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Abstract 

Mechanotransduction describes a cell’s ability to sense mechanical stimuli imparted 

by its surroundings and translate them into biochemical signals.  These signals 

subsequently influence cell behaviour by promoting remodelling of the cytoskeleton, 

changes to gene expression and tumour suppression. This is particularly important 

for tissues with a high cell turnover like the skin. Fibroblasts and keratinocytes, the 

skin’s predominant cell populations, have been shown to respond to physical stimuli 

such as stretch, compression and shear forces, leading to changes in collagen 

deposition, and proliferation and migration.  

During in vitro cell culture it is conventional to use extremely stiff substrates that do 

not reflect the physiological microenvironment (e.g., plastic and glass). Whilst there 

have been attempts to limit this issue with the development of 3D tissue models, cells 

are still first being cultured, or “primed”, on a highly stiff surface.  

The aim of this project was to investigate keratinocyte and fibroblast behaviour, 

phenotype, and genotype expression when cultured on biomimetic hydrogel-coated 

dishes with similar mechanical properties to their in vivo environment. It was 

hypothesised that optimisation of this 2D culture environment would facilitate the 

development of 3D skin equivalents that better reflected in vivo tissue than current 

models grown from cells primed on plastic.  

This study showed that primary keratinocytes and fibroblasts cultured on biomimetic 

substrates were more reminiscent of cells in quiescent skin rather than the activated 

phenotype observed on plastic. Keratinocytes exhibited reduced nuclear and 

cytoplasmic stiffness in response to a 4 kPa culture substrate, and changes were 

observed in the expression of proliferation and differentiation markers, and proteins 

involved in mechanosensing. Epidermal 3D models produced using keratinocytes 

primed on 50 kPa dishes were thicker and better organised. Fibroblasts cultured on 

soft 2D substrates of 1 kPa and 4 kPa were observed to have fewer reactive oxygen 

species and expressed fewer DNA damage markers following irradiation to induce 

senescence. 
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1 Introduction 

1.1 Overview of Thesis 

The research presented in this thesis focuses on investigating the effects of two-

dimensional (2D) culture surface stiffness on the behaviour, morphology, gene, and 

protein expression of human epidermal keratinocytes and dermal fibroblasts. Early 

studies using micropatterning approaches to alter the topology of 2D surfaces first 

enabled scientists to investigate how changes to the microenvironment affects cell 

morphogenesis and function (Ito, 1999). These findings later led to the development 

of membranes and scaffolds that facilitated the production of three-dimensional (3D) 

tissue models. These were designed to provide cells with a mechanical environment 

similar to their native tissue, and enabled the investigation of cell attachment, growth, 

and extracellular matrix (ECM) formation in a 3D setting (Melchels et al., 2011; 

Zeltinger et al., 2001; Hollister, Maddox and Taboas, 2002; Van Bael et al., 2012).  

However, whilst 3D tissue engineering is clearly a vital tool for the future of cell 

culture, it is a slower and less cost-effective technique than 2D culture. As such, the 

fact remains that the majority of in vitro cell work is still performed using traditional 

2D techniques that rely on materials such as tissue culture plastic (TCP) and glass. 

The implications of this are two-fold; firstly, that all studies performed on cells 

cultured on TCP cultureware in vitro have the potential to have altered gene and 

protein expression compared to their in vivo counterparts as a result of an 

inappropriate mechanical environment. Secondly, cells subsequently used to set up 

3D tissue models may already have altered gene expression to in vivo cells, which 

could impact model development as the cells acclimatise to the different external 

mechanical signals. Consequently, this calls into question the reliability of all data 

that TCP or glass cultureware have played a role in the production of.  

The skin is a high turnover tissue that is subject to both macroscopic mechanical 

changes, resulting from physical manipulation of the tissue, and microscopic 

mechanical changes caused by factors such as remodelling of the dermal ECM, and 

migration of epidermal cells away from the stiff basement membrane. Fibroblasts and 
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keratinocytes, the skin’s predominant cell populations, have been shown to respond 

to physical stimuli such as stretch, compression, and shear forces, leading to changes 

in collagen deposition, and proliferation and migration respectively (Wong, 

Longaker and Gurtner, 2012). The development and characterisation of in vitro 3D 

skin models is a large field given their use as an alternative to animal models for 

dermopharmaceutical testings, and their potential in a clinical setting for producing 

skin grafts for patients such as burn sufferers (Jean, Garcia-Pérez and Pouliot, 2011). 

However, the study of skin cells is subject to the same culture limitations as 

mentioned in the previous paragraph. 

The basis of this thesis is to explore three main questions regarding biomimetic (BM) 

substrate utilisation in the 2D culture of skin cells; firstly, does BM cultureware offer 

a comparable ease of use and cost-effectiveness to TCP thus making it a viable 

alternative? Secondly, what impact does the culturing of skin cells on BM cultureware 

have on their behaviour, gene expression, and phenotype in comparison to TCP? And 

thirdly, does culturing skin cells on BM cultureware prior to setting up 3D skin 

models improve model appearance and development? Individual literature reviews 

have been conducted for each focused area of research to determine clear rationales 

for each step in the process. This work is broad in scope and provides a preliminary 

foundation that supports a more widespread implementation of mechanically 

relevant cultureware into 2D cell culture techniques. The general introduction 

introduces the mechanisms by which cells detect their mechanical environment and 

begins to examine the relevance of mechanics in in vivo skin during both quiescent 

tissue maintenance, and in skin ageing. This is underpinned by explorations into 

current culture practices when working with skin cells in vitro.  

Chapter 3 begins by introducing the cultureware chosen for this project which were 

TCP dishes/plates and glass coverslips coated with a very thin layer of a 

polyacrylamide hydrogel. Through changing the concentration of polyacrylamide, it 

is possible to alter the stiffness of the hydrogel, and thus a range of stiffnesses aimed 

at replicating the epidermal mechanical environment were used. The literature 

review explores the rationale behind the dishes chosen, the cell types selected, and 
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draws attention to the role of mechanical cues in the epidermis. This chapter then 

goes on to provide an early comparison between primary keratinocytes cultured on 

TCP versus BM hydrogel-coated dishes. It first highlights parts of the standard cell 

culture protocol for which the hydrogel coating posed an issue, and how these 

problems were troubleshooted. The main bulk of the results in this chapter are then 

focused on exploring the shift keratinocytes underwent from being highly 

proliferative on TCP dishes, to less proliferative on BM dishes with the upregulation 

of some differentiation markers. This chapter highlights that BM dishes do have the 

potential to provide a viable alternative to TCP in standard 2D cell culture and draws 

attention to the highly activated phenotype of keratinocytes cultured on TCP.   

Chapter 4 begins to expand on the molecular differences between keratinocytes 

cultured on TCP and BM dishes, with particular focus on proteins associated with 

mechanotransduction. The literature review explores the changes in cytoskeletal 

expression in keratinocytes undergoing terminal differentiation and looks at the role 

of the cytoskeleton in mechanosensing. It then goes on to introduce the role of the 

Linker of Nucleoskeleton and Cytoskeleton (LINC) complex in the epidermis and 

how changes to LINC protein expression can affect keratinocyte behaviour. The 

chapter directly compares the gene expression, protein expression, and localisation 

of key cytoskeleton and LINC complex proteins in keratinocytes cultured on TCP and 

BM cultureware. The implication of these altered expressions on the stiffness of the 

cells themselves was investigated through atomic force microscopy (AFM) which 

revealed that the keratinocytes adapted their nuclear and cytoplasmic stiffness in 

response to the mechanics of their culture dish. This chapter concludes by beginning 

to investigate whether the changes observed in cytoskeletal and LINC proteins are a 

direct reflection of the mechanical environment, or if they are an effect of the change 

in the balance between proliferation and differentiation presented in chapter 3. 

Chapter 5 turns the attention towards the development of 3D epidermal models, and 

the effects of priming keratinocytes on 2D BM dishes prior to model set up. The 

literature review introduces the current techniques for producing 3D epidermal 

equivalents, and then explores the limitations of these techniques. These largely 
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include a prolonged culture time and lack of reproducibility across laboratories due 

to complex in-house media recipes and lack of protocol transparency (Bertolero et al., 

1984; Faller and Bracher, 2002; Ng and Ikeda, 2011). The literature review concludes 

by highlighting the potential impact of mechanical memory, and the possibility of a 

lag period in which cells primed on TCP have to adjust to their new mechanical 

environment before being able to fully initiate epidermal assembly. This chapter goes 

on to present the results of this study in which it was demonstrated that culturing 

keratinocytes on a BM dish of similar mechanics to the basement membrane does in 

fact produce 3D epidermal models with superior thickness and organisation. This 

provides a novel insight into how relatively simple changes to 2D culture could be 

used to further improve the development of 3D tissue models. 

Finally, chapter 6 moves away from keratinocytes to provide a preliminary insight 

into the effects of culturing fibroblasts on 2D BM cultureware. The literature review 

explores the mechanical environment in the dermis, with particular emphasis on skin 

ageing, and introduces the effects of senescence on internal cell mechanics. This 

section then concludes by discussing the observations of previous studies when 

culturing fibroblasts on softer substrates in vitro and highlights the lack of similar 

work focusing on senescent cells. The chapter continues by presenting the early 

observable differences between fibroblasts cultured on TCP and BM dishes, and 

highlights changes in reactive oxygen species (ROS) levels and differences in 

deoxyribonucleic acid (DNA) damage markers and cell appearance following 

irradiation to induce senescence. The results of this chapter are not sizeable, but they 

do provide a striking insight into how even aspects of cell biology not directly linked 

to mechanosensation may be being influenced by the use of TCP in cell culture. 

This work consolidates previous studies exploring the effects of hydrogels on 

proliferation, differentiation, cell morphology in skin cells cultured in vitro. However, 

this project significantly expands on previous investigations, by providing a novel 

insight into the effects of hydrogel-coated dishes on the expression and organisation 

of core mechanoproteins in skin cells. Moreover, this work places an emphasis on the 

use of BM cultureware for all 2D cell culture work, regardless of whether 
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biomechanics are the focus of the research. Finally, this study aims to bridge the gap 

between 2D and 3D culture by recognising and highlighting the impact that 

mechanical memory might have on the development of tissue models using cells first 

primed on TCP cultureware. 

1.2 Background 

Mechanotransduction describes a cell’s ability to sense mechanical stimuli from its 

surroundings, such as stiffness of the ECM, and translate them into biochemical 

signals (Dupont et al., 2011).  These signals subsequently control cell behaviour by 

influencing remodelling of the cytoskeleton, gene expression and suppression of 

tumour development (Dupont et al., 2011). The main signalling route involved in this 

process is the Hippo pathway, which plays a vital role in skin biology and epidermal 

proliferation (Schlegelmilch et al., 2011). Two key downstream components of the 

Hippo signalling pathway, are the transcription factors YAP (Yes-associated protein) 

and TAZ (transcriptional coactivator with PDZ-binding motif) (Dupont et al., 2011). 

YAP/TAZ are observed to localise in the cytoplasm and nucleus, with nuclear 

accumulation being key to their functionality (Piccolo, Dupont and Cordenonsi, 

2014). This subcellular localisation is mainly controlled through phosphorylation of 

YAP/TAZ serine residues by Lats1/2 kinases, creating a binding consensus for protein 

complexes, and thus sequestering the transcription factors to the cytoplasm. 

Activation of the Hippo pathway has been shown to be controlled by mechanical 

stimuli. Where the ECM provides a soft substrate, cells and their nuclei are round in 

shape, reducing the mechanical stimulus and thus resulting in phosphorylation of 

YAP/TAZ and arrest of cell growth. However, when the ECM is stiff, cells become 

stretched, which increases the mechanical stimulus and results in YAP/TAZ 

activation (Piccolo, Dupont and Cordenonsi, 2014). In this instance the transcription 

factors are not phosphorylated and translocate to the nucleus where they upregulate 

genes involved in cellular proliferation. 

Whilst the Hippo signalling pathway plays a role in all cells, it is particularly 

important in controlling epidermal proliferation (Schlegelmilch et al., 2011). As a 

highly proliferative cell type, keratinocytes have an increased risk of becoming 
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cancerous, and as such YAP/TAZ have an important function in controlling cell 

growth and suppressing tumour formation (Piccolo, Dupont and Cordenonsi, 2014). 

Moreover, changes in skin biomechanics are fundamental in inducing age-associated 

alterations in cell behaviour during the ageing process. Unlike some other tissues, 

skin undergoes both intrinsic and extrinsic ageing as a result of exposure to UV 

radiation (Mancini et al., 2014). Aged skin is characterised by dramatic remodelling 

of the ECM, and a build-up of senescent cells, leading to thinning of the epidermis 

(Naylor et al., 2011). These changes inevitably affect the mechanical stimuli cells 

experience, and studies into human skin have shown that ageing results in a loss of 

ECM stiffness in the dermis due to the degradation of its components (Achterberg et 

al., 2014). Softening of a substrate causes cells to undergo cell cycle arrest and 

apoptosis which are both key hallmarks of ageing.  

Research into the production of young and aged skin is becoming increasingly 

prevalent, and as science begins to seek alternatives to animal research, the 

development of skin models has become an important aspect of this field. However, 

current skin models fail to take into account the significance of the fact that cells are 

still being cultured on TCP cultureware prior to model set-up. TCP is known to be 

significantly stiffer than the in vivo mechanical environment (Landry, Rattan and 

Dixon, 2019) and this has a direct impact on the behaviour and expression profile of 

cells. Moreover, there is evidence that cell possess “mechanical memory” which 

means the 2D mechanical environment can influence the behaviour of cells in 3D 

(Yang et al., 2014). Consequently, the physiological relevance of current tissue models 

will always be in question as long as prolonged exposure to TCP plays a role in the 

cell culture process.  

1.2.1 Mechanotransduction and the mechanosensing machinery of the 

skin 

1.2.1.1 Ion Channels 

The concept of cellular mechanotransduction is reasonably novel, and the mechanism 

behind it is yet to be fully understood as there are many different layers to 

mechanosensation. The process itself can be simply explained as external 
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biomechanical forces being translated into biological cues within a cell, thus 

impacting its overall behaviour (Wong et al., 2012). Unlike other tissues, the skin 

possesses a sensory element that allows the brain to detect stimuli outside of the 

body, such as changes in temperature and objects that come into physical contact 

with the skin. Whilst it is widely accepted that neurons in the skin detect these stimuli 

through mechanosensing, it is unclear as to how these signals are translated to the 

cell, and thus sent to the brain. However, studies into the ion channels involved in 

neurotransmission, have produced three main models (Figure 1.1) (Lumpkin and 

Caterina, 2007). Ion channels are well established as key players in cellular activity 

and have been linked to mechanosensing due to their position as membrane-

spanning proteins, providing them with access to both the external and internal 

environment of a cell (Jiang et al., 2002). It has already been mentioned that in the 

presence of a stiff ECM, cells become stretched which increases mechanical 

stimulation (Piccolo et al., 2014). One theory is that when cells flatten, tension in the 

lipid bilayer is altered which applies force to the ion channels, resulting in 

conformational changes that facilitate activation of the channel and ion 

binding/passage through the membrane (Jiang et al., 2002). These are known as 

stretch-activated ion channels (Figure 1.1A).  

A second, similar theory is that the ion channels are physically connected to both the 

ECM and cytoskeleton, and thus directly detect mechanical changes in ECM proteins 

(Lumpkin and Caterina, 2007). Studies into sensory hair cells in the ear have found 

that in order for calcium channels to open and close, they must be connected to 

crosslinks known as tip links. These tip links directly connect the actin filaments at 

the tip of a shorter stereocilium, to the lateral wall of an adjacent, taller stereocilium. 

Destruction of these tip links was observed to completely inactivate ion channels 

(LeMasurier and Gillespie, 2005), thus suggesting that the crosslinks connected 

directly to the channels themselves and stimulated opening and closing by 

transmitting mechanical signals (Figure 1.1B). However, the final model suggests that 
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in some cells, it is mechanosensitive proteins situated adjacent to the ion channels, 

that are in fact responsible for detecting mechanical changes, and regulating channel 

activation (Lumpkin and Caterina, 2007). A study into Caenorhabditis elegans found 

that the absence of long chain polyunsaturated fatty acids, synthesized from dietary 

precursors, leads to sensory deficits in neurons reliant on transient receptor potential 

Figure 1.1 Schematic illustration of models of mechanical gating in ion channels. 

(A) Stretch-activated ion channels open and close in response to changes in lipid bilayer 

tension. (B) Tethered ion channels possess crosslinks that connect them to ECM and 

cytoskeletal proteins. Changes in the tension of these crosslinks causes ion channels to open 

and close. (C) Indirect gated ion channels possibly involve a mechanosensitive protein 

adjacent to the ion channel that regulates its opening through a signalling intermediate. 

Adapted from Lumpkin and Caterina, 2007. Created using BioRender (https://biorender.io). 
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ion channels (Kahn-Kirby et al., 2004). However, this final mechanism leads to 

significantly slower activation of ion channels than those subject to direct mechanical 

stimulation, and thus is not deemed the prevalent model used for neural 

mechanosensing (Lumpkin and Caterina, 2007).  

1.2.1.2 Cell adhesion complexes 

Mechanosensation is not just important for the action of neurons and detecting 

physical manipulation of the skin. All cell types are able to detect changes in 

mechanical stimuli such as alterations in ECM stiffness, and this plays a vital role in 

controlling cell behaviour and fate. Mechanotransduction involves a complex 

collection of proteins beginning with those in direct contact with the external 

environment.  

Integrins are formed as heterodimers at the cell membrane and provide the cell with 

a connection to the surrounding ECM through one of two adhesion complexes: focal 

adhesions or hemidesmosomes (Figure 1.2A). Focal adhesions supply cells with a 

direct link between the ECM and the actin cytoskeleton, whilst hemidesmosomes link 

the ECM, specifically the basement membrane, to intermediate filaments such as 

keratins (Duperret and Ridky, 2013). In the epidermis, integrin expression is normally 

confined to the basal layer, with integrin α6β4 primarily concentrated at the basement 

membrane where it is part of a hemidesmosome complex binding laminin-332 (Watt, 

2002). Other integrins are reportedly found over the basal, lateral and apical surfaces 

of basal cells, and complementary roles have been proposed for α3β1 and α6β4 in 

mediating keratinocyte adhesion and migration (Watt, 2002). 

Cell-cell interactions are formed by cadherin molecules, specifically P-cadherin and 

E-cadherin in the epidermis, though P-cadherin is only found in the basal layer 

(Furukawa et al., 1997). E-cadherin plays a vital role in maintaining the epidermal 

barrier function by forming the adhesive component of cell-cell interactions (Figure 
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1.2B), and ablation of the E-cadherin gene in the postnatal epidermis of mice has been 

shown to result in severe disruption of adherens junctions (Young, 2003).  

Mechanotransduction begins when integrins and cadherins come into contact with 

either the ECM or neighbouring cells, and the rigidity of their binding partner is 

Figure 1.2 Schematic illustration of cell adhesion complexes. (A) Integrins provide 

cell-ECM interactions either through hemidesmosomes (α6β4) which bind the basement 

membrane to intermediate filaments, or focal adhesions (α3β1) which bind the ECM to actin 

filaments. (B) E-cadherin provides cell-cell adhesions at adherens junctions. Created using 

BioRender (https://biorender.io). 
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assessed through the deployment of localised contractions (Ghassemi et al., 2012). 

The level of resistance provided by the binding partner then provides cells with 

mechanical information that is translated into signals. Hemidesmosomal integrin 

α6β4 has been shown to regulate several intracellular signalling pathways, including 

the Hippo pathway (Wang et al., 2020). Cadherin-catenin complexes also play a role 

in regulating major intracellular signalling pathways, including the Wnt and 

Hedgehog pathways (Klezovitch and Vasioukhin, 2015), both of which are critical in 

maintaining epidermal homeostasis (Abe and Tanaka, 2017).  

1.2.1.3 Cytoskeletal proteins 

The cytoskeleton is composed of filamentous proteins which provide cells with 

mechanical support and enable them to maintain their shape and internal 

organisation. Microtubules are the largest of these filaments and are composed of a 

protein called tubulin; a dimer made up of α-tubulin and β-tubulin polypeptides. 

Microtubules consist of thirteen linear protofilaments of α-tubulin and β-tubulin that 

are assembled around a hollow core and arranged head-to-tail in parallel, thus 

inferring polarity (Cooper, 2000). The classic roles of microtubules are to provide 

structural support and facilitate the trafficking of intracellular components around 

the cell, the latter of which relies on the polymer specific motor proteins kinesin and 

dynein (Fletcher and Mullins, 2010). However, perhaps the most vital role of 

microtubules is during cell division, where formation of the mitotic spindle is 

required for the segregation of chromosomes (Prosser and Pelletier, 2017). The role 

of microtubules in cell architecture and mechanotransduction is contested, with 

recent work suggesting that microtubule organisation is more reactionary to changes 

in cell shape rather than being a key driver (Gomez et al., 2016). However, it has been 

suggested that due to their rigidity, linearity, and cell-spanning nature, microtubules 

may be well placed to play a role in tuning cytoskeletal stiffness in response to 

external tension (Hamant et al., 2019).  

Actin filaments are highly abundant across all eukaryotic cell types, and also play a 

role in the maintenance of cell shape; high rates of actin polymerisation and 

depolymerisation are used to generate directed forces that alter cell shape and 
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promote motility (Fletcher and Mullins, 2010). Actin filaments are composed of actin 

proteins which polymerise to form thin, flexible fibres that can be up to several 

micrometres long. The filaments are arranged in a highly organised 3D network  

which possses the properties of a semisolid gel (Cooper, 2000). The relationship 

between actin filaments and mechanotransduction is much more defined than that of 

microtubules, and it has been reported that actin organisation is dependent on both 

ECM stiffness and the shape of a cell (Gupta et al., 2019). Additionally, as mentioned 

in the previous section, actin filaments are the binding partner of numerous cell 

adhesion complexes and as such play a key role in the localised contractions used by 

cells to assess the rigidity of their binding partners. In a similar mechanism to 

sarcomere shortening in skeletal muscle, cells use myosin IIB to contract adhesion 

molecules along the actin filaments and use the amount of force required to displace 

the adjacent cell or ECM to infer the stiffness of their surroundings (Moore, Roca-

Cusachs and Sheetz, 2010; Yang et al., 2018). The highly non-linear nature of actin 

filaments, their ability to stretch and bend, and the organisational constraints 

imposed by crosslinkers have all been determined as signs that the mechanical 

behaviour of the cytoskeleton is highly dependent on network architecture (Fletcher 

and Mullins, 2010). In fact, it has been shown that variation in crosslinker length and 

the spacing between actin-binding domains has a significant effect on the 

macroscopic properties of a cell including the elastic Modulus (Wagner et al., 2006). 

The elastic, or Young’s, Modulus describes a measure of the resistance of a cell to 

deformation (Fletcher and Mullins, 2010), with a high elastic Modulus indicating 

increased cell stiffness, and a low elastic Modulus indicating reduced stiffness. 

The third and final filament group included in the cytoskeleton are intermediate 

filaments, which are strong and rope-like in appearance, and commonly work in 

tangent with microtubules to provide strength and support. The composition of 

intermediate filaments varies with cell type, but one of the most prevalent types are 

keratins which play an important role in the regulation of epidermal homeostasis 

through variable expression across the different layers. Intermediate filaments are 

able to resist tensile forces, and often their assembly is in response to shear stress 

(Flitney et al., 2009), suggesting a role in spatial redistribution of tension to ensure 
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the structural integrity of a cell is maintained. Moreover, crosstalk between keratins 

and the actin cytoskeleton has been identified as a staple component of 

mechanotransduction; external mechanical strain triggers keratins to activate the 

ROCK signalling pathway which promotes actin stress fibre formation and increased 

cell stiffness (Bordeleau et al., 2012).  

1.2.1.4 The LINC complex 

Whilst the primary interface for mechanosensation is between the external 

environment and the cytoskeleton via adhesion complexes, the information must be 

relayed to the nucleus in order for cells to translate stimuli into reactionary gene 

expression changes. The LINC complex describes a collection of proteins found at the 

nuclear envelope (NE) which together span from the outer to the inner nuclear 

membrane (Figure 1.3). At its core, the LINC complex is composed of two protein 

domains; the SUN (Sad1p, UNC-84) domain which spans the inner nuclear 

membrane, and the C-terminal KASH (Klarsicht/ANC-1/Syne Homology) domain 

which is expressed by nesprin proteins and spans the outer nuclear membrane 

(Bouzid et al., 2019). The nesprin KASH domain extends into the perinuclear space 

where it interacts with the SUN domain of SUN proteins; variations in KASH and 

SUN domain interactions enable multiple LINC complex isoforms to exist (Bouzid et 

al., 2019). 

The engagement of adhesion molecules at the cell membrane transfers tension to the 

nucleus through the cytoskeleton which is bound to the LINC complex. Nesprin-1 

and nesprin-2 both possess giant isoforms that have an N-terminal actin-binding 

domain (Mellad, Warren and Shanahan, 2011), whilst the nesprin-3 N-terminal binds 

plectin which in turn binds to core cytoskeletal components (Wilhelmsen et al., 2005), 

and nesprin-4 indirectly binds to microtubules via kinesin (Roux et al., 2009). In 

contrast, the N-termini of SUN domain proteins at the opposite end of the LINC 

complex bind to nuclear lamina, thus providing the final link between external 

mechanical stimuli and the nuclear interior (Cartwright and Karakesisoglou, 2014).  
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1.2.1.5 The Hippo signalling pathway 

Whilst the LINC complex is responsible for directly linking the external environment 

to the chromatin within the nucleus, not all mechanotransduction relies on this 

connection. As mentioned previously, relayed tension to the cytoskeleton can trigger 

signal cascades that provide a specific cell response to mechanical stimuli. One of the 

key pathways regulated in this way is the Hippo signalling pathway (Figure 1.4). At 

its core, the Hippo pathway is a kinase cascade that has been linked to the control of 

cell differentiation, proliferation, and death (Yu & Guan, 2013). In its simplest form, 

the pathway begins with the F-actin binding proteins merlin and expanded, which 

upon detection of reduced cytoskeletal tension, phosphorylate MST1/2 (mammalian 

Ste20-like) kinases, which phosphorylate LATS1/2 (large tumour suppressor) 

kinases, SAV1 (Salvador 1), and MOB1 (Mps1-binder-related) proteins (Chang et al., 

Figure 1.3 Schematic illustration of the LINC complex. The LINC complex is composed 

of two protein domains, the KASH domain which binds to the cytoskeleton at the outer nuclear 

membrane, and the SUN domain which spans the perinuclear space and bind the nuclear 

lamina. Created using BioRender (https://biorender.io). 
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2020). When activated by phosphorylation, LATS1/2 in turn act to phosphorylate 

YAP/TAZ; the key transcription factors involved in mediating gene expression and 

cell behaviour as a result of the Hippo pathway (Hong & Guan, 2012). When they are 

phosphorylated, YAP/TAZ are inhibited, due to the creation of a binding site for 14-

3-3 proteins which sequester YAP/TAZ in the cytoplasm (Hong & Guan, 2012). In this 

instance cells are directed towards cell cycle arrest, apoptosis or differentiation. 

However, when upstream kinases are inactive, hypophosphorylation of YAP/TAZ 

enables them to translocate to the nucleus, where they upregulate transcription of 

key genes by binding to their promoters (Yu & Guan, 2013) (Figure 1.4). Expression 

of these genes leads to increased proliferation. Nuclear YAP1 localisation has been 

Figure 1.4 Schematic illustration of Hippo signalling pathway activation. On a soft 

ECM cells are under less tension and the Hippo pathway is active, meaning the transcription 

factors YAP/TAZ are phosphorylated and sequestered in the ECM through binding to 14-3-3 

protein. On a stiff ECM, cells are under high tension and the Hippo pathway is inactive 

allowing YAP/TAZ to translocate to the nucleus. Created using BioRender 

(https://biorender.io). 
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linked to increased ECM stiffness as a result of high cell spreading and actin 

cytoskeletal tension (Cai, Wang and Meng, 2021).  

In the skin, the link between external mechanical stimuli, and regulation of the Hippo 

pathway is extremely important. As mentioned previously, the Hippo signalling 

pathway plays a key role in controlling proliferation and remodelling of the 

cytoskeleton (Piccolo et al., 2014). The epidermis is composed of layers of 

keratinocytes that gradually move to the surface of the skin as they differentiate, 

before eventually being shed (Candi, Schmidt and Melino, 2005). This means that the 

epidermis must undergo rapid self-renewal in order to be maintained; a process that 

relies heavily on the cells knowing when they need to proliferate, where they need to 

migrate to fill any gaps, and when to stop if the gaps have been filled (Schlegelmilch 

et al., 2011).  

1.2.2 The biomechanical environment of human skin 

The skin is composed of two main compartments, the epidermis and the dermis, 

which both have strikingly different cell and ECM compositions that provide each 

with its own distinct mechanical environment. The dermis is split into two additional 

regions, the papillary and reticular dermis, whilst the epidermis is composed of 

multiple cell layers between the basement membrane and the upper stratum corneal 

layer (Figure 1.5). These additional niches within the dermis and epidermis exhibit 

different mechanical environments that are further open to change as a result of 

wounding and the skin ageing process. Consequently, cells within the skin are 

subjected a variety of mechanical stimuli to which they must respond appropriately 

to ensure tissue homeostasis. 

The epidermis is composed of keratinocytes that are assembled in multiple layers, 

each with distinct mechanical properties that play an important role in maintaining 

the balance between the proliferation and differentiation required for epidermal 

homeostasis. The basement membrane represents the stiffest component of the 

epidermis (Biggs et al., 2020), with evidence suggesting that the epidermal side of the 

basement membrane is significantly stiffer than the dermal as a result of either 
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different protein composition or tighter packaging and greater compression (Halfter 

et al., 2013). As cells differentiate and migrate upwards away from it, they are 

exposed to a variety of force changes influenced by variations in cell shape and 

keratin composition (Biggs et al., 2020). Cells in the basal layer of the epidermis are 

anchored to the basement membrane via hemidesmosomes which facilitate their 

stable adhesion and provides the epidermis with a foundation of mechanical stability. 

Mutations in which a component of the hemidesmosome is affected result in a variety 

of skin blistering disorders (Walko, Castañón and Wiche, 2015). The suprabasal cell 

layers are considered the most important for barrier function in an epithelium 

(Sosnova-Netukova, Kuchynka and Forrester, 2007), and thus the spinous and 

granular layers of the epidermis possess more complex cell-cell adhesions and 

cytoskeletal networks than the basal layer, providing the tissue with high mechanical 

resistance (Broussard et al., 2017; Rübsam et al., 2017b). Tight junctions are observed 

Figure 1.5 Histology image of human skin. Brightfield microscopy image shows an H&E 

stained section of human skin taken from an arm biopsy of a young adult. Image taken from 

Masters thesis http://etheses.dur.ac.uk/12341/. 
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in the third granular layer only, which has been attributed to the presence of tension-

high cadherin-based lateral adherens junctions which are specific to the granular 

layer (Rübsam et al., 2017a).  

Finally, changes to epidermal mechanics throughout the cell layers are associated 

with altered expression and organisation of the actin and keratin cytoskeletons (Laly 

et al., 2021). Human keratinocyte stem cells cultured in vitro exhibit short actin 

bundles located radially, whilst keratinocytes that have stopped proliferating present 

with a well-developed circumferential actin network (Nanba et al., 2013). Moreover, 

as keratinocytes differentiate the composition of keratins changes (Biggs et al., 2020), 

contributing to shifts in cell stiffness and thus the level of resistance that 

neighbouring cells encounter when contracting their adhesion molecules to assess the 

mechanics of their external environment.  

Whilst the variations in the epidermal mechanical environment are important in 

ensuring the balance of keratinocyte proliferation and terminal differentiation, it is 

the dermis that is responsible for providing skin tissue with its main mechanical 

properties. This is due to the vast amount of ECM contained within the dermis that 

is remodelled in response to both wounding and skin ageing. Collagens I and III are 

the most abundant ECM proteins in the dermis and co-polymerise to provide the 

tissue’s tensile strength. In a relaxed state, collagen fibres have no clear organisational 

arrangement, but when skin is stretched, the fibres shift and become aligned in 

parallel to one another (Hussain, Limthongkul and Humphreys, 2013).  Skin elasticity 

(resilience and compliancy) is provided by the presence of an elastic fibre system 

which comprises 4% of the fat-free dry weight of skin. Elastin is responsible for the 

ability of skin to recoil following the application of deforming stresses due to their 

long-range elastic extendability (Hussain, Limthongkul and Humphreys, 2013). Skin 

hydration is supported by a group of carbohydrates collectively referred to as 

glycosaminoglycans (GAGs) (Naylor, Watson and Sherratt, 2011). Another factor 

influencing the mechanical properties of the dermis is the location on the body, as 

variation in ECM composition means that some skin is thicker, stiffer, less tense, and 
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less elastic than in other parts of the body (e.g., forehead versus forearm skin) 

(Hussain, Limthongkul and Humphreys, 2013). 

However, the major driver of mechanical changes to the skin is ageing. Unlike other 

tissues, skin undergoes both an intrinsic and extrinsic ageing process. Intrinsic ageing 

of the skin over time, results in the gradual degradation of collagens I, III and IV, and 

elastic fibres, as well as the loss of oligosaccharides which impacts the skin’s ability 

to retain water. In conjunction, these changes produce the aged phenotype of 

wrinkled, stiffened skin that is less able to recoil (Naylor, Watson and Sherratt, 2011). 

Extrinsic ageing is triggered as a result of exposure to ultraviolet (UV) radiation, and 

results in a distinctly different remodelling event including both catabolic and 

anabolic mechanisms (Takeuchi and Rünger, 2013). These events are dose dependent; 

severe photoageing results in the additional loss of collagen VII at the dermal-

epidermal junction, and the increase and redistribution of GAG’s to co-localise with 

the elastic fibre system. The elastic network is also remodelled, with severe 

photoageing leading to the accumulation of disorganised elastic fibre proteins in the 

reticular dermis (Kohl et al., 2011). The dermal compartment of aged skin has been 

shown to be softer than that of young skin, demonstrating the significant effect that 

ageing has on the mechanical properties of skin (Achterberg et al., 2014). 

1.2.3 Culturing cells in 2D and the negative impacts of tissue culture 

plastic  

To summarise the preceding sections, the external mechanical environment to which 

a cell is exposed provides stimuli that are transmitted internally via a multitude of 

proteins, and which ultimately dictate cell behaviour and fate. Given the variations 

in the mechanical environment observed even within different compartments of the 

skin, it is of no surprise that tissues throughout the body exhibit a vast range of 

stiffnesses. However, despite this, culturing cells on TCP and glass in a 2D format 

still remains the most common cell culture practice. TCP has been shown to have a 

Young’s Modulus of around 3 GPa (Landry, Rattan and Dixon, 2019), which far 

surpasses the stiffness of the majority of in vivo tissues (Figure 1.6). Whilst growing 

cells on TCP is an appealing technique due to the ease and speed with which it 



20 

 

supports in vitro cell study, it comes with the caveat that cells behave aberrantly, 

displaying abnormal differentiated phenotypes, flattened shape, abnormal 

polarisation, and responses to pharmaceutical reagents that do not reflect the in vivo 

reaction (Caliari and Burdick, 2016).   

Developments in the field of biomaterials have provided a range of solutions to the 

2D culture issue, supplying alternatives such as patterned glass substrates, fibrillar 

foams, hydroxyapatite ceramics, and elastomeric films (Caliari and Burdick, 2016).  

However, hydrogels have emerged as the most promising candidate due to their in 

vivo-like mechanics, their ability to interface with biological systems, and the wide 

variety of applications that they can be used for (Peppas et al., 2006; Saha et al., 2007). 

Moreover, the ability to develop thin hydrogel films makes them ideal for 2D cell 

culture application, where they can be used to coat standard TCP and thus maintain 

Figure 1.6 Schematic illustration showing the average Young’s Modulus values of 

different human tissues. Most human tissue is significantly softer than the TCP 

traditionally used to culture cells in vitro. Created using BioRender (https://biorender.io). 
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the desired ease of use, whilst providing a more physiologically relevant mechanical 

environment (Kazi, Yamanaka and Osamu, 2019).   

Dermal fibroblasts cultured on silicone substrates with the softness of the dermis 

have been observed to possess a protein and mRNA profile similar to human skin, 

which was not seen in fibroblasts cultured on TCP or collagen gels (Achterberg et al., 

2014). Moreover, corneal keratinocytes cultured on non-physiologically relevant 

substrates of 1.74 MPa were seen to undergo significant changes in the gene 

expression of most tissue-innate biomarkers, but this was not observed to be the case 

for cells cultured on softer substrates of 40 kPa and 130 kPa (Moers et al., 2013). 

Neonatal human epidermal keratinocytes cultured on soft and stiff polyacrylamide 

gels were found to exhibit differences in cell spreading area and migration speeds 

(Zarkoob et al., 2015). Consequently, it is clear that culturing cells on TCP has a 

significant effect on cell behaviour and expression profile which could be avoided 

through the permanent implementation of a BM alternative that better reflects the in 

vivo mechanics of the specific native tissue. 

1.2.4 Methods of 3D skin model production and their limitations 

Whilst an inappropriate mechanical environment is a major limitation of 2D culture, 

another significant flaw is that cells growing in a 2D monolayer lack the heterogeneity 

of in vivo tissue, do not exhibit the full transcriptomic and proteomic profiles, and 

have no surrounding ECM. This has led to the development of 3D cell culture which 

offers an opportunity to further research more poorly understood areas of skin 

biology such as wound healing, ageing, and diseases such as psoriasis, eczema, and 

melanoma, which can all be explored through in vitro skin models.  

A key pioneer in the early development for 3D culture models was Dr. Mina Bissell, 

who challenged the long-standing belief that the ECM is merely a cellular scaffold 

and argued that in order to understand the nature of tissues it was vital to first 

understand the cellular microenvironment; the biological subtleties of which cannot 

be observed in a 2D monolayer. In a landmark publication, Bissel and her research 

group demonstrated that in 3D spheroid models of the epithelial breast cancer cell 
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line HMT-3522, treatment with an inhibitory β1-integrin antibody led to the 

reestablishment of E-cadherin-catenin complexes, reorganisation of the cytoskeleton, 

and reduced malignancy (Weaver et al., 1997). This result had not been observed in 

2D cultures, thus demonstrating the significant impact that 3D culture could have on 

the progression of scientific understanding with regards to in vivo tissue. 

 Today, the four main proposed methodologies of 3D cell culture are animal explants, 

microcarriers, spheroids, and cellular scaffolds (Haycock, 2010). In the world of skin 

research, spheroids and scaffold models have become the most prevalent and both 

rely on a self-assembly technique. Spheroid cultivation methods are well established 

for a wide range of tissues, perhaps largely due to the relative simplicity of the 

protocol and the ability to combine multiple cell types to form multi-layered tissues. 

This technique relies on the self-aggregating ability of cells, keeping them in 

suspension until they have formed a spheroid organoid structure. However, there are 

limitations to spheroid cultures, the most prevalent being the inadequate supply of 

nutrients and oxygen to the core of the spheroid which prevents them from being 

maintained long-term (Ryu, Lee and Park, 2019). In addition, due to the cell-only 

nature of spheroid models, there are no external mechanical stimuli provided to the 

cells to help them determine what they need to do to replicate an in vivo tissue. This 

has been noted as a significant roadblock in the development of epithelial spheroid 

models, with cells such as keratinocytes being highly sensitive to surface-detachment 

and the loss of a basement membrane structure; keratinocytes cultured in the absence 

of a cell-surface attachment will undergo terminal differentiation (Woappi et al., 

2020). 

An alternative to spheroid culture is to utilise scaffolds or membranes upon which 

cells can be seeded. Scaffolds aim to provide cells with a support that allows them to 

retain a more physiologically relevant morphology, thus encouraging a gene and 

protein profile that better reflects in vivo tissue (Zhong, Zhang and Lim, 2010). 

Epidermal skin models are often produced by culturing keratinocytes on top of 

collagen gels or polycarbonate (PC) membranes coated with a collagen layer to 

promote cell adhesion. However, a limitation of this technique is that there is no 
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basement membrane structure to provide an appropriate mechanical stimulus which 

could have an impact on epidermal assembly. In order to combat that, alternative 

models have been produced that first generate a dermal equivalent within a scaffold 

onto which keratinocytes can then be seeded. Models produced in this way have been 

shown to develop their own basement membrane (Roger et al., 2019), making this the 

most realistic in vitro environment available for epidermal model generation.  

Whilst the advances in 3D cell culture have gone a long way towards tackling the 

issue of the inappropriate mechanical environment of 2D TCP culture, it is important 

that researchers do not lose sight of the fact that the presence of TCP or glass surfaces 

at any stage of the culture process poses a problem. It is currently still standard 

practice to revive and expand cell populations using traditional 2D culture 

techniques on TCP prior to setting up 3D models. However, there is emerging 

evidence that cells possess “mechanical memory” and are able to store information 

on their previous mechanical environment which can impact their behaviour even 

when they are moved into a new one (Kanoldt, Fischer and Grashoff, 2018). It has 

been demonstrated that the gene expression profiles of skin models and in vivo skin 

differ, with in vitro epidermal models exhibiting a hyperproliferative and activated 

phenotype more reminiscent of wounded native skin (Simard-Bisson et al., 2018; 

Smiley et al., 2005; Smiley et al., 2006). As such, current 3D tissue models are unlikely 

to become more reminiscent of in vivo tissue as long as TCP or glass are still being 

used at the 2D culture stage. With this in mind, it is time that researchers begin to 

consolidate the lessons learned from 2D hydrogel culture and 3D models rather than 

viewing them as separate entities. Thus, by controlling the mechanical environment 

at both the 2D and 3D stage of culture, the optimal cell culture protocol can be 

developed. 

1.3 Project aims and objectives 

1.3.1 Aims  

This project aims to answer the following questions: 
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• Does culturing keratinocytes on 2D hydrogels offer the same ease of use as 

standard TCP? 

• Should keratinocytes grow well on hydrogels, does a softer substrate 

influence cell behaviour? 

• Using hydrogels in culture, can we control keratinocyte proliferation and 

differentiation? 

• Does culturing keratinocytes on softer hydrogels induce changes to the 

cytoskeleton that explain the observed alterations to cell behaviour? 

• Do keratinocytes cultured on hydrogels adapt their own Young’s Modulus 

in response to reduced external tension? 

• Do keratinocytes cultured on softer substrates alter their expression of LINC 

protein components? 

• Does culturing keratinocytes on hydrogels prior to setting up 3D culture 

facilitate superior epidermal assembly? 

• Should hydrogel primed keratinocytes exhibit superior epidermal assembly, 

does this translate into changes in protein expression and barrier function? 

• Is it possible to produce an epidermal model more quickly by priming 

keratinocytes on hydrogel-coated dishes first?  

• Does culturing fibroblasts on soft 2D hydrogels result in changes to cell 

proliferation and density compared to those on TCP? 

• Do fibroblasts cultured on soft hydrogels exhibit altered levels of senescence 

and ROS compared to those on TCP? 

• Do the mechanics of the underlying 2D substrate affect the DDR of in vitro 

cultured fibroblasts? 

1.3.2 Objectives 

In order to answer the proposed research questions, the following objectives must be 

met:  

• Determine whether hydrogel-coated cultureware facilitates normal 2D 

culture practices and analysis. 

• Characterise the behaviour and phenotype of keratinocytes cultured on 

hydrogels in comparison to TCP. 
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• Determine appropriate stiffnesses of hydrogels to replicate the epidermal 

basement membrane and suprabasal layers. 

• Determine whether culturing keratinocytes on hydrogels leads to changes in 

cytoskeletal and cytoskeletal-associated proteins. 

• Determine how the LINC complex responds when keratinocytes are 

cultured on softer substrates. 

• Calculate the Young’s Modulus of keratinocytes cultured on TCP and BM 

hydrogels to determine whether adaptation occurs.  

• Determine whether culturing keratinocytes on hydrogel-coated dishes in 2D, 

improves the appearance of 3D epidermal models. 

• Characterise protein expression in epidermal models produced from 

keratinocytes primed on TCP and hydrogel-coated dishes. 

• Assess barrier function of epidermal models produced from keratinocytes 

primed on TCP and hydrogel-coated dishes. 

• Determine whether priming keratinocytes on hydrogel-coated dishes leads 

to faster epidermal model development. 

