing upper phase. 0rfl. of isopropanol was added to each tube and the solution was
incubated for 10 minSamples were then centrifuged at 12,000 RPM for 10 ndiri@t The

RNA was pelleted at the bottom of the tube and the supernatant was discandeaf. 15%

EtOH was added to each tube to resuspend the pellet, washing the RNA. Each tube was
briefly vortexed and then centrifuged at 7500 RPM for 5 min ‘& 4o repellet the RNA.

The supernatant was again discarded and the RNA pellet in each tube was let air-dry for 5
10min. The RNA was then solubilised in RNAse free water (with 0.1 mM EDTA), with

brief heating of each sample t0-68 °C to aid solubilisation. RNA quantity was assessed
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via the NanoDrop 10 (Thermo Fisher, Scientific, Hemel Hempstead, United Kingdom).
RNA purity was assessed by measuring the absorbance at2é0d 286m (A260/280

ratio). An A260/280 ratio of ~2 was considered pure, with an acceptable limit set2a1.8

4.2.4 cDNA synthesis

Complementary DNA (cDNA) synthesis of isolated total RNA was completed using the
Transcriptor First Strand cDNA Synthesis Kit (Roche, Penzberg, Germapg)ofLRNA

was first added to a PCR tube containing a mix of random hexamelr) (and
anchoredoligo(dT) primers (JuL) at concentrations of 6§0M and 2.5uM respectively.

PCR grade kD was added to each tube to a total reaction volume pt13he RNA
templateprimer mix was then denatured at 65 °C for 10 min in a-P0€thermocycler (MJ
Research IncQuebec, Canada) before each tube was cooled on ice immediately. The
remaining components of the cDNA synthesis reaction were then added to each tube,
including; 4uL of transcriptor reversetranscriptasereaction Buffer (5X), 0.5uL of
protector RNasénhibitor 40U/uL, 2 uL of deoxynucleotidanix (10 mM each) and 0.fL
transcriptoreversdranscriptase (20/uL)71 bringing the final reaction volume including the
RNA-primer mix to 20uL. Each tube was then mixed gently (no vortexing) and briefly
centrifuged if necessary to ensure the liquid was gathered at the bottom of the tube. Each
tube was then returned to the thermal cycler and incubated@ti®% 10 min, followed by

30 min at 5%C. The Transcriptor Reverse Transcriptase enzyme wasrihetivated at

85°C for 5min. Each tube was then removed from the thermal cycler and the reaction was
terminated by placing the tube on ice. The newly synthesized cDNA was either left on ice if
being used immediately in PCR reactions, store?GtiC forshortterm storage (R weeks)

or at-80°C for longefterm storage.
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4.2.5 Primer design

Primers were designed using Primer Blast soft428], which implements Primer 3 and
BLAST technologies. Each primer was assessed firstly on Primer BlastsbubralOligo
Calc [430] to ensure minimal risk of se#fnnealing or hairpin formation. Primers were
designed to have between-28 base pairs in length, exon spanning where possible,
targeting amplicons between-100 base pairs, GC content (%) betweer6d® and with
melt temperatures for forward/reverse primers withirP€ &f each other. Following design,
primer sequences (Table 4.2) were synthesized by Sigma Aldrich (Bilgimeh Chemical
Co, Wicklow, Ireland) and delivered as lyophilised powder. Bagher was reconstituted
in PCR grade kD to a stock concentration of 1Q8. Stock primers were aliquoted into
20 uL units to reduce number of freetteaw cycles needed, labelled and store2@fC.
When needed, stock aliquots were defrosted and dilateavorking concentration of iV

by adding 5uL of stock primers to 9L of PCR grade bD. 1L of each primer (forward
and reverse) was added to eaclulLPCR reaction, resulting in a final primer concentration

of 0.5uM for both forward and reverggimer.
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Table 4.2: Primer sequences for target genes.

Target For war3dd )( 5 Reverg8é) (5
MMP2 CTCATCGCAGATGCCTGGAA TTCAGGTAATAGGCACCCTTGAAGA
MMP9 CGCGCTGGGCTTAGATCATT TCAGGGCGAGGACCATAGAG
LOX GGATACGGCACTGGCTACTT GCCCTGTATGCTGTACTGGC

COL1A1 CCCCGAGGCTCTGAAGGT GCAATACCAGGAGCACCATTG
FN1 GGGACTCAATCCAAATGCCTC TCCAGGAACCCTGAACTGTAA
HAS1 TGGGTTATGCTACCAAGTACACC GTTGTACAGCCACTCACGGA
HAS2 GTTGGGGGAGATGTCCAGATTT TGCACTGAACACACCCAAAA

