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RT-PCR   Reverse transcription-polymerase chain reaction 

RYVVLPR   Arg-Tyr-Val-Val-Leu-Pro-Arg 

S, Ser    Serine 

S.D    Standard deviation 

S.E.M    Standard error of mean 

SAPH    Self-assembling peptide hydrogel 

SEM    Scanning electron microscopy 

T, Thr    Threonine 

TAGSCLRKFSTM  Thr-Ala-Gly-Ser-Cys-Leu-Arg-Lys-Phe-Ser-Thr-Met 

TAM    Tumour associated macrophage 

TAN    Tumour associated neutrophil 

TAZ    Transcriptional co-activator with PDZ-binding motif 

TCP    Tissue culture plastic 

TEM    Transmission electron microscopy 

TGFβ    Transforming growth factor β 

TIMP    Tissue inhibitor of metalloproteinase 

TME    Tumour microenvironment 

TNBC    Triple negative breast cancer 

TWIST1   Twist-related protein 1 
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UA    Uranyl acetate 

V    Poisson’s ratio 

V, Val    Valine 

V8    VEVKVEVK 

VEGF    Vascular endothelial growth factor 

VEGFR   Vascular endothelial growth factor receptor 

W, Trp    Tryptophan  

Y, Tyr    Tyrosine 

YAP    Yes-associated protein 

YIGSR   Tyrosine-isoleucine-glycine-serine-arginine 

ZEB1    Zinc finger E-box-binding homeobox 1 

ZO-1    Zona occludens 1 
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Abstract 

Solid tumours comprise of a variety of cell types and components, collectively known as 

the tumour microenvironment (TME). The TME includes: vasculature, immune cells, 

extracellular matrix (ECM), hypoxia and lymphatic vessels. The TME is dynamic and 

complex, but essential for tumours to grow, metastasise and withstand anti-cancer drugs. 

To create effective anti-cancer drugs that target the TME, representative models are 

needed. Traditional two-dimensional (2D) in vitro models lack translatability to in vivo, 

due to the absence of a three-dimensional (3D) environment and physical components such 

as the ECM. The ECM is a 3D network of proteins and macromolecules and provides 

structural and biochemical support for cells. The development and use of 3D in vitro 

models can augment and expand the quality of data collected in in vitro studies, by 

culturing cells within a 3D environment that mimic the physical and chemical barriers 

observed within the TME. Hydrogels, 3D networks of hydrophilic chains that can retain 

large quantities of water, are popular biomaterials used for disease modelling purposes, due 

to their biocompatibility and ability to mimic the 3D environment. However, naturally 

derived hydrogels are limited by their batch-to-batch variability, rendering them 

inappropriate for pharmaceutical use. A class of synthetic hydrogels, self-assembling 

peptide hydrogels (SAPHs), are gaining popularity in tissue engineering applications due 

to their chemical definition, biocompatibility and tuneable properties.  

A SAPH system has not been used previously for modelling breast cancer and vasculature; 

this would allow more representative in vitro modelling of the TME using a synthetic 

platform. This thesis aims to explore the use of a commercially available SAPH for 

modelling breast cancer and vasculature in vitro, thereby better recapitulating the TME in 

addition to using a synthetic hydrogel system. Features of the TME studied were: hypoxia, 

epithelial to mesenchymal transition (EMT), cell invasion, anti-cancer drug resistance and 

vasculature formation. The breast cancer cell lines MCF-7 and MDA-MB-231, 

representing early-stage and metastatic breast cancer respectively were studied, in parallel 

to using human umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells 

(MSCs), to create tubes resembling vasculature. Compared with collagen I and Matrigel, 

the SAPH PeptiGelAlpha1 exhibited superior mechanical properties and was formed from 

uniformly sized nanofibres. MCF-7 and MDA-MB-231 cells were viable and proliferated 

within PeptiGelAlpha1 over a 14-day period. MCF-7 cells formed spheroids within SAPH, 

similar to that of collagen I, whilst MDA-MB-231 cells tended to remain dispersed. 

PeptiGelAlpha1 appeared to be more appropriate for in vitro modelling of early breast 

cancer, such as with MCF-7 cells, as shown by ECM deposition, their highly invasive 

potential, and evidence of remodelling the peptide matrix, which were not observed with 

MDA-MB-231 cells. Preliminary data showed that encapsulation in PeptiGelAlpha1 

resulted in a greater percentage of viable cells when treated with tamoxifen, compared with 

2D culture. HUVECs and MSCs were not able to form tube-like structures within the 

hydrogel, although RGD functionalisation did positively influence cell morphology and 

proliferation. This benefit was concentration-dependent.  

The work in this thesis shows that a commercially available SAPH has potential to be a 

suitable candidate for in vitro modelling of breast cancer, and has important implications 

for studying tumour biology and tissue engineering vasculature in vitro. 
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CHAPTER 1 – Introduction 

 

1.1. Overview 

Cancer is currently the leading cause of mortality worldwide, which is increasing in 

prevalence, with breast cancer accounting for 1 in 4 diagnosed cancer cases among women 

in 2018 [1]. Incidence and mortality are increasing worldwide due to population growth as 

well as a growing ageing population, resulting in an increased diagnosis rate. Survival 

depends upon the tumour location, stage of disease and therapy available [2]. Metastatic 

breast cancer has a 5-year survival rate of 25 %, whilst at the localised stage this improves 

to 99 % [3,4]. 

Solid cancers or tumours are complex and heterogeneous. They comprise of a variety of 

components, including: non-cancerous cells, extracellular matrix (ECM), vasculature and 

lymphatic vessels. These components form the tumour microenvironment (TME), or the 

stromal component of tumours [5]. Tumour growth and eventual metastasis, if advanced, 

relies on the interplay between these different components. From a drug development 

perspective, the TME provides physical and chemical barriers that prevent drug penetration 

and result in minimal efficacy. Physical barriers include the highly linearised ECM and 

interstitial fluid pressure, whilst chemical barriers include acidic pH [6]. On the other hand, 

the TME also provides drug targets; each individual component can be attacked and thus 

disturbing the dynamic environment. This would hinder tumour growth and halt disease 

progression. 

To understand the mechanisms behind disease progression and find efficacious treatment 

options, disease models are needed. Disease models, both in vitro and in vivo, are essential 

in the initial stages of drug development as they provide preliminary data collected 

regarding the efficacy and safety profile of the drug candidate. Traditionally, 

two-dimensional (2D) in vitro models and animal models are used to test novel drugs [7]. 

2D in vitro models are characterised by a monolayer of cells growing on a plastic substrate. 

Whereby with in vivo models, compounds are tested at the organism level and systemic 

effects can be observed. 2D in vitro models are limited by the lack of a three-dimensional 

(3D) environment, resulting in homogenous application of cancer drugs to the cells [8]. 

This causes an overestimation of efficacy of the drug candidates, leading to further study in 

animal models only to find they are ineffective. Furthermore, 2D in vitro models cannot 

replicate the complex nature of the TME, and interactions of tumour cells with the other 

residing cell types and components are absent.  
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3D in vitro models have been regarded as an important stepping-stone in the drug 

development cascade, combining the simplicity and control of 2D in vitro models with the 

complexities of in vivo models [9]. The first 3D model for tumours was developed in 1971, 

in which Chinese hamster V9 lung cells were cultured in plastic Petri dishes and formed 

spheroids similar to that of nodular carcinomas [10].  

3D in vitro modelling would also allow for the vasculature component of the TME to be 

modelled, which is a significant hallmark of cancer [11]. Tumour angiogenesis enables 

tumour growth alongside circulation of cancer cells to secondary sites, promoting 

metastasis. Modelling vasculature alongside tumour cells in vitro would be a further step to 

bridge the gap between traditional in vitro and in vivo systems. 

Advancing technologies such as tissue engineering have expanded the field of 3D in vitro 

models enormously, with the inclusion of natural or synthetic materials that are 

biocompatible, to recapitulate the ECM and the environment in which the cells thrive [12]. 

The development of 3D in vitro models also allows the stromal component of tumours to 

be modelled, further mimicking tumour progression and tumour-stroma interactions. 

Naturally derived hydrogels, such as Matrigel [13], collagen I [14], alginate [15] and 

hyaluronic acid [16] are widely used for the 3D culture of cancer cells. However, these 

materials are limited by their batch-to-batch variability, weak mechanical properties and 

exaggerated concentrations of growth factors and ECM proteins, hindering translatability 

[17]. By utilising a synthetic system to form the 3D in vitro model, the reproducibility 

between studies could be greatly improved, whilst also removing the influence of the 

overabundant growth factors and ECM proteins found in naturally derived hydrogels.  

One branch of synthetic hydrogels are self-assembling peptide hydrogels (SAPHs), which 

are formed from naturally occurring amino acids which self-assemble into secondary 

structures such as β-sheets or α-helices under aqueous conditions. These in turn 

self-assemble further to form nanofibres which create a self-supporting hydrogel [18]. 

These nanofibres are able to mimic that of the ECM, therefore representing an 

ECM-mimicking platform. These hydrogels are largely made of water, rendering them 

biocompatible. From a tissue engineering perspective, biocompatibility can be defined as 

the ability of a biomaterial to support appropriate cellular activity [19]. By adjusting the 

peptide concentration, amino acid composition and length, the mechanical properties can 

be tuned to mimic the stiffness of the tissue in question [20]. A family of ionic 

complementary β-sheet forming SAPHs commercialised by Manchester BIOGEL for cell 
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culture and tissue engineering applications, have successfully been utilised in previous 

studies [21–23], and are potential candidates for this use.  

MCF-7 and MDA-MB-231 are cell lines representing early stage and metastatic breast 

cancer respectively. MCF-7 cells display the oestrogen receptor (ER), progesterone 

receptor (PR) and human epidermal growth factor receptor-2 (HER2) [24], whilst 

MDA-MB-231 cells are characterised by the absence of these receptors, therefore 

mimicking triple negative breast cancer (TNBC) [25]. To create vasculature in vitro, the 

primary cell types, human umbilical vein endothelial cells (HUVECs) and mesenchymal 

stem cells (MSCs), are one potential method which can be used. This method of forming 

vasculature utilises HUVECs to differentiate and organise themselves to form tubule 

structures, and the MSCs adopt a perivascular niche and stabilise the tubes formed [26]. To 

my knowledge, few studies have used MCF-7 and MDA-MB-231 cells within a SAPH for 

in vitro modelling of cancer [27–29], whilst only one study has utilised the co-culture of 

HUVECs and MSCs to create tissue engineered blood vessels within SAPHs [30]. 

Tri-culture systems with HUVECs, MSCs and breast cancer cells have been studied using 

collagen I [31], whilst a SAPH has been used previously for the tri-culture system of 

ovarian cancer cells, HUVECs and MSCs [30]. A SAPH system has not been used for the 

tri-culture of breast cancer cells, HUVECs and MSCs, to my knowledge.  

 

1.2. Hypothesis 

SAPHs have been used previously for 3D culture of cancer cell lines [28,32,33] and 

primitive blood vessel formation by HUVECs [34–36], and are inherently chemically 

defined and have tuneable properties, which is advantageous over using naturally derived 

hydrogel systems [20]. It was therefore hypothesised that an ionic complementary SAPH 

system would be able to support the 3D culture, growth and in vitro modelling of the 

MCF-7 and MDA-MB-231 breast cancer cell lines, as well as supporting vasculature 

formation of HUVECs and MSCs, with appropriate material modifications if needed.   

 

1.3. Aims of the Project 

This project aimed to explore the use of a commercially available ionic complementary 

β-sheet forming SAPH for modelling breast cancer and tumour angiogenesis in vitro, 

mimicking the TME more closely. Two different breast cancer cell lines, MCF-7 and 

MDA-MB-231, representing different stages of breast cancer were used. Tumour 

angiogenesis was investigated using HUVECs and MSCs, to create blood vessel-like 
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structures within the SAPH system. Broadly, the aims of this thesis correspond to the three 

results chapters: 

1) To identify the most appropriate SAPH candidate as well as characterise and 

compare the physical and mechanical properties of the chosen SAPH, 

PeptiGelAlpha1, with collagen I and Matrigel. 

Chapter 4 Focus: Matrigel and collagen I are naturally occurring hydrogels used in 

cancer modelling in vitro due to the abundance of growth factors and ECM proteins 

for cell growth, yet the physical properties of these hydrogels have not been well 

characterised. There are several commercially available SAPHs for cell culture 

purposes, which differ in charge and mechanical properties. The focus of Chapter 4 

will therefore be to choose a commercially available SAPH for downstream 

experiments based on initial studies. Further, how the chosen SAPH, PeptiGelAlpha1, 

compared with Matrigel and collagen I in regards to the physical properties and 

suitability for mimicking tumours in vitro from a materials perspective is also shown 

in this chapter. 

 

2) To investigate the growth and behaviour of MCF-7 and MDA-MB-231 breast 

cancer cell lines within the chosen SAPH, by exploring cell viability, phenotype, 

and organisation, as well as investigating if features of solid tumours could be 

mimicked.  

Chapter 5 Focus: Solid tumours are characterised by features and events such as 

hypoxia, epithelial to mesenchymal transition (EMT), metastasis and resistance to 

anti-cancer drugs. MCF-7 and MDA-MB-231 are two of the most commonly used cell 

lines in breast cancer research, and are used to model early stage and metastatic breast 

cancer respectively [37]. The focus of Chapter 5 is to explore the suitability of the 

chosen SAPH as a platform for in vitro modelling of cancer. This is achieved by 

studying the response and behaviour of both cell lines when encapsulated in the 

SAPH, by investigating cell viability, phenotype and organisation. 

 

3) To determine and what modifications are needed to support HUVEC and MSC 

growth and tube formation within the chosen SAPH. 

Chapter 6 Focus: Vasculature formation is an important hallmark of the TME, as it 

allows metastasis to occur and also provides an additional barrier to drug penetration 

of the tumour mass [11]. Tissue engineering vasculature in vitro has been achieved via 

co-culture of HUVECs and MSCs, which form capillary-like structures [26]. It is 
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unknown if a SAPH alone would be able to support the phenotype of both cell types, 

and if the cells would spontaneously form tube-like structures. Previous studies using 

synthetic hydrogels have shown that modification to the hydrogel is needed to promote 

HUVEC attachment and capillary morphogenesis [38,39]. Therefore, the focus of 

Chapter 6 will be to determine what modifications to the SAPH were necessary to 

promote and facilitate cell attachment, elongation, and subsequent tube formation. 

Achieving vasculature formation in vitro using a SAPH system would be a major 

advance in tissue engineering applications, by using a chemically defined platform. 

 

1.4. Outline of Thesis 

The thesis is comprised of this introduction chapter, Chapter 1, followed by Chapter 2, 

which discusses and summarises the literature regarding the TME, modelling cancer using 

2D in vitro, in vivo and 3D in vitro systems, and hydrogels and SAPHs for in vitro 

modelling cancer and vasculature formation. Chapter 3 outlines the experimental protocols 

used to carry out the research undertaken. There are three results chapters, Chapters 4, 5 

and 6, which have been summarised in section 1.3.  

Chapter 7 will provide a summary of these findings and conclusions, as well as discuss 

future work. Chapter 8 contains the references cited in this thesis and Chapter 9 contains 

the appendices.  
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CHAPTER 2 – Literature Review 

 

2.1. Tissue Engineering  

 

2.1.1. Overview 

Tissue engineering can be described as an interdisciplinary process involving the 

replacement and regeneration of damaged or diseased tissues, using a combinatory 

approach of cells, biomaterials and bioactive molecules [40]. A biomaterial can be defined 

as a material designed to interact with biological systems to evaluate, treat, improve or 

replace any tissue, organ or function of the body [41]. Bioactive can be described, on the 

other hand, as eliciting a specific biological response [42]. This approach to ‘rebuild’ 

biological tissues is a promising solution to chronic and degenerative diseases, where the 

focus is on disease management rather than treating the underlying condition. By using a 

scaffold-based system, cells can thrive in a 3D environment, mimicking the in vivo 

condition.  

 

2.1.2. Use in Disease Modelling 

Traditional disease models are animal models, where the organism-level effects can be 

determined, and 2D in vitro models, which provide a more simplistic viewpoint. Tissue 

engineering enables the development of more realistic in vitro models, by culturing cells in 

a 3D environment, which provides a more accurate representation of the situation in vivo 

[43]. In regards to disease models of cancer, tissue engineering offers the sophistication 

needed to recapitulate the TME in vitro; the complexity of which will now be discussed. 

 

2.2. The Tumour Microenvironment 

 

2.2.1. Overview  

Hanahan and Weinberg have previously described the characteristics acquired during 

tumour development which clearly distinguish malignant cells from their non-malignant 

counterparts; these characteristics were described as the ‘hallmarks of cancer’ [11]. These 

hallmarks include: resisting cell death, inducing angiogenesis, enabling replicative 

immortality, activating invasion and metastasis, evading growth suppressors and sustaining 

proliferative signalling [44]. Since the discovery of the ‘original’ hallmarks, emerging 

hallmarks and enabling factors of cancer have also been discovered, including: 
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deregulating cellular energetics, avoiding immune destruction, genome instability and 

tumour-promoting inflammation (Figure 2.1) [11].  

Figure 2.1. Original and emerging hallmarks of cancer. Adapted from “Hallmarks of 

Cancer” by BioRender.com (2020). Retrieved from: https://app.biorender.com/biorender-

templates 

 

It is now understood that acquiring these hallmarks requires not only tumour cells, but also 

the surrounding environment in which these tumour cells reside. Tumours are not 

comprised solely of malignant cells, but also contain heterogeneous populations of 

different cell types and networks, which altogether play an important role in tumour 

progression. The collection and organisation of these stromal cells form the TME 

(Figure 2.2) [45]. These cells may ordinarily reside within the tumour or may have been 

recruited to aid tumour development, such as endothelial cells (ECs) [5]. The interactions 

between the tumour cells and the surrounding environment not only dictate the growth and 

advancement of the tumour and patient prognosis, but also provide physical and chemical 

barriers to penetration of chemotherapeutic drugs [46]. This ultimately results in resistance 

to anti-cancer drugs, making development of efficacious chemotherapeutic drugs 

challenging.  

The cell types and components forming the TME will be discussed in the following 

sections. This thesis aims to model breast cancer specifically. However, the components of 

the TME will be discussed generally with specific references to breast cancer where 

necessary.  

 

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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Figure 2.2. Schematic of the TME. Cells and components of the TME are labelled. It is 

noted that necrotic and malignant cells are not the same and represent different types of 

cells. Created with BioRender.com. 

 

2.2.2. Extracellular Matrix 

In normal mammary tissue, the ECM is comprised of two components: the basement 

membrane and the interstitial matrix [47]. The basement membrane is largely formed of 

type IV collagen, laminin, fibronectin and linker proteins including entactin and nidogen 

[48]. The interstitial matrix is comprised of fibrillary collagen, proteoglycans, 

glycoproteins and fibronectin, and is responsible for the tensile strength of the tissue [49]. 

The ECM is highly dynamic and is constantly being remodelled through deposition and 

degradation. ECM turnover is tightly regulated by control of degrading matrix 

metalloproteinase (MMP) enzymes and tissue inhibitor of metalloproteinase (TIMP) 

enzymes [49]. In the case of tumour progression, ECM dynamics become disordered; there 

is increased deposition of collagens I, II, III, V and IX, as well as increased cross-linking 

due to overproduction of the lysyl oxidase (LOX) enzyme [49,50]. The increased 

linearisation of collagen fibres, as well as cross-linking, results in increased stiffness and 

stromal density of the breast tissue. Atomic force microscopy (AFM) testing was used to 

compare the elasticity of ‘normal’ stroma and the invasive region in patients with invasive 

luminal ductal carcinoma; the stiffness of normal tissue was measured to be 400 Pa, 

whereas the cancerous tissue was measured to be 5 kPa [51]. It was also found that the 
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collagen content in mammary tumours in a xenograft mouse model correlated with 

compliance of the tumour, highlighting the importance of collagen in the stiffness of breast 

tumours [52]. Macroscopic stiffness, indicated by palpation, gives rise to the diagnosis of 

early stage breast cancer, due to cancerous tissue feeling more rigid compared with healthy 

breast tissue [53]. 

Moreover, in tumours there is an increased production of ECM degrading enzymes, in 

particular MMP enzymes. MMP expression is increased in almost all types of cancer and is 

associated with poor prognosis. MMPs can be produced by the cancer cells themselves or 

by the stromal cells within the TME [54]. Collagen IV degradation via MMP-2 and -9 

activity is vital for cancer cells to cross the basement membrane and invade surrounding 

tissue in order to metastasise [55]. The shift in ECM dynamics towards degradation gives 

rise to the notion that cancer cells are remodelling the surrounding matrix [56]. ECM 

degradation by increased MMP activity also results in the release of cell surface-located 

growth factors, which are activated by MMP production [55]. One example is transforming 

growth factor-β (TGFβ) as a result of fibronectin degradation by MMP-9 [57]. These 

growth factors further contribute to tumour growth and development. MMP production is 

also important for angiogenesis: MMPs break down the basement membrane and release 

bound vascular endothelial growth factors (VEGFs), causing ECs to sprout in response to 

the VEGF gradient [58,59].  

ECM within the tumour can be deposited by the resident cancer cells, but also by recruited 

fibroblasts, known as cancer-associated fibroblasts (CAFs) [60]. Normal fibroblasts are 

recruited to the tumour mass by cancer cells, and thought to undergo ‘activation’ in order 

to become CAFs, by mechanisms such as TGFβ signalling, increased ECM stiffness and 

inflammatory modulators including interleukin (IL) -1 and -6 [61]. It has also been 

postulated that CAFs can derive from bone marrow-derived mesenchymal stem cells 

(BM-MSCs) [62]. The functions of CAFs are multi-faceted: they are primarily responsible 

for the high ECM turnover described previously, catalysing invasion of surrounding tissues 

and aiding metastasis [63]. However, they also produce a variety of growth factors 

including VEGF, TGFβ and IL-6, which has implications for both angiogenesis and 

immune cell evasion of the TME [64]. CAFs and tumour cells have a synergistic 

relationship, as cross-talk between the two cell types promotes growth and progression of 

the tumour. For example, cancer cells produce platelet-derived growth factor (PDGF) 

which influences CAF proliferation and insulin-like growth factor (IGF) expression by 

CAFs, which in turn promotes cancer cell proliferation and PDGF production [65]. CAFs 
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also produce multiple cytokines such as chemokine ligand 5 (CCL5) and stromal 

cell-derived factor 1 (CXCL12) which recruit BM-MSCs into the TME, aiding metastasis 

by differentiation into CAFs [66].  

 

2.2.3. Immune Cells 

The TME hosts a variety of different immune cells representing both the innate and 

adaptive immune systems, including: T lymphocytes, B lymphocytes, mast cells, natural 

killer (NK) cells, tumour associated macrophages (TAMs), myeloid-derived suppressor 

cells (MDSCs), dendritic cells and tumour associated neutrophils (TANs) [5]. The immune 

component is important for both tumour inhibition, in the initial stages of tumour growth, 

and tumour progression [67]. NK cells and T cells are responsible for detecting foreign 

tumour antigens on cancer cells and destroying them. Dendritic cells subsequently express 

these antigens and combined with the production of T- and B-memory cells, result in 

immune surveillance of the tumour [68]. Eventually, the more aggressive tumour cells 

overpower the immune cells by mutating their surface antigens to evade detection by the 

immune system. As the TME becomes more complex, the migration of T cells into the 

tumour mass is inhibited by the disordered and leaky vasculature which further exacerbates 

the situation [67]. As opposed to lymphoid-derived T cells, which are observed to oppress 

tumour progression, myeloid-derived immune cells such as TAMs and mast cells are 

associated with promoting tumour development [69].  

 

2.2.4. Hypoxia and Vasculature 

Initially, tumours rely on diffusion for access to oxygen and glucose. The diffusion limit 

for oxygen is 200 µm and this leads to hypoxia typically occurring in the centre when 

tumours reach 1–2 mm in diameter [70,71]. As the centre of the tumour begins to undergo 

hypoxia, primitive blood vessels begin to form in response to the lack of oxygen to help 

the tumour meet its metabolic demands. Angiogenesis is a crucial component of the TME, 

as not only do the blood vessels provide a source of oxygen and glucose, it is a primary 

route of escape for invading cancer cells to metastasise in secondary sites [72]. Hypoxia 

and nutrient deprivation result in an angiogenic ‘switch’, resulting in the recruitment of 

ECs via production of VEGF and hypoxia-inducible factor 1-alpha (HIF1α) [73]. Increased 

production of matrix degrading enzymes results in proteolytic degradation of the basement 

membrane. The steps involved in vascularisation of tumours are depicted in Figure 2.3.  
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Figure 2.3. Mechanism of events underpinning vascularisation of solid tumours in 

vivo. Adapted from “Tumor Vascularization” by BioRender.com (2020). Retrieved from: 

https://app.biorender.com/biorender-templates 

 

Recruited ECs proliferate and sprout to form immature blood vessels, which provide a 

short-lived supply in oxygen and nutrients. Pericytes are recruited by ECs to stabilise and 

mature the primitive blood vessels by the release of CAF-derived PDGF [73]. The 

formation of blood vessels to meet oxygen demand is paradoxical, as the blood vessels are 

leaky and primitive resulting in irregular blood flow and inability to meet the increased 

metabolic demands of the tumour. Blood vessels in tumours are characterised by widened 

interendothelial junctions, a poorly defined basement membrane and a chaotic and tortuous 

structure [74]. The blood vessels are also described as mosaic due to the patchy 

immunohistochemical staining of cluster of differentiation 31 (CD31), which is a 

characteristic marker for ECs [75]. This patchiness can be explained by a phenomenon 

known as ‘vascular mimicry’, by which tumour cells masquerade as ECs and line the blood 

vessels [70,76].  

https://app.biorender.com/biorender-templates
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In physiological vasculature, one of the primary functions is to remove waste products 

away from the tissue to be excreted. Due to the poor perfusion and function of tumour 

blood vessels, this process is inefficient and results in an accumulation of lactic acid and 

hydrogen ions, resulting in decreased pH, and thus an acidic microenvironment [77]. This 

acidity, combined with low glucose and oxygen concentrations and a high accumulation of 

waste products, provides a harsh environment for cells to thrive. However, these cells are 

adapted to withstand these environmental pressures and are thus still able to grow and 

proliferate, therefore expanding the hypoxic core further [78].  

 

2.2.5. Epithelial to Mesenchymal Transition and Cancer Stem Cells  

For metastasis to occur, cancer cells must undergo a process known as epithelial to 

mesenchymal transition (EMT). EMT occurs under normal physiological conditions in 

embryogenesis, for differentiation of epiblast cells into mesenchymal cells [79]. However, 

in cancer, EMT is required for malignant cells to adopt a more invasive phenotype to 

escape the primary tumour, invade the ECM and occupy a secondary site [80]. The main 

sites of metastasis for breast cancer are bones, the lungs, liver and the brain [81]. 

Contextual signals from the TME are thought to be responsible for the activation of EMT 

in individual cancer cells, mediated via cell-cell signalling molecules including: Wnt, 

TGFβ and Notch, and growth factors such as PDGF, epidermal growth factor (EGF), 

fibroblast growth factor (FGF) and HIF1α and inflammatory cytokines [82]. The release of 

these growth factors, and subsequent EMT, can be catalysed by hypoxia, tissue stiffness, 

low pH and immune cell infiltration [83]. The complex nature of the TME is essential for 

the differentiation of malignant epithelial cells to a more mesenchymal and thus aggressive 

phenotype.  

 

EMT is characterised by a loss of epithelial markers, such as E-cadherin, cytokeratin and 

zona-occludens 1 (ZO-1), and upregulation in mesenchymal markers including vimentin, 

N-cadherin, and fibronectin [80]. In conjunction, cells also change morphology, from 

epithelial to spindle-like, due to reorganisation of actin filaments in the cytoskeleton, as 

well as a loss of tight junctions between cells and apical-basal polarity. ECM components 

also differ between both states, with an abundance of laminin and collagen IV in epithelial 

cells and collagen I and fibronectin in mesenchymal cells [84]. The gene expression 

required for EMT to occur is regulated by a collection of EMT-inducing transcription 

factors, including: Snail, Slug, zinc finger E-box-binding homeobox 1 (ZEB1) and 

twist-related protein 1 (TWIST1) [84]. 
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The activation of these factors results in repression of genes associated with the epithelial 

phenotype and upregulation of genes associated with the mesenchymal phenotype [85]. A 

summary of the events occurring in EMT in cancer is outlined in Figure 2.4. 

 

Figure 2.4. Epithelial to mesenchymal transition of cancer cells. Adapted from 

“Epithelial to Mesenchymal Transition” by BioRender.com (2020). Retrieved from: 

https://app.biorender.com/biorender-templates 

 

EMT was long thought to be a binary process, but is now believed to be highly dynamic 

and heterogeneity is often observed within a cancer cell population; described as 

phenotypic plasticity [82]. As such, partial EMT may be observed whereby cells have not 

completely undergone EMT, but still retain epithelial markers and therefore adopt an 

intermediate phenotype. Tumour buds isolated from invasive ductal breast cancer, lung 

adenocarcinoma and pancreatic ductal adenocarcinoma displayed co-expression of 

E-cadherin and ZEB1, indicative of a partial EMT state [86]. Moreover, the fluid state of 

EMT also shows that the process is reversible, and that cells may also de-differentiate to an 

epithelial phenotype, known as mesenchymal to epithelial transition (MET) [82]. The EMT 

‘state’ of the cancer cell is thought to dictate the likelihood of metastasis, as tumour cells 

with a more mesenchymal phenotype will be more invasive. EMT also gives rise to a 

population of malignant cells with increased tumorigenic capability and have the ability to 

self-renew, known as cancer stem cells (CSCs) [87].  

https://app.biorender.com/biorender-templates
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CSCs are similar to normal stem cells, due to their self-renewing potential, but differentiate 

into separate cancer cell populations and are thus able to restore the original cancer cell 

population [88]. CSCs can be divided into subsets dependent upon the EMT state of the 

cell; mesenchymal-like CSCs express cell surface markers CD24-CD44+ and are normally 

located at the tumour-stromal border [89]. On the other hand, epithelial-like CSCs express 

aldehyde dehydrogenase and are typically found in the core of the tumour. CSCs and the 

TME are in a dynamic state of cross-talk with one another, and as such, one will influence 

the other. For example, the cells located in the TME produce a variety of cytokines and 

growth factors, such as VEGF by ECs and C-X-C motif chemokine ligand 5 (CXCL5) by 

MSCs which are thought to promote the self-renewal of CSCs [90]. This is thought to be 

achieved by activation of Wnt/β-catenin and Notch pathways [91]. CSCs are adapted to 

survive in all aspects of the heterogeneous tumour mass, including the hypoxic core where 

nutrient and oxygen is lacking, to differentiate into the cell type required to further drive 

hypoxia, necrosis, invasion and metastasis of the tumour [78].  

 

2.2.6. Importance in the Clinic and in Drug Development  

The components of the TME, as described previously, play an important role in preventing 

the penetration of cytotoxic drugs and are responsible for chemotherapeutic resistance, 

which is observed in cancer patients. For a drug to be effective, it must penetrate the 

periphery of the tumour and distribute homogeneously throughout the entire tumour [92]. 

Tumours are notoriously heterogeneous in terms of their size, structure and stromal 

density. As a consequence of this heterogeneity, an anti-cancer drug will not be distributed 

homogenously and will only kill a small proportion of cancer cells that are encountered. 

Barriers preventing diffusion of chemotherapeutic drugs into the tumour mass can be 

divided into either physical or chemical. Physical barriers include the ECM; the increased 

density and linearisation decreases the ECM mesh size, hence preventing infiltration of 

drug molecules [48]. The stiffness of the ECM also offers resistance to anti-cancer drugs; 

matrix stiffness is known to promote nuclear localisation of yes-associated protein (YAP) 

and transcriptional co-activator with PDZ-binding motif (TAZ), which in turn increase 

resistance to chemotherapeutic drugs in pancreatic cancer cells [93]. The increased 

interstitial fluid pressure exerted by inefficient blood and lymphatic vessels, along with 

increased contractile forces by fibroblasts of the tumour stroma, also contribute to reduced 

penetration [94]. Chemical barriers include the acidic microenvironment and hypoxia; 

upregulation of HIF1α, in turn, upregulates expression of multi-drug resistance protein 1 

(MDR1) and its product P-glycoprotein, which is known for its contribution to 
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chemotherapeutic resistance [95]. Weak basic chemotherapeutic drugs can become 

protonated in the acidic environment and can also become sequestered within acidic 

organelles [96]. Protonation occurs due to ‘ion trapping’, whereby the acidic extracellular 

component of tumours prevents the uptake of weakly basic drugs due to the large 

membrane permeability difference between the ionised and non-ionised portions of a drug. 

A change in cellular pH can therefore reduce the cellular uptake of a basic drug [97]. The 

barriers preventing drug penetration of tumours have been depicted in Figure 2.5.  

 

Figure 2.5. Physical and chemical barriers preventing anti-cancer drug penetration of 

solid tumours. Adapted from [98]. Created with BioRender.com.  

The barriers described have subsequent implications for patients undergoing 

chemotherapeutic treatment and survival rates. Components of the TME described 

previously impact patient prognosis. The presence of vasculogenic mimicry has been 

shown to result in poor prognosis in breast cancer patients [99,100] and TNBC patients 

with stroma-rich breast tumours had poorer prognosis scores compared with patients with 

stroma-poor tumours [101]. A high density of TAMS has also been shown to be associated 

with poorer survival rates in breast cancer patients [102].  

However, not only does the TME act as a barrier to drugs entering the mass, but it also 

provides important targets for drug development. Cancer cells rely on cross-talk between 
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all the different components of the TME to promote the growth and expansion of the 

tumour. If one of the components is eliminated or made ineffective, this will affect the 

survival of the tumour cells. Numerous drug compounds have been developed targeting the 

TME; tumour vasculature has been one such target by developing anti-angiogenic drugs 

that inhibit VEGF and the VEGF receptor (VEGFR). Apatinib, a VEGFR inhibitor, is 

currently being investigated in a phase II clinical trial in patients with thyroid cancer [103] 

(ClinicalTrials.gov number: NCT03048877). Other VEGF targeting compounds include 

the clinically approved anti-fibrotic drug Pirfenidone, which was found to ‘normalise’ the 

TME in orthotopic mammary models by reducing ECM components collagen and 

hyaluronan via TGFβ signalling as well as improving tumorigenic blood vessel function 

[104]. Another anti-fibrotic agent has demonstrated potential in targeting the tumour ECM; 

Losartan was able to reduce collagen I production in primary fibroblasts and stromal 

density in animal models of breast, skin, and pancreatic cancer [105]. The drug was also 

found to prevent breast cancer progression in a separate animal study [106].  

Tumour fate and progression ultimately rely on the components of the TME. To study the 

development of tumours and efficacy of novel drug compounds, the complexity and 

heterogeneity of the TME must be mimicked in experimental cancer models. Such models 

used will be discussed in the next section. 

 

2.3. Modelling Cancer 

 

2.3.1. Overview 

Before a drug is tested in human volunteers and patients, it must be tested pre-clinically 

using both in vitro and in vivo platforms. This is to ensure that the drug has no adverse side 

effects, and is safe to use. As well, efficacy must be demonstrated, such as improved 

survival, symptom amelioration or a complete cure. Standard in vitro models used for drug 

development purposes consist of a monolayer of cells seeded in 2D on tissue culture plastic 

(TCP), whereas in vivo models involve inducing the disease in animals such as rodents 

[107]. This section will summarise the uses of both platforms in the drug development 

cascade as well as discuss their limitations. 

 

2.3.2. 2D In Vitro Models 

The use of cell lines for drug toxicity testing allows complete control over the experimental 

conditions by the researchers as well as ensuring reproducibility of data [108]. The 
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simplicity involved in culturing cells and subsequent exposure to cytotoxic compounds 

enables high throughput screening to be utilised, meaning a large amount of data can be 

generated quickly [109]. For cancer cell lines, in particular, chemo-sensitivity in response 

to increasing the drug concentration in the cell culture medium is an important measure to 

provide initial data on drug efficacy [110]. 

However, the 2D culture of cells results in the loss of tumour-stroma interactions due to the 

absence of ECM in the system. The lack of external cues from the tissue culture 

environment then results in the loss of in vivo phenotype typically observed [111]. Besides, 

cells cultured in a monolayer are exposed uniformly to anti-cancer drugs, as there are no 

physical barriers such as the ECM and blood vessels preventing the penetration of the drug 

[112]. This can result in overestimation of a drug’s therapeutic capability and can also lead 

to promising drug candidates being ruled out, as the actions of the drug may be missed due 

to the culture method [112]. Cells are uniformly exposed to nutrients and oxygen, resulting 

in homogeneous cell populations which is unlike those observed in tumours [110]. TCP is 

extremely rigid and has a stiffness of 2–4 GPa, which is several orders of magnitude 

greater than breast tumour. Ultimately, a monolayer culture is not able to replicate the 

intricacies and complexity of the TME. The stark differences between 2D culture and in 

vivo  contribute to the high failure rate in drug development, particularly in cancer which is 

estimated to be 95 % [113]. Due to the array of limitations associated with 2D culture, as 

of 2016, the National Cancer Institute has stopped using cancer cell lines to test novel 

drugs and instead is focussing on animal models for drug development [114]. For cell lines 

to be used, a suitable platform must be utilised. 

 

2.3.3. Animal Models 

To determine the systemic effect of a novel drug, the compound must be tested in vivo 

before proceeding to clinical trials. In cancer studies, animal models can be classed into 

one of two broad groups: xenograft models, where human tumour cells are implanted into 

a host organism, or genetically engineered models [115]. Both types of animal models will 

be discussed in the following sections.   

 

2.3.3.1. Xenograft Models 

Xenograft models of cancer incorporate implanting tumour cells either subcutaneously or 

orthotopically into immunodeficient mice. Mice lacking an immune system are used to 

avoid an immune response against the foreign tissue [116]. Xenografts can employ either 

established cell lines (cell-line derived xenografts; CDX) [117] or autologous patient cells 
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(patient-derived xenograft; PDX) [118]. Traditional cell lines carry the caveat of 

undergoing de-differentiation with their genetic and molecular behaviour altered [117]. As 

well, cancer cells implanted subcutaneously do not metastasise [119] and metastasis can 

only be mimicked via implantation into the tail vein [120]. Orthotopic implantation offers 

the advantage of spontaneous metastasis from the primary tumour elsewhere, however, the 

incidence of this is very low, with one study reporting only 3 out of 144 mice displaying 

spontaneous metastasis from the implanted tumour [121].  

Using patients’ cells allows more representative features of in vivo tumours to be 

mimicked and provides a personalised approach to finding the most suitable 

chemotherapeutic for an individual. Moreover, the inherent genetic and histological 

heterogeneity can also be mimicked, resulting in drug responses which are more 

characteristic of the clinical situation [122]. PDXs have been used in high throughput 

applications for preclinical drug screening applications; 1075 PDX models encompassing a 

range of different solid tumour types were used to predict therapy response as well as 

patient heterogeneity to a variety of anti-cancer drugs [123]. The panel was able to predict 

patient response in clinical trials, highlighting the importance of physiologically relevant 

pre-clinical models. One of the major limitations of using PDX models is the presence of 

mouse stroma within the propagated tumour. Over time, the human-derived stroma will 

degrade and be replaced with mouse stromal tissue [124,125]. This limits the translatability 

of xenograft tumours, as aspects of the human TME will be lost as well as cell-stroma 

interactions. This mixture of mouse and human cells can make the genomic 

characterisation of PDXs challenging due to contamination by the murine stromal cells 

[126]. Moreover, drugs targeting the immune system cannot be tested nor will the immune 

cell component of the TME be mimicked as immunocompromised mice are used. 

 

2.3.3.2. Genetically engineered models 

To overcome the issues with mouse stroma and immunodeficiency, genetically engineered 

mouse models (GEMMs) offer an alternative. These mice have been genetically 

transformed via activation of oncogenes and inactivation of tumour suppressor genes; this 

can be achieved either in the germline which affects expression in the entire animal, or 

specifically in the tissue or organ of interest by using a Cre-Lox system [116,127]. The 

ideal GEMM should contain tumours that are initially propagated in a small population of 

cells within an organ of interest by a genetic fault, and the steps in tumour progression 

should mimic the human condition [128].  
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The literature regarding similarities between GEMMs and human breast cancer is mixed. 

The US National Institute of Health Breast Cancer Think Tank and Annapolis Pathology 

Panel compared 39 breast cancer GEMMs with human breast tumours [129]. It was found 

that the morphology of human breast tumours and tumours found in the mammary pads of 

GEMMs were not directly comparable [129]. In addition, GEMM tumours were 

predominantly found to be hormone-independent whereas almost half of all human breast 

tumours depend on hormones. On the other hand, another study found that histological and 

genetic analysis of GEMMs was faithful to the human tumour it was mimicking, with the 

conservation of gene signatures between species [130].  

Moreover, in vivo studies are expensive to undertake, due to the high costs involved in 

maintaining the animals used [110].  

Bearing in mind the faults of both 2D and animal models, the development and application 

of 3D models for cancer research will now be discussed. 

 

2.3.4. 3D In Vitro Models 

Although both 2D in vitro models and animal models provide a wealth of information 

regarding a potential drug compound’s efficacy profile, the caveats in both do question if 

the data collected are representative of the human condition or not. To bridge the gap 

between the two systems, the development and use of 3D in vitro models for cancer 

research have been employed. By combining the simplicity and control of 2D models with 

the 3D microenvironment of animal models, one hopes that the pre-clinical data collected 

will be more predictive. Therefore, resources will be invested in compounds that are likely 

to provide an efficacious outcome in later stages of the drug development cascade. A 

summary of the advantages and caveats of 2D in vitro, 3D in vitro and in vivo models is 

depicted in Table 2.1. 
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Table 2.1. The ability of 2D in vitro, 3D in vitro and animal models to mimic ideal 

characteristics in cancer modelling. Information was collated from the following sources 

[9,110,131].  

By encapsulating or incorporating cells within a biomaterial, the 3D microenvironment is 

mimicked and cell-ECM interactions can be studied, due to cells binding to the matrix 

fibres via proteins known as integrins [132]. Integrin mediated adhesion influences cell 

shape and polarity by cytoskeletal organisation [133]. Whilst in 2D culture, cells are 

constrained to a flattened morphology due to forced adhesion to one plane, cells in 3D 

culture can spread in all dimensions and polarity is unrestricted [133]. This impacts cell 

function and behaviour, reflecting cell phenotype in vivo. Furthermore, the stiffness of 

biomaterials is more varied than that of TCP or glass, resulting in cells responding to 

dynamic mechanical forces, ultimately influencing cell fate and behaviour [134]. For 

example, Engler et al, famously reported that the substrate stiffness influences MSC fate 

and lineage, with softer elasticity resulting in differentiation to a neurogenic lineage, and 

more stiffer matrices resulting in a tendency towards an osteogenic lineage [135]. The 

main differences between 2D and 3D culture are summarised in Figure 2.6.  

Characteristic 

2D in vitro 

models Animal Models 

3D in vitro 

models 

Cell-cell interaction Yes Yes Yes 

Cell-ECM interaction No Yes Yes 

Systemic effect No Yes Yes 

Mimics in vivo environment No Yes Yes 

Low cost Yes No Yes 

Control of external parameters Yes No Yes 

Response to chemotherapeutic drug Yes Yes Yes 

Personalised screening of patients’ 

cells Yes No Yes 
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Figure 2.6. Mechanical, structural and morphological differences in 2D and 3D cell 

culture. This diagram has been reprinted and modified with copyright permission from 

The Company of Biologists [133].  

Although the advantages of using a biomaterial for culturing cells in 3D has just been 

described, there are many different platforms that are used to create 3D in vitro models of 

cancer. These include liquid-based methods such as suspension culture and material-based 

methods such as scaffolds and hydrogels, which can either be naturally derived or 

synthetically produced. The different strategies used to develop 3D in vitro models of 

cancer will be discussed next.  

 

2.3.4.1. Liquid-Based Methods 

Tumour spheroids can be produced using scaffold-free methods; in liquid-based systems, 

cancer cells are suspended to allow the self-assembly of the cells, resulting in the 

production of a spheroid [136]. One of the most commonly used liquid-based approaches is 

the hanging drop method; cells within the pipetted droplets become concentrated due to the 

effect of gravity at the liquid-air interface when suspended from a flat surface [137]. One 

Glass (2D) 
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of the main advantages of the hanging drop method is that spheroids produced are of 

homogenous size; a range of cell lines including MCF-7 (breast cancer), Caco-2 (colon 

cancer), HeLa (cervical cancer) and DU-145 (prostate cancer) were cultured using this 

technique and it was observed that all cell lines formed tightly packed and rounded 

spheroids of similar size [138]. This study shows the value of using the hanging drop 

technique for high throughput screening, where reproducibility is vital. However, viability 

was not assessed and thus it is uncertain if the cells maintained a high viability when 

cultured using this method. Non-small cell lung carcinoma (NSCLC) cancer lines 549 and 

Colo699 cultured using the hanging drop method were observed to have differences in cell 

viability and proliferation, suggested that some cell lines are more suited to culture using 

this method than others [139]. Increased expression of vimentin and decreased expression 

of E-cadherin showed that the cells were adopting a mesenchymal phenotype during the 

culture period, implying that this method can be used to model tumour progression. This 

method has also been used for high throughput screening of anti-cancer drugs; the 

epithelial carcinoma cell line A431.H9 was used to produce spheroids using a 384 hanging 

drop array plate, of which the majority were still viable after 7 days of culture [140]. 

