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Abstract  
 

John Redmond 

 

Development and Characterisation of Collagen-Based Scaffolds for 

Cancer Research 

 

 

 

Collagen is the most abundant component of the extracellular matrix, and therefore 

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 musculoskeletal-related research. 

Recently, attempts to extend the use of collagen-based 3D culture models 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 cell-cell/cell-matrix interactions and often 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 match in vivo cancer. The focus of this thesis was to develop 3D collagen-

based scaffolds for use in breast cancer research. A range of collagen-based scaffolds were 

successfully fabricated using a freeze-drying procedure. Scaffolds were highly porous with 

homogenous pore 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 displayed high in vitro stability with low 

degradation. Cell 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 compared to 2D, with MCF7 cells displaying 

properties of ECM modification, hypoxia and glycolysis. The fabricated scaffolds were 

successfully applied as an in vitro drug testing model, with cells cultured in the 3D scaffolds 

displaying increased chemoresistance compared to 2D cultured cells. Overall, this thesis 

successfully delivered a biologically relevant in vitro culture model that offers significant 

potential to deliver an increased understanding of breast cancer progression and augment 

drug discovery. 
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Chapter 1: 

Introduction and 

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

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

 

J. Redmond, H. McCarthy, P. Buchanan, T.J. Levingstone, N.J. Dunne, Advances in 

biofabrication techniques for collagen-based 3D in vitro culture models for breast cancer 

research, Mater. Sci. Eng. C. 122 (2021) 111944.  

  



3 

1.1 Overview 
 

Breast cancer is a major healthcare burden worldwide, with 2020 global estimates indicating 

that the disease is responsible for 11.7% (~2.3 million) of all new cancer cases and the 5th 

highest cause of cancer mortality with 685,000 deaths (6.9% of total deaths) across both 

sexes [1]. Within the female population only, breast cancer is responsible for the highest 

incidence and mortality rates, accounting for 24.5% of all new cases and 15.5% of cancer 

deaths [2]. The 2018 data represents an increase compared to previous GLOBOCAN (2018) 

data of 2.1 million new cases and 626,679 deaths that year [2]. With ageing populations, 

poorer diets and a host of other genetic and environmental factors, urgent action is needed 

to address breast cancer–notably in the case of metastatic breast cancer where median overall 

survival remains poor at only 2-3 years [3]. It is imperative to continue to invest in new and 

novel ways to study breast 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 tissue and the extracellular matrix 

(ECM). At a cellular level it is involved in cell adhesion, and cell-cell and cell-matrix 

communication. As the principal component of ECM, collagen plays a significant role in the 

tumour microenvironment [4–7]. Understanding the role of the ECM in tumour development 

and spread has allowed researchers to develop in vitro collagen-based culture models for the 

growth of cancer cells [8–12]. The generation of these biomimetic 3D models to culture 

cancer cells allows for promising investigations 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 3D in vitro culture models can reduce the reliance on 
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traditional 2D models and potentially pave the way to reduce the use of animals in drug 

testing regimes, a key goal of the research community.  

 

1.2 Breast cancer 
 

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

leading to the development 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. In 2000, Hananan and Weinberg coined the six ‘hallmarks’ of cancers that define 

the capabilities and characteristics that tumours possess. These included: (1) resisting cell 

death, (2) evading growth suppressors, (3) an ability to induce angiogenesis, (4) sustained 

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 tumour-promoting inflammation, evading immune destruction, 

genomic instability and mutation, and deregulation of cellular energetics [14].  

 

1.2.1 Breast cancer development and progression 

 

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 but non-cancerous and form an 

atypical hyperplasia [15–17]. The hyperplasia may not progress to cancer, however in some 

cases these abnormal cells can begin to accrue mutations which drive these cells to becoming 

cancerous i.e., malignant. These cancerous cells developed the aforementioned hallmarks of 

cancer and the now cancerous tumour continues to grow due to the uncontrolled cell division 
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and avoidance of apoptosis. While the tumour remains at the original site, it is known as an 

in situ carcinoma [15–17]. 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 

tumours – this process is known as metastasis [18]. 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 can be graded into various stages, labelled 0 to IV (which are 

discussed in more detail elsewhere [15,20]), where Stage 0 denotes an in situ carcinoma and 

Stage IV denotes a cancer where distant metastases have occurred [15,20]. The above 

development and spread of breast cancer has been summarised in Figure 1.1.  
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Figure 1.1: Summarised stages of cancer development. (a) Demonstrates healthy breast tissue. 

Breast cancer begins when cell division in the mammary tissue becomes uncontrolled and a cellular 

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 with metastasis and angiogenesis occurs [13].  
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1.2.2 Breast cancer subtypes 

 

The majority of breast cancers occur within the ductal or lobular tissue of the breast 

(Fig. 1.2). Invasive ductal carcinoma accounts for ~80% of all invasive breast cancer cases 

while Invasive Lobular Carcinoma accounts for the majority of the rest of invasive breast 

cancer cases [21]. Breast cancer can be further classified according to the tumour receptor 

status, the three most common of which are the Estrogen Receptor (ER), Progesterone 

Receptor (PR) and the Human Epidermal Growth Factor Receptor 2 (HER2) [22]. The 

estrogen and progesterone receptors respond to the presence or absence of the namesake 

hormones for each. Breast cancers may be positive or negative for these hormones. ER-

positive (ER+) tumours grow in response to estrogen while PR-positive (PR+) tumours grow 

in response to progesterone. If a tumour is classed as negative for these receptors (ER-/PR-

), then the tumour can continue to grow regardless of the presence or absence of those 

hormones [23]. 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 HER2 enriched). In most cases, there is a subsequent large increase in the HER2 

receptor protein on the cell surface (known as HER2+ cancers) and this leads to an 

aggressive disease [24,25]. Patients without such amplification of HER2 on the cell surface 

can be classified as HER2 negative (HER2-). Patients can be classified as Triple Negative 

or Triple Positive in cases where they have an absence (negative) or presence (positive) of 

all 3 receptors. Triple-Negative tumours can be notoriously difficult to treat as they do not 

fall under the use of hormone therapy or HER2 specific treatments [26,27]. The above 

receptor statuses among other genetic or proliferation markers (such as Ki-67, a proliferation 

biomarker [28,29]) drive the classification of breast cancers into four primary molecular 

subtypes which 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 breast. Figure from Feng et al. (2018) [15].  
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Table 1.1: Overview of breast cancer subtypes 

 

 

*Incidence rates derived from the SEER registry, assessing breast cancer incidence in the 

United States by subtype through 2015-2019, n=588,498, unknown rate 7.6% [38]. 

Incidence rates can vary per region/population thus cited percentages may contrast to other 

subtype studies. 

 

  

Subtype Tumour Status Summary Incidence 

 

 

ER+ and/or 

PR+, HER2- 

[30], Ki-67 low 

[31,32] 

The most prevalent subtype of breast 

cancer. Rather slow-growing tumours 

relative to other subtypes and have the 

best overall survival of all breast cancer 

[30,33,34]. 

 

68.7%* 

Luminal 

B 

 

ER+ and/or 

PR+, HER2- or 

HER2+ [30], 

Ki-67 high 

[31,32] 

Luminal B tumours are similar to 

Luminal A, but have a more aggressive 

phenotype in comparison. Tumours 

proliferate at a higher rate than Luminal 

A and have a poorer prognosis 

[33,35,36]. 

 

9.7%* 

HER2 

enriched 

ER-, PR-, 

HER2+ [30] 

Overexpression of HER2 and 

upregulation of HER2 receptor on cell 

surface. Leads to increased tumour 

proliferation, poor prognosis and 

poorer survival rates than both Luminal 

tumours [33,37]. 

 

4%* 

Basal-

like 

 

 

ER-, PR-, 

HER2- [30] 

Predominantly triple-negative breast 

cancer (TNBC), though not 

exclusively. Poor prognosis and 

difficult to treat and have the worst 

survival rates of the four subtypes 

[26,27,33]. 

 

10.1%* 
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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 the tumour, and this can be followed by chemotherapy 

or radiation therapy. Surgery can also be used as a preventative measure for those who are 

deemed at high risk of developing breast cancer, such as those with BRCA1/BRCA2 

mutations [39]. Treatments are often tailored based on a patient’s tumour receptor status. 

Hormone positive tumours are tackled with compounds that interact with the 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 anti-estrogen agent used 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 production [41]. Letrozole is an example of an aromatase inhibitor indicated for 

either estrogen or progesterone receptor positive breast cancers [42]. HER2+ cancers are less 

affected by hormone therapies thus treatments include targeted therapies that selectively 

modulate the function of the HER2 receptor. One such therapy is Trastuzumab, a monoclonal 

antibody, that binds to HER2 and ultimately causes downregulation of the receptor leading 

to tumour regression [43]. Triple-negative presenting patients that respond poorly to 

hormone/HER2 therapies are often treated with chemotherapy though ultimately face a 

poorer prognosis [26]. Common chemotherapeutic agents used to treat multiple subtypes of 

breast cancer include doxorubicin [44], docetaxel [45], epirubicin [46] and fluorouracil [47].  
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1.3 Extracellular matrix (ECM), breast cancer and collagens 
 

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 most abundant protein present within the breast ECM, with laminins, elastin, fibronectin, 

proteoglycans, glycoproteins and a range of ECM remodelling enzymes also present [48]. 

Around the body, the ECM provides essential structural, biochemical and biomechanical 

support to cells [49,50]. The ECM also plays a key role in general cell activities including 

adhesion, proliferation, cell-cell communication and cell death [51,52]. It is through careful 

regulation of these processes that the ECM maintains a healthy and disease-free tissue state. 

However, recently the role that the ECM plays in carcinogenesis, metastatic spread and 

resistance to therapy has become more established, especially for breast cancer [5,48,53–

56]. Various alterations in the breast ECM structure, composition and component density 

(Fig. 1.3) have been highlighted as key occurrences in tumour growth, spread and resistance 

to treatments [5,48,53–56]. Collagen is the major component of the breast ECM and thus 

naturally plays a key role in the development and spread of cancer [48,57,58]. 
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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 migration 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. Adapted/modified from 

Insua-Rodrígueza and Oskarsson, (2016) [48]. 
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1.3.1 Collagen: general role, structure and function 

 

There are 28 different collagen types (Type I through XXVIII) – the most common and 

abundant being types I, II, III, IV and V [59]. Collagens are classified according to their 

structure, which include; classical fibrillar and network-forming collagens, fibril-associated 

collagens with interrupted triple helices (FACITs), membrane-associated collagens with 

interrupted triple helices, and multiple triple-helix domains and interruptions 

(MULTIPLEXINs) [60,61]. Collagen is unique from many other proteins due to its 

incorporation of modified amino acids hydroxyproline and hydroxylysine, which help 

promote the structural arrangement of collagen [62–65]. Collagens are composed of three 

polypeptide strands known as alpha (α) chains/peptides, which twist together to form a triple 

helix structure [61] – 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 composed of three identical α chains, forming homotrimers or composed of different 

α chains, forming heterotrimers [66]. All collagens share a repeating amino acid sequence 

of glycine-X-Y (where X and Y are other amino acids though frequently proline and 

hydroxyproline), and these repeating glycines at every third residue drive the formation of 

the triple helix collagen structure [59–61].  

 

Formation of the complete collagen molecule is outlined in Fig. 1.4. The process begins 

when three single procollagen chains interact with one another to form the tightly coiled 

triple helix procollagen trimer. This procollagen trimer is processed that includes the 

removal of N & C-propeptide tails resulting in the completed collagen molecule. Collagen 

molecules interact with one another to form fibrils and these fibrils then further organise 

with other fibrils to form collagen fibres [60,67]. Depending on tissue type, collagen fibrils 
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can organise and associate with one another in a varied manner to dictate specific tissue 

functions and properties [68]. Denaturation of collagen (via thermal treatment) causes the 

unwinding of the triple helix structure, resulting in the formation of gelatin [69]. 

 

 

 

 

Figure 1.4: Overview of collagen molecule synthesis. Figure from Canty and Kadler (2005) [67]. 

 

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 cell-matrix interactions [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 

cascades [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 cells [71–73]. The role of integrin signalling has been observed in 

colorectal adenocarcinoma metastases where increased collagen deposition was observed to 

assist tumour growth and survival [74]. Collagen also plays a significant role in modulating 

matrix stiffness, which has been shown to modulate cell behaviour and stem cell 

differentiation [75–78]. While the role that matrix stiffness plays in cancer progression is 

still emerging, Engler et 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 

tissues in vivo. Each collagen-coated hydrogel encouraged MSC differentiation into defined 

lineages based on the stiffness of the matrix. Gels of a stiffness range of 0.1–1 kPa (brain 

mimicking) were neurogenic, gels of a stiffness range of 8–17 kPa (muscle mimicking) were 

myogenic and gels of a stiffness range of 25–40 kPa (bone mimicking) were osteogenic [75]. 

While collagen plays the aforementioned crucial roles in maintaining tissue integrity and key 

cellular processes – it is now known that changes in the collagen family within the ECM are 

important during the development and subsequent progression of breast cancer.  

 

1.3.2 Alterations of collagen within the ECM during breast cancer 

 

In breast cancer, increased deposition of collagen types I, III and V has been observed, which 

promotes tissue stiffness and is associated with increased cancer aggression and metastases 

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. Acerbi et al. (2015) found increased collagen deposition and 

fibre linearisation in the more aggressive HER2+ and TNBC tumours in comparison to both 

the less aggressive Luminal A and B subtypes [58]. The breast ECM is further stiffened 

through the action of lysyl oxidase (LOX) enzymes. These enzymes promote crosslinking 

of collagen within the ECM [80] and elevated LOX levels in breast cancer patients are 

associated with poor overall survival [4,81,82]. LOX expression has been observed to be 

significantly increased in triple negative breast cancers (advanced and aggressive disease) in 

comparison to the other subtypes [83]. Increased collagen expression and deposition are not 

the only alterations observed – the breakdown of collagen type IV is a crucial step in breast 

cancer metastasis [84]. Collagen type IV is a key component of the basement membrane [85] 

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 and MMP9 [86–89]. A further key signature of collagen alteration during 

breast cancer is the linearisation of collagen fibrils during carcinogenesis, which creates so-

called ‘highways’ that facilitate the migration of cells away from the primary tumour site 

towards the basement membrane [56,90,91]. This feature is again seen to a greater extent in 

the more aggressive HER2+ and TNBC subtypes in comparison to the luminal subtypes [58].  

 

The stiffness of the ECM is correlated to the elastic modulus of tissue–stiffer tissues 

demonstrate increased elastic moduli and therefore leads to altered mechanical and 

biomechanical responses, which often favours malignancy and cancer progression [4,78]. 

While stiffness and elastic modulus are technically two different measurements, they are 

related and typically 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 material. Within 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 is due 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 

compression, atomic force microscopy or elastography [4,92–97]. Healthy human breast 

tissue biopsies were found to have an elastic modulus ranging from ~1.00-1.83 kPa as 

determined using indentation-type atomic force microscopy (AFM). In contrast, cancerous 

breast tissue (patient IHC subtype not provided) demonstrates a large variance in stiffness 

with distinct soft regions in the tumour core of 0.3-0.75 kPa (densely populated with breast 

cancer cells) and significantly stiffer region with moduli ranging from 2-20 kPa towards the 

tumour periphery (high collagen content) [92].  

 

AFM analysis of breast ECM surrounding induced mammary tumours in an in vivo murine 

model (MMTV-PyMT mouse model, aggressive tumour resembling HER2+ subtype) 

exhibited an average elastic modulus of 1.1 kPa in normal pre-cancer ECM, increasing to 

1.3 kPa in the pre-malignant state and further rising to 1.7 kPa in the malignant state [93]. 

In two other breast cancer murine model studies (both employing unconfined compression): 

Paszek et al. (2005) found mean healthy breast tissue elastic modulus to be ~0.15-0.2 kPa, a 

mean tumoral tissue modulus of ~3-5 kPa and adjacent breast tumoural tissue to have a mean 

modulus of ~0.65-1.2 kPa (FVB-TgN (MMTV-c-myc, HER2/neu, and H-ras) – HER2+ 

subtype model) [94]; and Levental et al. (2009) found mean healthy breast tissue to have an 

elastic modulus of ~0.2 kPa, a mean tumoral tissue elastic modulus of ~1.25-1.75 kPa and 

adjacent breast tumoural tissue to have a mean elastic modulus of ~0.3-0.6 kPa (FVB-TgN 

MMTV-Neu mouse model, HER2+ subtype model) [4]. Tissue elasticity/stiffness values 
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determined using AFM or static mechanical testing (e.g., under compressive loading) can 

differ significantly to other techniques. Cancerous breast tissue mechanical properties 

measured using shear-wave elastography reported elasticity/stiffness values ≥100 kPa (all 

subtypes, Luminal A/B, HER2 enriched and Basal-like (TNBC), assessed in each study) 

[95–97]. Thus, evidence in the literature suggests that the mechanical properties 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 complexity of human breast tissue is difficult 

to replicate in simple collagen-based 3D in 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/arrangement [58] further translated into alignment of stiffness profiles with the 

various subtypes. Higher elastic modulus values were reported amongst human samples for 

more aggressive Basal-like (triple negative tumours) and HER2+ cancers, which had 

increased collagen deposition while the less aggressive Luminal A and B cancers showed 

lower elastic modulus. In stiffness distribution profiles, determined through AFM, Basal-

like and HER2+ had a large range of elastic modulus values with a greater skew towards 

values > 2 kPa, with many samples seeing elastic modulus values of 1-6 kPa. Both Luminal 

A and B tumours had a smaller distribution of elastic moduli, with the majority of samples 

in a range of 0.1-1.5 kPa [58]. Similarly, Min Chang et al. (2013), through shear wave 

elastography, found HER2+ (160.3 kPa) and TNBC (165.8 kPa) tumours to have a greater 

mean elasticity/stiffness than Luminal tumours (136.9 kPa) [96]. This potential correlation 

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

patients breast cancer subtype. 

 

Overall, the complex alterations within the ECM that occur during breast cancer 

development and progression demonstrates the increasing importance of the development 

3D culture models that more accurately reflect these processes.  

 

1.4 Emergence of 3D culture models  
 

Both 2D and 3D in 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 3D in vitro culture models plays a valuable role in cancer research, however 

there is currently no one validated, trusted model for breast cancer. As a result, 2D in vitro 

and in vivo (xenografts) culture remain popular and widely used [98]. In vitro 2D culture 

models involve the growth of cancer cell lines or dissociated primary tumour 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 have been developed 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 indefinitely – but they are clonally derived and thus homogeneous 

populations [103,104]. They do not replicate the heterogeneity displayed within tumours, an 

aspect of their morphology that makes certain cancers challenging to treat [105]. Certain 

cancer cell lines may have subtle genetic and epigenetic differences from primary 

counterparts, which may further reduce their usefulness in various in vitro experiments 

[106,107]. Furthermore, existing 2D in vitro culture methods do not adequately replicate the 
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complex tumour microenvironment. The tumour-ECM interaction is fundamental in 

directing and controlling many aspects of cancer development and progression [5,7] and is 

absent in 2D culture. The lack of the 3D matrix in 2D models results in poor cell-cell 

interaction and a lack of cell-matrix interactions. Also, there is a lack of nutrient/oxygen 

gradients in 2D culture, which is not replicative of human cancer [108]. A further 

consequence of these 2D culture models is altered/inflated drug response by cells grown in 

a monolayer [9,12,109–111]. Cells in their native 3D environment, coupled with the 

presence 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 increased resistance, occurs 

in 3D cultures compared to the same cells grown in monolayer [9,12,109–111]. Many drugs 

that show promise in 2D in vitro culture assessments are not successful in clinical trials, with 

only a small percentage (<5%) of compounds that demonstrate anticancer activity in 

preclinical development achieving licensing for use [112]. The primary advantages of 3D 

models over 2D culture are highlighted in Fig. 1.5. 
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Figure 1.5: 2D Culture comparison with 3D Scaffold Based Culture. This figure highlights some 

of the advantages of 3D culture over 2D culture. 3D culture provides the cell-matrix interaction and 

vastly superior cell-cell interactions and provides nutrient/waste gradients that are not present in 2D 

culture. Co-culture 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 progression. Ex vivo of patient cells is 

also achievable. Cells adopt a flat morphology in 2D monolayers which allows there 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 the case in vivo 

[108].  
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In vivo xenograft 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 and animals, 

slight genetic differences, differences in tumour microenvironment, non-orthotopic tumour 

development, and many xenografts are developed in immunocompromised animals meaning 

they lack the important interplay between tumours and the immune system [113]. These 

limitations contribute to the poor translation of results from preclinical animal trials to 

human trials [112,114]. An example of such is Endostatin, an angiogenesis inhibitor tested 

for anti-tumour actions. This drug saw largely positive results when tested in vivo in a murine 

animal model [115,116]. However, beyond the lack of drug-related toxicity, the tumour 

responses to this drug in various human cancer clinical trials were minor to non-existent 

[117–119]. Furthermore, increasing ethical consideration for animal welfare has led to calls 

to radically alter research practices, shining a light once more on the decades-old ‘Three Rs’ 

– to replace, reduce and refine our usage of animals in scientific research [120].  

 

The various issues that arise when using 2D in vitro culture models and subsequently with 

xenografts have driven the development of a plethora of 3D in vitro culture models. Such 

3D models provide the spatial context that replicates human (in vivo) cancer and the 

structural/biochemical cues that are more biologically relevant than the 2D culture 

equivalent [121,122]. Incorporating the third dimension into in vitro settings for 

cancer-based research offers many potential advantages, e.g., the provision of stroma/matrix 

and thus cell-matrix interactions; improved resemblance of cells to in vivo counterparts in 

terms of shape, cell-cell interactions, behaviours and genetic profiles; development of 

heterogenous cell populations; co-culture of multiple cell types; variable access for cells to 

nutrients/oxygen as is the case in in vivo tumours; and a more clinically representative 
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response to therapeutic agents as per solid tumours [99,121,122]. The inclusion of immune 

function to 3D models also offers significant 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 strategies [123,124]. There are limited examples of co-culture of breast cancer 

cells and immune cells to date [125–127], emphasising this type of co-culture is still in a 

nascent stage and that more research is needed to develop such complex models. Many 

platforms for 3D in vitro culture models have been developed, primarily consisting of; 

spheroids [128,129], organoids [130], decellularized tissue structures [131,132], 3D 

scaffolds [9,12] and hydrogels [10,133] 

 

1.4.1 Spheroids 

 

Spheroids are a form of scaffold/matrix-free 3D culture system consisting of cellular 

aggregates. Spheroids are an attractive platform due to low-cost of fabrication and the self-

assembly of the 3D structures leads to a simple and convenient setup. Spheroids can also be 

an attractive cost-effective option as the lack of matrix/scaffold materials (which may be 

expensive such as collagen) in scaffold-free setups reduces user costs. Among the main 

advantages of spheroids are: (1) provision of cell-cell interactions within a 3D morphology 

in vitro, (2) they allow secretion of ECM components resulting in provision of cell-matrix 

interactions, (3) they can be used for co-cultures 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 common of in vivo tumours 

[134,135]. Spheroids can be produced through a variety of techniques, which include the: 

(1) use of suspension plates/non-adherent surfaces, (2) hanging drop method, (3) use of 

microfluidics and (4) use of rotation [136,137]. Some limitations of spheroids include: (1) 
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simplified matrix recreation, (2) sensitivity to mechanical forces and (3) lack of control of 

spheroid size [134,135]. Some spheroid culture may make use of a matrix support (e.g., 

MatrigelTM) to assist in formation but also to improve the performance of the spheroid 

system through provision of improved cell to matrix interactions [138]. Applications of 

spheroids include general cell property investigations, drug screening/development and 

analysis of invasion/angiogenesis. Breast cancer spheroids developed to date have 

investigated the optimisation of spheroid formation, and their application for co-cultures and 

also drug screening [139–142].  

 

1.4.2 Organoids 

 

Similar to spheroids, organoids are 3D aggregates of cells, though specifically they are 

composed of organ-specific stem cells or progenitor cells and are of increased complexity. 

They self-assemble into 3D aggregates upon introduction to a scaffold support [143–145], 

though scaffold free organoids are also possible [146,147]. Upon stem cell differentiation 

and proliferation, they generate in vivo-like structures with good resemblance to the parent 

organ tissue in vitro [143–145]. They have been used in cancer research for disease 

modelling and drug screening and development. Advantages of organoid cultures include; 

development of complex organ-like structures that closely resemble in vivo tissue both 

histologically and genetically, development of human-derived organoids allowing for 

personalised strategies, provision of good cell-cell and cell-matrix interactions, and relative 

ease and robustness of organoid development and maintenance. Some limitations include 

reproducibility concerns and high levels 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 tumour-stroma 
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interactions remain limited [148–150]. Many breast cancer organoids have been developed 

to date and been used to investigate breast cancer morphology, cell behaviours and drug 

discovery and testing [148,151–156].  

 

1.4.3 Decellularized tissue structures 

 

Decellularized 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 components [157,158]. Decellularization treatments may be achieved using 

physical, chemical or biological processes [158–161], which leaves behind the bare 3D 

tissue or ECM framework that serves as a scaffold for culture. As the decellularized scaffold 

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 materials [157,158,162]. The 

decellularized structures 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 processes [51,158]. Advantages of decellularized 

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 of decellularization techniques with many cost friendly options and (4) retention of 

high bioactivity of the native tissue [157,158]. Disadvantages of the use of decellularized 

scaffolds include: (1) difficult to scale up production compared to lab-developed scaffolds, 

(2) potential risk of immunogenicity, (3) small remnants of DNA remaining in decellularised 

scaffold and (4) large variation in ECM source owing to the high heterogeneity of cancers 

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

expression patterns [132,163–165]. 

 

1.4.4 3D scaffolds and hydrogels 

 

Scaffolds and hydrogels both provide 3D matrices to assist cell attachment and growth. 

Many different materials have been used to develop scaffolds and hydrogels for 3D in vitro 

culture models, generally categorised into naturally derived and synthetic polymers. 

Naturally derived biomaterials include collagen [8,12,166], fibroin [167,168], alginate [169–

171] and hyaluronic acid [133,172,173]. 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 scaffold/hydrogel material [174–

176]. Synthetic polymers used to develop these structures include polyethylene glycol 

[177,178], poly(lactide-co-glycolide) [179,180] or poly(ε-caprolactone) [181,182]. While 

the successful culture of cancer cells/tumours has occurred with synthetic models [177–

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 between in vitro models and the in vivo 

environment, thus, many researchers believe the scaffolds/hydrogels should contain 

biological components. For hydrogels, while variation in fabrication parameters exist, such 

as component concentration, gelation temperature or pH, the general technique is consistent. 

The hydrogel material is solubilised and gelated into 3D gels of high-water content 

[184,185]. For scaffolds, different fabrication techniques can be used, which freeze-drying, 

electrospinning and 3D printing [186–188]. These techniques result in 3D structures that 

may resemble open-cell 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 widely used in multiple fields including tissue engineering, regenerative 

medicine and cancer research [134,189–191]. Unlike spheroids, scaffolds or hydrogels can 

provide a more complex ECM-like environment for cell growth. Other advantages of 

scaffolds and hydrogels include: (1) suitability for long-term culture, (2) good 

reproducibility and (3) ease of modification/fabrication [135,192,193]. Some disadvantages 

include: (1) mechanical weakness of natural matrices without modification, (2) 

biocompatibility issues of 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 difficult due to cells remaining trapped 

with the 3D structures [135,192,193]. Scaffolds/hydrogels are frequently used in 3D breast 

cancer research with applications including general cell growth and proliferation 

assessments, transcriptional and translational research, disease progression and metastasis 

investigations and drug testing [8,186,194–197].  

 

As this thesis involves the use of adherence-based collagen scaffolds, the remainder of this 

chapter will focus on matrix/adherent based systems including 3D scaffolds and hydrogels. 

The use of collagen in the fabrication of 3D culture models will be the primary focus due to 

collagen being the primary scaffold component used within this thesis. 

 

1.5 Collagen-based breast cancer models 
 

Biologically, collagen-based in vitro scaffolds are excellent examples of biocompatible 

platforms suitable for use in cell culture. In recognition of this fact, there has been a growing 

interest in the use of collagen-based scaffolds to study a range of cancer types, including 
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breast cancer [8,10,186,188,197,198]. Initial research using collagen-based 3D in vitro 

culture models carried out by Yang et al. (1979), focused on the use of simplistic collagen 

hydrogels composed of rat tail collagen fibres solubilised in acetic acid [199]. This study 

demonstrated that dissociated primary mouse breast cancer cells could be successfully 

maintained over an 8-week period on a 3D in vitro collagen hydrogel. The culture model 

was further validated by transplanting outgrowths from the 3D gels into a murine model 

where the development of mammary adenocarcinomas, displaying histological similarity to 

the original tumour from which the primary cells were dissociated from, was observed [199]. 

Similar success in the growth of mammary tumour cells on collagen hydrogels was reported 

during a similar time frame (1980-1995) [200–202]. While the success of these early 

collagen-based 3D in vitro models represented an important step forward in breast cancer 

research, these collagen hydrogels have limited ability to adequately replicate the breast 

cancer ECM. Recent advances in biofabrication techniques have allowed greater control 

over scaffold microarchitecture providing new opportunities for the development of 

biomimetic 3D breast cancer scaffolds.  

 

Several techniques (summarised in Table 1.2) are available for fabrication of 3D collagen 

structures. The most widely used include freeze-drying (lyophilisation), hydrogel synthesis, 

electrospinning and 3D printing – all of which produce 3D adherence-based scaffolds or 

hydrogels. The collagen-based scaffolds fabricated in this research thesis were produced 

using a freeze-drying procedure.  
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1.5.1 Hydrogels 

Hydrogels are a versatile biomaterial system with a large range of applications spanning 

drug delivery, wound repair, tissue engineering and, to a lesser extent, cancer culture. 