VEGFA AACAAATGTGAATGCAGACCAAAG CACCAACGTACACGCTCCA
TGFB1 CGACTCGCCAGAGTGGTTAT CCGGTAGTGAACCCGTTGAT
JAG1 GACCCCCTGTGAAGTGATTGA ATTTGCCTCCCGACTGACTC
CXCR4 TCAGCGTCTCAGTGCCCTTT AATCCTACAACTCTCCTCCCCA
GLUT1 GAACTCTTCAGCCAGGGTCC ACCACACAGTTGCTCCACAT
ERO1A TGGATGAATCTCTGAGTGAGGAAA AGATGACCACCAGCAGATCC
HIF1A TTGGCAGCAACGACACAGAA GAAGTGGCTTTGGCGTTTCA

GAPDH GACAGTCAGCCGCATCTTCT GCCCAATACGACCAAATCCGT
b-Actin GCCGCCAGCTCACCA CACGATGGAGGGGAAGACG

18SrRNA  GGAGTATGGTTGCAAAGCTGA ATCTGTCAATCCTGTCCGTGT

HPRT CCCTGGCGTCGTGATTAGTG TCGAGCAAGACGTTCAGTCC
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4.2.6 Realtime polymerase chain reactionfqPCR)

gPCR was completed using the FastStart Essential DNA Green Master kit (Roche, Penzberg,
Germany) angerformed on a Lightcycler Na&o Instrument (Roche, Penzberg, Germany).
This kit makes use of the SybrGreen dye which selectively binds to double stranded DNA
to allow for detection of target genes. Each qPCR final reaction was of voluple 10
consisting & 1 uL cDNA (equated to 58g cDNA per reaction), fuiL of both forward and
reverse primer (0.GM final concentration), plL FastStart Essential DNA Green Master
(Contains FastStart Tag DNA polymerase, reaction buffer, dNTPs, Sybr Green | dye, and
MgCl,) and 2uL PCR grade HO. The gPCR controls consisted of aDiA control where

PCR grade kD was used in place of cDNA. The qPCR program consisted of a 600 sec hold
at 95°C for activation of FastStart Tag DNA polymerase and denaturation of DNA, followed
by 45 cycles of a &tep amplification involving; denaturation at 95 °C fors2@, an
annealing step at ~58 °C for &(Qprimer dependent) and extension at 72 °C fose20
Following the gPCR program, a melt curve analysis (from 65 °C to 95 °C) was awhthuct
ensure no nospecific binding or primedimer interactions occurred. The relative gene
expression was calculated using the method outlined by Vandesoen@dl€2002)[431]

and Hellemanst al.(2007)[432].

Briefly, this method utilises the gewtric mean of multiple housekeeping genes (x2) for
more accurate normalisation of qPCR data in order to calculate relative expression levels of
desired target gen¢$31,432] Cycle threshold (CT) values from 2D cultured samples were
selected as the contrgroup (i.e, calibrator group), and the n=3 for control samples was

averaged, thus all gene of interest results were relative to average control CT values. Delta

CT (pCT) values were then calculated by subtr
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housekeeping genes (reference (REF) genes) and gene of interests (GOI), from the average
control CT value. Relative qu&hdaivalieef2 ( RQ
assumes a primer efficiency of 100%, as per the traditdeltddelta CT method433]).

Next, the geometric mean of the selected two housekeeping/reference genes is calculated by
applying the O0=GEOMEANG6 function in Micro
relative quantity (R@er) values previously calculatedJpon completion of above

calculations, relative expression values for each gene of interest is calculated (Etfljation

Equation 11" Relative gene expression
YO
"000 0 'O6YW

4.2.7 gPCR housekeeping panel selection process

To cdculate relative expression values from the gPCR methag#4i.6, four potential
housekeeping genes were subject to analydsActin, hypoxanthineguanine
phosphoribosyltransferasePRT), Glyceraldehyd&-phosphate dehydrogenaseAPDH)
and18sS ribosomal RNAL8S rRNA. The housekeeping genes were assessed for stability of
expression across the different experimental conditions (the three timepoints and both 2D/3D
culture) using the cycle threshold (Ct) mean/range, standard deviation @igrst (Std.)

error mean and decisively the coefficient of variation (CV%) of the Ct valiestle

CtCV%).