Moreover, when compared with 2D culture, the cells were highly resistant to treatment 

with the anti-cancer drug 5-fluorouracil (5-FU); this is because this drug exerts anti-

proliferative activity and so would have had no effect on the quiescent cells in the 

spheroids.  

 

The rotary cell culture system (RCCS) was developed by NASA to simulate the effects of 

microgravity on cells, however, the formation of spheroids by random collision allows the 

RCCS to be used for cancer research [141]. Fluid turbulence and shear stress are 

minimised by filling the system completely with culture media, providing a still 

environment for cell culture and efficient mass transport [142]. A total of sixteen different 

cancer cell lines including those representing breast cancer, prostate cancer, malignant 

gliomas and urinary bladder cancer were used to form spheroids using the RCCS; a 

maximum diameter of 0.5 mm was reached and upregulation of cell adhesion molecules 

E-cadherin and CD44 was observed [143]. However, the spheroids formed were 

heterogeneous in shape and size, limiting reproducibility of data. 

  

Another liquid-based method is the use of magnetic beads or Nanoshuttles™. Incubating 

cancer cells with fibroblasts and magnetic beads or Nanoshuttles™ resulted in the cells 

aggregating via magnetic levitation at the air-liquid interface [144]. MDA-MB-231 breast 

cancer cells and fibroblasts incubated with Nanoshuttles™ formed spheroids of 1 mm 
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diameter within 24 hours of culture with a fibrotic capsule surrounding the tumour cells; 

comprised of collagen, vimentin and laminin [145]. Treatment of the spheroids with 

anti-cancer drugs doxorubicin and Doxil® resulted in greater viability of the cells 

compared with 2D culture, showing the magnetic levitation system can mimic physical 

barriers seen in vivo. Human glioblastoma cells incubated with a hydrogel containing 

magnetic iron oxide particles formed spheroids of approximately 1 mm diameter within 

24 hours, with necrosis occurring in the centre of the spheroids [146]. Cell viability was 

maintained for up to 12 weeks, confirming this method can be used for long-term studies 

of spheroids. Magnetic levitation is, however, limited by the loss of cells due to incomplete 

attachment to the magnetic particles [144]. A study comparing the different liquid-based 

systems for developing tumour spheroids using the lung cancer cell line A549, showed that 

the pellet culture method is most suitable for developing spheroids greater than 500 µm 

with a spheroid shape, and that the shape of the spheroid determines the viability of the 

cells, due to heterogeneous proliferative activity [147].  

Low-attachment plates are a simple and reliable way of creating tumour spheroids. Using 

this method, tumour cells are unable to attach to the surface and thus are forced to 

aggregate together forming spheroids. It was recently discovered that tumour spheroids 

produced using this technique have more similar genetic profiles to in vivo tumours than 

2D monolayer cultures, and genetic mutations involved in lung cancer displayed a higher 

frequency and stronger phenotype in 3D culture, highlighting the need for 3D culture for 

more representative modelling [148].  

The main limitation with using liquid-based methods for modelling of cancer in vitro is the 

absence of an ECM-mimicking platform, resulting in the loss of cell-ECM interactions. 

Using a material-based method is able to replicate this interaction, and strategies used will 

be discussed in the next section. 

 

2.3.4.2. Material-Based Methods  

The use of a material or scaffold within an in vitro model allows the cells to adhere to a 

matrix, thus mimicking cell-ECM interactions. Scaffold based models can be generated by 

incorporating cells into a liquid matrix with subsequent solidification techniques, by 

physically mixing cells into the material, or by seeding cells directly onto the scaffold and 

allowing them to infiltrate the material [107]. The use of a biomaterial allows physical 

variables such as stiffness and porosity to be controlled and varied, mimicking the native 

ECM and microenvironment more closely [149]. Electrospun scaffolds such as 
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poly(lactide-co-glycolide) (PLG) with the bone mineral hydroxapatite (HA) have been 

used to model breast cancer metastasis to bone [150]. Another polymeric scaffold, 

poly(ε-caprolactone) (PCL), has been used for studying breast CSCs, as well as modelling 

the bone cancer Ewing sarcoma in vitro [151,152]. The main limitations with using 

solution blow spun scaffolds are that the synthesis method used typically results in 

cytotoxicity due to the harsh chemicals used, and cell adhesion is low, resulting in a loss of 

bioactivity [153]. Cell adhesion on polymeric scaffolds can be achieved, however, by 

surface modification techniques such as incorporating ECM proteins [154]. Hydrogels are 

a promising tissue engineering strategy for creating an in vitro model of cancer, due to 

their tuneable mechanical properties and biocompatibility [155], and can be naturally 

derived or synthetically produced. These will be discussed in the following sections.  

 

2.4. Hydrogels 

 

2.4.1. Overview 

Hydrogels can be defined as hydrophilic networks capable of absorbing large quantities of 

water, yet behaving as solid materials [156]. The remaining content consists of polymer 

chains. Hydrogels are tuneable in nature due to their design and therefore desired 

parameters, such as stiffness [157], porosity [158], functionalisation [159] and 

stability/degradation [160] can be mimicked. The high water content and ‘softness’ makes 

them similar to living tissue and thus renders these materials biocompatible [161]. 

Consequently, they have been used in a variety of biomedical applications, including cell 

culture. Hydrogels can be classed according to the stimulus causing gelation: temperature, 

pH and light [156]. Their uses in tissue engineering and regenerative medicine include: 

drug delivery, biosensors and scaffolds for cell therapies and in vitro modelling [161]. A 

summary of the use of hydrogels for in vitro modelling of cancer is provided in Table 2.2, 

and will be discussed in more detail in the following sections. 

  

2.4.2. Naturally Derived Hydrogels 

The most commonly used naturally sourced hydrogel is Matrigel, a commercially available 

basement membrane extract derived from Engelbreth-Holm-Swarm mouse tumour 

tissue [162]. The hydrogel contains a variety of ECM proteins such as laminin-111, 

collagen IV, entactin and heparin sulphate and therefore provides cells with naturally 

occurring stimuli [163]. Matrigel also contains large quantities of growth factors such as 

EGF, FGF and PDGF, enabling growth and angiogenesis of tumour cells [164]. Due to the 
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tumorigenic qualities of Matrigel, it is considered the ‘gold standard’ biomaterial for 

modelling cancer [165]. Breast, lung and prostate cancer cells cultured in Matrigel 

alongside fibroblasts were found to be protected by chemotherapeutic drug treatment when 

co-cultured with fibroblasts, highlighting the importance of replicating the stromal 

component in vitro [166]. Breast cancer cell lines MCF-7 and MDA-MB-231 were found 

to be more resistant to doxorubicin treatment when cultured in Matrigel compared with 2D 

culture, and this resistance was mediated by cell attachment to ECM proteins in the 

material via β1 integrin binding [13]. Interestingly, one study found that JIMT1 and 

MCF-7 breast cancer cells cultured in Matrigel exhibited greater sensitivity to anti-cancer 

drugs methotrexate and alantolactone than 2D culture, but showed a similar gene 

expression profile to that of JIMT1 xenografts compared with 2D culture [167]. As the 

concentration of growth factors is not defined and varies from one batch to the next, this 

results in irreproducibility of data. Moreover, the material is animal-derived, meaning 

chemical definition cannot be controlled, and has ethical implications. The high 

concentration of growth factors present is greatly inflated compared with what is found in 

vivo, resulting in an exaggerated response. Methods to overcome the limitations of 

Matrigel include creating composite materials with: alginate [168–170], 

poly(ethylene glycol) (PEG) [171] and collagen I [172,173].  However, hybrid materials 

made with Matrigel do not fully overcome the limitations presented herein, such as weak 

mechanical properties and lack of chemical definition.  

Collagen I, which can be derived from murine and bovine sources, is another naturally 

sourced hydrogel that is popularly used for cancer modelling. As an animal source, 

collagen I contains cell-binding ligands such as the arginine-glycine-aspartate (RGD) 

motif, which facilitates cell adhesion to the ECM [174]. Colorectal tumoroids produced 

using collagen I hydrogels and ECM protein laminin, containing HT29/HCT116 cancer 

cell lines and fibroblasts and ECs were able to recapitulate the stromal component of the 

TME with disrupted vasculature formed [14]. Collagen I was used to create bioprintable 

models of vascularised neuroblastoma using SH-SY5Y cells, HUVECs and MSCs [175]. 

Cells produced a vimentin-rich matrix, indicative of cancer progression and an aggressive 

phenotype, although HUVECs and MSCs were unable to form tubes. A mixture of 

Matrigel and collagen I hydrogels was used to combine pre-formed HUVEC tubes with 

spheroids composed of MDA-MB-231 cells and MSCs; the authors found that simply 

adding HUVECs to the spheroids was not sufficient to promote tube formation [176]. As a 

naturally sourced hydrogel, collagen I suffers from similar limitations to Matrigel such as 

lack of definition and animal origin.  
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Polysaccharide-based hydrogels bridge the gap between animal-derived and synthetic 

hydrogels, as they are formed from naturally occurring polymers such as alginate 

[177,178] and hyaluronic acid [16,179]. The main caveat with using alginate especially, is 

that it is biologically inert so needs to be functionalised with cell-binding motifs and 

moieties to facilitate cell attachment [180,181]. It was found that HCT116 colorectal 

cancer cells exhibited the highest proliferation and viability in alginate blended with 

gelatin, compared with alginate alone [182], most likely due to the cell-binding motifs 

provided by gelatin.  

The use of synthetic hydrogels for in vitro modelling of cancer will be explored next. 

 

2.4.3. Synthetic Hydrogels  

To overcome the challenges posed by naturally sourced hydrogels, such as animal origin, 

weak mechanical properties and batch-to-batch variability, synthetic hydrogels provide a 

viable solution. The advantages of using such materials include: chemical definition, 

tuneable mechanical properties and controlled degradation [183]. PEG blended with 

fibrinogen was used to create 3D models of breast cancer cell lines MCF-7, MDA-MB-231 

and SK-BR-3; it was found that all three cell lines were viable and proliferated over 

15 days in culture [184]. MCF-7 cells encapsulated in PEG hydrogels behaved similarly to 

Matrigel and collagen I, and cell response to oestrogen was reproducible between 

experimental repeats, whereas Matrigel and collagen I exhibited high variability [185]. 

Breast cell lines (MCF-7/MDA-MB-231) and prostate cancer cell lines (LNCaP/PC3) were 

cultured alongside HUVECs and MSCs within hydrogels formed from starPEG, heparin 

and RGD binding motifs [186]. Tri-cultures were carried out in soft hydrogels (200 Pa), 

alongside the RGD motif and growth factors VEGF, FGF-2 and CXCL12 [186]. 

Interactions between tumour cells and vascular cells were observed towards the periphery 

of the tumour spheroids, but tumour angiogenesis models were found to be slightly more 

sensitive to anti-cancer drugs epirubicin and paclitaxel compared with tumour only models. 

This could be due to the softer stiffness in tumour angiogenesis models used, resulting in 

increased drug diffusion. The use of a chemically defined hydrogel aids reproducibility and 

consistency between experiments and researchers. A hydroxyethyl chitosan/glycidyl 

methacrylate hydrogel was used to encapsulate MCF-7 breast cancer cells [187]. It was 

found that angiogenic markers CD34, VEGF, PDGF and FGF were expressed in xenograft 

tumours derived from 3D hydrogel cultures, and were resistant to Bevacizumab compared 

with 2D cultures. Polyacrylamide is another synthetic hydrogel used as a substrate for 
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cancer cell growth; the main caveat with this material, however, is that it can only be used 

for 2D culture and thus the 3D environment is not mimicked [188,189].  

SAPHs will be discussed in the next section.  
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Table 2.2. Summary of strategies used to mimic cancer in vitro using hydrogels. The hydrogel used, mechanical properties (if measured), cell type(s), 

features of cancer studied, response to chemotherapeutic drugs (if studied) and the reference are noted.  

Hydrogel used Mechanical 

Properties 

Cell type(s) Features of cancer studied Response to chemotherapeutic drugs Reference 

Hydroxyethyl 

chitosan/glycidyl 

methacrylate 

10 kPa MCF-7 (breast) Angiogenesis – Upregulation of angiogenic 

markers CD34, VEGF-A, PDGF-B, bFGF. 

Sensitivity to Endostar, resistance to 

Bevacizumab. 

Wang et al, 

2015 [16]. 

PEG-fibrinogen Acellular:  

250 Pa ± 40 Pa. 

MCF-7 cell-laden: 

4700 Pa ± 650 Pa 

MCF-7/MDA-MB-231/SK-BR-3 

(breast)/PC-3/PC-3-Met 

(prostate)/HT29 (colon) 

n/a n/a Pradhan et al, 

2017 [184] 

starPEG 

 

 

 

 

 

1500 Pa for tumour 

only models, 200 Pa 

for tumour 

angiogenesis models 

 

 

MCF-7/MDA-MB-231 (breast), 

LNCaP/PC3 (prostate), HUVECS, 

MSCs 

 

Hypoxia – hypoxia observed in MCF-7 and 

LNCaP models. 

Tumour angiogenesis – tube formation by 

HUVECs and MSCs. 

 

 

 

Tumour angiogenesis models slightly more 

sensitive to chemotherapeutic drugs than 

tumour only models. 

2D tumour cultures more sensitive to 

doxorubicin, epirubicin and paclitaxel 

treatment than 3D culture.  

 

Bray et al, 

(2015) [186]. 

 

 

 

 

 

Collagen I 

 

n/a 

 

HT29/HCT116 (colon), HDF 

(fibroblasts), HUVECs  

EMT – Upregulation of mesenchymal marker 

vimentin. 

Angiogenesis – Pathogenic angiogenesis. 

n/a 

 

Magdeldin et 

al, 2017 [14]. 

 

 

Basement 

membrane 

extract/collagen I 

 

 

n/a 

 

 

 

MCF-7/MDA-MB-231 (breast), 

HUVECs, MSCs 

Angiogenesis – tube formation by HUVECs 

and MSCs.  

Hypoxia – hypoxic (5 % O2) conditions 

mimicked.  

Disruption of endothelial network with 

paclitaxel treatment, MCF-7 cells unaffected 

by paclitaxel or fluororacil. 

Benton et al, 

2015 [176]. 

 

Alginate 

 

n/a 

 

HCT116 (colorectal) 

 

Hypoxia – hypoxic core observed. n/a 

 

Kesarwala et 

al, 2017, 

Read et al, 

2018 

[177,178]. 

Alginate-Matrigel 24–76 kPa  

 

 

 

MDA-MB-231 (breast) Invasion – transwell invasion assay showed 

presence of entrapped cells.  

n/a 

 

 

 

 

Cavo et al, 

2018 [169]. 
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Hydrogel used Mechanical 

Properties 

Cell type(s) Features of cancer studies Response to chemotherapeutic drugs Reference 

Alginate-gelatin n/a HCT116 (colorectal) EMT – no change in mesenchymal marker 

vimentin, retention of epithelial phenotype. 

Invasion – wound healing migration assay.  

n/a Ivanovska et 

al, 2016 

[182]. 

Matrigel n/a MCF-7 (breast), LNCaP (prostate),  

NCI-HI437 (lung) ± HDF 

(fibroblasts) 

Stromal component – incorporation of 

fibroblasts. 

EMT – retention of epithelial phenotype, 

negative vimentin staining. 

Sensitivity to doxetaxel and fulvestrant in 3D 

embedded and 2D cultures, co-culture with 

fibroblasts protected tumour cells from drug 

treatment 

Stock et al, 

2016 [166]. 

Matrigel 

 

 

 

n/a 

 

 

MCF-7 (breast), MDA-MB-231 

(breast cancer) 
Resistance to anti-cancer drugs. Decreased sensitivity to doxorubicin 

compared with 2D culture.  

Lovitt et al, 

2018 [13]. 

Matrigel 

 

n/a MCF-7/ JIMT1 (breast) EMT – no change in vimentin expression 

compared with 2D culture. 

Increased sensitivity to methotrexate and 

alantolactone compared with 2D culture. 

 

Hongisto et 

al. 2013 [167] 

Hyaluronic acid n/a MDA-MB-231 (breast), HMEC-1 Angiogenesis – increases in VEGF and 

MMP-9 expression. 

n/a Kassim et al, 

2017 [179]. 

Hyaluronic acid 7.4–18.9 kPa MCF-7 (breast) Angiogenesis – increased expression of 

VEGF, IL-8 and FGF compared with 2D 

culture.  

Invasion – increased migration and invasion 

of cells compared with 2D culture.  

n/a Suo et al, 

2019 [16]. 
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2.5. Self-Assembling Peptide Hydrogels (SAPHs) 

 

2.5.1. Overview  

Molecular self-assembly is described as the spontaneous and reversible organisation of 

molecules without any external cues  [190]. It provides a ‘bottom-up’ approach to building 

and designing novel biomaterials [191]. Self-assembly of peptides is governed by weak, 

non-covalent forces including: hydrogen bonds, ionic bonds, van der Waals interactions 

and hydrogen bonds with water molecules [192]. SAPHs consist of short-chain peptides 

which organise themselves first into secondary structures and consequently into 

supramolecular structures that contain large volumes of water [18]. These short-chain 

peptides are comprised of amino acids; the monomers of proteins. There are 20 naturally 

occurring amino acids, which have a common structure of a chiral carbon atom, an amino 

group, a carboxyl group, an R group and a hydrogen atom (Figure 2.7). Amino acids vary 

by the composition of the side chain, denoted as the R group, which determine the 

consequent chemical properties.  

 

 

Figure 2.7. Schematic of structure of amino acids. A chiral carbon atom is at the centre, 

surrounded by an amino group, a carboxyl group, a hydrogen atom and a side chain 

denoted as the ‘R’ group. Created with BioRender.com.  
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A peptide bond is formed between two amino acids via covalent bonding, where the 

carboxyl group of one amino acid shares electrons with the amino group of a second amino 

acid, resulting in the removal of water [193]. The side chains can be acidic, basic, 

negatively charged, positively charged or uncharged (Table 2.3). The number of amino 

acids available results in a huge number of peptide chains to be designed, with the desired 

properties incorporated. The sequence of amino acids formed via peptide bonds is thus 

known as the primary structure of proteins and peptides. 

Amino acid 3-letter 

code 

1-letter 

code 

Side chain Property 

Glycine Gly G 

 

Non-polar 

(hydrophobic) 

Alanine Ala A 

 

Non-polar 

(hydrophobic) 

Valine Val V 

 

Non-polar 

(hydrophobic) 

Leucine Leu L 

 

Non-polar 

(hydrophobic) 

Isoleucine Ile I 

 

Non-polar 

(hydrophobic) 

Table 2.3. Naturally occurring L-amino acids and their properties. The 3-letter and 

1-letter code of each amino acid is provided alongside the chemical structure of each 

side chain and the resulting properties.  
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Amino acid 3-letter 

code 

1-letter 

code 

Side chain Property 

Methionine Met M 

 

Non-polar 

(hydrophobic) 

Phenylalanine Phe F 

 

Non-polar 

(hydrophobic) 

Tryptophan Trp W 

 

Non-polar 

(hydrophobic) 

Proline Pro P 

 

Non-polar 

(hydrophobic) 

Serine Ser S 

 

Polar, 

uncharged 

(hydrophilic)  

Threonine Thr T 

 

Polar, 

uncharged 

(hydrophilic) 

Cysteine Cys C 

 

Polar, 

uncharged 

(hydrophilic) 
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Amino acid 3-letter 

code 

1-letter 

code 

Side chain Property 

Tyrosine Tyr Y 

 

Polar, 

uncharged 

(hydrophilic) 

Asparagine Asn N 

 

Polar, 

uncharged 

(hydrophilic) 

Glutamine Gln Q 

 

Polar, 

uncharged 

(hydrophilic) 

Aspartate Asp D 

 

Polar, 

negatively 

charged 

(hydrophilic) 

Glutamate Glu E 

 

Polar, 

negatively 

charged 

(hydrophilic) 

Lysine Lys K 

 

Polar, 

positively 

charged 

(hydrophilic) 
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Amino acid 3-letter 

code 

1-letter 

code 

Side chain Property 

Arginine Arg R 

 

Polar, 

positively 

charged, 

(hydrophilic) 

Histidine His H 

 

Polar, 

positively 

charged 

(hydrophilic) 

 

Hydrogen bonding between the amino acids results in conformational changes of the 

peptide structure. The types of secondary structure that can be formed are: β-sheet, α-helix 

and β-hairpin. Beta-sheets can form from neighbouring polypeptide chains that run in the 

same direction, known as parallel β-sheets, or from polypeptide chains that run in opposite 

directions, which is described as anti-parallel [193]. The polypeptide chains forming the 

β-sheet are known as β-strands. An α-helix is formed when a polypeptide chain twists on 

itself forming a cylindrical structure [194]. A β-hairpin results from two anti-parallel 

β-sheets separated by 2–5 amino acid residues, resulting in a loop or turn [195]. 

Βeta-sheets self-assemble as a result of hydrogen bonding along the fibres and link one 

β-sheet to the next, resulting in high stability [196]. Whereas with α-helices, self-assembly 

is driven by hydrophobic interactions. A schematic outlining the self-assembly process is 

depicted in Figure 2.8.  

This thesis is focussed on the use of ionic complementary β-sheet forming SAPHs; 

however, other types of self-assembling peptides are discussed below.  
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Figure 2.8. Schematic of self-assembly process of SAPHs. Peptide monomers aggregate 

to form peptide fibres rich in one of several secondary structures. Above the critical 

gelation concentration (CGC), these fibres form an entangled network within a 

self-supporting hydrogel. Created with BioRender.com.  

 

2.5.2. α-Helix forming SAPHs  

The α-helix is formed by winding the amino acid backbone into a helix with 3.6 amino 

acids per turn, with helical stability achieved by hydrogen bonding between the carbonyl 

oxygen atoms of residues and the amide hydrogen atoms of residues four amino acids 

along the chain [197]. 

Alpha-helical SAPHs are components of coiled-coils, which are governed by hydrophobic 

interactions as well as electrostatic interactions between charged amino acids. These 

interactions are responsible for the cylindrical structure observed [198]. Coiled coils have a 

repeating heptad structure (abcdefg)n, where n is the number of repeats and a–g signify the 

positions of the amino acids in a helical diagram (Figure 2.9) [194]. The repeating heptad 

structure is composed of hydrophobic (h) and polar (p) amino acids in a hpphppp pattern.  

The hydrophobic interactions between the ‘a’ and ‘d’ amino acids of multiple α-helices 

give rise to the coiled-coil structure, due to the burial of residues forming a hydrophobic 

core to minimise interaction with water [199]. The charges of the ‘e’ and ‘g’ charged 

residues affect stability of the coiled coil: oppositely charged residues result in 
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stabilisation, whereas like charges result in repulsion [194]. The residues at ‘b’, ‘c’ and ‘f’ 

are exposed on the surface of the coiled coil and vary in design [200].  

 

Figure 2.9. Schematic of α-helix coiled coil assembly. Created with BioRender.com. 

 

Alpha-helical SAPH AEAKAEAK (A = alanine, E= glutamine, K = phenylalanine) was 

unable to self-assemble, whereas AEAEAKAK self-assembled into fibrils with a diameter 

of 6 nm, which aggregated laterally to form a ‘pearl-necklace’ morphology [196]. 

However, gelation was not observed. It was suggested that the position of polar groups 

along the peptide chain affects self-assembly, due to hydrophobic interactions being highly 

sensitive to polar groups [196]. A series of α-helical SAPHs were successfully formed 

based on repeats and alternations of alanine and glutamine residues, with hydrogels having 

strong hydrogen bonding melting upon heating, whereas those with strong hydrophobic 

interactions strengthening upon heating [201]. These hydrogels were found to support 

murine neural stem cell growth and viability [202]. A disadvantage of α-helical SAPHs is 

that typically a large number of amino acids are required in the polypeptide chain to 

stabilise the helical structure [203].  
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2.5.3. β-Hairpin SAPHs 

The β-hairpin is formed by two anti-parallel β-sheets which are joined by a turn or loop 

[204]. An example of a β-hairpin SAPH is MAX1, which is 20 amino acids in length and 

composed of alternating lysine and glutamate residues with an intermittent tetrapeptide 

which adopts a β-turn structure (Figure 2.10) [205].  

 

 

 

 

 

 

 

Figure 2.10. Self-assembly process and amino acid sequence of MAX1 hydrogel. This 

diagram has been reprinted with copyright permission from Elsevier  [206]. 

This hydrogel is amphiphilic, due to the hydrophobic valine residues forming a 

hydrophobic face and the hydrophilic face composed of glutamate residues [205]. In acidic 

pH, the protonated lysine residues prevent peptide folding and self-assembly. However, the 

material is able to self-assemble upon the addition of salt resulting in charge screening of 

the positively charged lysine residues, as well as increasing the pH [207,208]. It can 

self-assemble and form a hydrogel under cell culture conditions (pH 7.4, cell culture 

media) and support the attachment of fibroblasts [206]. A derivative of MAX1, MAX8, 

was shown to support the 3D culture of medulloblastoma cells and was suitable for high 

throughput screening of chemotherapeutic drugs [32].  

 

2.5.4. Short Peptide Derivatives 

Short peptide derivatives are made up of less than 8 amino acids in length. Their 

self-assembly depends upon the groups attached, with aromatic groups contributing to π-π 

interactions and bulky protecting groups such as fluorenylmethyloxycarbonyl (Fmoc) 

leading to self-assembly [209]. A popular short peptide derivative, diphenylalanine (FF), 

derived from the β-amyloid protein involved in the pathophysiology of Alzheimer’s 

disease, is able to self-assemble into nanotubules formed from β-sheets [210]. Aromatic 
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dipeptide systems formed from tryptophan-tryptophan, a combination of tryptophan and/or 

phenylalanine or tyrosine, were not able to self-assemble into the marked tubular structures 

formed in the FF system [210]. Under aqueous conditions, the addition of salts causes the 

formation of longer and wider FF nanotubules, due to the formation of salt bridges 

between the head and tail of the peptide monomers [211]. The salt bridges formed act as 

alternatives to peptide bonds due to the reduced energy required, resulting in radial and 

longitudinal growth of the nanofibres [211]. A series of Fmoc-dipeptide hydrogels have 

been shown to support the viability and phenotype of chondrocytes [212]. Fmoc-FF and 

Fmoc-RGD were used successfully for the encapsulation of dermal fibroblasts, resulting in 

cell viability and cell spreading in the presence of RGD [213].  

 

2.5.5. Peptide Amphiphiles  

Peptide amphiphiles (PAs) are composed of three parts: a peptide chain containing a 

charged /hydrophilic head and a hydrophobic alkyl tail (Figure 2.11), rendering them 

similar to surfactants [214]. The peptide chain is mainly composed of hydrophobic amino 

acids, which results in a high degree of hydrogen bonding in the form of β-sheets. 

Changing this region of the PA molecule has been shown to alter the mechanical properties 

of the resulting hydrogel, with blocking hydrogen bonding at specific amino acid locations 

resulting in the inability of the molecule to form a hydrogel network [215]. The peptide 

chain is typically terminated by a bioactive epitope group, such as the RGD domain, to aid 

biocompatibility [215]. The advantage of attaching surfactant-like structures to the peptide 

chain is that the nanostructure can be controlled. Such an example is by altering the lipid 

tail length and number of charged sequences, resulting in modification of the length and 

diameter of the nanofibres [198].  

A series of peptide amphiphilic hydrogels were developed whereby gelation was triggered 

by adding a peptide solution to cell culture media containing heavy metal ions [216]. The 

addition of heavy metal ions caused the PA to self-assemble into cylindrical structures, 

with the hydrophobic tails hidden in the core and hydrophilic peptide sequences displayed 

on the surface [217]. These hydrogels were formed of peptide segments of 6–12 amino 

acids in length coupled with a hydrophobic chain of 10–22 carbon atoms. It was found that 

the amino acid sequence of the C-terminal had a profound effect on cell viability, with 

mouse osteoblasts dying in glutamate-glutamine-serine (EQS) terminated fibrils, but 

proliferating and surviving for 3 weeks in lysine-glycine-glutamine (KGE) terminated 

fibrils.  
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Figure 2.11. Chemical structure of peptide amphiphile hydrogel. Created with 

BioRender.com. 

 

2.5.6. Ionic Complementary SAPHs 

This class of peptides was discovered in the 1980s by Zhang and colleagues, who isolated 

AEAEAKAKAEAEAKAK (EAK16-II; A = alanine, E = glutamic acid, K = lysine) from 

the yeast protein zuotin as a left-handed Z-DNA binding protein [218]. This peptide was 

found to self-assemble into a membrane which was unusually stable and adopted a β-sheet 

structure, consisting of alternating hydrophilic and hydrophobic residues [219]. The 

addition of salt in the form of cell culture media was also shown to induce formation of a 

stable hydrogel [220]. It was found that substituting positively charged lysine with 

positively charged arginine of throughout EAK16-II did not affect self-assembly. 

However, replacing positively charged amino acids with negatively charged residues 

resulted in β-sheet structures formed in the presence of salt, although hydrogels were not 

formed [18]. Ionic complementary SAPHs are characterised by periodic repeats of 

alternating hydrophilic and hydrophobic amino acids forming β-sheet structures with 

hydrophilic residues on the interior and hydrophobic residues on the exterior [221]. This 

ultimately results in a hydrophobic face and a hydrophilic face; with two β-sheets stacking 

together to form a hydrophobic core and the hydrophilic faces readily interacting with 

water molecules [221]. The complementary ionic sides are categorised into several moduli 

(modulus I, modulus II etc.), which is due to the repeating hydrophilic amino acids 
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alternating by one residue, two residues etc. [192]. Modulus I thus has a charge 

arrangement of +-+-+- (Figure 2.12).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. Moduli of ionic complementary SAPHs. Created with BioRender.com. 

Altering the peptide length, concentration and pH are methods used to alter the hydrogel 

properties [222]. Changing one amino acid has a remarkable effect on the overall charge, 

fibre structure and mechanical properties of the hydrogel formed. 

AEAKAEAKAEAKAEAK (EAK16-I), EAK16-II and AEAEAEAEAKAKAKAK 

(EAK16-IV) have the same amino acid composition but different amino acid arrangement, 

resulting in different charge distribution [223]. The work completed by Jun et al proposed 

the charged worm-like chain model to explain the effect of charge on self-assembly; 

whereby the presence of a β-turn in the molecule shows that this is the most stable 

equilibrium for EAK16-IV and thus prefers a bent conformation. EAK16-II was also 

shown to form nanofibers at neutral pH, whereas EAK16-IV forms globular assemblies 

[224]. The different charge distributions result in stronger intramolecular attractions 

between the carboxyl groups of glutamic acid residues and the amino groups of lysine 

residues of EAK16-IV, causing exposure of the hydrophobic residues to the aqueous 

environment and bending of the EAK16-IV molecules. Increasing the hydrophobicity of 

the amino acids, from alanine to leucine, isoleucine or phenylalanine, results in the critical 

aggregation concentration (CAC) decreasing, which increases the likelihood of 

self-assembly by decreasing the minimum amount of energy needed to form a hydrogel 

[225].  
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Increasing the peptide concentration results in a reduced mesh and increased 

intermolecular hydrogen bonding due to more peptide monomer present, which manifests 

as a stiffer hydrogel being formed [226]. Increasing the peptide concentration of EFK8 

(KFEFKFEF; K = lysine, F = phenylalanine, E = glutamate) from 2.7 to 10 mg/mL 

resulted in an increase in measured elastic modulus from 1.59 kPa ± 0.06 kPa to 

14.7 kPa ± 1.0 kPa, which corresponded with a denser matrix observed with a larger 

number of fibres per volume [222].  

The pH of the peptide system has also been shown to impact the self-assembly process; 

FEFK was demonstrated to form a hydrogel over the pH range of 2.0–12.0, however 

changing the pH value resulted in differing nanostructures formed [227]. At pH 6.0–8.0, 

electrostatic interactions between the charged residues and π-π interactions resulted in 

lateral association, causing a hydrogel to form. At pH 2.0 and 12.0, electrostatic repulsion 

occurred between the charged amino acid residues, reducing lateral attraction between the 

peptide fibres. Hydrogels were still formed due to the π-π interactions in the aromatic 

residues overcoming the electrostatic repulsion.  

Based on the sequence of EAK16, Zhang designed the peptide RADARADARADARADA 

(RADA16; R = arginine, A = alanine, D = aspartic acid) by replacing positively charged 

lysine residues with arginine and negatively charged glutamic acid residues with aspartic 

acid [209,220]. This hydrogel has been commercialised as PuraMatrix™, a 3D scaffold 

capable of encapsulating cells and has been used successfully for tissue engineering and 

regenerative medicine purposes [228,229].  RADA16 also has been functionalised with 

various cell-binding motifs [230]. Ionic complementary SAPHs are non-toxic, 

biocompatible, degrade to form naturally occurring amino acids as waste products and can 

be functionalised to incorporate desired biological motifs and thus have great potential as a 

scaffold for 3D cell culture [190]. They have also been shown not to induce an 

inflammatory response in vitro [231]. Moreover, SAPHs are more able to mimic the ECM 

over commonly used biomaterials, due to the formation of nanofibers and pore sizes which 

are of the same scale as the ECM and the ability to modulate the mechanical properties 

[20].  

The next section will discuss using SAPHs for the culture and in vitro modelling of cancer 

cells.  
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2.5.7. SAPHs for In Vitro Cancer Modelling 

Various types of SAPHs have been used to create in vitro models of cancer, which have 

been summarised in Table 2.4. RADA16-I, previously discussed in section 2.5.6, is one of 

the most popular SAPH for this application. Ovarian cancer cell lines A2780, A2780/DDP 

and SK-OV-3 cultured using RADA16-I formed colonies typical of glandular epithelial 

tumours, however, the SK-OV-3 cell line did not form spheroids [232].  When treated with 

anti-cancer drugs paclitaxel and curcumin, a two to five times higher concentration was 

needed to inhibit cell growth by 50 %, compared with 2D cultured cells, showing that 3D 

cultured tumours using a SAPH exhibited the same chemotherapeutic resistance seen 

clinically [232]. Several studies using RADA16 for breast cancer research have shown that 

the material reduces malignancy of the cancer cells. One such study using RADA16-I to 

culture the breast cancer cell line MDA-MB-435S, which contains a large abundance of the 

breast CSC population, observed that the breast cancer cells exhibited a ‘reversed’ 

phenotype, indicated by basally-located nuclei and organised cytoskeletons, resembling 

non-cancerous breast acini [233]. Whereas in collagen I, cells exhibited a mesenchymal 

phenotype with elongated cell bodies and projections, and in Matrigel, the cells were 

observed to have disorganised nuclei. Another similar study investigating the breast cancer 

cell line MDA-MB-231 found that cells cultured in RADA16-I exhibited a reduced 

malignant phenotype, as shown by reduced migratory capacity compared with collagen I 

[28]. SMMC7721 liver cancer cells exhibited positive fibronectin staining in RADA16, 

alongside expression of angiogenesis related growth factors VEGFA, EGF and FGF [234].  

 

The β-sheet forming FEFEFKFK, which has previously been used for 3D culture of 

nucleus pulposus cells [235] and chondrocytes [236], was shown to support viability and 

collagen I production of MCF-7 cells for up to 10 days in culture [29]. Another β-sheet 

SAPH, named h9e (FLIVIGSIIGPGGDGPGGD; F = phenyalanine, L = leucine, I = 

isoleucine, V = valine, G = glycine, S = serine, P = proline, D = aspartic acid) [237], has 

been used for culturing a number of cancer cell lines [27,238]. It was found that liver and 

colon cancer cells exhibited decreased sensitivity to chlorogenic acid treatment when 

compared with 2D culture, showing that the SAPH can act as a physical barrier to 

chemotherapeutic drug penetration. bQ13 (QQKFQFQFEQEQQ, Q = glutamine, K = 

lysine, F = phenylalanine), derived from the SAPH Q11 (QQKFQFQFEQQ) [239], was 

used to culture LNCaP prostate cancer cells, which formed spheroids after 7 days in 

culture and were found to be as equally sensitive to enzalutamide treatment as Matrigel 

embedded cells [240]. A series of amphiphilic SAPHs based on the VVVAAAH2K (PA-H; 
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V = valine, A = alanine, H = histidine, K = lysine) functionalised with different cell 

binding moieties were found to support the growth and intercellular network formation of 

the ovarian cancer cell line OVCAR-4, HUVECs and MSCs, resulting in the formation of a 

vascularised ovarian cancer model [30]. 

  

In vitro modelling of cancer has been discussed in detail in the previous sections. The 

remainder of this chapter will focus on modelling vasculature and tumour angiogenesis in 

vitro using hydrogels and SAPHs in particular.  
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Table 2.4. Summary of strategies used to mimic cancer in vitro using SAPHs. The class of SAPH used, mechanical properties (if measured), cell type(s), 

features of cancer studied, response to chemotherapeutic drugs (if studied) and the reference are noted. 

Class of SAPH Mechanical 

Properties 

Cell type(s) Features of cancer studied Response to chemotherapeutic 

drugs 

Reference 

Ionic complementary 

β-sheet 

50–220 Pa A549 (lung cancer) n/a n/a Sheikholeslam et 

al, 2018 [241]. 

β-hairpin 100 Pa DAOY/ONS-76 

(medulloblastoma) 

n/a Increased sensitivity to cisplatin and 

vorinostat compared with 2D. 

Worthington et 

al, 2017 [32]. 

β-sheet 100–700 Pa MCF-7 (breast) n/a Decreased viability when treated with 

cisplatin (no 2D control). 

Huang et al, 

2013 [242]. 

β-sheet n/a HepG2 (liver)/ 

SW480 (colon) 

n/a Decreased sensitivity to chlorogenic 

acid compared with 2D. 

Xu et al, 2019 

[238]. 

Ionic complementary 

β-sheet 

3300 Pa MDA-MB-231 

(breast cancer) 

n/a n/a Mi et al, 2009 

[28]. 

Ionic complementary 

β-sheet 

 

n/a A2780, 

A2780/DDP, 

SK-OV-3 (ovarian) 

Invasion – no difference in invaded cells between 

RADA16 and collagen I.  

Decreased sensitivity to 5-FU, 

paclitaxel and cucurmin compared with 

2D. 

Yang & Zhao, 

2011 [232]. 

Ionic complementary 

β-sheet 

n/a SMMC7721 (liver) Angiogenesis – Expression of VEGF, EGF and 

FGF, no difference in expression levels between 

RADA16, collagen I and Matrigel.  

ECM deposition – no fibronectin or laminin 

production.  

n/a Song et al, 2015 

[234]. 

β-sheet 1000–10,000 Pa LNCaP (prostate) n/a Increased sensitivity to enzalutamide, 

compared with Matrigel and 

RADA16-I. 

Hainline et al, 

2019 [240]. 

Peptide amphiphile 2133 Pa  ± 111 Pa OVCAR-4 

(ovarian), HUVECs, 

MSCs 

Angiogenesis – intercellular network formed by 

tri-cultures. 

Resistance to carboplatin and paclitaxel 

treatment. 

Hedegaard et al, 

(2020) [30]. 

Ionic complementary 

β-sheet 

500 Pa – 5 kPa MCF-7 ECM deposition – collagen I production n/a Ashworth et al, 

(2020) [29]. 
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2.6. Modelling Vasculature Formation In Vitro 

 

2.6.1. Overview 

Tissue engineering blood vessel-like structures in vitro, resembling tubes, has been 

achieved using naturally derived hydrogels, such as collagen I [26,243] and Matrigel [244]. 

The main cell type used to create tubular structures is ECs, notably HUVECs [245], as they 

are easy to handle and isolate [246]. As discussed in section 2.2.4, within the vasculature 

system, ECs are supported by mural cells. The ECs benefit from the chemokines and 

growth factors produced by the secondary cell source, resulting in stabilisation and 

maturation of the endothelial network. To represent this in vitro, HUVECs are often 

co-cultured with another cell line representing mural cells providing structural support to 

the vascular network [247]. Such cell types used as supporting cells include: MSCs, 

fibroblasts, smooth muscle cells, osteoblasts and pericytes [247]. This section will focus on 

co-culture of HUVECs and MSCs, as this method will be used in experimental sections. 

When encapsulated within a hydrogel, ECs and supporting cells will attach to the 

surrounding matrix, resulting in an elongated morphology (Figure 2.13). The ECs 

differentiate and reorganise themselves into tubes. Supporting cells stabilise the formed 

structures in response to increased production of angiogenic factors. 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. In vitro tube formation by ECs and pericytes within a hydrogel. Created 

with BioRender.com. 
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2.6.2. Co-Culture using HUVECs and MSCs 

MSCs are multipotent stem cells that can self-renew and differentiate into several lineages, 

namely: osteogenic, chondrogenic and adipogenic [248]. MSCs are derived from several 

sources within the body, including the bone marrow, adipose tissue, placenta, peripheral 

blood, umbilical cord and cord blood [249]. There is evidence to suggest that BM-MSCs 

adopt a perivascular niche and thus behave as pericytes [250]. When co-cultured with ECs 

in a collagen I/fibronectin hydrogel, MSCs produce α-smooth muscle actin, desmin and 

sm22α, which are known pericyte markers [251,252]. It has also been observed that ECs 

implanted alone in vivo could form blood vessel-like structures but regressed quickly, 

whereas when implanted alongside MSCs could form vessels which lasted much longer 

[26,252]. Moreover, tubes formed from MSCs and ECs were longer in length with 

branching observed, compared with EC only tubes [253]. Clearly, the cell-cell interactions 

between ECs and MSCs result in maturation and stabilisation of the tubes formed.  

Co-culture of HUVECs and MSCs has been shown to upregulate expression of 

VE-cadherin, an endothelial-specific marker, compared with HUVEC monocultures 

[254,255].  

Parameters used to influence HUVEC behaviour in hydrogels are discussed in the next 

section. 

 

2.6.3. Designing Hydrogels for Vasculature In Vitro 

For ECs to attach, organise and differentiate into tube-like structures, the material used 

must be able to mimic the ECM and stimulate this behaviour. To achieve this, the hydrogel 

used must be designed accordingly. Parameters such as matrix stiffness, functionalisation 

with ECM derived binding motifs and creating hybrid composites with natural hydrogels 

have been employed, and will be discussed in this section.  

 

2.6.3.1. Matrix Stiffness 

It is well established that the mechanical properties of a biomaterial can influence cell 

behaviour [135]. For HUVECs, the stiffness of the hydrogel used can alter behaviour too. 

Several studies have found that HUVECs will form tubes on soft hydrogels, notably in 2D 

culture. HUVECs cultured on polyacrylamide hydrogels with a Young’s modulus of 140 

Pa formed interconnected networks, but increasing the hydrogel stiffness to 2500 Pa 

reduced the tendency to form tubular structures [39]. Bovine aortic endothelial cells 

formed a network of tubes on compliant hydrogels (Young’s modulus of 200 Pa), but not 

on stiffer (10 kPa) hydrogels [256]. For 3D culture, the impact of matrix stiffness is more 
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varied. PEG hydrogels containing MMP-sensitive sites and RGD binding sites were used 

to co-culture HUVECs and mesenchymal progenitor cells; it was found that the polymer 

weight of the hydrogel affected cell behaviour, with softer, compliant (7.5 % polymer 

weight) hydrogels forming tubule structures which quickly regressed, and stiff (12.5–15 % 

polymer weight) hydrogels failing to induce cell-cell contacts [257]. For collagen I 

hydrogels, increasing the matrix stiffness resulted in denser EC networks [258] and 

increased angiogenic sprouting and EC outgrowth [259] compared with softer hydrogels.  

The effect of matrix stiffness on ECs cultured in 3D is ambiguous. It could be possible that 

in 2D culture, the impact of stiffness is more prominent due to the cells being constrained 

to one dimension. Whereas in 3D culture, cells do not experience such constraints and are 

able to remodel their surrounding environment [260]. Moreover, increasing matrix stiffness 

results in reduced porosity, increasing the number of bioactive molecules available to cells 

[260]. 

 

2.6.3.3. Functionalisation 

Due to their design, synthetic hydrogels lack bioactive cues that are needed for ECs to 

attach and differentiate into tubular structures. Therefore, functionalisation with 

ECM-derived binding motifs is often used in designing hydrogels for tissue engineering of 

blood vessels. Functionalisation of hyaluronic acid-tyramine hydrogel with RGD domains 

resulted in HUVEC adhesion and cell-cell contacts resulting in capillary formation, 

compared with hydrogels without RGD functionalisation [261]. Interestingly, HUVECs 

cultured within gellan-gum hydrogels functionalised with RGD domains were only able to 

form interconnected tubules in the presence of adipose derived stem cells (ASCs), 

highlighting the importance of a supporting cell type when creating blood vessel-like 

structures in vitro [262]. PEG cross-linked gelatin hydrogels functionalised with peptides 

mimicking VEGF and the YIGSR (Y = tyrosine, I = isoleucine, G = glycine, S = serine, R 

= arginine) domain derived from laminin were able to induce differentiation of HUVECs 

into capillary-like structures after 5 days, whereas the hydrogel alone could not stimulate 

this behaviour [263].  