• Determine whether soft hydrogels promote a less active fibroblast 

phenotype reminiscent of their in vivo counterparts. 

• Use irradiation to induce DNA damage and determine differences in the 

DDR of fibroblasts cultured on TCP versus BM dishes. 

• Use irradiation to induce cell senescence and determine the prevalence of 

senescent fibroblasts on TCP versus BM dishes. 
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2 Materials and methods 

2.1 2D Cell culture 

2.1.1 Human immortal keratinocyte cell line, HaCaT 

HaCaT (human immortal keratinocyte line) cells (T0020001, AddexBio, San Diego, 

CA, US) were maintained in High Glucose Dulbecco’s Modified Eagle Medium 

(DMEM, Gibco™, Thermo Fisher Scientific, Cramlington, UK) supplemented with 

10% Fetal Bovine Serum (FBS, Thermo Fisher Scientific), 2 mM L-Glutamine (Sigma-

Aldrich, Irvine, UK) and 1 mg/ml Penicillin/Streptomycin (Sigma-Aldrich) in a 

humidified atmosphere with 5% CO2 at 37°C. Cells were passaged at a maximum of 

80% confluency by washing with Dulbecco’s Phosphate Buffered Saline (DPBS, 

Thermo Fisher Scientific) and dissociating with TrypLE™ Express Enzyme (Thermo 

Fisher Scientific). The cell suspension was centrifuged at 1000 rpm for 5 min and 

resuspended in growth medium. Cells were then transferred to the required 

cultureware and medium was added.  

Cells were sub-cultured at a 1:6 ratio and the medium was changed every 2 to 3 days. 

Cells were frozen down in cryovials (Sarstedt, Nümbrecht, Germany) in their usual 

medium supplemented with 10% DMSO (Sigma-Aldrich) and kept at -150°C for long-

term storage. For 2D priming on different substrates, HaCaTs were cultured for 4 

days on 10 cm dishes of either TCP (Greiner BioOne, Stonehouse, UK) or BM dishes 

coated with either a 4 or 8 kilopascal (kPa) collagen coated hydrogel (Petrisoft®, Cell 

Guidance Systems, Cambridge, UK).  

2.1.2 Human epidermal keratinocytes, neonatal  

Neonatal human epidermal keratinocytes (HEKn, FC-0007, LifeLine Cell Technology, 

Oceanside, CA, USA) were maintained in EpiLife medium containing 60 μM calcium 

(Thermo Fisher Scientific), supplemented with 100x Human Keratinocyte Growth 

Supplement (HKGS, Thermo Fisher Scientific) and 500x Gentamicin/Amphotericin 

(Thermo Fisher Scientific) in a humidified atmosphere with 5% CO2 at 37°C. Cells 
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were passaged at a maximum of 80% confluency by washing with DPBS (Thermo 

Fisher Scientific) and dissociating with TrypLE™ Express Enzyme (Thermo Fisher 

Scientific). The cell suspension was centrifuged at 1,000 rpm for 5 min and 

resuspended in growth medium. Cells were then transferred to the required 

cultureware and medium was added.  

Cells were sub-cultured at a 1:6 ratio and the medium was changed every 2 to 3 days. 

Cells were frozen down in cryovials (Sarstedt) in Synth-a-freeze (Thermo Fisher 

Scientific) and kept at -150°C for long-term storage. Cells were used at passage 4 for 

all 2D work, and passage 5 for all 3D work to ensure optimal cell fitness. For 2D 

priming on different substrates, HEKn were cultured for 4 days on 10 cm dishes of 

either TCP (Greiner BioOne) or BM dishes coated with either a 4, 8, or 50 kPa collagen 

coated hydrogel (Petrisoft®, Cell Guidance Systems). 

2.1.3 Human dermal fibroblasts, neonatal  

Neonatal human dermal fibroblasts (HDFn, provided by Dr. Gabriel Saretzki, 

Newcastle University, UK) were maintained in High Glucose DMEM (Thermo Fisher 

Scientific) supplemented with 10% FBS (Thermo Fisher Scientific), 2 mM L-

Glutamine (Sigma-Aldrich, Irvine, UK) and 1 mg/ml Penicillin/Streptomycin (Sigma-

Aldrich) in a humidified atmosphere with 5% CO2 at 37°C. Cells were passaged at 

100% confluency by washing with DPBS (Thermo Fisher Scientific) and dissociating 

with TrypLE™ Express Enzyme (Thermo Fisher Scientific). The cell suspension was 

centrifuged at 1,000 rpm for 5 min and resuspended in growth medium. Cells were 

then transferred to the required cultureware, and medium was added. 

Cells were subcultured at a 1:3 ratio and the medium was changed every 3 days. Cells 

were frozen down in cryovials (Sarstedt) in FBS (Thermo Fisher Scientific) containing 

10% DMSO (Sigma-Aldrich) and kept at -150°C for long-term storage. For 2D priming 

on different substrate stiffnesses, HDFn were cultured for 4 days on 10 cm dishes of 

either TCP (Greiner BioOne) or BM dishes coated with either a 1, 4 or 8 kPa collagen 

coated hydrogel (Petrisoft®, Cell Guidance Systems). 
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For irradiation, cells were plated at a density that ensured they reached 

approximately 80% confluency after 4 days of culture. Cells were treated with either 

10 Gy or 20 Gy X-irradiation using an X-rad225 irradiator (Precision x-ray Inc., North 

Branford, USA). Medium was immediately replaced following irradiation, then cells 

were cultured as normal for 10 days to allow senescence to occur. Where immediate 

DNA damage needed to be assessed, cells were dissociated and transferred to glass 

coverslips (SLS, Wilford, UK) the day before irradiation. Coverslips were then 

irradiated, and media changed as above, before being fixed in 4% paraformaldehyde 

(PFA) for 10 min at room temperature and stored in the fridge in PBS until needed. 

For all experiments, control samples were taken down to the irradiator and media 

changed afterwards to avoid variability due to prolonged exposure to room 

temperature or application of fresh medium. 

2.2 3D cell culture 

2.2.1 Hanging drop spheroid models, full thickness 

HDFn were cultured on TCP dishes (Greiner BioOne) and maintained until confluent 

and dissociated as described in 2.1.3. Cells were then resuspended in High Glucose 

DMEM (Thermo Fisher Scientific) supplemented with 10% FBS (Thermo Fisher 

Scientific), 2 mM L-Glutamine (Sigma-Aldrich, Irvine, UK) and 1 mg/ml 

Penicillin/Streptomycin (Sigma-Aldrich). 10 µl droplets of cell suspension containing 

3000 cells were pipetted at equal intervals onto the lid of a 10 cm culture dish and 

then suspended over the rest of the dish which contained 10 ml of sterile deionised 

water (diH2O) to limit evaporation of medium within the droplets. HDFn hanging 

drops were cultured for 3 days in a humidified atmosphere with 5% CO2 at 37°C. 

HEKn were cultured for 4 days on either TCP (Greiner BioOne) or 4 kPa BM dishes 

(Cell Guidance Systems) then dissociated as described in 2.1.2. Cells were 

resuspended in EpiLife medium containing 60 μM calcium (Thermo Fisher 

Scientific), supplemented with 100x Human Keratinocyte Growth Supplement 

(HKGS, Thermo Fisher Scientific) and 500x Gentamicin/Amphotericin (Thermo 

Fisher Scientific). 10 µl of cell suspension containing 6000 cells was pipetted into each 
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of the 3-day old HDFn hanging drops previously prepared. These combined droplets 

were cultured for a further 7 days in a humidified atmosphere with 5% CO2 at 37°C. 

Medium was changed every 3 days by harvesting the droplets and seeding them into 

a pool of fresh medium before redistributing them on a clean dish lid. All bright and 

dark field images were taken using a stereo-dissecting microscope. 

2.2.2 BRANDplates® epidermal equivalents, HEKn 

3D epidermal cultures were carried out using BRAND® insert strips for 24 x 6-well 

BRANDplates® (polycarbonate, 0.4 µm pore size, Sigma-Aldrich) with the 6-well 

BRANDplates® (Sigma-Aldrich). Inserts were coated with human collagen I coating 

matrix diluted 1:100 (Thermo Fisher Scientific) 30 min prior to use. HEKn were 

dissociated from their culture dish as described in 2.1.2 and resuspended in EpiLife 

medium containing 60 μM calcium supplemented with HKGS, 0.25 μg⁄ml 

Amphotericin B, 10 μg⁄ml Gentamicin, and 10 ng/ml of keratinocyte growth factor 

(KGF). All cell culture reagents were obtained from Gibco™ (Thermo Fisher 

Scientific). Cells were seeded at a density of 2.5 x 105 cells per insert and incubated at 

37 °C in a 5% CO2 humidified incubator for 4 days, before being raised to the air-

liquid interface (ALI) and further supplemented with 25 µg/ml ascorbic acid (Sigma-

Aldrich) and 1.5 mM CaCl2 (Sigma-Aldrich) and maintained in this way for an 

additional 12 days.   

2.3 Characterisation of cell function and phenotype 

2.3.1 Cell density measurements  

To assess cell density changes between cells cultured on TCP versus those on 

BM dishes, the number of cells per 10,000 µm2 was quantified. Cells were 

cultured to the confluency at which they were usually passaged, and phase 

contrast images were taken using an EVOS XL Core microscope. Images were 

then analysed in ImageJ where the number of cells were counted within 100 x 

100 µm squares.  
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For HEKn, where cell density measurements were taken at low and high 

calcium conditions, the cells were cultured up to 80% confluency in standard 

low calcium medium (EpiLife with 60 µM calcium, Thermo Fisher Scientific) 

then phase contrast images were taken. The medium was then replaced with 

EpiLife supplemented with 1.5 mM CaCl2 (Sigma-Aldrich) and cells were 

returned to culture in a humidified incubator in 5% CO2 and at 37°C for a 

further 24 hours before a second round of phase contrast images were taken. 

These images were analysed as above. 

2.3.2 EdU proliferation assay 

HaCaTs and HEKn were cultured on either glass (SLS) or BM 12 mm 

coverslips (Softslip®, Cell Guidance Systems) for a minimum of 4 days until 

no more than 50 to 60% confluent. The EdU assay was carried out using the 

Click-iT® EdU Alexa Fluor® 488 kit (Invitrogen, Thermo Fisher Scientific), 

using the recommended protocol. Half of the culture medium was removed 

and replaced with the same volume of fresh medium containing 20 μM EdU 

to create a final concentration of 10 µM EdU. The cells were incubated for 30 

min in a humidified atmosphere at 37°C and 5% CO2. All of the media was 

then removed and dishes were rinsed with DPBS (Gibco™, Thermo Fisher 

Scientific). Coverslips were fixed in 10% formalin in PBS then washed twice in 

3% bovine serum albumin (BSA, Sigma-Aldrich) in PBS. Coverslips were 

incubated at room temperature with 0.5% Triton-X-100 in PBS then washed 

twice in 3% BSA in PBS. Using the recipe provided in the kit protocol, the 

Click-iT® reaction cocktail was made up, 0.5 ml was added to each coverslip, 

and they were then covered and incubated at room temperature for 30 min. 

Coverslips were washed in 3% BSA in PBS then incubated with 2 µg/ml DAPI 

(Sigma-Aldrich) for a further 60 min in a humidified atmosphere at room 

temperature. Coverslips were washed 3x 5 min in PBS, before being mounted 

onto slides using a drop of VECTASHIELD® anti-fade mounting medium 
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(H1000, Vector Laboratories, Peterborough, UK). Slides were left to dry in a 

slide book at room temperature for 15 min then kept at 4°C until ready to 

image. All slides were imaged using a Zeiss LSM 880 with Airyscan. 

2.3.3 Repeat propagations on biomimetic dishes 

HEKn were cultured for 4 days on TCP (Greiner BioOne), 50 kPa, and 4 kPa 

BM (Cell Guidance Systems) dishes. Phase contrast images were taken before 

cells were dissociated as described in 2.1.2, and then seeded onto a new dish 

of the same stiffness. After a further 4 days, additional images were taken to 

assess whether cells had continued to grow through a second propagation on 

the same substrate. All phase contrast images were taken using an EVOS XL 

Core microscope.  

2.3.4 Flow cytometry to measure mitochondrial reactive oxygen species 

HDFn cells were cultured on TCP (Greiner BioOne) and BM (Cell Guidance 

Systems) dishes and irradiated as described in 2.1.3. Cells were maintained in 

culture for a further 10 days after irradiation, before being dissociated from 

their respective dishes using TrypLE™ Express Enzyme, centrifuged at 1800 

rpm for 3 minutes, and counted using a haemocytometer. Live cells were split 

into pellets of 2x105 cells for each treatment and incubated with one of four 

probes/dyes in the absence of light. Concentrations and incubation times are 

provided in Table 1. Cellular peroxide levels were evaluated using 

dihydrorhodamine123 (DHR), mitochondrial ROS levels were evaluated 

using mitoSOX stain, mitochondrial superoxide levels were evaluated using 

dihydroethidium (DHE), and mitochondrial mass was measured using 10-n-

nonyl-acridine (NAO).  Following incubation, cells were once again 

centrifuged at 1800 rpm for 3 mins, then the supernatant was removed and 

cells were resuspended in either DMEM with serum (DHR) or serum-free 
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DMEM (mitoSOX DHE, NAO) and immediately analysed using a flow 

cytometer (Partec GmbH, Goerlitz, Germany). 

The flow cytometer was calibrated by using 3 µm fluorescent calibration beads 

(Polysciences Inc., Warrington, USA) to calibrate the laser, optics and stream 

flow, and the gains were set to 100 for FL1 (green) and 180 for FL3 (red) to 

ensure comparable measurements. Cell populations were defined using 

forward and sideways scatter and cells were gated in FSC/SSC, with the 

median of the gated fluorescence peak used as an estimate of the concentration 

of peroxides/superoxides. For the FL3 channel, unstained cells were used to 

subtract any background. Between uses, the flow cytometer was cleaned with 

2 ml 1% Triton X-100, followed by 2 ml PBS and 2 ml diH2O. 

Table 2.1 Probes and dyes used for flow cytometry of irradiated HDFn 

Probe/Dye Supplier 
Product 

Code 
Concentration 

Incubation 

Time – Temp 

mitoSOX Invitrogen M36008 5 µM 37° – 15 min 

DHR Invitrogen D23806 30 µM 37°C – 30 min 

DHE Invitrogen D11347 10 µM 37°C – 30 min 

NAO Invitrogen A1372 10 µM 37°C – 10 min 

2.3.5 WaferGen 

HEKn were initially cultured in TCP T75 flasks (Greiner BioOne) as described in 2.1.2, 

then were dissociated and seeded onto TCP (Greiner BioOne) or BM (Cell Guidance 

Systems) 6-well plates at the end of a day, using seeding densities that would ensure 

approximately 80% confluency at the point of harvest. The morning after seeding, all 

plates were media changed. Samples were harvested at 24, 48, 72 and 96 hours after 

seeding (1 plate per stiffness for each time point). Medium was removed from each 

well and 350 µl Buffer RLT (Qiagen, Manchester, UK) was flushed over the surface 

multiple times. The Buffer RLT was then removed and placed into an Eppendorf on 
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ice before being transferred to -80°C for short-term storage. The resulting samples 

were then shipped on dry ice to Procter & Gamble (P&G, Cincinnati, USA) where 

they were assessed via WaferGen and statistically analysed. 

Upon arrival at P&G, RNA samples were thawed to 4°C, vortexed for 2 seconds, and 

then transferred into a 96-well, deep well plate (Ritter, Schwabmünchen, Germany).  

The plate was then transferred onto a Beckman Biomek® FXp (Beckman Coulter Life 

Sciences, Indianapolis, USA) and isolated using the Agencourt RNAdvance Tissue 

Kit (Beckman Coulter Life Sciences) according to their protocol for the Biomek FxP.  

After elution, samples were quantitated using a Nanodrop 8000. Following this, 500 

ng of total RNA was loaded into a 96-well plate and converted into cDNA using Life 

Technologies High Capacity RNA to cDNA Reverse Transcription kit (Thermo Fisher 

Scientific) and then stored at -20°C until required.  

In order to run the WaferGen experiment, cDNA samples were thawed and 1.6 µl of 

each sample was transferred into a 96-well plate with 18.4 µl of 1.5x qPCR MasterMix 

(Thermo Fisher Scientific) added to each well.  The plate was sealed, vortexed, and 

centrifuged for 5 mins.  Next, 14.4 µl of the mixture was plated into a 384-well plate 

and transferred to a 5,184 nano-well WaferGen SmartChip (WaferGen Biosystems, 

California, USA) via a SmartChip Nanodispenser (WaferGen Biosystems). The 

WaferGen SmartChip contained 50 pre-selected genes of interest and 4 house-

keeping genes (18S, GAPDH, PGK1, RPL13A). Following transfer, the chip was sealed 

and centrifuged for 15 mins.  The chip was then loaded into the SmartChip qPCR 

cycler (WaferGen Biosystems), and run using the GeneExpression with UNG 

protocol. 

2.4 Assessment of nuclear and cytoskeletal mechanics 

2.4.1 Immunocytochemistry  

Sterile 12 mm glass (Greiner BioOne) or BM (Cell Guidance Systems) coverslips were 

placed into a 24-well plate (Greiner BioOne) and cells were seeded at a density that 

ensured approximately 70% confluency after 4 days of culture. Cells were maintained 

in 1 ml of their relevant medium (see 2.1) in a humidified atmosphere with 5% CO2 
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at 37°C, and media was changed 48 hours after seeding. At 4 days, cells were rinsed 

in DPBS (Thermo Fisher Scientific) and fixed in 10% formalin for 15 min at room 

temperature. The coverslips were then washed three times in PBS for 5 min each and 

permeabilised in 0.5% Triton-X-100 in PBS for 10 min at room temperature. 

Coverslips were again washed in PBS before being blocked in PBG blocking solution 

(1% BSA (Sigma-Aldrich) and 0.1% fish gelatin (Sigma-Aldrich) in PBS) for 15 min at 

room temperature. Coverslips were incubated with primary antibody (Table 2.2) in a 

humid atmosphere for either 1 hour at room temperature or at 4°C overnight. 

Coverslips were washed in TBS (50 mM Tris-HCl, 150 mM NaCl, diH2O pH 7.6) + 

0.1% Tween 20 (TBST) three times 10 min on a slow rocker. Coverslips were incubated 

for 60 min at room temperature with the secondary antibody (Table 2.2) and 2 µg/ml 

DAPI (Sigma-Aldrich), then washed a further three 10 min in TBST. Coverslips were 

mounted onto slides using VECTASHIELD® anti-fade mounting medium 

(VectorLaboratories). Slides were left to dry in a slide book at room temperature for 

15 min then kept at 4°C until ready to image. All slides were imaged using a Zeiss 

LSM 880 with Airyscan. 

Table 2.2 Primary (top) and secondary (bottom) antibodies used for the 

immunostaining of cells cultured in 2D or 3D environments. 

Antibody Supplier 
Product 

Code 
Species Dilution 

Yap 1 Novus Biologicals 
NB-110-

58358 
Rabbit 1:50 

Tubulin Sigma-Aldrich T8328 Mouse 1:50 

E-cadherin Abcam ab1416 Mouse 1:100 

Plectin 
Santa Cruz 

Biotechnology 
sc-7572 Goat 1:200 

Lamin B1 Abcam ab1684 Rabbit 1:400 

Ki67 Abcam ab15580 Rabbit 1:100 

Phospho-Histone 

H2A.X 

Cell Signaling 

Technology 
9718 Rabbit 1:400 

p16INK4a CINTEC 9511 Mouse 1:5 
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Keratin 10 Abcam ab76318 Rabbit 1:100 

Keratin 14 Abcam ab7800 Mouse 1:100 

 

Phalloidin (Alexa 

Fluor™ 568) 
Invitrogen A-12380 - 1:1,000 

Anti-Mouse (Alexa 

Fluor™ 488) 
Invitrogen A-21202 Donkey 1:1,000 

Anti-Mouse (Alexa 

Fluor™ 568) 
Invitrogen A-11004 Goat 1:1,000 

Anti-Rabbit (Alexa 

Fluor™ 488) 
Invitrogen A-21441 Chicken 1:1,000 

Anti-Rabbit (Alexa 

Fluor™ 568) 
Invitrogen A-11036 Goat 1:1,000 

Anti-Goat (Alexa 

Fluor™ 555) 
Invitrogen A-21432 Donkey 1:1,000 

2.4.2 Western blotting 

Protein lysates were made using RIPA buffer containing protease inhibitors. 

RIPA buffer: 

• 50 mM Tris 

• pH 7.5 – 8  

• 150 mM NaCl 

• 0.1% SDS 

• 1% Nonidet P-40 

• 0.5% Sodium-deoxycholate 

• 1% Protease Inhibitors (Pierce™ mini-tablets, Thermo Fisher Scientific) 

All lysates were harvested from a 10 cm TCP (Greiner BioOne) or BM (Cell Guidance 

Systems) dish. Cells were cultured on the dishes for a minimum of 4 days under 

standard culture conditions (2.1) then the medium was removed, and dishes were 
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rinsed three times with DPBS (Thermo Fisher Scientific). Next, 400 µl of RIPA buffer 

was pipetted onto each dish and they were then placed on ice on a rocker for 30 min 

before a cell scraper was gently used to dislodge the cells. The resulting lysates were 

then sheared by passing them through a 27-gauge needle (BD Microlance™, Thermo 

Fisher Scientific) 20 times (for BM samples it was sometimes necessary to start with a 

lower gauge due to the presence of small amounts of polyacrylamide in the sample 

which blocked the needle). Lysates were then spun in a 4°C centrifuge for 10 min at 

13,000 rpm. The supernatant was removed and placed in a clean Eppendorf. A BCA 

Assay (Pierce® BCA Protein Assay Kit, Thermo Fisher Scientific) was used to assess 

the protein concentration of each lysate, using protein standards of 1 mg, 0.75 mg, 0.5 

mg, 0.25 mg, 0.125 mg and 0.025 mg, detergent compatible reagent, and RIPA buffer 

as a blank. As per product protocol, samples were left to incubate with the reagent in 

the dark at 37°C for 30 min. After allowing the plate to cool, a needle was used to 

remove any bubbles from the wells and absorbance was read at 570 nm using a 

BioTek ELx800 plate reader. Lysate samples of 400 µl were then mixed with 100 μl of 

5x Laemmli buffer. Lysates were heated at 99°C for 4 min then cooled on ice, before 

being stored in the -20°C freezer until required. 

Novex™ WedgeWell™ 4 to 12%, Tris-Glycine gradient gels (Thermo Fisher 

Scientific) were used to run high molecular weight nesprin proteins (Table 2.3). 

However, for all other proteins the gels were prepared fresh in the laboratory prior 

to each western blot experiment. 

4% stacking gel (100 ml): 

• 65.6 ml deionised water (diH2O)  

• 13.3 ml Protogel (30% acrylamide) (National Diagnostics, Thermo Fisher 

Scientific)  

• 20 ml 0.5 M Tris pH 6.8  

• 1 ml 10% Sodium Dodecyl Sulfate (SDS)  

• 10% Ammonium Persulfate (APS)  

• Tetramethylethylenediamine (TEMED)  
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10% resolving gel (100 ml):  

• 34 ml diH2O  

• 33.3 ml Protogel (30% acrylamide) (National Diagnostics, Thermo Fisher 

Scientific) 

• 25 ml 1.5 M Tris pH 8.8  

• 1 ml 10% SDS  

• 10% APS  

• TEMED  

Equal loading of lysates was confirmed by loading 10 µg of protein using the volumes 

calculated following the BCA assay, and staining gels overnight with InstantBlue™ 

(Expedeon, Thermo Fisher Scientific). If necessary, the loading volume was altered 

until the bands on the gel were observed to be equal. Gels were run at 120 V. Transfer 

was carried out using either an Invitrogen Power Blotter (Thermo Fisher Scientific) 

or, for high molecular weight nesprins, using a wet transfer method run at 10 V for 

18 hours, followed by 45 V for 2 hours). Immobilon®-P transfer membrane (Merck 

Millipore, Watford, UK) was used, and the membrane was activated and fixed using 

methanol. After fixing, membranes were dried in Whatman paper for a minimum of 

15 min. They were then blocked for 60 min in 5% milk (semi-skimmed milk powder 

in TBST) and incubated with the primary antibody (Table 2.3) overnight in a 4°C cold 

room. The membrane was then washed three times 10 min in TBST before being 

incubated with the secondary antibody (Table 2.3) at room temperature for 60 min. 

The membrane was again washed three times 10 min in TBST. The membrane was 

developed using the Bio-Rad Clarity ECL Western Blotting Substrates (Bio-Rad, 

Watford, UK) and either exposed to film (GE Healthcare, Chicago, US)  or imaged 

using an iBright1500 imaging system (Thermo Fisher Scientific). 

Table 2.3 Primary (top) and secondary (bottom) antibodies used in western 

blotting. 

Antibody Supplier Product Code Species Dilution 

GAPDH Calbiochem CB1001 Mouse 1:5,000 
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Keratin 10 Abcam ab76318 Mouse 1:5,000 

Keratin 14 Abcam ab7800 Rabbit 1:5,000 

β-actin 
Sigma-

Aldrich 
AC-74 Mouse 1:5,000 

Tubulin 

WA3, kind 

gift of Dr. U. 

Euteneuer 

- Mouse 1:5,000 

Emerin 
Vector 

Laboratories 
VP-E602 Mouse 1:500 

Lamin A/C ImmuQuest IQ332 Mouse 1:50 

Lamin B1 Abcam ab1684 Rabbit 1:500 

Sun 1 Abcam ab124770 Rabbit 1:1,000 

Sun 2 Abcam ab124916 Rabbit 1:1,000 

E-cadherin Abcam ab1416 Mouse 1:1,000 

Nesprin 1 In-house1 N-ABD Rabbit 1:500 

Nesprin 2 In-house2 PABK1 Mouse 1:1,000 

 

Anti-Mouse 

POD 

Sigma-

Aldrich 
A-4416 Goat 1:10,000 

Anti-Rabbit 

POD 

Sigma-

Aldrich 
A-6154 Goat 1:5,000 

1Padmakumar, VC.; Abraham, S.; Braune, S.; Noegel, A.A.; Tunggal, B.; Karakesisoglou, I.; Korenbaum, E. Enaptin, 

a giant actin-binding protein, is an element of the nuclear membrane and the actin cytoskeleton. Exp Cell Res 2004, 

295, 330-339. doi: 10.1016/j.yexcr.2004.01.014. 

2Libotte, T.; Zaim, H.; Abraham, S.; Padmakumar, VC.; Schneider, M.; Lu, W.; Munck, M.; Hutchison, C.; Wehnert, 

M.; Fahrenkrog, B.; Sauder, U.; Aebi, U.; Noegel, A.A.; Karakesisoglou, I. Lamin A/C dependent localization of 

Nesprin-2, a giant scaffolder at the nuclear envelope. Mol Biol Cell 2005, 16, 3411–3424, doi: 10.1091/mbc.e04-11-1009. 

 

2.4.3 Osmotic shock assay 

HEKn were cultured on either glass (SLS) or 4 kPa BM (Cell Guidance Systems) 

coverslips for a minimum of 4 days. Medium was removed and replaced with fresh 

medium containing 640 mM sucrose and cells were incubated for 30 min in a 
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humidified atmosphere with 5% CO2 at 37°C. Coverslips were fixed in 10% formalin 

then washed in PBS before being permeabilized for 10 min in 0.5% Triton-X-100 in 

PBS and blocked for 15 min in PBG blocking solution (see 2.4.1 for recipe). Coverslips 

were incubated with the nuclear envelope marker Lamin B1 (Table 2.2) in a humid 

atmosphere for 1 hour at room temperature, followed by three washes in TBST. 

Coverslips were incubated for 1 hour at room temperature with the secondary 

antibody (Table 2) and 2 µg/ml DAPI (Sigma-Aldrich) (Sigma-Aldrich), then washed 

a further three times in TBST. Coverslips were mounted with VECTASHIELD® anti-

fade mounting medium (Vector Laboratories) and imaged using a Zeiss LSM 880 

with Airyscan. Cells were then examined for nuclear abnormalities, which were 

defined as clear folds/creases in the envelope, and the percentage of cells exhibiting 

these abnormalities was calculated. 

2.4.3 Atomic force microscopy  

HEKn were cultured on TCP (Greiner BioOne) or 4 kPa Petrisoft® BM dishes for 4 

days following the standard protocol described in 2.1.2, then dissociated and 

transferred to the lids of 6 cm TCP dishes (Greiner BioOne) and allowed to adhere 

overnight. Dish lids were used rather than the dishes themselves due to the lower 

height of the sides, which was required to ensure samples fit into the atomic force 

microscope (AFM). To ensure adequate provision of medium, the lids were placed 

within a standard 10 cm dish containing 12 ml medium overnight before being 

removed in order to conduct the experiment. Cells were analysed using a 

NanoWizard® 3 Bioscience AFM (JPK, Berlin, Germany) fitted with a Silicon Nitride 

pyramidal probe cantilever with a spring constant of 0.005-0.022 Nm-1 (AppNano, 

San Jose, USA). Young’s Modulus values were then assessed for each cell at 10 

randomly selected points in the nucleus and 10 points in the cytoplasm using 

JPKSPM Data Analysis software and the supplied Hertz-Fit Application Note for 

biological samples. 
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2.5 Characterisation of 3D skin models 

2.5.1 OCT embedding hanging drops 

Dispomoulds were filled with Optimal Cutting Temperature compound (OCT, 

Thermo Fisher Scientific) and hanging drop models were harvested using a P200 

pipette (VWR, Lutterworth, UK). Multiple models were pipetted at once and the 

pipette was held with the tip facing down to ensure the models were as close to the 

opening as possible. The tip was inserted to the bottom of the dispomould, and the 

models were ejected into the OCT, ensuring the pipette was removed as soon as the 

last model left the tip to reduce contamination of the OCT with medium. The moulds 

were then placed on a metal plate in a box containing liquid nitrogen. The blocks 

were left to set for up to 30 min before being wrapped in metal foil and placed in a -

80°C freezer until required. They were sectioned at 7 μm using a cryostat and 

mounted onto Superfrost plus microscope slides (4951PLUS4, Thermo Fisher 

Scientific). After cutting, sections were left to dry on a hot plate then placed in the -

20°C freezer until needed. 

2.5.2 Paraffin embedding BRANDplates® epidermal equivalents 

BRANDplates® inserts (Sigma-Aldrich) were removed from their culture plate and 

transferred to a 12-well plate (Greiner BioOne). They were rinsed twice in DPBS 

(Thermo Fisher Scientific), then fixed in 10% formalin overnight at 4°C. The inserts 

were washed in PBS three times for 5 min, then dehydrated in 30%, 50%, 70%, 80%, 

90% and 95% ethanol for 10 min each. A scalpel was then used to remove the 

polycarbonate membranes from the inserts, and they were placed within a folded 

piece of biopsy paper (Thermo Fisher Scientific) before being put into a cassette and 

further dehydrated in a beaker of 100% ethanol for 30 min. The ethanol was replaced 

with Histoclear (Thermo Fisher Scientific) before being left for a further 30 min. Half 

of the Histoclear was emptied and replaced with molten paraffin wax (Thermo Fisher 

Scientific) and the beaker was incubated in a 65°C oven for 30 min. Finally, the 

Histoclear:wax mixture was removed and replaced with 100% molten wax, and the 

beaker was incubated for a further 60 min in the 65°C oven.  



41 

 

The membranes were removed from the cassettes and laid out on tin foil to allow 

them to dry. Once hardened, a scalpel blade was used to cut each membrane in half. 

Molten wax was poured into a dispomould, and the membranes were orientated, 

using forceps, so that the cut edge of the membrane was in contact with the wax. The 

cassette was then placed over the membranes and molten wax was poured over the 

top until the mould was full. These were left to set at room temperature overnight. 

All wax blocks were sectioned at 7 μm using an HistoCore BIOCUT microtome, and 

mounted onto Superfrost plus microscope slides (4951PLUS4, Thermo Fisher 

Scientific). 

2.5.3 Haematoxylin and Eosin (H&E) staining of BRANDplates® epidermal 

equivalents 

Slides were deparaffinised in Histoclear (Thermo Fisher Scientific) for 5 min, then 

gradually rehydrated; first being submerged in 100% ethanol for 2 min, then moved 

to 95% ethanol, 70% ethanol and diH2O for 1 min each (in rare cases where models 

were observed to detach from the slide, 1 min in 50% and 1 min in 35% ethanol were 

added to the hydration step). The slides were soaked in Mayer’s Haematoxylin 

(H1532, Sigma-Aldrich) for 5 min, then submerged in alkaline ethanol for 30 sec. 

Samples were once again dehydrated through submersion in 70% ethanol and 95% 

ethanol for 30 sec each. They were then soaked in 0.5% eosin (E4009, Sigma-Aldrich) 

in 95% ethanol for 15 - 20 sec and further dehydrated through submersion in 95% 

ethanol for two rounds of 10 sec, 100% ethanol for 15 sec, 100% ethanol for 30 sec, 

then Histoclear (Thermo Fisher Scientific) for two rounds of 3 min. Slides were 

mounted with a glass coverslip using DPX (VWR) and brightfield images were taken 

using an EVOS XL Core microscope. 

2.5.4 Immunohistochemistry of 3D skin models 

For hanging drop models in OCT, slides were thawed on the bench then washed 

twice in PBS and fixed in 10% formalin for 30 min at room temperature. Models were 

then washed in PBS and permeabilised in 0.5% Triton X-100 in PBS for 30 min before 
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being washed in PBS again and blocked in 2% BSA in PBS for 30 min at room 

temperature.  

Paraffin embedded BRANDplates® models were submerged in Histoclear (Thermo 

Fisher Scientific) for 10 min to deparaffinise them. Samples were then rehydrated for 

5 min in 100% ethanol, 5 min in 70% ethanol and 5 min in diH2O. Antigen retrieval 

was carried out through submersion in citrate buffer (Sodium Citrate Dyhydrate, 

Tween 20, diH2O, pH 6.0) for 15 min at 98°C. Slides were gradually cooled then 

transferred to a humidified box and blocked for 60 min at room temperature. 

Blocking solution was made up of 10% goat serum (Abcam, Cambridge, UK) and 

0.1% BSA (Sigma-Aldrich) in PBS.  

All models were incubated with primary antibody (Table 2.2) at 4°C overnight, with 

antibodies diluted in 1:60 goat serum and 0.1% BSA in PBS. Slides were washed in 

TBST three times 10 min on a gentle rocker. Slides were incubated for 60 min at room 

temperature with secondary antibody and 2 µg/ml DAPI (Sigma-Aldrich) in 1:60 goat 

serum and 0.1% BSA in PBS, before again being washed 3 times 10 min in TBST. Slides 

were mounted using VECTASHIELD® anti-fade mounting medium 

(VectorLaboratories). Slides were left to dry in a slide book at room temperature for 

15 min then kept at 4°C until ready to image. All slides were imaged using a Zeiss 

LSM 880 with Airyscan. 

2.5.5 Lucifer yellow barrier permeability assay 

BRANDplates® epidermal equivalents were cultured using the standard protocol 

with 12 days at the ALI (2.2.2). On day 12, models were transferred to an empty well 

and 200 µl of 1 mg/ml lucifer yellow (Lucifer Yellow CH dilithium salt, Sigma-

Aldrich) was applied to the surface of the membrane. The models were then 

incubated in a humidified atmosphere with 5% CO2 at 37°C for 2 hours before being 

removed and rinsed 3 times with DPBS (Thermo Fisher Scientific). Models were fixed 

overnight at 4°C in 10% formalin and paraffin embedded (2.5.2). Sections on slides 

were then processed using the immunohistochemistry protocol (2.5.4) and nuclei 

were labelled with 2 µg/ml DAPI (Sigma-Aldrich). Samples were imaged using a 
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Zeiss LSM 880 with Airyscan, and the lucifer yellow stain was observed using an 

Argon-Ion laser of 488 nm wavelength.  
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3 Investigating the effects of substrate 

stiffness on keratinocyte function  

3.1 Introduction 

Biomechanics is fast becoming a vital consideration in the world of in vitro cell culture 

and tissue engineering. In recent years, it has become apparent that external 

mechanical stimuli play a significant role in cell behaviour and function, influencing 

proliferation, cell differentiation, growth arrest, and even apoptosis (Dupont et al., 

2011). Despite the fact that tissues within the body vary drastically in stiffness, cells 

have traditionally been cultured in vitro on glass or plastic cultureware, which greatly 

exceeds the stiffness of the vast majority of human tissues (Landry, Rattan and Dixon, 

2019). Given what we now know about mechanotransduction, this begs the question 

as to how much of science’s previous in vitro data has been skewed by abnormal gene 

expression changes associated with culturing cells in an inappropriately stiff 

environment.  

The introduction of micropatterning approaches to alter the topology of 2D surfaces 

first enabled scientists to investigate how changes to the microenvironment affects 

cell morphogenesis and function (Ito, 1999). This was followed by the development 

of synthetic scaffolds enabling the growth of multi-layered 3D tissue in an in vitro 

setting and creating a more realistic environment in which to investigate cell 

behaviour (Guyot et al., 2014). The role of scaffolds in cell culture will be fully 

explored in chapter 5, but alone they do not entirely negate the issue of plastic 

cultureware due to “mechanical memory” and the long-lasting effects of the prior 

mechanical environment on cell behaviour. Moreover, 3D models  do not provide the 

same ease of use which has long made 2D in vitro work so appealing. It was therefore 

necessary to find a solution that bridged the gap between traditional 2D culture and 

a 3D environment. One such solution has been to coat cultureware with a thin 

biomimetic hydrogel, the composition of which can be altered so that it matches the 

stiffness of a variety of different tissues within the body. In this way, it is possible to 
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culture cells in a 2D setting, whilst ensuring that the mechanical cues imbued by the 

underlying substrate are as in vivo-like as possible (Caliari and Burdick, 2016). 

3.1.1 The role of biomechanics in epidermal assembly 

Keratinocytes are the predominant cell type in the epidermis, which as the upper 

layer of the skin, is subject to a host of external stressors including mechanical 

manipulation. One of the key features of epidermal biology is a high cell turnover 

and the ability to tip the balance between proliferation and differentiation to maintain 

constant self-renewal and ensure efficient wound healing (Schlegelmilch et al., 2011; 

Sotiropoulou and Blanpain, 2012). Consequently, mechanotransduction plays a key 

role in the regulation of the epidermal niche, with sheer forces, stretch, and 

compression having been shown to induce changes in keratinocyte proliferation, 

migration, and differentiation rates (Wong, Longaker and Gurtner, 2012). 

In order to maintain a normal tissue turnover, keratinocytes are able to actively 

respond to mechanical stimuli. The mechanosensory ability of cells begins with the 

cell adhesion complexes, namely integrins and cadherins, which are the first point of 

contact with the external environment. Integrins are physically attached to the 

extracellular matrix (ECM), whilst E-cadherin molecules, the primary cadherin found 

in the epidermis, participate in cell-cell binding and have an important function in 

maintaining epidermal barrier function (Müller et al., 2008). When integrins and 

cadherins come into contact with either the ECM or neighbouring cells, they assess 

the rigidity of their binding partner by deploying localised contractions (Ghassemi et 

al., 2012).  

It has been well established that during normal epidermal homeostasis, the integrin 

β1 subunit plays a pivotal role in maintaining the balance between proliferation and 

terminal differentiation (Kenny and Connelly, 2015). Grose et al. observed that β1-

null mice exhibited decreased proliferative capacity and keratinocyte migration, and 

instead terminal differentiation was stimulated (Grose et al., 2002). Moreover, though 

the mechanism is not completely understood, E-cadherin has been highlighted as an 

essential molecule for epithelial layer formation by regulating monolayer 
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organisation (Yang et al., 2018). Collins et al. demonstrated that altering the stiffness 

of polyacrylamide gel substrates led to alterations in epithelial cell spreading and 

actin organisation that were attributed to E-cadherin-dependent adhesion (Collins et 

al., 2017). Though this study used MDCK cells rather than keratinocytes, the results 

paint a striking picture as to the role of E-cadherin proteins in responding to external 

mechanical stimuli. 

In addition to cell adhesion complexes, homeostasis of the epidermis relies on the 

Hippo signalling pathway (Rognoni and Walko, 2019). Activation of the Hippo 

pathway relies on mechanotransduction, with “soft” substrates providing a low 

mechanical stimulus and thus initiating pathway activation. When active, the 

transcription factors YAP and TAZ are sequestered in the cytoplasm or tagged for 

degradation, leading to growth arrest and the pushing of cells towards terminal 

differentiation. When the external environment is “stiff”, YAP and TAZ move into 

the nucleus and upregulate genes associated with cell proliferation (Dupont et al., 

2011; Piccolo, Dupont and Cordenonsi, 2014). The reason that the Hippo signalling 

pathway plays such a crucial role in epidermal biology is that the proliferative cells 

of the epidermis are located in the basal layer, where they sit on a stiff basement 

membrane. As the cells migrate into the suprabasal layers the mechanical stimuli 

provided by the surroundings changes, leading to a switch from a proliferative 

phenotype towards terminal differentiation (Biggs et al., 2020). Consequently, the 

Hippo pathway is a key component ensuring epidermal homeostasis. 

3.1.2 Changes in mechanical stimuli between the epidermal layers 

The epidermis is composed of multiple layers, each with distinct mechanical 

properties that play an important role in maintaining the balance between 

proliferation and differentiation required for epidermal homeostasis. The basement 

membrane represents the stiffest component of the epidermis, and as cells 

differentiate and migrate upwards away from it, they are exposed to a variety of force 

changes influenced by variations in cell shape and keratin composition (Biggs et al., 

2020). 
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Engagement of adhesion molecules relays tension to the nucleus via the LINC 

complex and ultimately the nuclear interior (Hieda, 2019), which in turn manipulates 

nuclear positioning, actin dynamics, cell adhesion and cell migration (Chang et al., 

2015; Stewart et al., 2015). Carley et al. cultured mouse keratinocytes on fibronectin-

coated dishes and observed that integrin-associated tension on the nuclear lamina via 

the LINC complex, such as that caused by basal cell attachment to the basement 

membrane, represses differentiation and helps to maintain the progenitor state of 

epidermal basal keratinocytes (Carley et al., 2020). This suggests that the mechanical 

properties of the basement membrane have a significant role in controlling the 

function of the cells attached to it. 

As a high turnover epithelium, the keratinocytes of the epidermis are constantly 

migrating upward until they are eventually shed from the skin’s surface as 

corneocytes (Maeda, 2017). The exact mechanism by which epidermal stem and 

progenitor cells differentiate and migrate away from the basement membrane is still 

under debate. It is widely believed that the reality is a combination of delamination, 

where cells detach themselves from the basement membrane and migrate upwards 

(Nekrasova et al., 2018), and cell divisions that use perpendicular spindle orientations 

to directly position one daughter cell into the suprabasal layers (Gonzales and Fuchs, 

2017).  The suprabasal cell layers are considered the most important for barrier 

function in an epithelium (Sosnova-Netukova, Kuchynka and Forrester, 2007), and 

thus the spinous and granular layers possess more complex cell-cell adhesions and 

cytoskeletal networks than the basal layer, providing the tissue with high mechanical 

resistance (Broussard et al., 2017; Rübsam et al., 2017b).  

Though all layers express the necessary components to form tight junctions, these are 

only found in the third granular layer, with the spinous layers favouring strong 

desmosome-intermediate filament complexes (Broussard et al., 2017; Rübsam et al., 

2017b). This absence of tight junctions lower down in the epidermis is attributed to 

the lack of tension-high cadherin-based lateral adherens junctions which are specific 

to the granular layer (Rübsam et al., 2017a). These features highlight the important 

role that the distribution of layer-specific mechanical tension plays in epidermal 
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tissue morphogenesis, both in terms of junctional protein expression and overall 

barrier maintenance.  

Alterations in epidermal mechanics throughout the layers appears to revolve around 

changes to the expression and organisation of the actin and keratin cytoskeletons 

(Laly et al., 2021), and the associated effect that this has on the types of cell-cell 

junctions present (Jacob et al., 2018). This aspect of keratinocyte biology will be 

explored in greater depth in chapter 4. 