4.2.8 Statistical analysis

Statistical analysis was completed using the GraphPad Prism software, version 8.0.2
(GraphPad Software, Inc., San Diego, CA). The minimum number of samples tested was

n=3. Unpaired -tests were performed to assess difference amongst samples. Statistical
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significance was determined without correction for multiple comparisons. Each row (each
timepoint) was analysed individually, without assuming a consistenR88uIts calculated
and shown in graphs were the mean = the standard deviation (SD). For afigesedt in

thischapter:ov al ue OOv. &l5ue OQ0-v@l ue O, 0p1 = ***
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4.3 Results

4.3.1 Selection of stably expressed housekeeping genes

Assessment of candidate housekeeping genes showeddRRatandb-Actin were the two

most stable expressed housekeeping genes of the four under investigatidnl (Bid
Table4.3). These two genes had the lowest CtCV% of the four HRfRThaving the dbwest
variation overall at 2.28% followed HyActinwith a CtCV% of 2.9%. These two genes also

had the lowest Ct range, the lowest standard deviations and the lowest standard error mean
(Std. error mean)Ll8s rRNAwas the poorest performing gene in relatio the CtCV% with

a value of 8.25%GAPDH had the highest standard deviation, highest Std. error mean and
the largest Ct range. NotablBAPDHhad large variation between 2D and 3D at Day 7 and

14 which drove its poor performance after displaying stekpeession at Day HPRTand

b-Actin progressed as the housekeeping panel in the investigation of the selected gene of

interests used in the remaining studies within this chapter.
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Figure 4.1: Expression analysis of housekeeping genédsalysis of Ct values in A of the four
investigated housekeeping genes are highlighted. four genes were assessed for their stability
across both variables, the culture method (2D or 3D) or the timepoint (Day 1, ¥ ©hé&4entral
dashed line repsents the mean Ct value while the outer dashed lines indicate = 0.5 from the mean,

which overall illustrates a range of 1 Ct value around the mean. Results shown are mean + SD (n=3).
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Table 4.3: Selection of stably expressed housekeeping geaeel.

MeanCt  Std.Dev S0 EMOT  oipange  crov (o)
Mean
b-Actin 14.55 0.42 0.17 1.06 2.90
18s rRNA 6.97 0.58 0.23 1.43 8.25
HPRT 18.63 0.43 0.17 1.24 2.28
GAPDH 14.19 0.69 0.28 2.05 4.86

4.3.2 Relative mRNA expression of gene ahterests in 3D vs. 2D.

The first cohort of target genes that expression patterns were assessed for consisted of genes
with links to the ECM in terms of either modification of the matrix or synthesis of common
matrix components. ECM modifying targets eé&iMP2, MMP9 and LOX while ECM

synthesis related targets w&@®L1A1 FN1, HASlandHAS2

MMP?2 displayed no expression differences between 2D and 3D at both Day 1 and 7
(Fig.4.2). By Day 14, there was an ~3dd upregulation inMMP2 expression in 3D
cultured MCF7 cells in comparison to 2D\pa | u e O O0MMP9,Dgy 7 anB Day 14

saw increases in expressidiig. 4.3) both +wo-fold, in 3D versus 2D (bothp a | ue OO0. 0
LOX represented the most sizeable alteration in expression pattern between 3D and 2D
amongst the various targets assessed (Fig. 4.4). Large differences in expression arose by Day
7 and continued at Day though to a lesser extent. At Day 7, there wa$-d@fold

increase in expression in 3D cultured MCF7 cells compared to®Da(p ue OO0. 01) .
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14, this had reduced to a -20 fold increase in expression in BBhich remained

significantly higher than 2D cultured cellsypa | ue OO0. 01) .

T 2D MMP2
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Figure 4.2: Relative mRNA expression oMMP2 in 2D vs. 3D.Relative expression of the target
geneof interest was determined in comparisothexpression of the housekeeping reference genes.
Variance was tested usingpaired ttest Results shown are individual data points and the mean +
SD(n=3)pval ue OOva&l5ue GO-v@PlLu=e OO, 0Pp1 = ***
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Figure 4.3: Relative mRNA expression oMMP9 in 2D vs. 3D.Relative expression of the target

gene of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired itest Results shown are individual data points and the mean £
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Figure 4.4: Relative mRNA expression o£OX in 2D vs. 3D.Relative expression of the target

gene of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired itest Results shown are individual data points and the mean £
SD(n=3)pval us=9pv.al ue OO0-vaAlu= OO, 0p1 = ***
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Moving to targets that are involved in synthesis of key ECM compone@is1Aldid not

display any increase in expression in 3D in comparison to 2D cultured cellg.@)igln

fact, there was a measuralalecrease i@OL1Alexpression in 3D compared to 2D at Day