Hydrogels are 3D water-swollen gels consisting of hydrophilic polymers that interact with 

one another through random interactions (i.e., hydrogen bonding) or enforced crosslinks 

[184,185]. The physical characteristics of gelated hydrogels typically differ from that of 

scaffolds fabricated using other techniques such as freeze-drying, 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 fabrication of hydrogels exhibiting 

different properties, which vary in degree of polymerisation, mechanical properties, 

architecture and biodegradability [184,185,189,203]. The architecture of collagen-based 

hydrogels can be controlled through manipulation of the ionic strength, pH and temperature 

during gel polymerisation [204,205], although it is more difficult to control these parameters 

during hydrogel synthesis in comparison to other scaffold fabrication techniques. Increasing 

collagen concentration (i.e., the gels ionic strength) results in increased fibre density, 

reduced pore size but has no effect on fibre diameter [205]. Increasing temperature and the 

pH value accelerates polymerisation (i.e., the chemical joining of monomers to form 

chain-like 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 hydrogel [204,205]. Besides control of the 

architecture, the mechanical properties of collagen-based hydrogels are also of key interest. 
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Lee et al. (2019) demonstrated collagen hydrogel compressive moduli values of 1.5–8 kPa 

[206], demonstrating a wide range of mechanical properties achievable 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 reagents/methods including 

common chemical methods such as 1-ethyl-3-3-dimethyl aminopropyl carbodiimide 

(EDAC) and glutaraldehyde (GTA) crosslinking [207–209]. Chemical methods can offer a 

significant increase in scaffold mechanical properties, though such methods may cause 

cytotoxicity. EDAC is generally well tolerated [210–212] 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, cytotoxicity and poor cell 

proliferation has been observed [211,213]. GTA is incorporated into the final scaffold as a 

result of its crosslinking mechanism and poses a greater cytotoxicity concern as there is the 

potential for the GTA to leach out of the scaffold and contaminate the culture media 

[174,210,214]–though again this may be heavily influenced by GTA concentration and can 

be avoided. 

 

MatrigelTM is a commercially available hydrogel that comprises different ECM components 

including collagen type IV [215]. It has been widely used in cancer research as a versatile 

platform for the 3D in vitro culture of cells [216–218]. While easy to use, batch-to-batch 

variation can negatively impact research due to differences in hydrogel components and 

concentrations. As a result, many researchers may prefer to fabricate their hydrogel systems 

using defined concentrations. Use of collagen-based hydrogels for breast cancer cell growth 

is common, including growth of MDA-MB-231 (basal-like, triple negative) breast cancer 

cells on type 1 collagen gels [10,188,197] and culture of MCF7 (luminal A type) breast 
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cancer cells also on a type 1 collagen gel [219]. Good cell proliferation and viability have 

been reported for the above examples, demonstrating the use of hydrogels as a viable 

platform for applications in cancer research. 

 

1.5.2 Freeze-drying 

 

Freeze-drying, or lyophilisation, is a dehydration technique, whereby a solution is frozen 

before undergoing a drying process under vacuum leading to sublimation of formed ice 

crystals, resulting in the formation of a dry, interconnected, well-defined porous 

microstructure that can be tailored for specific applications (Fig. 1.6B). This contrasts with 

electrospun or hydrogel-based scaffolds that have a less defined pore shape. One advantage 

of fabricating collagen-based scaffolds using the freeze-drying technique is the relative ease 

that the architecture and mechanical properties can be controlled to more closely replicate 

the native in 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 freezing temperature results in reduced ice crystal size, and 

therefore a scaffold exhibiting a smaller pore size [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 and size [221]. The porosity 

(i.e., the empty space or void fraction of the internal scaffold) of collagen 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 shown to influence scaffold 
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pore size and porosity–increasing collagen concentration from 0.5% to 1% (wt/v) increased 

pore size and reduced scaffold porosity [223]. 

 

Mould design also plays a key role in determining the final properties of the resultant freeze-

dried scaffold. O’Brien et al. (2004) report that 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 (12.4×12.4 cm) [221]. 

Further alterations in mould design in terms of material-type and use of secondary mould 

features, have enabled control of pore alignment, resulting in the development of 

multidirectional porous collagen-based scaffolds. Isotropic or anisotropic structures have 

been fabricated by tailoring mould design [8,224]. Isotropic scaffolds have pores of a random 

arrangement (independent of direction) while anisotropic scaffolds are direction dependant 

and pores are aligned along one axis. Campbell et al. (2017) used 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 collagen slurries 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 during breast cancer development, where collagen fibrils frequently 

linearise [56,90,91]. 

 

Freeze-dried collagen-based scaffolds typically have weak mechanical properties (e.g., 

elastic modulus), i.e., ~0.3-0.5 kPa [172,222,223]. Therefore, like with hydrogels, a critical 

step in the fabrication of freeze-dried collagen-based 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 of physical methods such as dehydrothermal treatment 

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

elicit no cytotoxic effects. However, chemical methods are considered more robust and offer 

a larger improvement in scaffold mechanical properties compared to physical methods [213]. 

Apart from crosslinking techniques, varying the collagen concentration [223] and co-

polymerisation of collagen with other materials [172] can also influence the scaffold 

mechanical properties. Scaffolds produced via freeze-drying 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 

aforementioned scaffolds, 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 alignment and ease 

of modification of mechanical properties make freeze-dried 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 

 

 [10,173,294–296] 

 

- Ease of fabrication. 

- Good proliferation and 

viability achieved. 

- MatrigelTM is widely studied 

and frequently used in cancer 

research thus many guides for 

use available. 

 

- Reduced porosity compared 

to other models. Can result in 

poorer cell and nutrient 

distribution.  

- More difficult to control 

architecture thus less 

reproducibility of exact 

desired architectures. 

- Weak mechanically prior to 

crosslinking 

 

 

Freeze Drying 

 

 

[90,172,186,198,213,

223,297] 

 

 

 

- Good control over scaffold 

architecture through variation 

in process parameters. Can 

produce large range of pore 

size and orientation. 

- High porosity levels.  

- Inexpensive. 

- Good proliferation and 

viability achieved. 

 

- Can be batch to batch 

variation in final scaffold 

architecture due to challenges 

in controlling the freezing 

process 

- Weak mechanically prior to 

crosslinking 

 

 

 

 

 

Electrospinning 

 

 [11,262–267] 

 

 

- Production of fibrous 

network that closely resemble 

native collagen fibres. 

- Large range of fibre 

size/diameter/pattern 

achievable 

- Good proliferation and 

viability achieved. 

 

 

- Use of harmful solvents 

required for the fabrication of 

collagen scaffolds 

- Solvents expensive 

-Weak mechanically prior to 

crosslinking 

 

3D printing 

 

 [187,282–284] 

- 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. 

-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 
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Figure 1.6: Comparison of microarchitecture achieved by the four fabrication methods 

discussed. (A) Collagen hydrogel (adapted from Achilli et al. (2010)) [205] (B) Freeze-dried 

collagen scaffold (adapted from Offeddu et al. (2015)) [230] (C) Collagen electrospun scaffold 

(adapted from Simpson et al. (2011)) [231] (D) 3D printed collagen scaffold (adapted from Lode 

et al. (2016)) [187].  
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1.5.3 Electrospinning 

 

The electrospinning process makes use of electrical forces (positively 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 (Fig. 1.6C), which makes them an 

attractive platform for cancer cell growth and adhesion [232–235]. The electrospinning 

technique is fast, efficient, relatively inexpensive and versatile, producing fibres ranging 

from micrometres [236] to sub-100 nanometres [237] in diameter. Significant advancements 

in electrospinning technology and knowledge have allowed for controlled fibre architecture 

in terms of fibre diameter and alignment. Increasing polymer concentration/viscosity [238–

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 sphere-like defects along fibres) [239,242,243]. Solution conductivity 

also promotes the production of uniform fibres, with increased conductivity equating to 

smoother fibres and lower rates of beading [239,242,244]. Reducing the polymer flow rate 

can also decrease the fibre diameter [239] and increasing the flow rate 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 altered through 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 scaffold [247]. 

The inclusion of water-soluble fibres that are sacrificial can increase pore size–these fibres 

are dispersed homogenously within the main electrospun material and their controlled 

‘sacrifice’ results in the formation of larger pores and a higher porosity [248,249]. High 

porosity is essential 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 networks. Porous 

fibres have also been developed which further increase surface area due to the presence of 

pores within the fibres themselves [252,253]. Zhang et al. (2006) achieved their porous 

fibres through leaching of the water soluble constituent of gelatin from poly(ε-

caprolactone)/gelatin composite fibres [252]. Kalra and Tran (2013) created porous fibres 

through high temperature degradation of a sulfonated tetrafluoroethylene based 

fluoropolymer-copolymer (known commercially as Nafion during carbonization of a 

polyacrylonitrile/Nafion composite scaffold [253]. During conventional electrospinning 

techniques, collection plates are typically flat surfaces, and due to the ‘whipping’ action of 

the charged polymer, the solution collects in a random non-woven pattern. Rotating drum 

collecting plates have also been used to generate aligned fibres [254–256]. 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 developed to produce more complex 

electrospun networks, such as multilayer scaffolds or scaffolds with loaded/conjugated 

compounds (e.g., chemotherapeutic conjugation or genetic cargo) [258–261].  

 

Collagen-based scaffolds fabricated using electrospinning have been well documented 

[11,262–268]. Typical solvents used during electrospinning of collagen-based scaffolds 

include 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) [264,267] and trifluoroethanol (TFE) 

[262,263]–though nanofibrous collagen-based scaffolds have been spun using a more benign 

water/salt/alcohol solvent system [266]. Fibre diameter in these collagen-based scaffolds 

ranged from 100-900 nm, with differences achieved through changing the specific 

electrospinning parameters. Similar to scaffolds fabricated using the freeze-drying technique 

and hydrogel synthesis, crosslinking agents (e.g., EDAC and GTA) can be used to increase 

https://en.wikipedia.org/wiki/Tetrafluoroethylene
https://en.wikipedia.org/wiki/Fluoropolymer
https://en.wikipedia.org/wiki/Copolymer
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the mechanical properties of electrospun scaffolds [11,263–267]. Excellent cell proliferation 

and viability have been observed in many collagen-based 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 one study, MDA-MB-231 breast cancer cells were cultured on 

an electrospun scaffold composed of a 1:1 ratio of collagen type 1 and PCL with varied 

weight/volumes of 5–15%. Fibre diameters ranged from ~400 nm to 2.25 µm, concentration 

dependent. Breast cancer cells showed sustained viability and successful proliferation on the 

electrospun scaffolds. However, the dense fibre network of the structure significantly 

impacted cell infiltration, resulting in few cells infiltrating to the centre of the scaffold [250].  

 

To date, the use of electrospun collagen for breast cancer is rare, collagen has been more 

frequently used as a coating to non-collagenous electrospun fibres, in attempts to improve 

the biological relevance of the fibres while bypassing the difficulties of using collagen in 

electrospinning [175,270]. MCF7 and MDA-MB-231 breast cancer cells were successfully 

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 in vivo like morphology within the fibre scaffold with an increase 

in expression of cancer stem cell markers and in addition markers of epithelial-mesenchymal 

transition markers [270]. Gelatin (type B) fibres similarly were coated with collagen (type 1) 

to improve biomimicry, resulting in uniform fibres of 440 ± 86 nm in diameter. MCF7 cells 

displayed successful attachment and proliferation on the fibre network [175]. Electrospun 

scaffolds composed of synthetic biomaterials have been used at a greater frequency for breast 

cancer culture [271–274]. Nevertheless, electrospun collagen remains an attractive option 

due to the high level of user control over fibre architecture, rapid production process and the 
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fibrous collagen network achieved has greater resemblance to the fibrous collagenous 

network of the ECM than the open-cell foam like structures produced by freeze-drying. 

 

1.5.4 3D printing 

 

Since its development in the 1980s, significant advancements in 3D printing technology have 

resulted in its application in the fields of tissue engineering, regenerative medicine and 

cancer research [275–277]. 3D printing of biological-based materials has now become a 

reality and allows for the creation of complex biocompatible 3D structures. Many different 

techniques are available for the 3D printing of scaffolds, including; droplet-based, 

extrusion-based, inkjet, micro-valve, laser-induced and stereolithography bioprinting 

[277,278]. Careful control of the design and architecture of the scaffold using available tissue 

imaging techniques and computer-aided 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 control of the physical, mechanical and signal 

transduction properties of the resultant 3D printed scaffolds [50,279]. This high level of 

control may offer a significant advancement in accurately modelling the breast cancer 

ECM/tumour microenvironment in vitro.  

 

Collagen has proven to be a versatile material for bioprinting and has been used in many 

different 3D printing techniques [187,280–283]. Such collagen-based scaffolds have the 

classic printed layered lattice appearance, structure and alignment. The struts/fibres of the 

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

facilitates cellular attachment and infiltration, while macropores are located between the 



40 

layered fibres (Fig. 1.6D). 3D printing using collagen poses challenges due to the low 

viscosity of collagen solutions and their inability to solubilise. Therefore, higher viscosity 

collagen-based solutions have been developed to overcome these issues. Nocera et al. (2018) 

used a highly viscous collagen solution (60 mg/mL collagen in phosphate buffered saline 

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

3D printing [284]. The 3D printed scaffold exhibited a porous (≥90% porosity) structure 

with pores ranging in size from 50-500 µm, and cell viability ≥70% using both the 

fibroblastic NIH3T3 and epithelial Vero cell lines [284].  

 

Collagen scaffolds exhibiting highly porous (≥95%) structures with pore sizes ranging from 

~10-300 µm have been fabricated using a combination of 3D printing and freeze-drying. The 

addition of freeze-drying to the printing process offered scaffold stabilisation and allowed 

for the development of more complex structures [187,283]. A literature search revealed a 

low number of collagen-based printed scaffolds with applications in breast cancer research, 

with preference for non-collagenous inks. Nerger et al. (2019) successfully printed collagen 

(acid-solubilized bovine type I collagen) – MatrigelTM composite inks into 3D scaffolds 

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

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

successfully cultured by seeding them on top of the scaffolds [285]. Another advantage of 

bioprinting is the potential to incorporate cells within collagen solutions to create “bioinks” 

that allow cells to be seeded within the scaffold during the printing process [278]. This 

presents a distinct advantage as cells can be dispersed throughout a 3D scaffold during 

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

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

incorporating them within a bioink prior to printing [285]. Both MCF7 and MDA-MB-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 were of high viability and evenly distributed throughout the printed shapes 

[286]. MCF7 and MDA-MB-468 (basal-like, triple negative) were printed within 3D 

collagen gels (rat tail collagen), resulting in the formation of tumouroids with high ki67 

positivity through a 3-week duration. In addition, either of the cell lines were co-cultured 

with the MCF12A cell line (non-tumourigenic breast cells) resulting in successful printing 

of mammary organoids [287]. Elsewhere, collagen-based bioinks containing cells such as 

fibroblasts [288,289], MSC cells [290], osteoblasts [280,291] and hepatocytes [289] have 

been well documented and have demonstrated good/excellent cell viability and proliferation 

– highlighting the overall promise of bioinks, and the application across multiple cell types 

opens up potential for multicellular printed constructs which more accurately represents the 

tumour microenvironment. As with other collagen-based in vitro scaffolds, different 

crosslinking options are available to increase the mechanical properties of 3D printed 

collagen-based scaffolds including EDAC [187,283], genipin [280] and tannic acid 

[292,293]. Notwithstanding the fact that 3D printing has been minimally used in the 

development of collagen-based 3D models for breast cancer [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: collagen-based models in breast cancer 

research 
 

Collagen-based platforms have been utilised in a range of in 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 studies, but 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, metastasis and the interplay between matrix stiffness and a 

variety of cell properties.  

 

Several studies have focused on the validation of collagen-based 3D in vitro culture scaffolds 

with general confirmation of breast cancer cell growth and assessment of cell behaviour 

within the 3D platforms. The MCF7 breast cancer cell line was successfully grown in a 3D 

collagen scaffold fabricated using a freeze-drying technique [194]. Cells in this 3D in vitro 

scaffold displayed similar proliferation rates to 2D cultures during the 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 cells demonstrated increased malignancy 

and an invasive phenotype compared to when grown in 2D [194]. There was also an 

increased expression of proangiogenic growth factors and MMPs within the 3D scaffolds 

[194]–expression signatures such as these are common in clinical malignant cases [86,88]. 

The increased malignant-like behaviour of the cells grown in 3D was confirmed through 

xenograft development–tumours derived from 3D cultured cells were significantly larger 

and displayed increased tumorigenicity compared to 2D culture-derived xenografts. A 
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further interesting observation was the display of stem cell-like properties and markers 

within the MCF7 population in 3D cultures compared to their 2D counterparts [194]. 

Electrospun collagen scaffolds have rarely been used for breast cancer research, despite 

frequent use elsewhere in tissue engineering. MDA-MB-231 breast cancer cells were culture 

on electrospun collagen-based scaffolds, with viable breast cancer cell growth and 

proliferation demonstrated–though poor cellular infiltration was observed as a limiting factor 

of their application [250]. To overcome this, techniques to improve infiltration and increase 

pore size of the scaffold would be required, such as altering solution concentration [240] or 

use of sacrificial fibres [248]. While this study demonstrated the potential of electrospun 

scaffolds to support breast cancer cell growth, to date electrospun scaffold-based 3D 

scaffolds have not been used in to explore breast cancer cell behaviour or in drug screening 

studies.  

 

1.6.1 Breast cancer and bone metastases  

 

Bone is the most common site of metastasis in breast cancer for all subtypes–though 

progression to bone metastasis from initial breast cancer diagnosis is faster in the more 

aggressive HER2+ and TNBC subtypes [298,299]. Once breast cancer has spread to the 

bone, it is considered incurable [300]–thus greater attention is urgently needed to develop 

new approaches to increase survival and eventually to discover potential cures. 3D in vitro 

scaffolds provide a useful tool for the investigation of metastasis. James-Bhasin et al. (2018) 

developed a 3D in vitro co-culture consisting of osteolytic breast cancer MDA-MB-231 cells 

and pre-osteoblast MC3T3-E1 cells within a dense collagen hydrogel (rat tail collagen type 1 

solubilised in acetic acid) to investigate the interaction between triple negative breast cancer 

cells and osteoblasts, [188]. They reported that the co-culture of the MDA-MB-231 and 
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MC3T3-E1 cells resulted in an impairment of the differentiation of MC3T3-E1 cells to 

osteoblasts and subsequently a reduction of osteoblast-mediated mineralisation [188]. A 

similar effect was observed on exposure of MC3T3-E1 cells to MDA-MB-231 conditioned 

media. The suppression of osteoblast activity by breast cancer cells in 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 collagen-glycosaminoglycan freeze-dried 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 cancers [195]. The cells were 

capable of osteomimicry and showed enhanced mineralisation properties, further 

highlighting the potential of 3D in vitro collagen-based scaffolds in the study of breast cancer 

cells and their high rate of bone metastases [195]. A further study focusing on the interplay 

between breast cancer cells and bone cells used a 3D collagen scaffold to increase 

understanding in breast cancer cell dormancy and eventual metastasis [196]. A range of 

breast cancer cell lines (8 cell lines total – SUM159, SUM149, MDA-MB-231, MDA-MB-

435, BT474, MCF7, T47D and ZR75-1 cells) and bone marrow cells were successfully 

grown in co-culture on the scaffolds. Significant findings from this study were the 

development of supportive and inhibitory niches to breast cancer cell proliferation by 

varying the co-cultures on 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 

dormancy. The ability to model dormancy in vitro may lead to eventual biomarker discovery 

concerning dormant disseminated cells that may cause metastasis upon proliferation at 

distant sites [196]–discovering these biomarkers and assessing patients for them may offer 

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

 

A signature of breast cancer development and increased invasiveness is the linearisation of 

collagen fibres, creating ‘highways’ for cells to migrate along away from the primary tumour 

[57,90]. This linearisation is seen increasingly in aggressive cancer subtypes including 

HER2+ and TNBC tumours [58] thus is an important point of investigation. In an attempt to 

investigate the development of a new migration/invasive potential assay, Campbell et al. 

(2017) [8] developed 3D collagen-based scaffolds demonstrating both direction aligned 

(anisotropic) and non-directional random (isotropic) pore architectures [8]. In this study a 

freeze-dried collagen scaffold (bovine Achilles tendon derived collagen type 1 solubilised 

in acetic acid) was fabricated with axially aligned pores as it was hypothesised that such 

scaffolds could better mimic the in vivo linearised collagen fibres. Pores within this scaffold 

were ~100 μm in size. Data from this study showed that the anisotropic scaffold significantly 

increased the migration and invasion capacity of invasive breast cell line MDA-MB-231 

when compared to the isotropic scaffold equivalent. High numbers of MDA-MB-231 cells 

migrated through the full depth of the collagen-based scaffold, whereas non-invasive MCF7 

cells travelled a significantly lower migration distance through the scaffold [8]. The 

anisotropic scaffold developed by Campbell et 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 fragments [229].  

 

Adipocytes are a prevalent cell group within mammary tissues and are reported to play a role 

in breast cancer invasion [301,302]. 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 tumour cell migration into the scaffold, both in terms of distance and 

number [229]. Such results further emphasise the potential of collagen in vitro models for 

drug development and discovery within cancer research. Furthermore, the successful culture 

of xenograft tumour fragments showed the potential in application of these models for ex 

vivo culture of patient tumour fragments. This could facilitate advancements of personalised 

treatment strategies through investigation of tumour properties and response to therapies on 

a patient-by-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 MDA-MB-231 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 than hydrogel elastic modulus [197]. 

 

1.6.3 Scaffold mechanical properties and breast cancer interplay 

 

Stiffness of the ECM is a key prognostic feature of breast cancers and collagen plays a key 

role in this matrix stiffening [48,54,55,79]. While it is generally accepted that stiffness plays 

a role in progression and spread of breast cancer, the exact mechanisms of the influence of 

stiffness remain poorly understood. Barcus et al. (2014) sought to understand the role of 

matrix stiffness on prolactin signalling in breast cancer cells [219]. Prolactin levels are 

associated with breast cancer progression [303–305] 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 collagen gels (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 to prolactin induced stimulation of ERK1/2 signalling pathways in both 

cell lines (potential protumourigenic role), increased expression of MMP2 in both cell lines 

(key factor in ECM degradation and spread of breast cancer [86–89]), linearisation of 

collagen fibres within the gels cultured with T47D cells (assists metastasis and is a signature 

of poor breast cancer prognosis [56,90]) and a general increase in invasive and disorganised 

behaviour by T47D cells. Similar effects of prolactin were 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 progression [219]. Liverani 

et al. (2017) further investigated the mechanobiology of breast cancers through culture of 

two breast cancer cell lines, MCF7 (non-invasive) and MDA-MB-231 (invasive), on 

collagen scaffolds. Scaffolds consisted of a 1% (wt/v) bovine collagen (type I) suspension, 

prepared with an acetate buffer. The scaffolds were crosslinked with an 1,4-butanediol 

diglycidyl ether solution before undergoing a freeze-drying procedure, producing an 

interconnected porous structure (porosity of 87.8% and pores within a range of 150-300 µm). 

Upon culture, both cell lines formed tissue-like 3D features and maintained expected 

morphology. The more aggressive MDA-MB-231 cells caused a significant increase in 

scaffold elastic modulus with increased LOX expression–such properties resemble in vivo 

tumours generated from MDA-MB-231 cells. Upon treatment of MDA-MB-231 cells with 

LOX inhibitor β-aminopropionitrile, the cells ability to increase scaffolds elastic modulus 

was impaired [198]. Due to the correlation between increased ECM stiffness and poor patient 

prognosis [4,78], in vitro models such as the above can serve as a useful investigational tool 

for cell-ECM interactions and their influence on patient tumour behaviour.  
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1.6.4 Hypoxic environment generation and investigation 

 

Hypoxia is a key factor in breast cancer progression and metastasis risk [306,307], 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 hydrogel (type 

1 extracted from rat tail) demonstrated generation of hypoxic conditions in vitro that showed 

similarity to in vivo breast tumours. MDA-MB-231 cells were cultured on 3 mm thick 

collagen gels and generated spheroid like clusters within the gels with oxygen/nutrient 

gradients present and the development of necrotic regions was observed. Compared to 2D 

culture, there was a significant upregulation in hypoxia-inducible factor, HIF1A (hypoxia 

marker) and vascular endothelial growth factor A (VEGFA, angiogenesis marker) [10]. 

Liverani et al. (2019) also demonstrated the development of a hypoxia model with high 

mimicry to in vivo tumours using a freeze dried collagen scaffold (type 1 collagen solubilised 

in acetic acid, crosslinked with 1,4-butanediol diglycidyl eter, average porosity of 84.8%) 

[186].  

 

Through modelling the low oxygen environment typical of primary tumours, they were able 

to successfully investigate a range of hypoxia-driven cell behaviours including proliferation, 

aggressiveness, senescence and metabolic activity. Culture of MCF7 and MDA-MB-231 

breast cancer cells within the scaffolds resulted in generation of a tissue-like environment 

and ECM secretions by the cancer cells resulting in a scaffold microenvironment that closely 

corresponded with an in vivo mouse comparator. Both cell lines showed development of a 

hypoxic niche with high HIF1A expression, upregulation of glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and successful pimonidazole staining (stains for poorly 

oxygenated cells). Furthermore, LOX expression and VEGF secretion was significantly 
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higher in the 3D scaffolds when compared to monolayer 2D culture [186]. Models such as 

the above hydrogel [10] and scaffold [186] platforms that can accurately replicate in vivo 

tumour hypoxic environments provide a powerful in vitro tool for investigation into breast 

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

 

1.6.5 Scaffold use in drug 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 models [9,12,109–111]. The use of collagen 

scaffolds for drug screening or discovery for breast cancer is at a low level at present, though 

the area offers huge potential and is a key factor in 3D in vitro platforms bridging the gap 

between 2D culture and animal testing. In one study, patient tumour fragments were cultured 

on a collagen gels (type 1, rat tail, 0.3 mg/mL) for ex vivo culture validation and tamoxifen 

(Estrogen Receptor (ER)+ treatment) assessment [308]. Patient tumours maintained high 

levels of cell viability in culture and ER+ tumours showed a measured response to tamoxifen 

treatment versus untreated counterparts (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 low/- tumour fragment with no tamoxifen 

exposure). These responses/lack of responses correspond with expected tamoxifen action in 

human patients, demonstrating the useful application of collagen platforms for drug 

screening and also as an ex vivo platform [308]. MCF7 spheroids embedded and 

unembedded in collagen gels treated with anticancer compound doxorubicin displayed 

increased resistance to drug-mediated cytotoxicity in comparison to a 2D monolayer of 

MCF7 cells [141]. Reduced susceptibly to drug compounds in 3D platforms is a key 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/doxorubicin
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advantage of their use compared to 2D monolayer and allows for increased in vitro 

correlation to typical animal model/human response profiles. 

1.7 Summary 
 

The emerging use of 3D in vitro models over the last two decades for different applications 

has seen a promising shift away from the heavy reliance on 2D in vitro 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.g., freeze-drying, hydrogel synthesis, electrospinning 

and 3D printing) are currently used to produce collagen-based scaffolds. Each technique 

confers their advantages and disadvantages (Table 1.2) and depending on the end application 

and the desired architecture/final properties the most suitable method can vary. 

Collagen-based scaffolds fabricated using the freeze-drying technique or through hydrogel 

fabrication appear as the most popular methods of production, though if cancer research 

follows the same trajectory as tissue engineering and regenerative medicine, then 3D printing 

offers enormous potential and opportunity. Collagen-based scaffolds fabricated using freeze-

drying, 3D printing and electrospinning techniques offer many advantages when considering 

replicating breast cancer tissue, e.g., demonstration 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 demonstrate structures of lower 

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

 

Successful culture of breast cancer cells has been achieved using different collagen-based 

scaffolds [8,188,194–196]. High cell viability, stable proliferation over days in culture and 

formation of spheroids within these 3D in vitro culture models highlight the promise of 
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collagen-based scaffolds in understanding cancer development and progression. Building 

and expanding on research in the field to date, 3D collagen-based in vitro models may also 

facilitate the use of patient-derived tumour samples for research and drug screening 

purposes–known as ex vivo culture models. By developing such a culture model for the rapid 

ex vivo culture of patient tumour samples, it will revolutionise personalised medicine 

strategies, thereby devising treatments of best fit on a patient-by-patient basis. 

 

It must be noted that research to date on the use of collagen-based 3D culture models for 

breast cancer research has limitations. Exhaustive characterisation of scaffold-based 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 

scaffolds with tailored pore size, porosity, mechanical properties and 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 properties to more 

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 and objectives 
 

The overall goal of this research is to develop and validate a novel 3D biologically relevant 

collagen-based scaffold as a culture 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 with traditional 2D 

research. The scaffolds fabricated were used in the for the exploration of breast cancer 

phenomena, including: cell proliferation, morphology and invasive/angiogenic potential. 

Furthermore, the breast cancer model developed will be employed to explore the efficacy of 

therapeutic agents.  

 

The specific objectives of this project are: 

Objective 1: Fabrication and characterisation of collagen-based scaffolds for application as 

a breast cancer culture model. (Chapter 2) 

Objective 2: Validation of collagen-based scaffolds as suitable breast cancer culture models 

(Chapter 3). 

Objective 3: Profile the gene expression patterns of breast cancer cells cultured in collagen-

based scaffolds (Chapter 4). 

Objective 4: Assessment and validation of the collagen-based scaffolds for use as in vitro 

drug testing models (Chapter 5). 
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2.1 Introduction 
 

The ideal scaffold-based breast cancer culture model should closely match the chemical, 

structural and mechanical properties of breast cancer ECM. Thus, extensive characterisation 

of the scaffold properties is a key aspect of the biofabrication process. Current scaffold-

based breast cancer culture models reported in the literature have not undergone extensive 

characterisation and instead, a ‘seed and see’ approach was commonplace. The lack of 

tailoring of the scaffold properties can result in inadequate replication 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 research, opening the door for future works that can 

increase our knowledge on a variety of breast cancer phenomena. 

 

In the design of collagen-based scaffolds several criteria must be considered. These include 

characteristics such as the chemical, architectural, mechanical, degradative, and biological 

properties. An ideal collagen-based scaffold for use as an in vitro breast cancer model should 

demonstrate a high porosity with an interconnected structure and a suitable pore size to 

enable the infiltration of cells throughout 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 

attachment due to less scaffold surface area being available [297,309]. Considering common 

breast cancer cell lines, MCF7 cells have a reported size (diameter) of ~16-25 μm [310] and 

MDA-MB-231 cells with a mean cell diameter of 15.81 μm [311] - thus the lower limit of 

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 cells. Reported pore sizes with successful 

culture of breast cancer cells have ranged from 50-300 μm [8,186]. Large pores in excess of 

500 μm would likely have detrimental effects on the initial adhesion of breast cancer cells 

due to a significant reduction in scaffold surface area and therefore a significant reduction 

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

growth dynamics [297,309].  