3.1.3 The use of biomimetic substrates in cell culture 

Traditionally, cells have been cultured in vitro on 2D surfaces that offer a simple and 

quick method of studying them. However, this comes with the caveat that cells 

behave aberrantly, displaying abnormal differentiated phenotypes, flattened shape, 

abnormal polarisation and responses to pharmaceutical reagents that do not reflect 

the in vivo reaction (Caliari and Burdick, 2016). Whilst 3D culture is a useful tool to 

study cells in a more tissue-like environment, it does not provide the same ease of 

use as 2D, nor does it facilitate the rapid propagation and expansion of cells.  

Developments in the field of biomaterials have provided a range of solutions to the 

2D culture issue, supplying alternatives such as patterned glass substrates, fibrillar 

foams, hydroxyapatite ceramics, and elastomeric films (Caliari and Burdick, 2016). 

However, hydrogels have emerged as the most promising candidate due to their in 

vivo-like mechanics, their ability to interface with biological systems, and the wide 

variety of applications that they can be used for (Peppas et al., 2006; Saha et al., 2007). 

The crosslinked, hydrophilic polymers that make up hydrogels have a similar 

molecular architecture to the ECM, making them excellent biological mimetics (Lutolf 

and Hubbell, 2005). They are able to replicate tissue viscoelasticity, support diffusive 

transport, and can be incorporated with a number of other biological characteristics 

which further improve their resemblance to in vivo tissue (Tibbitt and Anseth, 2009). 

Moreover, the ability to develop thin hydrogel films makes them an ideal for 2D cell 

culture application, where they can be used to coat standard TCP so that cells can be 

grown on top, thus maintaining the desired ease of use, whilst providing a more 
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physiologically relevant mechanical environment (Kazi, Yamanaka and Osamu, 

2019).   

3.1.4 Considerations for selecting the appropriate substrate stiffness for 

culturing epidermal keratinocytes 

As mentioned previously, keratinocytes are exposed to a variety of mechanical 

stimuli during their migration through the epidermis, which plays a key role in their 

differentiation and expression of different junctional proteins at different layers 

(Biggs et al., 2020). This immediately posed an initial challenge in that there is no 

specific Young’s Modulus value that can be attributed to the epidermis as a whole. A 

core aim of this project was to use BM hydrogels to improve epidermal assembly once 

cells were moved into a 3D model. Consequently, it was deemed prudent to narrow 

the stiffness down to that of the basement membrane, thereby promoting a basal cell 

phenotype. However, this again presented problems as isolating an intact epidermal 

basement membrane is very technically challenging.  

The values for skin stiffness vary greatly in the literature. This is largely due to its 

anisotopic nature, meaning that the direction at which force is applied can give 

different measurements (Kvistedal and Nielsen, 2007). Moreover, skin behaves 

viscoelastically, meaning that any initial deformation in response to an applied force 

is followed by a slower subsequent deformation (Akiyama et al., 2008). There are also 

a variety of techniques used to measure skin stiffness, ranging from non-invasive in 

vivo biophysical skin analysis, to in vitro mechanical measurements of biopsies 

(Limbert, 2017). Additionally, anatomical site, donor age, and degree of skin 

hydration can all impact the value obtained, meaning that skin Young’s Modulus 

values in the literature can vary by up to three orders of magnitude (Graham et al., 

2019). 

In order to ensure that substrates were as standardised as possible throughout this 

project, it was decided that hydrogel-coated dishes would be purchased, rather than 

made in the laboratory (see chapter 2). This meant that the substrate stiffness chosen 

had to be selected from the available choices of 0.2, 0.5, 1, 2, 4, 8, 12, 25 and 50 kPa. In 
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the early stages of the project 50 kPa was initially deemed too stiff given its 

association with the Descemet’s membrane of the corneal endothelium, which is a 

significantly harder tissue than the skin (Last et al., 2012). Moreover, literature 

providing values below 2 kPa for the dermal Young’s Modulus suggested that these 

substrates would be too soft to replicate the epidermal basement membrane 

(Achterberg et al., 2014).   

Given that a stiffness value for the epidermal basement membrane could not be found 

in the literature, it was decided to begin by culturing keratinocytes on 4 kPa and 8 

kPa substrates. This matched with literature values for the skin stiffness as a whole 

(Pailler-Mattei, Bec and Zahouani, 2008), and also aligned with a previous PhD 

project within the laboratory in which it was observed that the innate Young’s 

Modulus of HaCaT cells was approximately 5 to 7 kPa (Carthew, 2015). Moreover, 

whilst the Descemet’s membrane has a stiffness of around 50 kPa, the anterior 

basement membrane of the cornea has been observed to be around 7.5 kPa (Last et 

al., 2012), suggesting that 4 to 8 kPa is not an unreasonable stiffness range for a 

basement membrane. Nonetheless, the hydrogels used in this project were later 

expanded to include the 50 kPa substrate after 4 and 8 kPa were deemed too soft to 

replicate the basement membrane, instead appearing to promote differentiation, as 

will be discussed further in this chapter. That 50 kPa hydrogels were an appropriate 

addition to the project was consolidated by the discovery of a publication from 2016, 

in which Young’s Modulus measurements of the dermal-epidermal interface of 

dermal explants revealed that the stiffness was around 48.09 kPa (Kao, Connelly and 

Barber, 2016). 

3.1.5 Considering the use of HaCaT cells versus primary keratinocytes for 

in vitro epidermal investigation 

When studying keratinocytes and epidermal assembly in vitro, the first thing to 

consider is whether the investigation would be better served by working with human 

primary cells or the spontaneously immortalised human keratinocyte cell line, 

HaCaT. The obvious benefit of working with primary keratinocytes is that the cells 

remain as representative of their in vivo counterparts as possible. However, there are 



51 

 

also multiple caveats, chief of these being that keratinocytes exhibit proliferative 

decline during in vitro culture and can only be propagated a finite number of times 

before undergoing terminal differentiation (Ramirez, 2001). Not only does this mean 

that primary keratinocytes can differ from passage to passage, but it necessitates the 

use of cells harvested from multiple donors. This in turn presents new problems as 

donor-to-donor variability can lead to erratic results that make experimental 

conclusions difficult (Wong et al., 2019). Additionally, donor variability can have a 

significant impact on epidermal assembly in 3D models, with some cells readily 

forming a 3D epidermal equivalent, whilst others do not have the proliferative 

capacity to assemble an epidermis in an in vitro setting.  

In contrast, HaCaT cells offer an unrestricted culture time given their immortalised 

nature, and thus come with none of the variability concerns highlighted with regards 

to primary keratinocytes. This is particularly appealing for 2D culture where repeated 

passaging is required, and improves the cost effectiveness of a project as cells can be 

used for a much longer period. Nonetheless, HaCaTs also possess their limitations, 

one of the most striking being that the standard culture of HaCaT cells uses 10% FBS 

in DMEM, which induces a partially to fully differentiated phenotype due to the high 

calcium content in both the medium and the serum (Wilson, 2013). Whilst reducing 

the calcium content of HaCaTs has been shown to induce a more basal cell phenotype 

(Colombo et al., 2017; Wilson, 2013), the gene transcription profile of differentiated 

HaCaTs has been shown to be different to that of primary keratinocytes (Seo et al., 

2012). This raised concerns as to their viability for 3D model development. 

Based on these pros and cons, it was decided that HaCaT cells would be used for the 

initial investigations into 2D culture on BM hydrogels so as not to waste primary 

keratinocytes should any problems be encountered. Primary keratinocytes would 

then be used for the rest of the 2D analysis and the 3D models to ensure that the 

results were as representative of the in vivo situation as possible. To reduce 

variability, neonatal keratinocytes were used to ensure that donors were of a similar 

age, and the same passage number was utilised for all experiments (see 2.1.2).  
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3.2 Hypotheses and Aims 

This chapter aims to investigate potential changes in keratinocyte behaviour and 

phenotype in the context of proliferation, cell density, and expression of 

differentiation markers in response to culture on biomimetic hydrogels. In addition, 

this chapter will assess the ease with which keratinocytes were propagated and 

analysed when cultured on hydrogel-coated dishes versus standard TCP. This was 

completed using 10 cm dishes, 6-well plates, and coverslips that were bound with 

collagen pre-coated hydrogels made of polyacrylamide cross-linked with 

bisacrylamide (see chapter 2 for purchase details). It was hypothesised firstly, that 

culturing keratinocytes on softer substrates could replicate the changes in mechanical 

tension experienced by cells within the epidermis as they migrate away from the 

basement membrane. The stiffness of the hydrogels on which the keratinocytes were 

cultured could then be refined in order to promote either more basal or differentiated 

cell phenotypes. This would be important in providing a more physiologically 

relevant environment for the keratinocytes. Finally, it was hypothesised that using 

this approach may facilitate longer term maintenance of primary keratinocytes in 

culture.  

To summarise, the key hypothesis behind this chapter was that soft BM dishes would 

replicate the mechanical environment of the epidermis, and thus facilitate control 

over the balance between keratinocyte proliferation and differentiation. This chapter 

therefore aims to answer the following questions: 

•  Does culturing keratinocytes on 2D hydrogels offer the same ease of 

use as standard TCP? 

• Should keratinocytes grow well on hydrogels, does a softer substrate 

influence cell behaviour? 

• Using hydrogels in culture, can we control keratinocyte proliferation 

and differentiation? 
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3.3 Objectives 

• Determine whether hydrogel coated cultureware facilitates normal 2D 

culture practices and analysis. 

• Characterise the behaviour and phenotype of keratinocytes cultured on 

hydrogels in comparison to TCP. 

• Determine appropriate stiffnesses of hydrogel to replicate the 

epidermal basement membrane and suprabasal layers. 

3.4 Results 

3.4.1 Technical challenges faced when working with biomimetic hydrogel 

cultureware 

One of the most desirable qualities for BM hydrogel coatings is that they offer users 

the same ability to easily propagate and analyse cells as traditional 2D cell culture; 

something 3D culture systems have yet to achieve. Consequently, this chapter begins 

by exploring the technical challenges faced when culturing cells on BM hydrogel-

coated dishes versus standard TCP. 

3.4.1.1 Trypsin EDTA does not dissociate cells from hydrogel-coated dishes 

The initial work using BM hydrogels was carried using HaCaT cells, and after being 

revived into TCP flasks they were then passaged and seeded onto 10 cm dishes of 

either standard TCP or coated with 8 kPa or 4 kPa BM hydrogels. The cells adhered 

and grew readily on the hydrogel substrates (see 3.4.2) but the first technical difficulty 

encountered came when the cells reached the appropriate confluency for passage. 

Typically, adherent cells are dissociated using trypsin-EDTA, but it was observed 

that HaCaTs cultured on 4 kPa remained completely adherent, whilst their TCP 

counterparts began to dissociate after 2 minutes incubation with trypsin-EDTA and 

were entirely dissociated by 7 minutes incubation (Figure 3.1). It should be 

highlighted that significantly longer trypsin exposures of up to 60 minutes were 
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tested but increased time did not improve dissociation.  It was noted that when the 

medium was removed from BM dishes, the hydrogels had acquired a red tinge 

Figure 3.1 HaCaTs cultured on 4 kPa hydrogels do not dissociate with 

trypsin-EDTA. HaCaT cells were cultured on TCP and 4 kPa hydrogel-coated 10 

cm dishes then incubated at 37°C with trypsin-EDTA. Phase contrast microscopy 

displays that HaCaTs on 4 kPa dishes remained adhered to the substrate in the 

presence of trypsin-EDTA, whilst those on TCP had dissociated by 7 minutes. Scale 

bars = 100 µm. 
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(Figure 3.2A) which suggested that the medium was absorbed by the gel during 

culture. Extensive washing with PBS did not appear to remove the medium from the 

gel as they remained stained. 

Protein lysates were prepared from the HaCaTs and assessed using SDS-PAGE gels. 

The polyacrylamide gels were stained with InstantBlue®, which revealed that 

HaCaTs cultured on BM hydrogels possessed a very strong protein band beneath the 

70 kDa marker on the ladder that was strikingly absent from the TCP cultured cells 

(Figure 3.2B). The molecular weight of albumin is approximately 66 kDa and it was 

thus concluded that the strong protein band observed in the BM cultured HaCaT 

samples was likely albumin from the FBS used to supplement the culture medium. 

The medium had been observed to be retained by the hydrogels even after extensive 

Figure 3.2 BM hydrogels absorbed medium during culture and acquired a 

high serum content. (A) BM hydrogel-coated dishes retained a red hue following 

removal of the culture medium, suggesting that medium had been absorbed. (B) 

Protein lysates taken from HaCaT hydrogel cultures and analysed following SDS-

PAGE and InstantBlue™ staining were observed to possess a strong protein band 

(red arrow) consistent with the weight of albumin which is found in the medium 

supplement FBS. 
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washes and lysate samples were stained pink following use of the cell scraper, thus 

it was concluded that serum absorbed by the gels was inactivating the trypsin during 

the dissociation process.   

Figure 3.3 HaCaTs cultured on 4 kPa hydrogels were successfully 

dissociated using TrypLE™ Express Enzyme. HaCaT cells were cultured on 

TCP and 4 kPa hydrogel-coated 10 cm dishes then incubated at 37°C with TrypLE™ 

Express Enzyme. Phase contrast microscopy displays that HaCaTs on both TCP and 

4 kPa dishes had dissociated by 7 minutes of incubation time. Scale bars = 100 µm. 
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With the ultimate goal being to use primary keratinocytes, it was deemed 

inappropriate to increase the concentration of trypsin given that primary cells are 

very sensitive. TrypLE™ Express Enzyme is a trypsin alternative produced by Gibco 

(Thermo Fisher Scientific) that has been shown to have greater specificity than trypsin 

and has been demonstrated to dissociate cells in serum supplemented systems 

(TrypLE Express User Guide, 2020). It was decided that this was a viable alternative 

to trypsin and would not jeopardise sensitive primary keratinocytes should 

incubation time or volume of the enzyme be increased. It was subsequently observed 

that HaCaTs cultured on BM hydrogels could be dissociated using TrypLE™ Express 

Enzyme (Figure 3.3), and this was therefore the dissociation agent used for all further 

cell culture work. 

3.4.1.2 Primary keratinocytes cannot be propagated beyond one passage on 

very soft hydrogels 

Another benefit of culturing cells in 2D is that they can be easily and rapidly 

expanded, providing a large amount of material to work with and thus making it a 

cost-effective method. These are features that are not translated well into 3D culture, 

and so it was a point of interest whether keratinocytes could be cultured for multiple 

passages using hydrogel-coated dishes. HEKn were revived and cultured in a TCP 

flask before initially being seeded onto 10 cm TCP or 4 kPa hydrogel-coated dishes. 

They were cultured for 4 days to allow acclimatisation to their substrate, then 

dissociated and seeded onto a new substrate of the same stiffness and cultured for a 

further 4 days. It was observed that HEKn cultured on TCP readily adhered and 

proliferated on a second dish (Figure 3.4). However, whilst HEKn grew well on 4 kPa 

dishes during the first passage, when they were seeded onto a second dish, they failed 

to adhere and consequently propagation could not continue.  

Figure 3.4 (overleaf) HEKn could not be cultured on 4 kPa hydrogels beyond 

one passage. HEKn were cultured on TCP and 50 kPa and 4 kPa hydrogel-coated 

dishes for one passage before being dissociated and seeded onto a second dish of the 

same stiffness. Phase contrast microscopy displays that HEKn adhered and grew as 

normal on a second TCP and 50 kPa dish but were unable to reattach when seeded 

onto a second 4 kPa dish. Scale bars = 100 µm. 
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To check that this was a result of substrate stiffness rather than an effect of the 

hydrogels themselves, the experiment was repeated to include 50 kPa hydrogel-

coated dishes which are over 10 times stiffer than the 4 kPa substrates. It was 

observed that HEKn cultured on 50 kPa were able to adhere and proliferate on a 

second dish in a similar way to those cultured on TCP (Figure 3.4). Consequently, it 

was hypothesised that 4 kPa hydrogels were potentially too soft to promote a basal 

cell phenotype and thus cells did not readily express the necessary adhesion 

molecules to reattach following acclimatisation to the soft substrate. The veracity of 

this supposition will be explored later in this chapter. However, it was observed that 

when HEKn cultured on 4 kPa were seeded back onto a TCP dish for the second 

passage, some cells were able to adhere and continue growing (Figure 3.5). This 
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further implied that it is the stiffness of the 4 kPa hydrogels that affects the ability of 

HEKn to reattach and continue their propagation.   

3.4.1.3 Petrisoft™ hydrogel-coated dishes exhibited batch variability that 

affected cell growth 

One of the main reasonings behind choosing to purchase hydrogel-coated dishes for 

this project rather than make them was to reduce variability that could impact results. 

However, on several occasions batches of Petrisoft™ dishes were received that did 

not appear to support cell adhesion or growth (Figure 3.6). These defective dishes 

were observed across all stiffness ranges so did not appear linked to a particular 

Figure 3.5 HEKn cultured on 4 kPa hydrogels were able to reattach for a 

second passage if seeded back onto TCP. HEKn were cultured on 4 kPa 

hydrogel-coated dishes for one passage, before being dissociated and seeded onto either 

a second 4 kPa dish or a TCP dish. Phase contrast microscopy displays that HEKn did 

not reattach when seeded onto a 4 kPa dish, but they were able to adhere to TCP. Scale 

bars = 100 µm. 
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substrate. Moreover, multiple dishes received in the same box were found to exhibit 

the same problem rather than single dishes here and there, suggesting that the issue 

arose from the recipe used for the entire batch (Figure 3.6). Given that these were 

commercially purchased, no further investigations were carried out regarding this 

observation, but it is worth noting the implication that variability between dishes is 

unavoidable even when obtained from a regulated source. 

Figure 3.6 HEKn were observed not to attach or proliferate when seeded 

onto certain batches of BM dishes. Phase contrast microscopy displays that when 

seeded onto defective Petrisoft™ hydrogel-coated dishes, HEKn did not exhibit normal 

attachment or proliferation and appeared to have undergone apoptosis by the end of 4 

days, as evidenced by cell crenation, detachment, and the presence of debris. Scale bars 

= 100 µm.  
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3.4.1.3 HEKn cultured on BM coverslips were difficult to image by confocal 

microscopy  

Aside from general day-to-day culture challenges, working with biomimetic 

hydrogels presented technical obstacles at various stages of cell analysis. One of the 

most striking of these was discovered whilst attempting to image 

immunofluorescently stained cells through confocal microscopy. HEKn were 

cultured on glass and BM substrates for 4 days to allow acclimatisation of the cells, 

then they were fixed and stained as detailed in 2.4.1. Coverslips were mounted onto 

glass slides and viewed on a Zeiss LSM 880 with Airyscan. The majority of images 

were taken using a Plan-Apochromat 63x/1.4 Oil DIC M27 objective, and it quickly 

became apparent that the hydrogel layer coating the coverslips created too great a 

distance between the objective and the cells to view them with clarity (Figure 3.7).  

The Zeiss LSM 880 is inverted, and when trying to locate the cells on the BM 

coverslips, the objective had to be raised to such an extent that it began to lift the slide 

off the stage, resulting in unfocused images (Figure 3.8). This would still be a problem 

for an upright microscope and would likely result in damage to both the slide and 

the objective, so it was necessary to acquire a solution that bypassed the issue of the 

extra coverslip thickness provided by the hydrogel layer. 

Figure 3.7 Coverslips coated with hydrogel had an increased distance 

between the microscope objective and cells. Schematic demonstrating how the 

addition of a hydrogel layer increased the depth of BM coverslips compared to standard 

glass coverslips. This increased the distance between the objective and the cells 

attached to the coverslip. 
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Figure 3.8 Confocal images taken of HEKn on BM coverslips were 

unfocused. HEKn were cultured on glass and 4 kPa hydrogel-coated coverslips and 

immunostained for proteins of interest. Confocal microscopy images display how the 

extra depth provided by the hydrogel-coating on the BM coverslips resulted in poor 

quality unfocused images in contrast to those of cells on standard glass coverslips. 

Scale bars = 25 µm. 
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The initial solution was to find a way to image the coverslips by reducing the distance 

between the objective and the cells. To this end, it was decided to mount coverslips 

on glass bottom dishes rather than slides, thus enabling the cells to be viewed through 

the single layer of the glass dish rather than the double layer of the coverslip and 

hydrogel (Figure 3.9A). Whilst this did solve the issue of poor image quality (Figure 

3.9B), it was deemed impractical for largescale immunofluorescence analysis, not 

only because glass bottom dishes are less cost-effective than slides, but because they 

cannot be easily stored in large numbers.  

Figure 3.9 Mounting BM coverslips on glass bottom dishes improved 

confocal image quality. (A) HEKn cultured on 4 kPa hydrogel-coated coverslips 

were immunostained and mounted onto glass bottom dishes which reduced the 

distance between the cells and the objective lens. (B) Confocal microscopy images 

display that 4 kPa hydrogel-coated coverslips mounted in this way produced images of 

quality relative to that of standard glass coverslips. Scale bars = 25 µm.  
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Following discussion with the team in the advanced light microscopy facility 

(Durham University), it was determined that an alternative solution would be to use 

an objective with a greater free working distance. The free working distance of the 

Plan-Apochromat 63x/1.4 Oil DIC M27 previously used was 0.19 mm, enabling the 

imaging of cells mounted on coverslips with a maximum thickness of 0.17 mm. This 

was replaced with a Plan-Apochromat 63x/1.2 Imm Corr DIC M27 objective with a 

free working distance of 0.49 mm and allowing a maximum coverslip thickness of 

0.19 mm. This objective was suitable for glycerine or oil immersion, and so both were 

tested to see which provided the best image quality. Whilst the image quality of both 

immersion techniques were greatly improved in comparison to those taken using the 

original objective (Figure 3.10), it was determined that oil immersion produced a 

cleaner image. Consequently, all subsequent confocal imaging was carried out using 

the Plan-Apochromat 63x/1.2 Imm Corr DIC M27 objective with oil immersion.  
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Figure 3.10 Using an objective with a greater free working distance 

improved confocal image quality for BM coverslips. HEKn were cultured on 4 

kPa hydrogel-coated coverslips, immunostained, and mounted onto glass slides. 

Confocal microscopy images display coverslips viewed using the standard x63 

objective with a 0.19 mm free working distance (left), and a x63 objective with a 0.49 

mm free working distance (middle and right). For the longer-range objective images 

were taken using both glycerine and oil immersion. Scale bars = 25 µm. 
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3.4.1.3 HEKn protein yield for lysates was initially poor 

The final technical challenge faced was procuring a high enough protein yield from 

HEKn to perform western blot analysis. Lysates were harvested from HEKn cultured 

for 4 days on their respective dishes, with cells being lysed in RIPA buffer and then 

immediately removed from the dish using a cell scraper. Full details of the 

subsequent steps can be found in 2.8.1. However, staining of gels with InstantBlue™ 

revealed very faint bands signifying a poor protein yield (Figure 3.11A). Though cells 

cultured on TCP were also observed to produce a poor yield, suggesting this was not 

Figure 3.11 HEKn lysates had a better protein yield when cells were 

incubated with lysis buffer on ice. (A) HEKn were cultured on TCP, 8 kPa, and 

4 kPa dishes and protein lysates were harvested. An InstantBlue™ stained gel 

displays that protein yield was poor, particularly in the 4 kPa cultured cells. (B) HEKn 

were incubated for 30 mins on ice on a rocker in lysis buffer or were dissociated from 

the dish and the cell pellet was resuspended in lysis buffer. An InstantBlue™ stained 

gel displays that lysates from HEKn incubated on ice produced a better protein yield 

than those prepared from a cell pellet. 
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an issue caused by the hydrogels, the softer substrates did seem to exacerbate the 

problem, as evidenced by the complete lack of bands in the 4 kPa lane (Figure 3.11A). 

Given how delicate the hydrogels are, it is not possible to firmly scrape the surface 

when harvesting lysates, as this would lead to tearing of the gel and subsequent 

contamination of the sample. Consequently, it was difficult to ensure that the cells 

are thoroughly lysed on the BM dishes. 

In order to improve the HEKn protein yield, two alternative methods were tested. 

Firstly, the lysis buffer was added to the dishes as before, but they were then placed 

on ice on a rocker for 30 mins to allow longer exposure to the buffer. After this time, 

the lysates were collected using a cell scraper and subsequently treated as normal. 

Alternatively, HEKn were dissociated from their dish using TrypLE and centrifuged 

before the resulting cell pellet was resupended in lysis buffer. An InstantBlue™ stain 

of these two techniques clearly revealed that HEKn placed on ice on a rocker 

produced a much better protein yield than those made from a cell pellet (Figure 

3.11B). All further protein lysates were therefore harvested using this method. 

3.4.2 Keratinocytes cultured on softer substrates exhibited increased cell 

density 

3.4.2.1 HaCaT cells had a more 3D appearance on BM hydrogels 

As mentioned previously, the BM hydrogels were initially investigated using HaCaT 

cells in order to ascertain whether there were any significant changes in cell 

appearance and behaviour. HaCaTs were seeded onto TCP and 8 kPa and 4 kPa BM 

dishes and cultured for 4 days; a period deemed appropriate to allow the cells time 

to acclimatise to the substrate stiffness, whilst ensuring they did not become too 

confluent. The earliest observation was that HaCaTs cultured on 8 kPa and 4 kPa 

hydrogels seemed to form more densely packed colonies than those on TCP, and the 

presence of shadowing on the 4 kPa dishes (Figure 3.12A – white arrows) implied 

that colonies on softer substrates were more 3D. The edges of colonies were distinct, 

as though raised above the culture dish (Figure 3.12A – red arrows), whereas HaCaTs 

cultured on TCP did not exhibit defined colony edges and appeared to blend in more 
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with the underlying substrate. To assess whether the colony density did in fact 

change on the BM hydrogels, the number of cells per 10,000 µm2 was calculated 

(Figure 3.12B). It was observed that HaCaTs cultured on BM hydrogels were 

significantly denser than those on TCP, and even between 8 kPa and 4 kPa substrates 

there was a significant increase in cell density in response to the decrease in stiffness. 

These observations confirmed that culturing HaCaTs on BM hydrogels led to changes 

in cell appearance and behaviour. Consequently, it was deemed appropriate to 

introduce primary HEKn to the experimental plan in preparation for 3D model 

development.  

 

 

 

 

Figure 3.12 (overleaf) HaCaTs cultured on BM hydrogels exhibited 

increased cell density within colonies. HEKn were cultured on TCP and 8 and 4 

kPa hydrogels for 4 days. (A) Phase contrast microscopy images display that when 

HaCaTs were cultured on 8 and 4 kPa dishes colony edges were more distinct and 

appeared raised from the underlying substrate (red arrows). Shadowing (white arrows) 

observed on the 4 kPa dishes suggested a more 3D colony structure. Scale bars = 250 

µm (B) Quantification of the number of cells per 10,000 µm2. Data represent mean 

±SEM, n = 3 (3x 20 squares), statistical significance was assessed using one-way 

ANOVA with Tukey’s post hoc test, *** p ≤ 0.0001. 
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3.4.2.2 HEKn cultured on BM hydrogels exhibited greater cell density and 

cobblestone morphology 

Following on from the initial investigation using HaCaT cells, primary HEKn were 

cultured on TCP and BM dishes for 4 days to enable acclimatisation to the substrate 

stiffness.  In addition to the 8 kPa and 4 kPa hydrogels, HEKn were also cultured on 

50 kPa substrates due to the significance of this stiffness in relation to epidermal 

model development (see chapter 5 for further discussion). As with the HaCaT cells, 

HEKn appeared more densely packed on the BM hydrogel substrates, and they 

exhibited a regular cobblestone morphology in comparison to those on TCP which 

appeared more heterogenous (Figure 3.13A). Analysis of the number of cells per 

10,000 µm2 revealed that HEKn cultured on BM hydrogels were significantly denser 

than those on TCP, and cells on 4 kPa substrates were significantly denser than those 

on 50 kPa and 8 kPa (Figure 3.13B). Given the significance of the epidermal calcium 

gradient in keratinocyte differentiation and epidermal assembly, the assessment of 

cell density was repeated under high calcium conditions. At the day 4 culture time 

point, the medium was replaced with high calcium medium containing 1.5 mM 

CaCl2, and the cells were cultured for a further 24 hours. Phase contrast images after 

this period revealed that HEKn on TCP appeared to increase in density and 

developed the cobblestone morphology (Figure 3.14A) observed in HEKn on BM 

dishes under low calcium conditions (Figure 3.13A). The HEKn on BM hydrogels 

maintained their appearance, though cells on 4 kPa substrates appeared the least 

heterogenous., Analysis of cell density confirmed that HEKn on BM dishes continued 

to have a greater cell density than those cultured on TCP (Figure 3.14B). It was 

therefore apparent that culturing HEKn on BM hydrogels influenced changes to cell 

density and induced a cobblestone morphology that was only seen under high 

calcium conditions on TCP.  
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Figure 3.13 HEKn cultured on BM hydrogels had a greater cell density. (A) 

HEKn were cultured on TCP and 50, 8 and 4 kPa dishes for 4 days. Phase contrast 

images display the changes in colony appearance exhibited on the hydrogels, with 

HEKn adopting a more regular, cobblestone morphology. Scale bars = 50 µm. (B) 

Quantification of the number of cells per 10,000 µm2. Data represent mean ±SEM, n 

= 3 (3x 20 squares), statistical significance was assessed using one-way ANOVA with 

Tukey’s post hoc test, *** p ≤ 0.0001, ns = non-significant. 
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Figure 3.14 HEKn cultured on BM dishes under high calcium conditions 

still exhibited greater cell density. (A) High calcium medium was added to HEKn 

that had been cultured on TCP and 50, 8 and 4 kPa dishes. After 24 hours phase 

contrast images were taken and display that all HEKn exhibited a regular cobblestone 

morphology. Scale bars = 50 µm. (B) Quantification of the number of cells per 10,000 

µm2. Data represent mean ±SEM, n = 3 (3x 20 squares), statistical significance was 

assessed using one-way ANOVA with Tukey’s post hoc test, *** p ≤ 0.0001, ns = non-

significant. 
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3.4.3 Culturing keratinocytes on softer substrates led to decreased 

proliferation and a shift towards differentiation  

3.4.3.1 HaCaTs cultured on BM hydrogels exhibited decreased proliferative 

activity 

The next observation when culturing HaCaT cells on BM dishes, was that they 

appeared to proliferate more slowly than those on TCP, with the dishes appearing 

less confluent at the end of the 4 day culture period. Though this apparent lower 

confluency was likely due in part to the increased cell density (Figure 3.12B), an EdU 

assay was carried out to assess the proliferative activity of the HaCaTs on the 

different substrates. It was observed that HaCaTs cultured on BM hydrogels had 

fewer EdU positive cells than those cultured on glass coverslips (Figure 3.15), 

indicating a reduced level of proliferation. 

Figure 3.15 (overleaf) HaCaTs cultured on BM hydrogels exhibited 

decreased proliferative activity. (A) HaCaTs were cultured on glass and 8 and 4 

kPa coverslips for 4 days, then an EdU assay was completed. Confocal microscopy 

images display EdU positive nuclei in HaCaTs across the different culture substrates. 

Scale bars = 25 µm. (B) Quantification of the percentage of EdU positive cells observed 

on glass and BM coverslips. Data represent mean ±SEM, n = 3 (3x 100 cells), 

statistical significance was assessed using one-way ANOVA with Tukey’s post hoc 

test, *** p ≤ 0.0001, ns = non-significant. 
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3.4.3.2 HEKn cultured on BM hydrogels exhibited signs of decreased 

proliferation as a direct result of substrate stiffness 

As was observed with the HaCaT cells, HEKn cultured on BM hydrogels were found 

to proliferate more slowly than those on TCP, and another EdU assay was carried out 

to assess the proliferative activity of the HEKn on the different substrates. It was 

observed that HEKn cultured on BM hydrogels had fewer EdU positive cells than 

those cultured on glass coverslips (Figure 3.16), indicating a reduced level of 

proliferation. Moreover, there was a statistically significant reduction between HEKn 

cultured on 4 kPa dishes compared to those on 50 kPa, despite the relatively small 

change in substrate stiffness (Figure 3.16B). 

Following on from this result, it was necessary to confirm that the decrease in 

proliferation on BM hydrogels was a direct result of the substrate stiffness. One of the 

key mechanosensitive pathways involved in epidermal homeostasis is the Hippo 

signalling pathway (Rognoni and Walko, 2019). In order to assess the activity of the 

Hippo signalling pathway, HEKn were cultured on TCP and 4 kPa coverslips for 4 

days, then immunostained for the transcription factor YAP1; the localisation of which 

is indicative of whether HEKn are being driven towards a proliferative or 

differentiated phenotype (Figure 3.17A). Integrated density of the staining in the 

nuclear and cytoplasmic compartments was analysed, and it was observed that 

HEKn on TCP had a greater integrated density of YAP1 staining overall, though this 

was not stastically significant in the nucleus when analysed using One-way ANOVA 

with a Tukey post hoc test (Figure 3.17B). The integrated density of staining in the 

cytoplasm was significantly greater for HEKn on TCP, than those on the 4 kPa 

hydrogel. On a soft ECM, the Hippo pathway is known to be activated, and YAP1 is  

Figure 3.16 (overleaf) HEKn cultured on BM substrates exhibited decreased 

proliferative activity. (A) HEKn were cultured on glass and 50, 8 and 4 kPa 

coverslips for 4 days, then an EdU assay was completed. Confocal microscopy images 

display EdU positive nuclei in HEKn across the different culture substrates. Scale 

bars = 25 µm. (B) Quantification of the percentage of EdU positive cells observed on 

glass and BM coverslips. Data represent mean ±SEM, n = 3 (3x 100 cells), statistical 

significance was assessed using one-way ANOVA with Tukey’s post hoc test, * p ≤ 

0.05, *** p ≤ 0.0001. 
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Figure 3.17 HEKn cultured on glass coverslips showed a greater Integrated 

Density of YAP1 staining. (A) HEKn were cultured on glass and 4 kPa coverslips 

for 4 days then immunostained for YAP1. Confocal microscopy images display the 

localisation of YAP1 in response to the different substrates. The F-actin co-stain 

highlights the parameters of the cytoplasmic compartment. Scale bars = 25 µm. (B) 

Quantification of Integrated Density of YAP1 in the nuclear and cytoplasmic 

compartments of HEK on glass and 4 kPa BMH coverslips. Data represent mean 

±SEM, n = 3 (3x 100 cells), statistical significance was assessed using one-way 

ANOVA with Tukey’s post hoc test, *** p ≤ 0.0001, ns = non-significant. 
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sequestered in the cytoplasm and degraded which reduces proliferation and drives 

cells towards differentiation (Dupont et al., 2011). Given the reduced intensity of 

YAP1 staining in the HEKn cultured on 4 kPa coverslips, it was concluded that the 

Hippo pathway was likely active in cells on the hydrogels which resulted in YAP1 

degradation.  

In order to further confirm Hippo pathway activation in response to a softer culture 

substrate, RNA analysis was carried to assess the expression level of multiple 

regulators of the Hippo signalling pathway. HEKn were cultured on TCP and 50, 8, 

and 4 kPa cultureware for up to 4 days, with RNA samples being taken 1, 2, 3 and 4 

days after seeding in order to monitor gene expression changes as the cells adapted 

to their environment. Samples were sent to P&G and analysed using WaferGen. The 

resulting data revealed that culturing HEKn on BM hydrogels did have an effect on 

the expression of key components of the Hippo signalling pathway (Figure 3.18). The 

upstream regulator NF2 was observed to be significantly downregulated for the first 

3 days of culture, before seemingly returning to a similar level of expression to TCP 

(Figure 3.18A). The fellow upstream regulator WWC1 encoding the kibra protein was 

significantly upregulated in HEKn on 8 and 4 kPa hydrogels on day 4 (Figure 3.18C). 

At its core, the Hippo pathway is a kinase cascade, and the kinases MST1 and LATS1 

did not show any significant changes in gene expression (Figure 3.18B and D), though 

MST1 appeared to trend towards upregulation on day 1 followed by a gradual return 

to near TCP levels, whilst LATS1 appeared to trend towards downregulation across 

all 4 days. LATS2 appeared to be downregulated across the 4 days, with significant 

changes observed for 50 kPa and 8 kPa (Figure 3.18). The transcription factor gene 

YAP1 was observed to trend towards downregulation by day 3 and 4, with significant 

changes observed in 8 kPa on day 3 and 50 kPa on day 4 (Figure 3.18F), whilst TAZ 

did not show any significant changes, but appeared to trend towards downregulation 

on the first 3 days then upregulation on the 4th (Figure 3.18G). Together these data 
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suggest that culturing HEKn on BM hydrogels induced significant changes in the 

regulation of the Hippo pathway and the expression of the transcription factor YAP1. 
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3.4.3.3 HEKn cultured on very soft hydrogels exhibited increased expression 

of epidermal differentiation markers 

Epidermal assembly relies on the balance between proliferation and differentiation, 

and mechanical cues are known to play a significant role in driving keratinocytes 

towards terminal differentiation as they move through the epidermis (Biggs et al., 

2020). Given the observations that HEKn cultured on soft hydrogels have lower 

proliferative activity, downregulation of YAP1, and reduced staining intensity, it was 

hypothesised that the BM substrates could be driving HEKn towards a more 

differentiated phenotype. In order to investigate this, HEKn were assessed for 

proliferation and differentiation markers. Perhaps the most significant of these in 

terms of the epidermis are cytokeratin 10 (CK10) and cytokeratin 14 (CK14). CK14 is 

expressed in mitotically active basal cells, whilst CK10 is expressed in differentiating 

keratinocytes (Alam et al., 2011).  

Figure 3.18 RNA analysis of the Hippo signalling pathway revealed changes 

in expression when HEKn were cultured on BM hydrogels. HEKn were 

cultured on TCP and 50, 8 and 4 kPa cultureware and RNA samples were harvested 

1,2,3 and 4 days after seeding and analysed using WafeGen. (A-G) Quantification of 

Log fold change in Hippo signalling pathway component expression in HEKn on 50, 

8 and 4 kPa hydrogels in comparison to the TCP control. Data represent mean ±SEM, 

n = 6, statistical significance was assessed using two-way ANOVA, no asterisk = non-

significant, * p ≤ 0.05, ** p ≤ 0.01 *** p ≤ 0.001.  
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HEKn were cultured on TCP and 4 kPa cultureware for 4 days and then protein 

lysates were taken using the method described earlier in the chapter (3.4.1.3). Given 

the importance of high calcium levels in promoting epidermal differentiation, further 

lysates were harvested from HEKn that had been exposed to high calcium medium 

for 24 hours following the 4 days of culture. Lysates were separated using SDS-PAGE 

and then analysed via western blot to assess the protein levels of CK10 and CK14. 

The results of the western blot revealed that HEKn on TCP did not express CK10 

under low calcium conditions but did begin to express it following 24 hours in high 

calcium medium (Figure 3.19A). In contrast, HEKn cultured on 4 kPa hydrogels 

appeared to express a small amount of CK10 even under low calcium conditions and 

this increased dramatically following 24 hours in high calcium medium (Figure 

3.19A). The levels of CK14 did not appear to differ by a significant amount across the 

different conditions.  

The expression of CK10 and CK14 in HEKn on TCP versus BM substrates was further 

assessed using WaferGen analysis. As described previously, RNA lysates were 

harvested 1, 2, 3, and 4 days after seeding and samples were analysed by P&G. The 

results for KRT10 expression were striking, revealing that expression was 

significantly upregulated in HEKn on BM substrates from across all timepoints 

(Figure 3.19B). Moreover, the upregulation in expression appeared to directly 

correlate with substrate stiffness for days 3 and 4. In contrast, the results for KRT14 

expression were less definitive, with expression seeming to increase in the first 3 days  

Figure 3.19 (overleaf) HEKn cultured on 4 kPa hydrogels showed increased 

expression of the differentiation marker cytokeratin 10. (A) Protein lysates 

were taken from HEKn cultured on TCP and 4 kPa dishes in low and high calcium 

medium. Western blot analysis displays that the differentiation marker CK10 was 

higher in cells cultured on 4 kPa hydrogels, particularly when the calcium content 

was high. (B) Quantification of Log fold change of the CK10 gene KRT10 in HEKn 

on 50, 8 and 4 kPa hydrogels in comparison to the TCP control. Data represent mean, 

n = 6, statistical significance was assessed using two-way ANOVA, no asterisk = non-

significant, * p ≤ 0.05, ** p ≤ 0.01 *** p ≤ 0.001. (C) Quantification of Log fold change 

of the CK14 gene KRT14 in HEKn on 50, 8 and 4 kPa hydrogels in comparison to the 

TCP control. Data represent mean ±SEM, n = 6, statistical significance was assessed 

using two-way ANOVA, no asterisk = non-significant, * p ≤ 0.05, *** p ≤ 0.001. 
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before being downregulated on the 4th day, though this latter result was only 

statistically significant for HEKn on the 8 kPa hydrogel (Figure 3.19C).  

The CK10 protein and gene expression analysis provided clear evidence that BM 

hydrogels encourage a more differentiated phenotype in HEKn. Further to these 

observations, other proliferation and differentiation markers were investigated 

through WaferGen analysis. The transcription factor p63 is a proliferation marker that 

is considered to have a master regulatory role in epidermal development (Soares and 

Zhou, 2017), with knockout mouse models exhibiting a complete lack of epidermis 

(Mills et al., 1999; Yang et al., 1998; Yang et al., 1999). WaferGen analysis of HEKn on 

BM substrates suggested an initial spike in p63 expression on day 1, though this was 

not statistically significant, then a downregulation of the gene compared to TCP 

which was significant for all three stiffnesses at day 4 (Figure 3.20). This further 

supports a shift away from a highly proliferative phenotype when HEKn are cultured 

on softer substrates. 

Figure 3.20 HEKn cultured on BM hydrogels exhibited a downregulation of 

TP63 after 4 days of culture. Quantification of Log fold change of the p63 gene 

TP63 in HEKn on 50, 8 and 4 kPa hydrogels in comparison to the TCP control. Data 

represent mean ±SEM, n = 6, statistical significance was assessed using two-way 

ANOVA, no asterisk = non-significant, * p ≤ 0.05, ** p ≤ 0.01. 
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As discussed in the introduction to this chapter. The proliferative keratinocytes reside 

in the basal layer of the epidermis where they sit on the stiff basement membrane. It 

was therefore hypothesised that basal cell markers responsible for binding 

keratinocytes to the basement membrane and surrounding matrix would likely be 

downregulated in HEKn cultured on BM hydrogels. Integrin α6 is a component of 

α6β4 which forms hemidesmosomes that anchor basal cells to the basement 

membrane via laminin 332 (Kenny and Connelly, 2015) and is elevated in epidermal 

stem cells. WaferGen analysis revealed that the ITGA6 gene appeared to be 

downregulated in HEKn on all BM stiffnesses, though this was only statistically 

significant for 8 and 4 kPa on day 2, and 8 kPa on day 3 (Figure 3.21A). Integrin β1 is 

also upregulated in epidermal stem cells and is a component of α3β1 which forms 

focal adhesions and directly regulates proliferation and differentiation in the 

epidermis (Kenny and Connelly, 2015). In HEKn cultured on BM hydrogels, ITGB1 

was found to be downregulated compared to those on TCP, with statistically 

significant downregulation observed for all three stiffnesses by day 4 of culture 

(Figure 3.21B).  

Figure 3.21 (overleaf) HEKn cultured on BM hydrogels exhibited 

downregulation of the basal stem cell markers ITGA6 and ITGB1. (A) 

Quantification of Log fold change of the integrin α6 gene ITGA6 in HEKn on 50, 8 

and 4 kPa hydrogels in comparison to the TCP control. Data represent mean, n = 6, 

statistical significance was assessed using two-way ANOVA, no asterisk = non-

significant, * p ≤ 0.05. (B) Quantification of Log fold change of the integrin β1 gene 

ITGB1 in HEKn on 50, 8 and 4 kPa hydrogels in comparison to the TCP control. Data 

represent mean ±SEM, n = 6, statistical significance was assessed using two-way 

ANOVA, no asterisk = non-significant, * p ≤ 0.05, ** p ≤ 0.01. 
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Another group of proteins that play a key role in epidermal differentiation are the 

Rho-associated kinases ROCK1 and ROCK2 and their upstream regulator small 

GTPase RhoA. ROCK1 and ROCK2 are involved in regulating cell proliferation, actin 

cytoskeleton organisation (including stress fibre formation and adhesion), cell 

motility and apoptosis (Julian and Olson, 2014). ROCK1 promotes a proliferative 

keratinocyte phenotype by encouraging ECM binding, whilst ROCK2 plays a key role 



87 

 

in keratinocyte terminal differentiation (Lock and Hotchin, 2009). WaferGen analysis 

of HEKn cultured on BM hydrogels revealed that the upstream regulator RHOA 

trended towards a lower gene expression compared to HEKn cultured on TCP, but 

the results were not statistically significant (Figure 3.22A). ROCK1 was also observed 

to be downregulated, with a statistically significant decrease in expression at day 3, 

which appeared to directly correlate with substrate softness (Figure 3.22B). Similarly, 

ROCK2 expression was also observed to be significantly downregulated in HEKn 

cultured on softer substrates, particularly on day 3, but with little to no change 

compared to TCP observed on day 4 (Figure 3.22C). 