 

2.6.3.4. Hybrid Composites with Natural Hydrogels 

The combination of a synthetic and a natural hydrogel provide the cells with native cell 

binding motifs, alongside tuneable properties and a degree of chemical definition. Gelatin 

methacrylate (GelMA) and pluronic 127 were combined to create a hydrogel composite 

which was able to support the viability and phenotype of HUVECs after 10 days [264]. 
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However, the tube formation was not observed, suggesting that the hydrogel composite 

could not support the underpinning events leading to tube formation by HUVECs. 

Conjugation of collagen I to PEG resulted in capillary formation of HUVECs and MSCs 

when encapsulated, with higher concentrations of PEG resulting in HUVEC death [265]. 

The degree of methacrylation in GelMA hydrogels has also been shown to affect tube 

formation, with the lowest methacrylation (1 M) resulting in more vasculogenesis and 

interconnections of human endothelial colony forming cells (HECFCs) and MSCs, with the 

highest methacrylation (10 M) resulting in fewer cell-cell contacts and branch points [266].  

The use of SAPHs for developing vasculature will be discussed in the next section. 

 

2.6.4. SAPHs for Vasculature Formation In Vitro 

As discussed in section 2.5.6 & 2.5.7, RADA16 has been a popular SAPH to use for 

creating tube-like structures in vitro, due to its use in other tissue engineering applications 

[17]. HUVECs encapsulated within RADA16-I and RADA16-II were able to organise and 

form tubes with primitive lumens in response to decreasing the matrix stiffness [36]. 

However, another study using RADA16 for culture of microvascular ECs showed that 

increasing the peptide concentration, resulting in a greater hydrogel stiffness, resulted in 

larger and more extended networks of tubes [34]. VEGF gene expression was also 

upregulated compared with collagen gels, and ECs were able to survive within the peptide 

matrix for 2 weeks and formed 3D tubular structures. A study comparing RADA16-I and 

RADA16-II with FKFEFKFE (KFE-8) and KLDLKLDLKLDL (KLD-12) for tissue 

engineering structures resembling blood vessels, found increased adhesion of HUVECs to 

the RADA16 gels with formation of capillary structures, which did not occur in either 

KFE-8 or KLD-12 [267]. The authors attributed this finding to the differences in 

hydrophobicity between the hydrogels, although other factors such as matrix stiffness were 

not investigated. Functionalisation of RADA16 with RGD or a VEGF receptor agonist 

resulted in increased adhesion, survival, elongation and capillary morphogenesis of 

HUVECs compared with RADA16 alone [268]. Functionalised RADA16 with laminin 

derived motifs YIGSR, RYVVLPR (R = arginine, Y =  tyrosine, V = valine, L = leucine, P 

= proline) or the collagen IV motif TAGSCLRKFSTM (T = threonine, A = alanine, G = 

glycine, S = serine, L = leucine, R = arginine, K= lysine, F = phenylalanine, M = 

methionine) resulted in increased growth and proliferation of human aortic endothelial 

cells (HAECs) and increased production of laminin and collagen IV, indicative of 

basement membrane deposition [269].  
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Functionalisation of SAPHs for vasculature formation has also been investigated using 

another system: Q11 was functionalised with either RGD or laminin-derived IKVAV 

(I = isoleucine, K = lysine, V = valine, A = alanine) binding motifs [239]. RGD modified 

Q11 was able to positively influence the elongation and spreading of HUVECs, whilst 

IKVAV did not exert major benefits to HUVEC morphology. Q11 functionalised with 

RGD, IKVAV and YIGSR domains was further investigated for HUVEC culture; it was 

found that a combination of RGD and IKVAV resulted in optimal HUVEC growth, whilst 

combining RGD and YIGSR resulted in an antagonistic interaction [38]. The strategies 

used to tissue engineer tubular structures in vitro using SAPHs has been summarised in 

Table 2.5.  
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Table 2.5. Summary of strategies used to create vasculature in vitro using SAPHs. The class of SAPH, SAPH modifications (if any), cell type(s), 

outcomes and reference are provided. 

 

Class of 

SAPH 

Modifications made to 

SAPH 

Cell type(s) used Presence of growth factors and other 

stimuli 

Outcome Reference 

Ionic 

complementary 

β-sheet 

Decreasing matrix 

stiffness. 

HUVECs VEGF (50 ng/mL) and phorbol-myristate 

acetate (50 ng/mL). 

Tubule structures with lumens. Sieminski et al, 

2007 [36]. 

Ionic 

complementary 

β-sheet 

Increasing peptide 

concentration. 

Microvascular ECs 1% endothelial cell growth supplement 

(contents not disclosed). 

Increased VEGF expression, 3D 

tubule structures formed. 

Narmoneva et 

al, 2005 [34]. 

Ionic 

complementary 

β-sheet 

Changing hydrophobicity 

of amino acid sequence. 

HUVECs VEGF (50 ng/mL)and phorbol-myristate 

acetate (50 ng/mL). 

Increased cell adhesion, formation 

of capillary structures in RADA16 

hydrogels. 

Sieminski et al, 

2008 [267]. 

Ionic 

complementary 

β-sheet 

Functionalisation with 

RGD or VEGF receptor. 

HUVECs n/a Increased adhesion, survival and 

elongation compared with RADA16 

alone.  

Wang et al, 2008 

[268]. 

Ionic 

complementary 

β-sheet 

 

Functionalisation with 

RGD or IKVAV. 

HUVECs 

 

n/a RGD modified SAPH promoted 

spreading and elongation of 

HUVECs, IKVAV did not affect 

cell morphology. 

 

Jung et al, 2009 

[239]. 

Ionic 

complementary 

β-sheet 

Functionalisation with 

YIGSR, RYVVLPR or 

TAGSCLRKFSTM. 

HAECs n/a Increased survival, proliferation and 

basement membrane deposition on 

functionalised hydrogels. 

Genové et al, 

2005 [269]. 

Ionic 

complementary 

β-sheet 

Functionalisation with 

RGD, IKVAV or 

YIGSR. 

HUVECs n/a Increased growth and attachment on 

RGD & IKVAV functionalised 

hydrogels. 

Jung et al, 2011 

[38]. 
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2.7. Conclusions 

The TME is complex and dynamic by nature, with the cross-talk of different components 

required to perpetuate tumour growth, disease progression and resistance to anti-cancer 

drugs. In vitro models recapitulating the TME are therefore necessary to aid development 

of efficacious anti-cancer drugs, as well as drugs that target components of the TME. 3D 

in vitro models utilise both liquid-based and material-based methods; the latter utilise an 

ECM mimicking platform, which offers cell-ECM interactions to be emulated. 

Biomaterials, and in particular hydrogels, are becoming increasingly popular in tissue 

engineering applications due to their ability to mimic the ECM and 3D environment, as 

well as modifiable physical and chemical properties. For drug discovery, chemical 

definition is vital for ensuring reproducibility. Choosing a platform for 3D in vitro 

modelling must meet the requirements of exhibiting minimal batch-to-batch variability as 

well as being able to support cell attachment and growth.  

Synthetic hydrogels, specifically SAPHs, are therefore promising candidates as platforms 

for mimicking solid tumours and the TME in vitro. SAPHs are able to meet the 

aforementioned requirements, as they are composed of naturally occurring amino acid 

sequences, and are hydrophilic, resulting in biocompatibility. In addition, their nanofibrous 

architecture mimics that of the ECM. A class of SAPHs designed by Zhang and colleagues 

is of particular interest; known as ionic complementary SAPHs [219]. These SAPHs are β-

sheet rich and self-assemble under aqueous conditions to form nanofibres forming a 

macromolecular structure. SAPH systems have previously been used for 3D culture of 

breast cancer cell lines [29,32,232,238,242]. However, initial cell viability, growth and 

anti-cancer drug efficacy is mainly explored without investigating events of tumour 

progression and features of the TME [28,241]. Vasculature is an important feature of solid 

tumours, and choosing or designing a hydrogel to promote assembly of HUVECs into a 

tubular network should be carried out with consideration. Modifications to synthetic 

hydrogels, such as functionalisation, are often implemented to aid HUVEC growth. 

Although SAPHs have been utilised to create vasculature, the majority of studies solely use 

ECs without a supporting cell type [30]. 

Chapter 3 will outline the methods and materials used in this thesis to explore the use of 

SAPHs for in vitro modelling of solid tumours and the vasculature component of the TME.   
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CHAPTER 3 – Materials and Methods 

 

3.1. Hydrogel Preparation 

 

3.1.1. Self-Assembling Peptide Hydrogels 

PeptiGelAlpha1 ± 0.1 %, 1 %, 10 % and 40 % RGD, PeptiGelAlpha1 + 15 % RGD & 

15 % IKVAV, PeptiGelAlpha2 and PeptiGelAlpha4 SAPHs (Manchester BIOGEL, UK) 

were provided as ready-to-use hydrogels. The amino acid sequences and peptide 

concentrations of the hydrogels are proprietary information and therefore cannot be 

disclosed.  

VEVKVEVK (V8) (Biomatik, USA) was provided as lyophilised powder in a hydrochloric 

acid salt. Samples were prepared by dissolving V8 powder in high performance liquid 

chromatography (HPLC) grade water to a final concentration of 10 mg/mL and titration 

using 0.5 M sodium hydroxide (NaOH) until gelation occurred (~ pH 5.5). A pH probe was 

used to measure the pH of the peptide solution. The peptide hydrogel was supplemented 

with additional HPLC grade water until a final volume of 1 mL was reached. The hydrogel 

was vortexed to ensure homogeneity and stored at 4 °C overnight to allow the hydrogel to 

stabilise before use.  

Laminin-enriched SAPHs were used to investigate if the IKVAV and YIGSR motifs found 

within the protein would stimulate HUVEC behaviour. For laminin supplemented SAPH, 

laminin extracted from Engelbreth-Holm-Swarm tumours (Sigma-Aldrich, UK) was used. 

Laminin (1 mg/mL) was physically mixed into hydrogels at concentrations of 5, 25 and 

50 µg/mL.  

 

3.1.2. Collagen I  

Rat-tail collagen I (ThermoFisher, UK) was prepared on ice to prevent spontaneous 

gelation. Collagen I (stock concentration 3 mg/mL) was added to 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer and Dulbecco’s 

Modified Eagle Medium (DMEM) media (Sigma-Aldrich, UK) and titrated with 1 M 

NaOH. The optimal pH for gelation was 7.4, which was confirmed using Hydrion Brilliant 

pH-testing strips (Sigma-Aldrich, UK). Gelation of the hydrogel was achieved by 

incubation at 37 °C, 20 % (v/v) O2, 5 % (v/v) CO2 for 1 hour, whereby the material 

appeared white and opaque. 

 



 

72 

 

3.1.3. Matrigel  

Growth factor reduced Matrigel (Corning, USA) was prepared on ice to prevent 

spontaneous gelation. Matrigel (stock concentration: 10 mg/mL) was diluted using cold 

DMEM media to a final concentration of 5 mg/mL. Gelation was achieved by incubation at 

37 °C, 20 % (v/v) O2, 5 % (v/v) CO2 for 1 hour.  

 

3.2. Attenuated Total Reflectance – Fourier Transform Infrared 

Spectroscopy  

Attenuated total reflectance – Fourier transform infrared spectroscopy (AT-FTIR) was 

used to characterise the secondary structure of the SAPHs used. AT-FTIR measures the 

wavelength and absorption of IR radiation; this absorption results in vibrations of 

molecular bonds. For peptides, amide bands recorded on IR spectra represent different 

molecular vibrations [270]. The amide I band, found between 1600–1700 cm-1, is the most 

sensitive to structural change and is the most commonly used in secondary structural 

characterisation of protein and peptide samples [271].  

A ThermoFisher Nicolet 5700 spectrometer equipped with an attenuated total reflectance 

diamond accessory was used to record the spectra of SAPHs. A volume of 50 µL of 

hydrogel was placed onto the crystal of the spectrophotometer. A resolution of 4 cm-1
 was 

used and absorbance spectra were obtained between 400 and 4000 cm-1
 over 256 scans. 

HPLC grade water was used as a background control and removed from all spectra. 

OMNIC software was used to collect the spectra. Data were smoothed using 2nd order 

smoothing with an average number of 5 neighbours using GraphPad Prism 9.0 software. 

 

3.3. Oscillatory Shear Rheometry 

Small amplitude oscillatory shear rheometry was used to measure the mechanical 

properties of the hydrogels used. Rheological studies provide two values based on the 

shear modulus: the storage modulus (G’) and loss modulus (G’’). The G’ indicates how 

solid-like a material is, whilst the G’’ indicates how liquid a material is. These values are 

measured as a function of time, strain and frequency [272]. When G’ > G’’, the material is 

considered to be solid, and when G’’ > G’, the material is no longer considered to behave 

as solid-like [273]. The shear modulus can be indirectly compared to the Young’s modulus 

or elastic modulus, which is typically measured with AFM or indentation, using the 

following equation: 

𝐸 = 2𝐺(1 + 𝑣) 
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Equation 3.1. Modulus of rigidity. 

Where E = elastic modulus, G = shear modulus and v = Poisson’s ratio.  

An oscillatory rheometer (Discovery Hybrid 2, TA Instruments, USA) equipped with a 

Peltier plate to control temperature was used to measure the viscoelastic properties of the 

hydrogels. A parallel plate geometry of 20 mm was used. For each run, 250 µL of sample 

was pipetted into 12 well ThinCert cell culture inserts (Greiner Bio-One, UK) and loaded 

onto the stage and the upper plate was lowered to a 500 μm gap. For media conditioning 

experiments, samples were exposed to 1 mL of DMEM surrounding the insert and 250 µL 

on top of the hydrogel. The samples were incubated at 37 °C, 20 % (v/v) O2, 5 % (v/v) 

CO2. Cell culture media was removed from the samples prior to loading on the stage. 

Amplitude sweeps were used to determine the linear viscoelastic region (LVR) and yield 

strain of the hydrogel, within the range of 0.02–30 % using a constant frequency of 1 Hz. 

Frequency sweeps were performed within the range of 0.01–10 Hz at a constant strain of 

0.2 %. To assess the shear-thinning properties of the hydrogel, samples were exposed to 

time sweeps with alternating cycles of recovery (5 minutes at 0.2 % strain with 1 Hz 

frequency) and high shear (5 minutes at 100 % strain with 1 Hz frequency) for 35 minutes. 

A solvent trap was used to prevent evaporation and all samples were measured at 37 °C.  

For cell-laden samples, the mechanical properties were measured at designated time points 

using the same parameters as described. Frequency sweeps within the range of 0.01–10 Hz 

at a constant strain of 0.2 % were carried out, with the G’ at 1 Hz used to indicate the 

stiffness of the sample. Acellular samples were used as controls and were incubated under 

the same conditions as cell-laden samples, including the same volume of media mixed into 

the hydrogel, media changes and exposure to a 37 °C and 20 % (v/v) O2, 5 % (v/v) CO2 

environment.  

 

3.4. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) imaging was carried out to observe both fibre 

morphology and network architecture of hydrogels, and to visualise cell-material 

interactions. TEM works by focussing a beam of electrons onto a sample and a monotonic 

image is produced by the transmission difference in electron density [274]. Staining the 

sample with a heavy metal, such as uranyl, is used to provide contrast to the sample. 

For acellular samples, hydrogels with no exposure to cell culture media were diluted 

100-fold using HPLC grade water to observe network formation of the fibres. 

Carbon-coated copper grids with a 400 mesh size were exposed to positive charge for 
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2 minutes. A volume of 10 µL of diluted sample was pipetted onto Parafilm and a grid was 

placed film-side down on the sample for 30 seconds. Grids were washed twice with water. 

The grids were exposed to 1 % (w/v) uranyl acetate (UA) for 30 seconds, before washed 

with water once again. Samples were air-dried for 24 hours prior to imaging. The FEI 

Tecnai 12 Biotwin Transmission Electron Microscope was used to image samples. Images 

were collected digitally using the Gatan Orius SC1000 CCD camera.  

For cell-laden samples, cell culture media was removed from all samples and washed with 

Dulbecco’s phosphate buffered saline (dPBS) (Sigma-Aldrich, UK). Samples were 

subsequently fixed with 4 % (v/v) formaldehyde + 2.5 % (v/v) glutaraldehyde in 

0.1 M HEPES buffer (pH 7.2) for 1 hour. Samples were stored at 4 °C until further 

processing. The samples were post-fixed with 1 % (w/v) osmium tetroxide + 1.5 % (w/v) 

potassium ferrocyanide in 0.1 M cacodylate buffer (pH 7.2) for 1 hour, followed by 1 % 

(v/v) tannic acid in 0.1 M cacodylate buffer (pH 7.2) for 1 hour, and finally in 1 % (w/v) 

UA in water for 1 hour. The samples were then dehydrated in a series of increasing ethanol 

concentrations, infiltrated with TAAB Low Viscosity resin and polymerised for 24 hours at 

60 °C. Sections were cut using a Reichert Ultracut ultramicrotome. The FEI Tecnai 12 

Biotwin Transmission Electron Microscope was used to image samples. Images were 

collected digitally using the Gatan Orius SC1000 CCD camera.  

 

3.5. Doxorubicin Diffusion through PeptiGelAlpha1 

Doxorubicin hydrochloride (Sigma-Aldrich, UK) was dissolved in dimethyl sulfoxide 

(DMSO) (VWR International, UK) to provide a stock solution of 10 mg/mL. The stock 

solution was diluted in complete cell culture media to concentrations of 5, 10, 50 and         

100 µM, using the molecular weight of doxorubicin (543.52 g/mol) to calculate final 

concentrations. A vehicle control of 1 % (v/v) DMSO was also used. PeptiGelAlpha1 was 

dispensed into 24 well ThinCert inserts (100 µL/insert) using a positive displacement 

pipette, exposed to the supplemented media and incubated at 37 °C, 20 % (v/v) O2, 5 % 

(v/v) CO2 for 24 hours. Control TCP samples using the same concentrations and conditions 

were used as a comparison as there are no physical barriers preventing drug penetration. 

Confocal imaging was used to visualise doxorubicin penetration into the hydrogel. Images 

were collected using the CQ1 spinning disk inverted confocal microscope (Yokogawa, 

Japan) using excitation/emission wavelengths of 488 nm and 520 nm. Penetration of the 

drug through the hydrogel was observed via 3D rendering of the 100 µM sample, using 

both fluorescence and multi-photon imaging with a Leica SP8 confocal microscope using 

excitation/emission wavelengths of 488 nm and 525 nm.  
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3.6. Cell Culture and Maintenance 

All cells were maintained under standard cell culture conditions (37 °C; 20 % (v/v) O2, 

5 % (v/v) CO2) in T75 flasks unless stated otherwise.  

MCF-7 breast adenocarcinoma cells (ATCC, USA) were maintained in low glucose 

DMEM supplemented with 10 % (v/v) foetal bovine serum (FBS) (Sigma-Aldrich, UK), 

1 % (v/v) penicillin and 1 % (v/v) streptomycin (Sigma-Aldrich, UK).  

MDA-MB-231 human breast adenocarcinoma cells (ATCC, USA) were maintained in high 

glucose DMEM with 10 % (v/v) FBS, 1 % (v/v) penicillin and 1 % (v/v) streptomycin.  

HUVECs were obtained from a pooled donor (Promocell, Germany). HUVECs and red 

fluorescent protein labelled HUVECs (RFP-HUVECs) were maintained in flasks 

pre-treated with 0.1 % (v/v) gelatin with Endothelial Cell Growth Medium 2 (ECGM-2; 

Promocell, Germany). This media contained supplements of 5 ng/mL EGF, 10 ng/mL 

FGF, 20 ng/mL IGF and 0.5 ng/mL VEGF.  

MSCs were obtained from a single human bone marrow-derived donor (Promocell, 

Germany). MSCs and green fluorescent protein labelled MSCs (GFP-MSCs) were 

maintained in flasks treated with 0.1 % (v/v) gelatin with Mesenchymal Stem Cell 

Medium 2 (Promocell, Germany).  

RFP-HUVECs and GFP-MSCs were kindly gifted by Jekaterina Maksimcuka. The 

protocol used to transduce both cell types is described in section 3.7. 

All cell types were passaged 1 in 3. Cells were passaged when they had reached 70–80 % 

confluence. To detach the cells from the TCP, cells were washed once with dPBS and 

1 mL of trypsin-EDTA solution (Sigma-Aldrich, UK) was added to each flask. Cells were 

incubated at 37 °C for 3 minutes. The flask was gently tapped to promote detachment of 

the cells and at least twice the volume of complete cell culture medium was added to 

neutralise the trypsin-EDTA solution. Aliquots of cell suspension were pipetted into new 

T75 flasks for sub-culturing. Excess cells were resuspended in FBS with 10 % (v/v) 

DMSO and collected into cryovials. Cells were frozen at -80 °C in a Mr Frosty container 

until later use. For experiments, p5–20 were used for MCF-7 cells, p5–19 for 

MDA-MB-231 cells, p4–15 for HUVECs and p3–6 for MSCs were used, unless stated 

otherwise.  
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3.7. Transduction of HUVECs and MSCs with Fluorescent Proteins 

Second generation lentiviral transduction of cells was used to permanently label HUVECs 

with CopRFP and MSCs with TagGFP. This was undertaken in order that cells would 

fluoresce throughout passages and enabled live cell imaging without the need for 

membrane staining prior to encapsulation. To produce the virus, 70–80 % confluent human 

embryonic kidney 293T cells were used. Briefly, one 15 mL falcon tube containing 6 µg of 

Pcdh lentivirus vector, 4.5 µg of PsPAX2, 3 µg of PMD2G, and 50 µL of serum free 

DMEM was added to one tube containing 27 µL x1 polyethylenamine (100 mg/mL diluted 

100 fold in 150 mM sodium chloride (NaCl)) and 250 µL of serum free DMEM. The 

solution was incubated for 30 minutes at room temperature. A volume of 500 µL of 

solution was added to one T75 flask of cells and incubated overnight at 37 °C. On the 

following day, the cells were viewed using a fluorescence microscope to assess 

transduction efficiency. The media was replaced with standard cell media containing 

10 mM sodium phenyl butyrate and incubated for 4–8 hours. The media was replaced 

again after 4–8 hours. Media was removed the following day and 5 µg/mL protamine 

sulphate was added. The media was filtered through a 0.45 µm syringe filter and used at a 

1:5 virus to media ratio to infect confluent p1 HUVECs or p1 MSCs.  

3.7.1. Fluorescence-Activated Cell Sorting 

A BD Biosciences Aria Fusion sorter was used to sort the cells. Diva 8 software was used 

to produce a histogram of forward scatter height versus scatter area to select single cells by 

drawing region P1. A histogram of forward scatter vs side scatter was used to draw region 

P2 around the intact cells. The combination of P1 and P2 was used to gate the histograms 

displaying the fluorescence so that only single intact cells were shown. The GFP-MSCs 

were imaged using excitation/emission wavelengths of 488 nm and 530 nm. The 

RFP-HUVECs were imaged using excitation/emission wavelengths of 561 nm and 610 nm. 

 

3.8. Cell Staining using Cell Membrane Linker Stains 

To enable imaging non-transduced cells over time, cell linker membrane stains were 

utilised. The PKH26 Red Fluorescent Cell Linker Kit and CellVue Claret Far Red 

Fluorescent Cell Linker Kit (Sigma-Aldrich, UK) were used to stain the cell membrane. 

Cells were collected in a centrifuge tube and centrifuged at 1500 rpm for 5 minutes. The 

cell pellet was resuspended in 1 mL of Diluent C from the kit. A volume of 4 µL of 

PKH26/CellVue dye solution was added to 1 mL of Diluent C in a separate centrifuge 
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tube. The diluted dye solution was then added to the cell suspension and pipetted rapidly to 

ensure adequate mixing. The cells were incubated in the dye solution for 5 minutes at room 

temperature. Complete media containing FBS was added to the cells to stop the staining 

process. Cells were centrifuged at 1500 rpm for 10 minutes with the supernatant removed 

and 10 mL of fresh medium added. Cells were transferred to a new centrifuge tube to 

ensure removal of unbound dye, centrifuged and washed a further 2 times to reduce 

background staining. Cells were imaged using a Yokogawa CQ1 spinning disk inverted 

confocal microscope at excitation/emission wavelengths of 561/617 nm and 640/685 nm 

for PKH26 and CellVue respectively.  

 

3.9. 2D Cell Culture  

 

3.9.1. SAPHs 

For SAPHs, 100 µL of hydrogel was dispensed into wells of a 96 well plate using a 

positive displacement pipette. The hydrogel was left for 5 minutes to recover from the 

shear exerted by pipetting. Cell culture media (100 µL) was placed on top of the hydrogel 

and the plate was incubated overnight under standard cell culture conditions to allow the 

pH of the hydrogel to equilibrate to pH 7. After trypsinisation and cell counting using 

trypan blue staining and a C-chip haemocytometer, cells were adjusted to the desired 

seeding density and centrifuged at 1500 rpm for 5 minutes. A cell-seeding density of 

1x105 cells/mL was used for 2D cell culture. Cells were adjusted to the required density 

and 100 µL of cell suspension was pipetted onto 100 µL of equilibrated hydrogel. The 

plate was incubated under standard cell culture conditions and media was changed every 

2 days for HUVECs and every 3 days for MCF-7 cells.  

 

3.9.2. Collagen I 

For collagen I, the hydrogel was prepared as described in section 3.1.2. The solution was 

dispensed into wells of a 96 well plate (100µL/well) and incubated at 37 °C for 1 hour for 

gelation to occur. After trypsinisation and cell counting using trypan blue staining and a 

C-chip haemocytometer, cells were adjusted to the desired seeding density and centrifuged 

at 1500 rpm for 5 minutes. A cell-seeding density of 1x105 cells/mL was used for 2D cell 

culture. Cells were adjusted to the required density and 100 µL of cell suspension was 

pipetted onto 100 µL of hydrogel. The plate was incubated under standard cell culture 

conditions and media was changed every 2 days for HUVECs. 
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3.9.3. TCP 

For laminin-coated TCP controls, the laminin stock solution (1 mg/mL) was diluted to 5, 

25 and 50 µg/mL with dPBS and pipetted onto wells of a 96 well plate, ensuring that the 

entire surface was coated. Plates were incubated with the laminin solution at 4 °C 

overnight to ensure adsorption of the laminin protein to the TCP. Wells were washed with 

dPBS 3 times and cells were then seeded.  

 

3.9.4. Image Quantification 

To quantify percentage area of HUVECs cultured on hydrogels, the ‘Analyze Particles’ 

plugin on ImageJ was used (v1.53g) using the following steps:  

 Run (“ 8-bit ”); 

 Run (“ Threshold ”); 

 “ Analyze Particles ” 

 

3.10. 3D Cell Culture  

 

3.10.1. SAPHs  

For MCF-7 and MDA-MB-231 cells alone, a cell-seeding density of 1x106 cells/mL was 

used. For co-cultures of HUVECs and MSCs, a total cell-seeding density of 1x106 cells/mL 

(8x105 HUVECs/mL and 2x105 MSCs/mL) was used. For tri-cultures, a cell-seeding 

density of 1.5x106 cells/mL (8x105 HUVECs/mL, 5x105 MCF-7 cells/mL and 

2x105 MSCs/mL) was used.  

After trypsinisation and cell counting using trypan blue staining and a C-chip 

haemocytometer, cells were adjusted to the desired seeding density and centrifuged at 

1500 rpm for 5 minutes. The supernatant was removed from the cell pellet and cells were 

resuspended in a volume of complete media that was 10 % of the desired hydrogel volume. 

The desired volume of hydrogel was pipetted into a 15 mL centrifuge tube using a positive 

displacement pipette. Using a P1000 pipette tip with a cut end, the cells were mixed into 

the hydrogel slowly in all dimensions at least 10 times until a homogenous mixture was 

achieved. A P1000 pipette tip with a cut end was again used to pipette 100 µL of the 

hydrogel/cell mixture into 24 well ThinCert cell culture inserts with a 1.0 µm pore size 

(Greiner Bio-One, UK) or wells of a 96 well plate. The hydrogel/cell mixture was 

incubated for 5 minutes at room temperature to allow the hydrogel to recover from the 

shear exerted during cell encapsulation. If inserts were used, 600 µL of media was added to 
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the well surrounding the insert and incubated for 5 minutes at room temperature. This was 

to allow bulk reinforcement of the hydrogel. A volume of 100 µL of media was added on 

top of each hydrogel and the plate was incubated under standard cell culture conditions. 

Media changes were carried out 1–3 times within an hour until the hydrogel had turned 

pink, indicative of a neutral pH.  

Media changes were carried out the next day and every 2 days for HUVEC/MSC 

co-cultures and HUVEC/MSC/MCF-7 tri-cultures, and every 3 days for 

MCF-7/MDA-MB-231 cultures. HUVEC/MSC co-cultures and HUVEC/MSC/MCF-7 

tri-cultures were maintained with ECGM-2 media, whilst MCF-7/MDA-MB-231 cultures 

were maintained with DMEM. Due to the fragile nature of the hydrogels, 50 µL of media 

was removed from the top of the hydrogel and replenished with 50 µL of fresh media.  

 

3.10.2. Collagen I 

Rat-tail collagen I (1.5 mg/mL) was used as a positive control for MCF-7 and 

MDA-MB-231 cells and collagen I (1.5 mg/mL) enriched with 90 µg/mL human 

fibronectin (Sigma-Aldrich, UK) was used as a positive control for HUVEC/MSC co-

cultures and HUVEC/MSC/MCF-7 tri-cultures. The cell-seeding densities used were the 

same as described in section 3.10.1. Collagen solution was prepared as described in 

section 3.1.2.  

After trypsinisation and cell counting using trypan blue staining and a C-chip 

haemocytometer, cells were adjusted to the desired seeding density and centrifuged at 

1500 rpm for 5 minutes. All of the supernatant was removed and the pellet was 

resuspended in the cold collagen solution using slow pipetting. The hydrogel solution 

containing cells was pipetted into 24 well inserts with a 1.0 µm pore size or wells of a 

96 well plate (100 µL per well/insert). The hydrogels were transferred to a 37 °C incubator 

to allow gelation of the collagen for 1 hour. Gelation was deemed successful if the 

hydrogel had turned white and opaque. A volume of 100 µL of media was added on top of 

the hydrogel, and 600 µL surrounding the hydrogel if inserts were used. The samples were 

incubated under standard cell culture conditions.  

HUVEC/MSC co-cultures and HUVEC/MSC/MCF-7 tri-cultures were maintained with 

ECGM-2 media, whilst MCF-7/MDA-MB-231 cultures were maintained with DMEM.  

Media changes were carried out the next day and every 2 days for HUVEC/MSC 

co-cultures and HUVEC/MSC/MCF-7 tri-cultures, and every 3 days for 

MCF-7/MDA-MB-231 cultures. 
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3.11. Cell Viability Assays 

 

3.11.1. AlamarBlue 

For the laminin study, resazurin-based AlamarBlue was used to assess the metabolic 

activity of HUVECs cultured on laminin coated TCP. Viable cells metabolise the resazurin 

to the highly fluorescent resofurin via reduction. AlamarBlue reagent was added directly to 

the cell culture media at a ratio of 1:10. Plates were incubated under standard cell culture 

conditions for 2 hours. After incubation, the supernatant was collected and dispensed into 

wells of a black bottomed 96 well plate. Fluorescence was measured using a BMG Labtech 

Optima FluoStar plate reader with Optima software (v1.26) with excitation/emission 

wavelengths of 560 nm and 590 nm. Cell culture media was used as a blank control and 

removed from all values.  

 

3.11.2. LIVE/DEAD  

To qualitatively assess viability of encapsulated cells, the LIVE/DEAD assay 

(ThermoFisher, UK) was used. Live cells are stained green by calcein acetoxymethyl 

(calcein-AM) due to intracellular esterase activity and dead cells are stained red by 

ethidium homodimer due to loss of plasma membrane integrity. 2 µM calcein-AM and 

4 µM ethidium homodimer were diluted in 10 mL dPBS on the day of usage and stored in 

the dark. Media was aspirated from all samples and dPBS was used to wash the samples 

for 5 minutes at 37 °C. The LIVE/DEAD solution was then added to all samples and 

incubated at 37 °C for 1 hour in the dark. Samples were transferred to a glass slide and a 

Leica SP5 confocal microscope was used to obtain images using excitation/emission 

wavelengths of 488/525 nm and 561/625 nm for live cells and dead cells respectively. 

 

3.11.3. PicoGreen   

To quantitatively assess proliferation of cells within SAPHs, the PicoGreen assay 

(ThermoFisher, UK) was used. PicoGreen is a fluorescent probe which binds to the back 

bone of double stranded DNA (dsDNA) and produces a fluorescent compound which is 

proportional to the concentration of DNA present [275]. To digest the SAPH, the enzyme 

pronase was used. Its use has been validated for cell recovery from SAPHs in previous 

studies [276].  

To determine if encapsulation in PeptiGelAlpha1 affected DNA recovery, a standard curve 

of known cell concentrations was produced from cells encapsulated in PeptiGelAlpha1 and 

dPBS. Cell concentrations of 1x105 cells/mL, 5x105 cells/mL, 1x106 cells/mL and 
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2x106 cells/mL were prepared and suspended in either PeptiGelAlpha1 or dPBS in 1.5 mL 

Eppendorf tubes and incubated for 30 minutes under standard cell culture conditions.. For 

samples at designated time points, media was removed from all samples and the membrane 

of the inserts were removed using a pair of tweezers. The inserts were placed into 1.5 mL 

Eppendorfs and tapped against the base of the cell culture hood until the cell/hydrogel 

mixture reached the bottom of the Eppendorf. A volume of 400 µL of pronase (10 mg/mL) 

was added and the samples were triturated until the mixture was homogeneous. The 

samples were incubated in a 37 °C water bath for 5 minutes to activate the pronase 

enzyme, with inversion every minute. A volume of 500 µL of 1x TE buffer with 1 % (v/v) 

Triton-X was then added to lyse the cells and incubated for 30 minutes at room 

temperature. Samples were then exposed to one freeze-thaw cycle at -20 °C and vortexing 

to ensure cell lysis.  

For analysis, 100 µL of sample was added to wells of a black bottomed 96 well plate and 

incubated with an equal volume of PicoGreen reagent (200x dilution in 1x TE buffer) for 

5 minutes. A BMG Labtech Optima FluoStar plate reader with Optima software (v1.26) 

was used to measure fluorescence with excitation/emission wavelengths of 480 nm and 

520 nm. Acellular samples were used as blanks and subtracted from sample values. 

Fluorescence values were compared with a llambda dsDNA standard curve                      

(0–1000 ng/mL) (Figure 3.1).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Llambda dsDNA standard curve for PicoGreen analysis. The PicoGreen 

assay was used to measure the fluorescence of known DNA concentrations (0, 10, 100 and 

1000 ng/mL). Data are mean ± S.D. R2 = coefficient of determination. 
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3.12. Phalloidin Staining of F-actin Filaments 

To visualise F-actin filaments of the cytoskeleton of cells, phalloidin staining was used. 

Cell culture media was aspirated and samples were washed in dPBS for 5 minutes at 37 °C. 

Samples were subsequently fixed with 10 % (v/v) formalin for 1 hour at room temperature. 

The fixative was aspirated and samples were washed with dPBS for 5 minutes in triplicate. 

0.1 % (v/v) Triton-X diluted in dPBS was added to the sample for 5 minutes to extract the 

sample. The samples were washed in dPBS for 5 minutes in triplicate. 1 % (w/v) bovine 

serum albumin (BSA) diluted in dPBS was added to the sample and incubated for 

30 minutes. Alexa Fluor 568 Phalloidin (ThermoFisher, UK) was diluted 1:50 using dPBS 

with 1 % (v/v) BSA and samples were incubated overnight at 4 °C. The following day, 

samples were washed with dPBS for 5 minutes in triplicate. 300 nM 

4′,6-diamidino-2-phenylindole (DAPI) was added to counterstain the nuclei and samples 

were incubated overnight at 4 °C. Images were collected using a Yokogawa CQ1 spinning 

disk inverted confocal microscope using excitation/emission wavelengths of 405 nm and 

447 nm for DAPI and 561 nm and 617 nm for phalloidin.  

 

3.13. Histological Staining 

 

3.13.1. Processing and Sectioning 

At designated time points, cell culture media was aspirated from all samples and dPBS was 

used to wash the samples for 5 minutes at 37 °C. Acellular PeptiGelAlpha1 controls were 

also included. Cell pellet controls were prepared by trypsinising a large volume of cells 

and centrifugation at 1500 rpm for 5 minutes to create a large cell pellet. Samples were 

fixed with 10 % (v/v) formalin incubation for 1 hour at room temperature. After fixation, 

the formalin solution was replaced with dPBS and stored at 4 °C until further processing. 

The inserts were placed in histology cassettes lined with foam biopsy pads and placed in 

the Tissue Tek VIP 2000 tissue processor and exposed to cycles of 70 % (v/v), 90 % (v/v) 

and 100 % (v/v) ethanol followed by xylene and wax. After processing, samples were 

embedded in paraffin wax using a HistoStar embedding centre (ThermoFisher, UK). A 

Leica RM2145 microtome was used to section the hydrogels at a thickness of 5.0 µm. 

Sections were floated in a floatation bath (ThermoFisher, UK) and collected onto 

poly-L-lysine coated glass slides (ThermoFisher, UK). Sections were placed into a section 

dryer (ThermoFisher, UK) at 60 °C for 30 minutes. 
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3.13.2. Haematoxylin and Eosin Staining  

Haematoxylin and eosin (H&E) staining was used to observe the overall histoarchitecture 

and cellular organisation within PeptiGelAlpha1 and collagen I. To prepare the 

haematoxylin solution, 1 g of haematoxylin was dissolved in 1 L of distilled water using 

gentle heat, followed by the addition of 50 g of potassium alum, which was dissolved again 

using gentle heat. Once the solution had cooled, 0.2 g of sodium acetate was added. Once 

dissolved, the solution was filtered and 20 mL of glacial acetic acid was added. To prepare 

the eosin Y solution, 50 mL of 1 % (v/v) eosin was mixed with 390 mL of 95 % (v/v) 

ethanol and 2 mL of glacial acetic acid.  

Slides were dewaxed in xylene followed by rehydration with 100 % (v/v), 95 % (v/v), 

85 % (v/v), 70 % (v/v) ethanol and tap water. Slides were stained in Mayer’s haematoxylin 

to stain cell nuclei for 5 minutes and washed in tap water for a further 5 minutes. Slides 

were then stained in eosin Y for 3 minutes. Samples were then dehydrated using the same 

grades of ethanol and xylene as used before. Sections were mounted using DMX mountant. 

Images were collected using a Leica DM2700 brightfield upright microscope and Leica 

LAS X software. Cell nuclei were stained blue whilst the surrounding hydrogel was stained 

pink.  

To quantify area and number of cells present in MCF-7 spheroids, 10X images were 

analysed using ImageJ (v.152p). A circle was drawn around each spheroid and the 

‘Analyze Particles’ plugin was used to quantify the area. For the number of cells, the ‘Cell 

counter’ plugin was used to measure the number of cells present per spheroid. A group of 

> 3 cells was considered to be a spheroid. 

 

3.13.3. Gomori Trichome Staining 

Gomori Trichome staining was used to detect the presence of non-specific collagen 

production by MCF-7 and MDA-MB-231 cells within PeptiGelAlpha1. The Gomori 

solution was prepared by adding 0.6 g of chromotrope 2R, 0.3 g of fast green FCF and 

0.6 g of phosphotungstic acid to 100 mL of distilled water, followed by 1 mL of glacial 

acetic acid.  

Slides were dewaxed in xylene followed by rehydration with 100 % (v/v), 95 % (v/v), 

85 % (v/v), 70 % (v/v) ethanol and tap water. Sections were stained using Mayer’s 

haematoxylin for 5 minutes and blued in tap water for a further 5 minutes to stain cell 

nuclei. Sections were stained with Gomori solution for 5 minutes. Sections were then 

rinsed using 0.2 % (v/v) acetic acid for 1 minute, followed by dehydration with absolute 
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ethanol and xylene. Sections were mounted using DMX mountant. Images were collected 

using a Leica DM2700 brightfield upright microscope and Leica LAS X software. A 

positive control of pig anterior cruciate ligament was used (Appendix 1). Collagen was 

stained green whilst cell nuclei were stained blue.  

 

3.13.4. Immunohistochemistry  

Immunohistochemical staining was used to determine the presence of proteins and markers 

typically produced by cancer cells and HUVECs. Slides were dewaxed in xylene followed 

by rehydration with 100 % (v/v), 95 % (v/v), 85 % (v/v), 70 % (v/v) ethanol and tap water. 

Antigen retrieval consisted of pre-treatment with low pH for 20 minutes, except for CD31 

staining which required high pH for 20 minutes. All subsequent steps were carried out 

using the Thermo Fisher Lab Vision Autostainer 480S. Sections were treated using the 

UltraVision Quanto Detection System (ThermoFisher, UK), consisting of a hydrogen 

peroxide block, primary antibody amplifier and horseradish peroxidase (HRP) polymer. 

This system has anti-mouse and anti-rabbit specificity. After pre-treatment, sections were 

blocked using the hydrogen peroxide block for 10 minutes to reduce non-specific 

background staining. Sections were then treated with the diluted antibodies (Table 3.1). 

Primary antibodies were diluted in Antibody Diluent OP Quanto (ThermoFisher, UK) 

using the dilutions specified in Table 3.1. Sections were washed with wash buffer. The 

primary antibody amplifier was added to sections for 10 minutes, followed by a wash step. 

HRP Polymer was added to the sections for 10 minutes. Sections were washed using wash 

buffer and distilled water. Sections were incubated with the DAB Quanto Chromogen 

detection system to reveal positive staining for 5 minutes. Cell nuclei were counterstained 

by haematoxylin, followed by washing with distilled water. Sections were subsequently 

dehydrated with absolute ethanol and xylene followed by mounting using DMX mountant. 

Images were collected using a Leica DM2700 brightfield upright microscope and Leica 

LAS X software. Positive staining was indicated by brown staining, whilst nuclei were 

stained blue.  

Negative controls were included for each sample, in which the primary antibody was 

omitted from the protocol (Appendix 2). Acellular controls for each antibody were also 

included (Appendix 3). MCF-7 and MDA-MB-231 cell pellet controls were included for 

cytokeratin, vimentin, E-cadherin, N-cadherin and HIF1α (Appendix 4). Images of 

positive controls for each antibody are depicted in Appendix 5.  
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Quantification of Ki67 positive cells was carried out by marking the nuclei of Ki67 

positive and negative cells using the Multi-point tool in ImageJ (v.152p) and calculating 

the percentage of Ki67 positive cells. 

Table 3.1. Antibodies and protocols used in immunohistochemical staining of MCF-7, 

MDA-MB-231 cells and HUVECs in hydrogel sections. 

 

 

 

 

Marker Antigen 

retrieval 

Primary Antibody Dilution 

used 

Secondary 

Antibody 

Positive 

control 

Ki67 Low pH Ab15580 Rabbit 

polyclonal to Ki67 

(Abcam) 

1:2000 UltraVision 

Quanto Detection 

System 

(ThermoFisher) 

Pig liver 

E-cadherin Low pH 24E10 Rabbit 

monoclonal to 

E-cadherin (Cell 

Signalling 

Technology) 

1:2000 UltraVision 

Quanto Detection 

System 

(ThermoFisher) 

LNCaP cell 

pellet 

Cytokeratin 

(pan) 

Low pH NB600-579 Rabbit 

polyclonal to pan 

cytokeratin (Novus 

Biologicals) 

1:1000 UltraVision 

Quanto Detection 

System 

(ThermoFisher) 

Pig kidney 

N-cadherin Low pH D4R1H Rabbit 

monoclonal to 

N-Cadherin (Cell 

Signalling 

Technology) 

1:200 UltraVision 

Quanto Detection 

System 

(ThermoFisher) 

PC3 cell 

pellet 

Vimentin Low pH 6030330-1 Mouse 

monoclonal to 

Vimentin 

(Proteintech) 

1:2000 UltraVision 

Quanto Detection 

System 

(ThermoFisher) 

Rat 

oesophagus 

Collagen I Low pH Ab34710 Rabbit 

polyclonal to 

collagen I (Abcam) 

1:200 UltraVision 

Quanto Detection 

System 

(ThermoFisher) 

Rat lung 

HIF1α Low pH ADI-OSA-602  

Mouse monoclonal to 

HIF1α (Enzo) 

1:200 

 

UltraVision 

Quanto Detection 

System 

(ThermoFisher)  

LNCaP cell 

pellet 

CD31 High pH Ab9498 Mouse 

monoclonal to CD31 

(Abcam) 

1:2000 UltraVision 

Quanto Detection 

System 

(ThermoFisher) 

HUVEC 

pellet 
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3.14. MMP-2 ELISA Assay 

The LEGEND MAX Human total MMP-2 sandwich enzyme-linked immunoabsorbsant 

assay (ELISA) kit (BioLegend, USA) was used to measure the concentration of MMP-2 

produced by MCF-7 cells encapsulated in PeptiGelAlpha1. Sandwich ELISAs rely on the 

target antigen being trapped between the capture antibody and the detection antibody, 

rendering this type of ELISA highly sensitive and specific [277].  

Supernatant was collected from cell-laden rheology samples at desired time points and 

frozen at -20 °C until later use. Supernatant from acellular samples were also collected. To 

perform the ELISA, samples were diluted two-fold in DMEM. A standard curve was 

produced from human total MMP-2 standard included in the kit by serial dilution. Equal 

volumes of cell culture media were added to wells of the 96 well plate supplied containing 

standards, and equal volumes of assay buffer were added to wells containing samples. The 

plate was sealed and incubated at room temperature for 2 hours shaking at 200 rpm. The 

contents of the plate were discarded and the plate was washed 4 times with wash buffer. 