 

Scaffolds for use in scaffold-based breast cancer models must demonstrate mechanical 

properties similar to the properties of native breast tissue during cancer development [92]. 

Scaffolds that do not replicate the mechanical properties of native tissue may poorly reflect 

the in vivo mechanotransduction [78]. Scaffold mechanical properties (not limited to breast 

cancer) have been observed to be crucial in driving various cellular pathways and behaviours 

including proliferation, invasion and differentiation [198,312–314] – thus it is of paramount 

concern to design scaffolds with the required mechanical properties during the fabrication 

process. Based on the reported data of human cancerous breast tissue the ideal scaffolds 

should have an elastic modulus of ~0.5-3 kPa [92,315]. There is little need to have 

excessively high moduli (e.g., greater than ~5 kPa) as values greater than this represents 

values not frequently seen in breast cancer ECM/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 stroma [92,93]. There may be no ‘one shoe fits all’ in terms of scaffold 

mechanical properties, but the ease at which collagen scaffolds can be crosslinked, 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, such as increased scaffold modulus for culture of aggressive HER2+ 

and TNBC tumours/cell lines and lower stiffnesses in Luminal tumours/cell lines [58]. 

Compressive strength (resistance to compression or crushing forces) of 3D scaffolds is of 

greater interest during cell culture applications for cancer research in comparison to tensile 

strength (resistance to elongating of pulling apart forces). Culturing cells within 3D scaffolds 

is known to result in compressive forces between the cells and the surrounding matrix and 

may potentially result in pore buckling as cells traverse through the scaffold [316,317]. 

Furthermore, cell/aggregate expansion (representative of tumour expansion in vivo) and the 

resistance provided by the surrounding scaffold generates compressive forces [318,319]. 

Li et al. (2020) recently observed that volumetric compression of 3D organoid cultures 

induced intracellular crowding which led to increased Wnt/β-Catenin signalling in their 

intestinal organoid based research [320]. Wnt/β-Catenin signalling plays a crucial role in 

many cell functions including proliferation, migration and cell fate determination but also 

has documented roles in cancer [321]. Thus, the Li et al. (2020) study emphasises the 

importance of investigating the interplay between mechanical forces and cell processes, and 

how 3D models can advance our understanding of the relationship. Freeze-dried collagen-

based 3D scaffolds of a 0.5% (weight/volume (wt/v)) composition have well profiled 

compressive moduli, exhibiting values of ~0.3-0.5 kPa (standard uniaxial compression, 

hydrated sample) [172,222,223]. Crosslinking can increase the compressive moduli values 

to a range of ~1-2 kPa, crosslinking method and crosslinker concentration dependent [213]. 

Collagen-based scaffolds should exhibit long-term stability during culture to ensure the 

maintenance of scaffold integrity over many weeks of in vitro investigations (high scaffold 

mass retention for a minimum of two weeks). Collagen-based scaffolds contain the necessary 

binding motifs (e.g., RGD motifs) to allow for cell adhesion [322], demonstrating 
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biocompatibility and suitability as a primary scaffold material. Within this study, collagen 

served of the primary component of the scaffolds investigated. Gelatin was incorporated into 

the collagen-based scaffolds in varying concentrations to enable the mechanical properties 

and micro-architecture of the scaffold to be altered. 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 collagen [69] and retains the biocompatibility and low toxicity 

of native collagen and has been widely used across a range of cell culture and tissue 

engineering applications [176,323–325]. Upon denaturation of collagen by hydrolysis, the 

collagen triple helix unwinds resulting in the formation of gelatin [69]. 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 engineering. Hyaluronic acid, or hyaluronan, 

is a glycosaminoglycan widely used in tissue engineering and wound healing. It is a 

polysaccharide composed of repeating disaccharide chains of N-acetyl-glucosamine and 

glucuronic acid. Hyaluronic acid is known for its extremely high hydrophilic nature and 

water retention [326,327]. Hyaluronic acid is 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 these key processes, it has also been shown to play an 

important role in the spread and progression of breast cancer. Hyaluronic acid is highly 

upregulated in breast cancer tissue in comparison to the healthy tissue state, and this 

overexpression correlates with poor prognosis and patient survival [328,329]. A variety of 

mechanisms in promoting cancer progression are attributed to glycosaminoglycans, a 

notable one being hyaluronic acid mediated activation of the PI3K-AKT signalling pathway 
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which promotes cell survival [327]. Thus, hyaluronic acid is an attractive third material to 

incorporate into the scaffold makeup. 

 

2.1.1 Chapter aims 

 

The overall aim of this chapter was to develop and characterise collagen-based scaffolds for 

application as a 3D breast cancer culture model. The initial focus was developing and 

optimising our selected fabrication technique of freeze drying in order to produce a range of 

collagen-based 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 degradative properties. Six scaffold compositions 

were under investigation: a collagen-only scaffold, four gelatin containing collagen-gelatin 

composite scaffolds and a final composition containing collagen, gelatin and hyaluronic 

acid.  

The specific objectives of this chapter were to: 

• Fabricate a range of the collagen-based scaffolds for use as breast cancer culture 

models using a freeze-drying technique 

• Characterise the architectural and mechanical properties of fabricated scaffolds 

• Assess the in vitro stability of the scaffolds and their swelling ability 

• Determine the effect of the incorporation of gelatin or hyaluronic acid on the scaffold 

properties  
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2.2 Materials and methods 
 

2.2.1 Solutions/reagents 

 

Phosphate Buffered Saline Solution 10X: 80 g sodium chloride (NaCl), 2 g potassium 

chloride (KCl), 14.4 g sodium phosphate dibasic dihydrate (Na2HPO4), 2.4 g potassium 

phosphate monobasic (KH2PO4) into 800 mL distilled water and adjusted to 1 L. Diluted to 

1x when needed. All mentions of PBS in the following studies were a 1x/0.01 M 

concentration. All materials from Sigma-Aldrich Chemical Co, Wicklow, Ireland. 

 

2.2.2 Collagen and collagen-gelatin slurry fabrication 

 

Collagen (Col) and collagen/gelatin (Gel) scaffolds were produced using a freeze-drying 

process. 0.5 g of fibrillar sheet type 1 bovine tendon collagen (Southern Lights Biomaterials, 

New Zealand) was added to 100 mL 0.05 M acetic acid (Sigma-Aldrich 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 to create collagen 0.5% (wt/v) & 

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

• Col 0.5% (referred to as ‘Col 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%) 

 

All slurries were stored at 4 ℃ for 48 h to aid in solubilisation of the collagen. The slurries 

were blended in a cooled reaction vessel set to 4 ℃ (to avoid denaturation of collagen fibres) 
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for 90 min at 10,000-15,000 revolutions per minute (RPM) using an overhead blender (IKA 

ULTRA-TURRAX™ T25 Basic, IKA Werke GmbH & Co. KG, Staufen, Germany). 

Slurries were degassed under vacuum for ~30 min. Prior to freeze-drying slurries were 

brought to room temperature (~20 ℃) and then poured into custom-designed moulds 

(Fig. 2.1) composed of a stainless-steel base and polytetrafluoroethylene polymer body. The 

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

diameter x height). Conditioning to 20 ℃ ensured that all slurries start at a homogenous 

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

 

 

 

Figure 2.1: Custom Designed moulds for the freeze-drying procedure. Custom designed trays 

were designed using SolidWorks. The trays had removable bases and cylindrical wells (10 mm 

diameter and 10.7 mm 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 collagen-gelatin scaffolds, an additional 

scaffold group containing collagen, gelatin and hyaluronic acid was included. The new 

scaffold was a modification of the w/Gel 0.15% composition (0.5% (wt/v) type 1 bovine 

110 mm 

110 mm 

10 mm 
3 mm 

10.7 mm 
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tendon collagen, 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 

‘Col-Gel-Hya’ composition. For this composition, 0.5 g of collagen and 0.15 g of gelatin 

were added to 90 mL 0.05 M acetic acid and 0.05 g of hyaluronic acid sodium salt was 

separately added to 10 mL of 0.05 M acetic acid. Both solutions were left at 4 ℃ for 48 h 

prior to blending. The hyaluronic acid sodium salt was fully solubilised within this period. 

The collagen/gelatin slurry was blended for 30 min at 10,000-15,000 revolutions per minute 

(RPM) using the overhead blender as per §2.2.2. The hyaluronic acid solution was added 

dropwise to the 90 mL 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 Col-Gel-Hya slurry was blended for a further 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 Freeze-drying procedure 

 

Scaffolds were fabricated using a freeze-drying procedure. Filled moulds were placed into a 

freeze-dryer (VirTis 35XL Ultra Super XL, Biopharma, Winchester, UK) with shelves pre-

cooled to 20 ℃. Preliminary studies had identified -40 ℃ as the optimal freezing for desired 

pore size. The freeze-drying cycle consisted of a series of ramps and holds through initial 

freezing stages and then the drying phase (Table 2.1). Slurries were cooled from room 

temperature (~20 ℃) to a final freezing temperature of -40 ℃ at a cooling rate of 

0.25 ℃/min-1. Scaffolds were then held at -40 ℃ for 30 min to ensure even and complete 

freezing. The scaffolds were ramped to 0 ℃ and then held at this temperature for 20 h under 

a vacuum of 27 Pa (machine unit of 200 mTorr), during which sublimation occurred. Post 

sublimation, scaffolds were return to room temperature to complete the cycle. This freeze-
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drying cycle produced scaffolds of isotropic (non-directional) architecture. Repeatability of 

scaffold production was confirmed by using K-type thermocouples (sample of thermocouple 

probe report in Appendix 1.1) to monitor the temperature 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 of freeze drying process 

 

 

 

  

Temperature 

(℃) 
Time (min) 

Ramp/Hold 

(R/H) 

Pressure - mTorr 

(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 105 ºC for 24 h under a vacuum of 5,000 Pa. 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 residual moisture and 

acetic acid from the scaffolds. Subsequently the foil packages were sealed post-DHT to 

maintain sterility. Scaffolds were stored in a desiccator at room temperature. For use in 

experiments, the top and bottom surfaces of each cylinder scaffold was carefully removed 

using a scalpel blade as these surfaces had a skin-like 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 structures with 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 scaffold mechanical properties and in vitro stability. These preliminary studies 

highlighted the relatively low mechanical properties and rapid in vitro degradation of the 

DHT treated scaffolds. Although the results correlated well with similar collagen scaffolds 

in literature, EDAC/NHS crosslinking was used in addition to DHT in order to improve 

scaffold stability and mechanical properties. Throughout this thesis, scaffolds treated only 

with DHT treatment were referred to as ‘non-crosslinked’.  
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2.2.6 EDAC/NHS crosslinking 

 

Each scaffold composition underwent a secondary chemical crosslinking using 1-Ethyl-3-

(3-Dimethlamniopropyl)-carbodiimide (EDAC) (Sigma-Aldrich Chemical Co, Wicklow, 

Ireland) coupled with catalyst, N-Hydroxysuccinimide (NHS) (Sigma-Aldrich Chemical Co, 

Wicklow, Ireland) at a molar (M) ratio of 5 M EDAC:2 M NHS. EDAC is a zero-length 

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 being incorporated into the final structure [213]. The concentration of 

EDAC used was 6 mM per gram of scaffold, calculated using Equation 1, as this amount has 

previously achieved significant increases in scaffold elastic moduli which differ minimally 

to much greater amounts of EDAC [213]. The amount (g) of NHS for a 5:2 molar ratio of 

EDAC:NHS was the calculated using Equation 2. 

 

Equation 1 – Amount (g) of EDAC required: 

𝐸𝐷𝐴𝐶(𝑔) =

 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 (𝑔)𝑥 0.006 𝑚𝑜𝑙 𝐸𝐷𝐴𝐶 𝑔 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛⁄  𝑥 191.7 𝑔 𝐸𝐷𝐴𝐶 𝑚𝑜𝑙 𝐸𝐷𝐴𝐶⁄   

 

Equation 2 – Amount (g) of NHS required: 

𝑁𝐻𝑆 (𝑔) =

 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 (𝑔) 𝑥 0.006 𝑚𝑜𝑙 𝐸𝐷𝐴𝐶 𝑔 𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛⁄  𝑥 2 𝑚𝑜𝑙 𝑁𝐻𝑆 5 𝑚𝑜𝑙 𝐸𝐷𝐴𝐶⁄   

𝑥 116 𝑔 𝑁𝐻𝑆 𝑚𝑜𝑙 𝐸𝐷𝐴𝐶⁄  

 

The above values were per one scaffold, so each figure was multiplied by ‘X’ number of 

scaffolds depending on the quantity to be crosslinked. EDAC was removed from the freezer 

prior to its usage and defrosted 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 a 50 mL tube. The required amount of distilled water 

was calculated through the simple equation: 2 mL dH2O x no. of scaffolds. The dH2O was 

added to the 50 mL tube and vortexed for 30 sec to ensure full solubilisation of EDAC/NHS. 

The EDAC/NHS solution was then sterile filtered (0.2 µm filter size, cellulose acetate). 

Scaffolds were initially hydrated in ethanol and then transferred to a fresh 24-well plate. 

Each scaffold was incubated with 2 mL of EDAC/NHS solution and then left at room 

temperature for a total of 2 h. Crosslinked scaffolds were then removed from EDAC/NHS 

wells and soaked in 70% ethanol for sterilisation for ~5-10 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 to 50 mL centrifuge tubes (labelled 

according to composition) to which ~30 mL sterile PBS was added. The tubes were then 

placed on an orbital shaker at 30 RPM for 30 min for washing. This step was repeated for a 

second time with fresh sterile PBS for an additional 30 min. Scaffolds were generally 

prepared on an as-needed basis and were used immediately for testing. In instances where 

scaffolds required short term storage (i.e., ~2 days), scaffolds were stored in sterile 1x PBS 

at 4 ºC. 

 

2.2.7 SEM analysis 

 

Scaffold architecture was analysed using scanning electron microscopy (SEM) (Mono Cl 

Evo L515). Crosslinked scaffolds were prepared for SEM by freeze-drying using the 

standard freeze-drying cycle. Before imaging, both the crosslinked and non-crosslinked 

scaffolds 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 sputter-coated with gold (Scancoat Six 

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 ensure pore structure 

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

 

2.2.8 Porosity  

 

Porosity was calculated using a gravimetric method [172], which measured the relative 

density of the scaffold (ρScaffold) in relation to the theoretical dry solid density (ρSolid). 

The volume of each scaffold was measured using a Vernier caliper and the mass was 

recorded using an analytical balance (METTLER AT261, Mettler Toledo, Belgium). 

Density was calculated by dividing the mass by the volume for each sample. Theoretical 

densities of collagen and gelatin were taken as 1.3 and 1.369 g cm-3 [330,331], and for 

sodium hyaluronate, 1.1 g cm-3 [332]. For composite scaffolds, the ratio of 

collagen:gelatin:hyaluronic acid was first determined to calculate the theoretical dry solid 

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

shows how to calculate the ratio for the composite scaffolds. 

 

Equation 3 – Porosity of scaffolds: 

Theoretical solid density (ρ𝑆𝑜𝑙𝑖𝑑) =  

(
% 𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛

100
) (𝜌𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑆𝑜𝑙𝑖𝑑) + (

% 𝐺𝑒𝑙𝑎𝑡𝑖𝑛

100
) (𝜌𝐺𝑒𝑙𝑎𝑡𝑖𝑛 𝑆𝑜𝑙𝑖𝑑)  

+ (
% 𝐻𝑦𝑎𝑙𝑢𝑟𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 

100
) (𝜌𝐻𝑦𝑎𝑙𝑢𝑟𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 𝑆𝑜𝑙𝑖𝑑) 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝜌) 𝑜𝑓 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 (𝜌𝑆𝑐𝑎𝑓𝑓𝑜𝑙𝑑) = (
𝑆𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑚𝑎𝑠𝑠

𝑆𝑐𝑎𝑓𝑓𝑜𝑙𝑑 𝑣𝑜𝑙𝑢𝑚𝑒
) 

Porosity was then calculated as per the below: 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = 100 − [ (
𝜌𝑆𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝜌𝑆𝑜𝑙𝑖𝑑
)  𝑥 100%] 
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2.2.9 Pore size 

 

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 non-crosslinked 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 was set 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 

representative 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 microns (µm). Mean 

pore sizes were calculated for each composition, alongside histograms of raw pore size 

distribution data. 

 

2.2.10 Fourier transform infra-red (FTIR) spectroscopy  

 

Attenuated total reflectance (ATR) 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 (~5 x 2 mm, diameter x height) were used for analysis on the Spectrum Two FTIR 

spectrophotometer (PerkinElmer, Beaconsfield, UK). Each spectrum for each repeat was 

combined into a single spectrum for graphing purposes. Spectra were generated for 

wavelengths of 400-4,000 cm-1 at a resolution of 4 cm-1, with four scans recorded per 

sample. The Spectrum Two FTIR spectrophotometer was fitted with a diamond universal 

ATR accessory, lithium tantalate detector and mid-infrared (MIR) source. Prior to the 



70 

sample scan, a background scan was carried out to account for any 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 non-crosslinked and n=4 for crosslinked) composition using a mechanical 

testing machine (Z2.5 Zwick/Roell, Zwick Roell Ltd., Leominster, UK). Cylindrical-shaped 

specimens of ~9 x 4.5 mm (diameter x height) were hydrated overnight at 37 ℃ in PBS prior 

to testing. Scaffolds were placed in a water bath, maintained to at 37 ℃, containing PBS 

during testing to maintain the scaffolds in a hydrated state. Testing was performed using a 

5 N 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 linear 2-5% region of the stress/strain curves 

for each scaffold. The elastic modulus was used as a representative measure of tumour 

tissue/ECM stiffness in 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 non-crosslinked scaffolds and n=3 for crosslinked) for each composition was incubated 

at 37 ℃ and 5% CO2 in 1.5 mL of Dulbecco's Modified Eagle's Medium (DMEM) high 

glucose, supplemented with 1% PenStrep (Sigma-Aldrich 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 remove the 

remaining liquid. Dried samples were weighed using an analytical balance and the weight 

loss (%) was determined (Equation 4). 

Equation 4 - Weight loss (%): 

(
𝑊0  − 𝑊1

𝑊0
)  𝑥 100% 

W0 = Initial dry weight. 

W1 = Dry weight post-incubation and freeze drying.  

 

2.2.13 Swelling ratio 

 

Scaffold swelling ratio was determined gravimetrically. As the non-crosslinked scaffolds 

were found from initial testing to have low elastic moduli and rapid in vitro degradation, the 

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 mass (W0). 

Scaffolds were then placed in a 24-well plate and 2 mL PBS was added to each scaffold. 

Plates were then incubated at 37 ℃. At selected timepoints (1 5, 24, 48, 72 & 120 h), plates 

were removed from the incubator and scaffolds were briefly blotted with filter paper to 

remove excess liquid. Scaffolds were then re-weighed to determine their swollen/wet weight 

(W1). The swelling ratio (%) was calculated using Equation 5: 

 

Equation 5 – Swelling ratio %: 

(
𝑊1  − 𝑊0

𝑊0
)  𝑥 100 

W0 = 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=3. One-way ANOVA or Two-way ANOVA was used to 

compare means of multiple groups, alongside Tukey or Bonferroni post-hoc tests. Results 

calculated and shown in graphs were the mean ± the standard deviation (SD). p-value 

≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***, ns = no significance. 
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2.3 Results 

2.3.1 Analysis of scaffold architecture 

 

Collagen and composite scaffolds of homogenous shape and size (~9 x 9 mm, diameter x 

height) were successfully and reliably fabricated using the defined freeze-drying procedure 

(Fig. 2.2). Scaffolds were bisected to a size of 9 x 4.5 mm, and the ‘skin’ like layer of smaller 

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 size. SEM imaging demonstrated the scaffolds were highly porous with 

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

 

 

 

Figure 2.2: Visualisation of collagen-based scaffolds. Cylindrical porous scaffolds (~9 mm in 

diameter and 4.5 mm in height) fabricated via a freeze-drying 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 shown in iv). 
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Figure 2.3: Transverse/longitudinal cross-sections 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 scaffolds). All scale bars represent 200 μm. 
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Figure 2.4: Transverse/longitudinal cross-sections of w/Gel 0.15%, w/Gel 0.25% and Col-Gel-

Hya 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 scaffolds). All scale bars represent 200 μm. 
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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 decreased as a function of 

increasing gelatin concentration. However, all six 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%.  

 

 

Figure 2.5: Scaffold porosity. Porosity was determined through a gravimetric technique, comparing 

relative densities to the theoretical solid density and thus determining the empty space (i.e., the 

porosity) of the scaffold. Variance was tested using one-way ANOVA with Tukey post-hoc test. 

Results shown are mean ± SD (n=20). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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Regarding pore size, the Col-Gel-Hya scaffold had the largest mean pore size in the 

transverse (T) axis at 216.2 ± 20.02 µm, while the Col 0.5% composition had the largest 

mean pore size in the longitudinal (L) cross-section at 290.42 ± 29.09 µm – although there 

was negligible true difference in pore size across the six compositions investigated (Fig. 2.6). 

The majority of pores for all compositions were within a range of 150-250 µm in the 

transverse axis and 200-350 µm 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). Pore sizes 

were larger in the longitudinal axis compared to the transverse axis (p-value ≤0.05), and this 

difference in size resulted in pores that were oval in shape. The raw distribution of pore sizes 

for each scaffold group is displayed in Fig. 2.7 and Fig. 2.8. 

 

 

Figure 2.6: Pore size analysis. Pore 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 = 3. Variance was tested using two-way ANOVA with 

Bonferroni post-hoc test. Results shown are mean ± SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = 

**, p-value ≤0.001 = ***, ns = no significance.  
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Figure 2.7: Pore size distribution data. Raw data of all measured pores are displayed above in 

histogram format, for 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. Raw data of all measured pores are displayed above in 

histogram format, for the w/Gel 0.15%, w/Gel 0.25% and Col-Gel-Hya compositions. Pores were 

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

Note (T) Transverse, (L) Longitudinal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Property Porosity (%) Pore Size (µm) 

Col 0.5% 99.53 ± 0.03 
207.2 ± 17.5 (T) 

290.4 ± 29.1 (L) 

w/Gel 0.05% 99.50 ± 0.02 
191.0 ± 9.3 (T) 

236.4 ± 19.3 (L) 

w/Gel 0.1% 99.46 ± 0.03 
199.3 ± 12.4 (T) 

274.9 ± 28.9 (L) 

w/Gel 0.15% 99.41 ± 0.03 
184.9 ± 8.53 (T) 

232.1 ± 16.80 (L) 

w/Gel 0.25% 99.33 ± 0.04 
178.2 ± 20.0 (T) 

242.3 ± 25.6 (L) 

Col-Gel-Hya 99.36 ± 0.04 
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. 2.9) for the initial five compositions. The five primary amide peaks associated 

with collagen/gelatin were observed across all compositions at the expected locations with 

no contaminant materials. The amide A (3,300 cm-1) peak assignment represents N-H 

stretching vibrations, amide B (2,940 cm-1) represents asymmetrical stretching of CH2, 

amide I (1635 cm-1) represents stretching of the carbonyl group (C=O) coupled with N-H 

bending and C-N stretching vibrations, amide II (1,550 cm-1) represents N-H bending and 

C-N stretching vibrations, and amide III (1,240 cm-1) represents N-H bending and C-N 

stretching vibrations [334–336]. Some selected hyaluronic acid peaks are labelled 1-3. 

Peak 1 at 1,607 cm-1 represents C=O (carbonyl group) stretching, peak 2 at 1,405 cm-1 

highlights COO- (carboxylic salt group) stretching while peak 3 at 1,036 cm-1 indicates 

C-O-C stretching vibration related to ester bonds [337,338]. The incorporation of hyaluronic 

acid into the collagen/gelatin scaffolds is largely undetectable with no clear shifts or changes 

to the peaks already seen in the other compositions – likely owing to the low concentration 

of hyaluronic acid added to this composition relative to both collagen and gelatin. There is 

some indication of successful hyaluronic acid incorporation within the 1,036 cm-1 region of 

the Col-Gel-Hya spectra. Here a slight increase in the peak depth and broadening of the peak 

was observed. This can result from the increase in ester linkages between carboxylic and 

hydroxyl groups of collagen and hyaluronic acid in the composite scaffold mediated by the 

crosslinking procedure [339]. 
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Figure 2.9: 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 example. Each individual spectra for each repeat were combined into a single 

spectrum for visualisation purposes. Dashed lines represent each amide peak. Separate peaks (1-3) 

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

 

The scaffolds were assessed under compressive loading to determine the elastic modulus 

(Fig. 2.10). In the non-crosslinked 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 (p-value ≤0.01). Crosslinking resulted in 

an increase in the elastic modulus for all six scaffold compositions when compared to their 

non-crosslinked equivalent counterpart (p-value ≤0.001). The w/Gel 0.1% scaffold had the 

highest elastic modulus amongst the crosslinked scaffolds with a mean modulus of 1.85 ± 

0.37 kPa (p-value ≤0.01 vs. Col 0.5%), followed by the w/Gel 0.15% scaffold with a mean 

elastic modulus of 1.56 ± 0.25 kPa. The Col 0.5% scaffold again had the 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).  
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Figure 2.10 Comparison of elastic modulus between non-crosslinked and EDAC/NHS 

crosslinked scaffolds. The elastic modulus for each scaffold, non-crosslinked and crosslinked was 

determined using unconfined compression testing in a hydrated environment. The modulus was 

determined through the slope of the line of the 2-5% linear region of the stress-strain curves. Variance 

within either group (non-crosslinked or crosslinked) was tested using one-way ANOVA with Tukey 

post-hoc test and variance between both groups was tested using two-way ANOVA with Tukey 

post-hoc test. Results shown are mean ± SD (n=6 for non-crosslinked and n=4 for EDAC/NHS 

crosslinked). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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2.3.3 Degradation and swelling properties of scaffolds 

 

For non-crosslinked scaffolds, five scaffold group displayed rapid degradation in a short 

period, with over 50% degradation seen after 24 h in all compositions and many scaffolds 

had completely degraded within 3-5 days (Fig. 2.11A). What mass remained presented as 

weak fragmented structures that were not measurable or readily removed from well plates. 

In contrast, the Col-Gel-Hya scaffolds displayed significantly lower mass loss compared to 

the other compositions (p-value ≤0.001). The EDAC/NHS crosslinking procedure reduced 

the extent of degradation for all scaffold compositions investigated (Fig. 2.11B). By Day 14, 

degradation of <15% had occurred in all scaffold groups (Table 2.3). The Col-Gel-Hya 

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, seen through the large increase in standard 

deviation. This continued until Day 14 where all of the Col-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 long-term cultures. Qualitatively, 

non-crosslinked scaffolds were difficult to handle upon hydration and lost their shape 

readily–which would lend to difficulties in scaffold preparation and processing in culture 

applications. Crosslinking greatly improved the shape retention of the scaffolds and made 

handling of specimens easier.  
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Figure 2.11: Degradation of non-crosslinked and EDAC/NHS crosslinked scaffolds in vitro. 

Degradation of both (A) non-crosslinked and (B) crosslinked scaffolds was determined 

gravimetrically after incubation at 37 ℃ and 5% CO2 in 1.5 mL of DMEM over a 2-week period. 

Variance was tested using -way ANOVA with post-hoc test. Results shown are mean ± SD (n=3). p-

value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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In swelling tests, all six compositions rapidly swelled and quickly attained equilibrium 

(Fig. 2.12). From the initial analysis point at 1 h all the way until 120 h, there was no change 

in the swelling ratio within each group. At 120 h, the Col 0.5% scaffolds had the highest 

degree of swelling at 9531.53%, significantly higher than the w/Gel 0.15%, w/Gel 0.25% 

and Col-Gel-Hya scaffolds (p-value ≤0.001). Overall, the w/Gel 0.25% group had the lowest 

swelling at 5642.48%.  



88 

 

Figure 2.12: Swelling ratio (%) 

analysis. A) Swelling ratios for 

scaffold compositions across 

five days was determined 

gravimetrically post-hydration in 

PBS. B) Scaffold swelling ratios 

observed at Day 5. Results shown 

are mean ± SD (n=6). Variance 

was tested using one-way 

ANOVA with Tukey post-hoc 

test. p-value ≤0.05 = *, p-value 

≤0.01 = **, p-value ≤0.001 = ***. 
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Table 2.3: Summary table of scaffold physical properties (crosslinked only) 

*Negative value indicates a mass gain. 

 

 

 

 

 

 

  

Property 
Elastic 

Modulus (kPa) 

Mass Loss at 

Day 14 (%) 

Swelling Ratio (%) 

at 120 h 

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 collagen-based scaffolds for 

application as a 3D breast cancer culture model. For use as a cell culture model, scaffolds 

must be fabricated with suitable pore architecture and mechanical/degradative properties 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% scaffold (i.e., the collagen-only 

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 the addition of various wt/v % 

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 porosity [176,223,340]. While this decrease was found to be statistically 

significant, the actual decrease was negligible, and all scaffolds maintained a highly porous 

architecture. The scaffold porosities match closely with collagen-based scaffolds previously 

reported in terms of composition, though these scaffolds were fabricated for applications in 

bone tissue engineering [172,222,223]. 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 nutrients [341].  

 

In addition to porosity, pore size is of crucial importance to cellular behaviour in scaffolds 

in other applications such as bone repair/regeneration [190,309]. In these instances, tailoring 

the pore size has wide ranging impacts from directing cell attachment and proliferation, 

stimulating bone formation and even in cell differentiation [309,342,343]. In terms of 

optimising collagen-based scaffolds for use as 3D breast cancer culture models, the ideal 

pore size will facilitate attachment and proliferation of breast cancer cells, allow for 

sufficient diffusion of nutrients and waste, enable provision of structural support while 

contributing to the required scaffold mechanical properties, provide sufficient pore space for 

3D cell-cell 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 successfully cultured viable and proliferating breast cancer 

[8,186,194,195], prostate cancer [9] and glioma cancer cells [166] on collagen scaffolds with 

pore sizes ranging from 50-300 μm – scaffolds fabricated achieved this target pore size range 

(Fig. 2.6). Due to the nature of using the same freeze-drying cycle across all six 

compositions, no significant changes in scaffold architecture 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 architecture occurred. Changing the freezing temperature of the freeze 

drying procedure [344] 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 detailed 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 stiffness. A scaffolds mechanical 

properties provide physical benefits in terms of scaffold stability through links between 

mechanical properties/crosslinking density and degradation rates, but also the degree of 

scaffold modulus plays a crucial role in cell activity. The elastic modulus values reported for 

the Col 0.5% scaffold, both non-crosslinked and crosslinked (~0.4 kPa for non-crosslinked 

and ~1 kPa 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 density [317,345]. The 

higher relative densities and previously discussed reduction in porosities attributes greater 

resistance to force induced pore buckling, thus higher elastic moduli were achieved. 