14 (pv a | u e it@latidgltd a 0Fold decrease in expressidfiN1 on the other hand,

did display increased expression in 3D cultured cells (Fig. 4.6). While at Bregre were

no expression differences, by Day 7 a slight but significant increase in expression in 3D was
observed (v al ue OO0. 05) . By Day 14, the expression
increased further, with a twiold increase in 3D observed-¢alue O 0 .HA®1did not

display any measurable change in expression across the three timepoints investigated
(Fig. 4.7). There was however a large deviation in the expressidA®iat each timepoint

in 3D T most notably at Day 14. Here, a decrease iregression compared to 2D in one
sampleand a ninefold increase in expression in 3D in anothweas observedHAS?2
displayed no expressional differences between 2D and 3D at both DayOayridi.

However at Day 7, there was a significant upregulatiodA%2(3-fold, p-valueO0 . 0 1) i n

3D cultured cells compared to 2D (Fiy8).
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Figure 4.5: Relative mRNA expression o£EOL1Alin 2D vs. 3D.Relative expression of the target
gene of interest was determined in comparison to the expression of the housekeeping reference genes.

Variance was tested usingpaired itest Results shown are individual data points and the mean £
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Figure 4.6: Relative mRNA expression ofFN1 in 2D vs. 3D.Relative expression of the target gene

of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired ttest Results shown are individual data points and the mean +
SD(n=3)pval ue OOva&l5ue O0-v@Plue OO, 0Pp1 = **=*
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Figure 4.7: Relative mRNA expression oHAS1in 2D vs. 3D.Relative expression ohé target

gene of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired itest Results shown are individual data points and the mean *
SD(n=3)pval ue OOv&I5ue GPv@ePlLu=z OO. 001 = ***
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Figure 4.8: Relative mRNA expression oHAS2in 2D vs. 3D.Relative expression of the target

gene of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired ttest Results shown are individual data points and the mean +
SD(n=3)pval u&=0Pv.a0l ue OO0-valu= OO, 0p1 = ***
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The next cohort of target genes that expression patterns assessed were of genes with links to
general cell functions such as proliferation, differentiation, migration and apoptosis but also

in more complex processes like angiogenesis and metastasis.

VEGFA primarily associated with angiogenesis and thus progression of breast cancer, did
not show any alterations in expression between 2D and 3D at both Day 1 aridi Day
(Fig. 4.9). In contrast, there was a significant upregulation in expression;falthchange,

at Day7 in 3D cultured MCF7 cells when compared to 2D cultures pl ue TGPBBL0 5) .
which has roles in cell proliferation, differentiation, apoptosis and angiogenesis, showed
stable expression between 2D and 3D at each of the respectiymoititse(Fig.4.10).
Similarly, JAG1 which is also involved in differentiation, did not see any differences in
expression levels across the two culture conditions at the three timepointd.1Ejg.
CXCR4 with links to metastasis and cell migration, waghsicantly upregulated at both

Day 1 and 7 (Fig4.12). At Dayl, 3D expression levels were thwieéd higher than 2D
levels (pvalueO 0 . 0 1) .7, exdptessiDrelgvels were fofald higher in 3D cultures than

in 2D (pvalueO0 . 05) . N o esmncpsrwers defeated at Day i4f e
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Figure 4.9: Relative mRNA expression o¥EGFA in 2D vs. 3D Relative expression of the target
gene of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired ttest Results shown are individual data points and the mean +

SD(n=3)pval u6=0PPv.a0l ue OO0-v@lu=z OO, 0p1 = ***
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Figure 4.10: Relative mRNA expression of GFB1in 2D vs. 3D.Relative expression of the target

gene of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired ttest Results shown are individual data points and the mean +
SD(n=3)pval u&=90Pv.a0l ue OO0-valu= OO, 0p1 = ***
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Figure 4.11: Relative mRNA expression oJAG1in 2D vs. 3D.Relative expression of the target
gene of interest was determined in comparison to the expression of the housekeeping reference genes.

Variance vas tested usingnpaired itest Results shown are individual data points and the mean £
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Figure 4.12: Relative mRNA expression o€EXCR4in 2D vs. 3D.Relative expression of the target

gene of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired itest Results shown are individual data points and the mean £
SDb(n=3)pval u&=90Pv.a0l ue OO0-vaAlu= OO, 0p1 = ***
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The third cohort of target genes that expression patterns were assessed for consisted of genes
involved largely in cell metabolism/glycolysisGAPDH and GLUT1), and also those

associated with hypoxi&RO1AandHIF1A).