Human Total MMP-2 Detection Antibody was added to each well (100 µL) and the plate 

was sealed and incubated at room temperature for 30 minutes while shaking. The plate 

contents were discarded and the plate was washed 4 times using wash buffer. Avidin-HRP 

solution was added to each well (100 µL) and the plate was incubated for 30 minutes 

shaking at room temperature. The plate contents were discarded and the plate was washed 

5 times with wash buffer. Substrate solution was added to each well (100 µL) and the plate 

was incubated in the dark for 15 minutes at room temperature. The reaction was stopped by 

adding 100 µL of Stop Solution to each well.  

Absorbance was measured using excitation/emission wavelengths of 492 nm and 590 nm 

using a BMG Labtech Optima FluoStar plate reader with Optima software (v1.26). 

Acellular samples were removed from all sample values as a background control. 

Fluorescence values were compared and interpolated with a human total MMP-2 standard 

curve (0–40 ng/mL) (Figure 3.2).  
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Figure 3.2. MMP-2 ELISA standard curve. Known concentrations of human total 

MMP-2 ELISA were used to produce a standard curve for unknown values. Data are 

mean ± S.D. R2 = coefficient of determination.  

 

3.15. Hypoxia Detection in Cells  

Fluorescence-based detection was used initially to determine if cancer cells encapsulated 

within PeptiGelAlpha1 were becoming hypoxic. The Image-iT™ Red Hypoxia Reagent 

(ThermoFisher, UK) was used, whereby the probe fluoresces when the oxygen 

concentration is less than 5 % (v/v) and is non-fluorescent under normoxic conditions. At 

designated time points, the reagent was added to the supernatant of samples at a 

concentration of 10 µM. The samples were incubated at 37 °C for 1 hour in the dark. The 

samples were then transferred to a glass slide for imaging. Images were acquired using a 

Yokogawa CQ1 spinning disk inverted confocal microscope with excitation/emission 

wavelengths of 488 nm and 617 nm. To optimise the assay and establish a suitable positive 

control, MCF-7 cell-laden samples and acellular samples were exposed to either 150 µM 

cobalt chloride hexahydrate (CoCl2) (Sigma-Aldrich, UK) or incubation in 4 % (v/v) O2 for 

48 hours.   

To quantify the number of hypoxic cells and percentage area, the ‘Analyze Particles’ 

plugin in ImageJ was used (v1.52p) using the following steps: 

 Run (“ 8-bit ”); 

 Run (“ Threshold ”); 

 “ Analyze Particles ” 
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3.16. Embedded Invasion Assay 

To assess the invasion of MCF-7 and MDA-MB-231 cells encapsulated in PeptiGelAlpha1 

into another biomaterial, cell-laden hydrogel samples were embedded into either collagen I 

or Matrigel. Cells were stained with the PKH26 Red Fluorescent Cell Linker Kit, as 

described previously (section 3.8), to enable live cell imaging. MCF-7 and MDA-MB-231 

cells were encapsulated in PeptiGelAlpha1 in 24 well plate inserts as described previously 

(section 3.10.1) and incubated for 2 days to allow the cells to recover from the 

encapsulation process.  

After 2 days, collagen I (1.5 mg/mL) and Matrigel (5 mg/mL) solutions were prepared on 

ice as described previously (sections 3.1.2 & 3.1.3). The membrane of each insert was 

removed using tweezers and the insert containing the cell-laden hydrogel was placed in the 

well of a 24 well plate. The insert was carefully removed leaving the hydrogel in the well. 

The liquid collagen I/Matrigel was pipetted around the hydrogel and the plate was 

incubated at 37 °C to allow gelation of the surrounding hydrogel. Cell culture media was 

placed on top of the embedded samples and the plate was incubated under standard cell 

culture conditions. Images were acquired at desired time points using the Yokogawa CQ1 

spinning disk inverted confocal microscope using excitation/emission wavelengths of 

561 nm and 617 nm.  

The number of cells which invaded collagen I/Matrigel from PeptiGelAlpha1 was 

quantified using the ‘Analyze Particles’ plugin in ImageJ (v1.52a) using the following 

steps: 

 Run (“ 8-bit ”); 

 Run (“ Threshold ”); 

 “ Analyze Particles ” 

 

3.17. Anti-Cancer Drug Efficacy 

The efficacy of anti-cancer drugs tamoxifen (Cayman Chemicals, USA) and doxorubicin 

were assessed with MCF-7 and MDA-MB-231 cells encapsulated in PeptiGelAlpha1 and 

2D monolayer culture. Doxorubicin and tamoxifen were both dissolved in DMSO to 

provide stock concentrations of 10 mg/mL. The stock solutions were then diluted into cell 

culture media to concentrations of 100 µM and 500 µM for tamoxifen and 500 µM for 

doxorubicin, using the molecular weights of 371.515 g/mol and 543.52 g/mol for 
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tamoxifen and doxorubicin respectively. A 1 % (v/v) DMSO control was included as a 

vehicle control for cells seeded on TCP.  

MCF-7 and MDA-MB-231 cells were prepared as described previously in section 3.10.1 

and encapsulated in PeptiGelAlpha1 at a density of 1x106 cells/mL in 24 well inserts. As 

2D controls, cells were seeded as a monolayer in wells of 24 well plates at a density of 

1x105 cells/mL. Samples were incubated for 1 day to allow the cells to recover from the 

encapsulation process. After 1 day, samples were exposed to doxorubicin and tamoxifen 

treatments and cultured for 24 hours or 48 hours. A no treatment control of cell culture 

media alone was also included.  

At the desired time point, hydrogel samples were prepared for PicoGreen analysis as 

described in section 3.11.3. For TCP samples, cell culture media was aspirated and 1 mL 

of lysis buffer (1x TE buffer with 1 % (v/v) Triton-X) was added to each sample and 

incubated for 30 minutes. Samples were then exposed to a freeze-thaw cycle at -20 °C and 

the wells were scraped using a pipette tip. Cell lysate samples were collected in Eppendorf 

tubes and analysed using the PicoGreen assay as described in section 3.11.3. As different 

cell-seeding concentrations were used for 2D and 3D culture, data were presented as 

percentage cell viability compared with untreated cells.  

 

3.17.1. Dose-Response Curves 

Dose-response curves for both doxorubicin and tamoxifen were established to determine 

the concentration of drug needed to inhibit cell viability by 50 % (IC50) for both MCF-7 

and MDA-MB-231 cells. Concentrations of 0.0001 µM, 0.001 µM, 0.01 µM, 0.1 µM, 

1 µM, 10 µM, 100 µM and 500 µM were prepared for both tamoxifen and doxorubicin, as 

described in section 3.17. MCF-7 and MDA-MB-231 cells were prepared as described 

previously in section 3.10.1 and encapsulated in PeptiGelAlpha1 at a density of 

1x106 cells/mL in 24 well inserts. As 2D controls, cells were seeded as a monolayer in 

wells of 96 well plates at a density of 1x105 cells/mL. Samples were cultured for 1 day to 

allow the cells to recover from the encapsulation process. After 1 day, samples were 

exposed to doxorubicin and tamoxifen treatments and cultured for 48 hours. After 

48 hours, hydrogel samples were prepared for PicoGreen analysis as described in 

section 3.11.3 and TCP samples were prepared as described in section 3.17. As different 

cell-seeding concentrations were used for 2D and 3D culture, data were presented as 

percentage cell viability compared with untreated cells. To calculate the IC50 values, 

GraphPad Prism 9 software was used with the following steps: 
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 Normalise Y values to percentages. 

 Analysis: Fit curve with non-linear regression. 

 Equation: [Inhibitor] vs. normalised response – Variable slope (four parameters). 

The IC50 values were measured using the following equation: 

 

𝑌 =
𝑎 − 𝑑

1 + (
𝑋
𝑐)

𝑏
+ 𝑑 

 

Where Y = response, X = concentration, d = bottom of curve, a = top of curve, c = IC50 and 

b = slope.  

 

3.18. Matrigel Tube Formation Assay with Conditioned Media 

MCF-7 cells were seeded at a density of 1x106 cells/mL. Conditioned media was collected 

from MCF-7 cells cultured in the following platforms: 

a. Spheroids in Nunclon Sphera 96 well round bottomed plates 

(ThermoFisher, UK) in either DMEM or ECGM-2 for 4 days. 

b. Within PeptiGelAlpha1 in either DMEM or ECGM-2 for 4 days. 

c. Cultured in TCP for 4 days in either DMEM or ECGM-2.  

As a material control, acellular PeptiGelAlpha1 was cultured in either DMEM or ECGM-2 

for 4 days and collected.  Conditioned media was frozen at -20 °C until later use. Matrigel 

solution (10 mg/mL) was prepared on ice and 100 µL was pipetted into each well of a 

96 well plate. The plate was incubated for 1 hour at 37 °C to allow gelation to occur. P7 

RFP-HUVECs cultured in complete media without FBS overnight were used for this 

experiment at a density of 1x105 cells/mL. RFP-HUVECs were resuspended in ECGM-2 

or 50:50 DMEM:ECGM-2 from each MCF-7 cell condition. A positive control of fully 

supplemented ECGM-2 and a negative control of ECGM-2 with 30 µM suramin, an 

inhibitor of angiogenesis, were used. Cells were cultured for 18 hours before fixation with 

10 % (v/v) formalin. Images were collected using a Leica SP5 confocal microscope. The 

ImageJ (v1.52p) ‘Angiogenesis Analyzer’ plugin was used to analyse the images to collect 

quantitative data, using the following steps: 

Equation 3.2. 4-parameter logistical model used to calculate IC50 values. 
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 Run (“ 8-bit ”); 

 Run (“ RGB Color ”); 

 Run (“ Brightness/Contrast ”, “ saturated = 0.35 ”); 

 Run ( “Non-local means denoising “) 

 “ Analyze HUVEC phase contrast ” 

 Min. object size: 25 pixels, Min. branch size: 40 pixels, Loop size: 1000 pixels  

Tube length, number of nodes and number of branches were measured.  

 

3.19. α5β1 Integrin Blocking  

To assess whether HUVECs and MSCs were responding to the RGD stimulus via α5β1 

integrin activity, the α5β1 integrins were blocked using a mouse anti-human integrin α5β1 

monoclonal antibody. RFP-HUVECs and GFP-MSCs were trypsinised and collected in a 

15 mL centrifuge tube and centrifuged at 1500 rpm leaving a cell pellet. Cell density was 

adjusted and an antibody dilution of 1:50 was used, with 10 µL of antibody added to 

490 µL serum-free DMEM containing 800,000 RFP-HUVECs and 200,000 GFP-MSCs. 

The cells and antibody were incubated at 37 °C for 45 minutes. This protocol has been 

modified from a similar study [213]. Cells were adjusted to the required density and 

encapsulated in PeptiGelAlpha1 + 10 % RGD. Unblocked cells were used as a negative 

control. As a positive control, TCP coated with 50 µg/mL human plasma fibronectin was 

used. TCP alone was used as an additional control. Samples were imaged after 4 days in 

culture using a Yokogawa CQ1 spinning disk inverted confocal microscope with 

excitation/emission wavelengths of 488/520 nm for GFP-MSCs and 561/617 nm for RFP-

HUVECs. 

 

3.20. Statistical Analysis 

Experiments were carried out a minimum of two times, unless stated otherwise. The 

experimental repeat number (N#) is provided in the figure caption. Data were presented as 

mean ± standard deviation (S.D), except for IC50 values, which were presented as mean ± 

standard error of mean (S.E.M). Data were analysed using one-way or two-way ANOVA 

with post-hoc Tukey’s tests, and post-hoc Sidak’s tests for IC50 values and the PicoGreen 

hydrogel vs dPBS standard curve, using GraphPad Prism 9 software. Statistical 

significance was observed when p < 0.05, with * = p < 0.05, ** = p < 0.01, *** = p < 

0.001 and **** = p < 0.0001.  
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3.21. Materials 

The materials described and used herein are listed in Table 3.2. 

 

Item name  Catalogue number 
 Manchester BIOGEL  

PeptiGelAlpha1    18010101 
PeptiGelAlpha2  18010102 

PeptiGelAlpha4   18010104 
PeptiGelAlpha1 + 0.1 % RGD  18010101RGD0.1% 

PeptiGelAlpha1 + 1 % RGD  18010101RGD1% 
PeptiGelAlpha1 + 10 % RGD  18010101RGD10% 
PeptiGelAlpha1 + 40 % RGD  18010101RGD40% 

 

PeptiGelAlpha1 + 15 % RGD & 

15 % IKVAV 
 Bespoke order 

 Thermo Fisher 

Scientific (Life 

Technologies) 

 

Collagen I Rat Tail, 20 mL  A1048301 

LIVE/DEAD Cell Viability 

Assay 
 L3224 

Image-iT Red Hypoxia Reagent  H10498 

Quant-iT PicoGreen dsDNA 

Assay kit 
 P11496 

HRP Polymer Quanto   TL-060-QPH 

UltraVision Protein Block  TA-060-PBQ 

Antibody Diluent OP Quanto  TA-125-ADQ 

DAB Quanto  TA-060-QHDX 

AlexaFluor 568 phalloidin  A12380 

DAPI  D1306 

Polysine adhesion slides  10219280 

Nunclon Sphera 96 well round-

bottom plates 
 174925 

 Sigma-Aldrich  

Gelatin solution, 2 % in H2O  G1393-100ML 

Fibronectin from human plasma   F2006-2MG 

Dulbecco’s Modified Eagle 

Medium – low glucose  
 D6046-500ML 

 

Dulbecco’s Modified Eagle 

Medium – high glucose  
 D5761-500ML 

Foetal bovine serum  F9665-500ML 

Penicillin Streptomycin  P0781-100ML 

Trypsin-EDTA solution  SLBZ7364 

PKH26 Red Fluorescent Cell 

Linker Mini Kit 
 MINI26 

CellVue Claret Far Red 

Fluorescent Cell Linker Kit 
 MINICLARET 

Protease from Streptomyces 

griseus (Pronase) 
 P5147-1G 

Doxorubicin hydrochloride  021790 

HEPES buffer                                                                                                 83264 

Table 3.2. Materials and reagents used in experimental sections. 
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Item name  Catalogue number 
Laminin from 

Engelbreth-Holm-Swarm murine 

sarcoma basement membrane                            

 L2020-1MG 

Hydrion Brilliant pH dip stiks 

(pH range 5.0–9.0) 
 Z264784 

Cobalt chloride hexahydrate  C8661 

 Lonza  

HUVEC pooled donor EGM2 

amplified  
 C2517A  

(Lot no. 0000632996) 

Human bone marrow MSCs from 

36 year old Caucasian female       
 C-12974 

 Promocell  

Endothelial Cell Growth Medium 

2 
 C-22111 

 

Mesenchymal Stem Cell Growth 

Medium 2 
 C-28009 

 Abcam  

Rabbit polyclonal to Ki67  ab15580 

Rabbit polyclonal to collagen I  ab34710 

Rabbit polyclonal to CD31  ab9498 

 Corning  

Matrigel Matrix Basement 

Membrane Growth Factor 

Reduced   

 356230  

(Lot no. 634/015) 

 Greiner Bio-One  

Thincert 24 well plate inserts, 

1.0 μm pore membrane 
 662610 

 

Thincert 12 well plate inserts, 

1.0 μm pore membrane 
 665610 

  

 

ATCC 

 

MDA-MB-231 human breast 

adenocarcinoma cells                       
 HTB-26 

MCF-7 human breast 

adenocarcinoma cells                                                 
 HTB-22 

 Merck Millipore  

Mouse anti-human integrin α5β1 

monoclonal antibody 
 

 

 

MAB1969 

 Cell Signalling 

Technology 

 

Rabbit monoclonal to E-cadherin  24E10 

 

Rabbit monoclonal to N-cadherin  D4R1H 

 Proteintech  

Mouse monoclonal to vimentin   6030330-1 

 Novus Biologicals  

Rabbit polyclonal to cytokeratin 

(pan) 
 NB600-579 

 

 Enzo  

Mouse monoclonal to HIF1α  ADI-OSA-602 

 BioLegend  

LEGEND MAX Human Total 

MMP-2 ELISA kit 
 444607 
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Item name  Catalogue number 
 VWR International  

DMSO cell culture grade  A3672.0100 

 

 Cayman Chemicals  

Tamoxifen  13258 
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CHAPTER 4 – Characterisation of Biomaterials used for In 

Vitro Cancer Research  

 

4.1. Introduction 

There is a breadth of different biomaterials commercially available to include within an in 

vitro model, used as an ECM-mimicking platform to support cell growth. With in vitro 

models of cancer, naturally derived hydrogels Matrigel [278,279] and collagen I [14,280] 

are commonly used, with Matrigel considered the ‘gold standard’ [183]. In spite of their 

popularity, few studies are available regarding the physical properties of these materials. 

Moreover, a synthetic hydrogel is deemed more appropriate for in vitro modelling of the 

TME, due to minimal batch-to-batch variability as well as chemical definition.  

SAPHs are emerging as attractive biomaterials for cell culture purposes, due to their 

synthetic design and tuneability. Within the SAPH family, β-sheet forming ionic 

complementary SAPHs have been used extensively for tissue engineering and regenerative 

medicine purposes [21,235,281]. This type of SAPH has also previously been used for in 

vitro modelling of cancer [28,241], providing a foundation for using this type of hydrogel. 

Moreover, optimisation of downstream RNA and protein isolation protocols for gene 

expression and Western Blotting have expanded the wealth of data that can be obtained 

from these hydrogels [276,282]. SAPHs vary based on their primary amino acid sequence, 

which ultimately results in differences in charge, mechanical properties and 

hydrophobicity [267,283,284]. As a result, there are a variety of SAPHs to choose for cell 

culture applications.  

Cells are known to respond to the environment in which they are cultured, and therefore 

choosing a hydrogel that emulates the native cellular environment is paramount. Hydrogels 

act as substitute for the ECM and therefore cell-ECM interactions can be mimicked. 

Hydrogel fibres should therefore be on the same scale as native ECM. Laminin fibres 

measure 2–7 nm, whilst fibronectin varies from 2–22 nm [20]. Moreover, tissue stiffness 

varies widely, from soft tissues such as the brain and fat (~ 10 Pa) to rigid tissues like 

cartilage and bone (10–100 kPa) [134]. The chosen material should also mimic the 

stiffness of the tissue in question. Cancerous tissue is often characterised by an increase in 

matrix stiffness, due to increased cell proliferation and ECM deposition, as well as 

increased pressure resulting from growth of the tumour in a constrained volume [134]. 

Emulating this stiffness is vital for faithfully recapitulating solid tumours in vitro. 
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Moreover, a hydrogel should also act as a physical barrier to drug penetration and 

diffusion, to replicate in vivo drug kinetics. The chosen hydrogel should hinder drug 

efficacy, by either the hydrogel structure or the 3D growth of cells and associated ECM 

production.  

This chapter will focus on determining which SAPH to use for cell culture experiments 

based on mechanical properties, charge and initial cell viability results, as well as 

comparing and characterising the fibre structure and viscoelastic behaviour of the chosen 

SAPH with Matrigel and collagen I. The SAPHs trialled were: PeptiGelAlpha1, 

PeptiGelAlpha2 and PeptiGelAlpha4, all sourced from Manchester BIOGEL.  

The aims of the chapter are thus as follows: 

1. To determine which SAPH is most suitable for in vitro modelling of cancer 

cells, HUVECs and MSCs, by examining β-sheet secondary structure, 

mechanical properties and cell viability. 

2. To compare the viscoelastic behaviour and fibre architecture and diameter of 

the chosen SAPH with Matrigel and collagen I. 

3. To observe if the chosen SAPH can act as a physical barrier to anti-cancer 

drugs, using doxorubicin as a test compound.  
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4.2. Results 

 

4.2.1. Determining β-sheet Structure of PeptiGelAlpha1, 2 and 4 

AT-FTIR spectroscopy was used to determine the secondary structures of the panel of 

SAPHs chosen: PeptiGelAlpha1, PeptiGelAlpha2 and PeptiGelAlpha4 from Manchester 

BIOGEL. All three hydrogels produced peaks at 1620 cm-1 in the amide I region, which is 

indicative of β-sheet formation (Figure 4.1) [270,285]. This shows that the hydrogels all 

contained a β-sheet secondary structure. Al shoulder peak observed at approximately 

1690 cm-1 also shows the β-sheets formed were in an anti-parallel conformation. For 

PeptiGelAlpha4, this peak was observed to be broader. A broad peak was observed at 

approximately 1540 cm-1 in all hydrogels, characteristic of C-N stretching in the amide II 

region.  

 

 

 

 

 

 

 

 

 

 

Figure 4.1. ATR-FTIR spectra of PeptiGelAlpha1, 2 and 4.  Dashed lines refer to 

presence of β-sheets (1620 cm-1) and anti-parallel β-sheets (1690 cm-1). Spectra were 

collected over 256 scans using a resolution of 4 cm-1. HPLC grade water was used as a 

background control and removed from all spectra. OMNIC software was used to collect the 

spectra. Spectra were smoothed using 2nd order smoothing with an average number of 5 

neighbours using GraphPad Prism 9.0 software. Data are representative spectra. N = 2. 
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4.2.2. Mechanical Properties of PeptiGelAlpha1, 2 and 4 

The G’ at 1 Hz, or ‘stiffness’ of all three peptide hydrogels was determined using 

oscillatory shear rheology, by carrying out frequency sweeps from 0.01–10 Hz at a 

constant strain of 0.2 % after 18 hours incubation of media conditioning under standard 

cell culture conditions.  

The stiffness of PeptiGelAlpha1 and PeptiGelAlpha2 were similar, with PeptiGelAlpha1 

measured to be 12679.5 Pa ± 3224.0 Pa, and PeptiGelAlpha2 measured to be 12559.7 Pa ± 

9647.3 Pa (Figure 4.2). PeptiGelAlpha4, on the other hand, was significantly weaker than 

PeptiGelAlpha1 and PeptiGelAlpha4, with a stiffness of 275.1 Pa ± 84.2 Pa (p < 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Mechanical properties of PeptiGelAlpha1, 2 and 4. Storage moduli taken at 

1 Hz from frequency sweeps from 0.01–10 Hz at 0.2 % strain. Gap size = 500 µm. 

Temperature = 37  °C. Samples were exposed to cell culture media and incubated at 37 °C 

prior to measurement. Data are mean ± S.D. * = p < 0.05 using one-way ANOVA and 

post-hoc Tukey’s test. N = 3. 
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4.2.3. Charge of PeptiGelAlpha1, 2 and 4 

The overall charge of each hydrogel versus pH was calculated using the following 

equation:  

 

 

 

Equation 4.1. Calculation of theoretical charge using pH and pKa values of amino 

acids. 

 

Where Ni/j are the numbers of amino acid residues and pKai/j the pKa values of the basic 

(i - pKa > 7) and acidic (j - pKa < 7) groups present on the peptide [281,286]. At pH 7, 

PeptiGelAlpha1 was neutral with a charge of 0, whilst both PeptiGelAlpha2 and 

PeptiGelAlpha4 were positively charged, with charges of + 1 and + 2 respectively 

(Figure 4.3).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Theoretical net charge of PeptiGelAlpha1, 2 and 4 vs pH. Dashed line 

indicates physiological pH (pH 7.0). 
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From the rheology and charge data alone, it is clear that PeptiGelAlpha4 would not be 

suitable as a peptide hydrogel platform for TME modelling, due to its weak mechanical 

properties and relatively high positive charge (Table 4.1). Consequently, PeptiGelAlpha1 

and 2 were pursued further for investigating 2D and 3D culture of MCF-7 breast cancer 

cells as a preliminary study, whilst PeptiGelAlpha4 was ruled out for further studies.  

Table 4.1. Summary of charge and storage moduli at 1 Hz of PeptiGelAlpha1, 2 

and 4. Data are mean ± S.D. 

SAPH Charge at pH 7 Storage Modulus at 

1 Hz (Pa) 

PeptiGelAlpha1 0 12679.5 ± 3224.0 

PeptiGelAlpha2 + 1 12559.7 ± 9647.3 

PeptiGelAlpha4 + 2 275.1 ± 84.2 
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4.2.4. Viability of MCF-7 cells in PeptiGelAlpha1 & PeptiGelAlpha2 

It was hypothesised that the positively charged PeptiGelAlpha2 would result in cell 

adhesion and elongation, whilst a neutral charge would render the cells inert. LIVE/DEAD 

staining was used to observe the viability of MCF-7 cancer cells cultured on top of and 

within PeptiGelAlpha1 and PeptiGelAlpha2 after 7 days (Figure 4.4). MCF-7 cells 

cultured on top of both hydrogels were sparse in density, but exhibited a high viability. 

Cell morphology was observed to be rounded. In 3D culture, cells in both hydrogels 

maintained a high viability with a small number of dead cells present. Cells tended to 

aggregate in both PeptiGelAlpha1 and PeptiGelAlpha2. A higher number of cells were 

found in PeptiGelAlpha1, with a greater fluorescence intensity in the clusters formed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. LIVE/DEAD staining of MCF-7 cells in 2D and 3D culture in 

PeptiGelAlpha1 and 2 after 7 days. Cells were stained with calcein-AM and ethidium 

homodimer-1 and incubated for 1 hour at 37 °C. Images were collected using a Leica SP5 

confocal inverted microscope. Green = live cells. Red = dead cells. Scale bar = 500 µm. 

N = 2.  

 

4.2.5. Choosing a SAPH Candidate 

From the rheology data (Figure 4.2) and viability data (Figure 4.4), both PeptiGelAlpha1 

and PeptiGelAlpha2 were similar in regards to their mechanical properties and ability to 

support MCF-7 cell growth. However, they differed in regards to their charge (Figure 4.3). 

As revealed in section 4.2.3, PeptiGelAlpha1 was neutrally charged whereas 

PeptiGelAlpha2 was positively charged at pH 7. On this basis, PeptiGelAlpha1 was chosen 

PeptiGelAlpha1 PeptiGelAlpha2 

2
D

 
3

D
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as the most suitable peptide hydrogel for further investigation. The neutral charge of 

PeptiGelAlpha1 would render it more compatible with the majority of cell culture assays, 

as the hydrogel charge can interfere with negatively charged macromolecules such as DNA 

[276].  

 

4.2.6. Fibre Formation of PeptiGelAlpha1, Collagen I and Matrigel 

TEM was used to visualise fibre formation of all three hydrogels (Figure 4.5). Matrigel 

was observed to form large bundles of fibres with a high density. Collagen I formed 

smaller fibrils, which were irregular in shape and structure. Some of these fibrils appeared 

to have disassembled with a fragmented network observed, suggesting that the material 

exhibited weak structural integrity. PeptiGelAlpha1, on the other hand, formed long thin 

fibres resembling ribbons, which were structurally intact and entangled to form a network.  

 

 

 

 

 

 

 

 

 

 

Figure 4.5. TEM images of Matrigel, collagen I and PeptiGelAlpha1. Hydrogels were 

diluted 100x with HPLC grade water and placed onto a copper grid and exposed to 1 % 

(w/v) UA to improve contrast. Images were collected using a Gatan Orius SC1000 CCD 

camera. N = 2. Scale bar = 200 nm for top row and 100 nm for bottom row. 

 

The diameter of the fibres were measured using ImageJ software and plotted as a 

histogram to observe the distribution and variation (Figure 4.6). PeptiGelAlpha1 contained 

fibres that were uniform in size, varying from 2.6–14.2 nm in diameter (Figure 4.6A). 

Collagen I was formed of fibres that were more varied in size, ranging from 2.1–65.4 nm 

(Figure 4.6B). Matrigel also consisted of denser fibres that were incredibly varied in 

diameter, ranging from 3.9–120.7 nm (Figure 4.6C).  

PeptiGelAlpha1 Collagen I Matrigel 
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Figure 4.6. Frequency distribution of fibre diameters. (A) PeptiGelAlpha1, (B) 

collagen I and (C) Matrigel. ImageJ was used to measure and plot the fibre diameters as a 

histogram.  

The thinnest fibres of each hydrogel were averaged and compared (Figure 4.7). For 

PeptiGelAlpha1, fibres with a diameter of < 10 nm, collagen I; < 20 nm and 

Matrigel; < 50 nm were analysed. Fibres of these diameters were used due to the large 

variation observed in fibre width. PeptiGelAlpha1 contained fibres with a mean of 

5.7 nm ± 1.4 nm, whilst collagen I and Matrigel had a mean fibre diameter of 

12.0 nm ± 3.9 nm and 20.1 nm ± 9.6 nm respectively. The mean fibre diameter of 

PeptiGelAlpha1 was significantly lower than collagen I and Matrigel (p < 0.0001), whilst 

the fibre diameter of Matrigel was significantly larger than that of collagen I (p < 0.0001). 

The mean fibre diameters of the three hydrogels have been summarised in Table 4.2.  

 

 

 

 

 

 

 

 

Figure 4.7. Mean fibre diameters of PeptiGelAlpha1, collagen I and Matrigel. For 

PeptiGelAlpha1, fibres with a diameter of < 10 nm, collagen I; < 20 nm and Matrigel; 

< 50 nm were analysed. Data are mean ± S.D. **** = p < 0.0001 using one-way ANOVA 

and post-hoc Tukey’s test. N = 2. 
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4.2.7. Viscoelastic Behaviour of PeptiGelAlpha1, Collagen I and Matrigel 

Oscillatory rheometry was used to compare the mechanical properties of all three 

hydrogels. Firstly, amplitude sweeps were carried out in order to determine the LVR of the 

hydrogel, as well as the strain at which the hydrogel deforms. The LVR is defined as the 

range of stress in which measurements can be carried out without compromising the 

structural integrity of the sample. The yield strain is defined as the strain at which the G’’ 

exceeds the G’ and the material is no longer considered solid-like [287]. Amplitude sweeps 

were carried out at a frequency of 1 Hz in the range of 0.02–30 % strain in the absence and 

presence of 18 hours media incubation.  

For all hydrogels in the absence and presence of media conditioning, the applied strain of   

0.2 % was within the LVR, showing that this strain can be used for further rheological 

experiments (Figure 4.8–4.10). This was shown by the G’ remaining stable as the strain 

was increased. Collagen I without media conditioning exhibited linear behaviour until 6 % 

strain, with the observed increase in G’’ and decline in G’, although breakage was not 

observed. While with media conditioning, the material experienced breakage at a yield 

strain of 20 % (Figure 4.8). Matrigel did not deform in either condition (with and without 

media conditioning), with both G’ and G’’ remaining linear throughout the strain range 

applied (Figure 4.9). For PeptiGelAlpha1 without media conditioning, linear behaviour 

was observed until 2 % strain, marked by G’’ exceeding G’, whilst with media 

conditioning the yield strain increased to 9 % (Figure 4.10). It was also observed that the 

material exhibited a linear strain region until 1 %, in the absence and presence of cell 

culture media. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Amplitude sweeps of collagen I (1.5 mg/mL). (A) Without media 

conditioning. (B) After 18 hours of media incubation. A strain of 0.02–30 % at a frequency 

of 1 Hz was used. Solid line represents applied strain (0.2 %). Dashed line represents yield 

strain. Gap size = 500 µm. Temperature = 37 °C. Data are mean ± S.D. N = 3. 
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Figure 4.9. Amplitude sweeps of Matrigel (5 mg/mL). (A) Without media conditioning. 

(B) After 18 hours of media incubation. A strain of 0.02–30 % at a frequency of 1 Hz was 

used. Solid line represents applied strain (0.2 %). Gap size = 500 µm. 

Temperature = 37 °C. Data are mean ± S.D. N = 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Amplitude sweeps of PeptiGelAlpha1. (A) Without media conditioning. (B) 

After 18 hours of media incubation. A strain of 0.02–30 % at a frequency of 1 Hz was 

used. Solid line represents applied strain (0.2 %). Gap size = 500 µm. 

Temperature = 37 °C. Data are mean ± S.D. N = 3. 
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Frequency sweeps were next carried out within the range of 0.01–10 Hz using 0.2 % strain 

(Figure 4.11). This strain was previously determined, in Figure 4.8–10, to be within the 

LVR for all hydrogels. For collagen I, the G’ increased in response to increasing 

frequency, in the absence and presence of media conditioning (Figure 4.11A). In media 

conditioned Matrigel, the G’ declined initially in response to increasing frequency, before 

plateauing (Figure 4.11B). The G’ was then observed to increase slightly at the highest 

frequencies. Without media, a small frequency-dependent increase in G’ was observed. For 

PeptiGelAlpha1, a slight frequency-dependent increase in G’ was observed when 

conditioned with media (Figure 4.11C). Without media, the G’ also exhibited a small 

frequency-dependent increase. It was also noted that the G’ for all materials under both 

conditions were consistently greater than the G’’ at all frequencies, confirming that the 

materials were elastic. It was also noted that the shear moduli for PeptiGelAlpha1 (Figure 

4.11C) were two orders of magnitude higher than that of collagen I (Figure 4.11A) and 

Matrigel (Figure 4.11B).  
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Figure 4.11. Frequency sweeps of (A) collagen I (1.5 mg/mL), (B) Matrigel (5 mg/mL) 

and (C) PeptiGelAlpha1 in the absence and presence of 18 hours media conditioning. 

Frequency sweeps were carried out from 0.01–10 Hz at a constant strain of 0.2 %. Gap 

size = 500 µm. Temperature = 37 °C.  Data are mean ± S.D. N = 3.  
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Time sweeps with alternating cycles of high shear and low shear were carried out to 

observe if each of the materials, both in the absence and presence of media conditioning, 

were able to recover. Hydrogel samples were exposed to alternating 5-minute cycles of 

0.2 % and 100 % strain at 1 Hz frequency. Under low strain (0.2 %), the G’ exceeds the 

G’’ and the material is considered to be solid-like. Whilst under high strain (100 %), the 

G’’ exceeds the G’ and thus the material is no longer solid-like. Recovery was observed if 

G’ > G’’ following a cycle of high shear. Without media, collagen I was able to recover 

sufficiently, as shown by the G’ exceeding the G’’ after each high shear cycle 

(Figure 4.12A). With media conditioning, the data appeared to be quite noisy (Figure 

4.12B). Although collagen I was able to recover following each cycle of high shear, the G’ 

appeared to decline after each successive cycle of high and low shear.  

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Recovery profile of collagen I (1.5 mg/mL). (A) Without media 

conditioning and (B) with 18 hours media conditioning. Time sweeps were carried out with 

alternating 5-minute cycles of recovery (0.2 % strain, 1 Hz frequency) and 5-minute cycles 

of high shear (100 % strain, 1 Hz frequency) for 35 minutes. Gap = 500 µm. 

Temperature = 37 °C. Data shown are representative. N = 2. 

 

Matrigel, interestingly, did not deform at all when high shear was applied, as the G’ exceeded 

the G’’ without media (Figure 4.13A). With media, this event was also observed, although 

the G’ was observed to decline after each successive cycle (Figure 4.13B).  
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Figure 4.13. Recovery profile of Matrigel (5 mg/mL). (A) Without media conditioning 

and (B) with 18 hours media conditioning. Time sweeps were carried out with alternating 

5-minute cycles of recovery (0.2 % strain, 1 Hz frequency) and 5-minute cycles of high 

shear (100 % strain, 1 Hz frequency) for 35 minutes. Gap = 500 µm. Temperature = 37 °C. 

Data shown are representative. N = 2. 

 

PeptiGelAlpha1 was able to successfully deform and recover following cycles of high and 

low shear without media (Figure 4.14A). The G’ was also observed to increase after each 

successive low shear cycle. With media conditioning, PeptiGelAlpha1 was initially able to 

deform and recover after alternating cycles, with an increase in G’ evident after several 

cycles (Figure 4.14B). However, after several cycles, the material appeared to lose its ability 

to recover, as shown by the G’’ exceeding the G’ when low shear was applied. 

 

 

 

 

 

 

Figure 4.14. Recovery profile of PeptiGelAlpha1. (A) Without media conditioning and 

(B) with 18 hours media conditioning.  Time sweeps were carried out with alternating 

5-minute cycles of recovery (0.2 % strain, 1 Hz frequency) and 5-minute cycles of high 

shear (100 % strain, 1 Hz frequency) for 35 minutes. Gap = 500 µm. Temperature = 37 °C. 

Data shown are representative. N = 2. 
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The G’ at 1 Hz taken from frequency sweeps displayed in Figure 4.11 were used to 

compare the overall stiffness of the three hydrogels, with and without media conditioning 

(Figure 4.15). Media incubation did not significantly affect the storage moduli of 

collagen I (15.3 Pa ± 4.0 Pa vs 27.8 Pa ± 0.8 Pa; p > 0.05) nor Matrigel (8.2 Pa ± 3.0 Pa vs 

9.0 Pa ± 6.6 Pa; p > 0.05) (Figure 4.15A). The addition of cell culture media to 

PeptiGelAlpha1, however, significantly increased the stiffness from 9048.3 Pa ± 1352.4 Pa 

to 12679.5 Pa ± 3224.0 Pa (p < 0.01).  

Comparing all three hydrogels with media incubation, PeptiGelAlpha1 was significantly 

stiffer than both collagen I and Matrigel (p < 0.001) (Figure 4.15B). There was no 

significant difference in stiffness between collagen I and Matrigel (p > 0.05).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15. The effect of media conditioning on the stiffness of PeptiGelAlpha1, 

collagen I (1.5 mg/mL) and Matrigel (5 mg/mL). (A) With and without 18 hours media 

conditioning. (B) After 18 hours media conditioning. Values were taken from frequency 

sweeps from 0.01–10 Hz at 0.2 % strain. Gap size = 500 µm. Temperature = 37 °C. Data 

are mean ± S.D. ** = p < 0.01, **** = p < 0.0001 using one-way ANOVA and post-hoc 

Tukey’s test. Data presented in (B) are a duplicate of rheology data with media 

conditioning presented in (A).  

 

The mean storage moduli at 1 Hz of PeptiGelAlpha1, collagen I and Matrigel, in the 

absence and presence of media conditioning, have been summarised in Table 4.2.  
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Table 4.2. Summary of mean fibre diameters and storage moduli at 1 Hz of 

PeptiGelAlpha1, collagen I and Matrigel. Data are mean ± S.D. 

Hydrogel Mean fibre 

diameter (nm) 

Storage modulus at 1 Hz (Pa) 

Without media 

conditioning 

With media 

conditioning 

PeptiGelAlpha1 5.7 ± 1.4 9048.3 ± 1352.4 12679.5 ± 3224.0 

Collagen I (1.5 mg/mL) 12.0 ± 3.9 15.3 ± 4.0 27.8 ± 0.8 

Matrigel (5 mg/mL) 20.1 ± 9.6 8.2 ± 3.04 9.0 ± 6.6 

 

4.2.8. Doxorubicin Penetration of PeptiGelAlpha1 

To observe if PeptiGelAlpha1 acted as a physical barrier to chemotherapeutic drugs, 

confocal microscopy was used to visualise distribution of doxorubicin through the 

hydrogel. Doxorubicin was used as a test compound as it is inherently fluorescent. TCP 

was used as a control as distribution would be homogenous. PeptiGelAlpha1 and TCP 

samples were exposed to doxorubicin prepared in cell culture media at concentrations of 5, 

10, 50 and 100 µM and incubated overnight under standard cell culture conditions. A 

vehicle control of 1 % DMSO was also included. The vehicle controls showed very little 

fluorescence, showing that the DMSO solvent does not contribute towards the fluorescent 

properties of the compound (Figure 4.16). Doxorubicin was clearly visible in the TCP 

samples with 5 µM doxorubicin, with the fluorescence becoming saturated by 10 µM. 

With PeptiGelAlpha1, minimal fluorescence was observed with 5 µM and 10 µM 

doxorubicin. PeptiGelAlpha1 samples exposed to 100 µM and 500 µM doxorubicin 

appeared visually brighter but when quantified, were still significantly lower than their 

TCP counterparts (p < 0.0001), (Figure 4.17).   

 

 

 

 

 

 

 

 

Figure 4.16. Fluorescence images of doxorubicin penetration into PeptiGelAlpha1 

and TCP.  PeptiGelAlpha1 and TCP were exposed to 5, 10, 50 and 100 µM doxorubicin 

and incubated for 24 hours at 37 °C, 20 % (v/v) O2, 5 % (v/v) CO2. A vehicle control of 

1 % DMSO was used. Red = doxorubicin. N = 2.  
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Figure 4.17. Fluorescence quantification of doxorubicin penetration into 

PeptiGelAlpha1 and TCP. Vehicle control values were subtracted from sample values. 

Data are mean ± S.D. **** = p < 0.0001 using one-way ANOVA and post-hoc Tukey’s 

test. N = 2. 

 

Distribution of doxorubicin through PeptiGelAlpha1 on the z-axis was next observed using 

both confocal microscopy and multi-photon imaging (Figure 4.18). Based on results 

presented in Figure 4.16, 100 µM was used to ensure visualisation of the compound in the 

hydrogel. Confocal 3D rendering of the drug-laden hydrogel showed that doxorubicin 

tended to accumulate within the centre of the hydrogel, and distribution was much sparser 

towards the top and bottom of the hydrogel (Figure 4.18A). Multi-photon imaging was 

used to observe doxorubicin distribution much deeper into the sample (Figure 4.18B). 

Compared with confocal imaging, which was only able to image 900 µm deep into the 

sample, multi-photon imaging enabled much deeper penetration of the sample, with 

1400 µm imaged. It was also observed that ‘pockets’ of doxorubicin were present in the 

hydrogel, showing that distribution was not homogenous and that the hydrogel prevented 

diffusion of the drug into the system.  
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Figure 4.18. Distribution of 100 µM doxorubicin through PeptiGelAlpha1. (A) Confocal 3D rendering. (B) Multi-photon 3D rendering. Images were 

taken using a Leica SP8 confocal upright microscope. Red = doxorubicin. N = 2. Scale bar = 500 µm. 
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4.3. Discussion 

 

4.3.1. Comparison of PeptiGelAlpha1, 2 and 4 

To determine which SAPH would be most suitable for culture of MCF-7 and 

MDA-MB-231 cancer cells, PeptiGelAlpha1, 2 and 4 were first characterised and 

compared. AT-FTIR analysis was used to confirm that PeptiGelAlpha1, 2 and 4 were 

composed of anti-parallel β sheets, as shown by peaks at 1620 cm-1 and 1690 cm-1 

(Figure 4.1), which is consistent with the literature for using β-sheet forming ionic 

complementary SAPHs [281,288]. The main limitation with using AT-FTIR for protein 

characterisation is the interference of water molecules, which exhibit an absorbance peak 

in the amide I region [289]. Hydrogel samples are typically > 99 % water and so the nature 

of the sample would surely interfere with infrared spectroscopy (IR). Water is typically 

used as a background control and subtracted from all sample spectra to remove the 

interference. To completely eliminate water interfering with IR, deuterium oxide can be 

used as a solvent instead of water. However, this could potentially change the sample’s 

structure and possibly result in sample loss. An alternative method to AT-FTIR for 

secondary structure characterisation is circular dichroism (CD), which relies on interaction 

of molecules with light, giving way to different structural elements having a characteristic 

CD spectra [290]. Nonetheless, for this study, AT-FTIR was sufficient to characterise the 

secondary structure of PeptiGelAlpha1, 2 and 4.  

The storage moduli of PeptiGelAlpha1, 2 and 4 were measured using oscillatory shear 

rheology (Figure 4.2). PeptiGelAlpha1 and 2 were similar in stiffness (12679.5 Pa ± 

3224.0 Pa vs 12559.7 Pa ± 9647.3 Pa respectively), whereas PeptiGelAlpha4 was 

significantly softer (275.1 Pa ± 84.2 Pa) (Table 4.1).  The values measured herein do differ 

from those reported in the literature; one study reported the storage modulus of 

PeptiGelAlpha1 to be 15 kPa  ± 5 kPa, which is comparable to the value reported here 

(12.7 kPa ± 3.2 kPa) [21]. However, the stiffness of PeptiGelAlpha2 was measured as 

21 kPa ± 1 kPa, which is almost twice as stiff as reported in this study (12.6 kPa ± 

9.6 kPa), and PeptiGelAlpha4, depicted as PeptiGelAlphaProB, was measured to be 

0.5 kPa ± 0.08 kPa [21]. The disparity in measurements of PeptiGelAlpha2 could arise 

from different parameters used; in this study 18 hours media conditioning was used rather 

than 24 hours, and frequency sweeps were carried out at 0.2 % strain in this study, whilst 

1 % was used [21]. Rheological measurements are sensitive to the parameters used, which 

could explain the difference in data obtained [283]. Different ionic concentrations of cell 

culture media could have also played a role in different storage moduli values measured, as 

increasing the ionic strength results in an increase in stiffness [21].  
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The theoretical charges of PeptiGelAlpha1, 2 and 4 versus pH were calculated 

(Figure 4.3). It was determined that at pH 7, physiological pH, PeptiGelAlpha1 was 

neutrally charged, whereas PeptiGelAlpha2 and 4 were positively charged (+ 1 and + 2 

respectively).  The high positive charge of PeptiGelAlpha4 explains the relatively low 

storage modulus; PeptiGelAlpha4 is covered by positively charged residues which reduces 

hydrophobic fibre interactions, resulting in reduced network crosslinking and ability to 

form large fibre bundles [286]. This results in an increased mesh size and therefore 

relatively low stiffness. A positive charge could potentially interfere with cell culture 

assays, which have been optimised for traditional 2D culture and therefore do not take into 

consideration the complexities of using 3D systems, which differ in both geometry and 

charge. A study examining the commercially available PeptiGels from Manchester 

BIOGEL found that the positive charges of PeptiGelAlpha2 and 4 interfered with RNA 

extraction resulting in low RNA yield, due to RNA being negatively charged, whilst 

PeptiGelAlpha1 (neutrally charged) did not interfere [276]. Due to the low stiffness and 

high charge observed in PeptiGelAlpha4 (Table 4.1), this hydrogel was ruled out for 

further studies. 