Qualitatively, the addition of hyaluronic acid seemed to create a more gel-like consistency, 

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 of 1-2 kPa (Fig. 2.10) correlate well with 

mechanical mapping of cancerous mammary ECM within a murine model, where a moduli 

range of 1.3–1.7 kPa was observed [93]. Stiffness of breast tissue is seen as a key driver of 

cancer progression and metastasis [4,48,54,78,346]. Therefore, the mimicking of similar 
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stiffness/modulus values within an in vitro breast cancer model is crucial. As the stiffness of 

breast cancer ECM increases with disease progression, there is a large variation in breast 

cancer tissue stiffness in humans [92] and lack of complete understanding of these breast 

cancer stiffness properties make the replication of human breast tissue more difficult in vitro. 

As mentioned previously in §2.1, scaffolds exhibiting an elastic modulus ranging from 

0.5-3 kPa are suitable to replicate human breast cancer tissue [92,93]. The replication of 

elastic modulus values seen in the aforementioned murine model of breast cancer [93] in the 

collagen-based scaffolds fabricated is promising as it demonstrates how 3D scaffolds can 

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

 

Scaffold degradation rate is a crucial factor to take into consideration for in vitro culture 

models. Suitable culture models for cancer research require stable degradation kinetics with 

minimal mass loss over multiple weeks to allow long term observations in vitro. In this study, 

the non-crosslinked scaffolds demonstrated rapid in vitro degradation with significant loss 

of mass within 24 h, with degradation patterns similar to previously reported values for 

collagen/gelatin scaffolds [347]. EDAC/NHS crosslinking resulted in a significant reduction 

in degradation rates amongst all six compositions (Fig. 2.11). At Day 14 all scaffolds had 

~90% of their mass remaining, highlighting that the addition of crosslinking resulted in 

scaffolds that are highly stable in vitro and could be used in long term experiments (2 weeks 

or more). By Day 14, a mass gain was evident within the Col-Gel-Hya scaffold composition. 

This was not an unexpected outcome due to the water-binding and highly hydrophilic 

behaviour of hyaluronic acid [348,349]. While the hyaluronic acid addition did not impact 

scaffold elastic modulus to any measurable degree, it enhanced the stabilisation of the 

scaffold under culture conditions and reduced dissolution of the construct. Combining the 

degradative properties with the initial mechanical results of the non-crosslinked 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 scaffold elastic modulus and 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 properties subsequently 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 weight (Fig. 2.12). While gelatin and hyaluronic acid are both 

hydrophilic and 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 the Col-Gel-Hya 

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]–and it is known that greater crosslink density reduces swelling 

capacity [351]. Similar results, in relation to addition of hyaluronic acid, have been reported 

elsewhere whereby Davidenko et al. (2010) observed that the addition of hyaluronic acid to 

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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2.4.1 Concluding remarks 

 

In conclusion, a protocol to enable the successful fabrication of collagen and 

collagen/gelatin/hyaluronic acid composite scaffolds using a controlled rate freeze-drying 

procedure has been developed. All six scaffold compositions investigated underwent a 

detailed characterisation in terms of their chemical, architectural, mechanical and 

degradative properties. Each of these characterisations served to assess whether the scaffold 

is a suitable platform for use in tissue culture applications. The scaffolds fabricated were 

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 increasing gelatin concentration–though the magnitude of the 

change was small. The mechanical and degradation studies highlighted low inherent 

structural integrity and poor workability for the non-crosslinked scaffolds. Upon hydration, 

these scaffolds lost their structure and degraded rapidly in 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 increases in scaffold modulus compared to the 

collagen-only scaffolds–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, with significantly reduced mass loss in vitro 

confirming all scaffold compositions were suitable for long term in vitro culture applications. 

All six scaffold groups again displayed high degrees of swelling, an important attribute for 

cell culture as it allows for optimal nutrient absorption and exchange. As a result of the 

promising improvements owing to the crosslinking procedure, the decision was made to only 

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

this chapter, for their use as a scaffold-based breast cancer culture model.  
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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 of in vivo conditions in lab-based research has led to a 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 structural characterisations 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 support the proliferation of breast cancer cells requires in vitro 

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 and proliferation.  

 

Collagen-based scaffolds have become a mainstay in the world of tissue engineering and 

bone repair [352]. In recent years there has been a surge in their use as a culture model for 

cancer research [193,353,354]. Culture of breast cancer cells 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 collagen gels [199]. 

Over the following decades research continued in the field with continuing advancements in 

the biofabrication techniques used for producing collagen-based models, offering higher 

degrees of biomimicry and replication of the breast cancer tumour microenvironment - thus 

increasing the significance of research outputs. As discussed in the literature review (§1.6), 

collagen-based scaffolds have been used in breast cancer research across a variety of 
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applications including: (1) disease modelling from initiation to 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 processes [8,10,186,188,194,195,197,198,229,355]. These studies 

demonstrate the potential that collagen-based 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 (non-collagenous) improved 

proliferation and cell biocompatibility [356–359]. Denaturation of collagen is proposed to 

expose cryptic RGD-motifs that are not accessible to cells in collagens native triple-helix 

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 under investigation. Hyaluronic acid is 

highly upregulated in breast cancer tissue, and this overexpression correlates with a poor 

disease prognosis [328,329], thus its addition served to increase the biomimicry of the 

scaffold in terms of recreating the breast cancer microenvironment. In terms of functionality 

as part of a 3D culture model, it has been observed that the addition of hyaluronic acid to 

collagen-based scaffolds resulted in an increase in cell infiltration [362], and as such the 

potential effects of its incorporation on cellular infiltration and other aspects of cell 

behaviour within the scaffold was of interest.  

 

 



102 

3.1.1 Chapter aims 

 

Within this chapter, the overall objective was to investigate the biocompatibility of the 

collagen and composite 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 investigation included: 

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 (Col 0.5%, w/Gel 0.05%, w/Gel 0.1%, w/Gel 

0.15%, w/Gel 0.25% and Col-Gel-Hya) 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: 

• Assess biocompatibility of scaffolds to ensure scaffold materials themselves or 

degradation by-products do not cause cytotoxicity towards the MCF7 cells. 

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

the scaffolds. 

• Assess cellular infiltration and general morphology of cells cultured within the 

scaffolds. 

• Investigate the potential impacts of gelatin and hyaluronic 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: 80 g NaCl, 2 g KCl, 14.4 g Na2HPO4, 2.4 g 

KH2PO4 into 800 mL distilled water and adjusted to 1 L. Diluted to 1x when needed. All 

mentions of PBS in the following studies were a 1x/0.01 M concentration.  

 

Papain digestion buffer pH 6: 0.1 M Sodium phosphate buffer, 1.1 mM (millimolar) 

ethylenediaminetetraacetic acid (EDTA), 5.5 mM L-cysteine-hydrochloric acid (HCl); 

125 μg papain enzyme per 1 mL of buffer (all materials from Sigma-Aldrich Chemical Co, 

Wicklow, Ireland). 

 

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

10 mM EDTA, 2 M NaCl (all Sigma-Aldrich Chemical Co, Wicklow, Ireland). 

 

1x TNE buffer pH 7.4: 1 mL 10x TNE into 9 mL molecular grade Water (Sigma-Aldrich 

Chemical Co, Wicklow, Ireland). 

 

2 μg/mL Hoechst working dye solution (per 12 mL); 24 μL Hoechst 1 mg/mL stock 

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

 

Cells 

MCF7 cells (ATCC #HTB-22) were kindly received from the National Institute for Cellular 

Biotechnology at DCU. MCF7 cells are a human breast adenocarcinoma ER+ cell line 

derived from a metastatic site.  

Cell line maintenance 

MCF7 cells were maintained in DMEM-high glucose media (Sigma-Aldrich Chemical Co, 

Wicklow, Ireland) supplemented with 10% foetal bovine serum (FBS) (Thermo Fisher 

Scientific, Hemel Hempstead, United Kingdom), 1% PenStrep (Sigma-Aldrich Chemical 

Co, Wicklow, Ireland) and 2 mM L-glutamine (Thermo Fisher Scientific, Hemel 

Hempstead, United Kingdom) in 75 cm2 flasks. Going forward the fully supplemented 

DMEM media will be referred to as ‘DMEM media’. Cells were cultured in a humidified 

5% CO2 incubator at 37 °C. Cells were passaged when 70-85% confluency was reached. The 

split ratio used during passaging was typically 1:3-1:6. The cell culture medium was replaced 

every 48 h. For in vitro procedures, cells were trypsinised with 0.25% Trypsin (Thermo 

Fisher Scientific, Hemel Hempstead, United Kingdom), collected via centrifugation 

(800 RPM for 5 min) and resuspended in fresh media to be used in below studies. A cell 

bank was generated by occasionally freezing down 75 cm2 flasks. Cell suspensions 

post-trypsinisation were spun down and the pellet was resuspended in DMEM media with 

10% DMSO at ~1 x 106 cells/mL. Cell suspensions were stored at -80 °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 0.25% and Col-

Gel-Hya) were EDAC/NHS crosslinked as per §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. Following sterilisation, scaffolds 

were then thoroughly washed with sterile 1x PBS. Scaffolds were then incubated overnight 

in DMEM supplemented with 50% FBS at 5% CO2 and 37°C and then placed into 24-well 

plates for the seeding procedure.  

  

3.2.4 Cytotoxicity analysis 

 

Potential cytotoxicity of the scaffolds and degradation by-products from the scaffolds 

towards MCF7 breast cancer cells was investigated in 2D. Cytotoxicity was analysed in 

accordance with the extraction method outlined in ISO 10993-5 (Part 5: Tests for in vitro 

cytotoxicity) [363], with cytotoxicity itself measured via the thiazolyl blue tetrazolium 

bromide (MTT) assay (Sigma-Aldrich Chemical Co, Wicklow, Ireland). The extract based 

method is routinely used to evaluate if biomaterial composition or degradation product is 

cytotoxic to cells [344,364–366]. Cytotoxicity testing was only performed on crosslinked 

scaffolds as non-crosslinked scaffolds were not used in cell culture studies. 1x105 MCF7 

cells per well were seeded in a 24-well plate with 1 mL of regular supplemented DMEM 

media (as per §3.2.2) and placed in an incubator (5% CO2, 37 °C) for 24 h (n=4). 

Concurrently, scaffold-derived extracts for analysis were developed following immersion of 

each of the six crosslinked scaffold compositions in supplemented DMEM media. The 

extraction ratio used was one scaffold (9 x 4.5 mm (diameter x height)) per one mL of media–

this ratio simulates the experimental use of the scaffolds during 3D culture, which conforms 
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to the ISO 10993-5 extraction ratio guidelines. The extraction process took place at 37 ℃ 

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 from the MCF7 cells and replaced with 1 mL of 

the scaffold-derived extract media of each scaffold composition. Plates were returned to the 

incubator at 37 ℃ for either 24 h or 72 h. After 24/72 h incubation, 100 μL of the extract 

media/controls was removed and replaced with 100 μL of a 5 mg/mL MTT stock (final well 

concentration of 0.5 mg/mL). Well plates were incubated for 4 h, after which the media was 

carefully removed and 500 μL of dimethyl sulfoxide (DMSO) was added to each well to 

solubilise the formazon crystals. Plates were incubated at 37 ℃ for 15-20 min to aid 

solubilisation. 100 μL of the solubilised formazan was transferred to a labelled 96-well plate 

for reading. Absorbance (Abs) was read at 540 nm (Infinite 200 PRO plate reader, TECAN, 

Switzerland). A DMSO-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 of cell viability %: 

 

(
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐴𝑏𝑠 540 𝑛𝑚

𝑀𝑒𝑎𝑛 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐴𝑏𝑠 540 𝑛𝑚
)  𝑥 100% 

 

 3.2.5 3D scaffold seeding  

 

Prior to seeding, each scaffold was prepared as outlined in §3.2.3. MCF7 cells were collected 

from 75 cm2 culture flasks via trypsin treatment and pelleted via centrifugation at 800 RPM 

for 5 min. Cell pellets were resuspended in 1-2 mL 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 calculated.  

 

 

 

Figure 3.1: Two-sided scaffold seeding procedure. MCF7 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 all the following studies was a two-sided 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 1 x 105 cells, derived from a study elsewhere 

using a similar size collagen scaffold, albeit with prostate cancer cells (which were a similar 

size to the MCF7 cells used) [9]. Each scaffold was placed in a well of a 6-well plate and 

was manually seeded (via pipette) with an aliquot of 5 x 104 MCF7 cells on both the top and 

bottom surfaces (1x105 cells total) under static conditions in a dropwise manner. Seeding of 

the initial 5x104 MCF7 cells on the top surface was followed by 30 min incubation at 37 °C 

to allow for initial attachment. Then, each scaffold was turned over carefully and the bottom 

surface was seeded with the additional 5 x 104 MCF7 cells. Each scaffold was returned to 

the incubator for a further 1.5 h (total 2 h attachment incubation). After the 2 h incubation, 

each scaffold was carefully transferred to a 24-well plate and 1.5 mL of DMEM media was 
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slowly added to the wells, and plates were returned to the incubator. For mid to long-term 

culture, the media was replaced every 48-72 h. 

 

3.2.6 3D cell viability 

 

Scaffolds were assessed for cell viability during 3D culture using the trypan blue exclusion 

method. Scaffolds were prepared for culture and seeded as per §3.2.3 and §3.2.5 (n=3). 

Post-seeding, each scaffold was placed in 1.5 mL of supplemented DMEM media and 

returned to the incubator at 37 °C / 5% CO2 for 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 traces (as serum in the media can inhibit the action of 

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

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

10 min, 0.5 mL of DMEM media was added to each scaffold to inhibit trypsin action. This 

procedure did not remove the entire cell population from the scaffold, however excessive 

trypsin treatment can cause cell lysis which would negatively influence the results. The 1 mL 

of scaffold/cell supernatant was collected and placed in a 1.5 mL microcentrifuge tube and 

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

cell pellet was resuspended in just 20 μL of DMEM media. Trypan blue viability was then 

performed. 10 μL of cells/trypan blue suspension was added to a haemocytometer and cells 

in the four corner quadrants were counted. Cell viability was determined by Equation 7.  

Equation 7 – Calculation of 3D cell viability (%): 

 

3𝐷 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  (
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠
)  𝑥 100% 
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3.2.7 alamarBlue assay: cell proliferation/biocompatibility 

 

The alamarBlue assay was used to initially assess cell proliferation/viability of MCF7 cells 

growing within the collagen scaffolds. The alamarBlue assay is based on the measurable 

reduction of resazurin to resorufin by metabolically active cells [367]. Scaffolds of 

~9 x 4.5 mm (diameter x height) were used. An initial alamarBlue cell proliferation study 

was used to assess general biocompatibility on all six scaffold compositions over a 7-day 

period. This study along with the previous cytotoxicity/viability studies were combined 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 spanned a 7-day 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 Col-Gel-Hya), alongside a 2D growth 

comparator (consisting of 1x105 MCF7 cells seeded in 2D in a 6-well 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 1x105 MCF7 cells under static conditions as per §3.2.5. 1.5 mL 

of supplemented DMEM media was added to each well and the 24-well plates 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 media and loosely attached 

cells. Following washing, each scaffold was transferred to a new 24-well plate that contained 

supplemented DMEM media with 10% alamarBlue solution (Thermo Fisher Scientific, 

Hemel Hempstead, United Kingdom). The negative control for background 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 control for 2D cultures was 10% 

alamarBlue solution with no cells. The plates were returned to the incubator for 4 h to allow 

the reduction of resazurin to occur. Following incubation, scaffolds were discarded and 

100 µL of now reduced media from each well was transferred to a 96-well 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, Männedorf, Switzerland). The reduction percentage 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 (%) reduction of alamarBlue reagent: 

 

(
(𝐸𝑜𝑥𝑖600 ×  𝐴570) – (𝐸𝑜𝑥𝑖570 ×  𝐴600)

 (𝐸𝑟𝑒𝑑570 ×  𝐶600) – (𝐸𝑟𝑒𝑑600 ×  𝐶570) 
)  𝑥 100 % 

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

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

Eoxi 570 – molar extinction coefficient of 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 reduced alamarBlue at 600 nm = 14,652 

 

3.2.8 DNA quantification 

 

DNA quantifications were completed using a Hoechst 33258 (Sigma-Aldrich 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 

440/460 nm. Each crosslinked scaffold (Col 0.5%, w/Gel 0.15%, w/Gel 0.25% and 

Col-Gel-Hya) was seeded with 1x105 MCF7 cells (two-sided 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 excess media and then transferred to an individual sterile 1.5 mL microcentrifuge tube. 

Each scaffold was digested using the cysteine protease Papain (Sigma-Aldrich Chemical Co, 

Wicklow, Ireland). Papain solubilised the scaffold and assisted with cellular lysis to release 

cellular DNA into solution. 500 μL of 125 μg/mL papain digestion buffer (§3.2.1) was added 

to each scaffold. Each microcentrifuge tube was then placed in a preheated water bath set to 

60 ℃ for 24 h under constant agitation. Post-digestion, the scaffold DNA lysates were stored 

on ice if being used immediately or at -20 ℃ for short-term storage (1-2 weeks) or -80 ℃ 

for long-term storage (+2 weeks).  

 

DNA quantities were to be determined using a calf thymus DNA (Sigma-Aldrich Chemical 

Co, Wicklow, Ireland) standard curve ranging from 0-10 μg/mL of DNA. 100 μL of digested 

scaffold DNA lysate was added to 100 μL of 2 μg/mL Hoechst 33258 working dye (§3.2.1). 

Samples and dye were mixed thoroughly and read immediately at an excitation of 340 nm 

and an emission of 460 nm using a plate reader (Wallac Victor2, PerkinElmer Life Sciences). 

Samples were diluted with 1x TNE (§3.2.1) if required to ensure they fit onto the standard 

curve. The concentration of DNA per scaffold was calculated using the standard curve 

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 change (vs. Day 1): 

 

(𝑓𝑖𝑛𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 [𝐷𝑎𝑦 1] )

(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 [𝐷𝑎𝑦 1])
 

 

3.2.9 Cell attachment efficiency 

 

The efficiency of cell attachment to the scaffolds was assessed by comparing the number of 

cells within the scaffolds after 24 h compared to the number of cells originally seeded. A 

total of 1x105 MCF7 cells were seeded on each crosslinked scaffold. Cells were seeded using 

a two-sided seeding which was used in all experiments in this thesis (as per §3.2.4). After an 

initial attachment period of 24 h, 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 completed using the papain digest/Hoechst 33258 assay (as per 

§3.2.8). Values were converted to a cell number using a MCF7 cell standard curve (cell 

number vs. fluorescence intensity) of 0-100,000 cells, cultured in 2D in a 24 well plate 

overnight prior to undergoing DNA quantification as above. Seeding efficiency (%) was then 

determined (Equation 10). 

Equation 10 - Seeding efficiency %: 

 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑎𝑡𝑡𝑎𝑐ℎ𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
 𝑥 100 % 

  

3.2.10  Cellular morphology assessment via SEM 

 

For qualitative cell morphology analysis, scaffolds were seeded 1x105 MCF7 cells as per 

§3.2.5. 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 2.5% glutaraldehyde in 1x PBS 

(pH 7.4) for 24 h at 4 ℃. After fixing, each scaffold was washed three times in 1x PBS 

(10 min per wash) and then washed twice in distilled H2O (10 min 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 submerged in 1-2 mL of hexamethyldisilazane (HMDS, 

Sigma-Aldrich Chemical Co, Wicklow, Ireland) solution for 10 min (x2) to improve drying. 

After HMDS treatment, each scaffold was then moved to a dry 24-well plate 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 sputter-coated with gold particles. SEM imaging was conducted at an accelerating 

voltage of 5 kV, as per §2.2.7. 

 

3.2.11  Cellular infiltration assessment via fluorescence imaging 

 

For qualitative cell infiltration/migration analysis, scaffolds were seeded 1x105 MCF7 cells 

as per previously described in §3.2.5. At each timepoint (Day 1 and Day 14), each scaffold 

was removed from culture and washed three times in 1x PBS to remove loosely 

attached/unattached cells and culture media remnants. Each scaffold was then fixed 

overnight in 4% formaldehyde at 4 ℃. Following fixation, each scaffold was bisected on the 

longitudinal axis (Fig. 3.2). Each scaffold half was then washed in 1x PBS (x3) before being 

submerged in a 0.5 µg/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 8-well ibidi µ-slide for imaging (ibidi GmbH, Lochhamer Schlag 11 | 82166 Gräfelfing, 
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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 large 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). 

 

 

Figure 3.2: Preparation of Scaffolds for DAPI staining and fluorescent imaging. MCF7 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 and the bottom 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 study for each composition was n=3. One-way ANOVA or 

Two-way ANOVA was used to compare means of multiple groups, alongside Tukey 

post-hoc tests. Results calculated and shown in graphs were the mean ± the standard 

deviation (SD). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***, ns = no 

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 described in ISO 10993-5 [363] was used to investigate potential toxic 

effects of scaffold components or degradation by-products in 2D culture. At 24 h, 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 difference (p-value >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 scaffold-based extracts (Fig. 3.4 A-E). 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 h, viability across all extracts remained above 70%, though 

there was a drop in viability compared to the 24 h samples, with mean viabilities across the 

six compositions now in the range of 80 – 90% (Fig. 3.3B). Though importantly, there was 

again no statistical difference between the negative control and the six scaffold compositions 

(p-value >0.05). At 72 h, microscopic evaluation observed visible over-confluency in 

multiple samples leading to cell death, which likely contributed to the decrease in cell 

viability measurements. Nonetheless, 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 by-products are non-toxic for in vitro culture applications.  
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Figure 3.3: Cytotoxicity analysis of collagen-based scaffolds. Cytotoxicity analysis of 

scaffolds was carried out through the extraction based method in ISO 10993-5. MCF7 cells 

grown in 2D monolayer were exposed to scaffold-derived extract media for (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 10993-5). Cell viability was 

determined through MTT assay. NC = negative control and PC = positive control. Variance 

was tested using one-way ANOVA with Tukey post-hoc test. Results shown are mean ± SD (n=4).  
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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 groups (A) negative control, (B) Col 0.5%, (C) w/Gel 0.15%, (D) 

w/Gel 0.25% and (E) Col-Gel-Hya) compared to the positive control (F), where large scale 

cell lysis was observed. Scale bars illustrate a size of 10 µm. 
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In addition to the 2D assessment of scaffold materials/by-products potential cytotoxicity, the 

trypan blue exclusion method was used to directly check for cell viability of cells growing 

on the scaffolds in 3D. Viabilities for all groups were >85% after 48 h of culture (Fig. 3.5), 

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 (p-value ≤0.001 comparing Day 1 and Day 14) to ~50% viability 

across the six scaffold compositions. 

 

 

 

 

Figure 3.5: 3D Cell viability assessment. Trypan 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 counting. Variance 

was tested using two-way ANOVA with Tukey post-hoc test. Results shown are mean ± SD (n=3). 

p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***.  
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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 (p-value ≤0.001). At Day 1, there was no significant difference in the reduction 

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% and Col-Gel-Hya 

scaffolds (p-value ≤0.05). In addition, the w/Gel 0.1% had a higher dye reduction than the 

w/Gel 0.25% scaffold group (p-value ≤0.05). However, by Day 7, there were no differences 

in dye reduction amongst the six groups, with mean reduction values across all six groups in 

the range of 30-40%.  
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Figure 3.6: Reduction of alamarBlue by MCF7 cells on collagen-based scaffolds. (A) All six 

scaffold compositions had a significant increase in the reduction of alamarBlue at Day 7 when 

compared to their Day 1 counterparts. (B) Shows timepoints separated into individual graphs. 

Variance was tested using two-way ANOVA with Tukey post-hoc test (A) or using one-way 

ANOVA with Tukey post-hoc test (B). Results shown are mean ± SD (n=5). p-value ≤0.05 = *, p-

value ≤0.01 = **, p-value ≤0.001 = ***. 
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All data collected from Chapter 2 and 3 was assessed to select four scaffold compositions 

out of the six groups to carry forward into subsequent biological studies within this chapter. 

There was limited to no significant differences across the physical characterisations and the 

initial cell viability studies in this chapter. Chapter 2 showed that all six scaffold groups 

demonstrated high porosity, suitable pore size and mechanical properties and stable in vitro 

degradation kinetics, with similar value ranges observed between groups. Thus, the w/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% collagen-gelatin compositions were included in further studies. It 

was no envisaged the lower concentrations of gelatin added to the scaffolds would have any 

impact in future studies. The Col 0.5% composition was included as a non-gelatin 

comparator, to ensure all future cell work would allow for the assessment of any potential 

benefit of adding the gelatin or hyaluronic acid to the collagen only scaffold. The Col-Gel-

Hya composition was included as the fourth group, to further assess the influence of 

hyaluronic acid on cell behaviour, as hyaluronic acid is a key component of the breast cancer 

ECM and plays an important role in the progression of the disease [328]. The four selected 

scaffolds were the following compositions: 

• Col 0.5% 

• w/Gel 0.15% 

• w/Gel 0.25% 

• Col-Gel-Hya 

 

The expanded 14-day alamarBlue study, including the selected four scaffold compositions 

(Col 0.5%, w/Gel 0.05%, w/Gel 0.1%, w/Gel 0.15%, w/Gel 0.25% and Col-Gel-Hya) 

alongside a 2D comparator, again showed an increase in reduction of alamarBlue as a 

function of time (Fig. 3.7). All Day 14 values showed a significant increase in reduction of 
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alamarBlue compared to Day 1 (p-value ≤0.001). Amongst the four scaffold compositions 

only, at each timepoint, there were no statistical difference in reduction levels. At Day 1, the 

2D comparator had a higher dye reduction than the Col 0.5% (p-value ≤0.001), w/Gel 0.15% 

(p-value ≤0.01) and the w/Gel 0.25% (p-value ≤0.05) scaffolds–though not the Col-Gel-Hya 

scaffold. By Day 4, the 2D cultured cells displayed higher reduction compared to all 3D 

cultures (p-value ≤0.001). However, by Day 6, cells in the 2D study were 100% confluent, 

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

media 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 with selected collagen-based scaffolds. The 

alamarBlue study was repeated to an extended 14-day period, and additionally a 2D comparator was 

included. Variance was tested using two-way ANOVA with Tukey post-hoc test. Results shown are 

mean ± SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 

 

3.3.3 Cell attachment efficiency 

 

The efficiency of initial cell attachment to the scaffolds was assessed by quantifying the 

attached cells present within the scaffolds after an initial 24 h 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 ± 16.14%, the w/Gel 0.15% with a mean attachment of 52.84 ± 9.14% and 

finally the Col-Gel-Hya 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 24 h post-seeding. 

1x105 MCF7s were seeded using a two-sided technique and using a cell number standard curve, 

percentage of cells adhered to the scaffold after 24 h was calculated. Variance was tested using 

one-way ANOVA with Tukey post-hoc test. Results shown are mean ± SD (n=5). p-value ≤0.05 = 

*, p-value ≤0.01 = **, p-value ≤0.001 = ***, ns = no significance.  
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3.3.4 DNA quantification   

 

The Hoechst-based DNA quantification showed increasing DNA amounts as a function of 

time for all scaffold compositions (Fig. 3.9). This indicates that cells are actively 

proliferating within the scaffolds. Unlike the alamarBlue assay (Fig. 3.6 and 3.7), DNA 

quantifications can directly indicate proliferating cells as DNA content can only increase if 

the number of cells increases. Discrepancies between results of metabolic based assays and 

DNA quantifications can occur, with overestimations of cell proliferation in metabolic 

assays possible [368]–thus 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 study (p-value ≤0.001 for Day 1 vs. Day 7, Day 14 and Day 21 for all four groups, 

(Fig. 3.9). In terms of raw totals, there were no differences (p-value >0.05) amongst the four 

compositions at any of the five timepoints (Fig. 3.10). By Day 21, all four compositions had 

mean DNA amounts per scaffold of 20 µg or greater. When looking at DNA quantities 

through relative changes (i.e., proliferation rates), calculated by comparing the relative 

change of DNA amounts at each timepoint relative to Day 1), there were no differences in 

the rate of change of DNA amount per scaffold amongst the four groups at any timepoint 

(Fig. 3.11). At Day 21, the relative change in quantity compared to Day 1 across all groups 

were in the range of ~55-75 fold-increases. Overall, all four compositions had similar rates 

of DNA increase across the full 4-week period.  
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Figure 3.9: Raw quantification of DNA from 3D scaffolds. Cells were seeded onto scaffolds for a 

three-week timeframe. Scaffold/Cell constructs were then digested via papain enzyme, with DNA 

quantified using the HOECHST-based fluorometric assay. (A) Col 0.5% (B) w/Gel 0.15% (C) w/Gel 

0.25% and (D) Col-Gel-Hya. Variance was tested using one-way ANOVA with Tukey post-hoc test. 

Results shown are mean ± SD (n=4). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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Figure 3.10: Raw quantification of DNA from 3D scaffolds (grouped). Cells were seeded onto 

scaffolds for a two-week timeframe. Scaffold/Cell constructs were then digested via papain enzyme, 

with DNA quantified using the HOECHST-based fluorometric assay. At 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. Variance was tested using two-way ANOVA with Tukey post-hoc test. 