GAPDHdisplayed no differences in expressions between 2D and 3D cultures at Day 1. By

Day 7, there was an upward trend in expression in 3D samples, however it was just below

the significant threshold (Fig..13, pvalue = 0.07). At Day 4, a clear 1.5 folgthange in

expression was recorded, wiBAPDH expression higher in 3D cultured MCF7 cells than

in 2D (pvalueO 0 . 0 1 GLUT1Rtere were no differences in expression levels in either

culture conditions at Day 1 or Day 7 (Fig14).By Day 14, a large increase in expression

occurred in 3D cultured cells in comparison to 2Bv(pl ue OO0. 01) , foldepr es ent
increase. Interestingly, for both the metabolism/glycolysis relating targets, expression
profiles were closely matched ierins of overall pattern and fold increases in 3D compared

to 2D cultured cellsERO1Adisplayed no alterations in expression between 2D and 3D at

Day 1. Both Day 7 and Day 14 provided increased expression in 3D cultured cells in
comparison to 2D culturedelts (Fig. 4.15). This was a 2f8ld difference at Day 7
(p-valueO0 . 05)  dotdddiffeaenc® on2Day 14 (palueO0 . 00 1) .HIFRAi nal | vy,
displayed increased expression {®&l) in 3D relative to 2D at Day 1 (Fig.16,

p-valueO0 . 0 5) .7, edpgessi@nabgtween 2D and 3D was stable with no differences in
expression levels. At Dal4, there was a slight (Bf6ld) but significant decrease in

expression in 3D cells relative to their 2D counterpargfpeO0 . 05) .

All resulting cell expression aitysis has been summarised-ig. 4.17, presented through a
colourised heat map displaying the expression of the various targets in 3D cultured cells

relative to 2D cultured cells at each respective timepoint.
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Figure 4.13: Relative mRNA expression d6APDH in 2D vs. 3D.Relative expression of the target
gene of interest was determined in comparison to the expression of the housekeeping reference genes.

Variance was tested usingpaired ttest Results shown ar@dividual data points and the mean +

SD(h=3)pval ue OOva&l5ue O0-v@lue OO, 0P1 = **=*
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Figure 4.14: Relative mRNA expression o5LUT1 in 2D vs. 3D.Relative expression of the target

gene of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired itest Results shown are individual data points and the mean +
SD(n=3)pval ue=9Pv.a0l ue OO0-v@alue OO, 0Pp1 = **=*
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Figure 4.15: Relative mRNA expression dERO1Ain 2D vs. 3D.Relative expression of the target
gene of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired ttest Results shown are individual data points and the mean +

SD(n=3)pval ue=OPv.aDl ue OO0-v@lu=e OO, 0Pp1 = ***
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Figure 4.16: Relative mRNA expression dfliIF1A in 2D vs. 3D.Relative expression of the target

gene of interest was determined in comparison to the expression of the housekeeping reference genes.
Variance was tested usingpaired #test Results shown are individual data points and the mean +
SDn=3)pval ud=OPPv.aDl ue OO0-v@lu=e OO, 0Pp1 = ***
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Figure 4.17: Summary heat map of all gene of interest expression in 2D vs. 30g; fold change

values for gene expression in 3D culture compared to 2D culture (set as calibrator/control). Relative
expression values converted to koglues and plotted as heat map. L egjues of greater than zero

and green coloured implies increasedregpion in 3D compared to 2D while Loglues less than

zero and red coloured imply reduced expression; kalyes closer to zero and black coloured (or
dark green/red) imply minimal difference in expression between 3D and 2D culture.
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4.4 Discussion

Beyond morphological impacts, there is great interest in the transcriptome of cells cultured
in 3D culture modelsn vitro, and how significant changes in gene expression may be
induced by the celnatrix interactions and also the increased-celll intelactions within

these models compared to 2D cell cultukdimitation of 2D cell cultures thedivergence

of gene expression patterns from those observed for human ¢amcktisese changésnd

to drive a more benign, less aggressive gaderally homogenous morphology in 2D
cultured cell§98,122] This highlights one of the key potential advantages of 3D models,
whereby gene expression patterns more closely resemble human cancers and offer a more

complex phenotype than 2D cultured c§l82,383]