RhoA is not alone in its role in reorganising the actin cytoskeleton and works in 

tandem with Rac1. Rac1 coordinates the dynamic organisation of actin and controls 

membrane protrusion and lamellipodia formation whilst preserving the radial 

distribution of actin observed in proliferative cells (Nanba et al., 2013). Inhibition of 

Rac1 has been shown to induce a change in actin organisation that replicates that 

observed in paraclones: human epidermal keratinocyte stem cells that have lost the 

ability to proliferate (Nanba et al., 2013). Rac1 is regulated by Akt which binds to Rac1 

and prevents its phosphorylation, thus inducing differentiation by preventing the 

maintenance of a radial actin formation (Nanba et al., 2013). WaferGen analysis of 

RAC1 and AKT1 expression in HEKn cultured on BM hydrogels revealed that RAC1 

was downregulated on 50 kPa and 8 kPa dishes on the first day after seeding, but 

then did not seem to significantly vary from expression in HEKn cultured on TCP  

Figure 3.22 (overleaf) HEKn cultured on BM hydrogels exhibited 

downregulation of ROCK1 and ROCK2. (A) Quantification of Log fold change 

of the RHOA gene in HEKn on 50, 8 and 4 kPa hydrogels in comparison to the TCP 

control. Data represent mean, n = 6, statistical significance was assessed using two-

way ANOVA, no asterisk = non-significant. (B) Quantification of Log fold change of 

the ROCK1 gene in HEKn on 50, 8 and 4 kPa hydrogels in comparison to the TCP 

control. Data represent mean ±SEM, n = 6, statistical significance was assessed using 

two-way ANOVA, no asterisk = non-significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 

(C) Quantification of Log fold change of the ROCK2 gene in HEKn on 50, 8 and 4 

kPa hydrogels in comparison to the TCP control. Data represent mean ±SEM, n = 6, 

statistical significance was assessed using two-way ANOVA, no asterisk = non-

significant, * p ≤ 0.05, *** p ≤ 0.001. 
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(Figure 3.23A). In contrast, AKT1 expression appeared to be significantly 

downregulated in response to a softer substrate for the first 3 days of culture and 

continued to trend towards downregulation on the 4th day, though this was not 

statistically significant (Figure 3.23B).  

Figure 3.23 HEKn cultured on BM hydrogels exhibited a downregulation in 

AKT1 expression. (A) Quantification of Log fold change of the RAC1 gene in HEKn 

on 50, 8 and 4 kPa hydrogels in comparison to the TCP control. Data represent mean, 

n = 6, statistical significance was assessed using two-way ANOVA, no asterisk = non-

significant, * p ≤ 0.05, ** p ≤ 0.01. (B) Quantification of Log fold change of the AKT1 

gene in HEKn on 50, 8 and 4 kPa hydrogels in comparison to the TCP control. Data 

represent mean ±SEM, n = 6, statistical significance was assessed using two-way 

ANOVA, no asterisk = non-significant, * p ≤ 0.05, ** p ≤ 0.01. 
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Another important pathway involved in orchestrating proliferation and 

differentiation in the epidermis is the Notch signalling pathway. Inhibition of the 

Notch signalling pathway promotes cell stemness, whilst its activation leads to 

epidermal differentiation; the activity of the Notch pathway has been linked to 

YAP/TAZ activity, with mechano-activation of YAP/TAZ by high mechanical tension 

acting to inhibit Notch signalling and vice versa (Totaro et al., 2017). HES1 and HEY1 

are target genes of the Notch pathway that influence the timing and balance of 

epidermal differentiation. WaferGen analysis of these genes in HEKn cultured on BM 

hydrogels revealed that for the first 3 days of culture there was little pattern in HES1 

or HEY1 expression, but on the 4th day HES1 was significantly upregulated on all 3 

stiffnesses (Figure 3.24A) whilst HEY1 trended towards downregulation, though this 

was not statistically significant (Figure 3.24B). 

The final pathway investigated for this section of the project was the Sonic Hedgehog 

(SHH) signalling pathway. The SHH pathway plays a critical role in epidermal 

development and homeostasis, as well as contributing to hair follicle development 

and the maintenance of follicle stem cells (Abe and Tanaka, 2017). GLI is a 

transcriptional activator in the SHH pathway and Patched 1 is a transmembrane SHH 

receptor involved in inducing cell proliferation. WaferGen analysis of GLI1 and 

PTCH1 expression in HEKn cultured on BM substrates provided inconclusive 

information with variable, non-significant changes in expression compared to HEKn 

cultured on TCP (Figure 3.25). Nonetheless, GLI1 appeared to show a trend towards 

downregulation by day 4 of culture (Figure 3.25A), whilst PTCH1 was significantly 

downregulated in HEKn cultured on 4 kPa dishes and trended towards 

downregulation for 50 and 8 kPa hydrogels also (Figure 3.25B). 
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Figure 3.24 HEKn cutured on BM hydrogels exhibited upregulated 

expression of HES1. (A) Quantification of Log fold change of the HES1 gene in 

HEKn on 50, 8 and 4 kPa hydrogels in comparison to the TCP control. Data represent 

mean, n = 6, statistical significance was assessed using two-way ANOVA, no asterisk 

= non-significant, * p ≤ 0.05, ** p ≤ 0.01. (B) Quantification of Log fold change of the 

HEY1 gene in HEKn on 50, 8 and 4 kPa hydrogels in comparison to the TCP control. 

Data represent mean ±SEM, n = 6, statistical significance was assessed using two-

way ANOVA, no asterisk = non-significant. 
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Figure 3.25 HEKn cultured on BM hydrogels exhibited downregulation of 

PTCH1. (A) Quantification of Log fold change of the GLI1 gene in HEKn on 50, 8 

and 4 kPa hydrogels in comparison to the TCP control. Data represent mean, n = 6, 

statistical significance was assessed using two-way ANOVA, no asterisk = non-

significant. (B) Quantification of Log fold change of the PTCH1 gene in HEKn on 50, 

8 and 4 kPa hydrogels in comparison to the TCP control. Data represent mean ±SEM, 

n = 6, statistical significance was assessed using two-way ANOVA, no asterisk = non-

significant, ** p ≤ 0.01. 
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3.5 Discussion 

The objectives of this chapter were two-fold. Firstly, it was necessary to ascertain 

whether culturing HEKn on BM hydrogel-coated cultureware facilitated the same 

ease of use that makes standard 2D cell culture using TCP so appealing. Hydrogels 

are a good BM alternative to TCP given that they can be used to coat pre-existing 

cultureware which allows cell culture to be carried out in the traditional format (Kazi, 

Yamanaka and Osamu, 2019).  Secondly, the behaviour of HEKn in response to 

culture on different hydrogel stiffnesses needed to be observed, and the data obtained 

used to decide which stiffness best represented the mechanical environment of the 

various epidermal layers. Mechanical cues play a significant role in maintaining 

epidermal homeostasis through the balance of proliferation and differentiation in 

keratinocytes (Wong, Longaker and Gurtner, 2012), and therefore the in vitro 

mechanical environment should be a primary focus when culturing keratinocytes. 

This discussion will establish whether the BM hydrogels used in this study are a 

viable alternative to standard TCP and explore the effects that different substrate 

stiffnesses have on the delicate balance between proliferative activity and terminal 

differentiation in keratinocytes. 

3.5.1 HaCaTs on biomimetic hydrogels required an alternative dissociating 

factor for cell passaging  

As highlighted at various points throughout this chapter, one of the most appealing 

aspects of 2D cell culture is the ease with which it facilitates the rapid propagation of 

cells in vitro. It is relatively simple, inexpensive, and reproducible and has long been 

a foundation of biological research. However, one of the main caveats with 2D culture 

is that the standard materials used, either glass or TCP, are up to 1 million times stiffer 

than the in vivo environment, with TCP known to have a Young’s Modulus of around 

3 GPa (Landry, Rattan and Dixon, 2019). The development of 3D culturing systems 

has gone some way towards replicating the mechanical environment of a tissue, but 

these more realistic culturing conditions often come at the cost of high-throughput, 

reproducible experiments (Edmondson et al., 2014). Moreover, cells still need to be 
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grown on 2D cultureware before being used in a 3D model in order to propagate the 

cell line. In theory, hydrogel-coated cultureware offer a middle-ground scenario in 

which cells can be grown using the standard 2D culture methods but without the 

caveat of supraphysiological mechanical signals. The initial objective of this chapter 

was to therefore ascertain whether culturing keratinocytes, both HaCaT cells and 

primary HEKn, on BM hydrogel-coated cultureware offered the same ease of use as 

standard TCP.  

At its most basic, expansion of cells in an in vitro setting requires cells to be seeded 

into a dish or flask, maintained until the appropriate confluency, and then dissociated 

and passaged to produce subcultures. It was immediately observed that HaCaTs 

seeded onto hydrogel-coated dishes were able to adhere and proliferate on the 

substrate, but they could not be dissociated following the designated 4-day culture 

period by using trypsin EDTA (Figure 3.1). It was noted that following removal of 

the medium the hydrogels retained a red tinge (Figure 3.2A), suggesting that they 

had absorbed medium. Repeated washes with DPBS did not appear to remove this 

stain, and it was hypothesised that the retention of medium was inhibiting the trypsin 

EDTA due to the FBS present in the medium. This theory was strengthened following 

the preparation of protein lysates from the dishes. An InstantBlue™ stain of these 

lysates revealed a very strong band below the 70 kDa protein ladder marker which 

was only observed in lysates taken from the 8 kPa and 4 kPa hydrogel-coated dishes 

(Figure 3.2B). BSA is a major component of FBS and has a molecular weight of 

approximately 66 kDa (Sigma-Aldrich, 2021) which correlates with the strong band 

observed in the hydrogel dish lysates. It was therefore concluded that an alternative 

to trypsin EDTA would need to be used in order to dissociate HaCaTs from the BM 

dishes.  

It was decided that TrypLE Express Enzyme could be an appropriate substitute for 

trypsin EDTA as it has been demonstrated to be an effective cell dissociate under 

serum-supplemented conditions (TrypLE Express User Guide, 2020). It was observed 

that HaCaTs cultured on TCP and 4 kPa hydrogel-coated dishes were both 

successfully dissociated after 7 min, following treatment with TrypLE Express 
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Enzyme (Figure 3.3) and thus it was used for all subsequent passaging of both 

HaCaTs and HEKn. As previously discussed, one of the initial objectives of this 

chapter was to determine whether cells could be cultured and propagated as easily 

on hydrogel-coated dishes as on standard TCP. Whilst the failure to dissociate 

HaCaTs with trypsin EDTA was initially frustrating, TrypLE Express Enzyme was a 

viable alternative that did not require any alterations to the standard passaging 

protocol. Moreover, long exposure to trypsin has been shown to affect human 

primary keratinocyte growth rate, and use of TrypLE as an alternative was linked to 

a significant increase in growth rate compared to trypsin (Ścieżyńska et al., 2018). 

Consequently, using TrypLE Express Enzyme to dissociate keratinocytes did not 

affect the ease with which cells could be passaged, and in fact was likely to have less 

of an impact on the growth of HEKn than prolonged exposure to trypsin EDTA. 

3.5.2 Hydrogel-coated dishes did not always promote the growth of primary 

HEKn 

Following on from the previous section of this discussion, the primary appeal of 2D 

cell culture is that it enables the rapid expansion of cells through passaging to 

produce subcultures. However, it was observed that, whilst HEKn on TCP and 50 

kPa hydrogel-coated dishes could be passaged onto a second dish of the same 

substrate, HEKn cultured on 4 kPa could not be grown beyond one passage (Figure 

3.4). Rather than the cells dying following passaging, it appeared that HEKn removed 

from 4 kPa hydrogels were unable to adhere to a second dish of the same stiffness; 

an observation supported by the fact that HEKn removed from 4 kPa hydrogels were 

able to re-adhere when seeded onto a TCP dish following passaging (Figure 3.5).  

Whilst the exact reason for this unknown, it was hypothesised that once dissociated 

using TrypLE, HEKn that had been grown on 4 kPa substrates were unable to reform 

the cell-substrate interactions that initially allowed the cells to adhere to the hydrogel. 

Further investigation into protein and gene expression in HEKn cultured on 4 kPa 

hydrogels revealed that the soft substrate appeared to push HEKn towards a 

terminally differentiated phenotype. Western blotting revealed that HEKn cultured 

on 4 kPa possessed a small amount of the differentiation marker CK10 even in low 
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calcium conditions, and the amount of protein was drastically increased following 24 

hours in high calcium medium (Figure 3.19A). Moreover, expression of the KRT10 

gene was upregulated from as early as 1 day after seeding onto 4 kPa hydrogels, and 

this increased exponentially the longer that cells were exposed to the substrate 

(Figure 3.19B). Furthermore, WaferGen analysis of ITGB1 which encodes the cell 

membrane receptor subunit integrin β1, revealed that ITGB1 was significantly 

downregulated in HEKn cultured on 4 kPa hydrogels from as early as 2 days after 

seeding onto the substrate (Figure 3.21B). Integrin β1 is considered a proliferation 

marker and is usually confined to the basal layer of the epidermis where it plays a 

role in cell attachment to the basement membrane (Kenny and Connelly, 2015; Levy 

et al., 2000).  

These results strongly suggest that culturing HEKn on 4 kPa substrates pushes HEKn 

towards terminal differentiation, and as such it was concluded that cleaving of the 

cell-substrate attachments during dissociation prevents the cells from reattaching 

when exposed to further 4 kPa hydrogels as this perpetuates the downregulation of 

the adhesion molecules required for adherence to the substrate. In contrast, it was 

hypothesised that seeding the cells back onto TCP provides the required mechanical 

cues to re-establish the expression of basal cell markers. This latter hypothesis is 

frustratingly unanswered by subsequent analyses and seems to contradict the 

concept of terminal differentiation. However, in a recent study currently in pre-print, 

Wood et al. observed that primary murine mammary epithelial cells and EpH4 (non-

transformed murine luminal epithelial cell line) cells embedded in a stiffer ECM 

environment exhibited downregulation of differentiation markers, suggesting that 

increased ECM stiffness disrupts normal terminal differentiation (Wood et al., 2020). 

In order to truly understand what is happening to HEKn on 4 kPa hydrogels versus 

TCP during this second passage, it would be necessary to repeat the 4 day WaferGen 

analysis time course and observe gene expression following seeding back onto TCP 

to assess whether HEKn are in fact recovering their basal cell phenotype.  

Given that keratinocyte differentiation was ascertained to be a result of exposure to a 

soft substrate, the inability to subculture HEKn on 4 kPa dishes, whilst a caveat, was 
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not considered evidence that hydrogel-coated dishes were more difficult to use than 

TCP. In fact, the patent changes in gene expression associated with culturing HEKn 

on hydrogels were considered clear evidence that culturing cells on plastic drastically 

alters their gene expression profile compared to the in vivo environment. Moreover, 

given that 50 kPa hydrogels did not appear to impact the ability to subculture HEKn, 

and the fact that not all cell types undergo terminal differentiation, these observations 

merely served to highlight the importance of selecting an appropriate stiffness range 

to optimise the mechanical environment for 2D cell culture. 

In addition to problems subculturing HEKn on soft BM dishes, issues were also faced 

with “defective” batches of the dishes purchased from Cell Guidance Systems. On a 

number of occasions, cells were seeded onto hydrogel-coated dishes only for cells to 

die during the 4 day culture period (Figure 3.6). This occurred with dishes of all 

stiffness ranges and invariably every dish within the same batch would produce the 

same result, suggesting an issue with the manufacture of certain lots rather than an 

association with a particular rigidity. Whilst this was extremely frustrating at the 

time, it was not deemed reflective of an inherent issue with the use of hydrogels in 

culture and it is likely that this may have been avoided had the BM dishes either been 

purchased elsewhere or made in house. Consequently, despite these batch related 

issues, everyday growth of keratinocytes on hydrogel-coated dishes was not deemed 

significantly different from culturing cells on standard TCP cultureware. 

3.5.3 Hydrogel-coated coverslips posed problems for microscopy imaging 

When culturing keratinocytes on BM dishes no problems were encountered with 

regards to taking phase contrast microscopy images. However, for 

immunofluorescence confocal microscopy imaging there were immediate technical 

issues. In order to ensure high quality, detailed images, the majority of confocal 

microscopy images for this project were taken using an objective with x63 

magnification which requires oil immersion and therefore for the objective to be 

extremely close to the coverslip. With standard glass coverslips, this ensures that the 

objective is close to the cells, with only the thin coverslip providing a barrier between 

the two. However, for the BM coverslips, the distance between the cells and the 
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objective was increased due to the added thickness of the hydrogel layer (Figure 3.7). 

For phase microscopy, the extra thickness of the hydrogel did not cause any problems 

as the cells were imaged at low magnifications, meaning there was plenty of room to 

manoeuvre the objectives into the appropriate position from the stage to compensate. 

However, given the requirement for oil immersion with the x63 objective, it was not 

possible to compensate for the added distance provided by the hydrogel, as the 

objective could not be moved closer without disrupting the slide from the stage. 

Without moving the objective closer to the coverslip it was not possible to detect the 

immunofluorescence stain, and the overall result was poor quality images that lacked 

the clarity of cells imaged on standard glass coverslips (Figure 3.8).  

In order to solve this issue, the coverslips were instead mounted onto glass-bottomed 

dishes instead of slides meaning that the cells could be imaged directly through the 

dish, thus negating the effects of the extra distance created by the hydrogel (Figure 

3.9A). However, whilst this did improve image quality to match that of glass 

coverslips (Figure 3.9B), glass bottomed dishes are significantly more expensive than 

slides, and are more cumbersome meaning that they would be difficult to store in 

large numbers. Consequently, this was deemed an impractical solution that did not 

support the desired ease of use considered important for hydrogel-coated 

cultureware. Following a troubleshooting discussion with the department’s 

microscopy team it was decided that the best solution would be to use an alternative 

objective with a greater free working distance. The objective used for confocal 

microscopy up until this stage was the Objective Plan-Apochromat 63x/1.4 Oil DIC 

M27 (ZEISS) which had a free working distance of 0.19 mm. This was replaced by the 

Objective LD LCI Plan-Apochromat 63x/1.2 Imm Corr DIC M27 (ZEISS) which had a 

much greater free working distance of 0.49 mm, and it was hoped that this would be 

enough to allow imaging through both a coverslip and a hydrogel-coating. This 

objective could be used for both glycerine and oil immersion, and both conditions 

were tested to assess optimum image quality. It was observed that there was a 

marked improvement in image quality using the Objective LD LCI Plan-Apochromat 

63x/1.2 Imm Corr DIC M27 compared to the original Objective Plan-Apochromat 

63x/1.4 Oil DIC M27, though oil immersion produced better clarity (Figure 3.10). 
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Consequently, all further confocal microscopy images were taken using the Objective 

LD LCI Plan-Apochromat 63x/1.2 Imm Corr DIC M27. 

The issues faced with confocal microscopy imaging were the first to call into question 

how well hydrogel-coated cultureware simulate the ease of use experienced with 

standard glass or TCP products. Though the solution of using an alternative objective 

did ultimately make the physical process of imaging BM coverslips as simple as it 

would normally be, it required the use of alternate equipment that many laboratories 

would be unlikely to possess. Consequently, this solution is not simple or cost-

effective, and the inability to image hydrogel-coated coverslips with standard 

immersion objectives should be considered a significant caveat.  

Nevertheless, it should not be concluded that there are no other viable solutions to 

the issue of imaging immunostained BM cultured cells. In 2010, a study made the 

profound observation that culturing muscle stem cells on a substrate with mechanical 

physiological relevance, greatly improved the success of in vivo engraftment of the 

cells (Gilbert et al., 2010). This introduced the concept of “mechanical memory” which 

was further explored by Yang et al., who observed that the activation of YAP/TAZ in 

human mesenchymal stem cells cultured on 2 kPa hydrogels was dependent on how 

long they had previously been cultured on TCP (Yang et al., 2014). In control 

experiments, cells cultured consistently on TCP exhibited nuclear YAP, whilst cells 

grown only on 2 kPa hydrogels presented with cytoplasmic YAP. If cells were 

cultured on TCP for 1 day and then transferred to 2 kPa hydrogels, YAP was observed 

to deactivate and move to the cytoplasm after 3 days on the softer substrate. 

However, if cells were cultured on TCP for 7 days before being moved to the 2 kPa 

hydrogels, YAP remained active indefinitely, suggesting that stem cells not only 

retain the mechanical memory of previous environments, but are also subject to 

changes depending on the mechanical “dose” they receive (Yang et al., 2014). In a 

more recent study involving primary human keratinocytes, it was observed that 

culturing cells beyond a certain threshold period of time on soft substrates produced 

evidence of “mechanical memory” that impacted the rate of wound healing during 

scratch wound assays (Mogha et al., 2019). Consequently, these studies suggest that 
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mechanosensing is a complex process that potentially has long-lasting impacts on cell 

behaviour even after they are moved into a new mechanical environment. As a result, 

it is likely that it would be possible to “prime” cells on BM hydrogels then transfer 

them to standard glass coverslips for the immunostaining protocol and still be able 

to observe the changes induced during the time exposed to a softer substrate. This 

would therefore bypass the issues discussed when using hydrogel-coated coverslips 

and is an idea that would benefit from further exploration. 

3.5.4 Harvesting of protein lysates for HEKn was adapted to improve protein 

yield 

The final technical problem experienced when culturing HEKn on hydrogel-coated 

cultureware arose when harvesting protein lysates. The standard protocol of adding 

lysis buffer to the dish and using a cell scraper to remove the lysate produced a very 

poor protein yield in cells on all substrates, though the BM dishes appeared to 

exacerbate the problem (Figure 3.11A). Adding in the additional step of incubating 

the dishes with lysis buffer on ice for 30 min before scraping greatly improved the 

protein yield (Figure 3.11B). The fact that the protein yield was very poor in HEKn 

obtained from TCP dishes suggested that this issue was not directly related to the 

hydrogels. However, one issue noted when taking lysates from the BM dishes was 

that the hydrogels were extremely delicate and easily torn by the cell scraper which 

led to contamination of the lysate with gel that was difficult to remove. A benefit of 

incubating the dishes on ice for 30 min was that it seemed to stiffen the gel slightly, 

making it easier to scrape the surface of the hydrogel without damaging it. 

Consequently, though the poor HEKn protein yield was not directly linked to the 

hydrogel-coated dishes, the additional step of incubating on ice did make the 

harvesting of protein lysates from BM dishes easier. As this was not a particularly 

labour intensive or time-consuming addition to the lysate protocol, it was not 

considered evidence that hydrogel-coated cultureware was more difficult to use than 

standard TCP. 
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3.5.5 Keratinocytes cultured on BM hydrogels exhibited increased cell 

density and reduced proliferation 

One of the first observations made when culturing HaCaTs on hydrogel coated dishes 

was that the colonies appeared more densely packed, particularly on the 4 kPa 

substrate. Moreover, colonies on the BM dishes appeared more “3D”, with distinct 

colony edges, and shadowing across the top of the colony that suggested the cells 

were not flat against the surface of the underlying dish (Figure 3.12A). Quantification 

confirmed that the HaCaTs were in fact denser on the 8 and 4 kPa hydrogels, with a 

statistically significant difference observed even between the two hydrogels, despite 

the small change in stiffness (Figure 3.12B). Given the previously mentioned caveats 

regarding the use of HaCaT cells for keratinocyte assessment (3.1.5), it was necessary 

to repeat the cultures using HEKn to ensure that the changes in appearance and cell 

density were a direct effect of the softer substrates. Under low calcium conditions, 

HEKn cultured on TCP appeared heterogenous in shape, whilst those on 50, 8 and 4 

kPa dishes exhibited a regular, cobblestone morphology and appeared denser (Figure 

3.13A). Quantification of the cell density confirmed that it was significantly greater 

in HEKn cultured on BM hydrogels (Figure 3.13B). This cobblestone morphology is 

well established in the literature as the typical appearance of primary keratinocytes 

(Hennings et al., 1980; Wong et al., 2019). Heterogenous cell morphology has been 

noted in primary human keratinocytes cultured on TCP and even collagen I coated 

dishes, whilst keratinocytes cultured on a fibroblast-derived matrix mimicking the 

dermal ECM are observed to have the cobblestone morphology witnessed in this 

study (Wong et al., 2019). Consequently, this suggests that the BM hydrogels used in 

this study were providing HEKn with a physiologically relevant mechanical 

environment that promoted an in vivo-like cell morphology. 

The next stage of this investigation into cell appearance on the hydrogel-coated 

dishes was to repeat the HEKn culture under high calcium conditions, given the 

importance of a calcium gradient in the regulating proliferation and differentiation 

in the epidermis (Cornelissen et al., 2007; Elias et al., 2002). In medium containing 1.5 

mM CaCl2, HEKn cultured on TCP began to take on a more homogenous appearance 
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similar to the cobblestone morphology previously observed only in the BM cultured 

cells (Figure 3.14A). Moreover, cell density was increased compared to the low 

calcium conditions, but HEKn cultured on hydrogel-coated dishes remained 

significantly denser than those on TCP (Figure 3.14B).  One of the core functions of 

the epidermis is to act as a barrier, primarily to prevent the loss of water from the 

body (Madison, 2003). In order to achieve this barrier, keratinocytes form 

multicellular sheet structures that are tightly bound together to permit only the 

passage of small molecules and ions (Simpson, Patel and Green, 2011). These tightly 

bound epithelial sheets are primarily a feature of the more differentiated epidermal 

layers, and it was hypothesised that the softer hydrogel-coated dishes could be 

steering HEKn away from the unnaturally proliferative state promoted by TCP, and 

towards a more differentiated phenotype. The fact that high calcium conditions 

triggered increased cell density and a more cobblestone morphology in the HEKn on 

TCP seemed to support this theory given the role of high calcium in keratinocyte 

differentiation. Moreover, previous studies have shown that even under low calcium 

conditions, culturing keratinocytes on softer substrates can induce differentiation 

(Trappmann et al., 2012; Ya et al., 2019). 

This hypothesis was further supported by the observation that both HaCaTs and 

HEKn appeared to proliferate more slowly on the BM hydrogel-coated dishes. In 

order to confirm this, EdU assays were carried out for both cell types and it was found 

that both HaCaTs (Figure 3.15) and HEKn (Figure 3.16) had significantly fewer 

proliferative cells when cultured on BM hydrogels versus those on TCP. Perhaps 

most striking was that even between HEKn cultured on 50 kPa and 4 kPa there was 

a statistically significant decrease in proliferation in correlation with decreased 

substrate stiffness. The fact that a relatively small difference in stiffness could have a 

substantial effect on cell behaviour is an observation that will be revisited throughout 

this thesis and it serves to highlight the importance of controlling in vitro mechanics 

in order to obtain reliable and physiologically relevant results. 



103 

 

3.5.6 HEKn cultured on soft hydrogels showed greater Hippo pathway 

activation 

As mentioned in the introduction to this chapter, the Hippo signalling pathway plays 

a critical role in epidermal homeostasis and relies on mechanical cues to steer 

keratinocytes towards either a proliferative or differentiated phenotype (Rognoni 

and Walko, 2019). As a result of the decreased proliferative activity and increased cell 

density observed in HEKn cultured on hydrogel-coated dishes, the next logical step 

was to investigate the activity of the Hippo pathway in cells on the different 

stiffnesses. As HEKn on 4 kPa exhibited the greatest changes in density and 

proliferation compared to those on TCP, it was decided to focus only on these two 

extremes for the immunofluorescence analysis of YAP1 localisation. An initial 

assessment of the confocal microscopy images suggested that nuclear YAP1 staining 

was brighter in HEKn on glass coverslips (Figure 3.17A). However, quantification of 

this revealed that there was no statistical difference in the integrated density of 

nuclear staining between HEKn on glass and 4 kPa coverslips. Nonetheless, there was 

a significant decrease in the cytoplasmic staining of YAP1 in cells on the 4 kPa 

coverslips and the overall intensity of staining in the cell as a whole appeared lower 

(Figure 3.17B). This coincides with what we know about the Hippo signalling 

pathway, with soft substrates offering limited mechanical cues which in turn 

activates the Hippo pathway to sequester YAP1 in the cytoplasm where it is degraded 

(Dupont et al., 2011; Piccolo, Dupont and Cordenonsi, 2014). Whilst the results of the 

immunofluorescence analysis seemed to support that YAP1 degradation was taking 

place in HEKn on 4 kPa, this result would have been strengthened by the addition of 

western blot analysis to provide more quantifiable data regarding YAP1 protein 

levels in HEKn on TCP versus 4 kPa cultureware. However, difficulties with finding 

a reliable YAP1 antibody for western blot meant that it was not possible to carry out 

this extra analysis.  

In order to further explore the effects of substrate stiffness on the Hippo signalling 

pathway, WaferGen analysis was carried out to assess changes in the gene expression 

of key pathway components in HEKn cultured on 50, 8 and 4 kPa compared to TCP 
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(Figure 3.18). The expression patterns of upstream components of the pathway were 

found to be somewhat contradictory both with each other and with the other data 

discussed previously (Figure 3.18A-E). NF2 was observed to be significantly 

downregulated on all hydrogel stiffnesses for the first 3 days of culture, then showed 

little change compared to TCP on the 4th day. Given that NF2 is an upstream regulator 

involved in activating the Hippo pathway, it was predicted that gene expression 

would increase rather than decrease, if there was in fact any change at all. In contrast, 

the fellow upstream regulator kibra, encoded by WWC1, was observed to show no 

significant change in expression over the first 3 days of culture, and was significantly 

upregulated on day 4. The kinases MST1 and LATS1 showed variable, non-significant 

expression changes, whilst LATS2 was found to be downregulated across the 4 days, 

again seemingly contradicting the Hippo pathway activity suggested by the 

immunofluorescence (Figure 3.17). Nonetheless, gene expression for YAP1 was 

observed to be downregulated by the third and fourth days of culture, and TAZ 

appeared to be downregulated for the first 3 days, though this was not statistically 

significant.  

In order to discuss the WaferGen data, it is important to highlight that the main caveat 

of studying RNA expression is that it is a notoriously poor representation of what is 

happening within the cell at a protein level (Maier, Güell and Serrano, 2009). Post-

translational modifications, protein-abundance differences, and time-dependent 

expression patterns are all information that transcriptomics cannot access (Wilhelm 

et al., 2014), and it is therefore necessary to bear this in bind when considering 

whether the data obtained supports what is believed to be happening within the cell. 

Moreover, a lot of the expression changes were not statistically significant, which 

raises the question of whether they can be trusted. The traditional view would be that 

they cannot be relied upon, but there are some scientists that have long argued that 

there is a difference between statistical significance and biological relevance, and that 

a P-value does not reflect the latter (Martínez-Abraín, 2008; Parks and Beiko, 2010). 

At its core, statistical hypothesis testing is a test of what is presumed to be true: i.e., 

it is assumed that the null hypothesis of an experiment is correct, and a small P-value 

is taken as strong evidence that the null hypothesis is in fact false (Johnson, 1999). In 
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reality, it has been shown that there is disparity between the P-value and the actual 

probability that a null hypothesis is true, and this disparity increases as the sample 

size becomes larger (Berger and Sellke, 1987). Ultimately P is a function of the 

difference between the null hypothesis and reality, and the size of the sample; if it is 

assumed that the null hypothesis is actually false, which is most likely the case in any 

given situation, then the P-value can be made as small as one wants it to be by 

increasing the sample size (Johnson, 1999). Essentially, this results in the value of P 

being arbitrary, which is further emphasised when we consider the cut-off value of 

statistical significance. In a situation where P = 0.049 for one experiment, and P = 0.051 

for another, such a small difference in value, especially when the assumptions of the 

test producing the values are only partially met, are unlikely to reflect the true 

biological relevance of the observed change (Preece, 1990).  

As a result, the results of the WaferGen analysis of the Hippo signalling pathway 

must be viewed with these two concepts in mind. Where the gene expression changes 

do not correlate with other changes observed in the cells, it should not be assumed 

that this reflects the protein levels. An ideal supporting experiment for this section of 

the chapter had there been time, would have been to run parallel western blot or 

proteomics analysis which may have provided further insight into the activity of the 

pathway. Moreover, for genes where there was no statistical significance, but the bars 

suggested an overall trend in gene expression in response to culturing HEKn on the 

hydrogels, it must not be assumed that these changes did not have a biological 

relevance to the behaviour of the cell. To conclude, the WaferGen analysis of Hippo 

signalling pathway components confirms that culturing HEKn on BM hydrogels has 

an effect on Hippo pathway activity that results in changes in the genes encoding 

those components. However, in order to fully understand the full implications of 

these changes, further work would need to be done in the future to explore the effects 

on protein levels and protein localisation within the cell.  
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3.5.7 HEKn cultured on softer substrates exhibited a more differentiated 

genotype 

As previously discussed (3.5.2), significant increases in both the protein level and 

gene expression of the differentiation marker CK10 (Figure 3.19) suggested that 

HEKn cultured on softer hydrogels were drawn away from a proliferative phenotype 

and steered more towards terminal differentiation. Moreover, the basal cell integrin 

subunits integrin α6 and β1 were observed to be downregulated on BM hydrogels 

(Figure 3.21). The subsequent confirmation that proliferation decreased (Figure 3.16), 

and that YAP1 was both downregulated, and present in lower amounts in cells on 

BM hydrogels (Figure 3.17) further supported this hypothesis. However, in order to 

truly assess the effects of culturing HEKn on hydrogels, WaferGen analysis was 

carried out to analyse the expression levels of various known epidermal proliferation 

and differentiation markers.   

Dubbed as a “master regulator” of epidermal development, tumour protein 63 (p63) 

plays a critical role in determining keratinocyte fate and commitment to the 

epidermal lineage (Koster, 2010). High expression of p63 is associated with 

proliferative cells and epidermal stem cells (Pellegrini et al., 2001), and knock-down 

of p63 in primary keratinocytes has been observed to result in hypoproliferation and 

cell cycle arrest (Truong et al., 2006). However, it should be noted that Pellegrini et 

al. reported p63 expression in the form of western blot data (Pellegrini et al., 2001), 

meaning that it is not directly comparable to the WaferGen data presented here given 

that western blotting reflects protein level rather than actual gene activity, and is not 

accurately quantifiable. Nonetheless, WaferGen analysis of HEKn cultured on BM 

hydrogels revealed that TP63 was significantly downregulated on all hydrogel 

stiffnesses by the 4th day of culture (Figure 3.20). This initially seemed promising as 

it was hypothesised that if high expression was associated with proliferation, 

decreased expression would result in differentiation. However, it has also been 

shown that downregulation of p63 in vitro actually prevents primary keratinocytes 

from undergoing differentiation (Truong et al., 2006), suggesting that the role of p63 

in epidermal homeostasis is less clear cut than it is for other epidermal markers. 
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Knock-down of p63 has been linked to downregulation of MYC which directly results 

in decreased proliferation in keratinocytes (Wu et al., 2012), and it is well established 

that p63 affects proliferation and differentiation independently through the 

manipulation of different pathways. Consequently, it was concluded that culturing 

HEKn cultured on hydrogel-coated dishes induced a downregulation of p63, which 

in turn resulted in decreased proliferation as evidenced by the results of the EdU 

assay (Figure 3.16). However, this result did not necessarily support the hypothesis 

that HEKn on BM hydrogels are more differentiated than those on TCP. 

As mentioned in the introduction to this chapter, reorganisation of the actin 

cytoskeleton plays a key role in the transition towards terminal differentiation at 

keratinocytes travel through the epidermal layers (Laly et al., 2021). A more detailed 

exploration of the effects of hydrogel culture on actin organisation in HEKn will be 

discussed in the next chapter. However, WaferGen analysis was carried out to 

investigate changes in the gene expression of proteins known to regulate this actin 

reorganisation. RhoA is an upstream regulator of ROCK1 and ROCK2 which play a 

role in promoting keratinocyte proliferation and differentiation respectively. RhoA 

has been linked to promoting epidermal stem cell proliferation (Wang et al., 2017), 

and was found to be generally downregulated in HEKn cultured on BM hydrogels 

(Figure 3.22A). Though these changes were not statistically significant, the previous 

discussion on the arguments regarding the appropriateness of statistical significance 

when considering biological relevance highlights that these data should not 

necessarily be ruled out as unimportant to the behaviour of the cells. In contrast, 

ROCK1 and ROCK2 were both found to be significantly downregulated in HEKn 

cultured on hydrogel-coated dishes (Figure 3.22B-C). Whilst the downregulation of 

ROCK1 supports previous evidence that proliferation is decreased in response to 

softer substrates, the downregulation of ROCK2 seems to contradict the high levels 

of CK10 that suggested a strong shift towards a differentiated phenotype. As 

discussed previously, WaferGen data rarely provides an accurate insight into what is 

happening at a protein level within a cell (Maier, Güell and Serrano, 2009). If ROCK2 

protein levels were already high in the cell, it is possible that the downregulation of 
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ROCK2 was tied into the downregulation of RhoA to ensure that there was not a 

deficit between the amount of ROCK2 and its upstream regulator.  

In addition to the RhoA/ROCK proteins, Rac1 and Akt1 are also associated with actin 

reorganisation in relation to keratinocyte proliferation or differentiation. Rac1 is 

known to preserve the radial distribution of actin observed in proliferative cells, 

whilst Akt1 promotes terminal differentiation through involvement in the 

reorganisation of actin fibres into a circumferential network, amongst other roles 

(Naeem et al., 2015; Nanba et al., 2013). Aside from an initial downregulation of RAC1 

on the first day after seeding, HEKn cultured on BM hydrogels exhibited no clear 

changes in the expression of this gene (Figure 3.23A). In contrast, AKT1 expression 

was downregulated across the four days (Figure 3.23B), which once again did not 

seem to necessarily support the theory that culturing HEKn on soft hydrogels 

promoted differentiation. Given the literature’s heavy emphasis on the importance of 

Akt1 in keratinocyte differentiation, not only for actin organisation, but also filaggrin 

processing, and nuclear degradation (Naeem et al., 2015; Rogerson and 

O’Shaughnessy, 2018; Rogerson et al., 2021), it is difficult to explain why the 

WaferGen data revealed such a clear downregulation of AKT1. The upregulation in 

both gene expression and protein level of CK10 observed in HEKn cultured on 

hydrogels (Figure 3.19) makes it clear that there is some shift towards differentiation 

signalling in response to softer substrates. In order to fully understand the seemingly 

contradictory expression changes of AKT1 and ROCK2, further investigation would 

need to be carried out with emphasis on protein levels across the different stiffnesses. 

Moreover, given that the biggest increase in the CK10 protein level was found to 

occur under high calcium conditions (Figure 3.19A), it would be interesting to repeat 

the WaferGen analysis on HEKn cultured in high calcium medium to observe what 

effect this may have on the expression of genes linked to differentiation.  

The final genes assessed for this section of the project were related to two other key 

signalling pathways in the epidermis; the Notch pathway and the SHH pathway. The 

Notch signalling pathway plays a critical role in translating mechanical cues into cell 

fate decisions (Lloyd-Lewis, Mourikis and Fre, 2019), which in the epidermis 
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translates into triggering keratinocytes to undergo terminal differentiation (Nguyen, 

2006). HES1 and HEY1 are Notch target genes, with HES1 considered to be an 

epidermal differentiation marker (Dainichi et al., 2016; Ezratty et al., 2011). WaferGen 

analysis of HES1 revealed that there was little change in expression across the first 3 

days of culture, but on the 4th day it was significantly upregulated in HEKn cultured 

on all hydrogel stiffnesses (Figure 3.24A). This supports the previous observations 

regarding CK10 expression (Figure 3.19), suggesting that culturing HEKn on BM 

hydrogels promotes keratinocyte differentiation. In contrast, HEY1 expression was 

observed to be variable across the first 3 days of culture, and was downregulated on 

the 4th day, though this was not significant (Figure 3.24B). As with previous genes, 

this result paints a more complicated picture of the HEKn response to soft hydrogels 

than was initially anticipated, and the lack of significance observed for some of the 

gene expression changes does not necessarily mean that there was not an effect on 

the cells at a biological level.  

 In contrast to the Notch signalling pathway, the activity of the SHH pathway is 

associated with keratinocyte proliferation, with both GLI1 and PTCH1 playing 

critical roles (Chari et al., 2013). WaferGen analysis of these genes revealed that GLI1 

was variably expressed in the first 3 days of culture, and non-significantly 

downregulated on the 4th (Figure 3.25A), whilst PTCH1 again showed variable 

expression until a signiciant downregulation on the 4th day in HEKn cultured on 4 

kPa hydrogels (Figure 3.25B). These data support previous results that showed 

reduced proliferation in HEKn cultured on hydrogel-coated dishes, and thus back the 

argument that softer substrates do at least move away from a highly proliferative 

state. 

To conclude, whilst the decreased proliferation, changes to YAP1, and increased 

CK10 expression discussed earlier in this chapter support the hypothesis that softer 

substrates trigger HEKn differentiation, the WaferGen analysis was not as conclusive. 

The significant downregulation of p63, the integrin subunits α6 and β1, and ROCK1 

and PTCH1 all support the observation that culturing HEKn on soft hydrogels 

reduces the proliferative activity of cells compared to those on cultured on TCP. 
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However, whether this translates to a shift towards terminal differentiation was less 

clear, with contradictory downregulations of genes such as ROCK2 and AKT1 making 

the picture more complex.  As previously highlighted, RNA expression is never a 

truly accurate representation of protein activity within a cell, and therefore in order 

to fully understand the effects of soft substrates on keratinocyte differentiation, it 

would be necessary to perform proteomics analysis. Moreover, it is possible that, 

whilst cells respond rapidly to mechanical cues when it comes to proliferation, 

differentiation might be a slower process that takes longer to commit to than the 4 

days in which cells were cultured on the substrates. In terms of epidermal biology, 

this hypothesis has some merit, specifically in relation to wound healing where tissue 

injury causes immediate changes to the chemical composition and stiffness of the 

ECM which initiates the process of wound repair (Rosińczuk et al., 2016). Wounding 

triggers the activation of keratinocytes, and in order for reepithelialisation to take 

place, keratinocytes migrate into the wounded area where they undergo immediate 

proliferation; indicating that this is a rapid response following changes to the 

mechanical integrity of the epidermis (Pastar et al., 2014). Following this initial 

proliferative response, keratinocytes are deactivated and resume their normal 

differentiation pathway in order to repair the compromised epidermal barrier (Pastar 

et al., 2014). Whilst this does not necessarily explain the HEKn response to soft 

hydrogels, it emphasises that epidermal homeostasis is a complicated process, and 

this avenue of investigation would benefit from further investigation with longer cell 

exposure to the different dishes. 

3.6 Conclusions  

This chapter aimed to determine whether culturing keratinocytes on hydrogel-coated 

dishes mimicking in vivo mechanics would both offer a viable alternative to standard 

TCP/glass cultureware, and whether the softer substrates would induce changes 

related to epidermal homeostasis. We hypothesised that by using normal cultureware 

coated with a thin hydrogel, it would be possible to both maintain the ease of 

standard 2D culture, whilst examining the effects of substrate stiffness on 

biomechanics; thus bridging the current gap between 2D and 3D in vitro 
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investigations. Moreover, we hypothesised that keratinocytes would respond to 

softer substrates by reverting to more a realistic behaviour and phenotype that 

replicated that found in the epidermis.  

Culturing both HaCaTs and HEKn on hydrogel-coated cultureware did raise some 

initial problems regarding standard 2D culture practices such as passaging cells, 

harvesting lysates, and imaging mounted coverslips. However, each of these hurdles 

was successfully troubleshooted, and despite the requirement for some adaptations 

away from the standard 2D culture procedures, the hydrogel-coated cultureware 

remained relatively simple and quick to use, and ultimately supported 2D in vitro cell 

culture. 