Results shown are mean ± SD (n=4). 
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Figure 3.11: DNA quantity (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 

quantified using the HOECHST-based fluorometric assay. For assessing proliferation rates, the 

relative change of DNA amounts versus Day 1 (initial value) for each respective timepoint (final 

value) was calculated. Variance was tested using two-way ANOVA with Tukey post-hoc test. Results 

shown 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. 3.12 A-D). Both rounded globular cells and 

also flat elongated cells were clearly visible throughout the porous architecture. At Day 1, 

cells grew in an isolated fashion, though clusters of cells in spheroid-like formations were 

already visible at this timepoint (Fig. 3.12 E-F). The majority of cells were observed at the 

periphery surfaces–where 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 structure. Many more clusters of cells were 

seen, with some very densely populated cell structures observed (Appendix 3.1). There was 

an apparent increase in cells in the central regions of the scaffolds compared to the Day 1 

counterparts. Alongside cell proliferation and cell-cell interactions, cell-matrix interactions 

were observed through lamellipodia interaction with the collagen surfaces (Fig. 3.12 G-H). 

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

compositions at either Day 1 or Day 14.  
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Figure 3.12: SEM imaging of dehydrated cell/scaffold constructs. (A-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) Col-Gel-Hya at Day 14). (D) Cell cluster observed at Day 14 (white arrow, Col 0.5% 

scaffold). (E-F) The formation of spheroid-like cell aggregates (white arrow) was observed within 

the Col 0.5% (E) and Col-Gel-Hya (F) scaffolds, both at Day 1, indicating 3D cell-cell interactions 

in a short timeframe. (G-H) Cell-matrix interactions were observed with cell lamellipodia seen 

interacting with the collagen pore surface (white arrows) (image shows (G) w/Gel 0.15% scaffold at 

Day 14 and (H) Col-Gel-Hya 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 

– Fig. 3.17). At Day 1, across all four compositions, many cells were located near the top 

and bottom surfaces of the scaffold – the points at which cells were originally seeded. The 

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% and Col-Gel-Hya compositions. These groups 

had superior infiltration of cells towards the centre of the scaffolds. The Col-Gel-Hya 

scaffolds had the best observed distribution of cells, with an even spread of cells throughout 

the entire depth of the scaffold already at Day 1. By Day 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 compositions. The greatest 

cell numbers remained on 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 controls produced no visible DAPI 

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 scaffolds. At Day 14 the 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 represents 100 µm. White dotted lines indicate the 

scaffold edge/periphery. 
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Figure 3.14: DAPI staining of w/Gel 0.15% scaffold. At 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 the scaffolds 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 100 µm. White dotted lines indicate the scaffold edge/periphery. 
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Figure 3.15: DAPI staining of w/Gel 0.25% scaffold after seeding. At 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 higher level of cells present throughout the 

scaffolds. Scale bar represents 100 µm. White dotted lines indicate the scaffold edge/periphery. 
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Figure 3.16: DAPI staining of Col-Gel-Hya scaffold. At Day 1, imaging revealed an even 

distribution of cells throughout the scaffold. At Day 14, the scaffolds had a higher level of cells 

present throughout the scaffolds. Scale bar represents 100 µm. White dotted lines indicate the 

scaffold edge/periphery. 
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Figure 3.17: Example of DAPI stained unseeded w/Gel 0.15% scaffold. 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 represents100 µm. White dotted lines indicate the scaffold edge/periphery. 
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3.4 Discussion 
 

This chapter aimed to assess the biocompatibility of the various collagen-based scaffolds 

and their ability to support breast cancer cell attachment and proliferation. The ideal culture 

model for cancer cells would allow for initial cell attachment and subsequent sustained cell 

growth and proliferation over multiple weeks to allow for long-term analysis of cell 

behaviour within the scaffolds. Studies began using all six previously fabricated scaffolds, 

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 effect of the addition 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 towards breast cancer cells (Fig. 3.3). Cytotoxicity testing 

via ISO 10993-5 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 scaffolds [211]. Results indicate 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 acid used 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 

decrease 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 aggregates which 
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contribute to cellular death [186,369,370]. 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 occur [371]–though in the 

context of replicating the tumour environment, the provision of hypoxic/necrotic niches 

within the in vitro scaffolds mimics the generation of hypoxic/necrotic regions within breast 

cancer tumours thus improving the biological relevance of the 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, with a parallel increase in apoptotic cells and expression 

of hypoxia markers [186]. This decrease in viability is larger than observed herein. Of 

interest, Liverani et 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-invasive MCF7 cells did not show the same behaviour, and as such saw apoptosis rise 

instead of the possible escape mechanism of migrating towards the oxygen source [186]–

such a phenomenon likely contributed to a similar decrease in viability within our 3D system 

also using the lowly-invasive MCF7 cell line. The initial cell proliferation studies used the 

alamarBlue assay to assess the metabolic activity of MCF7 cells within all six scaffold 

compositions over a 7-day period (Fig. 3.6). A sustained and continually increasing 

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 the impact of gelatin or hyaluronic 

acid on cell metabolic activity was considered negligible. The 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 assessments with – the Col 0.5%, w/Gel 0.15%, w/Gel 

0.25% and Col-Gel-Hya scaffold compositions.  

 

MCF7 cells adhered readily to the scaffolds, with cell attachment efficiencies for the four 

selected scaffold compositions ranging from 40-70% (Fig. 3.8). These values compare 

favourably to reported cell attachment rates for similar collagen scaffolds, albeit not with 

cancer cells [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) chondroitin-6-sulfate) of a mean 

pore size of 190 µm (MC3T3-E1 cells, pre-osteoblastic 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) chondroitin-6-sulfate) of a mean pore size of 120 µm (MC3T3-E1 cell line) 

[213]. A high level of cell attachment is crucial as a low successful seeding density can 

impact cell growth and behaviour [372,373]. Furthermore, low attachment can impact 

experimental procedures, such as PCR analysis, due to low DNA/protein yields in the early 

days of culture. It was hypothesised that the addition of gelatin to the collagen scaffolds 

would enhance cellular attachment by increasing cell attachment sites [360,361]. 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 two-sided seeding approach. Therefore, there was no benefit of gelatin addition to the 

collagen-only scaffold base in terms of increasing cell attachment. In addition, in 

aforementioned instances of gelatin addition improving cell attachment and proliferation in 

§3.1, it must be acknowledged that the primary scaffold materials included materials such 

as chitosan [359] and alginate [356]. While both materials are considered biocompatible, 

alginate and chitosan are known for a lack of or low level of cell adhesion when 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 properties [374,375]. 

In our case, the use of collagen as the primary scaffold material, which is noted for its 

excellent biocompatibility and cell adhesion properties [322,352], may negate potential 

benefits of gelatin addition because collagen alone is sufficient to reach the maximum 

achievable level of initial cell adhesion within the collagen-based 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 scaffolds (Fig. 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 over-confluency within six days with substantial 

levels of floating dead 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. Liverani et al. (2019) 

observed similar whereby MCF7 cells cultured in 2D demonstrated a rapid increase in cell 

number from Day 1 to Day 7), significantly greater than 3D cultured MCF7 cells, before 

reaching confluency and undergoing growth arrest and ultimately apoptosis [186]. Similarly, 

MCF7 cell proliferation was significantly higher in 2D culture compared to 3D culture 

within collagen type 1 hydrogels. Cell doubling time was found to be ~96 h in 3D and 30-

36 h in 2D–a three-fold increase [376]. While the 2D cultured cells showed increased 

alamarBlue reduction in the first two timepoints compared to 3D cultures, the 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 developed herein, with the provision of a more prolonged period of continuous 

expansion of cells within the scaffolds allowing for long-term investigations without the 

need for subculture. Longer culture periods may be beneficial when looking at long-term 
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gene or protein expression patterns within 3D cell cultures or culturing cells for longer 

durations in 3D prior to drug exposure. DNA quantification assessments offer a more 

accurate method to confirm increasing cell numbers with the scaffolds compared to cell 

metabolic activity assays (due to the ability of non-dividing but metabolically active cells to 

reduce dyes involved in metabolic assays such as the alamarBlue) [368]. Overall, the study 

once again confirmed the successful attachment and proliferation of breast cancer cells on 

the scaffolds over 21 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 acid observed. Previously, it was 

observed that cell viability in 3D dropped during the 14-day culture period. However, the 

reported DNA quantifications revealed continuous expansion of cell numbers within the 

scaffolds despite the increase of apoptosis/cell death. Taking 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 need to be increased to higher levels. Also, 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 

properties would conclusively determine if these altered physical properties, with a greater 

magnitude of difference than in this research, have more complex cellular effects in terms 

of cell proliferation.  

 

A major advantage of 3D culture systems is their greater resemblance to in vivo cancer cell 

morphology and behaviour. Formation of spheroid-like aggregates within the scaffolds is a 

positive result as it highlights the superior cell-cell interactions seen in 3D in comparison to 

2D cultures (Fig. 3.12). Elsewhere, Liverani et al. (2022) observed MCF7 forming round 
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clusters upon culture within a freeze-dried collagen scaffold [355]. Spheroids have been 

documented to develop hypoxic cores [377,378], a feature of solid tumours in humans that 

plays a significant role in disease progression and spread [379] – thus their replication in a 

3D scaffold is an attractive feature as it paves the way for research into hypoxia in a 3D in 

vitro setting. In addition, cell-matrix 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 14 days (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 Day 1 – though the passing of time seemed to negate this feature 

as by Day 14 there were no issues with infiltration in this scaffold. The Col-Gel-Hya 

scaffolds in particular had many clusters of cells observed at the centre of the scaffold after 

just 24 h of culture, suggesting the addition of hyaluronic acid does indeed improve cell 

infiltration, as seen elsewhere [362]. Successful infiltration is a positive feature here as other 

3D scaffolds have reported challenges in achieving cell migration throughout scaffolds, with 

dense layers of cells forming in the peripheral regions of scaffolds [380,381]. 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 interplay between the scaffold 

mechanical and 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 scaffold groups evaluated, with 

MCF7 cells readily adhering throughout the scaffold. DNA quantifications alongside 

alamarBlue assays highlighted the continuous proliferation of cells over a 21-day period. 

Provision of a 3D scaffold, demonstrating a porous and interconnected network, allowed for 

the MCF7 cells to adopt a rounded morphology that is more representative of their in vivo 

cell morphology. Additionally, the cells were observed to grow as spheroid-like clusters, 

demonstrating enhanced cell-cell interactions than seen in the 2D culture studies. Cells were 

observed to migrate throughout the scaffold irrespective of composition. In summary, 

irrespective of composition, the developed scaffolds represent excellent biomimetic, 

biocompatible and functional templates for 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 resemble in vivo tumours [382,383]. 

Within the literature, it has been observed that expression patterns differ between 3D and 2D 

cultures across a range of targets [186,194,384], and these differences often demonstrate a 

more phenotypically relevant model with the 3D cultures. Within this chapter the gene 

expression of the breast cancer MCF7 cells grown in 2D compared to the 3D collagen-based 

scaffolds, as developed in Chapter 2 and 3, was investigated. As no sizeable or significant 

differences in physical or biological performance were found between the different scaffold 

compositions in Chapters 2 and 3, it was not anticipated that scaffold composition would 

drive significant differences in cell behaviour in terms of gene expression that would warrant 

the use of multiple scaffold compositions. Therefore, for the study described within this 

chapter, a single scaffold composition was selected from the previously used four groups in 

the cellular studies in Chapter 3. The composition group selected was w/Gel 0.15% as it 

demonstrated good architectural and physical properties (Chapter 2) and strong cell 

attachment, infiltration and continuous proliferation for a 3-week period (Chapter 3). It 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 between 3D 

scaffold culture and 2D culture.  

 

Extracellular matrix (ECM) modification [4,80–82,86–89], ECM component synthesis 

[48,57,392,58,385–391], angiogenesis [393–397], glycolysis [398–406] and hypoxia [407–

414] are crucial processes involved in breast cancer development, progression and ultimate 

spread (metastasis). These hallmarks of cancers are of high importance to replicate within 
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an in vitro 3D culture model to demonstrate these models can acquire the same increased 

expression of genes associated with these hallmarks that is seen in vivo–and notably is not 

seen in 2D cultures. A panel of 15 targets consisting of genes involved in the aforementioned 

processes were selected. The selected targets and their relevance to breast cancer are 

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

Target General function and link to breast cancer 

Matrix metalloproteinase -2 

(MMP2) 

 [86–89] 

MMP2 encodes an enzyme that is involved in the 

breakdown of the ECM, notably collagen type I and IV 

(basement membrane). As such, MMP2 may play a role 

in metastatic spread in breast cancer. 

 

Matrix metalloproteinase -2 

(MMP9) 

 [86–89] 

MMP9 encodes an enzyme that is involved in the 

breakdown of the ECM, notably collagen type IV. 

Similar to MMP2, MMP9 may play a role in metastatic 

spread in breast cancer due to the ability to degrade the 

basement membrane, an essential barrier to cancer cell 

migration. 

 

Lysyl oxidase (LOX)  

 [4,80–82] 

LOX encodes an enzyme which crosslinks ECM 

components such as collagen and elastin. This increases 

ECM stiffness which is associated with breast cancer 

progression. 

 

Collagen type I alpha 1 

chain (COL1A1) 

 [48,57,58,385,386] 

COL1A1 encodes for a major portion of the full collagen 

type I molecule. Collagen is the major component of the 

breast ECM and dysregulation of collagen within the 

breast ECM plays a key role in breast cancer. 

 

Fibronectin 1 (FN1) 

 [48,385,387,388] 

FN1 encodes for fibronectin, a major glycoprotein of the 

ECM. Fibronectin interacts with collagen but also 

modulates key signalling pathways that mediate 

adhesion, migration and proliferation. FN1 is 

overexpressed in breast cancer. 
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Hyaluronan synthase 1/2 

(HAS1/HAS2) 

 [389–392] 

HAS1/2 code for two of three enzymes responsible for 

hyaluronan/hyaluronic acid synthesis. Hyaluronic acid is 

a glycosaminoglycan which has size dependent 

interactions with other proteins and receptors. Hyaluronic 

acid is highly upregulated in breast cancer tissue 

compared to healthy tissue. 

 

Vascular endothelial growth 

factor A (VEGFA) 

 [393–395] 

VEGFA encodes for a glycoprotein which plays a role in 

cell migration, proliferation and angiogenesis. VEGFA is 

highly expressed in breast cancer cells and plays a crucial 

role in angiogenesis, which is key for continued survival 

and progression of breast cancer tumours.  

 

Transforming growth Factor 

beta 1 (TGFB1) 

 [396,397] 

TGFB1 encodes for a multi-function cytokine with roles 

in general cell activity such as proliferation, 

differentiation and apoptosis but also in wound healing, 

cancer and angiogenesis and epithelial-to-mesenchymal 

transition (EMT). TGFB1 has been found at elevated 

levels in breast cancer patients.  

 

Jagged 1 (JAG1) 

 [415–417] 

JAG1 codes for a key cell surface ligand, which interacts 

with the notch receptor family. Notch signalling is crucial 

in many aspects of cell differentiation across multiple 

cell/tissue types. Overexpression of JAG1 in breast 

cancer (and resulting dysregulated Notch signalling) has 

been observed and is associated with a poor prognosis. 

 

CXC chemokine receptor 

type 4 (CXCR4) 

 [418–420] 

CXCR4 encodes a chemokine receptor, which upon 

ligand binding plays a role in cell migration and 

movement. High CXCR4 expression has been linked to 

metastasis in breast cancer and a poorer patient outcome. 
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Note: Gene and protein nomenclature and formatting in the above table and elsewhere 

derived from HUGO Gene Nomenclature Committee (HGNC). Gene names use italics, to 

differentiate from the protein form (non-italic) [421].  

 

  

Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) 

 [398–401] 

GAPDH encodes for an enzyme, which plays a key role 

in glycolysis but also other non-metabolic activities. 

Elevated GAPDH expression has been recorded in breast 

cancer and is linked to a poor prognosis and disease 

progression.  

 

Glucose transporter 1 

(GLUT1) 

 [402–406] 

GLUT1 codes for a uniporter protein which assists in the 

transport of glucose across the plasma membrane. As 

such it has links to glycolytic pathways and is involved 

in many cancers. GLUT1 is upregulated in breast cancer 

and again is associated with a poor disease prognosis.  

 

Endoplasmic reticulum 

oxidoreductase 1 alpha 

(ERO1A) 

 [407–409] 

ERO1A encodes an endoplasmic reticulum-based protein 

involved in protein refolding. ERO1A expression is 

induced by hypoxia thus serves as a novel biomarker for 

this feature. Its high expression in breast cancer is linked 

with a poor prognosis.  

 

Hypoxia-inducible factor 1-

alpha (HIF1A) 

 [410–414] 

HIF1A encodes for a subunit of the HIF1 transcription 

factor protein. HIF1 plays a key role in cell responses to 

oxygen levels (thus linked with tumour adaption to 

hypoxia). High levels of HIF1A expression in breast 

cancer patients is associated with increased metastasis 

thus a poorer outcome.  
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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 breast cancer [5,48]. 

These targets were MMP2, MMP9 and LOX. It was investigated if the 3D scaffolds would 

induce increased expression of these enzymes compared to 2D cultured cells, improving the 

biological relevance of the collagen-based scaffolds through demonstrating the high 

expression of ECM modifying genes which is also seen in in 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 breakdown of collagen type IV, the key 

component of the ECM basement membrane [48,86–89]. As such, they may play a key role 

in facilitating cancer cell migration away from the parent tumour and allow for metastasis to 

occur. Both MMP2 and MMP9 have been observed to be overexpressed in breast cancer 

tissue compared to non-cancerous breast tissue [86–89]. LOX enzymes promote the 

crosslinking of collagen within the ECM [80] and elevated LOX levels in patients are 

associated with poor overall survival in breast cancer [4,81,82]. Increases in collagen 

crosslinking result in stiffening of the ECM, and these stiffness increases are associated with 

increased tumour aggressiveness and metastasis [48,54,55,79].  

 

Alongside genes involved in modifying the breast cancer ECM, a group of ECM component 

synthesising genes were investigated–including COL1A1, FN1, HAS1 and 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 induces the production of ECM 

materials to a greater extent than in 2D culture, in a manner that is more analogous to in vivo 

tumours. As these materials are of high importance, it would be beneficial to have an in vitro 
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model that can promote their production. Collagen, as discussed in detail in Chapter 1, 

undergoes significant alterations within the tumour microenvironment [48,57,58]. Of key 

interest within this chapter is to assess if expression of COL1A1 is increased under 3D 

culture, aligning with the in vivo increase of collagen deposition during cancer development 

and progression [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]. HAS1 and HAS2 are two of three isoforms that are involved in the synthesis of 

hyaluronic acid [389]. Hyaluronic acid is an ECM glycosaminoglycan that is overexpressed 

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

[390–392]. 

 

VEGFA, TGFB1, JAG1 and CXCR4 were next to be assessed. 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 epithelial-to-

mesenchymal transition (EMT). Vascular endothelial growth factor A (VEGFA) is known 

for its angiogenic properties and typically promotes more aggressive tumour growth and 

metastasis [393]. It is highly upregulated in breast cancer tissues and is a poor prognostic 

factor for patients [394,395]. TGFB1 encodes a protein with a vast array of functions, 

governing cell proliferation, differentiation and apoptosis [396] but it is also known for its 

role (albeit paradoxical at times) in cancer, angiogenesis [397] and notably epithelial-to-

mesenchymal transition (EMT) [422]. JAG1 codes for a cell surface ligand which is closely 

involved with the notch receptor family [415]. Overexpression of JAG1 has been observed 

in breast cancer and is associated with a poor prognosis [416,417], and also with metastasis 

to the bone [423], which is progression to an incurable form of breast cancer [300]. CXCR4 
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is overexpressed in many breast cancers and is associated with a poor prognosis [418,419]. 

It plays a key role in cell migration and movement and thus is linked to metastasis [420].  

 

HIF1A, GLUT1, GAPDH and ERO1A were 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 spread thus is of high 

interest to create an in vitro culture model that can replicate these conditions. Currently, 

hypoxia is manually induced in 2D cultures using low oxygen environments [424]. However, 

in a 3D collagen scaffold, it has recently been demonstrated that the scaffold itself was 

capable of inducing hypoxia and related cell processes [186]. 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 the expression of target genes involved in adaption 

to the hypoxic environment [410,411]. HIF1A also plays a role in a shift to anaerobic 

metabolism–a feature that is commonly associated with improved tumour cell survival and 

continued growth and spread [425]. HIF1A is highly upregulated in breast cancers and is a 

poor prognostic factor [412–414]. Endoplasmic reticulum oxidoreductase 1 alpha (ERO1A) 

is induced by hypoxia [407,408]. Recently it has been designated a novel poor prognostic 

factor for breast cancer [409] and serves as a useful biomarker for detecting hypoxia in vitro. 

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 escape [426–428]. The glucose transporter 1 (GLUT1) protein allows for glucose 

transportation across plasma membranes [402]. Increased glycolysis (breakdown of glucose 

for energy)/anaerobic respiration is a hallmark of several cancer types thus GLUT1 plays a 

key role in continued tumour growth and spread [403,404]. In breast cancer, elevated GLUT1 
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expression is associated with a poor prognosis and outcome, thus it was selected as another 

relevant biomarker for assessment [405,406]. GAPDH is primarily involved in glycolysis, 

metabolic activity and transcription. It has also been associated with carcinogenesis and 

tumour progression [398,399]. In breast cancer, high expression of GAPDH is linked to 

poorer overall patient survival [400,401]. GAPDH was initially 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 abnormal GAPDH expression in 3D cultures compared 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 MDA-MB-231 breast cancer cells, Liverani et al. (2019) found 

GAPDH to be significantly upregulated in 3D cultures when compared to 2D monolayers 

[186]. 
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4.1.1 Chapter aims 

 

Within this chapter, the primary objective was to assess the expression of several gene targets 

that are required to support a biologically relevant 3D in vitro breast cancer model. These 

targets are involved in a variety of key processes in breast cancer development and 

progression including the modification 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: 

• Assess a panel of four housekeeping genes to determine the two most stable 

expressed genes for use in the calculation of relative expression levels of all 

selected targets. 

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

• Investigate if there is a differential expression of the selected targets in 3D 

compared to 2D culture. 
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4.2 Materials and methods 
 

4.2.1 Solutions/reagents 

 

Phosphate buffer saline solution 10X: 80 g NaCl, 2 g KCl, 14.4 g Na2HPO4, 2.4 g KH2PO4 

into 800 mL distilled water and adjusted to 1 L. Diluted to 1x when needed. All mentions of 

PBS in the following studies were a 1x/0.01 M concentration. 

 

0.2 M EDTA stock (300 mL batches): 17.534 g EDTA (Sigma-Aldrich Chemical Co, 

Wicklow, Ireland) into 200 mL distilled water. NaOH pellets slowly added until pH reached 

~8. Volume adjusted to 300 mL. 0.2 M stock diluted to required concentration with distilled 

water when needed. 

 

4.2.2 Scaffold fabrication and seeding 

 

w/Gel 0.15% scaffolds were prepared as described in Chapter 2. In brief, scaffolds were 

EDAC/NHS crosslinked as per §2.2.5 prior to cell culture applications. Each scaffold was 

thoroughly washed, and scaffolds were then prepared for cell seeding via overnight 

incubation of unseeded scaffolds in DMEM supplemented with 50% FBS in a humidified 

5% CO2 incubator at 37 °C. Scaffolds used in all the following experiments were of the 

dimensions ~9 x 4.5 mm (diameter x height). Scaffolds were seeded with 3x105 MCF7 cells 

as per the two-sided seeding method described in Chapter 3 (§3.2.4). After seeding, each 

scaffold was submerged in 1.5 mL of DMEM media and incubated at 37 °C/5% CO2. 

Timepoints for qPCR analysis consisted of culture periods of 1, 7 and 14 days. 2D cell 

monolayers were cultured alongside scaffolds for each timepoint as controls. 2D cultures 

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

 

Total RNA was isolated from each scaffold/cell construct using TRIzol reagent (Invitrogen, 

Waltham, Massachusetts, USA). At each timepoint (Day 1, 7 or 14), each scaffold or 2D 

monolayer was removed from culture and washed three times in 1x PBS to remove loosely 

attached/unattached cells and culture media remnants. Each scaffold was then transferred to 

a new 24-well plate, at which point 1 mL of TRIzol reagent was added to each well. Each 

scaffold was homogenised with an IKA ULTRA-TURRAX™ T25 Basic blender for 30 sec 

to breakdown the scaffold. This was to facilitate future steps as larger remnants of the 

scaffold could impact solution separations during the density-based centrifugation steps. 

After homogenisation, the scaffold/TRIzol or 2D monolayer/TRIzol mix was left to incubate 

for 5 min to allow for cell disruption and nucleoprotein dissociation. After 5 min, each 

scaffold or 2D lysate was transferred to an RNAse free 1.5 mL tube. 0.2 mL of chloroform 

was added to each tube and the tube was gently shaken for 10 sec before being left to incubate 

at room temperature for 3 min. Each sample was then centrifuged at 12,000 RPM for 15 min 

at 4 °C. This centrifugation separates the solution into three layers–the clear upper aqueous 

layer contains the RNA. The upper layer 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. 0.5 mL of isopropanol was added to each tube and the solution was 

incubated for 10 min. Samples were then centrifuged at 12,000 RPM for 10 min at 4 °C. The 

RNA was pelleted at the bottom of the tube and the supernatant was discarded. 1 mL of 75% 

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 at 4 °C to re-pellet the RNA. 

The supernatant was again discarded and the RNA pellet in each tube was let air dry for 5-

10 min. The RNA was then solubilised in RNAse free water (with 0.1 mM EDTA), with 

brief heating of each sample to 55-60 °C to aid solubilisation. RNA quantity was assessed 
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via the NanoDrop 1000™ (Thermo Fisher, Scientific, Hemel Hempstead, United Kingdom). 

RNA purity was assessed by measuring the absorbance at 260 nm and 280 nm (A260/280 

ratio). An A260/280 ratio of ~2 was considered pure, with an acceptable limit set at 1.8-2.2.  

 

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, Germany). 1 µg of RNA 

was first added to a PCR tube containing a mix of random hexamer (2 µL) and 

anchored-oligo(dT) primers (1 µL) at concentrations of 60 µM and 2.5 µM respectively. 

PCR grade H2O was added to each tube to a total reaction volume of 13 µL. The RNA 

template-primer mix was then denatured at 65 ºC for 10 min in a PTC-100 thermocycler (MJ 

Research Inc, Quebec, Canada) before each tube was cooled on ice immediately. The 

remaining components of the cDNA synthesis reaction were then added to each tube, 

including; 4 µL of transcriptor reverse transcriptase reaction Buffer (5 X), 0.5 µL of 

protector RNase inhibitor 40 U/µL, 2 µL of deoxynucleotide mix (10 mM each) and 0.5 µL 

transcriptor reverse transcriptase (20 U/µL)–bringing the final reaction volume including the 

RNA-primer mix to 20 µL. 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 at 25 ºC for 10 min, followed by 

30 min at 55 ºC. The Transcriptor Reverse Transcriptase enzyme was then inactivated at 

85 ºC for 5 min. 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, stored at -20 ºC for short-term storage (1-2 weeks) 

or at -80 ºC for longer-term storage.  
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4.2.5 Primer design  

 

Primers were designed using Primer Blast software [429], which implements Primer 3 and 

BLAST technologies. Each primer was assessed firstly on Primer Blast but also on Oligo 

Calc [430] to ensure minimal risk of self-annealing or hairpin formation. Primers were 

designed to have between 18-22 base pairs in length, exon spanning where possible, 

targeting amplicons between 70-170 base pairs, GC content (%) between 40-60% and with 

melt temperatures for forward/reverse primers within ± 2 ºC of each other. Following design, 

primer sequences (Table 4.2) were synthesized by Sigma Aldrich (Sigma-Aldrich Chemical 

Co, Wicklow, Ireland) and delivered as lyophilised powder. Each primer was reconstituted 

in PCR grade H2O to a stock concentration of 100 µM. Stock primers were aliquoted into 

20 µL units to reduce number of freeze-thaw cycles needed, labelled and stored at -20 ºC. 

When needed, stock aliquots were defrosted and diluted to a working concentration of 5 µM 

by adding 5 µL of stock primers to 95 µL of PCR grade H2O. 1 µL of each primer (forward 

and reverse) was added to each 10 µL PCR reaction, resulting in a final primer concentration 

of 0.5 µM for both forward and reverse primer. 
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Table 4.2: Primer sequences for target genes.  

 

 

Target Forward (5’-3’) Reverse (5’-3’) 

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 

β-Actin GCCGCCAGCTCACCA CACGATGGAGGGGAAGACG 

18S rRNA GGAGTATGGTTGCAAAGCTGA ATCTGTCAATCCTGTCCGTGT 

HPRT CCCTGGCGTCGTGATTAGTG TCGAGCAAGACGTTCAGTCC 



162 

4.2.6 Real time polymerase chain reaction (qPCR)  

 

qPCR was completed using the FastStart Essential DNA Green Master kit (Roche, Penzberg, 

Germany) and performed on a Lightcycler Nano™ 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 volume 10 µL 

consisting of; 1 µL cDNA (equated to 50 ng cDNA per reaction), 1 µL of both forward and 

reverse primer (0.5 µM final concentration), 5 µL FastStart Essential DNA Green Master 

(Contains FastStart Taq DNA polymerase, reaction buffer, dNTPs, Sybr Green I dye, and 

MgCl2) and 2 µL PCR grade H2O. The qPCR controls consisted of a no-DNA control where 

PCR grade H2O was used in place of cDNA. The qPCR program consisted of a 600 sec hold 

at 95 ºC for activation of FastStart Taq DNA polymerase and denaturation of DNA, followed 

by 45 cycles of a 3-step amplification involving; denaturation at 95 ºC for 20 sec, an 

annealing step at ~58 ºC for 20 s (primer dependent) and extension at 72 ºC for 20 sec. 

Following the qPCR program, a melt curve analysis (from 65 ºC to 95 ºC) was conducted to 

ensure no non-specific binding or primer-dimer interactions occurred. The relative gene 

expression was calculated using the method outlined by Vandesompele et al. (2002) [431] 

and Hellemans et al. (2007) [432].  

 

Briefly, this method utilises the geometric mean of multiple housekeeping genes (x2) for 

more accurate normalisation of qPCR data in order to calculate relative expression levels of 

desired target genes [431,432]. Cycle threshold (CT) values from 2D cultured samples were 

selected as the control group (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 (ΔCT) values were then calculated by subtracting the 3D culture sample values, both for 
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housekeeping genes (reference (REF) genes) and gene of interests (GOI), from the average 

control CT value. Relative quantities (RQ) for each ΔCT value using ‘2ΔCT’ (a value of 2 

assumes a primer efficiency of 100%, as per the traditional delta-delta CT method [433]). 