The culture of cells in a 3D scaffold environment drove significant alterations in the
expression of a variety of genes involved in the modification of the ECM or synthesis of
ECM components when compared to cells grown in standard 2D madies. Alterations

within the ECM play a crucial role in both the development and spread of breast cancer
[5,48]. The initial gene targets assessed were those that played a role in this alteration, either
through modification/degradation of already préssymponents or genes involved in the
synthesis of ECM materialsIMP2, MMP9 andLOX genes displayed increased expression

at either or both Day 7 and Day 14. This observation conforms to works completed elsewhere
comparing 2D and 3D culture, whereby MCIN< cultured within collagebased scaffolds
displayed significantly increased expressiorMdP2, MMP9 andLOX in comparison to

2D cultured MCF74186,194] LOX displayed the largest fold change in expression upon
3D culture compared to all other geneirterests. The role diOXin the crosslinking of
collagen and thus the stiffening of the ECM is a key prognostic factor and plays a role in

breast cancer progression and spr¢&®0,81] The natural induction of highOX
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expression in our 3D scaffold m@nstrates an advantage of using such a model in potential
research and exploratory routas LOX targeting is an area of interest in treating breast
cancel[434,435] Likewise, MMP2andMMP9are purported to play a role in metastasis due
to their collagendegradation abilitie§48,86,88] and both genes displayed increased
expression in the 3D scaffoldddMP2 and MMP9 are both subject to therapeutic
investigation, with agents that inhibit their activity showpgrgmisein disrupting metastatic
potential inparticular[436i 438]. Thus providing a 3D model that can be utilised in future

explorations surroundinglMP2 andMMP9is promising.

As referenced throughout this thesis, collagen plays a major role in makeup of the breast
cancer ECM, and as such is a prominent factor in the disghsee increasedollagen
deposition, collagen fibre linearisation/remodelling and almost paradoxicelllggen
degradation (i.ethe basement membrane) influence breast cancer development, progression
and ultimately its spread,48,57,91] It was originally hypothesized that the 3D scaffolds
may induce increased expression of the collagen type 1 syntigegene,COL1AL
mimicking the increased expression and resulting deposition of the collagen protein within
the ECM seen in human breast can¢bdd. However, despite detecting the expression of
COL1A1 no such increase in 3D was observed in comparis2b twultured cellsThough

cancer cells themselves synthesise colla@&9], typically it is stromal cells, such as
fibroblasts, that are powerhouses in the production of collagen and other major ECM
componentq440,441] Thus, it may not be a surpriseatithe 3D environment did not
stimulate the MCF7 cells to increase expressioB@L1Alcompared to 2D. In a previous
study investigating the behaviour of both MCF7 and MMB-231 cells in a collagehased
scaffold, picrosirius red staining (highly seleeticollagen stain) demonstrated that neither

cell line induced an increase in collagen synthesis/deposition within the scifi8fishus
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the aboveresults are not in isolation. Deeper investigations into collagen synthesis and
deposition within 3D scaflds may seek to assess the expression of other collagen types or
incorporate cecultures with stromal cells such as fibroblasts to more accurately model
collagen synthesis and deposition within @nvitro model. Fibronectin is a crucial
glycoprotein thatserves a variety of functiongsontrolling processes such as adhesion,
migration and proliferatior{48,387] Its overexpression has a strong association with
metastatic spread and progression of breast cdB8&,388] FN1 was significantly
upregulated at both Day 7 and Day 14, though the difference between 2D and 3D was more
pronounced at Day 14 (1.3 fetthange vs 2.3 foldhange), indicating a steady increase in
FN1 expression as a function of tim@reviously, culture fo breast cancer cells
(MDA-MB-231) within a 3D model (spherolohsed) compared to 2D saw an increase in
FN1mRNA expressioi442]. Within the tumour microenvironment, increases in hyaluronic

acid are associated with breast cancer spread and metfadkis

Out of the twoHAS genes assessed, ortHAS2 displayed a result of interest, with a
significant increase in expression in 3D at Day 7. Thus, potential increases in the presence
of hyaluronic acid within thescaffoldsstemming from this increase IHHAS2expression

further corroborates that the MCF&lls growing in 3D develop a more aggressive
phenotypelncreased expression BfAS2in a 3D breast cancer vitro model compared to

2D culture has not previously been reported, thus is a novel fEsalincrease in expression

of ECM components observednd potentially others not yet assessed within our lab,
demonstrate the increasing complexity a 3D scaffalul offer This is not only in terms of
providing cells with an initial biologically relevant 3D scaffold structure composed of the
primary ECM component collagen, but also in terms of driving the cells towards a

genotype/phenotype that produces other ECM compsribat play key roles in disease
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progression and spread, such as fibronectin and hyaluronic acid. The ever increasing
complexity thesén vitro scaffolds can achieve, the further we move away from reliance on
2D culture and the closer we get to bridging tlap to animal models and ultimately

replicating processes in the human tumour microenvironment more accurately.