Both HaCaT cells and HEKn were observed to exhibit rapid increases in colony 

density and decreases in proliferative activity in response to culture on soft hydrogels 

compared to TCP. Moreover, HEKn exhibited changes in YAP1 expression and 

localisation that suggested the observed proliferation decrease was directly related to 

the cells reacting to their new mechanical environment. It was hypothesised at this 

stage that soft substrates, particularly 4 kPa, promoted a shift from a proliferative 

phenotype towards terminal differentiation. Whilst a striking increase in CK10 

expression in HEKn cultured on BM hydrogels seemed to support this, analysis of 

other genes associated with epidermal homeostasis was less conclusive. Whilst it was 

apparent that softer substrates had a clear impact on proliferative activity, it could 

not be definitively concluded that cells were undergoing terminal differentiation. 

Given the poor connectivity between RNA levels and protein levels within cells, and 

the relatively short time in which HEKn were exposed to the hydrogel-coated dishes, 

further research would need to be carried out in order to fully understand the effects 

of BM substrates on the keratinocyte proliferation-differentiation balance. However, 

it is evident that culturing keratinocytes on TCP has a significant impact on colony 

morphology and induces aberrant proliferation which could contribute to the 

proliferative decline of HEKn in vitro.  

 



112 

 

4 Investigating the effects of substrate 

stiffness on cytoskeletal organisation and 

nuclear mechanics in keratinocytes 

4.1 Introduction 

In the previous chapter, it was demonstrated that culturing keratinocytes on soft 

hydrogel-coated dishes induced changes in colony morphology and cell behaviour 

that were directly linked to the altered mechanical environment following evidence 

of Hippo signalling pathway activation. The mechanisms via which cells detect their 

mechanical environment are many and varied, and likely span a much broader 

spectrum than is currently discussed in the literature.  

To recap the concepts introduced in chapter 3, mechanosensing begins at the plasma 

membrane which marks the interface between the cell and both ECM components 

and adjacent cells. Integrins provide the method of mechanical attachment to the 

ECM and are anchored to the actin cytoskeleton via vinculin and talin, whilst E-

cadherin is a core cell-cell adhesion molecule and is bound to the actin cytoskeleton 

via α- and β-catenins. By contracting these adhesion molecules cells are able to 

calculate the rigidity of their binding partner based on the amount of force needed to 

induce displacement (Ghassemi et al., 2012; Moore, Roca-Cusachs and Sheetz, 2010; 

Yang et al., 2018). E-cadherin contraction has been shown to be essential for 

epidermal assembly and barrier formation (Yang et al., 2018). Due to the attachment 

of both integrins and E-cadherin to actin, external mechanical information is 

transmitted directly to the cytoskeleton, and relatively small stiffness changes in vitro 

have been demonstrated to alter actin organisation in epithelial cells (Collins et al., 

2017). As discussed in chapter 3, actin reorganisation is a core element of the 

transition towards terminal differentiation in keratinocytes (Nanba et al., 2013). Actin 

and other cytoskeletal components are connected to the nuclear Lamina via the LINC 

complex, which enables the communication of external mechanical cues directly to 

the nuclear interior (Hieda, 2019). Engagement of integrins at the epidermal basement 
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membrane relays high tension to the LINC complex, which has been demonstrated 

to suppress differentiation and promote a basal cell phenotype (Carley et al., 2020). 

Consequently, it is apparent that the cytoskeleton and LINC complex have a 

significant role to play in the detection of external mechanical cues in keratinocytes, 

and thus it was necessary to investigate how culture on BM hydrogels affected these 

proteins.  

4.1.1 The role of the cytoskeleton in mechanotransduction 

As mentioned previously, mechanotransduction begins at the cell membrane where 

cell adhesion molecules bound to adjacent cells and the ECM use small contractions 

to relay information about external tension to their internal binding partners. Actin 

is the cytoskeletal component most associated with mechanosensing, and filaments 

are anchored to integrins by vinculin and talin, and to E-cadherin by α- and β-catenin. 

In a similar mechanism to sarcomere shortening in skeletal muscle, cells use myosin 

IIB to contract adhesion molecules along the actin filaments and use the amount of 

force required to displace the adjacent cell or ECM to infer the stiffness of their 

surroundings (Moore, Roca-Cusachs and Sheetz, 2010; Yang et al., 2018).  Whilst the 

exact mechanism behind this is not fully understood, the formation of epithelial 

layers is thought to be very reliant on E-cadherin contraction due to its role in 

controlling monolayer formation (Yang et al., 2018). It has been demonstrated that 

changes to the stiffness of in vitro polyacrylamide gel substrates can result in 

alterations in E-cadherin-dependent epithelial cell adhesion which in turn leads to 

changes in cell spreading and actin organisation (Collins et al., 2017).  

Multiple studies on multiple cell types have presented the link between substrate 

stiffness and actin organisation. An experiment using rat embryonic fibroblast cells 

revealed that actin cytoskeleton fluidity was dependent on ECM stiffness, and actin 

organisation was dependent on ECM stiffness and cell shape (Gupta et al., 2019). 

Cells were imaged live on substrates mimicking soft, intermediately stiff, and very 

stiff ECMs. It was observed that fibroblasts grown on a soft substrate had no thick 

actin bundles and the filaments present were in an orthoradial arrangement, whilst 

those on intermediately stiff substrates had localised, well-ordered stress fibres, and 
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those on stiff substrates exhibited actin stress fibres across the bulk of the cell (Gupta 

et al., 2019).  

In contrast, the relationship between mechanotransduction and microtubules is less 

defined but recent studies have evidenced a role in tuning cytoskeletal stiffness in 

response to external tension. Microtubules are three orders of magnitude stiffer than 

actin (Gittes et al., 1993), anisotropic in nature, and are able to maintain a given 

direction across the entirety of a cell, thus are well placed to detect cell-scale tension 

(Hamant et al., 2019). The contradictory nature of the literature currently available 

suggests that the mechanism by which microtubules facilitate mechanotransduction 

may differ between cell types. Studies into skeletal and cardiac muscle propose that 

detyronised tubulin regulates mechanotransduction by altering the mechanical 

properties of the cytoskeleton and therefore the level of mechanical resistance a cell 

provides (Kerr et al., 2015; Robison et al., 2016). However, an investigation into 

mechanotransduction in astrocytes revealed that detyronisation was not affected by 

changes to substrate stiffness, and instead a mechanism of crosstalk between actin 

and microtubules was proposed, with microtubule acetylation as a core regulator 

(Seetharaman et al., 2020). Finally, a very recent study into cardiomyocytes and 

skeletal muscle proposed that both detyronisation and acetylation of α-tubulin may 

be responsible for regulating cytoskeletal stiffness and viscoelastic resistance, 

implying a more complicated relationship between different microtubule post-

translational modifications (Coleman et al., 2021). Consequently, there is still clearly 

a long way to go before the full role of microtubules in cell mechanosensing is 

understood. 

The final cytoskeletal component is intermediate filaments, which play an important 

role in regulating cell shape and mechanical integrity due to their unique assembly-

disassembly dynamics. One of the most prevalent types of cytoplasmic intermediate 

filaments are keratins, which have already been highlighted as important in 

regulating epidermal homeostasis.  Crosstalk between keratins and the actin 

cytoskeleton is a staple part of mechanotransduction; external mechanical strain 

triggers keratins to activate the ROCK signalling pathway which promotes actin 
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stress fibre formation and increased cell stiffness (Bordeleau et al., 2012). 

Additionally, shear stress has been shown to increase peripheral cytoplasmic keratin 

stiffness following rapid reorganisation of the keratin filament network, suggesting 

a role in spatial redistribution of tension to ensure the structural integrity of a cell is 

maintained (Sivaramakrishnan et al., 2008). In the epidermis, keratinocytes with 

plectin deficiency have been shown disrupt the keratin network and lead to increased 

nuclear deformability (Almeida et al., 2015). Moreover, a recent study confirmed the 

close association between focal adhesion and hemidesmosome components and the 

intermediate filament network and demonstrated that hemidesmosome-intermediate 

filament interactions counteract cellular tension by reducing cytoskeletal tension, 

focal adhesion assembly, and YAP signalling (Wang et al., 2020). 

4.1.2 Cytoskeletal reorganisation through the epidermal layers 

As already touched upon in chapter 3, the epidermis contains a variety of mechanical 

niches due to the multiple cell layers created as keratinocytes differentiate and 

migrate to the surface of the tissue. One of the key features of keratinocyte 

differentiation is reorganisation of the cytoskeleton which helps to facilitate the 

transition from proliferative basal cells to the terminally differentiated corneocytes 

found at the stratum corneum.  

As keratinocytes differentiate the composition of keratins changes (Biggs et al., 2020), 

contributing to shifts in cell stiffness and thus the level of resistance that 

neighbouring cells encounter when contracting their adhesion molecules to assess the 

mechanics of their external environment. In the basal layer, keratin 5 and keratin 14 

are the major keratin types and are bundled as tonafilaments bound to desmosomes 

and hemidesmosomes which provides the epidermis with its structural integrity 

(Moll, Divo and Langbein, 2008); dominant-negative mutations in keratin 5 or 14 

genes have been shown to cause the hereditary skin blistering disease epidermolysis 

bullosa simplex (Omary, Coulombe and McLean, 2004). Both keratin 5 and keratin 14 

can be observed in the suprabasal layers, but this is due to their remaining integrated 

into the keratin cytoskeleton rather than due to continued expression, as mRNA for 

these proteins is notably absent (Moll, Divo and Langbein, 2008). In contrast, keratin 
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15 is found strictly in the basal layer of the epidermis and is a marker of epidermal 

stem cells (Bose et al., 2013).  

Keratin 1 and keratin 10 are major keratins of keratinocyte differentiation and a 

switch is made to express these during the keratinocyte migration to the suprabasal 

spinous cell layers (Fuchs and Green, 1980).  Keratins 1 and 10 form particularly dense 

bundles contributing to the stability of both the individual cell and the epidermis as 

a whole, and keratin 10 is known to have a role in suppressing proliferation (Moll, 

Divo and Langbein, 2008). As keratinocytes move into the upper layers of the 

epidermis, the stratum spinosum and stratum granulosum, they undergo another 

keratin shift, expressing keratin 2, mutations in which have been associated with skin 

blistering and cytolysis in the superficial epidermis. In “soft skin” (e.g., nipple, penile 

shaft, axilla) expression of keratin 2 is minor, leading to the proposition that keratin 

contributes towards terminal cornification (Collin et al., 1992). 

Similarly, actin filaments also undergo a shift in organisation as keratinocytes 

differentiate and move up through the epidermal layers. Human keratinocyte stem 

cells cultured in vitro exhibit short actin bundles located radially, whilst keratinocytes 

that have stopped proliferating present with a well-developed circumferential actin 

network (Nanba et al., 2013). In chapter 3 we touched upon the role that actin 

regulators (specifically RhoA, ROCK1, ROCK2, Rac1, and Akt1) have in driving the 

balance between proliferation and differentiation in the epidermis (3.4.3.2). ROCK1 

and ROCK2 are downstream mediators of RhoA, and whilst both are present in the 

epidermis, ROCK2 is the more prevalent; pharmacological inhibition of ROCK2 

results in increased keratinocyte proliferation (McMullan et al., 2003). A recent study 

has also highlighted a significant role for Akt1 in the transition from keratinocyte to 

corneocyte in terminal differentiation. During the cornification process, a 

keratinocyte must lose all of its organelles including the nucleus, the latter of which 

requires the degradation of Lamin A/C, a protein essential for maintaining nuclear 

integrity. Dispersal of Akt1-dependent phosphorylated Lamin A/C to different parts 

of the cytoplasm is necessary for the breakdown of the nucleus during differentiation 

(Rogerson et al., 2021). Immunoprecipitation revealed that Lamin A/C dispersal relies 
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on a number of Akt1 target proteins such as actin, Arp3 (required for actin 

nucleation), and Myh9 (a myosin IIA component). Disruption of either actin 

polymerisation, nucleation or the activity of myosin IIA have all been shown to 

prevent dispersal of Lamin A/C cytoplasmic structures which inhibited nuclear 

volume reduction and therefore the terminal differentiation of keratinocytes 

(Rogerson et al., 2021).  

Given the extensive crosstalk existing between all cytoskeletal components, it is no 

surprise that microtubules are also observed to reorganise in response to keratinocyte 

differentiation. Basal layer keratinocytes exhibit a microtubule network that 

emanates from an apical centrosome, whilst in suprabasal keratinocytes the 

centrosome is still able to nucleate microtubules, but anchoring is transferred to 

desmosomes (Lechler and Fuchs, 2007). As differentiation progresses, microtubules 

are observed to become increasingly localised to the cell cortex which is believed to 

promote stronger cell adhesion and thus epidermal integrity and barrier function 

(Lechler and Fuchs, 2007; Sumigray, Foote and Lechler, 2012). A study by Hsu et al. 

induced barrier defects, such as reduced thickness of the cornified layer and lower 

filaggrin expression, in reconstructed human epidermis through Th2 cytokine 

treatment. In order to assess whether microtubule stabilisation could promote 

epidermal barrier repair, they used the microtubule-stabilising compounds paclitaxel 

and epothilone to demonstrate that stabilising microtubules led to the reparation of 

induced barrier defects . It was hypothesised that this was due to the potential role 

that microtubules and microtubule motor dynein play in the assembly of adherens 

junctions and tight junctions (Hsu et al., 2018). This suggested that not only does 

microtubule stabilisation promote epidermal barrier formation, but it may also have 

a role in supporting the healing process in damaged skin (Hsu et al., 2018). 

4.1.3 Nuclear mechanics and mechanosensing through the LINC complex  

In order for cells to translate external mechanical cues into reactionary changes, the 

information must be referred to the nucleus. The engagement of adhesion molecules 

at the cell membrane relays tension to the nucleus through the cytoskeleton which is 

bound to the LINC complex. The LINC complex is made up of two protein domains; 
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SUN domain and the C-terminal KASH domain (expressed in nesprin proteins), and 

collectively they span the nuclear envelope (Bouzid et al., 2019). Nesprins are part of 

the spectrin protein family and the C-terminal KASH domain binds with the C-

terminal half of SUN proteins in the NE lumen, whilst the N-terminal binds to 

components of the cytoskeleton. The N-termini of SUN domain proteins are bound 

to the nuclear Lamina which in turn organises chromatin, thus providing the final 

link between external mechanical stimuli and the nuclear interior (Cartwright and 

Karakesisoglou, 2014; Chambliss et al., 2013; Hieda, 2019; Padmakumar et al., 2005). 

This cell-spanning protein network is able to control cell adhesion, nuclear 

positioning, actin dynamics and directed cell migration in response to the external 

mechanical environment (Chang et al., 2015; Stewart et al., 2015; Thakar et al., 2017). 

4.1.4 The LINC complex in the epidermis 

It is well established that the mechanical environment of the epidermis changes as 

keratinocytes migrate away from the basement membrane, and it is therefore 

unsurprising that the LINC complex plays differential roles throughout the layers. At 

the stiff basement membrane, engagement of integrins relays high tension to the 

nucleus through the LINC complex. A study performed on mouse keratinocytes 

observed that differentiation was repressed following integrin engagement, but that 

disruption of the LINC complex led to precocious differentiation both in vitro and in 

vivo (Carley et al., 2020). In vitro culture of keratinocytes on micro-patterned 

substrates of different stiffnesses has shown that there is a direct correlation between 

integrin-mediated adhesion and the level of differentiation. Low adhesive area 

correlates to terminal differentiation, whilst high expression of integrin α6 and β1 

subunits is associated with epidermal stem cells (J. Connelly, 2019; Kenny and 

Connelly, 2014). 

This clear shift towards a differentiated phenotype following integrin engagement 

has been linked to tension applied to the nuclear Lamina, specifically Lamin A. At 

the basement membrane the stiffness of the ECM relays high tension to Lamin A, and 

this tension relaxes as keratinocytes migrate up through the epidermis and lose their 

focal adhesions (Carley et al., 2020). A 2014 study reported that a mouse model with 
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a skin-specific triple Lamin knockout (Lmna−/− Lmnb1Δ/Δ Lmnb2Δ/Δ) exhibited 

hyperkeratosis and a thickened epidermal layer which was evidence of precocious 

epidermal differentiation (Jung et al., 2014). This therefore further supports the role 

that the nuclear lamina plays in controlling the shift from a proliferative to a 

differentiated phenotype in the epidermis. 

The high expression level of nesprin-2 in the epidermis compared to the dermis, and 

the significant nuclear deformation observed in keratinocytes where nesprin-2 has 

been compromised suggests that it plays a core role in maintaining NE architecture 

in the epidermal compartment (Lüke et al., 2008). However, knockout of nesprin-2 is 

not linked to changes in differentiation or in fact skin morphology, despite a slight 

thickening of the epidermis believed to be associated with larger nuclei (Lüke et al., 

2008).  

4.2 Hypotheses and Aims 

This chapter aims to investigate the molecular changes keratinocytes undergo when 

cultured on BM hydrogels in order to provide an explanation for the observed 

changes in cell behaviour discussed in chapter 3. Additionally, this chapter seeks to 

ascertain the impact that a softer substrate might have on the physical mechanics of 

a cell, in this instance by measuring the Young’s Modulus of HEKn nuclear and 

cytoplasmic compartments. The cytoskeleton and LINC complex comprise the core 

mechanosensing machinery of a cell, and it was hypothesised that there would be 

changes to cytoskeletal and LINC proteins that could drive the behavioural responses 

HEKn had to being cultured on softer substrates.  

Following observed changes in proliferation and differentiation (chapter 3), it was 

hypothesised that HEKn would exhibit altered cytoskeletal organisation when 

cultured on softer hydrogels; in particular, the actin cytoskeleton was anticipated to 

be reorganised to reflect a more differentiated keratinocyte phenotype. Additionally, 

the increased colony density observed in HEKn cultured on softer dishes (chapter 3) 

led to the hypothesis that E-cadherin molecules would be arranged to better promote 

epithelial sheet formation on 4 kPa hydrogels. The expectations for LINC complex 



120 

 

proteins largely revolved around the hypothesis that HEKn cultured on softer 

substrates would adapt their nuclear stiffness to reflect their environment; it was thus 

hypothesised that HEKn on BM hydrogels would exhibit a softer nucleus, assisted 

through the downregulation of LINC protein components.  

To summarise, the key hypothesis behind this chapter was that there would be 

alterations to the cytoskeleton that correlated with the changes in cell density and 

proliferation reported in Chapter 3. With this in mind, this chapter aims to answer 

the following questions: 

• Does culturing keratinocytes on softer hydrogels induce changes to the 

cytoskeleton that explain the observed alterations to cell behaviour? 

• Do keratinocytes cultured on hydrogels adapt their own Young’s Modulus in 

response to reduced external tension? 

• Do keratinocytes cultured on softer substrates alter their expression of LINC 

protein components? 

4.3 Objectives 

• Determine whether culturing keratinocytes on hydrogels leads to changes in 

cytoskeletal and cytoskeletal-associated proteins. 

• Determine how the LINC complex responds when keratinocytes are cultured 

on softer substrates. 

• Calculate the Young’s Modulus of keratinocytes cultured on TCP and BM 

hydrogels to determine whether adaptation occurs.  

4.4 Results 

As discussed in the previous chapter, both HaCaTs and HEKn exhibited changes in 

behaviour and morphology in response to being cultured on a softer substrate. 

Exploration of the Hippo pathway confirmed that HEKn were responsive to changes 

in substrate stiffness (Figure 3.17). This chapter therefore explores how known 

mechanosensitive proteins such as cytoskeletal and LINC components respond to 

different substrate stiffnesses. 
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4.4.1 HaCaTs cultured on softer substrates exhibited changes in cytoskeletal 

and LINC protein expression 

4.4.1.1 HaCaT cells exhibited some changes in core cytoskeletal components 

when cultured on soft substrates 

Following the changes in colony morphology observed in HaCaTs cultured on soft 

BM hydrogels and discussed in Chapter 3 (i.e., increased colony density and more 

“3D” appearance), the next step was to investigate what was happening at a 

molecular level to result in these changes. HaCaTs were cultured on TCP, 8 kPa, and 

4 kPa hydrogels for 4 days before protein lysates were harvested and assessed 

through western blotting. As cell morphology is largely dictated by the cytoskeleton, 

the initial focus was on actin, microtubules and intermediate filaments (namely 

keratins given their high prevalence and important role in keratinocytes). It was 

observed that, though β-actin levels appeared to decrease in HaCaTs cultured on 

softer hydrogels (Figure 4.1A), it was not a statistically significant result according to 

densitometry analysis (Figure 4.1B). Similarly, tubulin appeared to decrease slightly 

on softer hydrogels (Figure 4.1A) but densitometry analysis revealed that this trend 

was not statistically significant (Figure 4.1C). A pankeratin antibody was used to 

assess the protein levels of multiple keratin types and the bands were matched to 

their potential keratins based on the molecular weights. Western blotting revealed 

that all keratin types appeared to decrease in response to culture on 8 and 4 kPa BM 

hydrogels (Figure 4.1A). Densitometry analysis further confirmed these changes, 

with a general trend of lower protein expression on softer hydrogels (Figures 4.1D-

G) which was statistically significant for CK10, CK13/14 and CK15.  

Figure 4.1 (overleaf) HaCaTs cultured on BM hydrogels exhibited changes 

in cytoskeletal protein levels. (A) Protein lysates were taken from HaCaTs 

cultured on TCP, 8 kPa, and 4 kPa dishes. Western blot analysis displays that β-actin, 

tubulin and pankeratin all seemed to decrease on hydrogel substrates. (B-G) 

Quantification of the relative expression of proteins when normalised to TCP using 

densitometry. Data represent mean, n = 3, statistical significance was assessed using 

one-way ANOVA with Tukey’s post-hoc test, ns = non-significant, * p ≤ 0.05. 
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4.4.1.2 HaCaT cells exhibited decreased levels of LINC complex proteins 

when cultured on softer substrates 

The next proteins targeted for western blot analysis were components of the LINC 

complex due to their key role in cellular mechanosensation. Once again HaCaTs were 

cultured on TCP, 8 kPa, and 4 kPa dishes for 4 days before protein lysates were 

harvested. Emerin is a nuclear envelope (NE) protein that has associations with both 

microtubules at the outer nuclear membrane, and chromatin at the inner nuclear 

membrane. Western blotting revealed that protein levels of emerin decreased in cells 

cultured on soft hydrogels (Figure 4.2A) and densitometry analysis showed that this 

decrease was statistically significant between TCP and 4 kPa dishes (Figure 4.2B). 

SUN1 and SUN2, core LINC components that anchor nesprins to the nuclear Lamina, 

were both observed to decrease in HaCaTs cultured on hydrogels (Figure 4.2A), and 

densitometry analysis confirmed a statistically significant decrease in band intensity 

for HaCaTs cultured on 8 kPa and 4 kPa dishes compared to those on TCP (Figure 

4.2C-D). Finally, Lamin A/C and Lamin B1 were assessed via western blot. Lamin 

A/C was observed to decrease to a striking degree in cells on softer substrates (Figure 

4.2A), and Lamin B1 was also observed to decrease to a statistically significant degree 

on 4 kPa hydrogels compared to TCP (Figure 4.2E). 
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Figure 4.2 HaCaTs cultured on BM hydrogels exhibited changes in LINC 

protein levels. (A) Protein lysates were taken from HaCaTs cultured on TCP, 8 kPa, 

and 4 kPa dishes. Western blot analysis displays that emerin, SUN1 and SUN2, and 

Lamin A/C and Lamin B1, all seemed to decrease on hydrogel substrates. (B-G) 

Quantification of the relative expression of proteins when normalised to TCP using 

densitometry. Data represent mean, n = 3, statistical significance was assessed using 

one-way ANOVA with Tukey’s post-hoc test, ns = non-significant, * p ≤ 0.05, ** 

p≤0.01. 
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4.4.2 Deeper investigation into Hippo pathway components could not be 

easily carried out in keratinocytes 

Following the striking changes observed in LINC complex protein levels when 

HaCaTs were cultured on BM hydrogels, the next proteins of interest were 

components of the Hippo signalling pathway which plays a key role in regulating 

epidermal homeostasis in response to mechanical cues (Rognoni and Walko, 2019). 

In particular, the transcription factor YAP1, and the upstream regulator KIBRA were 

selected as key target proteins; YAP1 due to its role as an effector of the Hippo 

pathway, and KIBRA as a result of previous data obtained within the laboratory 

group that suggests an interaction between KIBRA and the KASH-domain of nesprin-

2 that could perhaps link the Hippo pathway and LINC complex together 

(Karakesisoglou et al., unpublished). However, both proteins presented consistent 

problems when it came to analysing through western blotting. YAP1 has an expected 

molecular weight of 55 kDa, but analysis of YAP1 levels in HaCaTS resulted in a 

persistent strong band between 70 and 100 kDa, and a fainter one just above 100 kDa 

(Figure 4.3). 

Figure 4.3 HaCaTs assessed for YAP1 levels through western blotting 

presented with bands of the incorrect molecular weight. Protein lysates were 

taken from HaCaTs cultured to different confluencies (25 – 100%). Western blot 

analysis displays that the YAP1 antibody produced bands of the incorrect molecular 

weight (mw).  
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Similar issues were experienced when assessing KIBRA, with Abcam (ab107637) and 

Sigma-Aldrich (HPA038016) anti-KIBRA antibodies producing no bands at all, and 

Santa Cruz (SC-133374) consistently producing bands of the incorrect molecular 

weight. KIBRA is highly expressed in the brain, thus in order to check that the SC-

133374 antibody used was suitable for western blotting, HaCaT lysates were run 

alongside a CD1 mouse brain lysate, and the mouse neuronal cell lines CAD 

(undifferentiated and differentiated), and NSC-34 (undifferentiated and 

differentiated) in order to provide controls. Full-length KIBRA has a predicted 

molecular weight of approximately 125 kDa, and the differentiated CAD and NSC-

34 lysates were observed to express a faint band of a similar weight (Figure 4.4 – white 

arrows). Moreover, it was observed that CD1 and all four neuronal lysates produced 

bands that were associated with alternate isoforms of KIBRA (Figure 4.4); assessment 

of the antibody epitope confirmed that it is present in all known KIBRA isoforms. 

HaCaTs at 100% confluency were observed to express a band that matched the 

molecular weight of isoform 5, in addition to a lighter band that was also found in 

25% confluent HaCaTs (Figure 4.4). This lower band was consistently observed in all 

blots performed using the SC-133374 KIBRA antibody and did not appear to correlate 

with any known KIBRA isoforms.  

 

 

 

 

Figure 4.4 (overleaf) Mouse brain and neuronal lysates confirmed that the 

Santa Cruz anti-KIBRA antibody SC-133374 showed specificity for multiple 

known KIBRA isoforms. Protein lysates were taken from CD1 mouse brain, 

undifferentiated and differentiated CAD and NSC-34 cells, and 100% and 25% 

confluent HaCaTs (control brain and neuronal lysates were prepared by a previous 

student in the group). Western blot analysis displays that the Santa Cruz KIBRA 

antibody is specific for multiple known isoforms of KIBRA including the full-length 

protein (white arrows). HaCaTs expressed an unknown lighter band. MAP2 was used 

to confirm tissue validity of brain and neuronal control lysates. β-actin was used as a 

loading control. 
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In order to explore what was happening in terms of KIBRA localisation within the 

cells, further assessment was carried out through immunofluorescence staining. 

COS-7 cells were transfected with Myc-KIBRA (kindly provided by Kremerskothen 

group, University of Münster) and immunostained with all three antibodies to assess 

staining specificity prior to using the antibodies on keratinocytes.  The ab107637 and 

SC-133374 antibodies were found to be non-specific when used for 

immunofluorescence (not shown), whilst HPA038016 anti-KIBRA staining correlated 

with anti-myc (Figure 4.5A). As referenced previously, unpublished data from the 

laboratory group suggests that KIBRA binds to the KASH domain of nesprin-2, and 

therefore it was predicted that KIBRA would be observed to localise at the NE. 

However, contrary to this, KIBRA staining in HEKn was observed to be highly 

specific to the Golgi apparatus as confirmed through co-staining with the Golgi 

marker GM130 (Figure 4.5B). Given the increasingly apparent complexity of KIBRA 
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expression and localisation in keratinocytes, this avenue of investigation was not 

pursued further during this project. 

4.4.3 Cytoskeletal and cell junctional proteins were altered in HEKn 

cultured on BM hydrogels 

Following on from the striking changes observed in HEKn proliferation, 

differentiation and Hippo pathway activity when cultured on BM hydrogels, the next 

step of the investigation was to repeat the analysis of cytoskeletal components that 

Figure 4.5 KIBRA was observed to localise at the Golgi apparatus in HEKn. 

(A) COS-7 cells were transfected with a Myc-KIBRA construct (Kremerskothen 

group) and immunostained for myc and KIBRA. Confocal microscopy images display 

that myc and KIBRA antibodies were observed to produce co-localised staining. Scale 

bars = 10 µm. (B) HEKn were immunostained for KIBRA and the Golgi marker 

GM130. Confocal microscopy images display that KIBRA and GM130 were co-

localised. Scale bars = 10 µm.     
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had been carried out on the HaCaTs. However, here the assessment was more 

thorough, compiling western blot, immunostaining and WaferGen data, and 

exploring both core cytoskeletal components and proteins involved in the cell 

junctions so important for epidermal barrier function.  

4.4.3.1 HEKn cultured on BM hydrogels exhibited changes in cytoskeleton 

and cell junction protein levels and localisation  

HEKn were cultured on TCP, 50 kPa, 8 kPa and 4 kPa dishes for 4 days then protein 

lysates were harvested and assessed through western blotting. β-actin levels were 

observed to decrease slightly in response to a softer culture substrate (Figure 4.6A) 

and this was confirmed through densitometry analysis which showed statistical 

significance in the downregulation on 4 kPa (Figure 4.6B). In contrast, levels of 

tubulin and E-cadherin did not appear to change in response to the stiffness of the 

culture substrate (Figure 4.6A) and this was again confirmed by densitometry 

analysis which revealed no significant differences across the dishes (Figure 4.6C-D).   

 

 

 

 

 

 

 

Figure 4.6 (overleaf) HEKn cultured on soft hydrogels had lower β-actin 

levels. (A) Protein lysates were taken from HEKn cultured on TCP, 50 kPa, 8 kPa 

and 4 kPa dishes. Western blot analysis displays that β-actin decreased on softer 

substrates, whilst tubulin and E-cadherin showed little change. (B-D) Quantification 

of the relative expression of proteins when normalised to TCP using densitometry. 

Data represent mean, n = 3, statistical significance was assessed using one-way 

ANOVA, ns = non-significant, * p ≤ 0.05. 
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The next analysis aimed to assess cytoskeletal and cell junction components through 

immunostaining to look for any changes in localisation in response to the BM dishes. 

HEKn were cultured on glass or 4 kPa coverslips for 4 days before being fixed and 

stained for F-actin. It was observed that HEKn cultured on glass coverslips exhibited 

high numbers of basal actin fibres that were notably absent in the majority of cells 

cultured on 4 kPa coverslips (Figure 4.7A). Quantification of these basal fibres 

revealed that HEKn on glass coverslips had a statistically higher number than those 

on the soft hydrogel coverslips (Figure 4.7B). 

In contrast to F-actin, staining of HEKn cultured on glass and 4 kPa coverslips with a 

tubulin antibody did not reveal any significant changes to microtubule organisation 

(Figure 4.8). Plectin is a large protein involved in the connection of intermediate 

filaments to microtubules, and the anchoring of intermediate filaments to 
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hemidesmosomes and desmosomes which is essential for firm basal layer attachment 

(Castañón et al., 2013).  HEKn cultured on 4 kPa coverslips were observed to have 

strong perinuclear plectin staining and clear localisation in the cytoplasm around the 

nucleus that was much less apparent in HEKn on glass coverslips (Figure 4.9A). 

Quantification of this perinuclear localisation confirmed that the phenotype occurred 

in significantly more cells on the 4 kPa coverslips than on glass (Figure 4.9B). 

Another protein that plays a vital role in epidermal barrier function is E-cadherin 

which is involved in regulating tight junctions, gap junctions, and desmosomes 

(Tunggal et al., 2005). HEKn were again cultured on glass or 4 kPa coverslips for 4 

days and were then fixed and immunostained for E-cadherin. The localisation 

difference of E-cadherin between the two coverslips was striking, with HEKn on glass 

exhibiting punctate staining that highlighted where adherens junctions were in the 

process of being formed, whilst HEKn on 4 kPa coverslips had linear staining along 

the membranes of adjoining cells (Figure 4.10A). Quantification of these different 

phenotypes revealed that HEKn glass had more cells with punctate staining than 

linear, whilst those on 4 kPa coverslips had a significantly greater number of cells 

with linear staining (Figure 4.10B), suggestive of a more developed connection 

between adjoining cells. 

In addition to the punctate and linear staining, it was also observed that in HEKn on 

glass coverslips, there was diffuse E-cadherin staining throughout the cytoplasm, 

whilst in HEKn on 4 kPa coverslips this appeared more concentrated to the 

perinuclear region (Figure 4.11A). Quantification of this observation revealed that 

there was a striking difference between the two substrate stiffnesses, with 78.1% of 

HEKn on 4 kPa exhibiting perinuclear E-cadherin versus 1.2% of HEKn on glass 

(Figure 4.11B). 

Figure 4.7 (overleaf) HEKn cultured on glass coverslips showed a greater 

number of basal actin fibres. (A) HEKn were cultured on glass and 4 kPa 

coverslips for 4 days then immunostained for F-actin. Confocal microscopy images 

display the localisation of actin fibres, and the presence of more basal actin structures 

in HEKn on glass coverslips (white arrows). Scale bars = 25 µm. (B) Quantification 

of basal actin fibres in HEK on cultured on glass and 4 kPa BM coverslips. Data 

represent mean ±SEM, n = 3 (3x 100 cells), statistical significance was assessed using 

a two-tailed unpaired t-test, *** p ≤ 0.001. 
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Figure 4.8 No change in microtubule organisation was observed between 

HEKn cultured on glass and 4 kPa coverslips. HEKn were cultured on glass and 

4 kPa coverslips for 4 days then immunostained for tubulin. Confocal microscopy 

images display the localisation and organisation of microtubules in response to 

substrate stiffness. Scale bars = 25 µm. 
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Figure 4.9 HEKn cultured on 4 kPa coverslips exhibited perinuclear plectin 

staining. (A) HEKn were cultured on glass and 4 kPa coverslips for 4 days then 

immunostained for plectin. Confocal microscopy images display the localisation of 

plectin, and the presence of strong perinuclear staining in HEKn on 4 kPa coverslips 

(white arrow). Scale bars = 25 µm. (B) Quantification of perinuclear plectin in HEKn 

on cultured on glass and 4 kPa BM coverslips. Data represent mean ±SEM, n = 3 (3x 

100 cells), statistical significance was assessed using a two-tailed unpaired t-test, *** 

p ≤ 0.0001. 
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Figure 4.10 HEKn cultured on 4 kPa coverslips exhibited linear E-cadherin 

staining rather than punctate. (A) HEKn were cultured on glass and 4 kPa 

coverslips for 4 days then immunostained for E-cadherin. Confocal microscopy images 

display the localisation of E-cadherin, and the presence of punctate staining in HEKn 

on glass coverslips (white arrows) versus linear on 4 kPa coverslips (yellow arrows). 

Scale bars = 25 µm. (B) Quantification of punctate and linear E-cadherin in HEKn 

on cultured on glass and 4 kPa BM coverslips. Data represent mean ±SEM, n = 3 (3x 

100 cells), statistical significance was assessed using a two-tailed unpaired t-test, *** 

p ≤ 0.001. 
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Figure 4.11 HEKn cultured on 4 kPa coverslips exhibited perinuclear E-

cadherin staining. (A) HEKn were cultured on glass and 4 kPa coverslips for 4 days 

then immunostained for E-cadherin. Confocal microscopy images display the 

localisation of E-cadherin, and the presence of strong perinuclear staining in HEKn 

on 4 kPa coverslips (white arrows). Scale bars = 25 µm. (B) Quantification of 

perinuclear E-cadherin in HEKn on cultured on glass and 4 kPa BM coverslips. Data 

represent mean ±SEM, n = 3 (3x 100 cells), statistical significance was assessed using 

a two-tailed unpaired t-test, *** p ≤ 0.001. 
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4.4.3.2 HEKn cultured on BM hydrogels exhibited changes in the gene 

expression of cytoskeletal and cell junction components  

In order to gain a deeper insight into how the stiffness of a culture substrate affects 

the expression of cytoskeletal and cell junctional proteins, RNA analysis was 

performed using WaferGen. HEKn were cultured on TCP, 50 kPa, 8 kPa and 4 kPa 

plates for 4 days and RNA lysates were taken at 1, 2, 3 and 4 days after seeding. This 

time course made it possible to track gene expression changes over time and see how 

quickly cells adapted in response to new mechanical stimuli. As with the previous 

section, the first protein investigated was actin which binds to mechanosensitive focal 

adhesions and so is known to play a significant role in mechanotransduction (Martino 

et al., 2018). WaferGen analysis of β-actin revealed a downregulation of ACTB across 

all hydrogel stiffnesses from as early as day 1 after seeding, and this trend continued 

across the 4 days with several statistically significant reductions in expression (Figure 

4.12A). VCL encodes the protein vinculin, which plays a role in anchoring actin 

filaments to the cell membrane via cell adhesion molecules such as integrins and E-

cadherin (Martino et al., 2018). VCL was observed to start becoming significantly 

downregulated from 2 days after seeding onto hydrogels, and this trend increased 

with each day of culture on a soft substrate (Figure 4.12). CDC42 encodes the protein 

Cdc42 which is a key regulator of actin dynamics and is rapidly activated during cell 

adhesion and required for cell spreading due to its role in filopodia formation (Kühn 

et al., 2015). WaferGen analysis revealed inconclusive changes in CDC42 expression, 

with a fluctuating trend between upregulation and downregulation across the 4-day 

culture period compared to HEKn on TCP (Figure 4.12C). 
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Figure 4.12 RNA analysis revealed significant downregulation of actin and 

vinculin when HEKn were cultured on BM hydrogels. HEKn were cultured on 

TCP and 50, 8 and 4 kPa cultureware and RNA samples were harvested 1,2,3 and 4 

days after seeding and analysed using WaferGen. (A-C) Quantification of Log fold 

change in gene expression in HEKn on 50, 8 and 4 kPa hydrogels in comparison to 

the TCP control. Data represent mean ±SEM, n = 6, statistical significance was 

assessed using two-way ANOVA, no asterisk = non-significant, * p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001. 
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At a protein level, tubulin was not observed to change in response to softer substrates 

in terms of amount of protein or localisation (Figures 4.6C and 4.8). However, 

WaferGen analysis of the TUBB gene revealed statistically significant 

downregulations in tubulin expression across all 4 days of the time course, 

particularly in HEKn cultured on 8 and 4 kPa hydrogels (Figure 4.13A). Analysis of 

PLEC, the gene encoding plectin, revealed a general trend towards downregulation, 

with a slight upregulation on day 4, though none of these results were statistically 

significant (Figure 4.13B). KIF5B encodes kinesin-1 heavy chain which connects 

nesprin-2 to microtubules and is important for nuclear migration and polarity (Zhu, 

Antoku and Gundersen, 2017). RNA analysis showed a trend towards 

downregulation across all substrate stiffnesses for the first 3 days after seeding, 

though this was not significant, then a trend towards upregulation on day 4 that was 

statistically significant in HEKn on 4 kPa hydrogels (Figure 4.13C). 

The final genes examined for this section of the chapter were CDH1, CTNNA1, and 

PTK2 which all play a role in cell adhesion. CDH1 encodes E-cadherin which has 

already been highlighted as an important protein involved in the maintenance of skin 

barrier function and was observed to have distinct differences in localisation in HEKn 

cultured on glass versus 4 kPa coverslips (Figure 4.10 and 4.11). WaferGen analysis 

revealed that E-cadherin trended towards downregulation across the time course, 

with the change being most apparent day 1 after seeding, though the results were 

only statistically significant for HEKn on 4 kPa hydrogels, 1 and 2 days after seeding 

(Figure 4.14A). CTNNA1 encodes α-catenin which binds to β-catenin and E-cadherin 

to form a complex connecting adherens junctions to actin (Kobielak and Fuchs, 2004). 

Additionally, α-catenin also plays a role during Hippo pathway activation, binding 

YAP1 to the cell membrane in order to prevent its translocation into the nucleus 

(Schlegelmilch et al., 2011). RNA analysis revealed that CTNNA1 trended towards 

downregulation on softer hydrogels, particularly on days 3 and 4 after seeding where 

it was statistically significant for some hydrogel stiffnesses. PTK2 encodes focal 

adhesion kinase, a tyrosine kinase concentrated at focal adhesions that transmits 

signals into downstream pathways and has been shown to mediate cell response to  
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Figure 4.13 RNA analysis revealed significant downregulation of tubulin 

when HEKn were cultured on BM hydrogels. HEKn were cultured on TCP and 

50, 8 and 4 kPa cultureware and RNA samples were harvested 1,2,3 and 4 days after 

seeding and analysed using WaferGen. (A-C) Quantification of Log fold change in 

gene expression in HEKn on 50, 8 and 4 kPa hydrogels in comparison to the TCP 

control. Data represent mean ±SEM, n = 6, statistical significance was assessed using 

two-way ANOVA, no asterisk = non-significant, * p ≤ 0.05, ** p ≤ 0.01. 
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 Figure 4.14 RNA analysis revealed some downregulation of adhesion 

proteins when HEKn were cultured on BM hydrogels. HEKn were cultured on 

TCP and 50, 8 and 4 kPa cultureware and RNA samples were harvested 1,2,3 and 4 

days after seeding and analysed using WaferGen. (A-C) Quantification of the Log fold 

change gene expression in HEKn on 50, 8 and 4 kPa hydrogels in comparison to the 

TCP control. Data represent mean ±SEM, n = 6, statistical significance was assessed 

using two-way ANOVA, no asterisk = non-significant, * p ≤ 0.05, ** p ≤ 0.01. 
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subject rigidity by modulating YAP1 activation (Lachowski et al., 2018). RNA 

analysis revealed a trend towards downregulation in expression that was statistically 

significant in HEKn on 8 and 4 kPa substrates on day 2, and on 4 kPa on day 3 after 

seeding (Figure 4.14C). 

4.4.4 HEKn cultured on BM hydrogels exhibited changes in LINC complex 

protein levels and gene expression 

4.4.4.1 Western blot analysis revealed reduced levels of core LINC proteins 

in HEKn on softer substrates 

The LINC complex is one of the core mechanosensory systems within a cell, and it is 

via this collection of proteins that external mechanical stimuli are transmitted to the 

nucleus and translated into changes in gene expression and protein regulation 

(Hieda, 2019). The initial investigation into LINC regulation in HaCaTs in response 

to substrate stiffness revealed a general downregulation of critical proteins in the 

complex (4.4.1.2). Consequently, the next step in the project was to see whether these 

changes were also observed in primary HEKn which are more reflective of the in vivo 

situation. HEKn were cultured on TCP, 50 kPa, 8 kPa and 4 kPa dishes for 4 days 

before protein lysates were harvested and analysed via western blotting. When 

looking at the blots alone, Lamin A/C, Lamin B1, emerin, and SUN1 all appeared to 

decrease in response to the softer culture substrates, whilst SUN2 did not appear to 

change (Figure 4.15A). However, densitometry analysis revealed that, whilst Lamin 

A/C and Lamin B1 did significantly decrease on softer hydrogels (Figure 4.15B-D), 

there was no significant change in protein level for emerin, SUN1 or SUN2 (Figure 

4.15E-G).   
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Figure 4.15 HEKn cultured on BM hydrogels exhibited decreased Lamin 

levels. (A) Protein lysates were taken from HEKn cultured on TCP, 50 kPa, 8 kPa 

and 4 kPa dishes. western blot analysis displays the effect that substrate stiffness had 

on the levels of Lamin A/C, Lamin B1, emerin, SUN1 and SUN2 proteins. (B-G) 

Quantification of the relative expression of proteins when normalised to TCP using 

densitometry. Data represent mean, n = 3, statistical significance was assessed using 

one-way ANOVA with Tukey’s post-hoc test, ns = non-significant, * p ≤ 0.05, ** p ≤ 

0.01. 