Next, the geometric mean of the selected two housekeeping/reference genes is calculated by 

applying the ‘=GEOMEAN’ function in Microsoft Excel to the two housekeeping gene 

relative quantity (RQREF) values previously calculated. Upon completion of above 

calculations, relative expression values for each gene of interest is calculated (Equation 11). 

Equation 11 – Relative gene expression:  

𝑅𝑄𝐺𝑂𝐼

𝐺𝐸𝑂𝑀𝐸𝐴𝑁 [𝑅𝑄𝑅𝐸𝐹]
 

4.2.7 qPCR housekeeping panel selection process 

 

To calculate relative expression values from the qPCR method in §4.2.6, four potential 

housekeeping genes were subject to analysis: β-Actin, hypoxanthine-guanine 

phosphoribosyltransferase (HPRT), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

and 18S ribosomal RNA (18S 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 (SD), standard (Std.) 

error mean and decisively the coefficient of variation (CV%) of the Ct values (i.e., the 

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 t-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 consistent SD. Results calculated 

and shown in graphs were the mean ± the standard deviation (SD). For all result figures in 

this chapter: p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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4.3 Results 
 

4.3.1 Selection of stably expressed housekeeping genes 

 

Assessment of candidate housekeeping genes showed that HPRT and β-Actin were the two 

most stable expressed housekeeping genes of the four under investigation (Fig. 4.1 and 

Table 4.3). These two genes had the lowest CtCV% of the four, with HPRT having the lowest 

variation overall at 2.28% followed by β-Actin with 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). 18s rRNA was the poorest performing gene in relation to the CtCV% with 

a value of 8.25%. GAPDH had the highest standard deviation, highest Std. error mean and 

the largest Ct range. Notably, GAPDH had large variation between 2D and 3D at Day 7 and 

14 which drove its poor performance after displaying stable expression at Day 1. HPRT and 

β-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 genes. Analysis of Ct values in A-D of the four 

investigated housekeeping genes are highlighted. The four genes were assessed for their stability 

across both variables, the culture method (2D or 3D) or the timepoint (Day 1, 7 or 14). The central 

dashed line represents 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 gene panel. 

 

 

 

 

4.3.2 Relative mRNA expression of gene of interests 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 were MMP2, MMP9 and LOX while ECM 

synthesis related targets were COL1A1, FN1, HAS1 and HAS2.  

 

MMP2 displayed no expression differences between 2D and 3D at both Day 1 and 7 

(Fig. 4.2). By Day 14, there was an ~3.5-fold upregulation in MMP2 expression in 3D 

cultured MCF7 cells in comparison to 2D (p-value ≤0.001). For MMP9, Day 7 and Day 14 

saw increases in expression (Fig. 4.3), both ~two-fold, in 3D versus 2D (both p-value ≤0.01). 

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 14–though to a lesser extent. At Day 7, there was a 25-40-fold 

increase in expression in 3D cultured MCF7 cells compared to 2D (p-value ≤0.01). By Day 

 Mean Ct Std. Dev 
Std. Error 

Mean 
Ct Range CtCV (%) 

β-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 
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14, this had reduced to a 10-20 fold increase in expression in 3D–which remained 

significantly higher than 2D cultured cells (p-value ≤0.01).  

 

 

 

 

Figure 4.2: Relative mRNA expression of MMP2 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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Figure 4.3: Relative mRNA expression of MMP9 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 

 

 

Figure 4.4: Relative mRNA expression of LOX 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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Moving to targets that are involved in synthesis of key ECM components, COL1A1 did not 

display any increase in expression in 3D in comparison to 2D cultured cells (Fig. 4.5). In 

fact, there was a measurable decrease in COL1A1 expression in 3D compared to 2D at Day 

14 (p-value ≤0.01)–translating to a 0.5-fold decrease in expression. FN1 on the other hand, 

did display increased expression in 3D cultured cells (Fig. 4.6). While at Day 1 there were 

no expression differences, by Day 7 a slight but significant increase in expression in 3D was 

observed (p-value ≤0.05). By Day 14, the expressional difference between 3D and 2D 

increased further, with a two-fold increase in 3D observed (p-value ≤0.001). HAS1 did not 

display any measurable change in expression across the three timepoints investigated 

(Fig. 4.7). There was however a large deviation in the expression of HAS1 at each timepoint 

in 3D – most notably at Day 14. Here, a decrease in 3D expression compared to 2D in one 

sample and a nine-fold increase in expression in 3D in another was observed. HAS2 

displayed no expressional differences between 2D and 3D at both Day 1 and Day 14. 

However at Day 7, there was a significant upregulation of HAS2 (3-fold, p-value ≤0.01) in 

3D cultured cells compared to 2D (Fig. 4.8).  
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Figure 4.5: Relative mRNA expression of COL1A1 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 

 

 

Figure 4.6: Relative mRNA expression of FN1 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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Figure 4.7: Relative mRNA expression of HAS1 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 

 

 

Figure 4.8: Relative mRNA expression of HAS2 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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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 and Day 14 

(Fig. 4.9). In contrast, there was a significant upregulation in expression, a two-fold change, 

at Day 7 in 3D cultured MCF7 cells when compared to 2D cultures (p-value ≤0.05). TGFB1, 

which has roles in cell proliferation, differentiation, apoptosis and angiogenesis, showed 

stable expression between 2D and 3D at each of the respective timepoints (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 timepoints (Fig. 4.11). 

CXCR4, with links to metastasis and cell migration, was significantly upregulated at both 

Day 1 and 7 (Fig. 4.12). At Day 1, 3D expression levels were three-fold higher than 2D 

levels (p-value ≤0.01). At Day 7, expression levels were four-fold higher in 3D cultures than 

in 2D (p-value ≤0.05). No expression differences were detected at Day 14. 
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Figure 4.9: Relative mRNA expression of VEGFA 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 

 

 

Figure 4.10: Relative mRNA expression of TGFB1 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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Figure 4.11: Relative mRNA expression of JAG1 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 

 

 

Figure 4.12: Relative mRNA expression of CXCR4 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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The third cohort of target genes that expression patterns were assessed for consisted of genes 

involved largely in cell metabolism/glycolysis (GAPDH and GLUT1), and also those 

associated with hypoxia (ERO1A and HIF1A). 

 

GAPDH displayed 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. 4.13, p-value = 0.07). At Day 14, a clear 1.5 fold-change in 

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

in 2D (p-value ≤0.01). For GLUT1, there were no differences in expression levels in either 

culture conditions at Day 1 or Day 7 (Fig. 4.14). By Day 14, a large increase in expression 

occurred in 3D cultured cells in comparison to 2D (p-value ≤0.01), representing a 1.8-fold 

increase. Interestingly, for both the metabolism/glycolysis relating targets, expression 

profiles were closely matched in terms of overall pattern and fold increases in 3D compared 

to 2D cultured cells. ERO1A displayed 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 cultured cells (Fig. 4.15). This was a 2.8-fold difference at Day 7 

(p-value ≤0.05) and a 2.2-fold difference on Day 14 (p-value ≤0.001). Finally, HIF1A 

displayed increased expression (2.6-fold) in 3D relative to 2D at Day 1 (Fig. 4.16, 

p-value ≤0.05). At Day 7, expression between 2D and 3D was stable with no differences in 

expression levels. At Day 14, there was a slight (0.6-fold) but significant decrease in 

expression in 3D cells relative to their 2D counterparts (p-value ≤0.05).  

 

All resulting cell expression analysis has been summarised in Fig. 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 of GAPDH 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 

 

 

Figure 4.14: Relative mRNA expression of GLUT1 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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Figure 4.15: Relative mRNA expression of ERO1A 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 

 

 

Figure 4.16: Relative mRNA expression of HIF1A 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 using unpaired t-test. Results shown are individual data points and the mean ± 

SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***.
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Figure 4.17: Summary heat map of all gene of interest expression in 2D vs. 3D. Log2 fold change 

values for gene expression in 3D culture compared to 2D culture (set as calibrator/control). Relative 

expression values converted to Log2 values and plotted as heat map. Log2 values of greater than zero 

and green coloured implies increased expression in 3D compared to 2D while Log2 values less than 

zero and red coloured imply reduced expression. Log2 values 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 models in vitro, and how significant changes in gene expression may be 

induced by the cell-matrix interactions and also the increased cell-cell interactions within 

these models compared to 2D cell culture. A limitation of 2D cell culture is the divergence 

of gene expression patterns from those observed for human cancers–and these changes tend 

to drive a more benign, less aggressive and generally homogenous morphology in 2D 

cultured cells [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 cells [382,383].  

 

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 plastic dishes. 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 present components or genes involved in the 

synthesis of ECM materials. MMP2, MMP9 and LOX 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 MCF7 cells cultured within collagen-based scaffolds 

displayed significantly increased expression of MMP2, MMP9 and LOX in comparison to 

2D cultured MCF7s [186,194]. LOX displayed the largest fold change in expression upon 

3D culture compared to all other gene of interests. The role of LOX in 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 spread [4,80,81]. The natural induction of high LOX 
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expression in our 3D scaffold demonstrates an advantage of using such a model in potential 

research and exploratory routes–as LOX targeting is an area of interest in treating breast 

cancer [434,435]. Likewise, MMP2 and MMP9 are purported to play a role in metastasis due 

to their collagen degradation abilities [48,86,88], and both genes displayed increased 

expression in the 3D scaffolds. MMP2 and MMP9 are both subject to therapeutic 

investigation, with agents that inhibit their activity showing promise in disrupting metastatic 

potential in particular [436–438]. Thus, providing a 3D model that can be utilised in future 

explorations surrounding MMP2 and MMP9 is 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 disease–where increased collagen 

deposition, collagen fibre linearisation/remodelling and almost paradoxically collagen 

degradation (i.e., the basement membrane) influence breast cancer development, progression 

and ultimately its spread [6,48,57,91]. It was originally hypothesized that the 3D scaffolds 

may induce increased expression of the collagen type 1 synthesizing gene, COL1A1, 

mimicking the increased expression and resulting deposition of the collagen protein within 

the ECM seen in human breast cancers [54]. However, despite detecting the expression of 

COL1A1, no such increase in 3D was observed in comparison to 2D cultured cells. Though 

cancer cells themselves synthesise collagen [439], typically it is stromal cells, such as 

fibroblasts, that are powerhouses in the production of collagen and other major ECM 

components [440,441]. Thus, it may not be a surprise that the 3D environment did not 

stimulate the MCF7 cells to increase expression of COL1A1 compared to 2D. In a previous 

study investigating the behaviour of both MCF7 and MDA-MB-231 cells in a collagen-based 

scaffold, picrosirius red staining (highly selective collagen stain) demonstrated that neither 

cell line induced an increase in collagen synthesis/deposition within the scaffolds [198]–thus 
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the above results are not in isolation. Deeper investigations into collagen synthesis and 

deposition within 3D scaffolds may seek to assess the expression of other collagen types or 

incorporate co-cultures with stromal cells such as fibroblasts to more accurately model 

collagen synthesis and deposition within an in vitro model. Fibronectin is a crucial 

glycoprotein that serves a variety of functions, controlling processes such as adhesion, 

migration and proliferation [48,387]. Its overexpression has a strong association with 

metastatic spread and progression of breast cancer [385,388]. 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 fold-change vs 2.3 fold-change), indicating a steady increase in 

FN1 expression as a function of time. Previously, culture of breast cancer cells 

(MDA-MB-231) within a 3D model (spheroid-based) compared to 2D saw an increase in 

FN1 mRNA expression [442]. Within the tumour microenvironment, increases in hyaluronic 

acid are associated with breast cancer spread and metastasis [392].  

 

Out of the two HAS genes assessed, only HAS2 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 the scaffolds stemming from this increase in HAS2 expression 

further corroborates that the MCF7 cells growing in 3D develop a more aggressive 

phenotype. Increased expression of HAS2 in a 3D breast cancer in vitro model compared to 

2D culture has not previously been reported, thus is a novel result. The increase in expression 

of ECM components observed, and potentially others not yet assessed within our lab, 

demonstrate the increasing complexity a 3D scaffold can 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 components that play key roles in disease 
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progression and spread, such as fibronectin and hyaluronic acid. The ever increasing 

complexity these in vitro scaffolds can achieve, the further we move away from reliance on 

2D culture and the closer we get to bridging the gap 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 

[394,395,416,417], no differences in expression levels in 3D compared to 2D was observed. 

JAG1 and TGFB1 have many functions but a key one in terms of cancer, and specifically 

cancer metastasis and disease progression, is their involvement in epithelial-to-mesenchymal 

transition (EMT) [422,443,444]. EMT is a mechanism by which epithelial cells lose their 

cell adhesion and accrue a more invasive phenotype with enhanced migratory ability, thus 

EMT is crucial in cancer spread and progression [445]. MCF7 cells are considered non-

invasive and thus naturally do not show signs of EMT under 2D culture–typically it must be 

chemically induced to encourage the transition [446,447]. Our result is in contrast to another 

collagen-based scaffold whereby Chen et al. (2012) saw an upregulation in a variety of EMT 

and stem cell markers within MCF7 cells, including a significant upregulation of JAG1 

[194]. Liverani et al. (2019) also saw an upregulation of JAG1 and a moderate increase of 

TGFB1 expression in MCF7 cells within a collagen scaffold [186]. Both of these works 

demonstrated that 3D scaffold 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 is likely the case that the complex nature of 3D in vitro 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 JAG1 and TGFB1 did not show increased expression, 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 collagen-based scaffolds. Thus, 

further work assessing additional targets associated with EMT, including at the protein level, 

could more conclusively investigate this aspect of cancer progression as the increased 

expression of relevant EMT-associated genes is of high interest. CXCR4 plays a role in 

multiple functions including cell migration, metastasis and angiogenesis [418,451,452] and 

is frequently overexpressed in breast cancers and associated with a poor prognosis [418,419]. 

Within our scaffolds, at both Day 1 and Day 7, there was a significant upregulation of 

CXCR4 in 3D cultured MCF7 cells compared to 2D. This expressional signature indicates 

the more aggressive and malignant phenotype the usually non-invasive and minimally 

aggressive MCF7 cell line accrues as a result of culture within our 3D model.  

 

A crucial aspect of breast cancer that was of interest in this chapter was the potential 

development of hypoxia within the fabricated collagen-based scaffolds. Within Chapter 3, it 

was observed that upon culture within the scaffolds, even after just 24 h, cells were 

interacting with one another and forming spheroid-like aggregates. After two weeks of 

culture, larger aggregates were present, signalling that regions of hypoxia would likely be 

present throughout the scaffolds, similar to the hypoxic niches previously observed in 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 cores [377,378]. Two key genes under investigation involved with hypoxia were 

HIF1A and ERO1A. HIF1A had a significantly higher expression level in 3D compared to 

2D at the Day 1 timepoint. In a previous study, staining for low oxygen regions within a 

similar collagen scaffold seeded with MCF7 cells confirmed the presence of hypoxic niches 

within the scaffold after only 24 h [186]. Additionally, SEM analysis of cell seeded scaffolds 

in Chapter 3 identified the formation of small clusters of cells (known to have low oxygen 
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cores) at this early juncture, and much larger clusters were observed by Day 14 

(Appendix 3.1). Furthermore, it has been shown that in response to hypoxia induction, 

increased expression of HIF1A is rapid and reaches a peak shortly after induction (≤24 h) 

before returning to a lower baseline level of expression [453,454], which is similar to what 

was observed with a peak at Day 1 before a reduction in expression beyond 24 h. However, 

increased expression of HIF1A in isolation cannot definitively suggest development of 

hypoxia thus additional targets were necessary. ERO1A, a novel and emerging biomarker of 

hypoxia [407,408], has been observed to be overexpressed in breast cancer [409] and also in 

other cancers including colorectal, gastric and pancreatic [426,455,456]. ERO1A plays a role 

in disease progression through immune escape and modulating cancer cell 

proliferation/migration [426–428]. In contrast to HIF1A, alterations in ERO1A expression 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 

ERO1A expression upon culture in a 3D breast cancer in vitro model. This result indicates 

the presence of hypoxia within the collagen-based scaffolds, highlighting the increased 

biological relevance to in vivo tumours that is achieved within 3D culture models in 

comparison to standard 2D cultures.  

 

Induction of glycolysis and angiogenesis are two key cancer hallmarks and both processes 

are crucial in tumour survival and sustained growth [14]. GAPDH, while traditionally is a 

common housekeeping gene for qPCR normalisation, was found to have increased 

expression in 3D cultured MCF7 cells. GAPDH plays a key role in glycolysis and cell 

metabolism [398,399], and its elevation in expression as a function of time observed herein 

potentially indicates the switching towards anaerobic respiration (i.e., without oxygen) 

within the scaffolds. In addition, GLUT1 displayed 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. GLUT1 also plays a crucial role in cell glycolysis [402–404] and like GAPDH, is 

regulated by hypoxia [457]. VEGFA expression was significantly higher in 3D than 2D at 

Day 7 and trended higher at the other timepoints. VEGFA notably plays a crucial role in 

angiogenesis [393], and through the formation of new blood vessels in response to lowered 

levels of oxygen within tumours (hypoxia), it aids in tumour survival and progression 

[458,459]. As such, it was expected that VEGFA expression would increase within the 

collagen scaffolds developed. The temporal increase in expression of both glycolysis 

enzymes (GAPDH and GLUT1), VEGFA, and the previously discussed ERO1A, all point 

towards the development of hypoxic regions within the scaffolds, leading to a metabolic 

switch with increased glycolysis. These observations conform with studies into hypoxia 

development elsewhere, whereby Liverani et al. (2019) demonstrated 3D scaffold-based 

culture directly induced hypoxia, which lead to increased expression of GAPDH, increased 

immunohistochemical expression of GLUT1 and increased secretion of VEGF in both 

MCF7 and MDA-MB-231 breast cancer cells [186]. Hypoxic niches were further visualised 

using pimonidazole staining, which stains for poorly oxygenated cells, with large amounts 

of pimonidazole-positive cells observed as soon as 24 h after seeding within their collagen 

scaffolds [186]. While hypoxia plays a variety of roles in breast cancer pathology and general 

disease progression, it also plays 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 within Chapter 5. As such, an in 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 

oxygen niches within tumours and therapeutic agents.  
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4.4.1 Concluding remarks 

 

In conclusion, within our 3D collagen-based scaffolds, it was demonstrated that MCF7 cells 

acquire markers of matrix modulation, glycolysis and hypoxia–with significant increases in 

gene expression in 3D cultured cells (vs. 2D) of LOX, MMP2, MMP9, FN1, HAS2, VEGFA, 

CXCR4, HIF1A, GLUT1, GAPDH and ERO1A. A clear shift in the MCF7 cell populations 

growing within the scaffold towards a more aggressive and malignant genotype was 

observed. The ability of the fabricated scaffolds to drive changes in gene expression patterns 

highlight the potential such 3D models hold, allowing for investigations 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 processes do not 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 what is understood about in vivo breast 

cancer (and other cancers) in terms of the 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 glycolysis, 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 behaviour of cancer cells, shifting their expression profile away from what was 

observed in 2D culture and closer towards in vivo tumours.  
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5.1 Introduction 
 

Over recent decades, there is no doubt about the advancements made in the treatment of 

cancers due to 2D culture and animal testing. However, as previously discussed in Chapter 1, 

a significant limitation to the use of 2D cultures is a greatly inflated response to drug 

compounds and therapeutic approaches. Similarly, the success of a drug compound in animal 

studies infrequently translates to success in human trials. Such inflated and altered responses 

results in only a ~5-10% concept to marketplace success rate, leading to significant loses in 

time, animal life and money [462,463]. Consequently, there is a need to develop new models 

that will enable better translation from bench to bedside, with 3D culture models emerging 

as a potential solution.  

 

The use of 3D models has emerged in recent years, across a variety of cancers. In the most 

simplistic forms, these studies focused on the development of 3D spheroids and assessed the 

response levels towards therapeutic agents compared to traditional 2D culture [464–467]. 

Expanding on spheroid culture approach–research has progressed to adherence-based 

models including hydrogels, and of key interest to this thesis, 3D scaffold-based models 

[9,12,53,166,323,468]. Use of these 3D models offers an advancement on 2D cultures as 

they can more accurately reflect drug response in vivo and bridge the gap between 2D 

cultures and animal models/humans. From the literature, it has frequently been demonstrated 

across a range of cancers that there is an increase in resistance to drug-mediated cytotoxicity 

when cells are grown in 3D compared to 2D [9,12,166,468,469]–though this outcome can 

be cell line and drug dependent with the inverse outcome (i.e., increased susceptibility to 

drugs in 3D compared to 2D) a possibility [132,470]. Elsewhere, in the culture of both MCF7 

and MDA-MB-231 breast cancer cells within a 3D collagen-based scaffold, it was found that 
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there was a significant increase in resistance to doxorubicin treatment in comparison to 2D 

culture. Notably the response profiles of cells within the 3D scaffolds as 3D culture models 

were analogous to responses within a mouse model, emphasising their potential to bridge 

the gap between 2D culture and animal models [355]. Key advantages for the use of 3D 

scaffolds in drug testing include: (1) identifying potential targets or candidate drugs, (2) 

determine response levels (for e.g., efficacy and effective/inhibitory concentrations), (3) 

high throughput screening of candidates, (4) toxicity studies and (5) modelling drug-cell 

pathway interactions [470–472]. In addition, use of 3D scaffolds may also pave the way for 

developing personalised medicine strategies through allowing for ex vivo culture of patient 

tumour fragments. This would allow for rapid screening of potential candidate drugs using 

a patient’s own tumour cells to select for the best performing agent. While this is still a 

nascent area within 3D-based drug work, successful ex vivo culture of tumour fragments on 

3D scaffolds has occurred for, including but not limited to, breast cancer [229,323,473], 

pancreatic cancer [474] and glioblastoma/renal cell carcinoma [475]. Two drugs were 

selected for investigation, tamoxifen and docetaxel, that are both routinely used in the 

treatment of breast cancer, thus are ideal candidates to assess within the 3D collagen-based 

scaffold culture model. Tamoxifen was an ideal candidate as it is a common treatment for 

estrogen receptor positive breast cancer patients–and the MCF7 cell line is a representation 

of estrogen receptive positive breast cancer and is known to respond to tamoxifen [476]. As 

a broad-spectrum chemotherapy, docetaxel was selected for its robust and well documented 

action against MCF7 cells [477–479], and it would provide a useful comparison to the 

hormone-based treatment of tamoxifen. 

 

Tamoxifen is a hormone therapy that is used in the treatment of ER+ breast cancers, hence 

was a suitable compound to use due to the use of the MCF7 cell line, which is an ER+ cell 
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line. Tamoxifen is a selective estrogen receptor modulator, with both agonist and antagonist 

functions against the receptors depending on which tissue it is acting on. In regard to breast 

cancer, tamoxifen has antiestrogenic activity through inhibiting the binding of the estrogen 

hormone to the estrogen receptors [480,481]. Tamoxifen is largely cytostatic in the sense it 

halts cell division and maintains cells in non-dividing states rather than inducing 

cytotoxicity. However, in a dose-dependent manner, tamoxifen can also induce direct cell 

death primarily through caspase activation [482,483]. Upon administration of tamoxifen, it 

is metabolised by the cytochrome P450 superfamily in the liver to three metabolites, 

N-desmethyltamoxifen, 4-hydroxy-N-desmethyltamoxifen (endoxifen) and 

4-Hydroxytamoxifen (4-OHT) [484]. For the purpose of this thesis, any tamoxifen work was 

carried out with the potent 4-OHT metabolite.  

 

Docetaxel is a traditional chemotherapy belonging to the taxane family of anti-cancer drugs 

used in the treatment of a variety of cancers, including breast cancer. Docetaxel has been 

used against a variety of breast cancer subtypes as a single agent treatment, in combination 

with other chemotherapeutic agents, as an adjuvant therapy and also as a neoadjuvant 

treatment [485,486]. Docetaxel binds to microtubules, stabilising them and prevents their 

depolymerisation/disassembly. This results in a cancer cells progression through the cell 

cycle being arrested and future divisions not occurring, leading to eventual cell death 

[487,488]. Upon administration, docetaxel is transformed into four major metabolites by the 

cytochrome P450 superfamily [489]. Unlike with tamoxifen, the parent docetaxel drug is the 

most potent form of the drug rather than its metabolites [489].  
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Figure 5.1: Structure of Tamoxifen and Docetaxel. (A) Tamoxifen and 4-OHT Structure. 

PubChem Identifier: CID 2733526 [490]. 4-OHT PubChem Identifier: CID 449459 [491]. (B) 

Docetaxel structure. PubChem Identifier: CID 148124 [492]. 
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5.1.1 Chapter aims 

 

Within this chapter, the primary objective was to assess and validate the use of fabricated 

collagen-based scaffolds as a suitable in vitro culture model for therapeutic assessment. 

Studies completed used the previously validated scaffold composition, w/Gel 0.15%.  

 

Primary aims of this chapter were to: 

• Determine response to tamoxifen and docetaxel in 2D culture of MCF7 cells 

• Calculate the relative IC50 concentrations for both drugs for use in 3D cultures 

• Assess the response of MCF7 cells cultured in 3D to drug treatment 

• Investigate the effect of cell culture duration within the 3D scaffolds prior to drug 

exposure 

• Investigate any potential effect of altered scaffold mechanical properties on cell 

proliferation rates and cellular response to drug treatment  
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5.2 Materials and methods 
 

5.2.1 Solutions/reagents 

 

Phosphate buffer saline solution 10X: 80 g sodium chloride (NaCl), 2 g potassium 

chloride (KCl), 14.4 g sodium phosphate dibasic dihydrate (Na2HPO4), 2.4 g potassium 

phosphate monobasic (KH2PO4) into 800 mL distilled water and adjusted to 1 L. Diluted to 

1x when needed. All mentions of PBS in the following studies were a 1x /0.01 M 

concentration. All materials from Sigma-Aldrich Chemical Co, Wicklow, Ireland. 

 

Tamoxifen: Tamoxifen was purchased as a 10 millimolar (mM) solution in absolute ethanol 

(Product Number - 5.08225; Sigma-Aldrich Chemical Co, Wicklow, Ireland). 10 mM 

tamoxifen stock was aliquoted into smaller volumes and stored at -20 °C until required.  

 

Docetaxel: Docetaxel was purchased as a 1 mg powder (Product Number - 9886; Cell 

Signalling Technology, Massachusetts, United States) and was reconstituted to a 1 mM 

concentrated stock in DMSO. The concentrated stock was aliquoted into smaller volumes 

and stored at -20 °C until required. 

 

5.2.2 Dose-Response curves in 2D for tamoxifen and docetaxel  

 

Dose-Response curves were generated for MCF7 cells grown in 2D after exposure to both 

tamoxifen and docetaxel in 96 well plates. MCF7 cells were seeded at a density of 5 x 103 per 

well and maintained in 100 µL DMEM media at 37 °C for 24 h prior to drug exposure. 

Tamoxifen was prepared as detailed (§5.2.1) before cells were exposed to a serial dilution 

of a concentration range of 0 to 20 micromolar (μM). Serial dilutions (details in Table 5.1) 

were initially made to 2x (0 – 40 μM) and were diluted to 1x (0 – 20 μM) upon addition of 
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100 µL 2x drug/media to the 100 µL DMEM media already placed in the 96 well plates. For 

the initial 40 μM solution, per 1 mL, 4 μL of 10 mM tamoxifen stock was added to 996 μL 

DMEM media – volumes were scaled up to higher volumes as needed. For docetaxel (see 

§5.2.1 for preparation), cells were exposed to a serial dilution of a concentration range of 0 

to 5 micromolar (μM). Serial dilutions (details in Table 5.2) were initially made to 2x (0 – 

10 μM) and were diluted to 1x (0 – 5 μM) upon addition of 100 µL 2x drug/media to the 

100 µL DMEM media already placed in the 96 well plates. For the initial 10 μM solution, 

per 1 mL, 10 μL of 1 mM docetaxel stock was added to 990 μL DMEM media – volumes 

were scaled up to higher volumes as needed. A vehicle control was setup alongside the serial 

dilutions, substituting the initial volume of tamoxifen or docetaxel stock in dilution 1 (Table 

5.1 and Table 5.2) with an equal volume of the solvent used, in this case absolute ethanol or 

DMSO. In the serial dilutions shown, this was 10 μL of absolute ethanol diluted to a final 

volume of 2.5 mL with DMEM media (tamoxifen vehicle control) and 25 μL of DMSO 

diluted to a final volume of 2.5 mL with DMEM media (docetaxel vehicle control). This was 

to ensure the relevant drug solvent concentration was not toxic itself and also to correct the 

assay results for any potential background effect of DMSO or ethanol, leaving only the effect 

of tamoxifen or docetaxel being measured. Growth inhibition/cell viability was determined 

by the alamarBlue assay as per §3.2.7. The half maximal inhibitory concentration (IC50) was 

calculated based on the dose-response curves as per §5.2.5. The IC50 value is the 

concentration of drug that produces the halfway response between the bottom and top of the 

dose response curve. Results were graphed as viability (percentage relative to the 100% 

viability representing vehicle control) vs. drug doses (Molar (M)). Doses within the serial 

dilution were converted to Mol by applying a log10 transformation.  
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Table 5.1: Serial dilution series for tamoxifen. 

 

 *Discard 500 µL from dilution 7 after mixing in order to obtain the correct volume and 

concentration. 

 

Table 5.2: Serial dilution series for docetaxel. 

 

 *Discard 500 µL from dilution 7 after mixing in order to obtain the correct volume and 

concentration. 