JAG1 and TGFB1 are known to be overexpressed in breast cancer patients
[394,395,416,417hodifferences in expression levels in 3D compdme#Dwas observed
JAGland TGFB1have many functions but a key one in terms of cancer, and specifically
cancer metastasis and disease progression, is their involvement in egith@lesenchymal
transition (EMT)[422,443,444] EMT is a mechanism by wh epithelial cells lose their

cell adhesion and accrue a more invasive phenotype with enhanced migratory ability, thus
EMT is crucial in cancer spread and progres$itb]. MCF7 cells are considered non
invasive and thus naturally do not show signsMiTEinder 2D culturétypically it must be
chemically induced to encourage the transifit6,447] Our result is in contrast to another
collagenbased scaffold whereby Chenal.(2012) saw an upregulation in a variety of EMT

and stem cell markers withiMCF7 cells, including a significant upregulation of JAG1
[194]. Liveraniet al.(2019) also saw an upregulationJ#Gland a moderate increase of
TGFB1 expression in MCF7 cells within a collagen scafffil86]. Both of these works
demonstrated that 3D d@ald culture models may induce EMT, thus paving the way for
new in vitro models for research into a crucial aspect of breast cancer progression and
metastasis. it likely the case that the complex nature ofil3itro models, and differences

in scaffolds including but not limited to scaffold architecture, mechanical properties and cell
seeding densities can result in different expression profiles between different 3D models.
While JAG1and TGFB1did not show increasedgression, previously mentioned genes

including LOX [80], MMP2 and MMP9 [448] and FNI [449,450]also are associated with
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EMT induction and were highly expressed with our 3D collaggsed scaffoldsThus

further workassessing additional targets assodiatigh EMT, including at the protein level,

could more conclusively investigate this aspect of cancer progression as the increased
expression of relevant EMassociated genes is of high interéeKCR4plays a role in
multiple functions including cell migtion, metastasis and angiogeng$is3,451,452hnd

is frequently overexpressed in breast cancers and associated with a poor pféfa@ki9]

Within our scaffolds, at both Day 1 and Day 7, there was a significant upregulation of
CXCR4in 3D cultured MCF7 cells compared to 2D. This expressional signature indicates
the more aggressive and malignant phenotype the usualinwasive and minimally

aggressive MCF7 cell line accrues as a result of culture within our 3D model.

A crucial aspect of breast meer that was of interest in this chapter was the potential
development of hypoxia within the fabricated colladpased scaffolds. Within Chapt@rit

was observed that upon culture within the scaffolds, even mi$¢r24h, cells were
interacting with one another and forming spheilikd aggregates. After two weeks of
culture, larger aggregates were pressiginalling that regions of hypoxia would likely be
present throughout the scaffolds, similar to the hypoxic niches previoustyvelsin a
similar collagen scaffold culture study with breast cancer cells (both MCF7 and
MDA-MB-231 cell lines)186]. In addition, it is well documented that spheroids develop
hypoxic coreqd377,378] Two key genes under investigation involved with hgypovere
HIF1A andERO1A. HIF1Ahad a significantly higher expression level in 3D compared to
2D at the Dayl timepoint. In a previous study, staining for low oxygen regions within a
similar collagen scaffold seeded with MCF7 cells confirmed the preséhgpaxic niches
within the scaffold after only 24 [186]. Additionally, SEM analysis of cell seeded scaffolds

in Chapter3 identified the formation of small clusters of cells (known to have low oxygen
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cores) at this early junctyreand much larger cluste were observedby Dayl4
(Appendix3.1). Furthermore, it has been shown that in response to hypoxia induction,
increased expression bfiFIAi s rapi d and reaches a hpeak
before returning to a lower baseline level of exgoespl53,454] which is similar to what

was observed with a peak at Dhypefore a reduction in expression beyond 2éowever,
increased expression &flF1A in isolation cannot definitively suggest development of
hypoxia thus additional targets were resagy ERO1A a novel and emerging biomarker of
hypoxia[407,408] has been observed to be overexpressed in breast pEd&jeand also in

other cancers including colorectal, gastric and pancrig&&;455,456]ERO1Aplays a role

in disease progression through immune escape and modulating cancer cell
proliferation/migratiof426i 428]. In contrast taHIF1A, alterations irERO1Aexpression in

3D were prominent with significant expression increases at both Day 7 and Day 14 compared
to 2D culture observed. To the best of our knowledge, this is the first evidence of increased
ERO1Aexpression upon culture in a 3D breast cantertro model. This result indicates

the presence of hypoxia within the collagmmsed scaffolds, highlighting the increased
biological relevance tan vivo tumours that is achieved within 3D culture models in

comparison to standard 2D cultures.