 



144 

 

Nesprin-1 binds SUN1 and SUN2 and anchors actin filaments (directly) and 

microtubules (via kinesin) to the NE (Stroud, 2018). There are multiple isoforms of 

nesprin-1 that each have different roles in the cell and the antibody used for western 

blot analysis detects multiple of these. It was observed that the levels of most of the 

isoforms decreased as the culture dish became softer (Figure 4.16A). Densitometry 

analysis was performed on four of the prominent bands and revealed that this 

downregulation in protein level was statistically significant for all of them (Figure 

4.16B-E). 

Nesprin-2 is another core LINC complex component and also binds actin filaments 

and microtubules to the NE via SUN1 and SUN2. Again nesprin-2 has multiple 

isoforms of which the antibody used detected many. Western blot analysis revealed 

that some isoform levels were unchanged across the culture dishes, but a number of 

isoforms decreased in response to a softer substrate, including nesprin-2 giant which 

is denoted by an asterisk (Figure 4.17A). Densitometry analysis was performed on six 

of the more prominent bands and revealed that, though there was a trend in 

downregulation, most of the changes observed were not statistically significant 

(Figure 4.17B-G). Nesprin-3 is a tissue specific protein that has been shown to not be 

expressed in keratinocytes and so it was not part of these analyses (Ketema et al., 

2013).  

 

 

Figure 4.16 (overleaf) HEKn cultured on BM hydrogels exhibited decreased 

levels of multiple nesprin-1 isoforms. (A) Protein lysates were taken from HEKn 

cultured on TCP, 50 kPa, 8 kPa and 4 kPa dishes. Western blot analysis displays the 

effect that substrate stiffness had on the levels of nesprin-1 isoforms, * denotes nesprin-

1 giant, numbers correlate with graphs for bands quantified through densitometry (B-

E) Quantification of the relative expression of proteins when normalised to TCP using 

densitometry. Data represent mean, n = 3, statistical significance was assessed using 

one-way ANOVA with Tukey’s post-hoc test, ** p ≤ 0.01, *** p ≤ 0.001. 
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4.4.4.2 Gene expression of LINC complex and Nuclear Pore Complex 

proteins changed in response to culturing HEKn on BM dishes 

In order to gain a more detailed picture of how softer culture substrates influence the 

LINC complex RNA analysis was performed using WaferGen. It was observed that 

emerin, encoded by the EMD gene, showed a general trend towards downregulation 

in HEKn cultured on BM hydrogels compared to TCP, but this was not statistically 

significant (Figure 4.18). 

In contrast to emerin, Lamin A/C, encoded by LMNA, showed a general trend 

towards upregulation on day 1 after cells were seeded onto their respective dishes, 

but then a shift towards downregulation that was statistically significant in HEKn 

cultured on 4 kPa dishes (Figure 4.19A). LMNB1, encoding Lamin B1, was observed 

to show a striking level of downregulation across all days within the time course and 

for each BM dish stiffness (Figure 4.19B). However, SUN1 and SUN2 were observed 

show no statistical difference in expression in response to a softer substrate, though 

Figure 4.17 HEKn cultured on BM hydrogels showed some reduction in 

nesprin-2 levels. (A) Protein lysates were taken from HEKn cultured on TCP, 50 

kPa, 8 kPa and 4 kPa dishes. western blot analysis displays the effect that substrate 

stiffness had on the levels of nesprin-2 isoforms, * denotes nesprin-2 giant, numbers 

correlate with graphs for bands quantified through densitometry (B-G) 

Quantification of the relative expression of proteins when normalised to TCP using 

densitometry. Data represent mean, n = 3, statistical significance was assessed using 

one-way ANOVA with Tukey’s post-hoc test, ns = non-significant, * p ≤ 0.05. 
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SUN2 did seem to trend towards downregulation on days 3 and 4 after seeding 

(Figure 4.20). 

 

 

 

 

 

 

 

 

 

Figure 4.18 RNA analysis revealed no statistically significant change in 

emerin expression in HEKn cultured on BM hydrogels. HEKn were cultured 

on TCP and 50, 8 and 4 kPa cultureware and RNA samples were harvested 1,2,3 and 

4 days after seeding and analysed using WaferGen. Quantification of the Log fold 

change in emerin gene expression in HEKn on 50, 8 and 4 kPa hydrogels in 

comparison to the TCP control. Data represent mean ±SEM, n = 6, statistical 

significance was assessed using two-way ANOVA, no asterisk = non-significant. 
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Figure 4.19 RNA analysis revealed significant downregulation of Lamins in 

HEKn cultured on BM hydrogels. HEKn were cultured on TCP and 50, 8 and 4 

kPa cultureware and RNA samples were harvested 1,2,3 and 4 days after seeding and 

analysed using WaferGen. (A-B) Quantification of the Log fold change in Lamin A/C 

and Lamin B1 gene expression in HEKn on 50, 8 and 4 kPa hydrogels in comparison 

to the TCP control. Data represent mean ±SEM, n = 6, statistical significance was 

assessed using two-way ANOVA, no asterisk = non-significant, * p ≤ 0.05, ** p ≤ 

0.01, *** p ≤ 0.001. 
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Figure 4.20 RNA analysis revealed no statistically significant changes in 

SUN1 and SUN2 expression in HEKn cultured on BM hydrogels. HEKn were 

cultured on TCP and 50, 8 and 4 kPa cultureware and RNA samples were harvested 

1,2,3 and 4 days after seeding and analysed using WaferGen. (A-B) Quantification of 

the Log fold change in SUN1 and SUN2 gene expression in HEKn on 50, 8 and 4 kPa 

hydrogels in comparison to the TCP control. Data represent mean ±SEM, n = 6, 

statistical significance was assessed using two-way ANOVA, no asterisk = non-

significant. 
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The next set of proteins examined through RNA analysis were nesprins, encoded by 

SYNE genes. SYNE1 was observed to be significantly downregulated on BM dishes 

compared to TCP on days 3 and 4 after seeding (Figure 4.21A), whilst SYNE2 showed 

a significant downregulation on day 1, and a significant upregulation on day 4 

(Figure 4.21B). Nesprin-3 was included in the WaferGen analysis and SYNE3 was 

observed to be significantly downregulated on soft substrates compared to TCP 

(Figure 4.21C).  

The final RNA analysis carried out for this section of the project targeted nuclear pore 

complex (NPC) genes in order to both assess whether those associated with LINC 

components were affected, and to investigate whether NE proteins not traditionally 

associated with mechanosensation were impacted by a change in substrate stiffness. 

NUP62 plays a role in mitotic cell cycle progression by regulating centrosome 

segregation, centriole maturation and spindle orientation (Hashizume et al., 2013), 

and was observed to be increasingly downregulated the softer the BM hydrogel 

HEKn were cultured on (Figure 4.22A). NUP107 is a core NPC component and plays 

a role in NPC assembly and mRNA export (Shi et al., 2020), and was observed to be 

significantly downregulated compared to TCP on days 1 and 3 after seeding (Figure 

4.22B). NUP153 is an NPC component that binds SUN proteins (Donnaloja et al., 

2019), and it too was observed to be downregulated in response to culturing HEKn 

on BM hydrogels (Figure 4.22C). Finally, RANBP2 encodes nucleoporin 358 which is 

a critical component of NPC involved in the shuttling of proteins between the nucleus 

and cytoplasm (Wälde et al., 2011), whilst NDC1 plays a key role in the de novo 

Figure 4.21 (overleaf) RNA analysis revealed significant changes in nesprin 

expression in HEKn cultured on BM hydrogels. HEKn were cultured on TCP 

and 50, 8 and 4 kPa cultureware and RNA samples were harvested 1,2,3 and 4 days 

after seeding and analysed using WaferGen. (A-C) Quantification of the Log fold 

change in SYNE1, SYNE2 and SYNE3 gene expression in HEKn on 50, 8 and 4 kPa 

hydrogels in comparison to the TCP control. Data represent mean ±SEM, n = 6, 

statistical significance was assessed using two-way ANOVA, no asterisk = non-

significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 
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assembly of NPCs and their insertion into the NE (Mansfeld et al., 2006). Both 

proteins showed less distinct changes in gene expression in response to substrate 

stiffness, though RANBP2 was significantly upregulated on day  
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1 on 50 kPa dishes, and on day 4 on 4 kPa dishes (Figure 4.22D). Moreover, NDC1 

generally trended towards downregulation across the 4-day time course, with a 

significant downregulation on 4 kPa dishes on day 2, and 50 kPa dishes on day 3 

(Figure 4.22E). 
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4.4.5 HEKn cultured on BM hydrogels were observed to be softer  

4.4.5.1 HEKn on BM hydrogels exhibited greater nuclear deformation in 

response to osmotic shock 

Following on from the analysis of cytoskeletal and LINC complex proteins in HEKn 

cultured on TCP versus BM hydrogel-coated dishes, it was hypothesised that cells on 

Figure 4.22 RNA analysis revealed significant changes in the expression of 

NPC components in HEKn cultured on BM hydrogels. HEKn were cultured 

on TCP and 50, 8 and 4 kPa cultureware and RNA samples were harvested 1,2,3 and 

4 days after seeding and analysed using WaferGen. (A-E) Quantification of the Log 

fold change in NPC protein gene expression in HEKn on 50, 8 and 4 kPa hydrogels 

in comparison to the TCP control. Data represent mean ±SEM, n = 6, statistical 

significance was assessed using two-way ANOVA, no asterisk = non-significant, * p 

≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 

 



155 

 

softer substrates might have softer nuclei as a result of the decreased levels of Lamin 

proteins and redistribution of actin filaments. The initial experiment performed to 

assess this was an osmotic shock assay, in which HEKn were cultured on TCP and 4 

kPa dishes for 4 days then transferred to glass coverslips and exposed to a high 

concentration sucrose solution before being fixed and stained for a NE marker (Lamin 

B1). The prediction was that HEKn cultured on 4 kPa BM dishes would have softer 

nuclei and therefore exhibit greater nuclear deformation in response to osmotic 

shock. This was quantified by counting the number of cells with visible nuclear 

abnormalities following osmotic shock, and the results confirmed that HEKn primed 

on the BM hydrogel dishes had a higher incidence of nuclear deformation than those 

on TCP (Figure 4.23), suggesting a softer nucleus. 

 

 

 

 

 

 

 

 

Figure 4.23 HEKn cultured on 4 kPa dishes exhibited more nuclear 

deformation following osmotic shock. (A) HEKn were cultured on TCP or 4 kPa 

dishes then exposed to high concentrations of sucrose to induce osmotic shock and 

stained for the NE marker Lamin B1. Confocal microscopy images display the NE 

staining and visible abnormalities (white arrows). (B) Quantification of the number 

of cells with visible nuclear abnormalities. Data represent mean, n = 3 (3x 100 cells), 

statistical significance was assessed using a two-tailed unpaired t-test, *** p ≤ 0.001. 
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4.4.5.2 AFM analysis revealed HEKn cultured on 4 kPa hydrogels had softer 

nuclei and cytoplasm 

Given that the results of the osmotic shock assay suggested that HEKn cultured on 4 

kPa dishes had softer nuclei than those on TCP, the next step was to better quantify 

the stiffness of cells on each substrate. HEKn were cultured on TCP or 4 kPa dishes 

for 4 days then assessed through the use of an AFM to measure the Young’s Modulus 

of cells primed on each substrate. The results of this experiment revealed that both 

the nucleus and the cytoplasm of HEKn cultured on 4 kPa for 4 days were softer than 

those on TCP (Figure 4.24). 

 

Figure 4.24 (overleaf) HEKn cultured on 4 kPa hydrogels had a lower 

Young’s Modulus than those on TCP. (A) HEKn primed on TCP and 4 kPa 

were analysed using an AFM to measure the Young’s Modulus of the entire cell. 

Heat maps display the different Young’s Modulus values measured across a single 

keratinocyte primed on each substrate stiffness. (B)   Quantification of Young’s 

Modulus of the cytoplasm and nucleus. Data represent mean, n = 6 (6 cells, 10 

Young’s Modulus readings per cell compartment), statistical significance was 

assessed using one-way ANOVA, *** p ≤ 0.001. 

 



157 

 

4.4.5.3 Keratinocyte differentiation induces changes in some LINC complex 

proteins 

Chapter 3 largely explored the hypothesis that culturing HEKn on softer substrates 

pushes cells towards a more differentiated phenotype. Given the changes observed 

in LINC complex proteins in response to softer culture dishes, the final section of this 

chapter explores whether differentiation could account for these observations. HEKn 

were cultured under low and high calcium conditions to provide a sample of 

proliferative and differentiated cells and protein lysates were harvested before being 

assessed for changes in LINC complex protein levels through western blotting. CK10 

was observed to be upregulated under high calcium conditions, confirming that cells 

were more differentiated (Figure 4.25). Emerin, Lamin A/C, Lamin B1, and SUN1 and 

SUN2 levels were all assessed, and it was observed that the most striking changes in 
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expression came from emerin which was upregulated following differentiation, and 

Lamin B1 which was downregulated (Figure 4.25). Lamin A/C and SUN1 did not 

appear to change between low and high calcium conditions, but SUN2 appeared to 

decrease slightly in response to differentiation (Figure 4.25). 

4.5 Discussion 

In this chapter the objective was to delve deeper into the mechanism behind the 

responses observed in keratinocytes when cultured on TCP versus BM hydrogel-

coated dishes. Given the role that cytoskeletal proteins play in mechanosensation, the 

first objective was to investigate whether keratinocytes cultured on hydrogels 

Figure 4.25 Differentiated HEKn exhibited changes in emerin and Lamin B1 

levels. Protein lysates were taken from HEKn cultured under low and high calcium 

conditions and protein levels were assessed through western blotting. CK10 was used 

as a control to confirm keratinocyte differentiation. Emerin was observed to be 

upregulated under high calcium conditions and Lamin B1 was downregulated. n = 3 

representing 3 independent lysates and all repeats are presented. 
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exhibited changes in the expression and/or localisation of cytoskeletal and 

cytoskeletal-associated proteins (e.g., E-cadherin and plectin). Additionally, the 

LINC complex is known to play a significant role in mechanosensation and thus this 

chapter also aimed to explore how components of the LINC complex were affected 

in keratinocytes following exposure to softer culture dishes. With this assumption 

that keratinocytes were physically changing their internal mechanics in response to 

surface stiffness came the final objective to ascertain whether the Young’s Modulus 

of the cells was altered in response to culture dish stiffness. 

4.5.1 HaCaTs exhibited some changes in cytoskeletal protein levels in 

response to softer culture dishes  

The first experiment carried out for this chapter was a western blot analysis of 

cytoskeletal components in HaCaTs. The cytoskeleton plays a significant role in 

mechanotransduction given the cell-spanning nature of the proteins that provide a 

direct link between the cell membrane and the nucleus. Cells use actin filaments and 

the associated myosin IIB protein to make small contractions at adhesion molecules 

that enable them to determine the level of resistance provided by binding partners 

(Moore, Roca-Cusachs and Sheetz, 2010; Yang et al., 2018). The role of microtubules 

in mechanosensing is less defined but evidence suggests that they facilitate the 

detection of cell-scale tension (Hamant et al., 2019) and regulate cytoskeletal stiffness 

and viscoelastic resistance (Coleman et al., 2021). The most prevalent intermediate 

filament type in keratinocytes are keratins, and keratin composition changes 

throughout the epidermal layers as the cells differentiate (Biggs et al., 2020). Crosstalk 

between keratins and the actin cytoskeleton plays a key part in mechanotransduction, 

with keratins reacting to mechanical strain by triggering the ROCK signalling 

pathway which prompts changes in actin organisation (Bordeleau et al., 2012).  

Western blot analysis showed that levels of tubulin did not appear to change in 

response to culture on BM hydrogels (Figure 4.1A). Though the western blot 

appeared to suggest a reduced amount of β-actin when cultured on softer substrates, 

densitometry analysis revealed that there was no statistically significant difference 

across the dishes (Figure 4.1). Similarly, the western blot of pankeratin seemed to 
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show a reduced intensity for all bands in HaCaTs on BM hydrogels, but this was not 

fully reflected in the densitometry analysis where some bands did not show a 

significant change (Figure 4.1). In chapter 3 we explored the debate regarding 

whether statistical significance is always reflective of biological relevance. This 

largely centres around the fact that it has been shown that the P-value and the actual 

probability of a null hypothesis being true are often not aligned with one another and 

this disparity only increases as the sample size becomes larger (Berger and Sellke, 

1987). Moreover, some would argue that the P-value is essentially an arbitrary value 

given that it can be made as small as one wants it to be by simply assuming the null 

hypothesis is actually false (the most likely scenario) and increasing the sample size 

(Johnson, 1999). This argument is further supported by the weight placed on the P-

value being equal to or less than 0.05; in a situation where an experiment produces a 

P-value of 0.06 then the result would be written off as insignificant, but in the world 

of biology there is no evidence that this result does not still have biological relevance.   

With this concept fresh in mind, it seems reckless to entirely disregard the apparent 

downregulation of β-actin and the highest keratin band (keratin 1/2) (Figure 4.1) 

given that the western blot shows a clear change in band intensity, and the 

densitometry graph shows distinct trends towards a lower level of protein in HaCaTs 

cultured on 8 and 4 kPa hydrogels. An additional consideration is that densitometry 

is not always an accurate measure of protein quantification. The western blots carried 

out on the HaCaT samples were copied onto film and scanned using a standard office 

scanner, which introduces the first potential pitfall; office scanners not only have a 

limited dynamic range, but they are programmed to achieve a factory set range of 

optical density outputs and therefore use an automatic gain control to alter the 

illumination and contrast of an image which could have implications on the band 

intensity that impacts the final analysis measurement (Gassmann et al., 2009). A 2019 

study into whether quantification of western blotting can be misleading observed 

that it cannot be assumed that optical density data directly correlates to protein 

abundance and linear proportionality should not be assumed (Butler et al., 2019). 

Additionally, using high abundance proteins such as GAPDH as a loading control 

can cause problems as even at very low sample loading the signal intensity may show 
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saturation which can compromise calculations when normalising target protein 

optical density data to the housekeeping protein (Butler et al., 2019; Murphy and 

Lamb, 2013).  Consequently, the western blot analyses discussed here should be 

viewed with a small measure of scepticism and used as a guide to recognise potential 

changes in protein level. However, to more accurately ascertain whether there is a 

linear change in protein level in response to culture on BM hydrogels, further work 

would need to be carried out using a more accurate experimental method such as 

mass spectrometry. 

The final point to discuss regarding the analysis seen in Figure 4.1 is the apparently 

statistically significant reduction in some of the pankeratin bands following culture 

of HaCaTs on 8 and 4 kPa hydrogels. The main problem with using a pankeratin 

antibody for this analysis was that it was not possible to definitively confirm which 

keratins were observed in the western blot, and thus bands were labelled based on 

which keratins are known to have a molecular weight similar to the bands observed. 

The band labelled as keratin 10 was observed to decrease slightly in HaCaTs cultured 

on 4 kPa hydrogels (Figure 4.1E) which contradicts observations made in HEKn 

(chapter 3) which suggested that softer culture substrates led to increased 

differentiation marker expression. However, given the lack of proof that this band is 

indeed keratin 10, this result does not cause too much concern. Moreover, the column 

and error bar on the graph is comparable to that of the keratin 1/2 column that was 

deemed not significant following densitometry analysis (Figure 4.1D), and thus we 

must reacknowledge the potential unreliability of densitometry quantification. For 

the final two bands, labelled keratin 13/14 (Figure 4.1F) and keratin 15 (Figure 4.1G), 

the difference between the TCP column and the BM hydrogel columns is more 

striking, and again these proteins were observed to decrease on softer culture dishes. 

Keratin 14 is a major keratin in the epidermal basal layer and is a key protein 

contributing towards the structural integrity of the epidermis (Moll, Divo and 

Langbein, 2008), whilst keratin 15 is a marker of epidermal stem cells and is found 

exclusively in the basal layer (Bose et al., 2013).  



162 

 

 If we assume that these bands were in fact keratin 14 and keratin 15, this result 

supports the previous evidence that softer substrates induce a shift away from a 

proliferative to a more differentiated phenotype. However, given that we cannot 

confirm which keratins are being captured in these analyses, we must conclude that, 

whilst the data show that culturing HaCaTs on softer substrates does have an impact 

on keratin levels, further analysis using specific keratin antibodies would need to be 

carried out in order to obtain the full picture. 

4.5.2 HaCaTs cultured on hydrogel-coated dishes exhibited reduced protein 

levels of core LINC complex components 

The next proteins investigated through western blotting in HaCaT samples were 

components of the LINC complex and associated proteins. The LINC complex is 

responsible for relaying mechanical information from the cytoskeleton to the nuclear 

Lamina, thus helping to regulate chromatin organisation in response to external 

mechanical cues (Cartwright and Karakesisoglou, 2014). In the epidermis, the LINC 

complex has been shown to play a role in controlling the shift towards terminal 

differentiation by relaying variable tension to the nuclear Lamina throughout the 

layers, and disruption of the LINC complex has been shown to result in precocious 

differentiation (Carley et al., 2020).  

Emerin is a NE protein that anchors microtubules and the nuclear Lamina to the outer 

and inner nuclear membrane respectively. The western blot showed that the bands 

for emerin decreased dramatically in intensity in HaCaTs cultured on BM dishes 

(Figure 4.2A), and densitometry analysis confirmed that this was statistically 

significant for cells cultured on 4 kPa dishes compared to TCP (Figure 4.2B). In 

response to force, emerin becomes tyrosine phosphorylated and regulates nuclear 

rigidity following increased tension incurred through adhesion (Guilluy et al., 2014). 

Given that external tension is lower for cells cultured on hydrogel-coated dishes, we 

could hypothesise that emerin levels were downregulated as a result of a reduced 

need for emerin’s role in regulating nuclear mechanics. However, the same study 

observed that a depletion in emerin actually increased nuclear rigidity (Guilluy et al., 

2014); the AFM analysis of HEKn cultured on 4 kPa BM will be discussed in depth 
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later (4.5.8), but it was observed that culturing cells on hydrogel-coated dishes 

reduced nuclear stiffness in comparison to those on TCP (Figure 4.24). Consequently, 

whilst it is known that emerin has a significant role to play in regulating nuclear 

mechanics in response to external tension, further investigation would need to be 

carried out in order to explain why protein levels may be reduced in HaCaTs cultured 

on softer dishes. Moreover, the problems raised in 4.5.1 regarding the reliability and 

accuracy of densitometry analysis can also be applied here, and thus a more 

comprehensive quantitative analysis of emerin protein levels would be desirable for 

future investigation.  

SUN1 and SUN2 make up one of the two protein domains that comprise the LINC 

complex, and bind nesprin proteins within the NE lumen, and the nuclear Lamina 

within the nucleus (Bouzid et al., 2019; Padmakumar et al., 2005). Western blot 

analysis of SUN1 and SUN2 in HaCaTs revealed that cells on softer dishes had 

reduced protein levels (Figure 4.2A) and this was found to be statistically significant 

following densitometry analysis (Figure 4.2C-D). Similarly, Lamin A/C and Lamin B1 

were also observed to decrease in HaCaTs on 8 and 4 kPa dishes (Figure 4.2A), and 

densitometry analysis revealed that this was statistically significant for cells on 4 kPa 

hydrogels compared to TCP (Figure 4.2E).  

The nuclear Lamina has been linked to the regulation of differentiation in the 

epidermis; at the basement membrane, engagement of integrins relays high tension 

to the nuclear Lamina, particularly Lamin A, and this in turn is associated with a 

more proliferative keratinocyte phenotype (Carley et al., 2020). A triple Lamin 

knockout mouse model (Lmna−/− Lmnb1Δ/Δ Lmnb2Δ/Δ) has been found to result in 

precocious epidermal differentiation (Jung et al., 2014). Moreover, in a 2013 study 

published by Swift et al. it was observed that Lamin A protein levels increased 30-

fold from soft to stiff tissues, with Lamin B1 also increasing though to a much lesser 

extent (Swift et al., 2013). Consequently, the reduction in Lamin A/C and Lamin B1 

protein levels observed in HaCaTs cultured on BM hydrogels can likely be attributed 

to the reduction in substrate stiffness which would relay less tension to the nuclear 

Lamina. In chapter 3 we explored whether culturing keratinocytes on soft hydrogels 
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promoted a shift from proliferation to differentiation, and though results were 

inconclusive, there was strong evidence to suggest that proliferative activity is 

reduced on softer substrates. The downregulation of nuclear Lamins witnessed in 

Figure 4.2 could potentially play a role in facilitating a shift towards a more 

differentiated phenotype as found in the epidermis. 

However, the downregulation of SUN1 and SUN2 proteins is less readily explained 

by the literature. Swift et al. reported that overexpressing SUN2 led to rounding of 

the nucleus and decreased Lamin A levels (Swift et al., 2013) which would correlate 

with the decrease in Lamin A and softening of the nucleus observed in this study but 

contradicts the reduction in SUN2 exhibited in Figure 4.2. However, in a separate 

study by Rapisarda et al., specific analysis of epidermal keratinocytes revealed that 

the transcription factor p63 regulates NE-associated gene expression (Rapisarda et 

al., 2017). It was reported that in p63-/- mice, the log fold change between the 

knockout and wildtype following microarray analysis was 0.44 for SUN1 and 0.24 for 

SUN2 (Rapisarda et al., 2017). In chapter 3 it was observed that expression of the p63 

gene was significantly downregulated in HEKn that had been cultured on 50, 8 and 

4 kPa hydrogels for 4 days in comparison to those on TCP. Consequently, the reduced 

SUN1 and SUN2 protein levels observed in HaCaTs cultured on BM dishes (Figure 

4.2) could be attributed to a potential shift away from a highly proliferative 

phenotype.  

Finally, as a closing remark regarding the HaCaT western blot analysis it is worth 

reiterating the caveats that stem from working with HaCaTs that were highlighted in 

section 3.1.5. The primary concern surrounding HaCaT culture is the requirement for 

additional FBS supplementation in the medium which induces a partially 

differentiated phenotype, making it difficult to fully explore the concept of epidermal 

homeostasis when assessing HaCaT data (Wilson, 2013). Moreover, the gene 

transcription profile of HaCaTs is well documented to be different to that of primary 

keratinocytes (Seo et al., 2012). Consequently, whilst the western blot data discussed 

here and in section 4.5.1 serve to highlight that BM hydrogels did have an impact on 
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cytoskeletal and LINC complex proteins, a more in-depth exploration of these 

proteins was reserved for the primary keratinocyte samples. 

4.5.3 Exploration of Hippo pathway protein levels met with complications 

As discussed in chapter 3, a key mechanosensitive pathway in the epidermis is the 

Hippo signalling pathway which relies on mechanical cues to steer keratinocytes 

towards either proliferation or differentiation (Rognoni and Walko, 2019). In chapter 

3 we observed that YAP1 localisation was altered in HEKn cultured on 4 kPa 

hydrogels (Figure 3.17), and the gene expression of several Hippo pathway 

components changed in response to a softer substrate (Figure 3.18). In this chapter 

we aimed to delve a little deeper into the Hippo pathway at a protein level, with the 

focus being on key effector YAP1 and the upstream regulator KIBRA, which was of 

additional interest due to its being previously observed to bind to the KASH domain 

of nesprin-2 (Karakesisoglou et al.). However, a number of technical problems and 

unexpected results meant that this avenue of investigation was set aside relatively 

early on in the project.  

The first problem encountered was finding YAP1 and KIBRA antibodies that would 

work for western blotting. Several YAP1 antibodies were tested including the one 

that provided promising immunofluorescence results in chapter 3, but they 

consistently provided either no signal or a band that was significantly heavier than 

the molecular weight of YAP1 (55 kDa). Assessment of YAP1 isoforms in the 

literature confirmed that none were the weight observed in the western blots 

produced (Figure 4.3). Similarly, the hypothesis that the band observed might be a 

protein dimer was ruled out as it was too light. It is well established that western 

blotting is a technique rife with errors that require troubleshooting, and bands 

appearing at a higher molecular weight than expected can be due to artifacts such as 

protein-protein interactions, antibody cross-reactivity, and post-translational 

modifications such as glycosylation (Bio-rad, 2021). Attempts at troubleshooting the 

problem did not yield any improvement and ultimately it was decided that the value 

of the result did not justify the time that would be required to obtain a working 

western blot, particularly when WaferGen data for the gene was available.  
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Following this decision, attention was shifted to KIBRA and western blot and 

immunofluorescence was carried out using a variety of antibodies. KIBRA has a 

predicted molecular weight of 125 kDa but western blot analysis of HaCaTs 

presented with no bands at all for the Abcam (ab107637) and Sigma-Aldrich 

(HPA038016) antibodies tested, and bands that were much too light using the Santa 

Cruz (SC-133374) antibody. In order to determine whether these bands represented 

non-specific artifacts or a genuine result, the blot was repeated using positive 

controls. KIBRA, as per its name, is highly expressed in kidney and brain tissue and 

so lysates for CD1 mouse brain and undifferentiated and differentiated mouse 

neuronal cell lines CAD and NSC-34 were run alongside HaCaTs (Figure 4.4). It was 

observed that in the differentiated cell lines, a band correlating to full length KIBRA 

was present, whilst further lighter bands correlating to isoform 4 and isoform 5 were 

also found. Isoform 5 was observed in the 100% confluent HaCaT sample but not the 

25% confluent sample. A lower band was witnessed in both HaCaT samples that did 

not correlate to any known KIBRA isoforms which raised questions regarding the 

validity of this band. Given that this band had not been observed in any previous 

KIBRA blots on HaCaT samples, and as it was absent in the positive control samples, 

it was deemed non-specific and subsequently ignored. 

However, the presence of a band correlating with the small KIBRA isoform in 

HaCaTs was a potentially exciting result. In a study by Kremerskothen et al., a 

Northern blot was used to assess the mRNA of KIBRA in multiple adult human 

tissues (not including skin), the results of which suggested that the expression of 

different KIBRA isoforms may be tissue dependent; heart was observed to possess a 

band for mRNA half the size of full-length KIBRA mRNA (Kremerskothen et al., 

2003). Consequently, this study supports the validity of the smaller KIBRA isoform 

witnessed in HaCaTs and suggests that potentially KIBRA plays an alternative role 

in keratinocytes than it does in other tissues.  

This hypothesis was further strengthened following immunofluorescence analysis of 

KIBRA in HEKn. In the same study previously referenced, Kremerskothen et al. used 

a Myc-KIBRA construct to analyse the expression and subcellular localization of 
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KIBRA in green monkey kidney cells (Kremerskothen et al., 2003). Professor 

Kremerskothen kindly donated a sample of this Myc-KIBRA construct to support this 

project and it was subsequently transfected into COS-7 cells, chosen due to their being 

derived from African green monkey kidney tissue thus making them an appropriate 

positive control. Immunofluorescence analysis of these transfected cells revealed that 

the Abcam and Santa Cruz antibodies were non-specific and therefore unsuitable for 

further analysis. However, the Sigma-Aldrich antibody (HPA038016) was observed 

to bind specifically to the Myc-KIBRA construct in COS-7 cells (Figure 4.5A) and this 

was therefore chosen for subsequent immunofluorescence analysis in HEKn.  

Localisation of Myc-KIBRA was observed to be diffuse throughout the cytoplasm in 

COS-7 cells with some stronger staining at the cell periphery, particularly in the 

processes extending out from the main cell body (Figure 4.5A). This is somewhat 

consistent with the literature where KIBRA has been reported to be found in the 

cytoplasm, more specifically co-localising with actin, tubulin, and at the lamellipodia 

of a cell’s leading edge (Duning et al., 2008). However, in HEKn the antibody was 

found to bind with high specificity to a localisation that appeared to correlate with 

the Golgi apparatus. A co-stain of anti-KIBRA and anti-GM130 (a component of the 

Golgi peripheral membrane) confirmed that in HEKn, KIBRA was found to be located 

in the Golgi. The literature has little information to explain this observation, with the 

majority of published studies focusing on brain and kidney tissue, or the role that 

KIBRA plays in regulating the Hippo pathway in epithelial cells. The combined 

results regarding KIBRA expression in HaCaTs and HEKn suggested that the role for 

KIBRA in the epidermis is potentially tissue specific and more complex than initially 

anticipated. Given the already broad scope of the planned project it was deemed too 

time consuming to pursue investigation into KIBRA any further. However, the 

implications of this initial work are exciting and certainly warrant further 

investigation in the future with a more specific project focus on the role of KIBRA in 

the epidermis and its potential relationship to nesprin-2 and the LINC complex as a 

whole. 
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4.5.4 HEKn cultured on softer substrates exhibited changes in cytoskeletal 

and cytoskeletal associated protein levels and organisation 

Once it had been ascertained that HaCaTs exhibited some changes in 

mechanosensitive protein levels, the investigation switched focus to HEKn which 

were the cells of primary interest for this project. As with the HaCaTs, experiments 

began with western blot analysis of HEKn lysates taken from cells cultured on TCP 

and BM hydrogel-coated dishes (50, 8 and 4 kPa). Levels of β-actin were observed to 

decrease slightly on softer substrates, particularly in HEKn cultured on 4 kPa 

hydrogels (Figure 4.6A) and this was observed to be statistically significant (Figure 

4.6B). Additional blots were carried out on tubulin and E-cadherin but neither of 

these were observed to change levels in response to substrate stiffness (Figure 4.6A, 

C D). Whilst in HaCaTs the downregulation of β-actin was not observed to be 

significant (Figure 4.1B), there was a trend towards reduced protein levels on softer 

substrates that was noticeable in the blot itself. Consequently, both the HaCaT and 

HEKn results suggested that keratinocytes reduced their actin levels in response to a 

softer substrate.  

Whilst there is little information in the literature regarding actin downregulation in 

response to ECM stiffness, it is well established that ECM mechanics influence actin 

organisation. This is largely due to the different adhesion that takes place; on rigid 

surfaces cells are spread out and possess large focal adhesions that tend to be 

uniformly orientated, whilst on soft substrates cells are rounder and possess 

numerous radially orientated adhesions that are much smaller (Prager-Khoutorsky 

et al., 2011). Given that the actin skeleton is bound to focal adhesion molecules, it is 

logical that changes in adhesion distribution and size would impact the organisation 

of the actin cytoskeleton. In a study by Gupta et al., it was observed that rat 

embryonic fibroblasts cultured on soft substrates (9 nM µm-1) did not form bundles 

of actin stress fibres and had more fluid like rheological properties. However, on a 

stiff substrate (85 nM µm-1) well developed stress fibres were observed which 

increased overall matrix stiffness and altered the rheology of the actin cytoskeleton 

to a more solid state (Gupta et al., 2015).  
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In keratinocytes, actin reorganisation is associated with a shift towards terminal 

differentiation, which in the epidermis also correlates to a migration of cells away 

from the stiff basement membrane into a less rigid mechanical environment (Biggs et 

al., 2020). Epidermal stem cells cultured in vitro are found to exhibit short actin 

bundles located radially, whilst keratinocytes that have undergone terminal 

differentiation present with a well-developed circumferential actin network (Nanba 

et al., 2013). Immunofluorescence analysis of F-actin in HEKn cultured on glass and 

4 kPa coverslips revealed a difference in actin organisation, with those on glass 

exhibiting noticeably more stress fibre-like bundles in comparison to those on 4 kPa 

hydrogels (Figure 4.7A). Quantification of this confirmed that significantly more 

HEKn on glass exhibited basal stress fibre structures which correlated with the 

available literature (Figure 4.7B). This change in actin organisation could also explain 

the reduced protein levels observed (Figure 4.6), as HEKn cultured on 4 kPa 

hydrogel-coated coverslips were not assembling stress fibres and therefore were 

unlikely to undergo as much actin polymerisation as those on glass. 

Whilst tubulin did not appear to change in terms of protein level, 

immunofluorescence analysis was carried out to assess for changes in localisation in 

response to substrate stiffness. However, assessment of the cells following tubulin 

staining did not reveal any significant differences in microtubule morphology (Figure 

4.8). As discussed in the introduction to this chapter, microtubules are not viewed as 

the most significant part of a cell’s mechanosensing machinery and the mechanism 

by which microtubules facilitate mechanotransduction is still not fully understood. 

Additionally, microtubule reorganisation in the epidermis is strongly linked to 

keratinocyte differentiation but not necessarily to mechanical changes in the different 

layers. Whilst chapter 3 explored the idea that HEKn may begin to differentiate 

following culture on 4 kPa hydrogels, results were far from conclusive and certainly 

did not suggest terminal differentiation. Therefore, given that we do not fully 

understand the relationship between substrate stiffness and microtubule 

organisation it could be that differentiation rather than ECM stiffness is the biggest 

driver of microtubule reorganisation in vivo. 
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Plectin is a large protein that connects intermediate filaments to microtubules, and 

anchors intermediate filaments to hemidesmosomes and desmosomes which is 

essential for firm basal layer attachment (Castañón et al., 2013). Immunofluorescence 

analysis of plectin in HEKn cultured on glass and 4 kPa coverslips revealed that those 

on softer coverslips presented with strong perinuclear plectin staining that was much 

less apparent on glass (Figure 4.9A). Quantification of this observation confirmed that 

perinuclear plectin was significantly more prevalent in HEKn cultured on 4 kPa 

coverslips (Figure 4.9B). Plectin has been shown to play a role in regulating nuclear 

morphology in keratinocytes (Almeida et al., 2015), and protects against nuclear 

deformation by binding keratin 14 to form a perinuclear network which limits 

nuclear movement (Bouameur et al., 2014; Castañón et al., 2013).  

As will be further discussed later in this chapter, the osmotic shock assay (Figure 4.23) 

and AFM analysis (Figure 4.24) of HEKn cultured on TCP versus 4 kPa dishes 

suggested that the nuclei of cells on BM hydrogel-coated dishes were significantly 

softer and more vulnerable to deformation. HEKn cultured on softer substrates were 

observed to have greater colony density (Figure 3.11) which suggested tighter cell-

cell interactions and better epithelial sheet formation. Whilst there do not appear to 

be any published studies discussing a direct relationship between colony density in 

keratinocytes and mechanical pressure on nuclei, there is reported evidence that 

monolayer polarisation gradients induce mechanical stress within cells during 

epithelial expansion (Banerjee, Utuje and Marchetti, 2015). As a result, it is possible 

that the perinuclear plectin observed in HEKn on 4 kPa coverslips may be attributed 

to increased mechanical stress transmitted through cell-cell adhesion molecules and 

a resulting need for recruitment of a stable keratin network to protect the nucleus. 

However, this theory contradicts the lower Young’s Modulus readings taken from 

above the nucleus during the AFM analysis, and thus further investigation into 

keratin localisation would be required in order to explore this hypothesis. A final 

consideration here is that the perinuclear plectin may not have been a result of a 

change in protein localisation at all, but rather reflected the unmasking of an epitope 

as a result of cytoskeletal reorganisation. Epitope masking as a result of cross-linking 

between adjacent proteins is a common methodological problem that arises during 



171 

 

the fixation step when formaldehyde is used (Scalia et al., 2016). Given the changes 

to actin organisation and keratin expression observed in HEKn on soft dishes, it is 

clear that significant changes were occurring to the cytoskeleton in response to a 

softer mechanical environment. As such, it is possible that on the glass coverslips 

keratins may have been crosslinked to perinuclear plectin, thus preventing the plectin 

antibody from binding to the epitope. However, upon moving to the softer 

coverslips, changes to keratin expression may have resulted in the epitope being 

unmasked and thus perinuclear plectin appearing in immunofluorescence images. In 

order to rule out epitope masking, it would be necessary to repeat the 

immunofluorescence using alternative fixatives such as methanol or acetone to limit 

the possibility of protein cross-linking.  

The final protein assessed via immunofluorescence for this section was E-cadherin, 

the adhesion molecule that plays a vital role in epidermal barrier formation. As 

referenced above, HEKn cultured on softer dishes were observed to have increased 

colony density (Figure 3.11) which could not be attributed to increased levels of E-

cadherin protein (Figure 4.6D) but was hypothesised to be associated with a change 

in E-cadherin localisation. This was confirmed through immunofluorescence analysis 

which revealed that HEKn cultured on glass coverslips presented with large amounts 

of punctate E-cadherin staining, whilst those on 4 kPa coverslips exhibited more 

linear localisation along the membranes of adjacent cells (Figure 4.10A). 

Quantification of this staining confirmed that significantly more HEKn on 4 kPa 

coverslips exhibited linear staining than those on glass (Figure 4.10B). It appeared 

that HEKn cultured on glass coverslips were beginning to form trans-cadherin 

interactions, whilst those on 4 kPa coverslips were more closely bound to 

neighbouring cells, thus explaining the increased colony density on softer substrates. 

Moreover, E-cadherin-α/β-catenin complexes at adherens junctions are bound to 

actin filaments (Kobielak and Fuchs, 2004), and thus this increased concentration of 

E-cadherin at the extreme cell periphery may be associated with the increased cortical 

localisation of F-actin observed in HEKn on 4 kPa coverslips (Figure 4.7A). 

Additionally, the tighter cell-cell connections observed on hydrogels further supports 
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the hypothesis that the perinuclear plectin (Figure 4.9) is a protective mechanism 

against increased mechanical stress as a result of a more developed cell monolayer. 

In addition to more linear staining, the final observation made from the E-cadherin 

immunofluorescence analysis was that HEKn on 4 kPa coverslips exhibited a large 

amount of perinuclear localisation that was strikingly almost entirely absent from 

those on glass (Figure 4.11). There is little information in the literature to explain this 

observation, with perinuclear or nuclear E-cadherin staining largely being associated 

with numerous neoplasms (Lobo et al., 2019). However, a recent study into the effects 

of mechanical strain on epithelial cell monolayers observed a similar E-cadherin 

staining pattern in Caco2 cells but only in response to 5% strain (Daulagala et al., 

2020). This contradicts the results of this project as one would expect the level of strain 

HEKn experienced on 4 kPa coverslips to be less than they would on glass. A much 

older study reported perinuclear E-cadherin staining co-localising with Ras-

associated protein-1 (Rap1) (Balzac et al., 2005), a small GTPase involved in a number 

of signalling pathways including those regulating proliferation and cytoskeletal 

dynamics (Yi-Lei Zhang et al., 2016). The study reported that Rap1 plays a critical 

role in the formation of integrin-based adhesive structures, with internalisation of E-

cadherin by endocytosis triggering Rap1 activation in a process recognised to be 

necessary for integrin adhesion molecule assembly (Balzac et al., 2005). Whilst these 

results are interesting, they again contradict the observations made in this project as 

numerous results suggest that culturing HEKn on softer substrates moves them away 

from a proliferative basal cell phenotype and thus one would expect integrin 

expression to be downregulated as was observed in Figure 3.21.  

With a deficit of supporting literature, there is clearly no biological answer readily 

available for the observed perinuclear E-cadherin staining in HEKn on 4 kPa 

coverslips. This therefore raises the question as to whether it may be the consequence 

of technical issues with the immunofluorescence technique rather than an actual 

result. As discussed for plectin, this phenomenon could be linked to epitope masking 

on glass coverslips which was lost following reorganisation of cytoskeletal 

components in response to the softer mechanical environment of the BM coverslips. 
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However, given the unlikelihood of any E-cadherin being localised to the perinuclear 

region in keratinocytes, shown by the absence of supportive literature, epitope 

masking also does not seem to explain this observation. Instead, it is possible that the 

staining is the result of non-specific antibody binding, either to alternative E-cadherin 

isoforms or degradation products, or to alternative cadherins. The immunogen used 

to generate the antibody utilised in this study is proprietary to the company meaning 

it is not possible to cross-check the epitope with all E-cadherin isoforms and other 

cadherins. In order to rule out non-specific staining, it would be necessary to repeat 

the immunofluorescence with an alternative E-cadherin antibody, ideally one for 

which the epitope has been mapped. 

4.5.5 HEKn cultured on BM hydrogels exhibited gene expression changes in 

cytoskeletal and cytoskeletal-associated proteins 

Following on from the protein analysis, which made it clear that softer culture 

substrates had an impact on the cytoskeleton and associated proteins, the next step 

was to investigate further at a gene expression level. This was done though the 

WaferGen analysis first discussed in chapter 3 and offered the opportunity for a more 

in-depth assessment of how HEKn responded to culture on hydrogel-coated dishes. 