  

Dilution 
Volume 

(µL) 
Source DMEM (µL) 

Conc. 2x 

(µM) 

Conc. 1x 

(µM) 

1 10 10 mM stock 2490 40 20 

2 500 Dilution 1 2000 8 4 

3 500 Dilution 2 2000 1.6 0.8 

4 500 Dilution 3 2000 0.32 0.16 

5 500 Dilution 4 2000 0.064 0.032 

6 500 Dilution 5 2000 0.0128 0.0064 

7* 500 Dilution 6 2000 0.0026 0.0013 

Dilution 
Volume 

(µL) 
Source DMEM (µL) 

Conc. 2x 

(µM) 

Conc. 1x 

(µM) 

1 25 1 mM stock 2475 10 5 

2 500 Dilution 1 2000 2 1 

3 500 Dilution 2 2000 0.4 0.2 

4 500 Dilution 3 2000 0.08 0.04 

5 500 Dilution 4 2000 0.016 0.008 

6 500 Dilution 5 2000 0.0032 0.0016 

7* 500 Dilution 6 2000 0.00064 0.00032 
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5.2.3 Docetaxel response in 3D cultures 

 

5.2.3.1 Treatment of 3D scaffolds with docetaxel 

 

w/Gel 0.15% scaffolds were prepared as per §3.2.3. Each scaffold was seeded with 1 x 105 

MCF7 cells as per §3.2.5. Unless otherwise stated, each scaffold was then incubated in a 

humidified 5% CO2 incubator at 37 °C for 7 days prior to drug exposure, to allow cells to 

grow to sufficient numbers and adapt to the 3D environment. Docetaxel was prepared as per 

§5.2.1. Three drug doses were used during studies including 3D culture; 0.00028 µM (IC50), 

0.1 µM and 1 µM (the specific doses used are listed under each study). To achieve these 

concentrations, the 1 mM docetaxel stock solution (§5.2.1) was aliquoted to lower 

concentrations by a series of direct dilutions, calculated by the C1V1 = C2V2 dilution formula, 

in order to achieve the listed final concentrations. Drug exposure was conducted over five 

days (120 h) in a humidified 5% CO2 incubator at 37 °C, with replenishment of media at the 

midpoint. During 3D culture, scaffolds were submerged in 1.5 mL of DMEM 

media/docetaxel. Vehicle controls for each dose using the equivalent volume of DMSO-only 

were used in any works involving 3D scaffolds. Cell viability was calculated as a percentage 

relative to each vehicle control, with the vehicle control representing a theoretical max 

viability of 100%. Viability was determined using the previously described alamarBlue 

assay in §3.2.7.  

 

5.2.3.2 Comparison of response to docetaxel in 2D vs. 3D  

 

Response to docetaxel in both 2D and 3D was assessed to determine differential responses 

caused by the culture method rather than dosage concentration. 96-well plates for the 2D 

cultures were seeded with 5 x 103 MCF7 cells and maintained at 37 °C for just 24 h prior to 

drug exposure. Alongside, w/Gel 0.15% scaffolds were prepared as §5.2.3.1 and maintained 
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in humidified 5% CO2 incubator at 37 °C for 7 days. After, the calculated IC50 concentration 

for docetaxel from §5.2.2 of 0.00028 µM (based on the 2D dose-response curves) was used, 

and additional doses of 0.1 µM and 1 µM were formulated. It was hypothesized that the low 

IC50 dose would produce a limited response in 3D thus two larger doses were also used to 

increase the cytotoxicity in 3D cultures and allow for better comparison between 2D and 3D 

setups. Viability was determined as previously described in §5.3.2.1.  

 

5.2.3.3 Influence of 3D culture duration on response to docetaxel 

 

As reported in Chapter 4, differential gene expression patterns were observed across the 

three timepoints investigated, Day 1, Day 7 and Day 14. As a result, it was decided to 

investigate if different culture periods prior to drug exposure have a meaningful impact on 

drug response, owing to cells undergoing changes in genotype/phenotype. Seeding and 

treatment of scaffolds was carried out as per §5.2.3.1. For this assessment, cells were 

cultured on the scaffolds for three periods rather than just one prior to treatment, 1, 7 or 

14 days. Each scaffold was then exposed to a single docetaxel concentration of 1 µM, using 

the highest previously used concentration to maximise potential differences between the 

three pre-culture periods. Drug exposure was conducted over five days and viability was 

determined as previously described in §5.3.2.1.  

 

5.2.4 Influence of scaffold mechanical properties on docetaxel response 

 

The effect of varied scaffold mechanical properties on response to drug exposure was 

investigated. w/Gel 0.15% scaffolds were prepared using two different EDAC crosslinking 

regimes, as described previously in §2.2.6, to generate two groups of relatively low and high 
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elastic modulus. Elastic modulus was used as an indicator of stiffness to represent the 

increasing stiffness common of breast cancer tissue/ECM.  

• Low Stiffness (4 mM EDAC per gram of scaffold) 

• High Stiffness (80 mM EDAC per gram of scaffold) 

 

4 mM was used rather than the previously used 6 mM (Chapter 2 §2.2.6) in an effort to 

increase the potential difference between the two scaffold groups. Scaffolds were 

characterised mechanically initially to ensure a sufficiently large difference in elastic 

modulus was achieved (§5.2.4.1). Each scaffold group was then assessed for cell 

proliferation rates to determine if the increase in elastic modulus had an effect on this 

(§5.2.4.2). Finally, each scaffold group was exposed to docetaxel to assess if the altered 

mechanical properties had any effect on response to treatment (§5.2.4.3).  

 

5.2.4.1 Mechanical characterisation 

 

Unconfined compression testing was completed as described in §2.2.10 to determine the 

elastic moduli for the two scaffold groups. Briefly, each w/Gel 0.15% scaffold of 

~9 x 4.5 mm (diameter x height) was crosslinked and maintained in a hydrated state for the 

duration of testing. Testing was completed using a mechanical testing machine fitted with a 

5 N load cell. Tests were performed at a rate of 10% strain/min to a maximum of 20%. The 

elastic modulus was calculated from the slope of the linear region (i.e., between 2-5% strain) 

of the stress vs. strain curves for each scaffold. 
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5.2.4.2 Impact of mechanical properties on cell proliferation 

 

The potential effect of significantly increasing elastic modulus of the scaffold on the 

proliferation of cells was investigated. The two scaffold groups were prepared as above, 

§5.2.4 (and in full detail in §2.2.6). Each scaffold was then incubated overnight in DMEM 

supplemented with 50% FBS in a humidified 5% CO2 incubator at 37 °C. Following this, 

each scaffold was seeded with 1 x 105 MCF7 cells as per §3.2.5. The duration of the study 

was 2-weeks, with analysis timepoints at Day 1, Day 4, Day 7 and Day 14. Cell proliferation 

was assessed through DNA quantification as per §3.2.8.  

 

5.2.4.3 Effect of mechanical properties on docetaxel response 

 

The ‘low stiffness’ (4 mM EDAC) and ‘high stiffness’ (80 mM EDAC) scaffolds were 

prepared as above for assessing if the increased elastic modulus affected response to 

docetaxel. Each scaffold tested was seeded with 1 x 105 MCF7 cells and then incubated in a 

humidified 5% CO2 incubator at 37 °C for 7 days. Each scaffold was then treated with a 

docetaxel concentration of 1 µM with response levels determined as per previously 

described (§3.2.7). 

  

5.2.5 Non-linear regression analysis of dose response curves 

 

To determine the relative IC50 values, non-linear regression analysis was completed using 

the GraphPad Prism software, version 8.0.2 (GraphPad Software, Inc., San Diego, CA, 

www.graphpad.com), using the log(inhibitor) vs. response -- Variable slope (four 

parameters) equation. Where possible, GraphPad Prism was allowed to automatically fit the 

top and bottom plateaus. In the case of docetaxel, it was found that the top plateau could not 

be automatically defined to any degree of accuracy to due to steep hillslope of the curve. 
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Thus, as the vehicle control defined a lack of inhibition, a top plateau constraint value of 100 

(i.e., 100% viability or 0% inhibition) was applied to the model. As data for 0% viability 

was not provided (i.e., 100% inhibition), no bottom plateau constraints were applied to either 

tamoxifen or docetaxel curves. The variable slope model automatically detects the curves 

hillslope. The above analysis produces a relative IC50 value, which represents the 

concentration of the drug that produces the halfway response between the bottom and top of 

the curve. This is in contrast to the absolute IC50, which determines the concentration of drug 

required to cause a reduction in viability to 50% (i.e., the 50% mark of the Y-axis). 

 

5.2.6  Statistical analysis  

 

Statistical analysis was completed using the GraphPad Prism software (version 8.0.2). The 

minimum number of samples tested was n=3. One-way ANOVA (with Tukey post-hoc tests) 

or unpaired t-tests were performed to assess the difference between samples. For unpaired 

t-tests, statistical significance was determined without correction for multiple comparisons 

and each row was analysed individually, without assuming a consistent SD. Results 

calculated and shown in graphs were the mean ± the standard deviation (SD). 

p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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5.3 Results 
 

5.3.1 2D Dose-Response curves for tamoxifen and docetaxel 

 

Dose response curves were initially generated in 2D using MCF7 cells to determine a 

baseline response by the cell line in use and to determine IC50 values that could be used 

moving forward in 3D applications. With tamoxifen, response to drug exposure was rather 

poorly defined (Fig. 5.2). After 24 h of treatment, there were no differences between the 

control and all concentrations of tamoxifen. At 48, 72 and 120 h, there was a large reduction 

in cell viability upon treatment with 20 µM tamoxifen (p-value ≤0.001, Appendix 5.1). For 

both 48 and 72 h exposure periods, barring the 20 µM concentration, mean viabilities 

remained high with values generally >90% and were not significantly different to the control. 

With 120 h exposure time, there was an increase in growth inhibition observed for all doses 

compared to the vehicle control, with mean viabilities for concentrations up to 4 µM ranging 

between 70-80% (p-value ≤0.001 vs. all other exposure times, Appendix 5.1). However, the 

trend remained that only by the maximum concentration was there a considerable effect. For 

all concentrations, exposure for 120 h resulted in a significantly higher level of growth 

inhibition (p-value ≤0.001, Appendix 5.2). Non-linear regression analysis failed to return a 

viable result in terms of IC50 for the 24 h exposure group. For the 48 h and 72 h exposures, 

analysis returned a consistent IC50 between the two groups of 17 µM (IC50 is labelled with a 

dotted line in Fig. 5.3). For the 120 h group, the IC50 was predicted to be off curve, a high 

dose of 114.8 µM.  

 

To note, due to low efficacy and high concentrations required for measurable growth 

inhibition achieved using tamoxifen, its use was discontinued prior to commencing 3D 

culturing and assessment.  
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Figure 5.2: Dose response curve for tamoxifen. Dose response curves were constructed, consisting 

of a vehicle control (no tamoxifen) and a serially diluted 7-part concentration range. Cells were 

exposed to the range of tamoxifen concentrations for either 24, 48, 72 or 120 h. Cell viability was 

determined using the alamarBlue assay. Results show viability (percentage relative to the 100% 

viability representing vehicle control) vs. drug doses (M). Data points shown are the mean ± SD 

(n=3). 
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Figure 5.3: Dose response curve for tamoxifen – IC50 focus. Dose response curves from Fig. 5.1 

were magnified to focus on the region that non-linear regression calculated the IC50 values within. 

The relative IC50 values are represented by the dashed line. No IC50 value could be accurately 

calculated for the 24 h exposure period and the relative IC50 for 120 h exposure was off curve. 

Predicted IC50 values after 48 and 72 h was 17 µM.  
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Docetaxel produced a better overall response in the MCF7 cell line, with more readily 

measured cytotoxicity and reduction in viability at all exposure periods, which was not seen 

in the tamoxifen dose curve whereby only the 120 h exposure period produced measurable 

growth inhibition at multiple concentrations of the drug. Across each exposure group, the 

maximal effect was reached rapidly, producing a steep hillslope in the dose response curve 

(Fig. 5.4). A large bottom plateau at this maximal effect was observed–despite further 

increases in docetaxel strength, no further increase in growth inhibition was observed. For 

the 24h, 72 h and 120 h exposure periods, there were no differences in cell viability/growth 

inhibition for the range of docetaxel concentrations investigated, while at 48 h there was a 

decrease in viability for all doses compared to the lowest 0.00032 µM concentration (p-value 

≤0.05, Appendix 5.3). Across all concentrations, treatment for 72 h and 120 h resulted in a 

significant increase in growth inhibition compared to the 24 h treatment time (p-value ≤0.01, 

Appendix 5.4). Non-linear regression analysis resulted in largely consistent IC50 values 

across all four exposure times, with a relative IC50 of 0.00028 µM achieved. As it produced 

the largest total amount of growth inhibition/cytotoxicity, it was decided to utilise the 120 h 

exposure time for all remaining works in this thesis chapter. The relative IC50 for docetaxel 

and 120 h drug exposure was 0.00028 µM, which can be seen by the dotted line on the 

zoomed graph in Fig. 5.5. 
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Figure 5.4: Dose response curve for docetaxel. Dose response curves were constructed, consisting 

of a vehicle control (no docetaxel) and a serially diluted 7-part concentration range. Cells were 

exposed to the range of docetaxel concentrations for either 24, 48, 72 or 120 h. Cell viability was 

determined using the alamarBlue assay. Results show viability (percentage relative to the 100% 

viability representing vehicle control) vs. drug doses (M). Data points shown are the mean ± SD 

(n=3). 
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Figure 5.5: Dose response curve for docetaxel – IC50 focus. Dose response curves from Fig. 5.4 

were magnified to focus on the region that non-linear regression calculated the IC50 value within. 

The relative IC50 values are represented by the dashed line. IC50 values were consistently across all 

four exposure periods at 0.00028 µM. As cytotoxicity levels were highest in cells exposed to 

docetaxel for 120 h, this exposure period was selected for future experiments.  
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5.3.2 Response to docetaxel in 2D vs. 3D 

 

The response to three different concentrations of docetaxel (the previously calculated 

relative IC50 for docetaxel of 0.0028 µM, 0.1 µM and 1 µM) was assessed in both 2D and 

3D (Fig. 5.6A-B), with a pre-culture duration of seven days and an exposure to docetaxel for 

five days. For all three doses, a significant difference in sensitivity to docetaxel was 

observed between the two culture conditions (p-value ≤0.001)–with cells grown in 3D 

displaying less growth inhibition than 2D counterparts (Fig. 5.6A). This demonstrated an 

increase in chemoresistance stemming from culturing the MCF7 cells in 3D compared to 

2D. In 3D culture, there was limited response to the IC50 concentration, with a mean viability 

of >90%, with significantly less growth inhibition than seen in 2D at this dose 

(p-value ≤0.001). The two higher concentrations of 0.1 µM and 1 µM both produced a 

measurable cytotoxic effect and drop in MCF7 cell viability; however, this inhibition of 

growth was still significantly lower than achieved with the same doses in 2D cultures. In 2D 

cultures, 0.1 µM docetaxel reduced mean cell viability to 49.59 ± 0.10% while in 3D 

viability remained higher at 76.44 ± 4.85% (p-value ≤0.001). With the 1 µM docetaxel 

treatment, mean cell viability was reduced to 49.91 ± 1.11% in 2D cultures while in 3D mean 

viability was observed to be 77.55 ± 4.26% (p-value ≤0.001). Within 3D cultures (Fig. 5.6B), 

there was a significant increase in growth inhibition in both 0.1 µM and 1 µM treatments 

compared to the IC50 concentration (p-value ≤0.01). 
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Figure 5.6: MCF7 response in 2D 

and 3D to varied docetaxel 

concentration. (A) Cells cultured in 

2D or 3D scaffolds were exposed to 

the relative IC50 for docetaxel and an 

additional two doses of 0.1 and 1 µM. 

Variance was tested using two-way 

ANOVA with Bonferroni post-hoc 

test. (B) Highlights MCF7 viability 

data in 3D only. Variance was tested 

using one-way ANOVA with Tukey 

post-hoc test. Cell viability was 

determined using the alamarBlue 

assay. Results shown are the 

mean ± SD (n=3). p-value ≤0.05 = *, 

p-value ≤0.01 = **, p-value ≤0.001 = 

***. 
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For further analysis, the values achieved from the vehicle controls and the three docetaxel 

doses in both 2D and 3D were graphed as dose response curves to calculate the respective 

IC50 values (Fig. 5.7). The 2D and 3D cultures displayed a large bottom plateau representing 

the maximal drug effect as seen in previous dose response curves (§5.3.1). Non-linear 

regression analysis produced a 2D relative IC50 of 0.00028 µM, consistent with the 

previously constructed dose response curves in §5.3.1. For the 3D culture however, the 

calculated IC50 was 0.00045 µM–greater than that seen in 2D culture. Dotted lines 

representing both relative IC50 values are shown, highlighting the large difference between 

the two culture conditions. This change represents a docetaxel concentration increase of 

60.7% to achieve the halfway response between top and bottom plateaus (i.e., the IC50) under 

3D scaffold culture when compared to 2D.  
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Figure 5.7: 2D vs. 3D dose response curve (docetaxel). 2D and 3D response data from Fig. 5.5 was 

converted to a four-point dose response curve (vehicle control and x3 docetaxel doses). Non-linear 

regression analysis was carried out to produce relative IC50 values for both 2D and 3D samples. Cell 

viability was determined using the alamarBlue assay. Results show viability (percentage relative to 

the 100% viability representing vehicle control) vs. drug doses (M). Data points shown are the mean 

± SD (n=3). 
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5.3.3 Effect of culture duration prior to drug exposure  

 

The duration of cell culture and acclimatisation to the 3D scaffold environment had a 

significant effect on the response to docetaxel exposure. Based on data from previous studies 

herein, it was decided to use a higher dose of docetaxel (1 µM) to maximise the level of 

cytotoxicity observed due to the lower response levels in 3D cultures. A large reduction in 

viability was observed in the 3D collagen-based scaffolds pre-cultured for only one day, with 

a mean viability of 56.2 ± 1.1% recorded (Fig. 5.8). There was an increase in resistance to 

cytotoxicity observed in both other groups, where cells were cultured for 7 days and 14 days 

prior to docetaxel exposure (p-value ≤0.001). Mean viabilities of 74.5 ± 2.7% and 

69.9 ± 5.1% were recorded for the Day 7 and Day 14 exposures, respectively.  
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Figure 5.8: Effect of pre-culture duration on docetaxel response in 3D. MCF7 cells were 

pre-cultured prior to drug treatment for three different time periods, 1, 7 and 14 days, within the 

w/Gel 0.15% scaffolds. Then, the samples were treated with 1 µM of docetaxel for 120 h (5 days). 

Cell viability was determined using the alamarBlue assay. Variance was tested using one-way 

ANOVA with Tukey post-hoc test. Results shown are the mean ± SD (n=3). p-value ≤0.05 = *, 

p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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5.3.4 Effect of scaffold mechanical properties on response to docetaxel 

 

The potential impact of the mechanical properties of the scaffold was next assessed. Two 

scaffold groups of altered elastic modulus were utilised; a ‘low stiffness’ scaffold 

crosslinked with 4 mM EDAC and a ‘high stiffness’ scaffold crosslinked with 80 mM 

EDAC. For completeness, both scaffold groups were initially assessed against their 

mechanical properties (elastic modulus) and proliferation rates (DNA quantification). The 

high stiffness scaffold had an elastic modulus of 3.2 ± 0.28 kPa, and this was significantly 

larger than the low stiffness scaffolds which had an elastic modulus of 1.04 ± 0.14 kPa 

(Fig. 5.9, p-value ≤0.001).  

 

The relative change of DNA quantity per scaffold was assessed over a 2-week period 

(Fig. 5.10). At both Day 4 and Day 7, there were no differences in the relative change values 

of DNA between the low and high stiffness scaffolds. However, by Day 14, there was a 

significant increase (p-value ≤0.001) in the DNA quantity (relative change to Day 1) of the 

high stiffness scaffolds. This indicates a large increase in cell proliferation within the 

scaffolds of increased elastic modulus.  
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Figure 5.9: Mechanical characterisation of low/high stiffness scaffolds. The elastic modulus for 

each scaffold group, low stiffness (4 mM EDAC) and high stiffness (80 mM EDAC) was determined 

using unconfined compression testing in a hydrated environment. The modulus was determined 

through the slope of the line of the 2-5% linear region of the stress-strain curves. Variance was tested 

using an unpaired t-test. Results shown are the mean ± SD (n=5). p-value ≤0.05 = *, p-value ≤0.01 

= **, p-value ≤0.001 = ***.  
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Figure 5.10: Quantification of DNA from MCF7 cells in low/high stiffness 3D scaffolds. (A) 

Raw quantification of DNA amounts per scaffold. Cells were seeded onto scaffolds for a two-week 

timeframe. Scaffold/Cell constructs were then digested via papain enzyme, with DNA quantified 

using the HOECHST-based fluorometric assay. (B) DNA quantity increases, relative to Day 1 

(relative change). Variance was tested using two-way ANOVA with Bonferroni post-hoc test. 

Results shown are the mean ± SD (n=4). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = 

***. 
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Finally, response to drug treatment was investigated. MCF7 cells were cultured for 7 days 

prior to docetaxel exposure. There was a similar reduction in viability observed in both 

scaffold groups (Fig. 5.11). The low stiffness (4 mM) scaffold demonstrated a mean viability 

of 75.67 ± 6.88% while the high stiffness (80 mM) scaffold had a mean viability of 76.13 ± 

1.34%. There was no impact of altering the scaffold elastic modulus in terms of 

chemosensitivity to docetaxel.  

 

 

Figure 5.11: Effect of scaffold stiffness on docetaxel response. MCF7 cells were cultured on both 

low and high stiffness scaffolds for 7 days. Cells were then exposed to 1 µM of docetaxel for 120 h 

(5 days). Variance was tested using an unpaired t-test. Cell viability was determined using the 

alamarBlue assay. Results shown are the mean ± SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, 

p-value ≤0.001 = ***, ns = no significance. 
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5.4 Discussion 
 

A crucial aspect of 3D in vitro models is the application in the field of drug testing and 

discovery. This chapter initially focused on the validation of the 3D collagen-based scaffolds 

as test beds for therapeutic agents. Stemming from this validation, it was then sought to 

assess certain aspects of the 3D scaffolds that may influence the response, such as the 

duration of culture of the cells prior to treatment and the mechanical properties of the 

scaffold.  

 

Initial work was carried out in 2D, to determine a response by the MCF7 cells and to find 

out a starting point for 3D work by determining the relevant relative IC50 concentrations 

within our laboratory setup. In terms of the drugs assessed, tamoxifen was minimally 

effective in 2D and only at the max dosage was any measurable reduction in cell viability 

observed. As such, the non-linear regression analyses were poor fits across the different 

exposure periods (Fig. 5.2). As tamoxifen is typically cytostatic at low doses in vitro 

[482,483], this result was not unexpected. The curves produced were similar to previously 

reported findings, where tamoxifen (4-OHT) produced little to no growth inhibition in MCF7 

cells (i.e., reduction in viability) at doses ≤10 µM (10-5 [M])–but at doses higher than 10 µM, 

there was a rapid and steep increase in growth inhibition [493,494]. In contrast, it has also 

been reported that greater growth inhibition occurred at lower doses using 4-OHT, whereby 

growth inhibition of ~40% was observed at doses including 2.5 µM [495] and 0.1 µM [496], 

again both in MCF7 cells. The calculated relative IC50 value of 17 µM is in line with many 

previously reported studies using tamoxifen (4-OHT) and MCF7 cells, where IC50 values in 

the range of 11.3-27 µM were documented [451,497–499]. Nonetheless, in terms of 

practicality, the use of the large doses/volumes of tamoxifen that were required for 
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measurable responses was not desirable. Docetaxel performed significantly better in 2D with 

a more pronounced, rapid and defined effect on cell viability observed (Fig. 5.4). Resulting 

non-linear regressions were excellent fits and allowed for the relative IC50 to reliably be 

calculated, with a consistent relative IC50 for 1, 2, 3 and 5 days of drug exposure. In 

previously reported studies, there are variations in reported IC50 values in similar studies 

using docetaxel and MCF7 cells. Elsewhere, IC50 values for docetaxel against MCF7 cells 

after 72 h exposure include 0.0038 µM [477], 0.007 µM [478] and 0.0074 µM [479]–and 

more closely matched to our data, an IC50 of 0.0004 µM was recorded after 96 h docetaxel 

treatment elsewhere [500]. Differences in IC50 are likely due to the nature of in vitro 

cytotoxicity testing and the inherent variation that arises due to many factors. It was decided 

to proceed with a five day exposure time for the remaining studies to maximise the total 

response as it was hypothesised that the response in 3D would be lower than in 2D, thus 

actual growth inhibition may not be detected at shorter exposure times. In addition, 

notwithstanding the calculation of an IC50 for tamoxifen that agreed with values observed in 

previously reported studies, it was decided to continue only with docetaxel for studies 

involving 3D culture. This was due to its more efficient performance at lower concentrations. 

 

Following on from preliminary studies, validation of the scaffolds as a suitable test bed for 

therapies began with a three-dose study using the previously calculated relative IC50, and 

two increased doses of 0.1 µM and 1 µM. MCF7 cells cultured on the scaffolds (i.e., 3D 

culture) and the same cells growing in standard 2D culture conditions were exposed to 

demonstrate that successful and measurable responses occurred in 3D and to assess potential 

differences to the comparator 2D cultures. Across the study, a significant alteration in 

response to docetaxel was demonstrated, with a persistent increase in chemoresistance in 

cells grown in 3D observed for all three dose levels when compared to 2D (Fig. 5.6). In 2D, 
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the IC50 dose had accounted for a growth inhibition of 20-25%, but there was a negligible 

response in 3D with this dose, with >95% cell viability reported. However, for the increased 

docetaxel doses, there was a clear cytotoxic effect–illustrating the successful use of the 

scaffolds in performing drug testing and analysis. Upon completing a non-linear regression 

analysis on the 2D vs. 3D data (Fig. 5.7), there was a 60.7% increase in the relative IC50 

value in the 3D scaffolds compared to the 2D controls–demonstrating further the sizeable 

increase in chemoresistance observed. The alterations in response achieved above were an 

expected result, as it has been routinely observed in the literature that cells cultured in 3D 

(in a variety of models) displayed an increase in resistance to drug treatment compared to 

cells cultured in 2D, across a range of breast cancer [53,500,501]. Similar results have also 

been observed in other cancers including neuroblastoma, prostate, ovarian and brain 

[9,12,166,468].  

 

Regarding breast cancer, MCF7 cells grown in a 3D collagen-based gel and treated with 

docetaxel for 96 h exhibited an increase in IC50 concentration of 100% compared to 2D 

cultured MCF7 cells (0.0004 µM to 0.0009 µM) [500]. MCF7 cells cultured in MatrigelTM 

and exposed to doxorubicin for 144 h had an estimated 44.4 times increase in IC50 

concentration compared to 2D culture [53]. Looking at 3D culture models that more closely 

align with scaffolds used herein, Liverani et al. (2022) reported a significant decrease in 

sensitivity to doxorubicin treatment in collagen-based scaffolds (type 1 collagen, 

freeze-dried, 9x2 mm, porosity of 85%, pore size of 150-300 μM) using two breast cancer 

cell lines, MCF7 and MDA-MB-231 cells. Cells cultured in the 3D scaffolds were compared 

to both 2D cultures of the same cells and also a mouse model with tumours derived from 

both cell lines [355]. There was a significant increase in resistance in the MCF7 cells in 3D 

scaffolds, to the extent they were fully resistant across the full dose range in the study–and 



223 

this high resistance matched closely to the in vivo model. With MDA-MB-231 cells, once 

again there was a significant reduction in sensitivity to doxorubicin when cultured in the 

collagen scaffold (IC50 1.89 µM) compared to 2D (IC50 1.21 µM)–and the response in 3D 

mimicked closely the in vivo response (IC50 2.01) µM) [355]. Another interesting outcome 

from this study was the selection of resistant subpopulations within the collagen scaffolds 

from the originally seeded parental cells for both cell lines. Within the MDA-MB-231 cells, 

reduced drug uptake, increased lysosomal content of the drug and hypoxia mediated 

resistance were all observed within the 3D collagen scaffold model [355]. Results from this 

study demonstrate the huge potential of 3D scaffolds for in vitro drug research owing to the 

analogous performance compared to in vivo animal models. 3D scaffolds also enable the 

resistance to treatment to be modelled within a bench top culture model, which offers 

significant potential for increasing understanding of the mechanisms involved. Fitzgerald et 

al. (2015) saw a large increase in chemoresistance in 3D collagen-based scaffolds (freeze-

dried, 0.5% (wt/v), 8 x 4 mm) upon exposure of LNCaP prostate cancer cells to docetaxel. 

Treatment with 1 nMol (0.001 µM) of docetaxel for 24 h saw a growth inhibition of 75% in 

2D cultured cells while only a 10% inhibition in the 3D scaffolds, representing a significant 

decrease in drug effectiveness [9]. Finally, in another similar collagen-based scaffold 

(freeze-dried, 0.5% (wt/v), 6x4 mm), there was a 30-37% increase in chemoresistance in two 

neuroblastoma cell lines cultured in 3D compared to 2D following a 7 day treatment with 

cisplatin [12]. These studies, along with many others, reaffirm the significant increase in 

resistance to therapy induced by 3D culture observed within this thesis.  

 

In 2D, cultures are monolayer and there is an even and direct exposure to the drug 

compounds in use. Within 3D scaffolds, there is a dense network of ECM materials, in this 

case collagen (and additionally non-ECM gelatin), impacting perfusion and transport of the 
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drug throughout the scaffold–as is seen in vivo with human ECM/tissue [502,503]. 

Furthermore, cells growing in dense clusters, as observed in Chapter 3, have an additional 

means of evading the effects of drug compounds, including hypoxia development in the 

spheroid/cluster core or physical means such as cells at the core of these dense spheroid-like 

clusters experiencing a lower concentration of drug compared to the more exposed outer 

layer of cells due to reduced drug perfusion [504–506]. Such response patterns have been 

demonstrated elsewhere, whereby spheroids displayed increased chemoresistance in 

comparison to 2D cultures [53,506,507]. Development of hypoxia within tumours and 

additionally within in vitro models has previously been linked to increased chemoresistance 

[460,461]. Li et al. (2022) observed that hypoxia induced increased resistance to docetaxel 

treatment in 2D cultures in the MDA-MB-231 breast cancer cell line [508]. In addition, 

hypoxia can induce expression of genes involved in drug resistance, including HIF1A [509] 

or multidrug resistance genes such as MDR1 [510]–further demonstrating the impact of 

hypoxia in regard to drug resistance.  