PeptiGelAlpha1 and 2 were finally used for initial cell viability studies with MCF-7 breast 

cancer cells. After 7 days in culture, both hydrogels were observed to support cell viability, 

as observed by a high density of live cells, providing preliminary proof that 

PeptiGelAlpha1 and 2 can support the growth of breast cancer cells. However, in 

PeptiGelAlpha1, a greater cell density was observed with a greater cell cluster intensity. 

Due to the high viability, alongside the neutral charge, PeptiGelAlpha1 was chosen as the 

sole SAPH to use in further studies.  

 

4.3.2. Fibre Formation of PeptiGelAlpha1, Collagen I and Matrigel 

The physical properties of PeptiGelAlpha1 were next compared to collagen I and Matrigel, 

popular biomaterials used in cancer research. Fibre formation and morphology of diluted 

hydrogels was observed using TEM imaging. TEM was used rather than other imaging 

techniques such as atomic force microscopy (AFM) and scanning electron microscopy 

(SEM), as it is more suitable for imaging hydrated materials and enables detailed images to 

be captured. SEM requires dehydration and freeze drying of the sample, which is difficult 

with hydrogels due to their high water content, causing significant deformation and 

damage to the hydrogel fibres [291]. Environmental SEM counteracts the issues associated 

with conventional SEM, by protecting the sample from the vacuum with a partition [292]. 

AFM requires a probe making contact with the sample, which can result in dragging due to 
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the ‘wetness’ of hydrogel samples [293]. Diluting of the hydrogels was carried out to 

visualise individual fibres and their morphologies.  

TEM imaging revealed that PeptiGelAlpha1 was formed of long and entangled fibres with 

a ribbon shape forming a network (Figure 4.5). Matrigel was composed of thick fibre 

bundles forming a mesh, and collagen I was observed as fragmented fibrils with an 

irregular structure. As the hydrogel networks were diluted prior to further processing and 

imaging, it is noted that the nanofibres in PeptiGelAlpha1 were still able to maintain an 

entangled network, whereas collagen I could not retain structural integrity when diluted. 

The ability of PeptiGelAlpha1 to self-anneal following dilution has been observed with 

other SAPH systems [281,286]. This self-annealing is due to the rapid and spontaneous 

self-assembly properties of SAPHs, as well as the stability of β-sheet fibres. Mechanical 

disruption of the SAPH system impacts the hydrogel formation, but the β-sheet fibres 

remain undisturbed [221]. Other studies investigating the nanostructure of diluted 

RADA16, collagen I and Matrigel discovered that RADA16 formed entangled ribbon-like 

structures, whilst Matrigel was composed of thick fibres that bundled together, and 

collagen I was formed of heterogeneously sized fibres [28]. The data presented in this 

current study thus correlate with findings in the literature.  

Quantification of all three hydrogels revealed heterogeneity in diameter in collagen I and 

Matrigel (Figure 4.6). PeptiGelAlpha1 contained uniformly sized fibres with a diameter of 

2.6–14.2 nm, whilst collagen I and Matrigel fibres were 2.1–65.4 nm and 3.9–120.7 nm 

respectively. The synthetic nature of PeptiGelAlpha1 would explain the consistency in 

fibre diameter, whilst collagen I and Matrigel, being naturally derived, would be more 

heterogeneous. ECM fibres vary widely in diameter, dependent upon the tissue of study 

and ECM protein. As mentioned in section 4.1, laminin fibres measure 2–7 nm, whilst 

fibronectin varies from 2–22 nm [20]. The mean fibre diameter of PeptiGelAlpha1, 

5.7 nm ± 1.4 nm, was significantly lower than that of collagen I (12.0 nm ± 3.9 nm) and 

Matrigel (20.1 nm ± 9.6 nm) (Figure 4.7). The fibre diameter of PeptiGelAlpha1, 

therefore, mimicked that of the ECM. Ionic complementary β-forming SAPHs FEFKFEFK 

and KFEFKFEFKK were shown to have fibres of 3–5 nm in diameter using TEM imaging 

[286], showing that the measured fibre diameter of PeptiGelAlpha1 was consistent with 

similar platforms.  
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4.3.3. Viscoelastic Behaviour of PeptiGelAlpha1, Collagen I and Matrigel 

The mechanical properties of all three hydrogels were assessed using oscillatory rheology. 

Oscillatory shear rheometry is used as a reliable technique to measure the storage and loss 

moduli of hydrogels [273,287,294]. Amplitude sweeps, frequency sweeps and time sweep 

recovery cycles were all used to observe how the shear moduli of the hydrogels behaved in 

response to changes in strain, frequency and cycles of high and low shear. Amplitude and 

frequency sweeps have previously been employed for mechanical characterisation of 

hydrogels used for biomedical applications [295]. Time sweep cycles are commonly used 

to determine gelation dynamics and hydrogel formation of naturally derived materials 

[295,296]. To the author’s knowledge, the recovery profiles of collagen I and Matrigel 

have not previously been investigated using time sweep cycles. 

The results of the amplitude sweeps showed that the hydrogels exhibited different linear 

behaviour profiles within the strain applied (Figure 4.8–10). Nonetheless, 0.2 % strain was 

within the LVR for all three hydrogels, in the absence and presence of media conditioning, 

and was therefore used in subsequent rheological tests. An appropriate strain to use is an 

important parameter to generate maximal signal without compromising the sample [295]. It 

was noted that collagen I, without media conditioning, did not deform within the applied 

strain range (Figure 4.8A). This could be because an insufficient strain range was used, 

and a higher strain is required to deform the hydrogel. Frequency sweeps showed that all 

three hydrogels remained solid-like within the frequency range applied, as the G’ was 

greater than G’’ at all frequencies (Figure 4.11). The G’ of all three hydrogels exhibited a 

frequency-dependent increase; this is because the material could not relax at higher 

frequencies, resulting in an observed increase in G’ [297]. Media conditioning did not 

affect this behaviour. The G’ at 1 Hz was taken from frequency sweeps and used to 

describe the overall ‘stiffness’ of the hydrogel. This value has been used in previous 

approaches for testing the mechanical properties of hydrogels using rheology [21,281,295].  

Regarding the recovery profiles, PeptiGelAlpha1, without media, was able to successfully 

deform and recover following alternating cycles of low and high shear (Figure 4.14A). 

When high shear (100 %) was applied, the material became liquid (G`` > G`) and recovery 

with low shear (0.2 % strain) resulted in the material becoming solid-like again (G` > G``). 

This demonstrates the pliable nature of the material and shows its versatility for use in 

different applications, such as 3D printing, injection and cell encapsulation. This recovery 

is a common feature amongst SAPHs [22,281]. This shear-thinning behaviour is due to 

breakage of the hydrogel network into separate domains when shear stress is applied; 
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removal of the shear results in the fibres at the domain boundaries relaxing and entangling, 

resulting in recovery and solidification of the hydrogel [298]. With media conditioning, 

however, the system crashed after several cycles, with G`` > G` when low shear was 

applied (Figure 4.14B). It was noted when handling PeptiGelAlpha1 that without media, 

the material was easy to handle and could be pipetted without difficulty. When media was 

added to the gel, the material became fragile and was subject to breakage. The addition of 

cell culture media to PeptiGelAlpha1 resulted in a charge screening effect from the ions 

present, promoting physical cross-linking [281]. This charge screening effect could have 

therefore hindered the self-annealing properties of the hydrogel. Media conditioning has 

been shown to increase the brittleness of SAPHs in previous studies, by reducing the yield 

strain [226]. However, the data in this study showed that media conditioning increased the 

yield strain of PeptiGelAlpha1 (Figure 4.10), suggesting that the primary sequence of the 

SAPH dictates interactions with cell culture media and subsequent viscoelastic properties. 

Collagen I was able to recover both in the absence and presence of cell culture media; 

showing that it too has shear-thinning properties and is able to recover (Figure 4.12A & 

B). Media conditioning did result in a decrease in G’ after successive cycles of high and 

low shear, indicating that the structural integrity was compromised when in the presence of 

cell culture media. Matrigel, did not deform when high shear was applied, as the G’ was 

greater than the G’’ throughout the cycles, in the absence and presence of media 

conditioning (Figure 4.13A & B). This was also observed with the amplitude sweep data 

(Figure 4.9). This shows that Matrigel did not display any shear-thinning behaviour under 

high strain. This therefore limits the applications of Matrigel, when the material has 

solidified as a hydrogel.  

The G’ at 1 Hz of PeptiGelAlpha1, collagen I and Matrigel were compared, in the absence 

and presence of media conditioning (Figure 4.15A). PeptiGelAlpha1 was the only material 

to significantly increase when incubated in cell culture media overnight. Without media, 

PeptiGelAlpha1 has a pH of 4 [21]. The observed increase in G’ is because, in the addition 

to the charge screening effect by ions discussed previously, the increase in pH from 4 to 7 

results in the absence of electrostatic interactions, increasing hydrophobic crosslinking, 

resulting in an increase in stiffness [281]. PeptiGelAlpha1 was also found to be 

significantly stiffer than both collagen I and Matrigel (Figure 4.15B). The stiffness of 

collagen I and Matrigel, 27.8 Pa ± 0.76 Pa and 9.02 Pa ± 6.60 Pa respectively, are thus 

more suited to mimicking soft tissues, such as the brain (< 1 kPa) [299]. The stiffness of 

breast tumour tissue is under debate, as values reported will depend upon the technique 

used, the stage of cancer and patient-to-patient variability [300]. One of the main issues 
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with comparing the stiffness of materials with tissue samples is that hydrogels tend to be 

measured using techniques investigating the bulk mechanical properties, such as rheology, 

whereas ex vivo samples are typically measured using AFM or nanoindentation. The shear 

modulus and elastic modulus are measured respectively in rheology and AFM/indentation, 

which can be indirectly compared using the Poisson’s ratio. There have been no studies to 

date published measuring the stiffness of breast tumour tissue using rheology, although 

rheology has been performed on colon tumour tissue to provide storage moduli values 

[301].  A study which is frequently cited for the stiffness of breast tumour states that it is 

4049 Pa ± 938 Pa (elastic modulus measured, conversion to shear modulus is 1619 Pa ± 

375 Pa using Equation 3.1) [172]. The limitation with this study is that a transgenic mouse 

model of breast cancer was used, meaning that the value measured is not translatable nor 

representative of human breast tumour tissue. Other studies using human tissue have 

provided Young’s moduli of 10.40 kPa ± 2.60 kPa to 42.52 kPa ± 12.47 kPa, dependent 

upon the stage of cancer [300]. When converted to shear moduli using a Poisson’s ratio of 

0.5 using Equation 3.1, these range from 4.16 kPa ± 1.04 kPa to 17.01 kPa ± 4.99 kPa. 

The stiffness of PeptiGelAlpha1 with media conditioning, 12.7 kPa ± 3.2 kPa, lies within 

this range and is therefore more suitable for mimicking the mechanical properties of breast 

tumour tissue. 

In order to directly and accurately compare the stiffness of PeptiGelAlpha1 with breast 

tumour tissue, oscillatory rheology should be carried out on both sample sets using the 

same parameters, to ensure consistency in results. Protocols for performing rheological 

testing on tumour samples have previously been published [302]. Nonetheless, the data in 

this current study show that PeptiGelAlpha1 is a more appropriate material for mimicking 

the mechanical properties of breast tumour than collagen I and Matrigel.  

 

4.3.4. Doxorubicin Penetration of PeptiGelAlpha1 

To visualise diffusion and distribution of an anti-cancer drug within PeptiGelAlpha1, and 

to observe if the hydrogel could prevent the drug entering the system, doxorubicin was 

used as a test compound. This drug was chosen as it is inherently fluorescent [303]. TCP 

was chosen as a positive control, as drug distribution would be homogeneous and there are 

no physical barriers preventing the drug reaching the TCP. Samples were incubated for 

18 hours before imaging. Confocal imaging revealed the DMSO vehicle did not contribute 

towards the fluorescence exerted by the drug. Fluorescence was only observed within the 

hydrogel at the higher concentrations used (50 µM and 100 µM), showing that a higher 

concentration of drug was needed to penetrate the material (Figure 4.16).  
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Confocal and multi-photon imaging were then used to visualise spatial distribution of 

100 µM doxorubicin through the full thickness of the hydrogel (Figure 4.18). Confocal 

imaging was able to image 900 µm of the sample, whereas multi-photon imaging was able 

to image much deeper into the sample (1400 µm). Multi-photon imaging offers increased 

depth penetration of samples, by using longer wavelength photons which are lower in 

energy and therefore penetrate more deeply [304,305]. Confocal and multi-photon imaging 

revealed differences in drug accumulation. In multi-photon imaging, doxorubicin appeared 

to accumulate at the bottom of the hydrogel (Figure 4.18B). The hydrogels were kept in 

their inserts during imaging, to ease handling. It is possible that doxorubicin particles were 

trapped in the insert membrane pores. However, deeper into the sample ‘pockets’ of 

doxorubicin were seen, showing that distribution within the hydrogel was not 

homogeneous. To mimic the TME in vitro, it is important that the drug is able to enter the 

hydrogel, but that distribution is uneven and hindered by the hydrogel. These data show 

that PeptiGelAlpha1 can prevent uniform penetration and diffusion of anti-cancer drugs. 

The molecular weight of doxorubicin is 543.52 g/mol; therefore any drug at or below this 

molecular weight should too be able to penetrate the material.  
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4.4. Conclusions 

When choosing a biomaterial for cell culture and tissue engineering applications, 

characterisation of the material properties should be carried out to understand how the 

material behaves, and if its physical properties render it suitable. A choice of commercially 

available SAPHs are on offer, differing in charge and mechanical properties. Mimicking 

the mechanical properties of the biological tissue in question is necessary in in vitro 

culture, to support appropriate cell behaviour.  

Naturally derived hydrogels, such as collagen I and Matrigel have traditionally been used 

in in vitro modelling of cancer, due to the abundance of growth factors and cell binding 

cues facilitating cell-cell and cell-ECM interactions. However, these hydrogels have not 

been well characterised, in spite of their popularity in cell culture applications.  

This chapter aimed to select a SAPH to use based on charge, mechanical properties and 

initial cell viability data. The chosen SAPH, PeptiGelAlpha1, was characterised alongside 

collagen I and Matrigel in regards to the fibre architecture and mechanical properties. 

Finally, doxorubicin diffusion into PeptiGelAlpha1 was carried out to determine if the 

material could mimic an in vitro physical barrier. 

In summary, PeptiGelAlpha1 was chosen as a suitable candidate due to its mechanical 

properties, neutral charge and biocompatibility. PeptiGelAlpha1 was found to be formed of 

uniformly sized nanofibres, whilst Matrigel and collagen I fibres exhibited high variability 

and were much thicker and irregular in shape. Collagen I and PeptiGelAlpha1 exhibited 

shear-thinning behaviour, but Matrigel did not. Media conditioning influenced the stiffness 

of PeptiGelAlpha1 and hindered its ability to recover, but did not affect collagen I or 

Matrigel. PeptiGelAlpha1 was displayed superior mechanical properties to collagen I and 

Matrigel and was able to more faithfully mimic the stiffness of breast tumour tissue. 

Doxorubicin diffusion into PeptiGelAlpha1 was heterogeneous and reduced. These data 

show that PeptiGelAlpha1 is a more suitable platform for modelling cancer in vitro than 

collagen I or Matrigel, in regards to its physical properties.  

The novelty of the work in this chapter is highlighted in the characterisation and 

comparison of the physical properties and viscoelastic behaviour of collagen I and 

Matrigel, both popular biomaterials used in 3D cell culture and specifically of cancer cells, 

with PeptiGelAlpha1. The recovery profiles of both collagen I and Matrigel were revealed 

for the first time. The viscoelastic behaviour of the commercially available SAPH 

PeptiGelAlpha1, in the absence and presence of media conditioning, was characterised. It 
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was also revealed that PeptiGelAlpha1 could act as a physical barrier to an anti-cancer 

drug, mimicking the in vivo environment.  

The next steps involve investigating breast cancer cell behaviour within PeptiGelAlpha1, 

which will be investigated in Chapter 5.  
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CHAPTER 5 – Development of In Vitro Models of Breast 

Cancer using Self-Assembling Peptide Hydrogels  

 

5.1. Introduction 

In Chapter 4, the SAPH PeptiGelAlpha1 was chosen to be pursued further for in vitro 

modelling of breast cancer and tube formation by HUVECs and MSCs. It was 

characterised alongside collagen I and Matrigel in terms of its suitability as a platform to 

mimic tumour tissue. All data presented in this chapter are thus focussed on 

PeptiGelAlpha1.  

In this Chapter, breast cancer cell lines MCF-7 and MDA-MB-231 encapsulated within 

PeptiGelAlpha1 were analysed to observe how the cells behaved in the hydrogel, and to 

determine which features of solid tumours and the TME could be mimicked, without 

additional cell types. Breast cancer is a progressive disease and different stages will have 

associated characteristics and phenotypes. It is important that different stages of breast 

cancer are mimicked in vitro, rather than using a ‘one size fits all’ approach. MCF-7 cells 

represent early-stage cancer [24], whereas MDA-MB-231 cells represent metastatic breast 

cancer [306]. Using cell lines representing different stages of breast cancer progression 

allows us to observe if their respective phenotypes and behaviour can be preserved within 

PeptiGelAlpha1.  

Both cell lines have been used previously in peptide hydrogel systems; MCF-7 cells were 

encapsulated in β-sheet SAPHs h9e [27] and FEFEFKFK [29], and MDA-MB-231 cells in 

β-sheet forming RADA16, commercially available as PuraMatrix [28]. PeptiGelAlpha1 

has been used successfully to culture a variety of cell types in 3D, including: ASCs [23], 

mammary epithelial cells [307] and oesophageal epithelial cells [21]. It was therefore 

hypothesised that PeptiGelAlpha1 would be able to maintain the growth of MCF-7 and 

MDA-MB-231 cancer cells, as well as support features of tumour progression.  

The focus of this chapter is to investigate how MCF-7 and MDA-MB-231 cells behave 

when encapsulated in PeptiGelAlpha1, and to determine what features of solid tumours 

and the TME are replicated. Moreover, the efficacy of chemotherapeutic drugs when 

applied to MCF-7 and MDA-MB-231 cells entrapped in PeptiGelAlpha1 was also 

assessed, to determine if the hydrogel could act as a physical barrier to anti-cancer drugs.   

The aims of this chapter are therefore as follows: 
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1. To determine if PeptiGelAlpha1 could support the viability and proliferation 

of MCF-7 and MDA-MB-231 cells over 14 days. 

2. To determine how MCF-7 and MDA-MB-231 cells behaved within the 

material, regarding their morphology and interactions with PeptiGelAlpha1. 

3. To observe if any features of the TME and solid tumours were mimicked in 

MCF-7 and MDA-MB-231 cell-laden hydrogel samples, including: hypoxia, 

EMT and invasion. 

4. To determine how MCF-7 and MDA-MB-231 cells encapsulated in 

PeptiGelAlpha1 responded to treatment with chemotherapeutic drugs 

tamoxifen and doxorubicin.  
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5.2. Results 

 

5.2.1. Viability of MCF-7 & MDA-MB-231 Cells in PeptiGelAlpha1 

The LIVE/DEAD assay was used as a qualitative assay to observe if MCF-7 and 

MDA-MB-231 cells survived and remained viable when encapsulated within 

PeptiGelAlpha1 over a 7-day period (Figure 5.1). Collagen I was used as a control. Live 

cells were stained green by calcein-AM, indicative of intracellular esterase activity. Dead 

cells were stained red by ethidium homodimer due to a loss of membrane integrity.  

After 1 day in culture, MCF-7 cells were distributed throughout PeptiGelAlpha1 and the 

majority were viable, with a few dead cells observed (Figure 5.1A). A high viability was 

maintained throughout the 7-day culture period. By day 7, the MCF-7 cells were observed 

to aggregate to form spheroids. In collagen I, high viability was maintained and 

aggregation resembling spheroid structures was also seen (Figure 5.1B). The cell density 

appeared higher than that of PeptiGelAlpha1, due to contraction of the hydrogel, as shown 

in Appendix 6. Cell morphology remained rounded in both materials. Quantification could 

not be carried out due to agglomeration of the cells.  

MDA-MB-231 cells remained distributed throughout PeptiGelAlpha1 from days 1–7, with 

some aggregation observed by day 7 (Figure 5.1A). As with the MCF-7 cell line, 

MDA-MB-231 cells remained viable throughout the culture period, although a few dead 

cells were present after 1 day in culture. Cell morphology was rounded, with the occasional 

spindle-shaped cell observed. In collagen I, cell viability was similar to that of 

PeptiGelAlpha1, although cell morphology appeared more spindle-shaped (Figure 5.1B). 

Again, quantification could not be performed due to cell aggregation.  
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Figure 5.1. LIVE/DEAD staining of MCF-7 and MDA-MB-231 cells in 

PeptiGelAlpha1 or collagen I over 7 days. (A) Cells encapsulated in PeptiGelAlpha1. 

(B) Cells encapsulated in collagen I. Cells were stained with calcein-AM and ethidium 

homodimer-1 and incubated for 1 hour at 37 °C. Images were collected using a Leica SP5 

confocal inverted microscope. Green = live cells. Red = dead cells. Scale bar = 750 µm. 

N = 3.  
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5.2.2. Proliferation of MCF-7 & MDA-MB-231 Cells in PeptiGelAlpha1 

The PicoGreen assay was used to measure the DNA concentration of MCF-7 and 

MDA-MB-231 cells encapsulated in PeptiGelAlpha1. To determine if the material would 

interfere with DNA extraction, a standard curve was produced with MCF-7 cells, using 

known cell concentrations, encapsulated in either PeptiGelAlpha1 or dPBS (Figure 5.2).  

A linear relationship was determined between DNA concentration and cell concentration 

for both PeptiGelAlpha1 (r2 = 0.989) and dPBS (r2 = 0.951). No significant difference was 

observed between the DNA concentrations of the hydrogel and dPBS (p > 0.05), 

confirming that the hydrogel did not interfere with DNA extraction using the applied 

method and subsequent analysis.  

Figure 5.2. Standard curve of PicoGreen analysis of MCF-7 cells encapsulated in 

PeptiGelAlpha1 and dPBS. MCF-7 cells were encapsulated in PeptiGelAlpha1 and dPBS 

at concentrations from 1x105–2x106 cells/mL for 30 minutes prior to pronase digestion and 

lysis. PicoGreen solution was added to each sample and fluorescence was measured using 

wavelengths of 480 nm and 520 nm. Fluorescence values interpolated using a standard 

curve of known DNA. Acellular samples were used as a background and removed from all 

samples. Data are mean ± S.D. R2 = coefficient of determination. N = 2. A two-way 

ANOVA with post-hoc Sidak’s test was used, where p > 0.05.  
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PicoGreen analysis was hence carried out on MCF-7 and MDA-MB-231 cell-laden 

PeptiGelAlpha1 samples over a 14-day period (Figure 5.3). The DNA concentration of 

MCF-7 cells was observed to increase over the 14-day period, with a small increase but 

non-significant increase from day 1 to day 4 (684.4 ng/mL ± 127.0 ng/mL to 

709.5 ng/mL ± 82.3 ng/mL, p > 0.05), with significant increases observed after 7 days 

(876.4 ng/mL ± 88.2 ng/mL, p < 0.01) and 14 days (1053.6 ng/mL ± 154.1 ng/mL, 

p < 0.0001). For MDA-MB-231 cells, on the other hand, the DNA concentration was 

observed to increase significantly from day 1 to day 4 (504.8 ng/mL ± 107.4 ng/mL to 

1071.4 ng/mL ± 18.8 ng/mL, p < 0.0001). The DNA concentration then declined slightly 

by day 7 (890.0 ng/mL ± 82.1 ng/mL), before a steep drop was observed by day 14 

(552.1 ng/mL ± 23.1 ng/mL).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. PicoGreen analysis of MCF-7 and MDA-MB-231 cells encapsulated within 

PeptiGelAlpha1 over 14 days. PicoGreen solution was added to lysed samples and 

fluorescence was measured using a plate-reader at wavelengths of 480 nm and 520 nm. 

Acellular samples were used as blanks and removed from all samples. Data are 

mean ± S.D. ** = p < 0.01, **** = p < 0.0001 using two-way ANOVA and post-hoc 

Tukey’s test. N = 6.  

 

The presence of Ki67, a cellular marker of proliferation, was detected in 

immunohistochemical staining of MCF-7 and MDA-MB-231 cell-laden PeptiGelAlpha1 

sections, to further support the PicoGreen data presented in Figure 5.3 to provide 

histological context. Positive nuclear staining indicated that cells were Ki67 positive. Ki67 

positive MCF-7 cells were observed from 1 day in culture, and were also detected in the 
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larger spheroid structures that formed (Figure 5.4A). However, by day 14, there appeared 

to be fewer Ki67 positive cells present. Quantifying these data revealed that MCF-7 cells 

were 82.2 % ± 14.4 %, 88.3 % ± 7.1 % and 64.9 % ± 11.4 % Ki67 positive at days 1, 7 and 

14 respectively (Figure 5.4B). With MDA-MB-231 cells, Ki67 positive cells were 

detected at all time points (Figure 5.4A). The percentages of Ki67 positive cells were 

measured to be 78.3 % ± 10.6 %, 65.0 % ± 30.1 % and 75.1 % ± 19.6 % at days 1, 7 and 

14 respectively (Figure 5.4B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Ki67 immunohistochemical staining of MCF-7 and MDA-MB-231 cells in 

PeptiGelAlpha1 over 14 days. (A) Brightfield images of Ki67 staining. Samples were 

sectioned at a thickness of 5.0 µm. Sections were stained with anti-Ki67 antibody and 

DAB was used to detect positive staining. Brown = positive staining. Blue = nuclei. 

Scale bar = 50 µm. (B) Percentage of Ki67 positive cells over 14 days. ImageJ was used to 

identify and quantify Ki67 positive cells. Data are mean ± S.D. **** = p < 0.0001 using 

two-way ANOVA and post-hoc Tukey’s test. N = 6.  

 

B 

Day 1 Day 7 Day 14 

M
C

F
-7

 
M

D
A

-M
B

-2
3

1
 

A 



 

130 

 

5.2.3. Organisation of MCF-7 & MDA-MB-231 Cells in PeptiGelAlpha1 

To observe how MCF-7 and MDA-MB-231 cells encapsulated within PeptiGelAlpha1 

organised themselves, histological and fluorescence staining was used to observe the 

overall histoarchitecture and cellular distribution, as well as cell morphology. 

H&E staining was used initially to provide a general overview of how MCF-7 and 

MDA-MB-231 cells interact within the hydrogel. Collagen I was used as a control 

material. PeptiGelAlpha1 was counterstained pink by eosin, whereas collagen I remained 

transparent (Figure 5.5). Collagen I samples appeared to have a higher cell density due to 

contraction of the material (Appendix 6). MCF-7 cells were dispersed throughout both 

PeptiGelAlpha1 and collagen I after 1 day in culture. However, the cells started to 

aggregate and form clusters by day 7 and formed large spheroids by day 14 in both 

materials. Higher magnification revealed that the spheroids were rounded in structure in 

PeptiGelAlpha1, whereas in collagen I the structures were more irregularly shaped 

(Figure 5.6).  

In contrast, MDA-MB-231 cells tended to behave differently. This cell line remained 

dispersed throughout both hydrogels by day 7, with loose, irregular structures formed by 

day 14 in PeptiGelAlpha1 (Figure 5.5). In collagen I, MDA-MB-231 cells remained 

dispersed by day 14. In PeptiGelAlpha1, cell morphology was predominantly rounded 

throughout the 14-day culture period, whilst in collagen I a mixture of both rounded and 

elongated cells were observed, particularly by day 7 (Figure 5.6).  
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Figure 5.5. H&E staining of MCF-7 and MDA-MB-231 cells encapsulated in PeptiGelAlpha1or collagen I over 14 days. Samples were sectioned at a 

thickness of 5.0 µm and stained with haematoxylin and eosin. An acellular control for PeptiGelAlpha1 was included. Pink = hydrogel. Blue = cell nuclei. 

Scale bar = 100 µm. N = 2.

M
C

F
-7

 –
 

P
e

p
ti

G
e

lA
lp

h
a

1
 

M
D

A
-M

B
-2

3
1

 –
 

P
e

p
ti

G
e

lA
lp

h
a

1
 

Day 1 Day 7 Day 14 

M
C

F
-7

 –
 C

o
ll

a
g

e
n

 I
 

M
D

A
-M

B
-2

3
1

 –
C

o
ll

a
g

e
n

 I
 

 

Acellular 



132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Higher magnification imaging of H&E stained MCF-7 and MDA-MB-231 

cell-laden PeptiGelAlpha1 or collagen I sections over 14 days. Samples were sectioned 

at a thickness of 5.0 µm and stained with haematoxylin and eosin. Pink = hydrogel. Blue = 

cell nuclei. Scale bar = 50 µm. N = 2.  

Quantification of MCF-7 spheroids in PeptiGelAlpha1 and collagen I was carried out to 

determine if the area of spheroids, or number of cells per spheroid formed, differed at all 

between the materials (Figure 5.7). In PeptiGelAlpha1, the number cells per spheroid 

formed by MCF-7 cells significantly increased from day 1 (3.4 cells ± 1.0 cells) to day 14 

(19.5 cells ± 15.1 cells) (p < 0.0001; Figure 5.7A). Concordantly, the area of the spheroids 

was observed to increase significantly from day 1 (503.6 µm2 ± 291.7 µm2) to day 14 

(2919.7 µm2  ± 2492.7 µm2) (p < 0.0001; Figure 5.7B).  
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 In collagen I, a significant increase in the number of cells per spheroid was noted from 

day 1 (4.3 cells ± 1.1 cells) to day 14 (15.8 cells ± 14.6 cells) (p <  0.0001) (Figure 5.7C). 

A significant increase in spheroid area was only observed between 7 days 

(843.2 µm2  ± 657.9 µm2) and 14 days (1380.9 µm2 ± 1416.1 µm2) (p < 0.001) 

(Figure 5.7D). When comparing the number of cells per spheroid and spheroid area 

between PeptiGelAlpha1 and collagen I, it was observed that MCF-7 cells formed larger 

spheroids with a greater number of cells per spheroid in PeptiGelAlpha1 than collagen I 

after 14 days (p < 0.05; Figure 5.7E & F). 
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Figure 5.7. Quantification of H&E staining of MCF-7 cells encapsulated in 

PeptiGelAlpha1 or collagen I over 14 days. (A) Number of cells per spheroid in 

PeptiGelAlpha1 and (B) area (µm2) of MCF-7 spheroids. (C) Number of cells per spheroid 

in collagen I and (D) area (µm2) of MCF-7 spheroids. (E) Number of cells in 

PeptiGelAlpha1 vs collagen I and (F) area (µm2) of MCF-7 spheroids in PeptiGelAlpha1 

vs collagen I. Data are mean ± S.D. ImageJ was used to quantify the number of cells and 

area of spheroids formed by MCF-7 cells. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, 

**** = p < 0.0001 using one-way ANOVA and post-hoc Tukey’s test. N = 2. 
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F-actin staining of the cytoskeleton was used to further confirm how MCF-7 and 

MDA-MB-231 cells behaved in both PeptiGelAlpha1 and collagen I hydrogels 

(Figure 5.8). DAPI was used to counterstain cell nuclei; however, this was not successful 

in PeptiGelAlpha1 samples. This was possibly due to the material interfering with the 

staining. As observed with the H&E images in Figure 5.5, MCF-7 cells agglomerated to 

form spheroids in both collagen I and PeptiGelAlpha1 over the 14 days in culture. 

MDA-MB-231 cells in PeptiGelAlpha1 appeared to be rounded in general, with few 

elongated cells present. In collagen I, the cells were evidently elongated in morphology 

and appeared to have compacted by day 7 to produce a mesh. This was likely due to 

contraction of the material by the cells, as shown in Appendix 6.  
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Figure 5.8. F-actin filament staining of MCF-7 and MDA-MB-231 cells encapsulated 

in PeptiGelAlpha1 or collagen I over 14 days. Cell-laden hydrogels were fixed at desired 

time points and stained with phalloidin and DAPI to stain F-actin filaments and nuclei 

respectively. Red = F-actin, blue = DNA. Scale bar = 200 µm. N = 3.  
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5.2.4. Extracellular Matrix Deposition by MCF-7 and MDA-MB-231 Cells  

Gomori Trichome staining, which detects non-specific collagen production, and collagen I 

immunohistochemistry were used in combination to detect ECM production by MCF-7 and 

MDA-MB-231 cells in PeptiGelAlpha1 (Figure 5.9). 

In Gomori Trichome stained sections, the material was stained blue by the reagents used. 

For the MCF-7 cell line, green staining, indicative of collagen production, was observed 

around nuclei of the cells from day 1 in culture (Figure 5.9). As the cells aggregated and 

formed spheroids, the ECM could clearly be observed. With MDA-MB-231 cells, it was 

much harder to distinguish pericellular ECM from the surrounding peptide matrix, due to 

the hydrogel being counterstained. However, the loose aggregates formed at day 14 were 

observed to exhibit pericellular ECM surrounding the cells. 
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Figure 5.9. Gomori Trichome staining of MCF-7 and MDA-MB-231 cells in PeptiGelAlpha1 over 14 days. Samples were sectioned at a thickness of 

5.0 µm and stained with Gomori Trichome solution. An acellular control was included. Arrows indicate cells within the hydrogel. Dark blue = nuclei. 

Green/light blue = pericellular extracellular matrix. Scale bar = 50 µm.  N = 2.  
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Immunohistochemistry was performed (Figure 5.10) to confirm that the pericellular ECM 

produced by MCF-7 and MDA-MB-231 cells was collagen I, as expected due to the 

protein’s abundant production in cancer cells. Positive staining was detected using a DAB 

chromagen, in which brown staining appeared if the protein was present.  

After 1 day in culture, positive staining was not easily identifiable with MCF-7 cells 

(Figure 5.10). As the cells aggregated by day 7 to form spheroids, the collagen I 

deposition was more prominent, as indicated by abundant positive staining. By day 14, 

large amounts of protein were observed surrounding the cells within the spheroids, 

confirming that collagen I production was maintained. No positive staining was observed 

for MDA-MB-231 cells, on the other hand, over the 14 days in culture.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Collagen I immunostaining of MCF-7 and MDA-MB-231 cells in 

PeptiGelAlpha1 over 14 days. Samples were sectioned at a thickness of 5.0 µm and 

stained with anti-collagen I antibody. Positive staining was detected using a DAB substrate 

stain and counterstained using haematoxylin. Brown = positive staining. Blue = nuclei. 

Scale bar = 200 µm. N = 2. 

 

 

 

Day 1 Day 7 Day 14 

M
C

F
-7

 
M

D
A

-M
B

-2
3

1
 



 

140 

 

5.2.5. Cell-Material Interactions  

To explore how MCF-7 and MDA-MB-231 cells were responding to encapsulation within 

PeptiGelAlpha1, TEM imaging was used. Samples cultured for 14 days were used due to 

the MCF-7 cells forming large spheroids by this time point. Collagen I was used as a 

control material. The PeptiGelAlpha1 material appeared to be dense and fibrous, whereas 

collagen I was observed as large fibrils (Figure 5.11). MCF-7 cells were observed to 

engulf PeptiGelAlpha1 in large pockets, with cell processes wrapped around the peptide 

material. MDA-MB-231 cells did not take up the material but extended processes into the 

hydrogel, indicative of exploration and interaction by the cells. In collagen I hydrogels, 

uptake of the material was not observed with either MCF-7 or MDA-MB-231 cells. 

Instead, anchoring of the collagen fibrils to the cells was observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. TEM images of MCF-7 and MDA-MB-231 cells in PeptiGelAlpha1 or 

collagen I after 14 days. Cell-laden hydrogels were fixed and processed for TEM 

imaging. Arrows denote interaction of cells with material. Scale bar = 1 µm for 

PeptiGelAlpha1 images and 0.5 µm for collagen I images. N = 3. 
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TEM imaging of MCF-7 cells within PeptiGelAlpha1 additionally revealed the large size 

of the spheroids formed (Figure 5.12). It was also noted that enveloped material was found 

within the centre of the cells. The hydrogel appeared to be stored within vesicles, some of 

which contained a double membrane. Organelles resembling autophagosomes were located 

near to the stored material.  

 

 

 

 

 

 

 

Figure 5.12. TEM images of MCF-7 cells in PeptiGelAlpha1 after 14 days. Cell-laden 

hydrogels were fixed and processed for TEM imaging. Black arrows denote internalised 

hydrogel within the cells. White arrows indicate autophagosomes. Scale bar = 10 µm for 

left image and 2 µm for middle and right images. 

 

To investigate the internalisation of cell-laden hydrogel samples further, oscillatory 

rheology was carried out to determine if the mechanical properties were affected 

(Figure 5.13). Acellular PeptiGelAlpha1 samples incubated under standard cell culture 

conditions were used as a control. It was observed that the acellular material weakened 

over the 14-day culture duration, from 11510 Pa ± 4308 Pa after 1 day in culture, to 1912 

Pa ± 478 Pa after 14 days (p < 0.0001). When loaded with MCF-7 cells, a non-significant 

decrease was observed from day 1 to day 14 (3782 Pa ± 1358 Pa to 111 Pa ± 37 Pa; p > 

0.05). With MDA-MB-231 cells, there appeared to be no overall change in mechanical 

properties over time, from 1966 Pa ± 818 Pa after 1 day in culture to 1991 Pa ± 472 Pa 

after 14 days. Although non-significant, the decrease in mechanical properties observed in 

MCF-7 cell-laden samples is supported by the TEM images (Figure 5.12) where large 

portions of material were engulfed by the cells.  
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Figure 5.13. Mechanical properties of acellular PeptiGelAlpha1 and MCF-7 and 

MDA-MB-231 cell-laden PeptiGelAlpha1 over 14 days in culture. Acellular and 

cell-laden hydrogel samples were incubated under standard cell culture conditions (regular 

media changes, 37 °C, 20 % (v/v) O2, 5 % (v/v) CO2) for up to 14 days. At desired 

time points, samples were exposed to frequency sweeps of 0.01–10 Hz at 0.2 % strain 

using an oscillatory shear rheometer. Gap size = 500 µm. Temperature = 37 °C. Data are 

mean ± S.D. ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 using two-way ANOVA. 

N = 2 for MCF-7 samples, N = 1 for MDA-MB-231 samples.  

 

To observe whether MCF-7 cancer cells were producing enzymes to degrade the material, 

an MMP-2 ELISA was carried out on supernatant collected from MCF-7 cell-laden 

PeptiGelAlpha1 samples. MMP-2 is a prominent enzyme in ECM dynamics and is well 

known for its role in tumour progression and metastasis, due to degradation of the 

surrounding tissue enabling invasion [308]. Production of MMP-2 appeared to 

significantly increase after 7 days, from 19.7 ng/mL ± 14.7 ng/mL at day 1 to 43.8 ng/mL 

± 10.8 ng/mL (p < 0.05) (Figure 5.14). By day 14, the concentration of MMP-2 had 

decreased to 29.1 ng/mL ± 13.9 ng/mL.   
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Figure 5.14. MMP-2 production by MCF-7 cells cultured in PeptiGelAlpha1 over 14 

days. Cell culture supernatant samples collected from samples at each time point and 

MMP-2 concentration was measured using an ELISA assay. Acellular hydrogel was used 

as a blank and removed from all samples. A human MMP-2 standard curve was used to 

determine MMP-2 concentrations of samples. Data are mean ± S.D. * = p < 0.05 using 

one-way ANOVA and post-hoc Tukey’s test. N = 2. 

 

5.2.6. Hypoxia Development  

The generation of hypoxia within the centre of solid tumours is a result of the mass 

outgrowing the oxygen diffusion limit, causing an oxygen gradient from the centre to the 

tumour periphery [309]. Hypoxia triggers the cascade of events resulting in blood vessels 

to form within the tumour as a method of providing nutrients and oxygen to the growing 

tumour.  

A fluorescent probe was used to detect hypoxic cells within PeptiGelAlpha1. The dye will 

only fluoresce in < 5 % (v/v) O2. To establish that the assay was working correctly, MCF-7 

cells encapsulated in PeptiGelAlpha1 were exposed to physiologically induced hypoxia 

(4 % (v/v) O2) or chemically induced hypoxia (treatment with 150 µM cobalt chloride) 

(Figure 5.15). Acellular hydrogel was used in both conditions as a control to show that the 

material was not interfering with the assay. Treatment with cobalt chloride was unable to 

generate hypoxia within MCF-7 cells, confirming that this method of hypoxia induction 

was not suitable for this assay (Figure 5.15A & B). On the other hand, when exposed to 

physiologically induced hypoxia, red fluorescence was observed within the cells, indicative 

of hypoxia development (Figure 5.15C). From the material only control, no fluorescence 
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was observed, indicating that the material did not produce any background fluorescence 

(Figure 5.15D).  

 

 

 

 

 

 

 

 

 

Figure 5.15. Optimisation of the Image-iT Red Hypoxia staining procedure using 

chemically induced hypoxia and physiologically induced hypoxia (<  5 % (v/v) O2).  

(A) PeptiGelAlpha1 and MCF-7 cells treated with 150 µM cobalt chloride. (B) 

PeptiGelAlpha1 treated with 150 µM cobalt chloride. (C) PeptiGelAlpha1 and MCF-7 

cells exposed to 4 % (v/v) O2. (D) PeptiGelAlpha1 exposed to 4 % (v/v) O2. For 

chemically induced hypoxia, MCF-7 cells were exposed to 150 µM cobalt chloride for 

48 hours. For physiologically induced hypoxia, MCF-7 cells incubated under hypoxic 

conditions (37 °C, 4 % (v/v) O2) for 48 hours. Samples were stained with 10 µM Image-iT 

Red Hypoxia Reagent and incubated for 1 hour at 37 °C. Samples were imaged using an 

inverted confocal microscope using wavelengths of 488 nm and 631 nm. Red = hypoxic 

cells. N = 2. 

 

The assay was then used to observe if MCF-7 and MDA-MB-231 cells were becoming 

hypoxic when encapsulated within PeptiGelAlpha1 over time under standard cell culture 

conditions (Figure 5.16A). The images presented are the whole cell-laden hydrogel 

samples. After 1 day in culture, very few hypoxic cells were observed in both cell lines. 

The hypoxic cells that were present were located towards the periphery of the hydrogel. By 

day 7, more hypoxic MCF-7 cells were found towards the centre of the hydrogel and by 

day 14 there was a stark increase in the number of fluorescent cells, particularly within the 

spheroids formed. With MDA-MB-231 cells, more hypoxic cells were observed by day 14 

but these were dispersed throughout the hydrogel. Quantification of hypoxic cells revealed 

that there was a significant increase in the number of hypoxic cells in both cell lines from 

day 1 to day 14 (p < 0.0001) (Figure 5.17B). For the MCF-7 cell line, there was a 
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significant increase in hypoxic percentage area from day 1 to day 14 (p < 0.0001) 

(Figure 5.16C). This was due to the formation of spheroids by this cell line. Overall, there 

was no increase in hypoxic percentage area in MDA-MB-231 cells, due to the cells 

remaining dispersed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. Hypoxia detection and staining of MCF-7 and MDA-MB-231 cells in 

PeptiGelAlpha1 over 14 days. (A) Fluorescence imaging of cell-laden hydrogel samples. 

Samples were stained with 10 µM Image-iT Red Hypoxia Reagent and incubated for 

1 hour at 37 °C. Red = hypoxic cells. Scale bar = 500 µm. (B) Number of hypoxic cells in 

MCF-7/MDA-MB-231 cell-laden samples. ImageJ was used to quantify the number of 

hypoxic cells present in fluorescence images. (C) Percentage area of hypoxia in 

MCF-7/MDA-MB-231 cell-laden samples. ImageJ was used to quantify the percentage 

area of sample containing hypoxic cells. Data are mean ± S.D. * = p < 0.05, 

*** = p < 0.001, **** = p < 0.0001 using two-way ANOVA and post-hoc Tukey’s test. 

N = 3. 
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To further confirm that MCF-7 and MDA-MB-231 cells were becoming hypoxic within 

PeptiGelAlpha1, HIF1α immunostaining was carried out on paraffin embedded sections. 

Positive staining was detected using a DAB chromagen, in which brown staining appeared 

if the protein was present. Under normoxic conditions, HIF1α is inactivated by 

proteasomes and is located in the cell cytoplasm [97]. When the environment becomes 

hypoxic, the protein remains intact and translocates to the nucleus. Positive nuclear 

staining would thus indicate that the cells have become hypoxic. A cell pellet control for 

both cell lines revealed that cytoplasmic staining was mostly observed (Appendix 4).  