Induction ofglycolysis and angiogenesis are two key cancer hallmarks and both processes
are crucial in tumour survival and sustained grojg#]. GAPDH, while traditionally is a
common housekeeping gene for gPCR normalisation, was found to have increased
expression iMD cultured MCF7 cellsGAPDH plays a key role in glycolysis and cell
metabolisn{398,399] and its elevation in expression as a function of time observed herein
potentially indicates the switching towards anaerobic respiration \{iighout oxygen)

within the scaffolds. In additiol;LUT1displayed an extremely similar expression profile
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with slow increase in expression in 3D compared to 2D, reaching a significant difference by
Day 14.GLUT1also plays a crucial role in cell glycolyg#02 404] and likeGAPDH is
regulated by hypoxi§d57]. VEGFAexpression was significantly higher in 3D than 2D at
Day 7 and trended higher at the other timepoints. VEGFA notably plays a crucial role in
angiogenesif393], and through the formation of new blood vesselggponse to lowered
levels of oxygen within tumourghypoxia) it aids in tumour survival and progression
[458,459] As such, it was expected thdEGFA expression would increase within the
collagen scaffoldsdeveloped The temporal increase in expression of both glycolysis
enzymes GAPDH and GLUTY), VEGFA and the previously discuss&iRO1A all point
towards the development of hypoxic regions within shaffolds, leading to a metabolic
switch with increased glycolysig.hese bservations conform with studies into hypoxia
development elsewhere, whereby Liveranial. (2019) demonstrated 3D scaffdbdsed
culture directly induced hypoxia, which lead tziieased expression GAPDH, increased
immunohistochemical expression of GLUT1 and increased secretion of VEGF in both
MCF7 and MDAMB-231 breast cancer ce[E36]. Hypoxic niches were further visualised
using pimonidazole staining, which stains for ppaxygenated cells, with large amounts

of pimonidazolepositive cells observed as soon ashZafter seeding within their collagen
scaffold§186]. While hypoxia plays a variety of roles in breast cancer pathology and general
disease progression, it alsdays a significant role in response to therapies, typically
reducing the effectiveness of treatments and causing greater levels of chemoresistance
[460,461] representing a notable consequence of tumour hypoxia which will be discussed
in greater detail witin Chaptes. As such, ann vitro model that can naturally induce
hypoxia offers huge potential for investigation into the mechanisms behind hypoxia, the role
of hypoxia in disease progression and spread, and additionally the interplay between low

oxygenniches within tumours and therapeutic agents.
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4.4.1 Concluding remarks

In conclusion, within our 3D collagdmased scaffold$t wasdemonstrateéthat MCF7 cells

acquire markers of matrix modulation, glycolysis and hygdaxitin significant increases in

gene expression in 3D cultured cells (vs. 2D)OK, MMP2,MMP9, FN1, HAS2, VEGFA,
CXCR4, HIF1A, GLUT1, GAPDENdERO1A A clear shift in the MCFZell populations
growing within the scaffold towards a more aggressive and malignant genotype was
observed. The ability dhe fabricatedcaffolds to drive changesgene expression patterns
highlight the potential such 3D models hold, allowing for itigegions into a variety of
pathways and genetic events that are involved in key processes that contribute to breast
cancer development, progression and spread. The scaffolds offer a significant advantage
over standard 2D cultures whereby these proceksaet naturally develop as a function of

time. 2D cultures are static, frozen in time and as our data shows, gene expression is
relatively stable. Such results correlate well with wisatndersbod aboutin vivo breast

cancer (and other cancers) in tehthe expression of ECM modifying/synthesis genes and
genes associated with hypoxia and metabolism, where these genes are frequently highly
upregulated and overexpressed. In addition to further exploring phenomena and pathways
involved in hypoxia or glydgsis, 3D culture also paves the way for novel biomarker
discovery and finding new potential therapeutic targets to tackle breast cancer. The results
within this chapter demonstrate how 3D culture within a scaffold significantly alters the
genetic behaviauof cancer cells, shifting their expression profile away from what was

observed in 2D culture and closer towairdsivo tumours.
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Chapter 5: Assessment
and validation of the
collagenbased scaffolds
for use asin vitro drug
testing models

































































































































































































































































































