Western blot analysis of β-actin had revealed a decrease in protein levels on softer 

dishes (Figure 4.6), and immunofluorescence showed that HEKn on 4 kPa dishes had 

significantly fewer basal stress fibres than those on TCP (Figure 4.7). WaferGen 

analysis revealed a clear trend towards downregulation of ACTB across all 4 days 

after cells were seeded on a softer dish, with some statistically significant changes 

noted on days 1 and 4 (Figure 4.12A). Additionally, the VCL gene which encodes 

vinculin, which helps to anchor actin filaments to the cell membrane via cell adhesion 

molecules (Martino et al., 2018), was observed to be significantly downregulated on 

softer dishes from 2 days after seeding (Figure 4.12B). CDC42 which encodes the key 

actin regulator Cdc42 showed less conclusive expression changes, appearing to 

fluctuate between upregulation and downregulation across the days following 

seeding (Figure 4.12C).  
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This trend towards downregulation in β-actin expression fits with the observed 

changes in protein levels and could be due to the fact that HEKn cultured on softer 

substrates do not have such a high demand for actin polymerisation due to reduced 

stress fibre formation. Additionally, the striking amount of vinculin downregulation 

observed could be linked to the fact that HEKn cultured on BM dishes move away 

from a basal cell phenotype and exhibit a downregulation in integrin expression 

(Figure 3.21). As vinculin anchors actin to both integrins and E-cadherin, this 

downregulation in focal adhesions would logically reduce the amount of vinculin 

required by the cell. Moreover, the shift towards cortical actin organisation (Figure 

4.7) and more liner E-cadherin staining (Figure 4.10) suggests a reorganisation of 

adherens junctions that may have an impact on vinculin expression. However, the 

changes observed in E-cadherin require further investigation, and thus these changes 

to vinculin would also benefit from a better understanding of how adhesion 

molecules are changing in HEKn cultured on softer substrates. In addition, the 

changes in CDC42 expression provided no clear picture as to how BM dishes affected 

its expression. However, given its connection to actin dynamics, cell adhesion and 

filopodia formation (Kühn et al., 2015), it would be interesting to carry out further 

investigation using HEKn that have been exposed to a softer substrate beyond the 4 

days captured in this experiment to see whether a clearer pattern emerged. 

The next set of genes investigated were TUBB (tubulin), PLEC (plectin) and KIF5B 

(kinesin-1 heavy chain). Tubulin did not present with any clear changes at a protein 

level but was significantly downregulated in HEKn on softer dishes from as early as 

1 day after seeding (Figure 4.13A). The role of microtubules in mechanosensation is 

not fully understood, though evidence suggests that they may control cytoskeletal 

stiffness in response to external mechanics through a currently unknown mechanism 

(Kerr et al., 2015; Robison et al., 2016; Coleman et al., 2021). Consequently, this 

downregulation could be a result of reduced strain on the cells cultured on BM 

hydrogels and thus a lower requirement for microtubules to provide viscoelastic 

resistance. Moreover, in chapter 3 it was shown that HEKn on softer dishes have 

reduced proliferative activity and therefore the reduced tubulin expression could be 

a result of a lower rate of cell division. Whilst an interesting result, this observation 
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requires further investigation to better understand what is taking place, in particular 

whether the downregulation at a gene level is reflected at a protein level in HEKn 

cultured on BM hydrogels for longer than 4 days. 

In contrast to TUBB, the PLEC and KIF5B genes showed less definitive changes in 

response to softer substrates. Plectin was observed to trend towards downregulation 

on days 2 and 3 after seeding then increased on day 4 though with no statistical 

significance throughout (Figure 4.13B). KIF5B showed a trend towards 

downregulation on days 1 to 3, again not significant, then was upregulated on day 4 

which was statistically significant for HEKn on 4 kPa hydrogels (Figure 4.13C). We 

previously discussed the hypothesis that the perinuclear plectin observed in HEKn 

on 4 kPa dishes could be due to the increased external pressure caused by denser 

colonies and thus a requirement for greater nuclear protection. Following on from 

this it could be proposed that the initial downregulation in plectin was due to the 

early reduction in strain that cells presumably encounter when transitioning from a 

stiff to a soft substrate. However, by day 4 colonies were well developed and thus the 

increased mechanical pressure of neighbouring cells may have driven an increase in 

plectin expression. In order to fully understand the changes to plectin in response to 

substrate stiffness, significant further investigation would be required. Kinesin-1 

heavy chain connects nesprin-2 to microtubules and is important for nuclear 

migration and polarity (Zhu, Antoku and Gundersen, 2017). The trend towards 

downregulation in gene expression may be linked to the significant downregulation 

of tubulin, however it is difficult to hypothesise from such small non-significant 

changes in gene expression. Additionally, this result could be better supported with 

the addition of some cell migration analysis, and thus future work would benefit 

from exploring this aspect of cell behaviour in response to softer substrates. 

The final batch of proteins assessed through WaferGen for this section of the project 

were CDH1 (E-cadherin), CTNNA1 (α-catenin), and PTK2 (focal adhesion kinase) 

which all play a critical role in cell adhesion. All three genes were observed to show 

a general trend towards downregulation on softer dishes with some statistically 

significant changes (Figure 4.14). Whilst the downregulation of E-cadherin seemed to 
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contradict the denser colonies observed in HEKn on BM hydrogels and is not 

reflected at a protein level (Figure 4.7), it could potentially be explained by the 

transition from punctate to linear staining seen on 4 kPa substrates (Figure 4.10). 

When cells are forming a colony, it makes sense for them to upregulate expression of 

adhesion molecules in order to increase the chance of connecting with adjacent cells. 

However, in HEKn on 4 kPa coverslips, it was observed that adjacent cells had 

formed clear linear connections that spanned their neighbouring cell membrane 

regions (Figure 4.10). Consequently, the need to form new adherens junctions would 

be reduced compared to cells on glass coverslips which were actively searching for 

cell-cell connections. Moreover, this reduction in E-cadherin expression correlates 

with the downregulation of vinculin also observed on softer substrates (Figure 4.12B). 

This hypothesis would also explain the reduction in CTNNA1 expression as α-catenin 

binds cadherins at adherens junctions.  

Focal adhesion kinase is a tyrosine kinase concentrated at focal adhesions that 

transmits signals regulating focal adhesion and adherens junction formation amongst 

many other roles (Kleinschmidt and Schlaepfer, 2017). It has already been discussed 

that HEKn on BM dishes exhibit downregulation of integrins, and assuming the 

hypothesis regarding the reduced need for adhesion molecule expression in dense 

colonies is true, it makes sense that PTK2 is also downregulated once dense colonies 

have been established. It is well established that FAK has a key mechanosensory role 

in cells, and it has been shown to mediate cell response to subject rigidity by 

modulating YAP1 activation (Lachowski et al., 2018). As a result, it is likely that the 

effects of substrate stiffness on adhesion molecule and FAK expression is much more 

complicated than discussed here. This avenue of investigation would benefit from 

further experiments, ideally exploring these molecules at a protein level and over a 

longer period of substrate exposure. 

To conclude, the WaferGen analysis of cytoskeletal and adhesion proteins in HEKn 

on BM hydrogels provided some exciting initial results that suggested some striking 

changes to gene expression in response to a softer substrate. As discussed in chapter 

3, it is important to view WaferGen data in the context that RNA expression is a 
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notoriously poor representation of what is happening within the cell at a protein level 

(Maier, Güell and Serrano, 2009). This is largely due to the limitations in the 

information that transcriptomics analysis can access, and post-translational 

modifications, protein-abundance differences, and time-dependent expression 

patterns are not represented by RNA levels (Wilhelm et al., 2014). Consequently, 

whilst the data viewed here are promising, they should be viewed as a way of 

narrowing down key genes of interest for further investigation rather than as a 

conclusive insight into the molecular response to substrate stiffness.   

4.5.6 HEKn exhibited reduced protein levels of core LINC complex and 

LINC associated proteins in response to softer substrates 

Initial western blot analyses using HaCaTs revealed that some core components of 

the LINC complex were reduced in response to culture on a softer substrate (Figure 

4.2). In HEKn this investigation was repeated in greater depth with the inclusion of 

nesprin proteins. Western blot analysis of HEKn cultured on TCP, 50 kPa, 8 kPa and 

4 kPa dishes revealed that there was a significant reduction in Lamin A/C and Lamin 

B1 protein levels on the BM hydrogel substrates (Figure 4.15A-D). In contrast, whilst 

emerin and SUN1 appeared to decrease in the blots (Figure 4.15A), densitometry 

analysis revealed that there was no statistically significant difference in relative 

expression when normalised to TCP (Figure 4.15E-F). SUN2 was not observed to 

change in either the blot or the densitometry analysis (Figure 4.15G).  

The antibodies used for nesprin-1 and nesprin-2 detected multiple isoforms of the 

proteins which made assessment of the expression levels slightly more difficult. 

Densitometry analysis was performed on the most prominent bands or on bands 

where it was difficult to discern a change in band intensity by eye. Nesprin-1 was 

observed to exhibit statistically significant reductions in relative expression 

normalised to TCP for all isoforms assessed using densitometry (Figure 4.16). In 

contrast, nesprin-2 appeared to show reduced expression in a number of the higher 

bands in the western blot (Figure 4.17A), but densitometry analysis determined that 

there were no statistically significant changes for any of the bands except for band 6 

(Figure 4.17G).   
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In section 4.5.2 the potential reasons for reduction in Lamin proteins in HaCaTs on 

BM hydrogels was discussed, and the results observed in primary keratinocytes 

further consolidate that Lamin protein levels appear to decrease in response to softer 

substrates. To briefly reiterate the points made in 4.5.2, reduction in Lamin proteins 

has been linked to keratinocyte differentiation (Jung et al., 2014) and higher levels of 

Lamins is associated with a stiffer tissue environment (Swift et al., 2013). 

Additionally, in the absence of p63, LMNB1 and LMNA genes have been shown to be 

significantly downregulated (Rapisarda et al., 2017). Rapisarda et al. presented real-

time PCR data from p63−/− primary mouse keratinocytes normalised to the control; 

relative expression of LMNA in the knockout was approximately 0.60, whilst for 

LMNB1 it was approximately 0.40 (Rapisarda et al., 2017). Consequently, the chosen 

hypothesis for the reduced Lamin levels observed in western blot analysis was that 

HEKn cultured on softer hydrogels exhibit a downregulation in p63 expression as 

they move away from a basal cell proliferative phenotype towards a more 

differentiated phenotype, and this triggers a reduction in Lamin A/C and Lamin B1 

expression. 

However, unlike HaCaTs, HEKn exhibited no statistical change in emerin, or SUN1 

or SUN2 levels when cultured on BM dishes. In section 4.5.2, it was observed that the 

apparent reduction in emerin levels in HaCaTs seemed to contradict the available 

literature which suggested that downregulation of emerin is linked to increased 

nuclear rigidity which was not witnessed in this study (Guilluy et al., 2014). 

Additionally, whilst downregulation of SUN1 and SUN2 is also associated with a lack 

of p63 (Rapisarda et al., 2017), again it was difficult to fully reconcile a reduction in 

SUN1 and SUN2 in HaCaTs with the available literature. Nonetheless, further 

western blot repeats performed by other members of the laboratory group did reveal 

a statistically significant decrease in SUN1 expression in response to softer substrates 

(Hunter-Featherstone et al., 2021). Consequently, this analysis would benefit from 

further investigation by future parties, ideally using fresh lysate samples, to exclude 

any artifacts caused by personal error or variability in technique.  
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Whilst nesprin-1 was observed to strikingly decrease in response to softer substrates, 

nesprin-2 was shown to have no statistically significant decreases in intensity for 

most bands despite the blot appearing to show otherwise. Moreover, repeats 

performed by others in the group again revealed that some bands were in fact 

statistically reduced in the BM hydrogel samples (Hunter-Featherstone et al., 2021). 

The likely cause of the variability for the nesprin-2 densitometry analysis is that the 

nesprin-2 antibody used produces a lot of background in each lane caused by the 

sample passing through the gel. Whilst this is not as obvious following lower 

development times, developing the blot for a shorter period runs the risk of losing 

bands that take a little longer to show up. Consequently, if densitometry is performed 

on blots that have had a long exposure time to capture all of the bands, the 

background within each lane will interfere with the densitometry analysis, as was 

likely the case in the analyses presented in Figure 4.17. However, if a low exposure 

time image is used with minimal background, then the densitometry analysis will 

likely be more accurately representative of the bands, but this comes with the caveat 

of completely losing less strongly expressed bands that would have appeared 

following longer exposure. Consequently, densitometry analysis cannot be relied 

upon to accurately provide quantification of relative protein expression and should 

rather be used as a guide to select proteins that would warrant more in-depth analysis 

using more accurate methods. 

With this in mind, we might propose that nesprin-2 may in fact show decreased 

protein levels for numerous isoforms in HEKn cultured on softer substrates. If this is 

the case, the downregulation observed in nesprins and SUN1, but lack of change 

observed in SUN2 and emerin, could be due to the fact that molecular changes in the 

LINC complex are more pronounced at the outer nuclear membrane following 

relatively short exposure (i.e., 4 days) to the soft BM hydrogels. The changes in 

nesprin-1 and nesprin-2 levels varied depending on the isoform, and it was noted 

that those with actin-binding domains, including the full-length giants, were 

downregulated. Whether this downregulation was a response to or a facilitator of the 

actin reorganisation and downregulation observed in HEKn on BM dishes is not 

known. However, it is well established that nesprins define the perinuclear 



180 

 

cytoskeleton in keratinocytes (Schneider et al., 2010). In order to obtain more detailed 

mechanistic insights into how the LINC complex and cytoskeleton interplay on 

different substrate stiffnesses, a systematic and thorough proteome analysis would 

be required. The most significant question raised by the protein changes observed in 

HEKn is which molecular adaptations happen first? With so many proteins known 

to be interconnected and mechanosensory, the analyses discussed here provide only 

a surface investigation into the complexity of the cellular response to external 

mechanics.  

4.5.7 HEKn cultured on BM hydrogels exhibited gene expression changes in 

NE proteins 

As with the cytoskeletal proteins, once protein levels of LINC and LINC-associated 

proteins had been investigated the next step was to assess what was happening to the 

gene expression of these proteins. It was noted that the WaferGen results largely 

aligned with the western blot data, suggesting that for LINC proteins the 

transcriptomic information was translated to the protein level. EMD (emerin) was 

observed to fluctuate between downregulation and upregulation with no statistical 

significance (Figure 4.18) which was similar to the inconclusive change in protein 

levels. Lamin expression also matched with the western blot data; LMNA trended 

towards upregulation on the first day but was observed to be statistically 

downregulated in HEKn on 4 kPa BM hydrogels, whilst LMNB1 was strikingly 

downregulated with statistical significance across the majority of dishes at each 

timepoint (Figure 4.19). SUN1 and SUN2 were both observed to show fluctuating 

trends in expression across the dishes and days, ending on a trend towards 

downregulation at day 4 that was not statistically significant (Figure 4.20). The 

nesprin data were a little harder to align to the western blot analyses as they did not 

show the individual isoform information. However, SYNE1 was significantly 

downregulated in response to softer substrates which correlates to the majority of 

protein bands (Figure 4.21A), and SYNE2 was significantly downregulated on day 1 

but became significantly upregulated by day 4 after seeding (Figure 4.21B). The 
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WaferGen analysis also included nesprin-3 which was observed to be significantly 

downregulated on softer substrates (Figure 4.21C).  

The fact that both emerin and the SUN-domain proteins did not show significant 

changes in either protein levels or RNA levels suggests that they did not change in 

response to substrate stiffness. However, there are caveats to using densitometry 

analysis as highlighted in 4.5.6 and the trend towards downregulation may still be 

biologically significant, thus further investigation into these proteins should not be 

ruled out, particularly over a longer culture period. In contrast, the striking changes 

observed in both the protein and RNA levels of Lamin A/C and Lamin B1 strongly 

suggest that softer substrates induce a downregulation in Lamins in keratinocytes 

(the hypotheses for this are discussed in 4.5.6). As mentioned previously, the 

WaferGen analysis of nesprins lacks information on which isoforms are being 

represented by the data as it is not known whether the target sequence is present in 

all isoforms; these data could represent the entire RNA content transcribed from the 

gene, or just a small proportion. As a result, these data provide clear evidence that 

nesprin expression is affected by substrate stiffness, but further study looking at more 

specific transcriptomic information would be needed to conclude which isoforms are 

changing and hypothesise how this might fit into the broader picture.  

Whilst the main focus of the research for this chapter was on known mechanosensory 

proteins, it was also considered that investigating additional NE proteins not 

typically associated with mechanosensation, might provide a broader picture of what 

was happening at the nuclear membrane. With this in mind, additional WaferGen 

analysis was carried out focusing on the change in expression of NPC proteins which 

were chosen because they were considered suitable “controls” of NE protein 

expression. However, recent studies have highlighted the role of NPCs in 

mechanotransduction, even going so far as to suggest that they are as important as 

nuclear lamina and chromatin in translating stimuli transmitted by SUN proteins into 

cell fate decisions (Donnaloja et al., 2019; Kassianidou, Kalita and Lim, 2019; Maurer 

and Lammerding, 2019).  
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NUP62 was observed to be downregulated from day 2 onwards which was 

statistically significant in 4 kPa samples (Figure 4.22A). NUP62 has a role in mitotic 

cell cycle progression, regulating centrosome segregation, centriole maturation and 

spindle orientation (Hashizume et al., 2013), thus it is not surprising it was 

downregulated given that HEKn cultured on BM hydrogels were observed to exhibit 

reduced proliferation. NUP107 plays a role in NPC assembly and exporting mRNA 

from the nucleus (Shi et al., 2020), and was found to be significantly downregulated 

on days 1 and 3 after seeding before returning to similar levels of expression as TCP 

on day 4 (Figure 4.22B). NUP153 was an interesting protein to examine as it binds 

SUN-domain proteins, and the gene was observed to be significantly downregulated 

across the entire culture period in HEKn on 4 kPa hydrogels (Figure 4.22C).  RANBP2 

encodes NUP358 which plays a critical role in the shuttling of proteins between the 

nucleus and the cytoplasm (Wälde et al., 2011). The majority of samples did not seem 

to show much change in expression, though there was a trend towards upregulation 

on day 4 that was statistically significant for the 4 kPa sample (Figure 4.22D). Finally, 

the WaferGen analysis provided data on the expression of NDC1 which assists with 

the de novo assembly of NPCs and their insertion into the NE (Mansfeld et al., 2006). 

From day 2 onwards, expression of NDC1 was seen to trend towards downregulation 

which was significant for a couple of samples (Figure 4.22E).  

Whilst there is currently no evidence in the literature that directly connects 

mechanical stimuli with NPC activation, there have been numerous studies that have 

shown a link between cell stretch and changes in the shuttling of molecules between 

the cytoplasm and the nucleus (Donnaloja et al., 2019). Of particular interest is the 

role that NPCs have been shown to play in facilitating the selective transport of 

mechanosensitive transcription factors into the nucleus. In chapter 3 we explored the 

Hippo pathway, focusing particularly on YAP1 which was shown to have a greater 

nuclear localisation in HEKn cultured on glass coverslips than those on 4 kPa 

hydrogels (Figure 3.17). It is still debated whether force is the primary effector of YAP 

nuclear import, but it has been shown that applying direct force to the nucleus via 

AFM results in YAP translocating to the nucleus within minutes (Elosegui-Artola et 

al., 2017; Kassianidou, Kalita and Lim, 2019).  When nuclei are stretched, for example 
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when cells are cultured on a 2D TCP surface, NPCs within the NE take on a more 

open confirmation which actively promotes the nuclear import of YAP. However, 

this does not appear to be caused by the opening of NPCs alone, as osmotic swelling 

does not trigger YAP import, thus suggesting that the opening of NPCs to promote 

mechanosensitive transcription factor transport is mechanically controlled, likely by 

LINC complex proteins (Elosegui-Artola et al., 2017; Enyedi and Niethammer, 2017).  

It is clear that NPCs do have a role to play in mechanotransduction, but there is a 

long way to go before we are able to fully understand the mechanisms behind cell 

responses to mechanical cues. Additionally, there is little in the literature related to 

NPCs and mechanosensing that could explain why the WaferGen analysis performed 

in this study demonstrated gene expression changes of core NPC components. 

However, it is well established that different tissues possess different compositions 

of NPCs, and a 2012 study reported that changes to this composition regulated 

myogenic and neuronal differentiation (D’Angelo et al., 2012). Terminal 

differentiation in keratinocytes marks an exit from the cell cycle and ultimately the 

degradation and loss of the entire nucleus and therefore the nucleus undergoes 

marked structural changes as cells migrate away from the basement membrane to the 

cornified layer (Gdula et al., 2013). In chapter 3, evidence was presented that 

culturing HEKn on softer substrates caused a shift away from proliferation towards 

a more differentiated phenotype as shown by upregulation of some differentiation 

markers. Consequently, the changes in expression of the NPC proteins seen here 

could be due to a compositional change linked to differentiation rather than a direct 

effect of altered external mechanics. However, given the complexity of nuclear 

mechanotransduction it would be interesting to investigate this further, perhaps 

using fibroblasts which are not subject to differentiation and therefore would more 

directly demonstrate what changes are linked to mechanical cues. 

4.5.8 HEKn tuned their nuclear and cytoplasmic stiffness based on the 

rigidity of their culture dish  

In the introduction to this chapter, it was highlighted that microtubules could play a 

role in tuning cellular mechanics in response to external forces by regulating 
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cytoskeletal stiffness and viscoelastic resistance (Kerr et al., 2015; Robison et al., 2016; 

Coleman et al., 2021). Additionally, it is well documented in the literature that AFM 

analysis of numerous different cell types has shown them to alter their stiffness to 

match their culture surface when transitioned to a softer environment like the 

hydrogels used in this study (Liu, Sun and Simmons, 2013; Rianna and Radmacher, 

2017; Solon et al., 2007). Consequently, the next step in the investigation for this 

chapter was to see whether the changes observed in cytoskeletal and nuclear protein 

expression translated to a change in the physical stiffness of HEKn.  

It was decided that an osmotic shock assay was an appropriate first test of nuclear 

stiffness and would provide guidance on whether the more time-consuming and 

technical AFM analysis was necessary. HEKn were primed for 4 days on glass and 4 

kPa coverslips before osmotic shock was induced using a high sucrose concentration, 

and cells were stained for Lamin B1 to highlight the NE. The number of folds in the 

NE were observed to be higher in HEKn cultured on 4 kPa coverslips (Figure 4.23), 

suggesting that these nuclei were softer than those on glass as they were less able to 

resist the mechanical stress induced by osmotic shock. As a result, it was concluded 

that AFM analysis would be appropriate and enable a more quantifiable analysis of 

any stiffness changes induced by culturing HEKn on softer substrates. 

HEKn were again primed for 4 days, this time on TCP and 4 kPa dishes, before being 

moved to smaller TCP dishes and allowed to adhere overnight. AFM analysis was 

performed the next day and HEKn primed on 4 kPa dishes were found to exhibit 

significantly softer nuclear and cytoplasmic compartments than those primed on TCP 

(Figure 4.24). In 2020, a Nature Materials paper reported that cortical cell stiffness is 

independent of substrate mechanics; the study criticised AFM indentation as way to 

measure of cell stiffness, showing that the force of the cantilever indentation causes 

significant deformation of the underlying soft substrate, thus resulting in an 

underestimation of the cell’s elastic Modulus (Rheinlaender et al., 2020). The team 

subsequently found that once they had corrected for the deformation of the substrate 

the stiffness of the cell was observed to be independent of substrate mechanics. The 

AFM data presented in this chapter was obtained prior to the publication of this 
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study, however, it was anticipated that the hydrogel coating may provide less 

resistance than TCP and therefore diminish the accuracy of AFM measurements. As 

previously reported, in order to control for this, HEKn were moved onto new TCP 

dishes the night before the AFM was performed so that, though the cells had been 

primed on different substrate stiffnesses, they were both measured on the same 

substrate. Consequently, it is not possible for the substrate to have interfered with the 

Young’s Modulus values obtained in this study, thus making the data potentially 

more reliable than many results reported in the literature.  

However, this is not to say that there were no limitations associated with the AFM 

analysis performed here. One of the biggest problems faced was how long the 

measurements took to take which meant that the TCP cells and 4 kPa cells ended up 

being measured on different days. However, the conditions and methodology were 

kept identical to limit how much impact this might have had on the results. 

Additionally, the time taken to measure each cell meant that in a full day only 8 cells 

per condition were measured, though each of these cells provided thousands of data 

points. Given the limited access to the AFM and the requirement for assistance from 

someone trained to use it, it was not possible to perform any biological repeats, which 

would have significantly strengthened the data presented here. 

Consequently, though the AFM analysis would certainly have been reinforced by 

additional repeats had there been the luxury of time, the data obtained offers exciting 

evidence that keratinocytes do in fact adapt their nuclear and cytoplasmic mechanics 

in response to external stiffness, correlating with the downregulation of actin and the 

nuclear lamina. 

4.5.9 HEKn cultured in high calcium medium exhibited changes in some 

LINC complex proteins suggesting an association with differentiation 

In chapter 3 it was suggested that culturing HEKn on soft BM hydrogel-coated dishes 

may push cells towards a differentiated phenotype, and this was supported by some 

of the data. In this chapter we have explored the changes in cytoskeletal proteins, 

adhesion molecules, and LINC components observed in HEKn cultured on TCP and 
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BM dishes. This raised the question of whether the softer substrates were inducing 

differentiation which then led to changes in the cytoskeletal and NE architecture, or 

whether changes to the cytoskeleton and LINC complex were driving differentiation.  

In order to gain a better understanding of how the start of keratinocyte differentiation 

affects LINC complex protein levels in the absence of variable external mechanics, 

HEKn were cultured on TCP dishes in low and high calcium medium. Western blot 

analysis was performed, and early differentiation was confirmed using CK10, which 

was observed to be greatly increased under high calcium conditions (Figure 4.25). 

This experiment revealed that Lamin A/c and SUN1 were unaffected by the 

beginning of keratinocyte differentiation, SUN2 looked to decrease slightly, Lamin 

B1 was significantly decreased in high calcium medium, and emerin was significantly 

increased (Figure 4.25). Whilst these results clearly demonstrate that differentiation 

does result in changes to LINC protein levels, the fact that the protein profile was 

notably different from that of TCP versus hydrogel samples (Figure 4.15) suggests 

that the expression changes observed on softer substrates are independent of 

keratinocyte differentiation. 

It is well documented that the cytoskeleton plays a predominant role in regulating 

cell stiffness and adapting cells to match soft elastic substrates (Solon et al., 2007). 

Therefore, given the results presented in Figure 4.25, it seems more likely that 

changes in LINC expression are a direct result of cells adapting to mimic a softer 

mechanical environment rather than being directly linked to differentiation. It is well 

documented in the literature that the LINC complex helps regulate the transcriptomic 

response to external mechanical cues (Alam et al., 2011). Moreover, triple lamin-

knockout mice exhibit precocious epidermal differentiation (Jung et al., 2014), which 

further supports the hypothesis that it is changes to the LINC complex that drives 

epidermal differentiation rather than the other way around.  

4.6 Conclusions  

This chapter aimed to determine whether culturing keratinocytes on soft hydrogel-

coated dishes led to cytoskeletal and LINC protein changes that could explain the 
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changes to cell behaviour and colony morphology presented in chapter 3. Moreover, 

this chapter aimed to ascertain whether HEKn were adapting their own stiffness to 

replicate their culture substrate as has been documented for other cell types in the 

literature. We hypothesised that cells would exhibit altered cytoskeletal organisation 

when cultured on softer hydrogels, particularly the actin skeleton which was 

anticipated to reflect a more differentiated keratinocyte actin structure.  Additionally, 

we hypothesised that E-cadherin would be arranged in a way that would explain the 

denser colonies observed on BM dishes which suggested superior epidermal sheet 

formation. Given the supporting literature, we anticipated that HEKn would be softer 

after being cultured on the hydrogel-coated dishes, and that this would be facilitated 

by changes in LINC and LINC-associated protein expression. 

HEKn cultured on softer hydrogel-coated dishes exhibited changes in actin and E-

cadherin organisation that seemed to correlate with the hypothesis that BM dishes 

promote a more differentiated phenotype. Actin reorganisation on 4 kPa coverslips 

was similar to that observed in terminally differentiated keratinocytes, and a more 

linear E-cadherin localisation along the cell membrane suggested more developed 

cell-cell interactions that would facilitate better epidermal sheet formation. In 

addition, HEKn on BM hydrogels exhibited changes in gene expression for proteins 

associated with cell adhesion such as vinculin, α-catenin, and E-cadherin which 

suggested that cells were altering their methods of adhesion. 

Assessment of the LINC complex revealed that HEKn on softer dishes presented with 

a striking downregulation of nuclear Lamins, as well as changes in multiple isoforms 

of nesprin-1 and potentially nesprin-2. Following AFM analysis of HEKn primed on 

TCP and 4 kPa dishes, it was shown that cell nuclear and cytoskeletal compartments 

were softer after being cultured on hydrogels. This correlated to the downregulation 

of Lamins which play a significant role in maintaining nuclear integrity. Moreover, a 

preliminary assessment into the effects of keratinocyte differentiation on LINC 

protein levels suggested that the changes observed on soft hydrogels was due to 

external mechanical changes rather than differentiation, and in fact it was these 

mechanoproteins that were driving the differentiated phenotype. 
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Given the vital role that differentiation plays in epidermal assembly, this chapter 

offers an exciting insight into how cultureware mechanics could be harnessed in 

order to manipulate epidermal homeostasis to facilitate better model development. 

However, these data should only be viewed as a preliminary venture into 

understanding the mechanisms behind the complexity of the keratinocyte response 

to external mechanical stimuli. Further investigation with fresh samples and a more 

in-depth exploration of proteomics and transcriptomics is certainly necessary for a 

complete understanding. Moreover, one of the most striking things to note from the 

results presented here is that even after a relatively short culture period of 4 days, 

HEKn were responding to slight changes in stiffness with statistically significant 

alterations in RNA and protein levels. As a result, it would be interesting to culture 

cells on BM dishes for a longer period and see whether prolonged exposure might 

provide more definitive results for those genes and proteins that showed ambiguous 

or no change in this study. 
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5 Investigating the effects of 2D substrate 

stiffness on the development of 3D 

epidermal models in vitro 

5.1 Introduction 

Despite the clear importance of external mechanical stimuli on the behaviour and 

gene expression profile of cells, in vitro cell culture still relies heavily on the use of 

plastic and glass which are significantly stiffer than the physiological 

microenvironment (Gilbert et al., 2010). Whilst there are no exact stiffness values for 

the human epidermis or epidermal basement membrane in the literature, human skin 

as a whole has been shown to have a Young’s Modulus range of 0.1 to 10 kPa 

(Achterberg et al., 2014). In stark contrast, TCP possesses a Young’s Modulus in the 

gigapascal range (GPa) which is over one million times stiffer (Landry, Rattan and 

Dixon, 2019).  

To combat the unrealistic environment that TCP and glass cultureware provide, the 

development of 3D tissue models has found a lot of traction, with recent 

advancements providing cells with a scaffold into which they can construct their own 

microenvironment through ECM deposition (Guyot et al., 2014). However, it is still 

common practice to culture cells on TCP cultureware prior to setting up 3D models, 

meaning that the transcriptome and proteome of the cells being used do not reflect 

those of the in vivo environment. In vitro skin models have been shown to express 

similar genes to hyperproliferative skin, with marked upregulation of keratin 16 

which is found in psoriatic epidermis and at wound sites and is a hallmark of 

keratinocyte activation (Smiley et al., 2005; Smiley et al., 2006). In vitro 3D skin models 

are therefore not fully representative of in vivo tissue, and more needs to be done to 

bridge to gap between standard 2D cell culture and model development. 
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5.1.1 In vitro 3D skin models and their role in epidermal research 

Whilst an inappropriate mechanical environment is a major limitation of 2D culture, 

another significant flaw is that cells growing in a 2D monolayer lack the heterogeneity 

of in vivo tissue, and do not exhibit the full transcriptomic and proteomic profiles, or 

the surrounding ECM. For this reason, development of 3D culture and synthetic 

tissue models has been on the rise. Whilst our knowledge of skin is relatively 

expansive compared to some other tissues, it is still not fully understood; particularly 

with relation to wound healing, ageing and diseases such as psoriasis, eczema, and 

melanoma, which can all be explored through in vitro skin models.  

Epidermal skin models have been around in one form or another since the late 1990s 

and were primarily of interest in order to test the corrosive properties of chemicals 

(Eaglstein and Falanga, 1997; Fentem et al., 1998). More recently, EEs have provided 

an alternative to animal testing in the cosmetics industry following a ban by the 

European Union in 2009 (EC, 2010). Commercially available models such as 

EpiSkin™ and EpiDerm™ are among the most commonly used for skin irritation 

analysis (Kose et al., 2018), and have both been validated by the European Reference 

Laboratory On Alternatives To Animal Testing (EURL ECVAM) (EC, 2017a; EC, 

2017b). These models use human-derived epidermal keratinocytes cultured at the 

ALI on either collagen matrices (EpiSkin™) (EpiSkin, 2021) or pre-treated tissue 

culture inserts containing a polycarbonate (PC) membrane (EpiDerm™) (MatTek Life 

Sciences, 2021). 

Whilst culturing keratinocytes on top of collagen gels or PC membranes are the most 

frequently used methods for generating an epidermal model, these still provide an 

underlying substrate that does not necessarily replicate the basement membrane. In 

order to combat that, alternative models have been produced which first generate a 

dermal equivalent within a scaffold onto which keratinocytes can then be seeded. 

Models produced in this way have been shown to develop their own basement 

membrane (Roger et al., 2019), making this the most realistic in vitro environment 

available for epidermal model generation. A more simplified version of this model is 

to produce organotypic full skin constructs using the hanging drop culturing method; 
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this technique has been successfully used to study more complex skin models such 

as hair follicles (Higgins et al., 2013) and melanoma (Müller and Kulms, 2018). 

5.1.2 The limitations of current 3D epidermal models 

Whilst the models described above demonstrate the numerous innovative ways in 

which 3D epidermal tissue can be produced in vitro, there are still limitations to 

existing models. Perhaps some of the biggest hurdles to overcome from a practical 

standpoint are that in vitro tissue models are often time consuming to prepare, lack 

high throughput, and are difficult to reproduce between laboratories. Some of the 

main reasons for this include the use of complex in-house media recipes, high serum 

concentrations, and lack of protocol transparency in the literature (Bertolero et al., 

1984; Faller and Bracher, 2002; Ng and Ikeda, 2011). Moreover, epidermal models face 

the additional drawback that not all primary keratinocytes are able to differentiate 

and stratify in an in vitro setting (Eves et al., 2000; Stark et al., 1999). This makes 

reproduction of reliable epidermal models difficult, though there are research groups 

that have tried to standardise a more robust protocol (Roger et al., 2019).  

However, alterations to the 3D culture protocol can only go so far towards improving 

model development, and it is critical that researchers begin to focus their attention on 

the 2D culture stage. Regardless of the 3D model technique used (i.e., collagen matrix, 

PC membrane etc), it is still standard practice to first revive and expand the cell 

population on TCP cultureware prior to model set-up. Having already highlighted 

the clear differences between HEKn cultured on TCP versus BM dishes in the 

previous two chapters, it can come as no surprise that cells going into models 

following TCP culture are not representative of their in vivo counterparts. This has 

been highlighted by comparisons of gene expression between skin models and in vivo 

skin tissue. There are multiple studies that have observed gene expression profiles 

revealing that in vitro epidermal models exhibit a hyperproliferative and activated 

phenotype more reminiscent of wounded native skin (Simard-Bisson et al., 2018; 

Smiley et al., 2005; Smiley et al., 2006). Skin models exhibit upregulated keratins 6, 

16, and 17 which are all known markers of keratinocyte activation and 

hyperproliferative epidermis (Smiley et al., 2006). Moreover, tissue engineered 
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epidermis has been shown to strongly express the lipoxygenase enzyme 15-LOX-1 

which is also associated with wound healing and is not observed in normal human 

skin tissue (Simard-Bisson et al., 2018). Thus, cultured epidermal substitutes are by 

no means genotypically representative of in vivo skin regardless of how they may 

appear histologically, and likely never will be until the use of TCP cultureware is 

removed from the equation.  

Another potential impact of priming cells on TCP prior to model set-up is that there 

will likely be a lag period in which cells must adjust to their new environment. It has 

already been highlighted that laborious protocols are a key limitation of 3D tissue 

development, with epidermal models requiring at least a fortnight of culture time. In 

chapters 3 and 4 we observed from WaferGen analysis that gene expression altered 

over the 4 days following seeding of HEKn onto BM dishes after TCP culture. 

Consequently, this could contribute towards the long culture time of in vitro models 

and adjusting the mechanical environment of the 2D stage may reduce the time 

required to develop epidermal models. 

5.2 Hypotheses and Aims 

This chapter aims to investigate the effects on 3D epidermal assembly in vitro when 

HEKn are pre-cultured on a substrate mimicking the stiffness of the in vivo basement 

membrane. It has already been highlighted that one of the main weaknesses of 

current 3D models is that cells are still being cultured on TCP at the 2D stage, which 

may result in a lag period whilst cells adjust to their new mechanical environment. 

Moreover, it is well established in the literature, and has been demonstrated in 

chapters 3 and 4, that culturing cells on TCP in vitro causes changes in their 

transcriptome and proteome compared to their in vivo counterparts. It was 

hypothesised, firstly, that culturing keratinocytes on softer substrates replicating the 

in vivo environment would reduce the risk of a lag period and enable cells to undergo 

quicker epidermal assembly in 3D culture. Additionally, it was hypothesised that if 

the changes in gene and protein expression presented in chapters 3 and 4 were 

reflective of in vivo keratinocytes, this would translate into superior epidermal 

models that were more organised and had better barrier function. 
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Finally, given the evidence that dishes of different stiffnesses may push keratinocytes 

towards either proliferation or differentiation, it was hypothesised that mixing cells 

primed on different dishes at different stages of 3D culture may produce an even 

better epidermal equivalent model.  

To summarise, the key hypothesis behind this chapter was that priming keratinocytes 

in a more physiologically relevant mechanical environment at the 2D stage would 

promote the development of superior 3D epidermal models with better organisation 

and function than TCP primed. This chapter therefore aimed to answer the following 

questions: 

• Does culturing keratinocytes on hydrogels prior to setting up 3D culture 

facilitate superior epidermal assembly? 

• Should hydrogel primed keratinocytes exhibit superior epidermal assembly, 

does this translate into changes in protein expression and barrier function? 

• Is it possible to produce an epidermal model more quickly by priming 

keratinocytes on hydrogel-coated dishes first?  

5.3 Objectives 

• Determine whether culturing keratinocytes on hydrogel-coated dishes in 2D, 

improves the appearance of 3D epidermal models. 

• Characterise protein expression in epidermal models produced from 

keratinocytes primed on TCP and hydrogel-coated dishes. 

• Assess barrier function of epidermal models produced from keratinocytes 

primed on TCP and hydrogel-coated dishes. 

• Determine whether priming keratinocytes on hydrogel-coated dishes leads 

to faster epidermal model development. 

5.4 Results 

As introduced in chapter 3, one of the main aims of this project was to investigate 

whether making the mechanical environment more in vivo-like during 2D 

keratinocyte culture can improve epidermal assembly in in vitro 3D models. This 

chapter therefore explores the effects that priming HEKn on TCP and BM dishes had 
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on the development of 3D EEs. Two key methods were used in the development of 

3D EEs for this chapter; spheroid models created using the hanging drop method, 

and models generated using membrane inserts upon which cells were seeded and 

prompted to undergo epidermal assembly. The type of membrane used in these 

insert models can vary in terms of material, pore size, and pore density, the effects of 

which will be explored in the section below. However, Figure 5.1 provides an 

overview of the key methodologies used to generate the models described in this 

chapter. 

 

 

 

 

 

 

 

 

 

Figure 5.1 (overleaf) Schematic outlining the key methodologies used to 

generate 3D EEs for this thesis. (A) Spheroid models (i) 1) HEKn were cultured 

on TCP/BM dishes before being dissociated and seeded in droplets onto the lid of a 

dish and suspended over sterile deionised water to ensure humidity; 2) After 3 days of 

culture, a spheroid of cells was formed. (ii) 1) HDFn were cultured on TCP dishes 

before being dissociated and seeded in droplets onto the lid of a dish and suspended 

over sterile deionised water to ensure humidity; 2) After 3 days of culture, a fibroblast 

spheroid was formed. HEKn were seeded into the same droplet containing the HDFn 

spheroid; 3) After 3 more days of culture the HEKn had coated the dermal spheroid to 

form a 3D skin model. (B) Membrane insert models 1) HEKn were cultured on 

TCP/BM dishes before being dissociated; 2) Cells were seeded onto the membrane of 

plate inserts and allowed to adhere; 3) Models were cultured fully submerged in 

medium for 4 days to promote proliferation; 4) Models were raised to the air-liquid 

interface to promote differentiation and cultured for a further 12 days.   
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5.4.1 Early EE development encountered many technical problems that 

affected model quality 

One of the first challenges faced when beginning EE development was choosing a 

protocol and cell batch that produced optimal models. Consequently, 2D substrate 

stiffness was not considered for initial models and only TCP primed cells were used 

to minimise variables. Early experiments were carried out using polyester (PET) 

membrane inserts, chosen for their transparency under the microscope, with 1.0 µm 

pores to promote greater access to medium when models were at the ALI. Initially 

EEs were developed using Gibco® HEKn (Cat # C-001-5C) of varying lot numbers to 

test the ability of the cells to undergo epidermal assembly in vitro.  Figure 5.2A shows 

a schematic of this early protocol using lot # 1776789; 200,000 cells were seeded onto 

each insert and models were kept in submerged culture for 2 days and 7 days at the 

ALI. However, models were observed to be very thin with poor disorganisation and 

readily detached from the membrane during processing (Figure 5.2B). Moreover, 

abnormal differentiation led to extensive parakeratosis, defined as retention of nuclei 

in the stratum corneum (Figure 5.2C).  

The excessive detachment of models from the PET membrane observed in these early 

experiments was later attributed to the fact that the Gibco® Coating Matrix Kit used 

had been mistakenly stored at -20°C instead of 5°C upon arrival in the laboratory. It 

was therefore assumed that the matrix had been compromised and HEKn were 

unable to readily adhere when seeded. In order to test this theory, HEKn were seeded 

onto PET membranes that were either not coated or had been coated with new 

Coating Matrix stored at the correct temperature prior to use. Neutral red staining of  

Figure 5.2 (overleaf) Early EE models were poorly developed and showed 

abnormal differentiation. (A) Schematic of early EE protocol 1) HEKn were 

cultured on TCP dishes before being dissociated and spun down; 2) 200,000 cells were 

seeded onto 24-well PET inserts in 200 µl medium and incubated for 2 hours at 37°C; 

3) EEs were cultured at submerged stage for 2 days in 1.8 ml medium; 4) EEs were 

raised to ALI and cultured for 7 days in 500 µl medium. Medium was replaced every 

48 hours. (B) Many EEs had detached from the PET membrane in large sections of 

the model. Scale bar = 20 µm. (C) Models exhibited poor organisation and abnormal 

differentiation characterised by parakeratosis (red arrows). Scale bar = 20 µm. 
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models at the end of the submerged stage was used to assess cell coverage under both 

conditions. HEKn were observed to adhere readily to PET membranes regardless of 

whether they had been coated (Figure 5.3), meaning it was unlikely that the detaching 

models were due to compromised Coating Matrix. However, it was noted in both 

non-coated and coated that there were patches of white within the neutral red 

staining that suggested either low cell viability or an absence of cells in these regions. 

The aim of the submerged stage of culture is to promote proliferation so that there 

are enough cells available to start epidermal assembly following transfer to the ALI. 

If cells were not viable or there were gaps in the basal layer, this could explain the 

thinness of the early EE models (Figure 5.2B-C).  