For MCF-7 cell-laden PeptiGelAlpha1 samples, positive staining was observed within both 

the nucleus and the cytoplasm from 1 day in culture (Figure 5.17). As the cells aggregated, 

positive staining was abundant within the spheroids. In MDA-MB-231 cells, nuclear 

staining was observed after 7 days of culture, but in general, few cells presented positive 

staining.  

 

 

 

 

 

 

 

 

 

 

Figure 5.17. Immunohistochemical staining of HIF1α in MCF-7 and MDA-MB-231 

cells in PeptiGelAlpha1 over 14 days. Samples were sectioned at a thickness of 5.0 µm 

and stained for HIF1α. Positive staining was detected using a DAB substrate stain and 

counterstained using haematoxylin. Brown = positive staining. Blue = nuclei. 

Scale bar = 200 µm. N = 2. 
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5.2.7. Epithelial to Mesenchymal Transition  

To determine if expression of EMT related markers was affected by culture within 

PeptiGelAlpha1, immunohistochemistry of epithelial markers cytokeratin and E-cadherin, 

and mesenchymal markers N-cadherin and vimentin, was performed on sections of MCF-7 

and MDA-MB-231 cell-laden PeptiGelAlpha1 samples. Positive staining was detected 

using a DAB chromagen, in which brown staining appeared if the protein was present. The 

surrounding hydrogel was weakly stained brown; however, negative controls (in which the 

primary antibody was omitted) showed that this was due to the DAB staining the hydrogel 

(Appendix 2). Cell pellet controls confirmed that positive staining was observed for 

MCF-7 cells for the E-cadherin, cytokeratin and vimentin markers but not for N-cadherin 

(Appendix 4). Positive staining was observed for MDA-MB-231 cells for cytokeratin and 

vimentin, but not for E-cadherin or N-cadherin (Appendix 4).  

For PeptiGelAlpha1 samples, positive staining for E-cadherin was observed surrounding 

MCF-7 cells from 1 day of culture, indicative of cell-cell contacts (Figure 5.18). Strong 

positive staining was also observed for cytokeratin surrounding the cells at all time points. 

By day 14, when the cells had aggregated to form clusters, the staining was particularly 

strong on the periphery of the spheroids. For expression of mesenchymal markers, positive 

staining for vimentin was observed within the cell nuclei after 1 day in culture and 

throughout the 14-day culture period. For N-cadherin, no positive staining was observed 

after 1 day in culture. Weak staining was observed after 7 and 14 days in culture within the 

cytoplasm of the cell spheroids. Although it cannot be concluded from these data alone if 

EMT was occurring in MCF-7 cells within PeptiGelAlpha1, the native phenotype of the 

cell line was retained within the hydrogel. 
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Figure 5.18. Immunohistochemical staining of EMT markers in MCF-7 cells cultured 

in PeptiGelAlpha1 over 14 days. Samples were sectioned at a thickness of 5.0 µm and 

stained for epithelial markers (E-cadherin and cytokeratin) and mesenchymal markers 

(vimentin and N-cadherin). Positive staining was detected using a DAB substrate stain and 

counterstained using haematoxylin. Brown = positive staining. Blue = nuclei. 

Scale bar = 200 µm. N = 2. 

 

No positive staining was observed for E-cadherin in MDA-MB-231 cells throughout the 

14-day culture period in PeptiGelAlpha1 (Figure 5.19). Positive staining, however, was 

observed for cytokeratin after 1 day in culture surrounding the cells and throughout the 

14-day culture period. In regards to mesenchymal markers, strong positive staining was 

observed for vimentin at all three time points intracellularly. On the other hand, no positive 

staining was observed for N-cadherin at any time point within PeptiGelAlpha1. As 

observed with the MCF-7 cell line, it cannot be determined if EMT was occurring in 

MDA-MB-231 cells in PeptiGelAlpha1, although the native phenotype was retained.  
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Figure 5.19. Immunohistochemical staining of EMT markers in MDA-MB-231 cells 

cultured in PeptiGelAlpha1 over 14 days. Samples were sectioned at a thickness of 

5.0 µm and stained for epithelial markers (E-cadherin and cytokeratin) and mesenchymal 

markers (vimentin and N-cadherin). Positive staining was detected using a DAB substrate 

stain and counterstained using haematoxylin. Brown = positive staining. Blue = nuclei. 

Scale bar = 200 µm. N = 2. 
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5.2.8. Invasive Potential of MCF-7 & MDA-MB-231 Cells in PeptiGelAlpha1  

To model the events underpinning invasion of surrounding tissues more closely, MCF-7 

and MDA-MB-231 cell-laden PeptiGelAlpha1 samples were embedded in either collagen I 

or Matrigel and imaged over time. A schematic of the protocol used is depicted in 

Figure 5.20. Cells were imaged over a 21-day culture period. 

 

 

 

 

 

Figure 5.20. Schematic of steps used for the embedded invasion assay. Cells were 

pre-stained with the PKH26 Red Fluorescent Cell Linker Kit prior to encapsulation in 

PeptiGelAlpha1 in cell culture inserts. After 2 days in culture, cell-laden samples were 

removed from the inserts and placed in wells of a 24 well plate. The hydrogel was 

surrounded by collagen I or Matrigel. Live cell imaging was used to observe invasion. 

Created with BioRender.com. 

 

MDA-MB-231 cells are a metastatic cell line and it was hypothesised that these cells 

would be more likely to invade collagen I or Matrigel compared with the MCF-7 cells. At 

day 0, MCF-7 and MDA-MB-231 cells were clearly within the PeptiGelAlpha1 material 

(Figure 5.21). After 7 days, small clusters of MCF-7 cells appeared to be budding and 

breaking away from the PeptiGelAlpha1 material into both collagen I and Matrigel. 

MDA-MB-231 cells remained within PeptiGelAlpha1. After 14 days, small colonies of 

MCF-7 cells separate from the PeptiGelAlpha1 construct were observed in Matrigel, with 

smaller clusters of cells observed in collagen I. MDA-MB-231 cells began to invade the 

collagen I matrix, but not Matrigel by this time point. By day 21, the Matrigel began to 

degrade so this was the final time point. MCF-7 cells were observed to form collective 

protrusions from the peptide hydrogel into Matrigel and collagen I, suggesting that the 

cells were actively breaking down the SAPH and invading the surrounding material. 

Surprisingly, this was not observed with MDA-MB-231 cells. 

 

 

 

PeptiGelAlpha1  

+ cells 

Matrigel/Collagen I 



 

151 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21. Invasion of MCF-7 and MDA-MB-231 cells from PeptiGelAlpha1 into 

collagen I or Matrigel over 21 days.  Cells were pre-stained with the PKH26 Red 

Fluorescent Cell Linker Kit and cultured in PeptiGelAlpha1 for 2 days. Cell-laden samples 

were embedded in collagen I or Matrigel. Samples were imaged at each time point using an 

inverted confocal microscope. Solid arrows indicate cell invasion. Dashed arrows indicate 

expanded sections. Red = cell membrane. Scale bar = 500 µm. N = 1. 
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Quantification of the images presented in Figure 5.21 revealed that there was a significant 

increase in the number of invading MCF-7 cells into collagen I after 14 and 21 days,  

compared with 1 day (104.7 cells ± 15.1 cells vs 2156.5 cells ± 1077.5 cells and 

2058.5 cells ± 297.5 cells respectively; p < 0.0001) (Figure 5.22). A plateau was reached 

for invading MCF-7 cells by day 14 into collagen I. A significant increase in the number of 

invading MCF-7 cells into Matrigel was also observed after 14 and 21 days, increasing 

from 28.7 cells ± 51.0 cells to 743.3 cells ± 147.4 cells (p < 0.05) and 1060 ± 297 cells 

(p < 0.01) respectively. For MDA-MB-231 cells, a significant increase was observed 

between 1 and 21 days in collagen I (84.5 cells ± 28.8 cells to 795.5 cells ± 247.7 cells; 

p < 0.05) Whereas in Matrigel, no significant difference was observed in the number of 

invading cells over the 21-day culture period. These data suggested that both MCF-7 and 

MDA-MB-231 cells were more likely to invade collagen I from PeptiGelAlpha1 than 

Matrigel, and that the MCF-7 cells were more invasive than MDA-MB-231 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22. Number of invading MCF-7 and MDA-MB-231 cells from 

PeptiGelAlpha1 into collagen I or Matrigel over 21 days.  ImageJ was used to quantify 

the number of invading cells in the surrounding matrix at each time point. Data were 

normalised to day 0. * = p < 0.05, ** = p < 0.01, **** = p < 0.0001, using two-way 

ANOVA and post-hoc Tukey’s test. Data are mean ± S.D.  
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5.2.9. Cell Response to Anti-Cancer Drugs in PeptiGelAlpha1 

To assess if PeptiGelAlpha1 could hinder the efficacy of anti-cancer drugs, MCF-7 and 

MDA-MB-231 cells were encapsulated in PeptiGelAlpha1 and exposed to tamoxifen or 

doxorubicin treatment. MCF-7 and MDA-MB-231 cells were cultured within 

PeptiGelAlpha1 at a density of 1x106 cells/mL and as a monolayer culture in 24 well plates 

at a density of 1x105 cells/mL. After 1 day in culture, samples were exposed to 100 µM or 

500 µM tamoxifen or 100 µM doxorubicin. 1 % DMSO was used as a vehicle control for 

TCP samples and no treatment controls were included. Samples were collected after 24 and 

48 hours of exposure and processed for PicoGreen analysis (Figure 5.23).  

There was no significant difference between untreated TCP samples and cells treated with     

1 % DMSO for both MCF-7 and MDA-MB-231 cells after 24 and 48 hours, showing that 

the DMSO vehicle did not contribute towards the cytotoxic effects of tamoxifen and 

doxorubicin (Figure 5.23A & B). For MCF-7 cells cultured on TCP, treatment with 

100 µM tamoxifen resulted in decreased viability after 48 hours 

(2.26 ng/mL ± 3.59 ng/mL) compared with 24 hours exposure (14.05 ng/mL ± 1.00 ng/mL; 

p < 0.001) and no treatment after 48 hours (20.73 ng/mL ± 3.58 ng/mL; p < 0.0001) 

(Figure 5.23A). Treatment with 500 µM tamoxifen resulted in reduced cell viability 

compared with untreated cells after 48 hours (6.84 ng/mL ± 1.58 ng/mL), but this was 

higher than that of 100 µM tamoxifen. Treatment of MCF-7 cells on TCP with 100 µM 

doxorubicin resulted in significantly reduced viability after 24 hours 

(4.18 ng/mL ± 2.48 ng/mL; p < 0.0001) and 48 hours (2.82 ng/mL ± 0.69 ng/mL; 

p < 0.0001) compared with untreated cells (Figure 5.23C). Little difference was observed 

with MDA-MB-231 cells treated with 100 µM tamoxifen after 24 hours 

(11.66 ng/mL ± 3.59 ng/mL) and 48 hours (12.39 ng/mL ± 2.05 ng/mL) (Figure 5.23B). 

Both 24 and 48 hours exposure were significantly lower than that of untreated cells 

(p < 0.001). Treatment with 500 µM tamoxifen after 48 hours resulted in a significantly 

lower DNA concentration (0.52 ng/mL ± 1.68 ng/mL) than that of 100 µM tamoxifen. 

Doxorubicin treatment of MDA-MB-231 cells resulted in significantly decreased DNA 

concentration compared with untreated cells after both 24 hours and 48 hours exposure, 

when cultured on TCP (p < 0.0001) (Figure 5.23D).  

Within PeptiGelAlpha1, a significant increase in DNA concentration was observed in 

untreated MCF-7 cells between 24 and 48 hours (55.2 ng/mL ± 1.93 ng/mL vs 

274.2 ng/mL ± 16.6 ng/mL; p < 0.0001) (Figure 5.23E). A significant increase in viability 

was also observed in 100 µM and 500 µM tamoxifen treated MCF-7 cells between 24 and 
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48 hours, although 48 hours exposure to both treatments was still significantly lower than 

untreated cells at 48 hours. Treatment with 100 µM doxorubicin resulted in a greatly 

reduced DNA concentration after 48 hours of treatment. After 24 hours, there was no 

significant difference between any of the conditions used. A similar trend was observed 

with MDA-MB-231 cells (Figure 5.23F).  
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Figure 5.23. Efficacy of anti-cancer drugs tamoxifen and doxorubicin on MCF-7 and 

MDA-MB-231 cells. (A) MCF-7 cells cultured on TCP treated with 100–500 µM 

tamoxifen. (B) MDA-MB-231 cells cultured on TCP treated with 100–500 µM tamoxifen. 

(C) MCF-7 cells cultured on TCP treated with 100 µM doxorubicin. (D) MDA-MB-231 

cells cultured on TCP treated with 100 µM doxorubicin. (E) MCF-7 cells cultured within 

PeptiGelAlpha1 treated with 100–500 µM tamoxifen and 100 µM doxorubicin. (F) MDA-

MB-231 cells cultured within PeptiGelAlpha1 treated with 100–500 µM tamoxifen and 

100 µM doxorubicin. 1x105 cells/mL was used for TCP and 1x106 cells/mL was used for 

PeptiGelAlpha1. PicoGreen analysis was performed and fluorescence values were 

converted to DNA concentration using a DNA concentration standard curve. * = p < 0.05, 

** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 using two-way ANOVA and post-hoc 

Tukey’s test. Data are mean ± S.D. N = 1.  
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The efficacy of tamoxifen and doxorubicin on MCF-7 and MDA-MB-231 cells on TCP 

and within PeptiGelAlpha1 was directly compared (Figure 5.24). As different cell-seeding 

densities were used, data were interpreted as percentage of viable cells compared with the 

no treatment control. For MCF-7 cells, 3D culture in PeptiGelAlpha1 offered no protection 

against doxorubicin treatment compared with TCP, as a similar percentage of viable cells 

were observed for both time points (p > 0.05) (Figure 5.24A). In regards to tamoxifen 

treatment, there was a significantly higher percentage of viable cells cultured in 

PeptiGelAlpha1 after 48 hours compared with TCP for 100 µM (p < 0.05). A higher 

percentage of viable cells was observed after 48 hours for 500 µM tamoxifen but this was 

not significant (p > 0.05) (Figure 5.24A).  For MDA-MB-231 cells, as observed with 

MCF-7 cells, there was no difference observed in percentage viability in cells treated with 

doxorubicin between 2D and 3D culture (p > 0.05) (Figure 5.24B). There was a 

significantly higher percentage of viable cells in 3D culture after 24 hours when treated 

with 100 µM tamoxifen (p < 0.0001). After 48 hours, there was a small, but non-significant 

increase with cells in 3D culture (p > 0.05). For 500 µM tamoxifen, a significantly higher 

percentage of cells was observed in PeptiGelAlpha1 after both 24 and 48 hours 

(p < 0.0001) (Figure 5.24B). These data suggest that 3D culture in PeptiGelAlpha1 

prevented uptake of tamoxifen, resulting in reduced efficacy.   
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Figure 5.24. Percentage viability of MCF-7 and MDA-MB-231 cells exposed to 

tamoxifen and doxorubicin treatment comparing 2D monolayer and 3D 

PeptiGelAlpha1 culture. (A) MCF-7 cells. (B) MDA-MB-231 cells. MCF-7 and 

MDA-MB-231 cells were cultured on TCP (1x105 cells/mL) or within PeptiGelAlpha1 

(1x106 cells/mL). After 1 day in culture, samples were exposed to 100–500 µM tamoxifen, 

100 µM doxorubicin, or cell culture media. A no treatment control was included for TCP 

and PeptiGelAlpha1 and a 1 % DMSO vehicle control was included for TCP samples. 

Samples were collected after 24 hours and 48 hours of exposure. PicoGreen analysis was 

performed and raw fluorescence values were converted to DNA concentration using a 

standard curve of known DNA concentrations. Data were then converted to percentage 

viability compared with the no treatment control. * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001, **** = p < 0.0001 using two-way ANOVA and post-hoc Tukey’s test. 

Data are mean ± S.D. N = 1. 

 

Cell morphology after exposure to tamoxifen and doxorubicin treatment was assessed by 

pre-staining the cells with the PKH26 Cell Linker Membrane Kit and imaging the cells at 

the designated time points. On TCP, MCF-7 cells without treatment exhibited an 

epithelioid morphology and were observed to aggregate into clusters (Figure 5.25A). The 

1 % DMSO control showed no difference in cell morphology. When tamoxifen treatment 

was applied, cell morphology was rounded and cell density appeared sparser with 500 µM 

tamoxifen. With 100 µM doxorubicin treatment, cells appeared rounded and reduced in 

density. In PeptiGelAlpha1, untreated MCF-7 cells aggregated to form clusters and were 

rounded in morphology (Figure 5.25B). Treatment with tamoxifen or doxorubicin did not 

affect cell organisation or morphology, as there was no difference compared with the 

untreated control. No difference was observed for any condition between the two time 

points. 
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For the MDA-MB-231 cell line, untreated cells on TCP appeared elongated with a 

spindle-like morphology (Figure 5.26A). This was also observed with the 1 % DMSO 

control. When 100 µM and 500 µM tamoxifen was applied, cell morphology and density 

did not appear to have changed after 24 hours exposure. After 48 hours exposure, cell 

morphology appeared rounded with fewer cells present. Cells appeared rounded after 

exposure to 100 µM doxorubicin after both 24 and 48 hours of exposure. Within 

PeptiGelAlpha1, untreated cells were mostly rounded and appeared dispersed throughout 

the hydrogel (Figure 5.26B). Exposure to tamoxifen and doxorubicin treatment appeared 

to have no effect on cell morphology or density after 24 and 48 hours of exposure, when 

encapsulated within PeptiGelAlpha1.  
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Figure 5.25. Fluorescence imaging of MCF-7 cells exposed to tamoxifen and doxorubicin treatment after 24 and 48 hours.  (A) Cells cultured on TCP 

(1x105 cells/mL). (B) Cells cultured within PeptiGelAlpha1 (1x106 cells/mL). Pink = cell membrane. N = 1. 
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Figure 5.26. Fluorescence imaging of MDA-MB-231 cells exposed to tamoxifen and doxorubicin treatment after 24 and 48 hours.  (A) Cells cultured 

on TCP (1x105 cells/mL). (B) Cells cultured within PeptiGelAlpha1 (1x106 cells/mL). Pink = cell membrane. N = 1.  
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To further investigate the efficacy of tamoxifen and doxorubicin on MCF-7 and 

MDA-MB-231 cells cultured within PeptiGelAlpha1, dose-response curves were generated 

by exposing cells to increasing concentrations of either drug (Figure 5.27). Cells were 

cultured in PeptiGelAlpha1 or on TCP for 24 hours, prior to exposure of 0.001–500 µM 

tamoxifen or doxorubicin. Samples were collected after 48 hours and processed for 

PicoGreen analysis. To produce sigmoidal curves, the Y values were normalised using 

GraphPad software. This resulted in inflation of several of the error bars, which is not 

reflective of the data obtained. Data without normalisation are presented in Appendix 7.  

In both 2D and 3D culture, MDA-MB-231 cells exhibited a sigmoidal response to 

increasing concentrations when exposed to doxorubicin, highlighted by little change in 

viability at lower concentrations before decreasing and plateauing at the highest 

concentrations (Figure 5.27A). The curve for MDA-MB-231 cells cultured in 

PeptiGelAlpha1 was shifted to the right, revealing that higher drug concentrations were 

needed to reduce cell viability. It was also noted that the threshold dose for cells cultured 

in 2D was much lower than that of 3D culture. When treating MDA-MB-231 cells with 

tamoxifen, a sigmoidal curve was observed for both 2D and 3D cultured cells 

(Figure 5.27B). The top plateau region for both datasets was similar, although the curve 

for 3D cultured cells was shifted slightly to the right. MCF-7 cells treated with doxorubicin 

exhibited no difference in response when comparing 2D and 3D cultured cells, although 

the curves appeared to be broader with the absence of a steep slope (Figure 5.27C). When 

MCF-7 cells were treated with tamoxifen, a sigmoidal response was observed for 2D 

cultured cells (Figure 5.27D). However, for 3D cultured cells, a classic sigmoidal 

dose-response curve was not observed. 
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Figure 5.27. Dose-response curves for MCF-7 and MDA-MB-231 cells in 2D and 3D 

in PeptiGelAlpha1. (A) MDA-MB-231 cells treated with 0.001–500 µM doxorubicin. 

(B) MDA-MB-231 cells treated with 0.001–500 µM tamoxifen. (C) MCF-7 cells treated 

with 0.001–500 µM doxorubicin. (D) MCF-7 cells treated with 0.001–500 µM tamoxifen. 

Data are mean ± S.D. Data are normalised. N = 1.  

 

The dose-response curves presented in Figure 5.27 were used to calculate the potency of 

tamoxifen and doxorubicin for both cell lines, known as the IC50 values (Table 5.1). For 

doxorubicin treatment, no significant difference was observed between the 2D and 3D 

cultures, for both MCF-7 and MDA-MB-231 cells (Figure 5.28A). For tamoxifen 

treatment, no significant difference was observed for MCF-7 cells. However, for 

MDA-MB-231 cells, a 5-fold increase in concentration was needed to inhibit cell viability 

by 50 % in 3D cultured cells, from 16.7 µM ± 5.0 µM to 87.5 µM ± 1.05 µM. This 

difference was deemed to be statistically significant (p < 0.01) (Figure 5.28B).  
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Table 5.1. IC50 values for MCF-7 and MDA-MB-231 cells cultured in 2D and 3D in 

PeptiGelAlpha1. Data are mean ± S.E.M. 

 

 

 

 

 

 

 

 

 

 

Figure 5.28. IC50 values for MCF-7 and MDA-MB-231 cells cultured in 2D and 3D in 

PeptiGelAlpha1. (A) Doxorubicin. (B) Tamoxifen. Data are mean ± S.E.M. ** = p < 0.01 

using two-way ANOVA and post-hoc Sidak’s test. N = 1. 

 

 

 

 

 

 

 

 

 

 

Doxorubicin     

 MCF-7  MDA-MB-231  

 2D 3D 2D 3D 

IC50 (µM) 0.1 ± 0.08 0.06 ± 0.06 0.06 ± 0.02 1.9 ± 14.5 

Tamoxifen     

 MCF-7  MDA-MB-231  

 2D 3D 2D 3D 

         IC50 (µM) 3.7 ± 2.1 5.4 ± 9.5 16.7 ± 5.0 87.5 ± 1.05 
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5.3. Discussion 

 

5.3.1. Viability and Proliferation of MCF-7 & MDA-MB-231 Cells within 

PeptiGelAlpha1 

MCF-7 and MDA-MB-231 cells were observed to be viable and proliferating within 

PeptiGelAlpha1 for up to 14 days in culture, suggesting that this SAPH can support the 

long-term culture and growth of two breast cancer cell lines. LIVE/DEAD staining was 

used as a qualitative assay (Figure 5.1), but quantitative analysis could not be carried out 

due to cell aggregation. Therefore, PicoGreen analysis was used as a quantitative measure 

of cell growth (Figure 5.3). Other quantitative assays are available, such as quantifying 

metabolic activity with AlamarBlue [310], measuring adenosine triphosphate (ATP) 

activity with CellTiterGlo [311] and the lactate dehydrogenase (LDH) activity assay, 

measuring cytotoxicity [312]. Whilst the aforementioned assays provide direct and indirect 

measures of cell viability, they rely on adding the reagent directly to the cell culture media. 

For cells cultured on TCP, this is a rapid and simple method of assessing cell viability. 

However, with 3D samples, and in particular hydrogel samples, the issue lies in diffusion 

of the analyte into the cell culture media. This can result in an underestimation of cell 

viability. 

To avoid this, PicoGreen was used as this relies on sacrificing and destroying the samples 

in order to quantify DNA content. PicoGreen analysis was achieved by digesting the 

peptide fibres with incubation of the enzyme pronase, which has been previously optimised 

for DNA recovery with peptide hydrogels [276]. Although the charge of the SAPH had 

been shown to interfere with DNA recovery, PeptiGelAlpha1 is neutrally charged, and as 

such, PicoGreen analysis could be used [276]. When comparing DNA recovery from cells 

encapsulated in PeptiGelAlpha1 and dPBS, this study showed that the material did not 

interfere with PicoGreen analysis (Figure 5.2). Optimisation of DNA recovery from 

SAPHs has previously been achieved using homogenisation to ensure complete cell lysis 

[276]. There was no access to a homogeniser in this study and as such, vortexing and 

freeze-thaw cycles were used to enable cell lysis, as used elsewhere for PicoGreen analysis 

of SAPH samples [313]. Ki67 immunohistochemical staining was used to supplement 

these data (Figure 5.4).  

Naturally derived hydrogels such as hyaluronic acid [16], alginate [314] and collagen I 

[315] have been shown to support the viability of MCF-7 cells for up to 9 days. In regards 

to SAPH systems, previous studies have shown that this platform is suitable for MCF-7 
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culture; the SAPH h9e was found to support MCF-7 cells for up to 7 days in culture [27], 

and β-sheet forming FEFEFKFK also maintained the viability of MCF-7 cells for up to 

7 days [29]. In regards to longer culture periods, one study using hydrogels formed from 

cellulose nanocrystals cultured MCF-7 days for up to 15 days [316]. The data presented 

herein showed that PeptiGelAlpha1 could be a suitable candidate for the long-term growth 

of MCF-7 cells. 

In regards to the MDA-MB-231 cells, the LIVE/DEAD staining and PicoGreen data 

showed that the cells were viable for up to 7 days (Figure 5.1 & 5.3). However, a large 

drop in DNA concentration from day 7 to day 14 was observed with the PicoGreen data 

(Figure 5.3). One study investigating MDA-MB-231 cells in Matrigel, collagen I and 

RADA16 showed that the cells became growth-arrested in RADA16 by day 5, observed by 

a decrease in proliferation and a plateau in cell number [28]. Other studies using 

MDA-MB-231 cells in hydrogel systems have used culture periods of predominantly up to 

10 days [169,280,317]. It is possible that the decline in DNA concentration observed in 

this current study was due to cells migrating through the hydrogel towards the polyester 

membrane of the cell culture insert, resulting in a reduced number of cells in the hydrogel. 

Staining of the membrane was not carried out, but cell density did appear reduced in 

histological images (Figure 5.5), supporting this hypothesis.  

Ki67 is typically used as a marker of cell proliferation and is actively expressed when cells 

are in the active stages of the cell cycle (G(1), S, G(2) and mitosis), and is absent when 

cells are in the rest phase G(0) [318]. Clinically, Ki67 is also a commonly used diagnostic 

marker in tumour detection, as it is commonly associated with tumour cell proliferation 

and growth [319]. The Ki67 proliferation index is used to indicate how rapidly a tumour is 

dividing, with a higher number of Ki67 positive cells indicative of a more aggressive 

tumour [320]. The data presented herein showed that MCF-7 and MDA-MB-231 cells 

were stained positive for Ki67 throughout the 14-day culture period (Figure 5.4). This 

showed that both cell lines were actively undergoing cell division within the hydrogel. 

Moreover, > 80 % of MCF-7 cells stained positive for Ki67 after 1 and 7 days in culture, 

but only 64.9 % ± 11.4 % of cells were Ki67 positive after 14 days. This drop in 

proliferative activity could be attributed to the large size of the MCF-7 spheroids formed 

by day 14; the growth may have plateaued resulting in growth-arrest and therefore some of 

the cells stopped proliferating. Cell senescence staining would be useful to determine if 

growth-arrest occurs within the cell spheroids. The MDA-MB-231 cell line stained highly 
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for Ki67 across the culture period; the percentage of Ki67 positive cells was much more 

consistent across the time points as these cells tended not to aggregate.  

Previous studies have shown that cell pellets of 90 % and 100 % of MCF-7 and 

MDA-MB-231 cells respectively stained positively for Ki67 [321]. Positive staining for 

Ki67 was detected in MCF-7 spheroids encapsulated in h9e peptide hydrogel, although no 

quantification was carried out [27]. The Ki67 proliferation index of MCF-7 cells cultured 

on top of Matrigel for 4 days was measured to be 56.7 %, whereas 49.5 % of 

MDA-MB-231 cells were Ki67 positive [322]. A small proportion of MCF-7 cells 

encapsulated in bioprinted alginate-gelatin hydrogels were Ki67 positive over a 10-day 

period (< 20 %), whereas by day 10, ~ 40 % of MDA-MB-231 cells were Ki67 positive 

[323]. The authors of this study proposed that these Ki67 indexes were similar to that of 

native breast cancer tissue (10–30 %) [324], although other studies have shown that the 

Ki67 index of native breast cancer tissue samples can vary from 23.9 % to 50.9 %, 

dependent upon the stage of breast cancer [325]. The data provided herein showed that 

PeptiGelAlpha1 could support the proliferation of MCF-7 and MDA-MB-231 cells, and 

the Ki67 indexes were reduced compared with 2D culture [326], showing that 3D culture 

in SAPHs is much more physiologically relevant.  

 

5.3.2. Organisation of MCF-7 & MDA-MB-231 Cells within PeptiGelAlpha1 

H&E staining and phalloidin staining of F-actin filaments showed that both cell lines 

behaved very differently within PeptiGelAlpha1; MCF-7 cells tended to aggregate and 

form large spheroids, whereas MDA-MB-231 cells remained dispersed, with loose clusters 

formed by day 14 (Figure 5.5). In collagen I, MCF-7 cells also formed large spheroids and 

MDA-MB-231 cells remained dispersed throughout the hydrogel, showing that both cell 

lines exhibited similar behavioural profiles in both collagen I and PeptiGelAlpha1 

(Figure 5.5). This shows that a synthetic platform can provoke similar cell behaviour to 

that of a naturally derived hydrogel.  

Quantification of MCF-7 spheroids revealed that after 14 days, MCF-7 cells tended to form 

larger spheroids with a greater number of cells in PeptiGelAlpha1 than collagen I 

(Figure 5.7). This correlates with the high proliferative activity discussed in section 5.3.1. 

This also shows that PeptiGelAlpha1 can support the long-term formation of MCF-7 

spheroids, and that a synthetic platform can support a similar cell organisational profile to 

that of a naturally derived hydrogel. Spheroids formed by MCF-7 cells have been observed 
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in other SAPH systems [29,242]; the data in this study therefore support findings in the 

literature regarding MCF-7 cell behaviour in SAPHs.  

Regarding MDA-MB-231 cells, their morphology has been shown to be particularly 

sensitive to the substrate or material in which the cells are cultured [28]. When cultured in 

PEG-fibrinogen hydrogels, MDA-MB-231 cells become elongated and stretched, whereas 

when 2 % PEG diacrylate was added, the cells were rounded in shape [327]. Moreover, 

F-actin staining of MDA-MB-231 cells showed a rounded morphology in 100 % alginate 

hydrogels, but elongation occurred when Matrigel was added [169]. The H&E staining and 

phalloidin staining of F-actin presented in these data showed that MDA-MB-231 cells were 

rounded in PeptiGelAlpha1, with a mixture of rounded and elongated morphologies within 

collagen I (Figure 5.5 & Figure 5.8). The rounded morphology exhibited in 

PeptiGelAlpha1 is possibly due to the lack of cell binding ligands and cues available. 

Therefore, the cells have nothing to attach to and thus cannot reorganise their cytoskeleton 

accordingly. MCF-7 cells, on the other hand, typically show a rounded morphology, as 

shown with this study, and thus do not require additional binding ligands [328]. 

Functionalising PeptiGelAlpha1 with a cell-binding motif such as RGD may be needed for 

MDA-MB-231 cells to retain their elongated morphology. This has been demonstrated 

with PEG-4-Thiol hydrogels, whereby MDA-MB-231 cells elongated when the hydrogel 

was functionalised with RGD or glycine-phenylalanine-hydroxyproline-glycine-glutamate-

arginine (GFOGER), derived from collagen [317].  

 

5.3.3. Extracellular Matrix Deposition 

Histological staining methods were used to determine if MCF-7 and MDA-MB-231 cells 

were depositing endogenously produced ECM within the SAPH. Gomori Trichome 

staining was used to detect non-specific collagen production, which is stained green/blue. 

However, the hydrogel was also stained green/blue by the reagents, which made 

distinguishing collagen deposition from the hydrogel difficult (Figure 5.9). For MCF-7 

cells, it was suggested that ECM was being produced by the cells, as pericellular ECM was 

observed surrounding the cells within the hydrogel. For MDA-MB-231 cell-laden sections, 

it was unclear whether the green staining surrounding the nuclei was ECM production or 

peptide matrix.  

Collagen I immunohistochemical staining was therefore used to confirm that 

MDA-MB-231 cells were producing collagen, and collagen I was being specifically 

produced by MCF-7 cells (Figure 5.10). Collagen I constitutes the main component of the 
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breast tumour stroma and plays a large role in tumour progression, therefore its presence in 

vitro is indicative of normal cancer cell function and behaviour [329]. Positive staining for 

collagen I was observed after days 7 and 14 for MCF-7 cells, showing that PeptiGelAlpha1 

could support ECM production by these cells. For MDA-MB-231 cells, no positive 

staining was observed for collagen I. A cell pellet control for collagen I was not performed 

on either cell line, but it is possible that the hydrogel was unable to support ECM 

production by MDA-MB-231 cells. Collagen I production by MCF-7 cells within the 

FEFEFKFK SAPH system has been detected previously after 7 days in 

immunofluorescence imaging, and after 10 days in immunohistochemical imaging [29]. 

These results support the findings presented in this study. One study performed Gomori 

Trichome staining on MDA-MB-231 cells embedded in alginate-Matrigel hydrogels, 

however, no ECM production was observed [169]. To the author’s knowledge, no other 

studies have investigated ECM production by MDA-MB-231 cells within hydrogel 

systems. 

For other SAPH studies, total collagen production has been detected using a total collagen 

assay [236,313,330], and specific collagen I production has previously been detected using 

ELISA [21], reverse transcription-polymerase chain reaction (RT-PCR) [235], 

immunocytochemistry [29,235,313] and immunohistochemistry [21]. Although 

histological staining provides initial information on ECM component production as well as 

spatial context, it is not quantitative and does not provide information on gene expression 

of ECM components. Molecular techniques, such as RT-PCR and RNA sequencing, would 

be needed to provide gene expression data of ECM components produced by both cancer 

cell lines.  

 

5.3.4. Cell-Material Interactions 

To understand and observe how MCF-7 and MDA-MB-231 cells interact with the 

surrounding hydrogel, TEM imaging was used (Figure 5.11). It was revealed that MCF-7 

cells appeared to internalise the peptide hydrogel fibres, with cells enveloping the material 

and vesicles containing hydrogel found within the cells (Figure 5.12). This was not 

observed with MDA-MB-231 cells, although cellular processes were observed to probe the 

hydrogel, indicative of cell-material interaction. With collagen I, internalisation of the 

material by either cell line was not observed, nor was any interaction observed. Anchoring 

of the fibrils to the cells was observed however, which correlates with the material 

contraction and subsequent high cell density observed, in fluorescence and histological 

imaging (Figure 5.5 & 5.8).  
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From the literature, peptide hydrogel entrapment by cells has been observed previously 

[216]. The authors found that MC3T3-E1 cells engulfed peptide amphiphilic hydrogel 

KGE as revealed by TEM imaging [216]. It was proposed that the cells were metabolising 

the fibres as a source of nutrients; follow up experiments found that lactate production was 

increased and glucose concentration was decreased in the supernatant of cell-laden samples 

compared with acellular samples. This suggests that these cells were metabolising the 

fibres as a source of nutrients [216]. Cancer cells in vivo typically scavenge the 

surrounding ECM and other cell types as a source of amino acids and glucose, to support 

the high metabolic demands of the tumour [331]. Another study found that macrophages 

internalised rhodamine labelled amphiphilic SAPH fibres which were located within the 

cytoplasm and lysosomes [332]. This occurred at both 37 °C and 4 °C and the process of 

internalising fibres in that study was shown to be passive and energy independent. 

It is unclear why this phenomenon was occurring in MCF-7 cells alone in this current 

study. It may be due to the large spheroids formed, which may require additional glucose 

and amino acids than dispersed cells [333]. This event also may not have occurred with the 

collagen I hydrogel because the fibres were too large to engulf. As shown in Table 4.2, 

collagen I fibres measured 12.0 nm ± 3.9 nm in diameter, whilst PeptiGelAlpha1 fibres 

measured 5.7 nm ± 1.4 nm. This event has not been observed with cancer cells before, and 

therefore proposes a novel method to deliver anti-cancer drugs into cancer cells in vitro.  

To further support these data, the mechanical properties of MCF-7 and MDA-MB-231 

cell-laden and acellular SAPH samples were measured over time (Figure 5.13). Acellular 

PeptiGelAlpha1 was found to soften significantly over the 14-day culture period. This has 

previously been shown in other studies, whereby acellular PeptiGelAlpha1 weakened over 

time [23]. This could be due to frequent media washes removing peptide monomer from 

the hydrogel, therefore weakening the mechanical properties. With MCF-7 cells 

incorporated, softening of the hydrogel was accelerated and the hydrogels had almost 

completely degraded by day 14. Whereas with MDA-MB-231 cells, there was no overall 

change in mechanical properties from day 1 to day 14. Other studies investigating the 

mechanical properties of cell-laden SAPHs have produced mixed results, depending upon 

the cell type used. Bovine nucleus pulposus cell-laden FEFEFKFK SAPH samples were 

shown to weaken mechanically over a 14-day culture period, although a comparison with 

acellular samples was not carried out [235]. Conversely, chondrocyte-laden FEFEFKFK 

samples became stiffer over a 21-day culture period in another study [236]. Again, an 

acellular control was not included. Furthermore, after 28 days in culture, the G’ of 
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synoviocyte-laden PeptiGelAlpha4 was observed to increase when compared with day 1 

[22]. The cell type and SAPH used will collectively determine the fate of the hydrogel’s 

mechanical properties in culture. The internalisation of the hydrogel fibres by MCF-7 cells 

could explain the reduced mechanical properties observed with this cell line in this current 

study.  

MMP-2 ELISA data also corroborated these findings, as an increase in MMP-2 production 

was observed in cell culture supernatant from MCF-7 cell-laden PeptiGelAlpha1 samples 

between days 1 and 7, before declining slightly by day 14 (Figure 5.14). ELISA assays are 

highly sensitive and specific, ensuring that specific antigen-antibody reactions are 

occurring and that the antibody is not binding to non-specific proteins [334]. 

PeptiGelAlpha1 does not inherently contain any MMP-degradable cleavage sites, often 

incorporated when designing hydrogels to induce matrix remodelling and cell growth 

[335]. The increased production of MMP-2 suggests that the MCF-7 cells were actively 

remodelling the matrix and degrading the material. The localisation of peptide material 

within vesicles in the cells, as shown in Figure 5.12, could potentially be degraded 

hydrogel. MMP-2 production analysis was not carried out on MDA-MB-231 samples due 

to time constraints, but would be useful to perform to observe if there is a difference in 

MMP-2 production by the two cell lines. An MMP inhibitor was not included in the 

experiment as a negative control; inhibiting MMP activity would be useful to establish if 

internalisation of the hydrogel was determined by MMP activity. Previous studies using 

collagen I and Matrigel for ovarian cancer have shown that invasion of collagen I is 

MMP-dependent [336]. These data therefore support the notion that MCF-7 cells were 

remodelling PeptiGelAlpha1 via proteolytic degradation and internalisation. 

 

5.3.5. Hypoxia Development  

Optimisation of the fluorescence-based hypoxia probe was achieved using a 

physiologically induced hypoxic control (< 5 % (v/v) O2) (Figure 5.15). An acellular 

control confirmed that PeptiGelAlpha1 did not interfere with the detection process. CoCl2 

is typically used as an inducer of hypoxia as it activates HIF1α [337] and therefore is used 

as a reliable positive control for hypoxia experiments. However, chemical induction of 

hypoxia with CoCl2 was not compatible with the fluorescence probe used in this study.  

Fluorescence-based imaging showed that both MCF-7 and MDA-MB-231 cells became 

hypoxic within PeptiGelAlpha1 over a 14-day period, with a significant increase in the 

number of hypoxic cells in both cell lines, and a significant increase in percentage area 
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which was hypoxic with MCF-7 cells (Figure 5.16). The significant increase in hypoxic 

percentage area in MCF-7 cells was due to the spheroids formed by the cells, in which 

hypoxia could have been present in the centre of the spheroids. The hypoxic cells observed 

after 1 day of culture were observed on the periphery of the hydrogel; this could be due to 

variation in oxygen and glucose concentration and diffusion between the centre and 

periphery of the hydrogel/insert. In vivo, hypoxia typically occurs within the centre of the 

tumour, due to outgrowth of the oxygen diffusion limit. These data show that hypoxia did 

not occur within the centre of the cell-laden hydrogel, like in vivo, but instead by day 14, 

hypoxic cells were observed to be dispersed throughout the hydrogel in both cell lines. 

HIF1α staining of both cell lines within the hydrogel also confirmed that the cells were 

becoming hypoxic over time (Figure 5.17). 

In a study investigating MDA-MB-231 cells cultured in collagen I hydrogels, positive 

staining was observed for HIF1α after 1 and 5 days in culture, particularly within the 

clusters formed, and quantitative RT-PCR confirmed that HIF1α expression increased after 

5 days in culture [280]. It is noted, however, that the hypoxic cells were only observed at 

the borders of the hydrogel, suggesting that hypoxia developed due to the variation in 

oxygen concentration in that study [280]. The majority of studies developing in vitro 

models of cancer and investigating hypoxia have artificially induced hypoxia to investigate 

the subsequent effect on cell behaviour and hallmarks of cancer [176,338], whereas very 

few have studied the spontaneous development of hypoxia in cancer cells within hydrogels 

[280]. One study investigating the impact of hypoxia discovered that when cultured in a 

hypoxic environment, MDA-MB-231 cells increased their extravasation potential when 

cultured within pre-formed HUVEC channels compared with normoxia [338]. Another 

study showed that MDA-MB-231 cells achieved optimal proliferation and invasion into the 

surrounding collagen I/Matrigel matrix under hypoxic conditions [176]. Clearly, culturing 

tumour cell-laden hydrogels in a hypoxic environment augments important features of 

cancer.  

The observation of spontaneous and naturally occurring hypoxia in this study may be due 

to the hydrogel thickness; it has been shown that varying the hydrogel thickness results in 

changes in oxygen concentration and thus a change in oxygen gradient [339]. Another 

study has shown that an increased hydrogel thickness resulted in decreased dissolved 

oxygen concentrations, with hydrogels with thicknesses of  > 2.5 mm resulted in < 5 % 

oxygen [340]. The thickness of hydrogel used in these data was not directly measured. 

However, considering a volume of 100 µL hydrogel was used within a cell culture insert 
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with a surface area of 0.33 cm2, it is estimated that the hydrogel thickness used was ~ 2–

3 mm. It is therefore possible that the cells were becoming hypoxic due to a lack of oxygen 

diffusion through the hydrogel. Oxygen consumption/concentration was not directly 

measured in this study, but it would be useful to determine how the oxygen concentration 

varies within different regions of the hydrogel. Culturing acellular alginate hydrogels with 

pimonidazole hydrochloride has previously been used to detect hypoxic regions [178].  

 

5.3.6. Epithelial to Mesenchymal Transition 

Immunohistochemical staining was used to determine if MCF-7 and MDA-MB-231 cells 

were undergoing EMT, or if their EMT profile was changing throughout their culture in 

PeptiGelAlpha1 (Figure 5.18 & 5.19). Epithelial markers E-cadherin and pan cytokeratin 

were chosen alongside mesenchymal markers vimentin and N-cadherin. These proteins 

were chosen as representative markers of the EMT process due to their respective presence 

in epithelial and mesenchymal cancer cells and relative change in expression during EMT 

[341]. As discussed in section 2.2.4, cancer cells undergo EMT in response to 

environmental cues, one of which is ECM stiffness [342]. It is possible that the stiffness of 

PeptiGelAlpha1, measured to be 12.7 kPa (Figure 4.15B), could have induced EMT in 

MCF-7 and MDA-MB-231 cells. As MDA-MB-231 cells typically exhibit high metastatic 

potential, it is possible that this cell line would be more likely to undergo EMT via 

stimulation by the matrix stiffness and hypoxia observed. Spontaneous EMT has been 

demonstrated in a study using MDA-MB-231 cells cultured within a gelatin 

methacrylamide and PLG fibre hydrogel-composite, whereby upregulation of 

mesenchymal markers vimentin, N-cadherin and fibronectin and downregulation of 

epithelial marker E-cadherin were observed. [343]. Another known stimulus for EMT is 

hypoxia [344]; as discussed in section 5.3.5, MCF-7 and MDA-MB-231 cells were 

becoming hypoxic within the hydrogel. Previous studies have shown that when cultured in 

a hypoxic environment within gelatin methacrylate hydrogels, cancer cells displayed 

decreased E-cadherin and increased vimentin expression, compared with normoxia [345].  

Due to the stiffness of the hydrogel used and hypoxia occurring in both cell lines, it was 

expected that the cells would undergo EMT within PeptiGelAlpha1. For this study, 

however, staining alone was not sufficient to determine if both cell lines were becoming 

more mesenchymal-like within the hydrogel. Positive staining for E-cadherin and pan 

cytokeratin was observed in MCF-7 cells throughout the culture duration, confirming that 

PeptiGelAlpha1 could maintain the epithelial phenotype of this cell line (Figure 5.18). 

Weak positive staining for N-cadherin was observed, and was also present for vimentin. 
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Positive staining for vimentin was also observed in the cell pellet control (Appendix 4). 