 

Within Chapter 4, key genes linked to hypoxia (both hypoxia related genes themselves and 

also genes involved in metabolism shift) including ERO1A, GLUT1, GAPDH and HIF1A 

were all expressed at significantly higher levels in 3D cultured MCF7 cells than their 2D 

counterparts. It’s known from previously discussed studies in Chapter 4 that these expression 

signatures observed elsewhere were confirmed to be induced by hypoxic niches within a 

collagen-based scaffold also cultured with MCF7 (and MDA-MB-231) breast cancer cells 

[186]. This work, alongside our gene expression data further substantiates that hypoxic 

regions (likely the dense cell clusters within the scaffolds) are present in the developed 

scaffolds and may play an additional role in the increased chemoresistance observed within 

this chapter–an interplay that would be of key interest for future explorations.  
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From understanding the current state of the art, a gap in the knowledge surrounding the 

culture duration of cells within 3D scaffolds prior to drug exposure was identified. Drug 

exposure typically occurs at a set time, with no investigation into the impact the chosen 

exposure point had on response. There was a significant difference between 1 day of 

pre-culture to both other periods of 7 days and 14 days, whereby longer pre-culture 

significantly increased chemoresistance (Fig. 5.8). The response to treatment by the MCF7 

cells cultured in 3D for just 1 day prior to exposure was similar in scale to 2D cultured MCF7 

cells of the same treatment conditions. Treatment of cells within 3D scaffolds too soon after 

seeding may cause the same increased sensitivity seen in 2D cultures, negating any potential 

benefits of using 3D culture in the first place. Such a result suggests it is crucial to take into 

account the adaption of cells to their 3D environment, giving sufficient time for cell-cell and 

cell-matrix interactions to occur, and additionally for alterations in gene expression to take 

place.  

 

Corroborating with the above findings, within Chapter 4, significant alterations in the MCF7 

cells gene expression patterns in 3D compared to 2D after 7 days of culture were observed, 

while expression profiles were minimally different after only 1 day. These changes in 

expression pointed towards more aggressive cancer cells growing within the scaffolds, 

alongside an increase in expression of ECM modulating genes that would lend to an increase 

in the elastic modulus of the scaffold (such as LOX upregulation, a known ECM crosslinker 

[80]) and a further increase in previously mentioned genes associated with hypoxia and 

metabolism (ERO1A, GLUT1, GAPDH and HIF1A). This adaption as a function of time by 

cells to their 3D network also looks to play a role in response to drug exposure. To the best 
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of our knowledge, these results demonstrate for the first time how the duration of culture of 

cells within 3D scaffolds prior to drug exposure plays a significant role in response. As such, 

pre-culture duration proves to be a key parameter to be considered in experimental design 

for in vitro drug testing, as important data on drug efficacy and performance in vitro during 

drug discovery research may be lost due to not taking this aspect into account. 

 

ECM/tissue stiffness plays a significant role in breast cancer and is associated with disease 

initiation, progression and ultimately spread [4,48,54,78,346]. As such, the impact of 

altering the elastic modulus of the w/Gel 0.15% scaffold elastic modulus was investigated–

firstly in the sense of looking at proliferation rates of the cells on the scaffold and then 

assessing if there was a differential response to docetaxel treatment. From the proliferation 

data (Fig. 5.10), there was a large difference in rates of cell number increase between the 

low and high stiffness scaffold beyond 7 days, with the relative change value for the high 

stiffness scaffolds 90% higher compared to the low stiffness scaffolds. Cell number was 

increasing at a similar rate in both groups at the earlier timepoints. This finding is supported 

by previous studies that showed that 3D models with increased elastic modulus resulted in 

an increase in the proliferation rates and aggressiveness of cancer cells [213,313,511], and 

also based on the general theme within the literature on the interplay between tissue stiffness 

and cellular behaviour. MCF7 cells cultured for 7 days on the scaffolds were then exposed 

to docetaxel to examine the impact of mechanical properties on response. However, no 

differences in response were observed (Fig. 5.11). It may be worth noting that future 

investigation of such a comparison should assess longer pre-culture periods, beyond 7 days. 

Elsewhere, using MDA-MB-231 breast cancer cells, an increase in chemoresistance upon 

culture on a stiffer matrix towards doxorubicin [512] and cisplatin [513] has been observed. 

Of particular interest, Hunter Joyce et al. (2018) assessed the MCF7 cell line on 
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alginate-based hydrogels of varied elastic modulus and noted no stiffness-dependent 

response to doxorubicin [512]. It may be the case the less invasive epithelial MCF7 cell line 

does not interact with the 3D environment to the same degree as the more aggressive 

basal-type MDA-MB-231. This has been observed elsewhere, whereby MDA-MB-231 had 

greater interaction with collagen fibres/scaffolds than MCF7 cells, namely in terms of: 

increased migration along fibres [8,186,198], and also an ability of the MDA-MB-231 cells 

to significantly increase the stiffness of the collagen scaffolds used through LOX 

overexpression [198]. Potentially this means MCF7 cells do not respond to mechanical cues 

as readily as more aggressive breast cancer cell lines, thus stiffness-related drug resistance 

would not be a feature. As such, while varying the elastic modulus of the scaffold may be 

important when investigating other aspects of MCF7 behaviour, in regard to drug response, 

it may not be a crucial factor in model design. Expansion of the work completed could assess 

multiple other breast cancer cell lines to offer a more thorough analysis of the relationship 

between scaffold mechanical properties and response to therapy.  
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5.4.1 Concluding remarks 

 

Within this chapter, the use of the collagen-based scaffolds for the assessment of therapeutic 

agents was successfully demonstrated. Measurable responses were achieved, in particular 

using docetaxel. Such repeatable observation of the desired effect of the drug compounds in 

use achieved the primary aim of this chapter, to validate the use of these scaffolds as a test 

bed for therapies. It was also demonstrated that there was a significant increase in 

chemoresistance in cells cultured in 3D compared to 2D–offering further system validation 

as this is a routinely observed response pattern within the literature. Validation of the 

scaffolds as an in vitro means to assess drug compounds paves the way for the expansion of 

scaffold use in the field. Not only can the scaffolds be applied in drug development research, 

but also in emerging areas such as using scaffolds as rapid drug screening tools in ex vivo 

research, allowing for personalised medicine strategies to be devised. To the best of our 

knowledge, it was demonstrated for the first time the significant alteration in response to 

therapeutic agents through changing the duration of cell pre-culture on the scaffolds. Cells 

displayed a significant increase in chemoresistance upon longer culture durations, 

highlighting that this aspect of experimental design is crucial in the in vitro analysis of drugs 

using 3D scaffolds. While it was demonstrated that the elastic modulus of the scaffold had a 

significant impact on cell proliferation rates, there was no observation of differential 

response to docetaxel. Overall, results confirm the use of collagen-based scaffolds in the 

assessment of therapeutic agents as a promising in vitro tool to improve the landscape of 

early-stage drug development. 
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6.1 Overall discussion 
 

In Ireland, breast cancer is the most commonly diagnosed cancer amongst women (excluding 

non-melanoma skin cancer) and accounts for 17% of female cancer-related deaths each year 

– thus representing a significant healthcare issue. The five-year survival is high (88%) in 

early-stage breast cancer [514]. However, once the cancer spreads from the breast, the five-

year survival reduces to 26% [515], thus continued breast cancer research is paramount. This 

thesis aimed to develop a 3D collagen-based scaffold that can be used for breast cancer 

research. 3D in vitro culture models are an emerging tool in cancer research, overcoming 

limitations associated with 2D culture and bridging the gap to animal models. Within this 

chapter, the key findings of this thesis are presented. 

 

Production of highly porous collagen-based scaffolds with an interconnected pore 

architecture, stable in vitro degradation kinetics and suitable mechanical properties 

A range of collagen-based scaffolds were successfully and repeatably fabricated using a 

freeze-drying procedure. This controlled-rate fabrication technique allowed for the 

production of highly porous scaffolds with an interconnected pore network, with consistent 

architecture across all six compositions assessed. The addition of gelatin and hyaluronic acid 

led to a reduction in scaffold porosity, however the true scale of these differences was 

negligible and thus not considered detrimental to the scaffold architecture. Initial mechanical 

and degradative assessment of the collagen-based scaffolds showed that they had a low 

elastic modulus (and thus an indicator of low stiffness), and also an extremely rapid 

degradation profile. The use of chemical crosslinking (EDAC) was implemented to 

significantly bolster the scaffolds mechanical properties and degradation kinetics–and this 

was the outcome that was achieved. The mechanobiology of the breast cancer tumour 
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microenvironment plays a crucial role in the development and progression of the disease 

[4,48,54,78,346], thus it is paramount to fabricate a scaffold that replicates the mechanical 

properties of breast cancer tissue/ECM. From the literature review, a range of 0.5-3 kPa was 

determined to be a suitable range of elastic moduli to replicate values seen in breast cancer 

ECM/tissue [92,315]. All scaffolds fabricated had elastic moduli in the range of 1-2 kPa, 

thus satisfying our chosen criteria, demonstrating the replication of suitable and biologically 

relevant mechanical properties within our scaffolds. In addition, mechanical properties of 

our scaffolds closely matched reported elastic moduli of breast cancer ECM in a mouse 

model [93], highlighting how 3D scaffolds can be used to simulate the in vivo environment 

in animal models. A promising aspect of 3D scaffolds is their application in long-term 

cultures, without the need for passaging/sub-culturing cells–thus allowing for cells to adapt 

to their environment and grow undisturbed for long periods. This can pave the way for long 

term investigations into a variety of breast cancer features, such as hypoxia development or 

long-term monitoring of cancer metabolism and general cell behaviour. All scaffolds 

fabricated demonstrated long-term in vitro stability, degrading by less than 15% within a 

2-week period. As such, our scaffolds confirmed their suitability for long-term in vitro 

research.  

 

 Confirmation of collagen-based scaffold biocompatibility and ability to support breast 

cancer cell attachment and proliferation 

For suitability as an in vitro culture model, the fabricated scaffolds must demonstrate their 

ability to support the attachment of viable cells and the subsequent long-term proliferation 

of cell populations within the scaffold. The scaffolds developed were shown to be non-

cytotoxic towards our selected breast cancer cell line. From the materials themselves 
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(collagen, gelatin and hyaluronic acid), to chemicals used in the fabrication process such as 

acetic acid (material solubilisation), EDAC/NHS (crosslinking agents) and ethanol (scaffold 

sterilisation)–there was no observed cytotoxicity to cells upon exposure to scaffold-based 

extracts in 2D culture. Furthermore, the scaffolds fabricated provided a suitable template for 

attachment and proliferation of viable breast cancer cells. Viability of MCF7 cells within 

scaffolds after 48 h was high, with all scaffold groups showing mean viabilities above 85%. 

Cell attachment of 40-70% was observed for all scaffold compositions investigated. The 

double-sided seeding technique used resulted in the successful infiltration of cells throughout 

the full depth of the scaffold, with the scaffold architectural properties (porosity and pore 

size) posing no constraints on this movement. Furthermore, the addition of gelatin and 

hyaluronic acid to the collagen scaffolds showed an improvement in cell infiltration at the 

early timepoint of 24 h, with an apparent greater number of cells observed in the central 

regions of the scaffold upon their addition. Long-term proliferation, spanning three weeks, 

was successfully demonstrated. Cell numbers continuously increased as a function of time, 

with rapid increases in cell number during the initial days before the proliferation rate began 

slowing. Alongside the degradation results, these studies demonstrate the application of the 

collagen-based scaffolds for long-term investigations spanning more than two weeks.  

 

The majority of MCF7 cells growing within the scaffolds developed a rounded and spherical 

morphology. Within 24 h, the development of spheroid-like clusters was observed–

demonstrating rapid occurrence of cell-cell interactions. The acquiring of a morphology that 

is more analogous to in vivo cancer cells, compared to the flat morphology of 2D cultured 

cells, further highlights the benefit of 3D scaffolds in improving the biological relevance of 

the in vitro model. Successful attachment and proliferation of cells within the scaffolds also 

reaffirms that the aforementioned scaffold physical properties, such as porosity and pore 



233 

size, are of an ideal range for cell attachment, infiltration, proliferation and cell-cell 

interactions.  

 

Cells cultured in 3D collagen-based scaffolds develop altered gene expression patterns, 

with increased expression of genes associated with ECM modification, hypoxia and 

altered metabolism. 

Upon culture in 3D, cells tend to acquire altered gene expression patterns compared to their 

counterparts in 2D. In Chapter 4, a range of targets were assessed that play key roles in ECM 

modification, ECM component synthesis, hypoxia and glycolysis. Interesting and significant 

results were observed across all processes investigated. Increased expression of hypoxia 

related targets, HIF1A and ERO1A, was observed in 3D cultured cells compared to 2D. 

Notably, ERO1A, a novel marker of hypoxia, was consistently overexpressed within the 

scaffolds–and this is the first demonstration of such an increase in contrast to 2D cultures in 

a breast cancer in vitro model. In addition, two markers associated with 

glycolysis/metabolism, GLUT1 and GAPDH, were both overexpressed in 3D compared to 

2D cultured cells. Both of these genes are regulated by hypoxia and are induced in order to 

promote anaerobic respiration in the absence of oxygen [399,404]. Thus, their 

overexpression further suggests that low oxygen regions develop within our scaffolds and 

owing to this induction of hypoxia, MCF7 cells underwent a metabolic switch in order to 

continue proliferation and growth within the scaffolds. These signatures of hypoxia and 

induction of glycolysis corroborate with previous studies reported in Chapter 3 whereby 

dense clusters of cells were observed. It is known that within spheroid-like clusters of cells 

such as those, that hypoxic cores are prevalent [377,378], highlighting the above expression 

patterns likely were induced by the formation of these dense cellular clusters. VEGFA, which 
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promotes angiogenesis in response to reduced oxygen and nutrient supply (hypoxia) [459], 

was also found to be increased in expression within 3D cultured cells. These gene expression 

patterns signal that hypoxia has developed within the collagen-based scaffolds, and in 

response an increase in glycolysis and associated angiogenesis genes was triggered. The 

ability to model naturally induced hypoxia within an in vitro model highlights a promising 

application of our collagen-based scaffold model.  

 

Another major aspect of investigation was genes involved in the modification of breast 

cancer ECM and additionally, genes involved in synthesis of ECM components. LOX, 

MMP2 and MMP9 showed increased expression upon culture of cell within the scaffold 

compared to 2D cultured cells. These three genes play a key role in the modification of the 

ECM, through crosslinking and stiffening of collagen (LOX) and the breakdown/degradation 

of collagen type IV (MMP2 and MMP9) [80,81,86,87]. These functions play an important 

role in the progression and spread of breast cancer, thus their overexpression within our 

model improves the mimicry of the in vivo tumour microenvironment–highlighting yet 

another beneficial feature of the culture model fabricated herein. Increased expression in 3D 

compared to 2D cultured cells was observed for both FN1 and HAS2, which produce crucial 

components of the ECM (fibronectin and hyaluronic acid), and it is through their influence 

on cell migration, proliferation, adhesion and invasion that they play a role in breast cancer 

progression and metastasis [385,388,392]. Furthermore–MMP2, MMP9, LOX and FN1 have 

additional roles in epithelial-to-mesenchymal transition (EMT), a crucial process which 

contributes to the spread and migration (i.e., metastasis) of cancer cells. While EMT was not 

a key research focus of this thesis, increased expression of EMT markers demonstrates 

further potential in applying the scaffolds as in vitro tools to investigate processes such as 

EMT, alongside the aforementioned hypoxia and glycolysis. Overall, the increase in 
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expression of ECM component synthesizing genes observed demonstrates the increasing 

complexity that can be achieved within the 3D collagen-based scaffolds, offering a more 

biologically relevant culture model compared to 2D culture. 

 

Successful application of collagen-based scaffolds as an in vitro drug testing model 

A key application of the scaffolds fabricated, was their use in in vitro drug testing. One of 

the noteworthy issues with 2D cultures as referenced throughout this thesis, is the altered or 

inflated response to therapies in vitro and the general poor translation of results seen in 2D 

culture compared to in vivo trials in animals and humans [112,470]. Within this thesis, it was 

sought to validate the use of the fabricated scaffolds in the assessment of therapeutic agents 

used to treat breast cancer. Culture of MCF7 cells in 3D resulted in a significant increase in 

resistance to docetaxel treatment, with a sizeable change in relative IC50 between 2D and 3D 

cultures. Confirmation that growth inhibition is lower in the 3D scaffolds achieves one of 

the key promises of 3D culture models, that they negate the often increased sensitivity to 

therapies seen in 2D and produce responses that are more analogous to in vivo animal 

models. While no animal study was carried out herein, elsewhere it was observed that 

response by MCF7/MDA-MB-231 breast cancer cells to doxorubicin in a 3D collagen 

scaffold was very similar to a mouse model, remarkably more so than the 2D culture control 

[355]. This highlights the promise of 3D scaffold-based drug research and how it can bridge 

the gap between 2D culture and animal models. 

 

Within the literature, the effect of the cell culture duration within the scaffolds prior to drug 

exposure has not been investigated. Previously, cells were pre-cultured for seven days prior 

to treatment, to allow sufficient times for cells to adapt to the 3D environment. It was found 
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that when MCF7 cells were only cultured within the collagen-based scaffold for 24 h, there 

was a sizeable reduction in cell viability to ~55%, and this growth inhibition was of similar 

magnitude to the response levels in 2D using the same docetaxel concentration. This was in 

contrast to both other pre-culture durations of 7 and 14 days, whereby there was significantly 

less growth inhibition for both groups. This signals that cells must be provided with adequate 

time to adapt to the 3D environment, through cell-cell and cell-matrix interactions but also 

in terms of alterations in expression of a variety of genes. These adaptions appear to drive 

an increase in chemoresistance within the cells–while cells only cultured short-term within 

the scaffolds that have not adapted to the 3D scaffold still behave in a similar fashion to 2D 

cultures with inflated response to drug exposure. Hypoxia development has previously been 

demonstrated to impact chemosensitivity, causing increased resistance to treatment in cells 

growing under low oxygen conditions [460,461]–and significantly, this was observed to be 

the case with breast cancer cells exposed to docetaxel [508]. As hypoxia and related 

glycolysis genes did not show altered expression in 3D until the Day 7 mark within the 

collagen-based scaffolds, it illustrates that key cellular adaptions to the 3D scaffold that 

impact response to drug exposure takes time, and this must be accounted for when planning 

and conducting 3D in vitro drug testing.  

 

Tissue/ECM stiffness plays a significant role in breast cancer development and progression 

[4,48,54,78,346], and also has a facilitative role in drug resistance [502,513,516]. Therefore, 

the effects of altering the elastic modulus of the collagen-based scaffolds were also 

investigated, simulating the increased stiffness that is a characteristic of the tumour 

microenvironment in breast cancer, to determine if this had any effect on response to 

docetaxel. Significantly increasing the elastic modulus (3-fold increase) of the scaffold 

resulted in a large increase in MCF7 proliferation rate within the scaffold. Thus, there was a 
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direct effect of the increasing the elastic modulus of the scaffold and cell proliferation. 

Previous proliferation studies (Chapter 3) have shown that there were no differences in 

proliferation rates amongst the different scaffold groups. However, the magnitude of 

difference between lowest and highest modulus using the standard crosslinking regime 

across the different scaffold compositions was not as large as described in the Chapter 5 

study. This result demonstrates that the collagen-based scaffolds can be tailored in terms of 

their physical and mechanical properties in a more significant manner to drive a different 

behaviour within the same parental population of cells–which may have interest in future 

works investigating in more detail the relationship between the cell and the scaffold it is 

growing in. Upon exposure of both scaffold groups of altered elastic modulus to docetaxel, 

no difference in response between either the low or high modulus groups was observed. This 

was unexpected as it was hypothesised that an increase in chemoresistance would have been 

observed as a function of increasing modulus. The lack of difference may be a true result, or 

there may be limitations of the study design, perhaps in term of pre-culture duration or cell 

line related. Future work incorporating a range of different breast cancer cell lines and 

additionally different drugs may provide greater context on the interplay between scaffold 

modulus (as a representative comparison to tissue/ECM stiffness) and therapeutic agents. 
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6.2 Concluding remarks 
 

This research thesis has fabricated and characterised in detail a range of 3D collagen-based 

breast cancer culture models. The scaffolds developed proved to be highly biocompatible 

with successful attachment and subsequent sustained long-term proliferation of MCF7 breast 

cancer cells achieved. Cells growing within the collagen-based scaffolds developed a 

rounded, globular morphology akin to cells growing in vivo. Cells growing in the 3D 

environment acquired markers of ECM modification and synthesis, low oxygen regions 

(hypoxia) and induction of glycolysis. These genetic alterations drove a shift in the MCF7 

population to a more aggressive and malignant genotype. The use of these collagen-based 

scaffolds as an in vitro drug testing model was also successfully validated. Cells cultured in 

3D displayed a sizeable increase in chemoresistance when compared to the same cells 

growing in 2D culture plates. Within our scaffolds, a novel impact of cell pre-culture 

duration prior to drug treatment was demonstrated. A significant increase in chemoresistance 

was observed in longer pre-culture times, in comparison to short-term periods (24 h) where 

cells within the scaffold displayed similar chemosensitivity to 2D cultured cells.  

 

Overall, the overarching aim of this thesis was successfully achieved–the delivery of 

biomimetic, biocompatible 3D collagen-based scaffolds that support the attachment and 

proliferation of breast cancer cells. As a proven and validated culture model for undertaking 

breast cancer research, this thesis demonstrates the significant potential of the application of 

these scaffolds in research settings–paving the way for future discoveries and advancement 

in our knowledge of the disease, its progression and its treatment. 
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6.3 Future prospective 
 

Further exploration into cell behaviour and phenotype within the scaffold.  

The fabricated scaffolds all demonstrated relatively similar architectural and mechanical 

properties in terms of true magnitude, even though some significant differences in results 

were achieved. Fabricating scaffold compositions that achieved more extreme variations 

may allow for further optimisation of the scaffold and a greater understanding of the impact 

of scaffold properties on cell behaviour. Significant modification of scaffold elastic modulus 

in Chapter 5 demonstrated a large increase in cell proliferation rates, highlighting how 

greater alterations in scaffold physical properties can impact cell behaviour. The addition of 

other cell types would take place, as different breast cancer cell lines may have different 

behaviours within the scaffolds. The MDA-MB-231 (triple negative) cell line would be an 

ideal additional cell line, as it is much more aggressive in nature than the cells used in this 

thesis. Other aspects of cell behaviour of interest would include greater investigation of the 

movement of cells within the scaffold, and how this may correlate with their migratory or 

metastatic potential. This would involve profiling various markers and protein involved in 

the movement of cells (such as N- and E-cadherin), assessing how fast cells move throughout 

the scaffolds and if this migration can be altered using anti-metastatic drugs. The additional 

investigations into cell behaviour within the scaffold further improve the knowledge within 

the breast cancer field and may serve to provide breakthroughs in various mechanisms 

involved in breast cancers progression and spread.  

 

Further exploration into cell behaviour and phenotype within the scaffold.  

Within this thesis, qPCR was used to provide a detailed assessment of key cell markers and 

genes involved in a variety of processes such as ECM modification, ECM component 
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synthesis, glycolysis, hypoxia, metabolism and also into markers that are acquired upon 

increasing cell aggressiveness and invasive potential. Future work would significantly 

expand on the initial targets selected to get a better picture of gene expression within the 

scaffolds compared to 2D cultures. Technologies such as RNA-Seq would be used to assess 

the full transcriptome, removing any potential biases of selecting single targets at a time. 

While the transcriptome provides a useful insight into these properties and processes, further 

work to provide greater detail would be completed. This would involve, for some examples, 

protein analysis (western blots, protein microarrays and mass spectrometry) and secreted 

factor/protein analysis. More in depth assessment of cell aggressiveness and invasive 

potential using the above means would link into the further tumourigenicity animal study.  

 

Assessment of tumourigenicity of 3D cultured cells in an animal model.  

The culture of cells within a 3D scaffold can develop a profile of cell behaviour and give an 

indication into the ‘aggressive’ behaviour or potential of cell lines. A range of cell markers 

and gene of interests were profiled that suggested that MCF7 cells grown within the 

collagen-based scaffolds had evolved into a more aggressive phenotype. Ultimately an 

in vivo animal study would be required to study the tumourigenicity of the 3D cultured cells. 

This would involve the culture of selected breast cancer cells lines (e.g., MCF7 and 

MDA-MB-231) in both 2D and within our 3D collagen-based scaffolds for a defined period. 

After which, cells from either culture condition will be harvested and then injected into 

mammary tissue of a mouse model. Tumour growth and development would be monitored 

and assessed for tumour volume, mass and growth rate. This model would provide 

significant corroboration to previous works and postulations on the increase in cell 

aggressiveness upon culture within the scaffolds. 
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Application of collagen-based scaffolds as ex vivo culture models.  

A further application of the scaffolds fabricated would be their potential use in ex vivo 

culture, which would represent an exciting application of the scaffolds with potential for real 

clinical impact. By culturing fragments of a patient’s tumour, it allows us to gain a greater 

insight into a patient’s own cancer and provides opportunities to develop personalised 

medicine strategies. Initially, work would consist of optimising the conditions for successful 

uptake of tumour fragments on the scaffolds to ensure an adequate fraction of tumour cells 

remain viable and begin proliferating within the scaffold. Validation that the cultured 

fragments can maintain the characteristics of the original tumour long-term (2-4 weeks) 

within the scaffolds would be carried out, ensuring any testing carried out on the ex vivo 

model would still be representative of the original patient tumour. Upon validation of the 

scaffolds as suitable ex vivo culture models, work would expand into therapeutic assessment, 

demonstrating the potential to use these scaffolds to improve patient outcome by devising 

personalised medicine strategies through rapidly ex vivo culture of patient tumours within a 

laboratory setting. Ex vivo of patient tumour fragments on 3D scaffolds has been carried out 

before, thus there would be no major concerns regarding ethical approval for these works. 

Optimising treatment options could greatly improve patient experience, through mitigating 

risks of non-response to treatments, which could result in significant patient suffering 

through side effects with no actual benefit in terms of tumour reduction. 

Incorporation of immune cell function within the collagen-based scaffolds.  

Xenograft tumours typically grown in immunocompromised mouse models, thus successful 

incorporation of immune function into the collagen-based scaffold would be a huge 

advantage of the culture model. Certain drugs work by inducing an immune response–so as 

a proof of principle study, tumours growing on the immunofunctionalised scaffolds would 
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be treated with a drug that provokes the immune system, such as Herceptin–which 

theoretically should perform better with provision of the immune component. Natural killer 

cells would be a suitable immune cell to incorporate, due to their prominent ability to induce 

antibody-dependent cell-mediated cytotoxicity and their reported interaction with Herceptin. 

Further cancer and immune cell interplay that could be investigated could be immune 

checkpoint inhibitors, such as PD-1 and PD-L1 inhibitors. Demonstration of immune 

function within a 3D in vitro tumour model would represent a huge advancement in model 

complexity and provide a significant advancement in the biological relevance of scaffolds. 

Scaffolds with immune function would genuinely represent bridging the gap to animal 

models in terms of lab-based research for cancer. 
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Appendix 
 

Appendix Chapter 1 

Appendix 1.1 – Thermocouple probe report for freeze drying cycle. 

 

 

Appendix 1.1: Thermocouple probe report for freeze drying cycle. Thermocouples were used to 

ensure collagen-based solutions were progressing through the freeze drying cycles, both thermal and 

drying phases, in the correct manner. In the above report example, it can be seen that the collagen 

(product temp line) demonstrates a slight hysteresis when the reference/shelf temperatures are 

increasing. However, solution cooling/heating remains satisfactory. Vacuum reference (Vac ref) and 

chamber pressure sensors demonstrate the rapid and successful reaching of the vacuum required for 

the freeze drying cycle. The condenser rapidly reached the desired low temperature range of -60 

to -70 ℃ and maintained between this range for the full cycle.   
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Appendix Chapter 3 

 

Appendix 3.1: Large cluster of MCF7 cells within w/Gel 0.15% scaffold.   

 

 

 

 

 

 

 

Appendix 3.1: Large cluster of MCF7 cells within w/Gel 0.15% scaffold. MCF7 cells within the 

w/Gel 0.15% at Day 14 forming a large spheroid-like cluster of cells within the porous architecture.   
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Appendix Chapter 5 

Appendix 5.1 – Tamoxifen - dose effect at each timepoint 

 

 

 

 

 

 

Appendix 5.1: Tamoxifen - dose effect at each timepoint. Dose response curves were converted 

to standard bar charts, to assess the dose concentration effect within each timepoint. At 48, 72 and 

120 h, there was a large reduction in cell viability upon treatment with 20 µM docetaxel. After 120 h, 

there was an increase in growth inhibition observed for all doses compared to the vehicle control. 

Cell viability was determined using the alamarBlue assay. Results shown are the mean ± SD (n=3). 

p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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Appendix 5.2 – Tamoxifen - timepoint effect at each dose 

 

 

 

 

 

 

 

Appendix 5.2: Tamoxifen - timepoint effect at each dose. Dose response curves were converted 

to standard bar charts, to assess the effect of the exposure period within each concentration. Exposure 

for 120 h resulted in increased growth inhibition compared to all other exposure periods for all 

concentrations of tamoxifen assessed. In addition, at a concentration of 20 µM, both 48 and 72 h 

displayed increase inhibition to 24 h. Finally, both 72 and 120 h of exposure resulted in increased 

growth inhibition at 20 µM compared to 48 h exposure. Cell viability was determined using the 

alamarBlue assay. Results shown are the mean ± SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, 

p-value ≤0.001 = ***. 
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Appendix 5.3 – Docetaxel - dose effect at each timepoint 

 

 

 

 

 

 

Appendix 5.3: Docetaxel - dose effect at each timepoint. Dose response curves were converted to 

standard bar charts, to assess the dose concentration effect within each timepoint. All concentrations 

of docetaxel used resulted in increased growth inhibition compared to the vehicle control. In addition, 

within the 48 h exposure group, all other concentrations had increased growth inhibition compared 

to the 0.00032 µM dose. Cell viability was determined using the alamarBlue assay. Results shown 

are the mean ± SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = ***. 
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Appendix 5.4 – Docetaxel - timepoint effect at each dose 

 

 

 

 

 

 

 

Appendix 5.4: Docetaxel - timepoint effect at each dose. Dose response curves were converted to 

standard bar charts, to assess the effect of the exposure period within each concentration. Treatment 

for 72 h and 120 h resulted in a significant increase in growth inhibition compared to the 24 h 

treatment time at all concentrations. Cell viability was determined using the alamarBlue assay. 

Results shown are the mean ± SD (n=3). p-value ≤0.05 = *, p-value ≤0.01 = **, p-value ≤0.001 = 

***. 

 

 