Vimentin is not normally detected in MCF-7 cells in Western Blotting studies [346], 

however, it can be detected in paraffin wax-embedded epithelial tumour cells following 

antigen retrieval [347]. The weak positive staining for N-cadherin is not sufficient to 

confidently determine that MCF-7 cells were undergoing EMT and becoming more 

mesenchymal-like. For the MDA-MB-231 cells, positive staining for vimentin was 

observed, indicative of their high metastatic potential, but not N-cadherin (Figure 5.19). 

Positive staining for N-cadherin was not detected in the cell pellet control either 

(Appendix 4). EMT is a plastic process, which can occur only in a subpopulation of cancer 

cells. Therefore, it is possible that only some cells within the hydrogel were undergoing 

partial or full EMT. However, although it could not be determined if the cells were 

undergoing EMT, it was shown that both cell lines retained their phenotypes within the 

hydrogel. This supports the hypothesis that PeptiGelAlpha1 could maintain the phenotype 

of MCF-7 and MDA-MB-231 cells.  

Molecular techniques such as Western Blotting and gene expression of EMT markers 

would be required to determine if EMT markers are upregulated or downregulated at the 

gene level within the hydrogel. TGFβ can be used as an artificial inducer of EMT in vitro, 

in order to study the EMT process and underlying molecular events within a synthetic 

system [348]. Further work using TGFβ and MCF-7 and MDA-MB-231 cells within 

PeptiGelAlpha1 would be useful to determine the EMT profile of the encapsulated cells.  

 

5.3.7. Invasive Potential of MCF-7 & MDA-MB-231 Cells in PeptiGelAlpha1 

After having undergone EMT, metastasis begins by invasion of cancer cells into the 

surrounding tissue, by traversing the basement membrane and migrating towards blood 

vessels to be transported to other tissues or organs [349]. Modelling cancer cell invasion in 

vitro commonly involves the transwell migration assay and the embedded spheroid assay 

[350,351]. Both of these assays utilise cells responding and migrating towards a 

chemoattractant through a solid matrix. Although both assays provide important data 

regarding the invasive potential of migrating cancer cells, they are oversimplified in 

regards to the complex events involved in invasion in vivo.  

To overcome the issues with the aforementioned assays, cancer cell-laden SAPH samples 

were embedded within collagen I or Matrigel to observe if the cells would degrade the 

SAPH and invade either material, to model cancer cell invasion in vitro (Figure 5.21). It 

was planned for the samples to be cultured for 28 days in total, but the Matrigel matrix 
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began to degrade by day 21, which was therefore used as the final time point. MCF-7 cells 

were observed to invade both collagen I and Matrigel, as shown by processes extending 

into the material. MCF-7 cell invasion was more prominent in collagen I than Matrigel, 

which has been shown previously with primary human breast tumour cells [352]. On the 

other hand, MDA-MB-231 cells exhibited limited invasive potential in PeptiGelAlpha1 

compared with MCF-7 cells (Figure 5.21). The MDA-MB-231 cell line is typically used to 

study aggressive and metastatic breast cancer due to its triple negative receptor expression 

[353] and therefore exhibits high invasive potential. Previous studies investigating the 

invasive potential of MDA-MB-231 cells in SAPH systems showed that cell migration 

using the transwell assay was heavily reduced in RADA16, compared with collagen I and 

Matrigel [28]. It is possible that the lack of cell-binding sites and environmental cues in the 

SAPH alone results in a loss of malignant phenotype for MDA-MB-231 cells. Therefore, 

functionalising PeptiGelAlpha1, with cell-binding motifs such as RGD, could restore the 

invasive phenotype of MDA-MB-231 cells. MDA-MB-231 cells cultured in 

PEG-tetra-thiol hydrogels functionalised with RGDS peptide were found to be more 

elongated, compared with non-functionalised hydrogels [317]. The elongated morphology 

of the MDA-MB-231 cell line is related to the invasive potential of the cell line [169]. The 

rounded morphology of MDA-MB-231 cells in PeptiGelAlpha1 correlates with the lack of 

invasion observed (Figure 5.6). It is therefore suggested that PeptiGelAlpha1 alone may be 

more suitable for the study of early stages of breast cancer, with cell lines such as the 

MCF-7 cell line.   

One factor to also consider is whether a non-cancerous cell line, such as the 3T3 fibroblast 

cell line, would also display invasive behaviour when used in this assay. Due to time 

constraints, this was not carried out, but would serve as a suitable control to optimise this 

assay. Furthermore, this assay could have been improved further by incorporating a 

stromal cell type into collagen I/Matrigel, such as fibroblasts or HUVECs and MSCs.  

 

5.3.8. Cell Response to Anti-Cancer Drugs in PeptiGelAlpha1 

One of the main aims of the TME is to provide physical and chemical barriers preventing 

anti-cancer drugs from reaching the tumour cells. Section 4.2.8 showed how doxorubicin 

diffusion was decreased in PeptiGelAlpha1. The efficacies of doxorubicin and tamoxifen 

were tested on MCF-7 and MDA-MB-231 cells encapsulated in PeptiGelAlpha1, 

compared with TCP after 24 and 48 hours exposure. Both MCF-7 and MDA-MB-231 cells 

in PeptiGelAlpha1 appeared to be resistant to tamoxifen treatment after 24 hours and 

48 hours, compared with TCP. However, no significant difference in viability was 
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observed between cells cultured in PeptiGelAlpha1 and on TCP when treated with 

doxorubicin.  

Tamoxifen works by inducing apoptosis of breast cancer cells via targeting the oestrogen 

receptor, which the MCF-7 cell line expresses [354]. Tamoxifen should therefore be 

effective in inhibiting proliferation of MCF-7 cells. When cultured on TCP, cell viability 

was reduced after 48 hours for 100 µM tamoxifen, and after 24 hours for 500 µM 

tamoxifen, compared with no treatment. When cultured in PeptiGelAlpha1, no difference 

was observed in viability between tamoxifen treated cells, and those that received no 

treatment. PeptiGelAlpha1 therefore acted as a barrier to tamoxifen treatment. The 

MDA-MB-231 cell line represents TNBC, due to the absence of the ER, PR and HER2 

[25]. Therefore, it is unlikely to respond to tamoxifen treatment. These data showed that 

tamoxifen treatment did affect the viability of MDA-MB-231 cells on TCP, as > 50 % of 

cells were viable compared with untreated cells. Recent data have shown that tamoxifen 

can act independently of the ER and target MDA-MB-231 cells, via reversal of EMT 

[355]. This increases their sensitivity to chemotherapeutic drugs, explaining the decreased 

viability presented in this study. Encapsulation in PeptiGelAlpha1 did increase cell 

viability compared with 2D culture, showing that 3D culture in the SAPH can recapitulate 

hindered efficacy of some anti-cancer drugs.  

However, no significant difference in viability was observed between cells cultured in 

PeptiGelAlpha1, and those on TCP when treated with doxorubicin, showing that 

PeptiGelAlpha1 offered no protection to doxorubicin treatment. Doxorubicin works by 

intercalating DNA and generating free radicals in cells, resulting in DNA and cellular 

damage [356]. As shown in section 4.2.8, doxorubicin diffusion was hindered throughout 

the hydrogel, with pockets of the drug being observed. The drug may be binding to the 

hydrogel, resulting in increased cytotoxicity in those specific regions. Due to time 

constraints, only one concentration of doxorubicin was tested on samples (100 µM) and it 

is therefore possible that this was too potent. This concentration was chosen as it is more 

similar to treatment observed in vivo [357].  

Dose-response curves were utilised to further investigate the efficacy of tamoxifen and 

doxorubicin in cells cultured in 2D and 3D (Figure 5.27). Due to time constraints, this 

experiment could only be carried out once and therefore would need repeating to provide 

conclusive evidence. Sigmoidal responses to increasing drug concentration were observed 

for 2D cultured MCF-7 and MDA-MB-231 cells for both tamoxifen and doxorubicin 

treatment, by which cell viability was unchanged at low concentrations, followed by a 
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decline as drug concentration increased, before plateauing at the highest concentrations. 

This dose-response relationship is typically observed in biological systems [358]. For cells 

cultured in 3D, the variability in data resulted in challenges fitting the data, particularly for 

MCF-7 cells treated with tamoxifen (Figure 5.27D). IC50 values were then calculated 

based on the dose-response data. IC50 estimates can be provided as relative or absolute 

values. The relative IC50 value is the concentration corresponding to a response midway 

between the estimates of the upper and lower plateaus, whilst the absolute IC50 value is the 

response corresponding to the 50 % control, related to the 0 % and 100 % assay controls 

[359]. The IC50 values calculated in this study were therefore reported as relative IC50 

values. No significant difference could be determined between 2D and 3D cultured MCF-7 

and MDA-MB-231 cells treated with doxorubicin, or for MCF-7 cells treated with 

tamoxifen. This is possibly due to the variability in 3D data, but more repeats will be 

needed to confirm this. However, a significant increase in the IC50 for MDA-MB-231 cells 

treated with tamoxifen was observed. This provides further proof that PeptiGelAlpha1 can 

act as a physical barrier to tamoxifen treatment. These data also support the notion that 

PeptiGelAlpha1 could not act as a barrier to doxorubicin treatment. Nonetheless, it must be 

noted that a single IC50 value for a compound is not sufficient to determine a drug’s 

efficacy; more experimental repeats are needed to compare a range of IC50 values.  

Table 2.4 summarises the studies using SAPHs for in vitro cancer modelling, several of 

which have been investigated for anti-cancer drug efficacy profiling. Several studies have 

shown that the SAPH provides resistance to anti-cancer drugs [30,232,238], whilst others 

have shown increased sensitivity [32,240]. The chemotherapeutic drug in question, as well 

as the SAPH used, will determine the efficacy of the drug. Tamoxifen and doxorubicin 

have not been studied using SAPH systems previously, but the data presented in this study 

suggest that PeptiGelAlpha1 can offer protection from tamoxifen, but not doxorubicin.  
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5.4. Conclusions 

Synthetic hydrogels used for in vitro modelling of cancer have the advantages of chemical 

definition and tuneable properties. However, the majority of in vitro studies used for 

cancer modelling (Table 2.2 & 2.4) fail to recapitulate key components of solid tumours 

and the TME. Therefore, they do not truly represent tumour-stroma interactions observed 

in vivo. Studies using SAPHs for in vitro modelling of cancer have not examined EMT 

status, cell-material interactions and hypoxia, such as in this study. 

The results in Chapter 4 demonstrated that PeptiGelAlpha1 was composed of entangled 

nanofibres mimicking the ECM, had superior mechanical properties to collagen I and 

Matrigel, and was able to more faithfully mimic the stiffness of breast cancer tissue 

compared with the aforementioned hydrogels. It was also shown that PeptiGelAlpha1 acted 

as a physical barrier to doxorubicin diffusion and supported the viability of MCF-7 breast 

cancer cells. These findings therefore provided preliminary evidence that PeptiGelAlpha1 

could act as a suitable platform, for modelling breast cancer in vitro.  

This chapter aimed to determine if PeptiGelAlpha1 was suitable for the growth of MCF-7 

and MDA-MB-231 breast cancer cells, and if the hydrogel maintained the viability and 

phenotype of both cell lines. Key features of solid tumours, such as hypoxia, invasion and 

ECM deposition, were investigated as well as the response of cells to anti-cancer drugs 

within the hydrogel. 

In summary: 

 PeptiGelAlpha1 was able to support the viability and proliferation of both MCF-7 

and MDA-MB-231 cells.  

 ECM deposition was observed in MCF-7 cells, but not MDA-MB-231 cells. MCF-

7 cells organised themselves into large spheroids, whereas MDA-MB-231 cells 

remained dispersed.  

 MCF-7 cells were observed to produce and deposit collagen I within the material, 

which was not observed with MDA-MB-231 cells.  

 MCF-7 cells were observed to internalise the peptide hydrogel, which correlated 

with a decrease in mechanical properties and an increase in MMP-2 production.  

 Both cell lines became hypoxic within the hydrogel.  

 The hydrogel was able to maintain the phenotype of both cell lines, but the EMT 

status of the cells did not appear to change. 
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  MCF-7 cells successfully invaded collagen I and Matrigel from PeptiGelAlpha1. 

PeptiGelAlpha1 acted as a barrier to tamoxifen treatment, but not doxorubicin 

treatment.  

 These findings show that PeptiGelAlpha1 could be a suitable platform for 

modelling of early breast cancer, such as using the MCF-7 cell line.  

The formation of cell clusters by the MCF-7 cells, alongside ECM deposition and matrix 

remodelling, are consistent with stages of early breast cancer development. Whereas the 

distribution and migration of MDA-MB-231 cells through the hydrogel is concordant with 

metastatic breast cancer. The increased cell invasion of MCF-7 cells suggests that the cells 

were becoming more invasive and tumorigenic within PeptiGelAlpha1, suggestive of 

cancer progression.  

Several points highlight the novelty of the work in this chapter. MCF-7 and MDA-MB-231 

cells have not previously been used for 3D culture with PeptiGelAlpha1, and these data 

show that the material can support the viability and growth of both cell lines. Features of 

solid tumours such as hypoxia and cell invasion were also observed. MCF-7 cells within 

PeptiGelAlpha1 were observed to have a similar organisation profile to that of collagen I, 

showing that a synthetic platform can provoke similar cell behaviour to that of a natural 

hydrogel. Moreover, MCF-7 cells were observed to internalise the peptide hydrogel, which 

has not previously been shown with cancer cells and is thus demonstrated for the first time. 

This reveals a potential drug delivery method in vitro and in vivo. This could be achieved 

by exposing the cancer cells to drug-laden hydrogel and observing if the cells would 

internalise the laden hydrogel, and by injecting drug-laden PeptiGelAlpha1 into xenograft 

models of cancer. Preliminary data also suggested that the material provided resistance to 

tamoxifen treatment, which has not been observed before with this hydrogel.  

Next steps involve investigating PeptiGelAlpha1 for culturing additional cell types to 

further mimic the stromal component of solid tumours, which will be investigated in 

Chapter 6.  
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CHAPTER 6 – Stimulating Vasculature Formation by HUVECs 

and MSCs within Self-Assembling Peptide Hydrogels 

 

6.1. Introduction  

Inducing angiogenesis is one of the main hallmarks of cancer, due to its importance in 

tumour expansion and metastasis, thus augmenting disease progression [11]. The inclusion 

of vasculature in vitro when modelling solid tumours enables further replication of the 

TME, allowing tumour-stroma interactions to be mimicked and provides a potential barrier 

to chemotherapeutic drugs in vitro.  

Tissue engineering blood vessel-like structures in vitro has been achieved using multiple 

strategies [360,361]. In this work, co-culture of HUVECs and MSCs were used to create 

tube-like structures, as this has been achieved successfully using collagen I hydrogels 

[26,243,252].  

HUVECs are sensitive to the environment in which they are cultured, and consequently, 

tube formation by HUVECs is a delicate and multi-faceted process [362]. In order to form 

tube-like structures, ECs adhere to and break down the matrix by upregulation of MMPs, 

then sprout towards the angiogenic stimulus, followed by proliferation and migration 

towards the gradient [58,59]. The cells consequently reassemble and form intercellular 

contacts forming a lumen [58,59]. Accessory cells added such as pericytes stabilise the 

tubes formed by providing structural support.   

SAPHs are synthetic by design and as such, do not inherently contain any binding sites or 

domains for cell attachment and reorganisation. Fine-tuning of the material is therefore 

required in order to guide and stimulate HUVECs to form vessel-like structures.  

The goal of this 3D model is to create a tri-culture system of breast cancer cells, HUVECs 

and MSCs, to recapitulate vascularised breast tumour in vitro using a SAPH system. The 

focus of this Chapter is to investigate if a SAPH system can support vasculogenesis of 

HUVECs and MSCs in vitro, and what modifications are necessary to achieve this. 

Modifications to PeptiGelAlpha1 (the SAPH used in Chapters 4 and 5) were investigated 

to observe how this affected behaviour of HUVECs and MSCs. Enrichment with laminin 

was used to determine if the IKVAV and YIGSR motifs found within the protein would 

provide HUVECs with binding sites to attach. The hydrophobicity of the SAPH was used 

to investigate if cells would prefer a more hydrophilic sequence. Functionalisation with 



 

180 

 

increasing concentrations of RGD was used to determine if an ECM derived binding motif 

could influence HUVEC and MSC morphology and behaviour in PeptiGelAlpha1. 

HUVECs and MSCs were transduced using a lentiviral vector with RFP and GFP 

respectively to enable live-cell imaging. This was undertaken by Jekaterina Maksimcuka 

and the data collected were included in her thesis (2019) [363]. However, the transduction 

efficiency and GFP-MSC tri-lineage differentiation data have been included in 

Appendix 8 and 9 respectively for reference.  

The aims of this chapter are as follows: 

1. To observe if conditioned media collected from cancer cells promotes the tube 

formation of HUVECs, via production of pro-angiogenic molecules such as 

VEGF.  

2. To observe if enrichment of SAPHs with ECM-derived laminin positively 

affects the tube formation of HUVECs. 

3. To observe if the hydrophobicity of SAPHs affects HUVEC behaviour.  

4. To observe how the cell-binding domain RGD affects HUVEC and MSC 

morphology, proliferation and phenotype. 

5. To observe if co-culture with cancer cells positively influences HUVEC and 

MSC morphology. 

6. To observe if RGD functionalisation affects the physical properties of 

PeptiGelAlpha1. 
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6.2. Results  

 

6.2.1. Effect of Cancer Cell Conditioned Media on HUVEC Tube Formation 

HUVECs were exposed to conditioned media collected from MCF-7 cancer cells cultured 

in different platforms to observe if this would enhance angiogenesis compared with the 

positive control. The platforms used include: 2D monolayer culture, 3D suspension culture 

and 3D encapsulation in PeptiGelAlpha1, as well as cell culture media types of ECGM-2 

and a 50:50 mixture of DMEM and ECGM-2. DMEM was not used on its own, as it was 

not able to support the tube formation of HUVECs (Appendix 10). This experiment was 

performed as a preliminary study to observe if a cancer cell conditioned media would 

positively influence the tube formation of HUVECs, prior to culture within 

PeptiGelAlpha1. The Angiogenesis Analyzer plugin on ImageJ was used to analyse and 

quantify fluorescent images of HUVECs [364], and the number of nodes, number of 

branches and total tube length were chosen as features of angiogenesis. The positive 

control was fully supplemented ECGM-2 and the negative control was fully supplemented 

ECGM-2 treated with 30 µM suramin, an inhibitor of angiogenesis. 

The images acquired are depicted in Figure 6.1. With the positive control, the HUVECs 

were observed to form an interconnected network of tubes, resembling blood vessels. The 

addition of 30 µM suramin impeded the ability of HUVECs to form tubes, as shown by the 

absence of a network. The conditioned media types tested were also able to stimulate the 

reassembly of HUVECs into tubes. Compared with the positive control, there did not 

appear to be any changes in the gross morphology and network of HUVEC formed tubes. 

Quantification of the images was carried out (Figure 6.2). The number of nodes and total 

length of HUVEC formed tubes were significantly lower in the negative control when 

compared with the positive control (p < 0.0001; Figure 6.2A & B). No significant 

difference was observed between the positive control and negative control in the number of 

branches (p > 0.05; Figure 6.2C). Compared with the positive control, there was no 

significant difference with any of the conditioned media types in the number of nodes, 

number of branches or total tube length in HUVEC formed tubes (p > 0.05).  
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Figure 6.1. Tube formation of HUVECs on Matrigel using conditioned media from MCF-7 cells. Cell culture media was collected from MCF-7 cells  

cultured as spheroids in 96 well round bottomed plates in DMEM/ECGM-2, in PeptiGelAlpha1 in DMEM/ECGM-2 and TCP in DMEM/ECGM-2 for 4 

days. PeptiGelAlpha1 was cultured in DMEM/ECGM-2 for 4 days without cells as a material control. RFP-HUVECs were cultured without FBS overnight 

and seeded onto 10 mg/mL Matrigel using each conditioned media type. A positive control of fully supplemented ECGM-2 and a negative control of 

ECGM-2 with 30 µM suramin were used. Cells were incubated for 18 hours before fixation. Caption refers to conditioned media type used. Red = HUVECs. 

N = 1.

PeptiGelAlpha1 alone 
50/50 ECGM-2/DMEM 

PeptiGelAlpha1 alone 
ECGM-2 

PeptiGelAlpha1 + 
MCF-7 cells 50/50 

ECGM-2/DMEM 

PeptiGelAlpha1 + 
MCF-7 cells ECGM-2 

MCF-7 spheroids 50/50 
ECGM-2/DMEM 

MCF-7 spheroids   
ECGM-2 

TCP MCF-7 cells 50/50 
ECGM-2/DMEM 

TCP MCF-7 cells 
ECGM-2 

Positive control (fully 
supplemented ECGM-2) 

Negative control (ECGM-2 + 
30 µM suramin) 
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Figure 6.2. Quantification of tube formation of HUVECs on Matrigel using 

conditioned media from MCF-7 cells. (A) Number of nodes. (B) Total tube length 

(pixels). (C) Number of branches. Cells were incubated for 18 hours before fixation and 

subsequent imaging and analysis. **** = p < 0.0001 using one-way ANOVA and post-hoc 

Tukey’s test. Data are mean ± S.D. N = 1.  

 

All subsequent experiments in this chapter use ECGM-2 media for cell cultures.  

B A 
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6.2.2. Effect of Laminin Enrichment and Hydrophobicity of SAPHs on HUVEC 

Behaviour  

Prior to 3D culture within PeptiGelAlpha1, RFP-HUVECs were cultured on top of the 

hydrogel initially to observe how these cells would respond to a peptide matrix 

environment. The effect of enriching PeptiGelAlpha1 with laminin was studied, alongside 

using a valine-based SAPH, V8, which is less hydrophobic than PeptiGelAlpha1. 

Enrichment of PeptiGelAlpha1 and V8 with the ECM protein laminin was used due to the 

presence of cell-binding domains RGD and YIGSR, which are thought to be responsible 

for the differentiation of ECs into tube-like structures by inducing cell attachment and 

cell-cell interactions [365]. Seeding HUVECs on TCP coated with increasing 

concentrations of laminin revealed that 50 µg/mL was the optimal concentration to use due 

to high viability (Appendix 11) and significantly higher metabolic activity (Appendix 12) 

compared with TCP, 5 and 25 µg/mL laminin. Moreover, this concentration has been used 

in 3D culture with collagen I hydrogels [366].  

RFP-HUVECs were seeded on top of PeptiGelAlpha1 ± 50 µg/mL laminin, 

V8 ± 50 µg/mL laminin, collagen I + 50 µg/mL laminin, collagen I + 90 µg/mL 

fibronectin, and TCP (Figure 6.3). Cells were imaged over a 72-hour period. At 0 hours, 

the cells were mostly rounded in morphology with a high density present in all materials. 

After 72 hours, very few cells were present on PeptiGelAlpha1 ± laminin, with the cells 

remaining rounded, showing that the cells were unable to adhere to the matrix. This was 

also observed with V8 ± laminin, showing that a reduced hydrophobicity was not able to 

induce cell attachment. On collagen I + fibronectin, the cells had elongated and organised 

themselves into tube-like structures. Replacing fibronectin with laminin enhanced 

elongation and branching, with more cells adhering to the matrix. On TCP, the cells 

exhibited a typical cobblestone morphology and did not form tube-like structures. HUVEC 

behaviour was not affected by the addition of laminin to PeptiGelAlpha1, nor reduced 

hydrophobicity using a valine-based peptide sequence, but did appear to have a positive 

influence when added to collagen I. 
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Figure 6.3. Effect of ECM protein laminin and hydrophobicity of primary amino acid sequence on tube formation of HUVECs. RFP-HUVECs were 

seeded on PeptiGelAlpha1 ± 50 µg/mL laminin, collagen I (1.5 mg/mL) + 50 µg/mL laminin/90 µg/mL fibronectin and TCP. Samples were imaged at 0 

hours and 72 hours after seeding. Red = RFP-HUVECs. FN = fibronectin. Scale bar = 500 µm. N = 1.  
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RFP-HUVEC attachment to each of the different substrates was quantified by measuring 

the percentage area covered after 72 hours in culture (Figure 6.4). On PeptiGelAlpha1 

alone, there was a significant reduction in HUVECs on the material after 72 hours, from 

10.3 % ± 3.9 % to 2.3 % ± 1.2 % (p < 0.0001). No significant differences in area coverage 

were observed after 72 hours for cells cultured on PeptiGelAlpha1 + 50 µg/mL laminin, 

V8 ± 50 µg/mL laminin or collagen I + 90 µg/mL fibronectin (p > 0.05). However, there 

was a significant increase in area coverage, for HUVECs cultured on collagen I + 

50 µg/mL laminin, from 9.8 % ± 0.7 % to 24.2 % ± 1.5 % after 72 hours (p < 0.0001). A 

significant increase of HUVEC coverage was also observed on TCP, from 10.6 % ± 1.9 % 

to 23.7 % ± 2.9 % (p < 0.0001).  

When comparing HUVEC coverage between the different materials after 72 hours, no 

significant difference was observed between cells cultured on PeptiGelAlpha1 ± laminin or 

V8 ± laminin (p > 0.05). A significant increase in HUVEC coverage was observed with 

collagen I + 50 µg/mL laminin, compared with collagen I + 90 µg/mL fibronectin, 

V8 ± 50 µg/mL laminin and PeptiGelAlpha1 ± 50 µg/mL laminin (p < 0.0001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Percentage area quantification of RFP-HUVECs cultured on different 

substrates. Data are mean ± S.D. **** = p < 0.0001 using two-way ANOVA and post-hoc 

Tukey’s test. N = 1. 
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6.2.3. Effect of RGD Functionalisation on HUVEC and MSC Morphology 

RGD is a cell-binding motif originally isolated from the ECM protein fibronectin, and is 

well known for facilitating cell attachment [367]. PeptiGelAlpha1 functionalised with 

increasing concentrations of the RGD domain was investigated to observe if the HUVECs 

and MSCs would bind to the hydrogel via the binding motif and respond accordingly. 0.1, 

1 and 10 % RGD were used to observe if low RGD concentrations could stimulate a 

response from HUVECs and MSCs and if this response was concentration-dependent. 

Collagen I + 90 µg/mL fibronectin was used as a positive control. Cells were encapsulated 

within the hydrogels for a 7-day period. 

In collagen I + 90 µg/mL fibronectin, the HUVECs were observed to elongate and stretch 

and MSCs adopted a spindle shape after 1 day in culture (Figure 6.5). After 4 days, the 

HUVECs had organised themselves into tube-like structures. After 7 days, the tube 

formation by the HUVECs had regressed slightly. Cell density appeared to be high in the 

collagen I images due to contraction of the material by the cells (Appendix 13). In 

PeptiGelAlpha1 alone, both cell types remained rounded over the 7-day culture period. The 

addition of 0.1 % RGD did not appear to have any effect on cell behaviour, as both cell 

types were rounded over the 7 days in culture. With 1 % RGD, both the HUVECs and 

MSCs appeared to elongate and branch out, suggesting that they were responding to the 

RGD stimulus. This effect was enhanced when 10 % RGD was used, as by day 4, the 

MSCs were observed to extend processes into the material and the HUVECs appeared 

more elongated than the addition of 1 % RGD. These data suggest that the HUVECs and 

MSCs were positively responding to the RGD stimulus in a concentration-dependent 

manner. 

To observe if the cell-seeding density had an effect on cell behaviour and if tube-like 

structures were more likely to form via increased cell-to-cell contacts, the cell-seeding 

density was increased from 1x106 cells/mL (Figure 6.5) to 2x106 cells/mL (Figure 6.6). 

Cell density appeared higher in all hydrogels used. In PeptiGelAlpha1 alone, both cell 

types remained rounded in morphology, with some spontaneous stretching of the MSCs 

observed after 7 days. Compared with the original cell-seeding density (1x106 cells/mL; 

Figure 6.5), there appeared to be no difference in HUVEC or MSC morphology with any 

of the RGD concentrations.  
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Figure 6.5. Effect of cell-binding motif RGD on HUVEC and MSC behaviour. RFP-HUVECs and GFP-MSCs were encapsulated within PeptiGelAlpha1 

± 0.1 %, 1 % and 10 % RGD at a density of 1x106 cells/mL (4:1 HUVEC:MSC ratio). Red = HUVECs. Green = MSCs. N = 2.  

 

D
a

y
 1

 
D

a
y
 4

 
D

a
y
 7

 

PeptiGelAlpha1 + 0.1 % RGD + 1 % RGD + 10 % RGD Collagen I + FN 



189 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Effect of cell-binding motif RGD and cell density on HUVEC and MSC behaviour. RFP-HUVECs and GFP-MSCs were encapsulated 

within PeptiGelAlpha1 ± 0.1 %, 1 % and 10 % RGD at a density of 2x106 cells/mL (4:1 HUVEC:MSC ratio). Red = HUVECs. Green = MSCs. N = 2.  

 

PeptiGelAlpha1 + 0.1 % RGD + 1 % RGD + 10 % RGD 

D
a

y
 1

 
D

a
y
 4

 
D

a
y
 7

 



190 

The effect of RGD concentration and cell-seeding density on HUVEC and MSC elongation 

after 7 days in culture was investigated by quantifying the circularity of cells (Figure 6.7). 

A round circle is given a circularity of 1, whereas a straight line has a circularity of 0 

[368]. 

HUVECs seeded at a density of 1x106 cells/mL (4 HUVECs:1 MSC) displayed a 

significantly decreased circularity when the RGD concentration was increased, compared 

with PeptiGelAlpha1 alone (p < 0.0001) (Figure 6.7A). This same trend was also observed 

when a 2x106 cells/mL density was used. However, no significant difference was observed 

between the same RGD concentrations at the different seeding densities, showing that the 

increased seeding density had no additional benefit on HUVEC morphology. For MSCs, 

when a 1x106 cells/mL seeding density was used, the circularity was significantly 

decreased with 1 % and 10 % RGD (p < 0.0001), but not for 0.1 % RGD (p > 0.05) 

(Figure 6.7B). Whereas with a 2x106 cells/mL seeding density, a significantly decreased 

circularity was observed with all RGD concentrations (p < 0.0001). Again, there was no 

difference in circularity between the cell-seeding densities at any RGD concentration. 

 

 

 

 

 

 

 

 

 

Figure 6.7. Circularity quantification of (A) HUVECs and (B) MSCs in response to 

RGD concentration of PeptiGelAlpha1 and cell-seeding density after 7 days. 

Fluorescence images were analysed using ImageJ. Data are mean ± S.D. **** = p < 0.0001 

using two-way ANOVA and post-hoc Tukey’s test. N = 2. 

 

Due to the lack of a positive response when 0.1 % RGD was incorporated, this 

concentration was not pursued further in subsequent experiments in this chapter. To 

investigate if a higher RGD concentration greater than 10 % could positively influence 
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HUVEC and MSC behaviour further, 40 % RGD was included. All subsequent 

experiments in this chapter use the original cell-seeding density of 1x106 cells/mL.  

The influence of MCF-7 breast cancer cells on HUVEC and MSC tube formation was 

investigated by tri-culturing all three cell lines simultaneously within 

PeptiGelAlpha1 ± 1 %, 10 % and 40 % RGD (Figure 6.8). MCF-7 cells were pre-stained 

with the CellVue Claret Far Red Fluorescent Cell Linker Kit prior to hydrogel 

encapsulation to observe cells over time. Cells were imaged over a 7-day period.  

In PeptiGelAlpha1 alone, all three cell types were rounded over the 7-day period, showing 

that culturing HUVECs and MSCs with MCF-7 cancer cells did not influence their 

behaviour or morphology. With 1 % and 10 % RGD, HUVECs and MSCs were observed 

to elongate by day 4 in culture. The MCF-7 cells remained rounded in the presence of 

RGD. When exposed to 40 % RGD, the majority of HUVECs and MSCs remained 

rounded, and the elongated morphology observed in 1 % and 10 % RGD was not as 

pronounced in 40 % RGD. It was also noted that cell elongation appeared to regress by 

day 7 in all materials. Within collagen I, the material had contracted after 1 day 

(Figure 6.9). HUVECs and MSCs were elongated but there was no evidence of tube 

formation. The MCF-7 cells were rounded in shape. After 4 days in culture, the HUVECs 

had organised themselves into large tube-like structures within the collagen material and 

were observed to protrude out of the collagen I constructs. In some cases, the MSCs were 

observed to align alongside the HUVEC formed tubes. The MCF-7 cells had aggregated to 

form clusters. By day 7, regression of the HUVEC tubes had occurred as only those on the 

periphery were still present.  
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Figure 6.8. Effect of RGD concentration and cancer cells on HUVEC and MSC behaviour. RFP-HUVECs, GFP-MSCs and MCF-7 cells were 

encapsulated within PeptiGelAlpha1 ± 1 %, 10 % and 40 % RGD at a density of 1.5x106 cells/mL. Red = HUVECs. Green = MSCs. Pink = MCF-7. N = 2.  
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Figure 6.9. Tri-culture of MCF-7 cancer cells, HUVECs and MSCs in collagen I + 90 µg/mL fibronectin. RFP-HUVECs, GFP-MSCs and MCF-7 cells 

were encapsulated within collagen I + 90 µg/mL fibronectin at a density of 1.5x106 cells/mL Red = HUVECs. Green = MSCs. Pink = MCF-7. N = 2. 
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6.2.4. Effect of RGD Functionalisation on HUVEC and MSC Proliferation 

To investigate the effect of RGD concentration on HUVEC and MSC growth, PicoGreen 

analysis was used on samples after 4 and 7 days in culture (Figure 6.10). After 4 days in 

culture, HUVEC and MSC DNA was significantly higher with 1 % RGD compared with 

PeptiGelAlpha1 alone (629.9 ng ± 140.8 ng vs 464.0 ng ± 35.3 ng; p < 0.01). HUVEC and 

MSC DNA was significantly lower with 40 % RGD compared with PeptiGelAlpha1 alone 

(245.0 ng ± 80.1 ng vs 464.0 ng ± 35.3 ng; p < 0.01). DNA yield was slightly higher with 

10 % RGD than PeptiGelAlpha1 alone, but this increase was not significant. After 7 days, 

the DNA yield had declined considerably in all materials. No significant difference was 

observed between any of the materials, suggesting that the influence of RGD could not 

support the long-term culture of both cell types in PeptiGelAlpha1.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10. PicoGreen analysis of HUVECs and MSCs encapsulated in 

PeptiGelAlpha1 ± 1 %, 10 % and 40 % RGD after 4 and 7 days in culture. Cell-laden 

samples were digested and lysed using pronase, Triton-X treatment and exposure to a 

freeze-thaw cycle of -20 °C. PicoGreen solution was added to each sample and 

fluorescence was measured using a plate-reader at wavelengths of 480 nm and 520 nm. 

Acellular samples were used as blanks and removed from all samples. Data are mean ± 

S.D. *** = p < 0.001, using two-way ANOVA and post-hoc Tukey’s test. N = 1.  
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6.2.5. Effect of RGD Functionalisation on HUVEC Phenotype 

CD31 is an EC marker, which is involved in tight junction formation and the integrity of 

the EC permeability barrier [369]. The presence of CD31 in HUVECs encapsulated in 

PeptiGelAlpha1, and the effect of RGD functionalisation, was investigated using 

immunohistochemical staining (Figure 6.11). Native HUVECs were observed to stain 

positively for CD31, as confirmed by a cell pellet control (Appendix 4). After 4 days in 

culture, HUVECs stained positive for CD31 in PeptiGelAlpha1 alone. This suggests that 

the native EC phenotype was retained within a synthetic hydrogel system, without any 

additional binding motifs. Positive staining for CD31 was observed with increasing 

concentrations of RGD, although the cell density appeared higher in 1 % and 10 % RGD 

samples, correlating with the cell proliferation data in Figure 6.10. Cell morphology was 

mostly rounded in the four materials.   

 

 

 

 

 

 

 

 

Figure 6.11. CD31 immunostaining of HUVECs encapsulated in PeptiGelAlpha1 ± 

1 %, 10 %, 40 % RGD after 4 days. Cell-laden samples were fixed, processed for 

histological staining and embedded in paraffin wax. Samples were sectioned at a thickness 

of 5.0 µm and stained for endothelial marker CD31. Positive staining was detected using a 

DAB substrate stain. Brown = positive staining. Blue = nuclei. Scale bar = 200 µm. N = 1.  
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6.2.6. Effect of RGD and IKVAV Functionalisation on HUVEC and MSC Behaviour  

IKVAV is a binding motif originally isolated from laminin, that has previously been used 

to promote tube formation of ECs [370]. PeptiGelAlpha1 functionalised with 15 % RGD 

and 15 % IKVAV was used to investigate the combined effect of RGD and IKVAV on 

HUVEC and MSC behaviour (Figure 6.12). 15 % RGD was used alongside 15 % IKVAV 

to observe if an enhanced response was observed > 10 % RGD, whilst limiting the total 

functionalisation percentage to < 40 %. Collagen I + 90 µg/mL fibronectin was used as a 

positive control. PeptiGelAlpha1 was used as a comparison. Cells were imaged over a 7-

day period.  

 

In collagen I + 90 µg/mL fibronectin, HUVECs were observed to elongate and 

differentiate into tube-like structures by day 4. MSCs were also observed to branch and 

align alongside the HUVECs by day 4. In PeptiGelAlpha1 alone, both cell types remained 

rounded throughout the 7-day culture period. With 15 % RGD and 15 % IKVAV, there 

was no evidence of elongation by either cell type, and the cells were indistinguishable from 

cells cultured in PeptiGelAlpha1.  
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Figure 6.12. Effect of cell-binding motifs RGD and IKVAV on HUVEC and MSC 

behaviour. RFP-HUVECs and GFP-MSCs were encapsulated in PeptiGelAlpha1 ± 15 % 

RGD & 15 % IKVAV at a density of 1x106 cells/mL and imaged after 1, 4 and 7 days in 

culture. Collagen I + 90 µg/mL fibronectin was used as a positive control. Red = HUVECs. 

Green = MSCs. N = 1. 
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6.2.7. Exploring HUVEC and MSC Interactions with RGD Functionalised 

PeptiGelAlpha1 via Integrin Binding 

Cells bind to ECM proteins via transmembrane receptors called integrins, which facilitate 

adhesion between the cellular cytoskeleton and the matrix [371]. To observe if HUVECs 

and MSCs were binding to RGD functionalised PeptiGelAlpha1 via the α5β1 integrin, an 

anti-α5β1 integrin antibody was used to block the integrin. PeptiGelAlpha1 + 10 % RGD 

was used as this concentration elicited the best response from HUVECs and MSCs, 

observed from other data described previously in this chapter (Figure 6.5). TCP alone and 

TCP pre-coated with 50 µg/mL fibronectin were used as controls. Cells were incubated 

with the anti-human integrin α5β1 antibody for 45 minutes at 37 °C to initiate blocking, as 

used previously [213]. Samples were imaged after 4 days in culture.  

In unblocked samples, HUVECs and MSCs were observed to adhere to TCP and 

fibronectin-coated TCP, as demonstrated by the cobblestone morphology displayed by 

HUVECs and MSCs adopting a spindle shape (Figure 6.13). In PeptiGelAlpha1 + 10 % 

RGD, HUVECs appeared elongated and MSCs displayed a branched morphology. When 

the α5β1 integrin was blocked, cells cultured on TCP appeared unaffected, as there was no 

change in morphology. On fibronectin-coated TCP, there appeared to be a reduction in 

MSC adhesion as the cells appeared more rounded compared with the unblocked control. 

HUVECs appeared to be greater in density, but morphology remained unaffected. With 

RGD enriched PeptiGelAlpha1, HUVECs again appeared greater in density with a greater 

degree of elongation compared with the unblocked samples. MSCs appeared unaffected by 

integrin blocking. These data suggest that blocking the α5β1 integrin had no detrimental 

effect on cell behaviour.  
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Figure 6.13. α5β1 integrin blocking in HUVECs and MSCs. RFP-HUVECs and 

GFP-MSCs were incubated in a mouse anti-human integrin α5β1 antibody using a dilution 

of 1:50 and a cell-seeding density of 1x106 cells/mL at 37 °C for 45 minutes. Cells were 

subsequently seeded in PeptiGelAlpha1 + 10 % RGD and onto TCP ± 50 µg/mL 

fibronectin. Samples were imaged after 4 days. Red = HUVECs. Green = MSCs. 

Scale bar = 200 µm. N = 3. 
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6.2.8. Effect of RGD Functionalisation on PeptiGelAlpha1 Material Properties 

The physical and chemical properties of RGD functionalised PeptiGelAlpha1 were 

characterised to observe if the inclusion of the RGD binding site affected the material. 

Beta-sheet formation was investigated to determine if the secondary structure of the 

hydrogel was affected by the RGD motif (Figure 6.14). A peak was observed at 1620 cm-1 

in the amide I region in PeptiGelAlpha1 ± 1 %, 10 % and 40 % RGD, indicative of β-sheet 

formation. This was accompanied by a small shoulder peak at approximately 1690 cm-1 in 

all materials, showing that anti-parallel β-sheet formation was not affected by RGD 

functionalisation. With 10 % and 40 % RGD, a small shoulder vibration band was 

observed at 1640 cm-1, which was not present in PeptiGelAlpha1 ± 1 % RGD. This was 

attributed to random coils from the RGD sequence.  

 

 

 

 

 

 

 

 

 

Figure 6.14. AT-FTIR spectra of PeptiGelAlpha1 ± 1 %, 10 % and 40 % RGD. 

Dashed lines at 1620 cm-1 and 1690 cm-1 are indicative of β-sheet and anti-parallel β-sheet 

formation respectively. Spectra were collected over 256 scans using a resolution of 4 cm-1. 

HPLC grade water was used as a background control and removed from all spectra. 

OMNIC software was used to collect the spectra. Spectra were smoothed using 2nd order 

smoothing with an average number of 5 neighbours using GraphPad Prism 9.0 software. 

Data are representative spectra. N = 2.  
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The mechanical properties of RGD functionalised hydrogels, in the presence of media 

conditioning, were next investigated using oscillatory rheology (Figure 6.15). Frequency 

sweeps were carried out from 0.01–10 Hz at 0.2 % strain. The stiffness values reported are 

G’ at 1 Hz. The stiffness of PeptiGelAlpha1 + 1 % RGD was significantly lower than that 

of PeptiGelAlpha1 (6183 Pa ± 317 Pa vs 7775 Pa ± 316 Pa; p < 0.01). There was no 

significant difference between PeptiGelAlpha1 and PeptiGelAlpha1 + 10 % RGD 

(7712 Pa ± 648 Pa). PeptiGelAlpha1 + 40 % RGD was significantly lower than that of 

PeptiGelAlpha1 (5716 Pa ± 777 Pa vs 7775 Pa ± 316 Pa; p < 0.01).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15. Mechanical properties of PeptiGelAlpha1 ± 1 %, 10 % and 40 % RGD 

with 18 hours media incubation. Values were taken from frequency sweeps from 0.01–

10 Hz at 0.2 % strain. Gap size = 500 µm. Temperature = 37 °C. Data are mean ± S.D. 

** = p < 0.01 using one-way ANOVA and post-hoc Tukey’s test. N = 1.  

 

The nanofibre structure and diameter of RGD functionalised SAPHs were investigated 

using TEM imaging (Figure 6.16). As discussed previously in section 4.2.6, 

PeptiGelAlpha1 was shown to be composed of an entangled network of uniformly sized 

nanofibres. PeptiGelAlpha1 ± 1 % and 40 % RGD stained darkly due to UA used as a 

contrast agent. PeptiGelAlpha1 + 10 % RGD fibres appeared white due to the camera 

detecting contaminants, which were darker than the peptide fibres. The incorporation of 

1 %, 10 % and 40 % RGD did not appear to have an effect on the crude morphology of 

fibres, as the fibres were again forming an entangled network resembling ribbons 
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(Figure 6.16). The mesh of 40 % RGD did appear to be reduced compared with the other 

three hydrogels, with the fibres more densely packed and crowded.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16. TEM images of PeptiGelAlpha1 ± 1 %, 10 % and 40 % RGD. Hydrogels 

were diluted 100x with HPLC grade water and placed onto a copper grid and exposed to 

1 % (w/v) UA to improve contrast. Images were collected using a Gatan Orius SC1000 

CCD camera. N = 2.  

 

The fibre diameter of RGD functionalised SAPHs was quantified using ImageJ software 

from the images presented in Figure 6.16 (Figure 6.17). PeptiGelAlpha1 fibres varied 

from 2.6–14.2 nm (Figure 6.17A). PeptiGelAlpha1 + 1 % RGD fibres did not differ much 

in diameter, with a range of 2.8–12.6 nm. Increasing the RGD concentration appeared to 

affect the range in fibre diameter, as PeptiGelAlpha1 + 10 % RGD fibres varied from 2.6–

7.8 nm, and PeptiGelAlpha1 + 40 % RGD varied from 2.9–9.6 nm. This effect was 

accentuated further when comparing the average fibre diameters of all four materials 

(Figure 6.17B). The average fibre diameter of PeptiGelAlpha1 (5.9 nm ± 1.7 nm) was 

+ 1 % RGD PeptiGelAlpha1 

+ 10 % RGD + 40 % RGD 
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significantly higher than + 1 % RGD (5.3 nm ± 1.5 nm; p < 0.0001), + 10 % RGD (4.7 nm 

± 0.9 nm; p < 0.0001) and + 40 % RGD (4.8 nm ± 1.3 nm; p < 0.001). The fibre diameter 

ranges and mean fibre diameters have been summarised in Table 6.1.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17. Fibre diameters of PeptiGelAlpha1 ± 1 %, 10 % and 40 % RGD. (A) 

Frequency distribution of fibre diameters. (B) Mean fibre diameter quantification. Data are 

mean ± S.D. *** = p < 0.001, **** = p < 0.0001 using one-way ANOVA and post-hoc 

Tukey’s test. N = 2.  

 

 

 

 

 

Hydrogel Fibre 

diameter 

range (nm) 

Mean fibre 

diameter (nm) 

Storage moduli at 1 Hz 

(Pa) 

PeptiGelAlpha1 2.6–14.2 5.9 ± 1.7 7775 ± 316 

PeptiGelAlpha1 + 1 % 

RGD 

2.8–12.6 5.3 ± 1.5 6183 ± 317 

PeptiGelAlpha1 + 10 % 

RGD 

2.6–7.8 4.7 ± 0.9 7711 ± 648  

PeptiGelAlpha1 + 40 % 

RGD 

2.9–9.6 4.8 ± 1.3 5716 ± 777 

A B 

Table 6.1. Summary of mean fibre diameters and storage moduli at 1 Hz of 

PeptiGelAlpha1 ± 1 %, 10 %, 40 % RGD. Data are mean ± S.D.  
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6.3. Discussion 

 

6.3.1. Effect of Cancer Cell Conditioned Media on HUVEC Tube Formation 

HUVECs readily organise themselves into tube-like structures when seeded on top of 

Matrigel (as well as exposure to specialist EC culture media) within 18 hours of culture 

[372,373]. Known as the tube formation assay, it is useful for assessing the efficacy of 

pro-angiogenic and anti-angiogenic compounds [374]. Cancer cells typically produce 

pro-angiogenic factors and molecules, such as VEGF [375]. It was hypothesised that 

conditioned media collected from MCF-7 cancer cells would be able to enhance HUVEC 

tube formation, compared with the positive control.  

HUVECs seeded on top of Matrigel were exposed to cell culture media collected from 

MCF-7 cancer cells cultured under different conditions. When seeded on top of Matrigel 

and exposed to ECGM-2, HUVECs adhered to the material and organised themselves into 

primitive blood vessels. This shows the importance of the growth factors (EGF, FGF, 

VEGF and IGF) found within the cell culture media to stimulate tube formation of 

HUVECs. In this study, conditioning the cell culture media to cancer cells had no effect on 

tube formation by HUVECs (Figure 6.1 & 6.2). Data from other studies have produced 

mixed results. One study showed that HUVECs cultured in the presence of cancer cell 

conditioned media displayed significantly reduced motility [376]. Whereas glioma cell 

conditioned media promoted tube formation of brain ECs [377]. One study found, 

interestingly, that the cancer cell type has an effect on HUVEC tube formation; 

conditioned DMEM collected from MDA-MB-231 cancer cell was able to induce tube 

formation of HUVECs, whereas conditioned media collected from MCF-7, PC-3 and 

LNCaP cells could not [378]. This may be due to MDA-MB-231 cells producing higher 

concentrations of VEGF and MMP-9 compared with MCF-7 cells [379]. VEGF release by 

MCF-7 cells was not investigated in this study, although this may be the reason for the lack 

of difference in tube formation. It was also observed that HUVECs cultured in DMEM on 

top of Matrigel were rounded in morphology and did not form tubes (Appendix 10). As 

discussed earlier, this highlights the importance of the growth factors found within 

specialist EC culture media for EC tube formation. It also shows the sensitivity of 

HUVECs to the environment in which they are cultured, as seeding on top of Matrigel 

alone was not sufficient for tube formation.  

Moreover, MCF-7 cells were cultured for 4 days prior to media collection. This time point 

was chosen to allow the cells to adhere and acclimatise to their designated culture platform 
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and to express pro-angiogenic molecules. A longer culture duration may have been needed 

for the cells to produce growth factors and proteins. Again, a VEGF release study using an 

ELISA would provide an optimum time point for media collection. 

 

6.3.2. Influence of Laminin Enrichment of SAPHs on HUVEC Behaviour 

The addition of laminin to PeptiGelAlpha1 did not affect HUVEC behaviour (Figure 6.3). 

Laminin is believed to be a critical factor in inducing tube formation of HUVECs on 

Matrigel, due to the RGD and YIGSR binding motifs [365,380], and was thus investigated 

in this study. One study examining collagen I and the addition of laminin showed that 

laminin was able to induce intercellular contact between ECs, resembling tubes, whereas 

without laminin, ECs formed continuous sheets [366]. In this study, combining collagen I 

and laminin resulted in a higher HUVEC density and greater intercellular contacts than 

collagen I and fibronectin after 72 hours (Figure 6.4). This could be attributed to the 

YIGSR and IKVAV motifs provided by laminin, but could also be due to increased VEGF 

uptake due to increased α6 integrin expression, which are known laminin receptors on ECs 

[366]. The lack of response observed in PeptiGelAlpha1 herein could be due to a number 

of reasons. The laminin protein was physically mixed into the hydrogel and it is possible 

that the shear stress exerted could have disrupted the structure, rendering it inert. It is also 

possible that the laminin binding domains were not available at the hydrogel surface and so 

the cells could not recognise and bind to them. Fluorescently labelling the laminin protein 

would reveal the location of the domains within the hydrogel and also if the protein 

remained intact.  

 

6.3.3. Influence of SAPH Hydrophobicity on HUVEC Behaviour 

PeptiGelAlpha1 is based on alternating hydrophobic and hydrophilic residues. The overall 

hydrophobicity of SAPHs and the consequent effect on cell behaviour was investigated by 

utilising a valine-based hydrogel, named V8. In V8, the hydrophobic amino acid residues 

of PeptiGelAlpha1 are substituted with valine residues. Valine has a hydrophobicity index 

of 76, compared with the predominant hydrophobic amino acid in PeptiGelAlpha1, which 

has a score of 100 [381]. It was hypothesised that HUVECs would be able to adhere to a 

less hydrophobic surface, as cells prefer hydrophilic matrices [382]. Moreover, the 

hydrophobicity of SAPHs has previously been suggested to influence HUVEC behaviour 

[267].  

Using the less hydrophobic SAPH V8, rather than PeptiGelAlpha1, was not able to 

positively influence HUVEC behaviour (Figure 6.3 & 6.4). It was also noted that after 
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72 hours, there was significantly less HUVEC coverage on PeptiGelAlpha1 alone, showing 

that the hydrogel could not support HUVEC growth. The hydrophobicity of primary amino 

acid sequences was determined using normalised values from the literature [381] and was 

not directly measured. Contact angle measurements are the most commonly used method 

to physically measure the hydrophobicity of a sample [383]. Typically, if a liquid is 

strongly attracted to a hydrophilic surface, the droplet will spread out and the contact angle 

will be close to zero. A greater contact angle correlates with a greater hydrophobicity 

[384]. As contact angle measurements were not carried out in this study, it is unknown if 

wettability differed between PeptiGelAlpha1 and V8, which may explain the similar results 

obtained. The hydrophobicity of the primary amino acid sequence of SAPHs has 

previously been suggested to affect tube formation of HUVECs. HUVECs cultured within 

RAD16-I and RAD16-II were able to attach to the matrix and organise into tube-like 

structures, whereas in KFE-8 and KLD-12, HUVECs remained rounded and clustered 

together [267]. The authors suggested that as KFE-8 and KLD-12 were more hydrophobic 

than RAD16-I and RAD16-II, proteins were adsorbing to the peptide fibre surface rather 

than being incorporated inside them during self-assembly, resulting in reduced binding 

sites for cells [267]. Physical measurements of hydrophobicity were not carried out on any 

of the hydrogels used, nor was this hypothesis followed up. Further work is needed to 

confirm if the physical hydrophobicity of a hydrogel sample correlates with the 

hydrophobicity of amino acid residues, as well as further investigating the relationship 

between SAPH hydrophobicity and HUVEC behaviour.  

 

6.3.4. Influence of Functionalisation of SAPHs on HUVEC and MSC Behaviour 

 

6.3.4.1. HUVEC and MSC Morphology and Proliferation 

The influence of the RGD binding motif upon HUVEC and MSC behaviour within 

PeptiGelAlpha1 was investigated. Fluorescence-based imaging and quantifying cell shape 

by circularity measurements were used to investigate the effect of RGD functionalisation 

and cell-seeding density on cell behaviour. Circularity is a popular descriptor used in 

quantification of cell shape, in response to changing parameters affecting cell behaviour 

[385,386].  

Functionalising PeptiGelAlpha1 with the RGD domain positively influenced elongation of 

HUVECs and MSCs in a concentration-dependent manner, but only up to a certain point 

(Figure 6.5 & 6.8). The addition of 0.1 % RGD had no effect on cell morphology, 

suggesting that insufficient RGD binding sites were present for the cells to attach. 
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However, a small but significantly reduced circularity was observed compared with 

PeptiGelAlpha1 alone (Figure 6.7). The addition of 1 % and 10 % RGD elicited a positive 

response, as shown by the fluorescence images (Figure 6.5), and circularity measurements 

(Figure 6.7), but 40 % RGD failed to stimulate elongation of the cells in the images 

presented (Figure 6.8). This response was supported with the PicoGreen data, with 1 % 

and 10 % RGD eliciting greater proliferation in HUVECs and MSCs than PeptiGelAlpha1 

alone, and reduced proliferation observed with 40 % RGD (Figure 6.10). Increasing the 

cell-seeding density, from 1x106 cells/mL to 2x106 cells/mL, did not appear to stimulate 

the tube formation of HUVECs and MSCs under any of the conditions (Figure 6.6 & 6.7).  

It was also observed that the inclusion of MCF-7 cancer cells did not affect HUVEC or 

MSC morphology with any of the RGD concentrations used, nor with PeptiGelAlpha1 

alone (Figure 6.8). As discussed in section 6.3.1, it was unknown if the MCF-7 cells were 

expressing VEGF or other angiogenic growth factors, which could explain the lack of 

response by HUVECs and MSCs in the tri-culture system. It was also noted that the 

addition of the RGD domain did not affect MCF-7 cell morphology; this has been observed 

in other studies investigating functionalised hydrogels [328] 

The benefits of functionalising synthetic hydrogels and SAPHs with ECM derived motifs 

for vasculature formation have previously been discussed in section 2.6.3.3 & 2.6.4. 

Functionalising PEG hydrogels [387], the Fmoc-FF SAPH [213] and the Q11 SAPH 

[239,388] with RGD domains have demonstrated that hydrogel functionalisation elicited a 

greater cell response compared to the unmodified hydrogel. The data in this study therefore 

support the findings in the literature that functionalisation of PeptiGelAlpha1, with low 

RGD concentrations (1 % and 10 %), could promote HUVEC and MSC behaviour. 

However, at 40 % RGD, there was no positive effect on cell behaviour. The diminished 

response observed with 40 % RGD presented could be due to saturation of the hydrogel 

network with binding sites, therefore the cells were unable to bind. This suggests that the 

network density could be a limiting factor in functionalising SAPHs. This limitation was 

shown previously when investigating RGD functionalisation on silicon surfaces, showing 

that 6×105 RGD/mm2, or  100 % RGD, resulted in reduced EC adhesion compared with 

3×105 RGD/mm2  [389]. The authors proposed that overcrowding of RGD ligands resulted 

in insufficient space for cell integrins to bind to the ligands effectively. The spacing of 

RGD ligands within the hydrogel was not investigated in this current study, but were 

assumed to be randomly distributed. Fluorescent labelling or gold conjugation coupled 

with TEM of RGD binding sites would determine the spatial arrangement of ligands within 
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the hydrogel [239,388,390]. Overcrowding of the SAPH network by binding sites would 

also explain the lack of cell response to PeptiGelAlpha1 functionalised with 15 % RGD 

and 15 % IKVAV (Figure 6.12). There is clearly an optimal density for functionalising 

hydrogels with ECM derived ligands to ensure maximal response from cells, without 

compromising cell behaviour. It was also noted that the DNA yield of HUVECs and MSCs 

diminished under all conditions after 7 days in culture, showing that the long-term culture 

of both cell types could not be maintained in PeptiGelAlpha1 alone or when functionalised 

with the RGD motif (Figure 6.10).  

6.3.4.2. HUVEC Phenotype 

The influence of RGD functionalisation on HUVEC phenotype was confirmed with CD31 

immunostaining (Figure 6.11). Positive staining was consistently observed in 

PeptiGelAlpha1 and all RGD concentrations after 4 days in culture. CD31 has been widely 

used as a marker for EC phenotype when investigating ECs cultured using hydrogel 

systems [366,391]. The retention of CD31 in HUVECs in PeptiGelAlpha1 alone was 

promising, as it suggests that the unmodified hydrogel could still maintain the native EC 

phenotype. One study discovered that HUVECs cultured on the Q11 SAPH alone 

inconsistently expressed CD31 at cell-to-cell contacts; Q11-RGDS was used to investigate 

HUVEC behaviour but unfortunately, CD31 staining was not studied with RGD 

functionalised hydrogels [392]. In this current study, cell density appeared to be sparse in 

PeptiGelAlpha1 ± 40 % RGD images, further supporting the notion that the addition of 

40 % RGD exerted no benefit to HUVEC behaviour. Cell density did appear more 

abundant with 1 % and 10 % RGD, which correlates with the PicoGreen data presented in 

Figure 6.10.   

 

6.3.4.3. α5β1 Integrin Interaction 

To ascertain if HUVECs and MSCs were binding to the RGD domains directly via integrin 

activation within the hydrogel, integrin-blocking studies were carried out by incubating the 

cells with an anti-human α5β1 integrin antibody. The data presented showed that blocking 

this integrin did not affect the morphology of cells cultured in PeptiGelAlpha1 + 10 % 

RGD, TCP or 50 µg/mL fibronectin, compared to unblocked samples (Figure 6.13).  It 

was noted that the cells appeared more elongated with an increased density in blocked 

PeptiGelAlpha1 + 10 % RGD, which was surprising. One explanation is that the cells were 

not sufficiently blocked. The blocking procedure used was the same as described 

previously [213], in which cells were incubated with the same antibody for 45 minutes at 

37 °C, prior to encapsulation within the hydrogel. In that study, the cell morphology was 
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rounded due to the blocked integrins unable to respond and attach to the RGD sites [213]. 

Integrin blocking may have been successful due to the hydrogel preparation starting as a 

liquid precursor, with the cells mixed in, prior to gelation at 37 °C [213]. This method 

ensures that the antibody remained in the cell suspension and the α5β1 integrins remained 

blocked throughout the culture duration. In this current study, a minimal volume of cell 

suspension was mixed into a preformed hydrogel. Due to the cell suspension volume being 

reduced after integrin blocking and prior to hydrogel encapsulation, it is possible that 

removal of the antibody resulted in restoration of integrin activity. However, the TCP and 

fibronectin coated TCP samples contained the original blocked cell suspension and no 

difference was observed between the blocked and unblocked samples.  

Another factor may be that cells contain multiple integrins which recognise the RGD 

binding site; α5β1 is one of eight RGD-binding integrins [393]. The α5β1 integrin is often 

described as the ‘fibronectin receptor’ due to its high affinity for the RGD sequence in the 

fibronectin protein [394,395]. However, in the absence of the α5β1 integrin, other RGD 

recognising integrins can compensate, such as the αvβ3 integrin which also binds to the 

RGD [396]. It is possible that blocking of the α5β1 integrin alone was not sufficient to 

reveal if HUVEC and MSC attachment to the RGD motifs was mediated by cell-integrin 

interactions. Dual blocking of both the α5β1 and αvβ3 integrins could help elucidate the 

interactions of HUVECs and MSCs with RGD functionalised SAPHs.  

 

6.3.5. RGD Functionalisation and Physico-Chemical Properties 

 

6.3.5.1. Secondary Structure of RGD Functionalised PeptiGelAlpha1 

To observe if functionalising PeptiGelAlpha1 with the RGD motif affected the 

self-assembly and physical properties of the hydrogel, characterisation of the RGD 

functionalised PeptiGelAlpha1 hydrogels was carried out using the same techniques as 

described in Chapter 4. AT-FTIR analysis confirmed that anti-parallel β sheets were 

present in all RGD concentrations, confirming that the core secondary structure of the 

hydrogel was unaffected by functionalisation (Figure 6.14). This is concurrent with other 

studies using RGD functionalised ionic complementary SAPHs [213,397], in which 

β-sheet formation was not affected by the presence of RGD. The peak observed at 

1640 cm-1 in 10 % and 40 % RGD samples has been observed previously in 

RADA16-RGD and RADA16-IKVAV samples; the authors determined this peak was due 

to the presence of α-helices or random coils [397]. A RADA16 only sample was not used 
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as a control, but this peak was not present in the PeptiGelAlpha1 spectra presented in this 

study, suggesting that this could be attributed to the binding motif.  

 

6.3.5.2. Viscoelastic Behaviour of RGD Functionalised PeptiGelAlpha1 

The mechanical properties of RGD functionalised hydrogels were investigated using 

oscillatory rheology in the presence of media conditioning (Figure 6.15). PeptiGelAlpha1 

+ 1 % and 40 % RGD were measured to be significantly softer than PeptiGelAlpha1 alone. 

No significant difference was observed with + 10 % RGD. Previous studies have indicated 

that functionalisation of SAPHs with the RGD domain does significantly affect the 

mechanical properties. Zhou et al reported that increasing the percentage of Fmoc-RGD up 

to 30 % in the Fmoc-FF SAPH resulted in an increase in stiffness compared with a sample 

containing 0 % RGD [213]. However, 40 % and 50 % Fmoc-RGD resulted in softer 

hydrogels compared with 100 % Fmoc-FF [213]. Separate studies investigating the β-sheet 

forming SAPH KFE discovered that the stiffness of KFE was 10 times greater than that of 

KFE-RGD alone [398]. However, the stiffness of the β-turn forming SAPH Q11 was not 

affected by the presence of RGD [239].  

The weakened mechanical properties shown with RGD functionalised PeptiGelAlpha1 in 

this study, and other β-sheet forming peptide hydrogels, could be explained by the 

interaction of the RGD motif with the self-assembling of the β-sheet nanofibres. As 

discussed in section 6.3.5.1, characteristic spectra of β-sheet forming SAPHs were 

observed in this study, but it could be possible that β-sheet content was reduced. One study 

found that functionalising β-sheet forming RADA16 with YIGSR and other laminin and 

collagen IV derived binding motifs, resulted in reduced β-sheet content as shown by CD 

spectra, although characteristic β-sheet spectra were observed [269]. Functionalisation with 

the RGD motif was not included in that study. It is thus possible that incorporation of an 

ECM derived ligand affects the lateral formation of β-sheet peptide fibres, resulting in a 

decreased mesh size and thus weakened mechanical properties. CD measurements were not 

carried out in this study, but would help elucidate this theory in more detail. The rheology 

data carried out in this study also showed that no difference in stiffness was observed 

between PeptiGelAlpha1 and + 10 % RGD; this could be due to the sample size used 

(n = 1). More experimental repeats are therefore needed to confirm the effect of RGD 

functionalisation on SAPH mechanical properties.  
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6.3.5.3. Fibre Formation of RGD Functionalised PeptiGelAlpha1 

Fibre formation of RGD functionalised PeptiGelAlpha1 was observed using TEM imaging 

(Figure 6.16). Compared with PeptiGelAlpha1, the presence of RGD at any concentration 

did not affect the gross morphology of nanofibres, which were observed as entangled 

ribbons. Quantification of TEM images revealed that RGD functionalisation did result in 

significantly reduced nanofibre diameter (Figure 6.17B). However, it is unclear whether 

the diameter of the peptide nanofibres would affect cell behaviour. Although the 

differences in fibre diameter were deemed to be significant, they were still small, with little 

difference observed in the ranges of fibre diameter (Table 6.1). Βeta-sheet forming peptide 

hydrogels typically have a fibre thickness of 10–20 nm [219], although β-sheet forming 

hydrogels with fibre diameters of 3–5 nm have been reported [286]. Consequently, the 

fibre diameters of RGD functionalised PeptiGelAlpha1 appeared to be typical for this type 

of SAPH. In addition, the overall architecture of the hydrogels seemed to be largely 

unaffected by the presence of RGD. With 40 % RGD, however, the network appeared to be 

densely crowded. As discussed previously in section 6.3.4.1, labelling the RGD ligand 

with gold nanoparticles would enable visualisation of the binding motif within the peptide 

fibre network. This would also uncover the distribution of the binding motif and would 

reveal if the network was too crowded with 40 % RGD.  
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6.4. Conclusions  

Tissue engineering blood vessels in vitro using HUVECs is challenging; HUVECs are 

notoriously delicate cells and are sensitive to the environment in which they are grown. 

Whilst some studies have fabricated vascular structures using HUVECs to recreate the 

vasculature component within tumours [399], focus on spontaneous formation of tube-like 

structures by HUVECs and MSCs was explored in this work.  

Results in Chapter 5 showed that PeptiGelAlpha1 was able to support the viability and 

growth of MCF-7 and MDA-MB-231 breast cancer cells. Previous work has also shown 

that SAPH systems have been used successfully for the formation of primitive blood 

vessels by HUVECs [36,239,267]. PeptiGelAlpha1 had not been previously used for 

co-culture of HUVECs and MSCs; therefore, it was unknown if HUVECs and MSCs 

would spontaneously form tubes within the hydrogel alone, or if modifications to the 

material would be needed to promote this behaviour.  

The aim of this chapter was to determine what modifications are needed to support 

HUVEC and MSC growth and vasculature formation within PeptiGelAlpha1.  

In summary, none of the approaches used, nor the modifications made to PeptiGelAlpha1, 

were able to greatly induce tube-like structures and formation by HUVECs and MSCs. 

However, functionalisation with the RGD binding domain elicited the greatest response, as 

shown by the elongation and stretching of HUVECs and MSCs and increased proliferation. 

There was an initial concentration-dependent benefit to RGD functionalisation, however at 

40 % RGD, it was noticed that the cell response to the RGD motif diminished. This was 

possibly due to saturation of the hydrogel network resulting in cells being unable to bind, 

suggesting that there may be a threshold value for functionalisation. CD31 expression was 

observed in the absence and presence of the RGD domain, showing that the hydrogel alone 

could support native HUVEC phenotype. Blocking of the α5β1 integrin was unable to 

determine if the cells were attaching to the RGD domain via this specific integrin. In 

conclusion, a multifaceted approach to modifying PeptiGelAlpha1 and more generally, 

SAPHs, is necessary for HUVEC and MSC tube formation.  

The novelty of the work outlined in this chapter is found in the RGD functionalisation 

study, whereby the cell response to RGD functionalisation is concentration-dependent and 

the positive effect is lost at higher concentrations. This finding has been observed for the 

first time using this material, PeptiGelAlpha1, with the HUVEC and MSC cell types. 
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Moreover, the formation of vasculature has not been attempted before using this material, 

to the author’s knowledge.  
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CHAPTER 7 – Overall Conclusions and Future Work 

 

7.1. Overall Conclusions 

Anti-cancer drug development is hindered due to the lack of reliable in vitro models used 

in the development pipeline [400]. The simplicity of 2D in vitro models results in maximal 

therapeutic benefit exerted by novel drugs, due to the lack of barriers that are observed in 

tumours in vivo [9]. Developing representative 3D in vitro models that can recapitulate the 

TME will help streamline drug development, improving the data collected from in vitro 

research and supplementing in vivo studies [147]. Mimicking the TME in vitro, however, is 

a complex and difficult feat; the needs of numerous cell types and components need to be 

considered. Using a naturally derived hydrogel provides the cells with the binding cues 

typically found in vivo, and therefore there are few issues associated with co-culturing 

multiple cell types [183]. However, the limitations associated, such as weak mechanical 

properties and batch-to-batch variability, far outweigh the benefits, rendering them 

unsuitable for pharmaceutical applications and limit data reproducibility [180]. Using a 

synthetic system removes these impediments. Nonetheless, different cell types have 

individual environmental needs. Therefore, a biomaterial used must be able to maintain the 

native behaviour of multiple cell types. The issue thus lies in whether a synthetic system 

alone can support the phenotype and growth of these cells, and what material modifications 

are needed, as found within this thesis. 

The overall aims of this thesis were as follows:  

1. To identify the most appropriate SAPH candidate and characterise and compare the 

physical and mechanical properties of the chosen SAPH, PeptiGelAlpha1, with 

collagen I and Matrigel.  

2. To investigate the growth and behaviour of MCF-7 and MDA-MB-231 breast 

cancer cell lines within the chosen SAPH, by exploring cell viability, phenotype, 

and organisation, as well as investigate if features of solid tumours could be 

mimicked. 

3. To determine what modifications are needed to support HUVEC and MSC growth 

and tube formation within the chosen SAPH. 

In response to aim 1, the data presented in Chapter 4 have shown that PeptiGelAlpha1 

was the most suitable material to use out of the SAPHs tested, due to its neutral charge, 

relatively stiff mechanical properties and biocompatibility with MCF-7 breast cancer cells. 
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PeptiGelAlpha1 was shown to be a shear-thinning and versatile material that was formed 

of entangled nanofibres mimicking that of the ECM. The fibre morphology and diameter of 

PeptiGelAlpha1 (2.6–14.2 nm) was uniform and homogeneous compared with collagen I 

(2.1–65.4 nm) and Matrigel (3.9–120.7 nm), due to its chemical definition. The mean fibre 

diameter of PeptiGelAlpha1 (5.7 nm ± 1.4 nm) was significantly smaller than that of 

collagen I (12.0 nm ± 3.9 nm) and Matrigel (20.1 nm ± 9.6 nm). PeptiGelAlpha1 exhibited 

superior mechanical properties (12,679.5 Pa ± 3224.0 Pa) to collagen I (27.8 Pa ± 0.8 Pa) 

and Matrigel (9.0 Pa ± 6.6 Pa) and was able to mimic the stiffness of breast tumour tissue, 

more closely. The viscoelastic properties of PeptiGelAlpha1 were more sensitive to media 

conditioning than collagen I and Matrigel, with an increase in stiffness observed due to 

charge screening. Recovery experiments showed that Matrigel was not able to deform and 

recover following cycles of low and high shear, impeding the applications of this material. 

On the other hand, collagen I and PeptiGelAlpha1 were able to deform and recover 

following alternating cycles of high and low shear. However, media conditioning 

detrimentally affected the recovery profile of PeptiGelAlpha1, resulting in the system 

crashing. Nonetheless, without media conditioning, PeptiGelAlpha1 could withstand high 

shear and recover to form a hydrogel, and therefore could be suitable for applications 

including: 3D printing, injection and cell encapsulation. PeptiGelAlpha1 also acted as a 

physical barrier to doxorubicin penetration, as shown by confocal and multi-photon 

imaging. PeptiGelAlpha1 therefore demonstrated appropriate material properties for 

modelling breast tumours.  

For aim 2, as shown in Chapter 5, MCF-7 and MDA-MB-231 cells were viable and 

proliferated within the hydrogel over the 14-day period observed. Ki67 

immunohistochemistry showed that both cell lines were actively dividing within 

PeptiGelAlpha1. MCF-7 cells aggregated to form large spheroids within the SAPH, in a 

similar manner to the collagen I hydrogel, whereas MDA-MB-231 cells remained 

dispersed. Both cell lines became hypoxic within the hydrogel, with an increase in number 

of hypoxic cells observed over the 14-day culture. For MCF-7 cells, however, the 

formation of cell spheroids resulted in an increase in percentage area that was hypoxic. The 

EMT status of both cell lines was not observed to change over the culture duration, as 

shown by immunohistochemical staining, therefore it cannot be concluded from these data 

alone if the EMT status of the cells was changing. However, the native phenotype of 

MCF-7 and MDA-MB-231 cells was retained, with positive staining observed for 

E-cadherin and cytokeratin (MCF-7 cells), and vimentin and cytokeratin (MDA-MB-231 

cells) within PeptiGelAlpha1. TEM imaging revealed that MCF-7 cells were internalising 
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the peptide hydrogel, which was not observed with collagen I, nor was this observed with 

the MDA-MB-231 cell line. This was supported by weakened mechanical properties of 

MCF-7 cell laden samples and increased MMP-2 production, suggesting that MCF-7 cells 

were remodelling the peptide hydrogel by proteolytic degradation. MCF-7 cells were 

observed to be highly invasive when cultured within PeptiGelAlpha1, as shown by 

invasion into collagen I and Matrigel hydrogels, but this was not observed with 

MDA-MB-231 cells. Preliminary data showed that MCF-7 and MDA-MB-231 cells 

cultured in PeptiGelAlpha1 were resistant to tamoxifen treatment compared with 2D 

monolayer cultures, suggesting that 3D culture using a SAPH system could reflect drug 

sensitivity observed in vivo. It was noted that PeptiGelAlpha1 appeared to be a more 

appropriate platform for culturing MCF-7 cells than MDA-MB-231 cells. This was 

highlighted by the invasive potential of MCF-7 cells into collagen I and Matrigel 

hydrogels, remodelling of the PeptiGelAlpha1 matrix and ECM deposition, which were not 

observed with MDA-MB-231 cells. It is possible that PeptiGelAlpha1 alone could not 

support the malignant phenotype of this cell line, and that functionalisation with a 

cell-binding domain such as RGD may be necessary. PeptiGelAlpha1 alone therefore may 

be more suited for modelling early stages of breast cancer, such as with MCF-7 cells. 

Events of cancer progression, such as hypoxia, invasion, resistance to anti-cancer drugs 

and ECM remodelling, were observed with this system. PeptiGelAlpha1 could therefore be 

a suitable platform for modelling early breast cancer, and more widely, the TME. 

For aim 3, presented in Chapter 6, none of the modifications made to PeptiGelAlpha1 in 

this work were able to induce tube formation by HUVECs and MSCs. MCF-7 cancer cell 

conditioned media did not positively influence HUVEC tube formation when cultured on 

Matrigel. Laminin enrichment of SAPH and the hydrophobicity of the amino acid 

sequence did not exert any benefit to HUVEC behaviour. However, compared with 

fibronectin enrichment, laminin did promote HUVEC attachment to collagen I. 

Functionalisation of PeptiGelAlpha1 with 1 % and 10 % RGD was able to elicit HUVEC 

and MSC attachment and elongation, whereas no benefit was observed with 0.1 % and 

40 % RGD. Increasing the cell-seeding density did not stimulate HUVECs and MSCs to 

form tube-like structures, nor did tri-culturing with MCF-7 cancer cells. After 4 days in 

culture, 1 % and 10 % RGD functionalisation resulted in increased DNA concentration of 

HUVECs and MSCs. After 7 days, DNA yield appeared to reduce, showing that RGD 

functionalisation was not sufficient to maintain the long-term growth of HUVECs and 

MSCs within PeptiGelAlpha1. CD31 expression was retained in HUVECs in the absence 

and presence of RGD functionalisation, showing that HUVEC phenotype was maintained. 
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The benefits of RGD-mediated cell attachment were concentration-dependent; it is likely 

that crowding of the network with ligands resulted in cells no longer able to recognise and 

attach to the matrix. This was highlighted by the rounded morphology of HUVECs and 

MSCs when cultured in PeptiGelAlpha1 functionalised with 15 % RGD and 15 % IKVAV. 

It could not be concluded if the cells were attaching to the RGD domains specifically by 

integrin binding. However, RGD functionalisation did not have any effect on β-sheet 

formation or fibre morphology, but the mechanical properties were affected. Given the 

sensitivity of HUVECs, it is likely that a multi-faceted approach is needed to stimulate 

tube formation of HUVECs and MSCs within PeptiGelAlpha1, such as by combining RGD 

functionalisation with softer mechanical properties and growth factor supplementation.  

It was hypothesised that an ionic complementary SAPH system would be able to support 

the 3D culture, growth and in vitro modelling of the MCF-7 and MDA-MB-231 breast 

cancer cell lines, as well as support tube formation of HUVECs and MSCs, with 

appropriate material modifications if needed. The data presented in this thesis support the 

hypothesis that PeptiGelAlpha1 is a suitable candidate for MCF-7 and MDA-MB-231 cell 

growth and 3D culture. However, MCF-7 cells appeared to be more active within the 

hydrogel than MDA-MB-231 cells, therefore the data in this thesis support the hypothesis 

that PeptiGelAlpha1 may be more appropriate for in vitro modelling of early stage breast 

cancer cell lines. Regarding HUVEC and MSC behaviour, RGD functionalisation was able 

to stimulate cell elongation and increase proliferation, but was not sufficient to promote 

tube formation. Therefore, more work is needed to support the hypothesis that 

PeptiGelAlpha1 alone is suitable for modelling vasculature formation in vitro using 

HUVECs and MSCs.  

The novelty of this research lies in several findings and approaches. As a chemically 

defined platform, PeptiGelAlpha1 exhibited a uniform nanofibre architecture, and superior 

mechanical properties compared to collagen I and Matrigel. The recovery profiles of 

collagen I and Matrigel were characterised for the first time. Two breast cancer cell lines 

(MCF-7 and MDA-MB-231) representing different stages of the disease were used, 

alongside HUVECs and MSCs to mimic vasculature in vitro. None of these cell lines have 

been used previously with this commercially available hydrogel. Internalisation of the 

peptide hydrogel fibres by MCF-7 cells has not been observed previously with a cancer 

cell line and therefore offers a novel approach of drug delivery in vitro. Preliminary data 

suggested that the hydrogel could impede the efficacy of tamoxifen treatment in vitro. 

RGD functionalisation offered a concentration-dependent benefit to HUVEC and MSC 
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behaviour, but only up to a certain point. Saturation of the hydrogel network with 

cell-binding motifs is therefore a factor to consider when designing functionalised 

hydrogels. 

The implications of this work hold significance for several research fields. Firstly, 

biomaterials and tissue engineering researchers can benefit from the viscoelastic behaviour 

and nanofibre diameter data presented in Chapter 4 of PeptiGelAlpha1, collagen I and 

Matrigel, helping users make an informed choice about which platform is most suitable for 

their own research. The MCF-7 and MDA-MB-231 cell lines are commonly used in breast 

cancer research; therefore their encapsulation and subsequent behaviour profiles within 

PeptiGelAlpha1, as demonstrated in Chapter 5, can allow for the probing of tumour 

progression mechanisms in synthetic 3D in vitro platforms. The drug efficacy data also 

support the notion that SAPHs can act as a physical barrier to chemotherapeutic drugs, 

aiding drug development research. The RGD functionalisation study can aid the design of 

hydrogels for tissue engineering applications, and provide a stepping-stone for the 

fabrication of tissue engineered blood vessels within SAPHs, as presented in Chapter 6. 

As well, SAPH users can also benefit from the assays presented herein and adopt these into 

their own research.  

In conclusion, the findings in this thesis provide proof that PeptiGelAlpha1 could be used 

for in vitro modelling of early breast cancer and that events of tumour progression, such as 

hypoxia, invasion and drug resistance are reliably mimicked. PeptiGelAlpha1 is potentially 

a more suitable material for developing in vitro models of breast cancer compared with 

naturally derived hydrogels, due to its chemical definition and relevant mechanical 

properties. However, PeptiGelAlpha1 alone may be more suitable for modelling early 

breast cancer, whilst functionalisation of the hydrogel may be required to maintain the 

invasive/malignant phenotype of the MDA-MB-231 and other invasive breast cancer cell 

lines. Whilst RGD functionalisation resulted in HUVEC and MSC elongation and 

increased cell density, it was not sufficient for the cells to differentiate into tube-like 

structures. More work is therefore needed to identify the parameters to induce angiogenesis 

within PeptiGelAlpha1 and similar systems. These data have implications for research into 

3D in vitro modelling of cancer, tissue engineering blood vessels in vitro, hydrogel design 

and pharmaceutical development of anti-cancer drugs.  
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7.2. Future Work 

In regards to future work, gene expression studies of EMT markers need to be carried out 

to establish if the EMT status of the cells is changing when encapsulated in 

PeptiGelAlpha1, such as by using RNA sequencing or RT-PCR. In addition, artificially 

inducing EMT with TGFβ would enable exploration of EMT mechanisms using a 3D 

synthetic platform. To explore the hypoxia data further, measuring oxygen concentration in 

different regions of the hydrogel would reveal if the cells were becoming hypoxic due to 

reduced oxygen diffusion spatially. This could be achieved using fluorescent 

microparticles [401] or using an electrode-based oxygen microsensor [402]. Exploring why 

the MCF-7 cells were taking up the hydrogel would provide some insight into cell-material 

interactions and nutrient scavenging in vitro, as well as determine if the cells would 

internalise drug-laden hydrogel. Lysosome activity of MCF-7 cells and atomic force 

microscopy-infrared spectroscopy (AFM-IR) mapping were initially pursued to explore 

this further, but time constraints resulted in suspension of this work. Lysosome activity 

would determine if the hydrogel was being metabolised and degraded within the cell 

organelles, which is observed with nutrient scavenging in vivo [331]. AFM-IR mapping 

would couple imaging of the cell-laden hydrogel with analysing the IR spectra of specific 

regions within the sample [403]. Both of the aforementioned approaches alongside 

quantifying glucose consumption and lactic acid production, which have previously been 

utilised to investigate peptide fibre entrapment by cells [216], would determine if the cells 

were scavenging the hydrogel for additional nutrients. TEM imaging with MCF-7 

cell-laden hydrogel samples exposed to chemotherapeutic drug treatment in the cell culture 

media would reveal if the cells would internalise drug-laden hydrogel. The downstream 

effects of this could be analysed by observing if this affects the efficacy profile of the drug, 

and observing if the drug reaches the centre of the spheroids formed by the MCF-7 cells. 

This could be supplemented further by incorporating nanoparticles containing anti-cancer 

drugs into the hydrogel, to observe if the cells would internalise these alongside the 

hydrogel.  

More work is needed to confidently assess if PeptiGelAlpha1 can act as a physical barrier 

to anti-cancer drugs, particularly tamoxifen treatment. Further repeats of drug efficacy 

experiments and dose-response curves are needed to provide a range of IC50 values. This 

would reliably determine the efficacy of tamoxifen and doxorubicin with PeptiGelAlpha1. 

Performing drug efficacy experiments at later time points, such as after 14 days in culture 

when the MCF-7 cells have formed large spheroids, would reveal if the culture period and 

spheroid size has any bearing on drug sensitivity.  
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Further work is also needed to establish how to induce tube formation by HUVECs and 

MSCs within SAPHs and identify the parameters needed. In regards to functionalisation 

with ECM derived binding motifs, labelling of the ligand with gold or a fluorescent protein 

would enable ligand distribution and network density to be observed. This would help 

determine the threshold concentration at which network saturation occurs, for a binding 

motif such as the RGD domain. Further work needs to determine if HUVECs and MSCs 

were responding to the RGD stimulus via integrin binding; dual blocking of the α5β1 and 

αvβ3 integrins would help to explore this further.  

Factors that were not studied in this project to stimulate HUVEC and MSC growth include 

matrix stiffness and the influence of growth factors. Alongside functionalisation, growth 

factor supplementation within the hydrogel as well as softer mechanical properties may be 

necessary. Although VEGF, IGF, FGF and EGF were included in the ECGM-2 cell culture 

media, it is possible that the growth factors could not diffuse through the hydrogel. 

Enriching the hydrogel with angiogenic growth factors from within may be necessary to 

induce tube formation of HUVECs and MSCs, as used with previous studies [30]. Diluting 

PeptiGelAlpha1 to weaken the mechanical properties would determine if HUVECs and 

MSCs would respond to a softer environment. One factor, which was also not considered, 

was the influence of pH on cell growth. PeptiGelAlpha1 has a pH of 4 before the addition 

of cell culture media [21]; cells encapsulated therefore experience this relatively acidic 

environment prior to media conditioning. It is possible that the primary HUVECs and 

MSCs are too sensitive for this pH. A SAPH with an initial physiological pH may be 

necessary to support the growth of these cell types. Rather than inducing spontaneous 

angiogenesis, fabricating vascular networks using 3D printing could offer a solution, as 

seen with other studies [15,175].  

To fully mimic the TME, additional cell types such as fibroblasts and white blood cells, 

need to be incorporated. Future work should explore if PeptiGelAlpha1 can support the 

growth and viability of these stromal cells by using the LIVE/DEAD and PicoGreen assays 

utilised in this thesis. Investigating breast to bone metastasis by incorporating bone cells 

would also enhance the complexity of this model [404]. One approach to mimic the 

stromal component (including vasculature) would be to surround the cancer cell-laden 

hydrogel with another SAPH containing the stromal cells, as seen in other studies 

modelling the TME in vitro [30,323,405,406]. 
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Furthermore, performing rheological and histological studies on ex vivo breast tumour 

tissue samples and comparison with this in vitro model would confirm if PeptiGelAlpha1 

could indeed mimic the stiffness and histoarchitecture of breast tumour tissue. 

Exploring the use of cell lines representing cancers from other tissues within 

PeptiGelAlpha1 would also be worthwhile, to investigate if the material can mimic other 

tumour types in vitro. This would expand the versatility of this hydrogel and allow 

comparisons to be made between cell lines from different cancer types, in regards to 

disease progression and drug efficacy.  

Personalised medicine is becoming more commonplace to identify chemotherapeutic drugs 

that will target the patient’s cells in vitro, instead of trialling them directly in the clinic. A 

3D synthetic platform, such as PeptiGelAlpha1, would be a suitable candidate as a 

platform for this use, due to its chemical definition [407]. It would be useful to determine 

how primary cancer cells respond when cultured within PeptiGelAlpha1, as a logical step 

towards using the hydrogel as a platform for streamlining selection of an anti-cancer drug 

[408].  
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CHAPTER 9 – Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 1. Positive control for Gomori Trichome staining. Pig anterior cruciate 

ligament was used. Green = collagen. Blue = nuclei. Scale bar = 25 µm.  
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Appendix 2. Representative negative controls of MCF-7 and MDA-MB-231 cells 

encapsulated in PeptiGelAlpha1. The primary antibody was omitted from 

immunohistochemistry staining and all subsequent steps were carried out as normal. 

Brown = DAB staining. Blue = nuclei. Scale bar = 200 µm.  
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Appendix 3.  Acellular PeptiGelAlpha1 controls for immunohistochemistry staining.  Acellular samples were treated with the primary antibody and all 

subsequent steps were carried out as normal. Brown = DAB staining. Scale bar = 50 µm.
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Appendix 4. MCF-7 and MDA-MB-231 cell pellet controls for E-cadherin, N-cadherin, pan cytokeratin, vimentin and HIF1α. Brown = positive 

staining. Blue = nuclei. Scale bar = 200 µm.  
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Appendix 5. Positive control images for immunohistochemistry. CD31 = HUVEC cell pellet. Ki67 = rat liver. E-cadherin = LNCaP cell pellet. 

Cytokeratin = pig kidney. N-cadherin = PC3 cell pellet. Vimentin = rat oesophagus. HIF1α = LNCaP cell pellet. Brown = positive staining. Blue = nuclei. 

Scale bar = 10 µm.  
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Appendix 6. Contraction of collagen I by MCF-7 cells. Nuclei = blue. Scale bar = 

100 µm. 
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Appendix 7. Dose-response curves without normalisation of Y values. (A) 

MDA-MB-231 cells treated with doxorubicin. (B) MDA-MB-231 cells treated with 

tamoxifen. (C) MCF-7 cells treated with doxorubicin. (D) MCF-7 cells treated with 

tamoxifen. Data are presented as percentage viability compared with no treatment due to 

different cell-seeding densities used with 2D and 3D culture. Data are mean ± S.D.  
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Appendix 8. Steps for sorting GFP-MSCs and RFP-HUVECs using fluorescence 

activated cell sorting (FACS).  

(1) Forward vs height scatter histogram to identify single cells. (2) Forward vs side scatter 

histogram to identify intact cells. (3) Single intact fluorescent cells. (4) Number of 

fluorescent cells. (5) Selected region for sorting. (6) Final percentage of each event. 

HUVECs and MSCs were used as controls. 89.5 % of RFP-HUVECs and 26.1 % of 

GFP-MSCs were successfully isolated and sorted. These data were taken from Jekaterina 

Maksimcuka’s thesis (2019) [363]. 
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Appendix 9. Tri-lineage differentiation of MSCs and GFP-MSCs. (A) Chondrogenic 

differentiation. Blue = positive staining. (B) Adipogenic differentiation. Red = positive 

staining. (C) Osteogenic differentiation. Red = positive staining. N = 3. These data were 

taken from Jekaterina Maksimcuka’s thesis (2019) [363].  
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Appendix 10. RFP-HUVECs cultured on top of Matrigel in the presence of DMEM. 

Cells were incubated for 18 hours before fixation. Red = HUVECs.  
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Appendix 11. LIVE/DEAD staining of HUVECs seeded on TCP ± 5, 25 and 50 µg/mL 

laminin over 7 days. Green = live cells. Red = dead cells. Scale bar = 500 µm. N = 6.  
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Appendix 12. Metabolic activity of HUVECs seeded on laminin-coated TCP over 

7 days.  Data are mean ± S.D. **** = p < 0.0001 using two-way ANOVA and post-hoc 

Tukey’s test. N = 6. 
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Appendix 13. Contraction of collagen I by HUVECs and MSCs.  RFP-HUVECs and 

GFP-MSCs were cultured in collagen I + 90 µg/mL fibronectin after 1 day in culture using 

a density of 1x106 cells/mL (4:1 HUVEC:MSC ratio) . Red = RFP-HUVECs. Green = 

GFP-MSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