One feature of the Gibco® HEKn that was noted during culture was that a significant 

number of them were binucleated, quantification of which showed that around 20% 

had 2 nuclei (Figure 5.4).  Given the white patches observed in the neutral red staining 

of EEs, this put the viability of the HEKn being used into question. Testing of different 

Gibco® HEKn lot numbers did not yield better EE results, and therefore the HEKn 

used for this, and all other aspects of the project, were changed to Lifeline® HEKn # 

FC-0007 which were recommended and provided by P&G. At around the same time, 

it was noted that there were a reasonable number of HEKn growing on the bottom of 

Figure 5.3 Neutral red staining of EEs showed that HEKn adhered to PET 

membrane regardless of the presence of coating matrix. HEKn were seeded 

onto PET membranes and cultured for 2 days submerged before being stained with 

neutral red dye and imaged. Brightfield dissecting microscope images show strong cell 

viability and good adherence following submerged culture on both the non-coated and 

coated PET membranes. 
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the wells, leading to the hypothesis that the larger pore size in the PET membranes 

might be allowing HEKn to escape through them which could also explain the areas 

of white in the neutral red stained models (Figure 5.3).  

To combat this, new models were produced using PET membranes with 0.4 µm 

pores. However, these models were observed to be even more poorly developed than 

earlier EEs with no evident cell layers and abnormal differentiation and extensive 

parakeratosis (Figure 5.5A). After trying a number of different inserts, the final insert 

Figure 5.4 A reasonable proportion of HEKn were observed to be 

binucleated. During 2D culture of Gibco™ HEKn it was observed that many 

of the cells were binucleated. (A) Immunofluorescent microscopy image (taken on 

Ziess Axioskop) shows binucleated HEKn (white arrows). (B) Quantification of 

proportion of binucleated HEKn on coverslips. Data represent mean ±SEM, n = 3 (3x 

100 cells), statistical significance was assessed using an unpaired, two-tailed t-test, 

*** p ≤ 0.0001. 
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design tested was BRANDplates™ which are PC membranes with 0.4 µm pores at a 

much greater density than the PET membrane. Moreover, the inserts contain holes in 

the sides that enables flow of medium between the interior of the insert and the well. 

The BRANDplates™ plate design also ensures greater availability of medium due to 

the merging of 4 adjacent wells which allows a greater volume of medium to be 

added. HEKn cultured using the BRANDplates™ system were observed to be better 

organised with more appropriate differentiation (Figure 5.5B). Given that the change 

in cells and insert design coincided, it was difficult to determine which alteration 

yielded the improved EE results observed. However, the combination of Lifeline® 

HEKn and BRANDplates™ produced far superior EEs to all previous attempts and 

thus these were both used for subsequent models for the rest of the project. 

Whilst the new Lifeline® HEKn BRANDplates™ model was significantly better in 

terms of thickness and organisation compared to previous EEs, there was still a lack 

of defined epidermal layers reflective of the in vivo tissue. In order to check the ability 

of these cells to assemble a realistic epidermal model, EEs were developed with a 

layer of Matrigel® added in place of the Gibco® Coating Matrix (Figure 5.6A). 

Matrigel® is an ECM mixture secreted by mouse tumour cells that is protein rich and 

Figure 5.5 HEKn cultured on BRANDplates™ PC inserts produced superior 

EEs. (A) Brightfield microscopy image shows a H&E stained section of a Gibco® 

HEKn model cultured on a PET membrane with 0.4 µm pores. Epidermal assembly 

is poor with abnormal differentiation and parakeratosis. Scale bar = 20 µm. (B) 

Brightfield microscopy image shows a H&E stained section of a Lifeline® HEKn 

model cultured on a BRANDplates™ PC inserts with 0.4 µm pores. Epidermal 

assembly was superior to previous models. Scale bar = 20 µm. 
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Figure 5.6 (overleaf) HEKn showed superior epidermal assembly in the 

presence of Matrigel®. (A) 1) Matrigel® was diluted 1:1 in medium (~4 – 6 µg 

final protein content),  PC membranes were coated with 100 µl, and incubated for 75 

min at 37°C; 2) 500,000 HEKn were seeded onto the coated membrane in 200 µl of 

medium and incubated for 2 hours at 37°C; 3) EEs were cultured at submerged stage 

for 4 days in 10 ml medium; 4) EEs were raised to ALI and cultured for 12 days in 

3.5 ml medium. Medium was replaced every 48 hours. (B) Brightfield images show 

H&E stain of a sectioned EE model. HEKn exhibited superior epidermal assembly 

compared to previous models, demonstrating columnar basal cells (red arrows), 

flattening of cells in suprabasal layers (yellow arrows), and loss of nuclei in the 

stratum granulosum region (blue arrows). Scale bars = 20 µm. 

 

contains many factors found in the epidermal basement membrane such as laminin 

and collagen IV (Corning, 2021). H&E images of these models showed that the layer 

of Matrigel® added was too thick, meaning that cells had grown inside the gel rather 

than on top of it. However, by chance the cells appeared to have entered a bubble 

within the Matrigel®, providing them with the space to develop a full epidermal 

model with organised layers (Figure 5.6B). This confirmed that the Lifeline® HEKn 

were capable of fully differentiating in vitro and that it was likely the culture 

conditions of standard models that were hindering optimal EE development.   
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5.4.2 Hanging drop spheroid models provided new insight into the effects 

of substrate stiffness on HEKn behaviour in 3D culture 

At around the time that the final EE protocol was being established, it was decided 

to begin introducing HEKn primed on BM dishes to see what effect this had on model 

development. Up until this stage in the project only 4 kPa and 8 kPa dishes had been 

used for 2D culture, and thus 4 kPa was chosen due to its being the softest substrate. 

However, early attempts at utilising cells primed on 4 kPa dishes yielded thin and 

poorly developed EEs. Given all of the problems encountered whilst getting the TCP 

primed models to work, it was decided that the best option would be to temporarily 

remove the use of inserts altogether and find an alternate method to test the 

differences between TCP and 4 kPa primed cells in a 3D setting. As such, the hanging 

droplet technique was introduced with the aim being to develop 3D spheroid models.  

For the first round of hanging drop experiments, HEKn were primed on either TCP 

or 4 kPa dishes for 4 days then seeded onto the lid of a petri dish in 10 µl droplets 

and imaged every few days using a dissecting microscope. It was observed that cells 

from neither dish type formed a spheroid, but TCP primed HEKn formed branch-like 

aggregated structures, whilst 4 kPa aggregation was more clustered towards the 

centre of the droplet (Figure 5.7). The next set of experiments involved the use of 

dermal spheroids which acted in place of an insert membrane to provide a foundation 

for HEKn to build an epidermal model around. Three-day old fibroblast spheroids 

were kindly donated by Melissa Jackson, who assisted with all elements of spheroid 

work. HEKn were then seeded into droplets containing a single dermal spheroid and 

imaged every few days using a dissecting microscope. HEKn primed on TCP were 

observed to have coated the dermal spheroid at day 3, though the structure of this 

keratinocyte layer was more fragmented by day 7 (Figure 5.8). However, 4 kPa 
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primed HEKn did not appear to coat the dermal spheroid at all and were instead 

observed to localise in the medium surrounding the spheroid (Figure 5.8). This began 

the early hypothesis that 4 kPa may be too soft a substrate to promote a basal cell 

phenotype. In order to better visualise the HEKn that had coated the dermal 

spheroids, and to confirm that there was no attachment by the 4 kPa primed cells, 

spheroids were harvested and embedded into OCT to be assessed through 

immunofluorescence. Spheroids were stained for the fibroblast marker vimentin, and 

F-actin. It was observed that HEKn primed on TCP did coat the fibroblast spheroid, 

albeit in a thin layer, whilst 4 kPa primed HEKn did not coat the dermal spheroid at 

all (Figure 5.9).  

Figure 5.7 HEKn primed on TCP and 4 kPa BM dishes showed different 

aggregation patters when transferred into hanging droplets. HEKn were 

primed on TCP or 4 kPa dishes then transferred into 10 µl hanging droplets. Darkfield 

dissecting microscope images show hanging droplets containing HEKn primed for 4 

days on either TCP or 4 kPa BM dishes. Photos were taken 3 and 8 days after hanging 

droplets were seeded. Droplets contained 10 µl medium and were approximately 3 mm 

in diameter. 



205 

 

 

Figure 5.8 HEKn primed on 4 kPa BM dishes were unable to coat a dermal 

spheroid when transferred into hanging droplets. HEKn were primed on TCP 

and 4 kPa dishes before being transferred into hanging droplets containing a dermal 

spheroid. Darkfield dissecting microscope images show dermal spheroids (yellow 

asterisk) co-cultured with HEKn primed on either TCP or 4 kPa BM dishes. HEKn 

primed on TCP dishes were observed to coat the dermal spheroid and form a bilayer, 

whilst those primed on 4 kPa dishes did not. Photos were taken 3 and 8 days after 

HEKn were seeded into hanging droplet containing a dermal spheroid. Droplets 

contained 20 µl medium and were approximately 5 mm in diameter. 
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The next decision regarding the spheroid work was to introduce high calcium 

medium since calcium plays such a key role in epidermal differentiation, and high 

calcium conditions were used during the ALI stage of the insert protocol. HEKn were 

primed on TCP and 4 kPa under low calcium conditions then seeded into hanging 

droplets containing a single dermal spheroid using medium with either low (60 µM) 

Figure 5.9 Immunofluorescence analysis of hanging droplets confirmed 

HEKn primed on 4 kPa did not coat dermal spheroids. Spheroids were 

harvested from hanging droplets and embedded in OCT and cryosection then stained 

for F-actin and vimentin (fibroblast marker). Confocal microscopy images show that 

HEKn primed on TCP coated the dermal spheroid (white arrows), whilst those primed 

on 4 kPa did not (white arrow shows single keratinocyte cell). Scale bars = 50 µm. 
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or high (1.5 mM) concentrations of CaCl2. An immediate difference in aggregation 

around the dermal fibroblast was observed, with both TCP and 4 kPa primed HEKn 

forming a thick spheroid around the existing dermal spheroid (Figure 5.10). 

However, because the spheroids were so big, harvesting them for 

immunofluorescence analysis proved difficult, and the structure of the aggregates 

was found to be relatively fragile which meant too much manipulation caused them 

to fall apart. As such, a more in-depth analysis of the structure of the spheroids was 

not possible. 

Figure 5.10 HEKn cultured in hanging droplets of high calcium medium 

were better able to coat a dermal spheroid. HEKn were primed on TCP and 4 

kPa dishes before being transferred into hanging droplets containing a dermal 

spheroid. Droplets contained either low calcium medium (60 µM CaCl₂) or high 

calcium medium (1.5 mM CaCl₂). Darkfield dissecting microscope images show that 

high calcium medium greatly improved the aggregation of 4 kPa primed HEKn around 

a dermal spheroid. Droplets contained 20 µl medium and were approximately 5 mm 

in diameter. 
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Given that the epidermal/dermal bilayer spheroids were too difficult to embed, it was 

decided that the next step should be to try culturing the HEKn alone again, but this 

time in high calcium medium to see whether this improved aggregation. Moreover, 

given the intriguing differential aggregation patterns observed when HEKn were 

primed on TCP versus 4 kPa dishes, it was decided to investigate what would happen 

if the cells were combined in a droplet. HEKn were primed on TCP and 4 kPa dishes 

for 4 days, then seeded in 10 µl droplets in high calcium medium either individually 

or at a 1:1 ratio. Once again, the changes in aggregation were notable compared to 

low calcium (Figure 5.7), with TCP primed cells forming a single dense aggregate and 

4 kPa forming several large dense aggregates across the droplet (Figure 5.11). 

Interestingly, combining the cells seemed to “rescue” the 4 kPa primed cells so that 

they once again formed a single dense aggregate. However, rather than forming 

spheroids, all cell combinations appeared to aggregate in a flat disc shape, and 

therefore could not be embedded and analysed beyond a visual assessment in 

culture.  

Nonetheless, observing the cells in culture was enough to identify a new feature of 

the combined cell aggregates that was consistently observed. In aggregates where 

TCP and 4 kPa primed cells were mixed, a transparent layer was visible around the 

outer edge (Figure 5.11, black arrows). Following the initial co-culture of HEKn with 

dermal spheroids (Figure 5.8) it was hypothesised that 4 kPa may potentially be too 

soft to promote a basal cell phenotype and could instead push cells towards 

differentiation. As a result, it was further hypothesised that the transparent layer 

might be a stratum corneum, suggesting that when combined the cells were able to 

organise themselves and assemble an epidermal structure. Given the inability to 

embed the aggregates for further investigation, a cell tracker was used to try and 

identify where the HEKn primed on the 4 kPa dishes were located in the final 

aggregate. However, problems were encountered with the cell tracker being too 

bright, and Hoechst staining being too dim to identify the non-tracked HEKn and 

thus it was not possible to get quality images to analyse. Given the time-constraints 

of the project and the primary interest of P&G in EEs cultured on inserts, it was not  
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Figure 5.11 Culturing TCP and 4 kPa primed HEKn in the same hanging 

droplet may lead to organised epidermal assembly under high calcium 

conditions. HEKn were primed on TCP or 4 kPa BM dishes then transferred into 

hanging droplets in high calcium medium (1.5 mM CaCl₂). Brightfield dissecting 

microscope images show that TCP primed HEKn formed a single aggregate, whilst 4 

kPa primed HEKn formed multiple smaller aggregates. Mixing HEKn primed on TCP 

and 4 kPa dishes together resulted in a single aggregate possessing a transparent outer 

layer (black arrows) which could indicate the presence of a stratum corneum. Droplets 

contained 10 µl medium and were approximately 3 mm in diameter. 
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deemed essential to devote time to troubleshooting this issue, and the spheroid work 

was not pursued beyond this point. 

5.4.3 HEKn primed on 50 kPa BM dishes produced thicker and more 

organised EEs 

Following the work with the hanging droplet spheroid models, it had begun to 

become clear that 4 kPa primed HEKn were potentially too soft to be reminiscent of 

basal cell keratinocytes. This hypothesis was further explored and to some extent 

confirmed by the experiments discussed in chapters 3 and 4. It was at this stage in the 

project that the 50 kPa BM dishes were introduced to the study, having previously 

been considered too stiff; 50 kPa has been measured as the elastic Modulus of the 

Descemet’s membrane of the corneal endothelium, which is a significantly harder 

tissue than the skin (Last et al., 2012). However, a study in 2016 measured the Young’s 

Modulus of the dermal-epidermal interface of dermal explants to be around 48.09 

kPa (Kao, Connelly and Barber, 2016). Thus, the 50 kPa dishes were deemed an 

appropriate addition to the study. 

In order to draw a direct comparison between 50 kPa and 4 kPa dishes, HEKn were 

primed on TCP, 50 kPa and 4 kPa dishes for 4 days then seeded onto BRANDplates™ 

inserts and cultured as described in chapter 2 (2.2.2). H&E staining of the sectioned 

models revealed that 50 kPa primed HEKn produced a far superior EE in comparison 

to the TCP and 4 kPa primed. 50 kPa HEKn models appeared thicker and had a much 

more in vivo-like organisation with a defined basal layer and flattening of  

 

Figure 5.12 (overleaf) HEKn primed on 50 kPa BM dishes produced thicker 

EEs than TCP and 4 kPa dishes. HEKn were primed on TCP, 50 kPa and 4 kPa 

dishes then cultured into 3D epidermal models. (A) Brightfield images of sectioned 

H&E stained human epidermis and laboratory generated EEs show that HEKn primed 

on 50 kPa produced more organised epidermal layers that appeared thicker. Scale bars 

= 20 µm. Epidermis image taken from Masters thesis http://etheses.dur.ac.uk/12341/. (B) 

Quantification of the thickness of epidermal equivalents (measured from top of 

membrane to bottom of stratum corneum). Data represent mean ±SEM, n = 3, 

statistical significance was assessed using one-way ANOVA with Tukey’s post hoc 

test, *** p ≤ 0.0001. 
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keratinocytes as they moved upward in the model, making them far more reflective 

of human in vivo epidermis than the TCP and 4 kPa models (Figure 5.12A). 

Quantification of the thickness of the models confirmed that 50 kPa primed HEKn 

produced EEs that were significantly thicker than the other conditions, particularly 

compared to 4 kPa which produced EEs that were around 70% thinner than 50 kPa 

(Figure 5.12B). 

Immunofluorescence analysis was used to characterise the models further and draw 

more detailed comparisons between TCP and 50 kPa primed EEs. Models were 

stained for the proliferation marker CK14 and the differentiation marker CK10. Both 

TCP and 50 kPa primed EEs had the correct localisation of these proteins, with CK14 

confined mainly to the basal layer with staining in the odd suprabasal cell, and CK10 

found in all layers except the basal layer (Figure 5.13A). Given the distinct CK14 

staining in the basal layer, it was possible to see that the shape of the basal cells was 

different between the two different models. Basal cells in the TCP primed model 

appeared quite flat, whilst those in the 50 kPa model were more cuboidal or columnar 

in shape (Figure 5.13A). Quantification of the number of basal cells per 100 µm 

revealed that TCP primed models had fewer cells, which supported that cells were 

flatter and therefore took up more space (Figure 5.13B).   

In addition to CK14 and CK10, the EEs were stained for E-cadherin to assess cell-cell 

connections within the model, and p63 to look at how prevalent proliferative 

keratinocytes were and where they were located. E-cadherin staining in TCP primed 

EEs was observed to be unevenly distributed throughout the model, with individual 

cells being difficult to distinguish. In contrast, 50 kPa primed models showed bright, 

regular E-cadherin staining throughout all layers, and the outline of individual cells 

was clear (Figure 5.14). p63 staining was observed in all basal cells and a number of 

suprabasal cells in both TCP and 50 kPa primed models, with no apparent differences 

between the two (Figure 5.14). 
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Figure 5.13 HEKn primed on 50 kPa dishes had more columnar basal cells 

than those on TCP in EEs. HEKn were primed on TCP and 50 kPa dishes then 

cultured into 3D epidermal models. (A) Confocal microscopy images show staining 

for basal cell marker CK14 (red) and differentiation marker CK10 (green) was 

localised to the right layers in EEs. The basal cells of EEs formed from 50 kPa HEKn 

appeared more columnar, whilst those from TCP were flatter and more spread out. 

Scale bars = 20 µm. (B) Quantification of the number of basal cells per 100 µm. Data 

represent mean ±SEM, n = 3, statistical significance was assessed using one-way 

ANOVA with Tukey’s post hoc test, *** p ≤ 0.0001. 
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Whilst the data shown in Figures 5.11 – 5.13 shows exciting evidence that 50 kPa 

priming can improve in vitro EE development, all subsequent experiments on the 

epidermal models were beset by repeated issues with model quality. Whilst there 

was still a distinct organisational difference between TCP and 50 kPa primed cells, 

the 50 kPa models never reached the same level of organisation and thickness as was 

observed in the models seen in Figures 5.11, 5.12 and 5.13. Whilst this was greatly 

frustrating, attempts at troubleshooting yielded no improvement and the time 

constraints of the project meant that it was necessary to work with the models 

produced regardless of their appearance. Consequently, it is acknowledged that 

much of the rest of the data presented in this chapter is obtained from suboptimal 

models and will need to be repeated in the future to obtain more conclusive results 

and publishable material. However, that is not to say that these experiments did not 

add value to the overall project and the data obtained were still promising.   

Figure 5.14 HEKn primed on 50 kPa dishes had more defined epidermal 

layers and clearer E-cadherin staining in EEs. HEKn were primed on TCP and 

50 kPa dishes then cultured into 3D epidermal models. Confocal microscopy images 

show more regular E-cadherin staining and clearer distinction of epidermal layers in 

HEKn primed on 50 kPa dishes. Proliferation marker p63 was expressed in basal cell 

nuclei for both TCP and 50 kPa primed HEKn. Scale bars = 20 µm. 
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5.4.4 Assessing barrier function proved difficult with the BRANDplates™ 

system 

The next step in characterising the EEs developed from TCP and 50 kPa primed HEKn 

was to try and assess barrier function. In the literature one of the most standardised 

and “user friendly” techniques to assess skin barrier function is to perform a Lucifer 

Yellow assay (Schmitz et al., 2015). Lucifer Yellow fluorescent dye is applied to the 

top of the model and can then be viewed under a fluorescent microscope to assess 

how far the dye has penetrated from the surface. A good epidermal model should 

have penetration of the dye beyond the stratum corneum.  

A Lucifer Yellow assay was therefore performed on TCP and 50 kPa primed models. 

However, technical problems were immediately encountered as a result of the 

BRANDplates™ insert design. Lucifer Yellow dye was added to the top of models at 

the end of the ALI stage, and they were incubated for an additional 2 hours at 37°C. 

However, due to the holes in the sides of the inserts, the dye immediately escaped 

from the internal insert compartment and contaminated the medium (Figure 5.15A), 

allowing the dye to enter the model through the pores of the PC membrane and stain 

the cell layers from the bottom (Figure 5.15B). In order to combat this, the experiment 

was repeated and parafilm was wrapped around the inserts to try and seal the dye 

into the insert. This prevented initial leakage but after the 2-hour incubation period 

the medium was slightly contaminated (Figure 5.15A), which resulted in the staining 

of a number of basal and suprabasal cells in the model (Figure 5.15B). 
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Given the inability to seal off the inserts, it was decided that the only way to fully rule 

out contamination from below the models was to remove the medium from the wells. 

Whilst the lack of medium for 2 hours may have an effect on the cells, it was not 

considered a risk to the barrier function of the model which was the only thing to be 

assessed with this experiment. As a result, the experiment was repeated without 

Figure 5.15 Lucifer Yellow barrier function assay was difficult using the 

BRANDplates™ culture system. Barrier function of EEs was assessed by adding 

Lucifer Yellow dye to the surface of the model. (A) The holes in the BRANDplates™ 

inserts meant Lucifer Yellow dye immediately leaked into the medium. Wrapping 

parafilm around the inserts prevented immediate leakage but there was still some 

contamination to the medium after 2 hours. (B) Microscopy images (imaged on Zeiss 

Axioskop) show that Lucifer Yellow penetrated all layers of the model. Scale bars = 20 

µm. 
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medium in the wells, and it was observed that both TCP and 50 kPa primed models 

had good barrier function, with Lucifer Yellow being contained to the stratum 

corneum and not penetrating the cell layers (Figure 5.16). 

5.4.5 HEKn primed on 50 kPa dishes were more responsive to extended time 

at ALI during EE development 

One of the most striking differences observed in 50 kPa primed EEs compared to TCP 

primed was the increased thickness and organisation of the models. This raised the 

question of whether 50 kPa models would always be superior, or if the models merely 

developed faster and TCP primed HEKn would be able to reach similar levels of 

organisation if given more culture time. As such, TCP and 50 kPa primed models 

were set up and half were cultured for the standard 12 days at ALI whilst the rest 

were taken up to 18 days at ALI. Comparison of the models revealed that both TCP 

and 50 kPa primed models were suboptimal at 12 days, but extended culture time 

still yielded changes in model development. TCP primed EEs showed slight model 

Figure 5.16 HEKn primed on 50 kPa dishes had the same barrier function as 

TCP. HEKn were primed on TCP and 50 kPa dishes then cultured into 3D epidermal 

models. Lucifer Yellow fluorescent dye was applied to the surface of the model to assess 

barrier function. Confocal microscopy images show that Lucifer Yellow did not 

penetrate beyond the stratum corneum for either TCP or 50 kPa primed models. Scale 

bars = 20 µm. 

 



218 

 

thickening and more obvious cell layers after 18 days at ALI compared to 12 days 

(Figure 5.16). However, 50 kPa primed EEs exhibited a striking change, going from a 

similar level of thinness and cell flattening at day 12 as the TCP models, to a thicker 

model with a clearly defined columnar basal cells, and multiple epidermal layers at 

day 18 (Figure 5.17). This result therefore suggested that priming HEKn on 50 kPa 

dishes gives them a superior ability to undergo epidermal assembly that TCP primed 

cells cannot catch up to. 

5.4.6 Combining 50 kPa and 4 kPa primed HEKn did not produce optimal 

EEs 

Earlier in this chapter we looked at what happened when TCP and 4 kPa primed 

HEKn were combined in hanging droplets and considered the hypothesis that the 

cells were able to organise themselves based to optimise epidermal assembly (Figure 

5.11). With this in mind, it was decided to combine 50 kPa and 4 kPa primed cells in 

BRANDplates™ inserts to see whether they could produce a superior model. HEKn 

primed on 50 kPa dishes were seeded onto inserts and cultured at the submerged 

stage for 4 days. Cells primed on 4 kPa dishes were then seeded on top and the 

Figure 5.17 HEKn primed on 50 kPa BM dishes showed greater 

improvement following longer culture time at the ALI. HEKn were primed on 

TCP and 50 kPa dishes then cultured into 3D EEs. Brightfield microscopy images of 

H&E stained EE sections show that models made from 50 kPa primed HEKn 

responded more readily to a longer culture time at ALI. Scale bars = 20 µm. 
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models were raised to the ALI. The resulting models were far inferior to 50 kPa alone 

but did show a marked improvement compared to the 4 kPa only models, with a clear 

basal layer made up of rounder cells and an additional suprabasal layer (Figure 5.18). 

It was concluded from this preliminary experiment that the 4 kPa cells had been 

added too soon, and the 50 kPa primed cells would have benefited from a few days 

at the ALI to enable them to arrange a better foundation layer of basal and suprabasal 

cells on which the 4 kPa cells could build from. However, optimisation of this 

protocol was likely to be time consuming, and due to time constraints and the 

necessity to finalise other experiments, it was decided that this should be highlighted 

as a future experiment for anyone following on from this project.  

Figure 5.18 Mixing 50 kPa and 4 kPa primed HEKn produced an EE of 

intermediate quality. HEKn were primed on 50 kPa and 4 kPa BM dishes then 

cultured into 3D EEs. Brightfield microscopy images of H&E stained sections show 

that combining 50 kPa and 4 kPa primed HEKn produced an epidermal model that 

had a more defined basal layer than 4 kPa alone but was far inferior in thickness and 

organisation to 50 kPa alone. Scale bars = 20 µm. 
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5.5.7 Pre-screening HEKn for basal phenotype cells greatly improved 

organisation of TCP primed EEs 

During model development, one of the things that was considered when facing 

problems with suboptimal EEs was whether the cells themselves were appropriate 

for epidermal assembly. It is well established that not all primary keratinocytes 

produce the same standard of in vitro models as a result of donor and skin source 

variability (Poumay and Coquette, 2007; Smits et al., 2017). One of the potential 

reasons for this is that primary keratinocytes are isolated from the entire epidermis, 

and this not all of the cells present in a purchased vial are of a basal phenotype. In 

2017, a study explored different methods of isolating keratinocyte stem cells from 

transitory amplifying cells which arise from keratinocyte stem cell differentiation 

(Metral et al., 2017). It was therefore decided to incorporate one of these methods into 

the EE protocol to see whether this had an effect on epidermal assembly. The first 

experiment carried out was to prime HEKn on TCP and 50 kPa dishes, then pre-

screen TCP primed HEKn for basal phenotype cells before seeding them onto a 

model. To do this, a dish was coated with Gibco™ Coating Matrix and after being 

dissociated from the TCP, HEKn were seeded onto the coated dish and incubated for 

10 min. After 10 min, any cells that had adhered to the dish were dissociated and it 

was this pool of cells alone that were seeded onto the insert. 

The result of this pre-screening process was a model that lay somewhere in the 

middle of the TCP and 50 kPa primed EEs. TCP pre-screened models were observed 

to be of a similar thickness to normal TCP models, but the organisation of the basal 

and suprabasal layers was more reflective of the 50 kPa primed models (Figure 5.19). 

This was further highlighted through immunofluorescence analysis, which showed 

that TCP pre-screened models had more cuboidal basal cells compared to normal 

TCP, and the E-cadherin staining was much more regular across all layers, with 

defined cell membrane staining for individual cells similar to the 50 kPa models 

(Figure 5.19).  

The results of this initial pre-screening assessment suggested that 50 kPa dishes might 

already select for basal cell phenotype, or that the rate of terminal differentiation may 
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be slower as a result of reduced proliferation, which could explain the improved 

models observed following 50 kPa priming. In order to test the effect that pre-

screening had on 50 kPa primed HEKn, the experiment was repeated and TCP and 

50 kPa pre-screened cells were directly compared. Frustratingly, both the TCP and 50 

kPa models set up using the standard protocol were far from optimal, which made it 

difficult to determine the full impact that pre-screening had on model development. 

However, it was still possible to see that pre-screening had a marked improvement 

on the organisation of TCP primed EEs but had no significant impact on the 

appearance of the 50 kPa primed models (Figure 5.20). Whilst this experiment 

definitely warrants repeating due to the poor quality of the controls, it is possible to 

tentatively conclude that pre-screening for basal keratinocytes had no impact on the 

appearance of EEs developed from 50 kPa primed HEKn. 
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Figure 5.19 EEs produced from TCP primed HEKn pre-screened for basal 

cell phenotype cells produced more organised models that were reminiscent 

of 50 kPa primed. HEKn were primed on TCP and 50 kPa dishes and cultured into 

3D EEs. A portion of TCP primed HEKn were pre-screened for basal cell phenotype 

before being seeded onto models. (A) Brightfield microscopy images of H&E stained 

sections show that pre-screened TCP cells had better cell layer organisation than non-

screened and were more similar to 50 kPa EEs. Scale bars = 20 µm. (B) Confocal 

microscopy images show that TCP pre-screened models had a less flattened basal layer, 

more defined layers, and more consistent E-cadherin staining throughout compared 

to non-screened TCP. Scale bars = 20 µm. 
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5.5 Discussion 

In this chapter the main objective was to assess whether culturing HEKn in a more in 

vivo-like mechanical environment at the 2D stage would promote the production of 

3D epidermal models that better replicated native human skin. Whilst epidermal 

models have undergone significant improvement since their initial development in 

the 1990s, they are still known to exhibit abnormal expression of protein markers 

associated with keratinocyte activation and hyperproliferation (Simard-Bisson et al., 

2018; Smiley et al., 2005; Smiley et al., 2006). Given that stiff substrates are known to 

promote cell proliferation (Dupont et al., 2011), it is not surprising that models 

produced using cells primed on TCP would be hyperproliferative. As such, one 

objective was to determine whether culturing HEKn on BM dishes prior to setting up 

epidermal models promoted a better balance between proliferation and 

differentiation, thus improving their appearance and expression profiles. 

Additionally, one of the main limitations 3D tissue models face is the time taken to 

produce them, which is a particular problem in a commercial setting where fast high 

throughput is a requirement. Another objective was therefore to assess whether 

priming HEKn on BM dishes could produce a better model more quickly than those 

made from TCP primed cells.  

Figure 5.20 HEKn primed on 50 kPa dishes did not seem affected by pre-

screening for basal cells. HEKn were primed on TCP and 50 kPa dishes then 

cultured into 3D EEs following either the standard seeding protocol or the pre-

screening protocol. Brightfield microscopy images of H&E stained sections show that 

pre-screening TCP primed HEKn produced thicker, slightly more organised models 

whilst pre-screening 50 kPa had little effect. Scale bars = 20 µm. 
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Whilst the objectives for this chapter targeted interesting topics of research, it has 

likely already been noted that the results obtained by no means fully address these 

early questions. As shown in multiple figures, the experiments carried out for this 

chapter were beset by numerous technical problems, primarily with the production 

of high-quality models that were a frustrating hindrance to the level of investigation 

desired. Consequently, it is acknowledged that this chapter is by no means as strong 

as it could have been, though it did yield some tantalisingly promising results that 

definitely warrant further research. 

5.5.1 Early experiments focused on troubleshooting the development of EEs 

produced from TCP primed HEKn 

Early experiments for this chapter focused on producing a robust epidermal model 

with TCP primed keratinocytes so that there was a solid foundation from which to 

begin further assessment. However, problems were immediately encountered due to 

poor epidermal assembly by the keratinocytes used. The initial batch of HEKn used 

were Gibco® HEKn (Cat # C-001-5C) with lot # 1776789 shown in Figure 5.2, though 

several lot numbers were assessed. Models created using these cells were consistently 

poor, exhibiting detachment from the PC membrane, poor differentiation, and 

parakeratosis. As mentioned in the introduction to this chapter, not all keratinocytes 

are able to differentiate to form a stratified epithelium in vitro (Eves et al., 2000; Stark 

et al., 1999), which could explain the inappropriate differentiation observed in the 

models (Figure 5.2C).  

The detachment of models from the membrane was also a point of concern, 

suggesting poor adherence of the cells forming the basal layer. To assess whether 

there was a problem with the coating matric used to pre-treat the inserts, cells were 

seeded onto PET membranes with and without coating matrix added and stained 

with neutral red (Figure 5.3). It was observed that both inserts had a similar amount 

of adherence but there were reasonably widespread patches with weaker staining, or 

no staining at all, suggesting that the cells were either not fully covering the insert or 

that a significant proportion of them were not viable. The results of this experiment 

therefore suggested that it was in fact likely to be the cells that were not suitable for 
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in vitro model formation. Immunofluorescence analysis of the cells subsequently 

revealed a reasonable proportion (~20%) were binucleated, which suggested 

abnormality in the cells. A 2016 study on skin keratinocytes in vitro reportedly 

observed that binucleation of cells was induced by deregulation of the transcription 

factor Forkhead box M1 (FOXM1; responsible for a number of mitotic genes) and is 

commonly associated with epithelial malignancies in vivo (Molinuevo et al., 2016). 

The study concluded that FOXM1 plays a key role in epidermal cell division, and 

though upregulation did not prevent differentiation, it did drive nuclei division even 

when terminal differentiation had irreversibly blocked cytokinesis (Molinuevo et al., 

2016). Whilst it is not possible to conclude the cause for binucleation in the cells used 

in this study without further assessment, the potential for binucleation to be 

associated with epithelial abnormalities and terminal differentiation makes it clear 

that these cells were not appropriate for further use towards 3D EE development. 

Following a discussion regarding the binucleation of the Gibco® HEKn (Cat # C-001-

5C) with P&G, they were able to provide an alternative batch of cells that they 

themselves had used to successfully generate epidermal models. These were 

Lifeline® HEKn # FC-0007 and they were used for all subsequent experiments.  

At the same time that the viability of the HEKn was being assessed, there was also 

concern over the suitability of the inserts being used. Early models were set up using 

PET membranes with 1.0 µm pores to promote greater media availability from below 

the model. However, it was noted that a significant number of cells appeared to be 

growing on the bottom of the wells after model set up despite there being no 

interchange between the inside of the insert and the well other than the pores in the 

membrane. Though it seemed unlikely given the size of the pores, the possibility that 

the cells may have been migrating through them and into the well was considered, 

and thus PET membranes with 0.4 µm were introduced. The models produced from 

these inserts were even poorer than the original models, with almost no evidence of 

proliferation having occurred, and severe parakeratosis (Figure 5.5A). Following 

more trial and error, it was eventually decided to use the BRANDplates™ system with 

PC membranes, 0.4 µm pores at an extremely high density, and holes within the side 

of the insert which increases access to the medium within the wells. EEs developed 
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using the Lifeline® HEKn and BRANDplates™ insert system were observed to be far 

superior to previous models, with no detachment from the membrane, more defined 

epidermal layers, and significantly less parakeratosis (Figure 5.5B). 

Nevertheless, though the new models looked superior to the earlier attempts, they 

still did not replicate “gold standard” models such as EpiSkin™ and EpiDerm™ 

which each have around 8 to 9 cell layers between the underlying substrate and the 

stratum corneum (EpiSkin, 2021; MatTek Life Sciences, 2021). This raised lingering 

concerns that the cells were still not optimal for forming a stratified epithelium in 

vitro. However, as acknowledged in the introduction, another caveat of epidermal 

model development is the complex media requirements (Ng and Ikeda, 2011). In 

order to assess whether it was the medium that was limiting epidermal assembly, a 

batch of models containing Matrigel® were produced. Matrigel® is an ECM mixture 

that is protein rich and contains many factors found in the epidermal basement 

membrane such as laminin and collagen IV (Corning, 2021). Lifeline® HEKn cultured 

in 3D in the presence of Matrigel® were observed to differentiate fully, with a clearly 

defined basal and around 8 cell layers up to the stratum corneum (Figure 5.6). 

Consequently, it was concluded that these cells were suitable for epidermal assembly 

in vitro. 

5.5.2 Culturing TCP and 4 kPa primed HEKn in hanging drops provided 

new insights into how 2D stiffness affects model development  

Given the difficulties faced with early optimisation of EEs, it was deemed prudent to 

run parallel experiments using the hanging drop culture method to begin 

investigating the effects of BM culture on epidermal assembly. HEKn were primed 

on TCP and 4 kPa dishes then seeded into hanging drops and cultured for several 

days to observe whether they formed aggregates. Keratinocytes alone were not 

observed to form spheroids, though cells did appear to aggregate together in clumps; 

TCP primed cells forming branch-like aggregates, whilst 4 kPa primed cells 

aggregated more in the centre of the droplet (Figure 5.7). Not all cell types are readily 

able to form tight spheroids using the hanging drop system (Sargent, 2019), and 

keratinocytes are known to be sensitive to surface detachment, reportedly resulting 
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in terminal differentiation and eventually suspension-induced cell death (anoikis) 

(Guo and Jahoda, 2009). Given this information, it is not overly surprising that HEKn 

alone did not form spheroids, but the different aggregation patterns in these initial 

hanging drops still suggested that the stiffness of the 2D priming dish had an impact 

on 3D behaviour.  

The next step in the hanging drop experiments was to combine HEKn with a 

previously formed fibroblast spheroid; the objective being to essentially use the 

dermal spheroid in place of an insert membrane for the keratinocytes to adhere to 

and assemble on top of. There was a striking difference observed between TCP and 4 

kPa primed HEKn, with TCP primed cells forming an aggregate around the dermal 

spheroid, whilst 4 kPa did not appear to coat the dermal spheroid at all (Figure 5.8). 

Immunofluorescence analysis confirmed that HEKn primed on TCP did adhere to the 

dermal spheroid, whilst 4 kPa primed did not (Figure 5.9). It was at this stage that it 

began to become clear that 4 kPa hydrogels might be unsuitable for model formation. 

In chapters 3 and 4 we discussed the evidence that HEKn cultured on 4 kPa BM dishes 

are pushed more towards differentiation than those on TCP. This was shown through 

significant upregulation of some differentiation markers (Figures 3.19B and 3.24A) 

and changes in actin organisation (Figure 4.7) and LINC expression (Figures 4.15 and 

4.19) that correlate to keratinocyte differentiation. Consequently, it was hypothesised 

that 4 kPa primed keratinocytes were too removed from the basal cell phenotype to 

develop a basal layer, and thus were not able to form the appropriate attachments 

needed to coat the dermal spheroid. This was additionally supported by the 

downregulation of ITGA6 and ITGB1 in HEKn cultured on 4 kPa BM dishes (Figure 

3.21) which encode basal cell integrin proteins.  

However, given that HEKn are traditionally cultured under high calcium conditions 

to produce 3D models, it was decided that the experiment should be repeated under 

high calcium conditions. Surprisingly this did result in a significant improvement, 

with both TCP and 4 kPa primed keratinocytes forming an aggregate around the 

original fibroblast spheroid (Figure 5.10). This seemed to somewhat negate the 

original hypothesis that 4 kPa were too differentiated to adhere to the fibroblasts. 
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With much frustration it was discovered that the spheroids were too fragile to embed 

for immunofluorescence analysis and it was therefore not possible to perform further 

analysis. In the epidermis, calcium forms a steep gradient that is highest in the 

stratum granulosum, and keratinocytes respond to increased levels by forming 

strong cell-cell contacts, i.e., adherens junctions, tight junctions and desmosomes 

(Bikle, Xie and Tu, 2012). This would obviously result in improved aggregation, 

which correlates with the spheroids in Figure 5.10. However, as it was not possible to 

perform further analysis, we cannot confirm whether the keratinocytes were actually 

bound to the underlying fibroblast spheroid. The fragility of the models, which even 

the TCP primed HEKn exhibited under high calcium conditions, suggested that the 

keratinocytes may have just aggregated around the dermal spheroid without binding 

to it. It was observed during culture that when hanging droplets were contaminated 

with dust or other debris, the cells would aggregate around it. Therefore, it could be 

that under high calcium conditions, the presence of the dermal spheroid acted to 

influence the surface tension and gravitational force within the droplet to promote a 

keratinocyte spheroid to form.  

This hypothesis was somewhat supported by the appearance of HEKn aggregates in 

the absence of a dermal spheroid. Under high calcium conditions, TCP primed HEKn 

formed a single aggregate sheet, whilst 4 kPa primed formed multiple smaller 

aggregates (Figure 5.11). This showed that high calcium medium did in fact promote 

better cell aggregation, but in the absence of the dermal spheroid, HEKn were only 

able to form a sheet of cells rather than a spheroid structure. The fact that there was 

still a distinct difference in appearance between TCP and 4 kPa primed HEKn led to 

the idea that combining the two cells together in a spheroid may produce an 

interesting result. This was indeed that case, with TCP and 4 kPa primed mixed 

aggregates forming a single cell sheet, similar to TCP only, but with a transparent 

outer layer surrounding it (Figure 5.11). It was theorised that this was potentially 

evidence that HEKn primed on different substrates are able to organise themselves 

based on the phenotype of the cells. Thus, in this instance, it was hypothesised that 

the more differentiated 4 kPa primed HEKn were arranged to the outside of the 

spheroid, and that the transparent outer layer was indicative of a stratum corneum. 
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Again, subsequent assessment of these aggregates was hindered by the inability to 

embed the cell aggregates. As an alternative, new hanging drops were set up in which 

4 kPa primed HEKn were labelled with a cell tracker, then the entire aggregate was 

stained with Hoechst in the hope that this would highlight the location of the 4 kPa 

primed cells. However, early images of these spheroids were not of sufficient quality 

due to oversaturation of the cell tracker, and the experiment required further 

optimisation.  

Given that the main interests of P&G lay with the PC insert models, and the fact that 

the new BRANDplates™ system showed promise, it was decided to end the spheroid 

experiments here rather than devote time to optimising the cell tracker. This was 

admittedly disappointing, as the results obtained with these few experiments, whilst 

by no means ground-breaking, were definitely interesting and hinted at a strong 

connection between 2D mechanics and 3D model formation. The benefits of hanging 

drop experiments are the speed with which they can be set up and cultured, and the 

lack of a requirement for expensive equipment such as inserts and scaffolds. As such, 

this technique offers an excellent opportunity to pursue the effects of 2D BM dish 

priming on epidermal assembly, and further work would definitely be warranted in 

the future, particularly with regard to mixed cell aggregates. 

5.5.3 HEKn primed on 50 kPa BM dishes in 2D produced far superior 3D 

epidermal models 

As a consequence of the hanging drop experiments, it was determined that 4 kPa BM 

dishes were potentially too soft to replicate the epidermal basement membrane. The 

rationale behind why 4 and 8 kPa hydrogel-coated dishes were originally selected for 

this study is described in depth in the introduction to chapter 3 (3.1.4). However, 

following the need for a stiffer surface, a more in-depth scour of the literature was 

conducted, resulting in the discovery of a 2016 study that reported Young’s Modulus 

measurements of the dermal-epidermal interface of dermal explants as being around 

48.09 kPa (Kao, Connelly and Barber, 2016). Thus 50 kPa BM dishes were introduced 

into the study; a change that immediately yielded positive results. HEKn primed on 

TCP, 50 kPa and 4 kPa dishes prior to being cultured using the BRANDplates™ 
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system were observed to produce drastically different epidermal models. TCP 

primed cells formed a stratified epidermis but with a poorly defined basal layer and 

parakeratosis, whilst 50 kPa primed cells produced a model that was significantly 

thicker, had no evidence of parakeratosis, and had more clearly defined cell layers 

(Figure 5.12). In contrast, 4 kPa primed models were extremely thin with only a 

couple of cells layers that were very flattened, suggesting limited proliferation had 

taken place during the submerged culture stage (Figure 5.12).   

These observations were extremely exciting, supporting as they did the core 

hypotheses that keratinocytes grown in a more realistic 2D mechanical environment 

will produce more organised and in vivo-like epidermal models. In addition to this, 

the poor quality of the 4 kPa primed model supported the theory that these dishes 

were too soft to promote epidermal assembly in a 3D in vitro setting and aligned with 

the results of the hanging drop experiments. Finally, it should be noted that the TCP 

primed model was far inferior to other EEs published in the literature, in particular 

the models presented by Roger et al. who utilised a very similar protocol and medium 

composition and thus provide an appropriate comparison (Roger et al., 2019). The 

poor quality of the TCP models seen in this study clearly demonstrates that the 

protocol or cells used were ultimately not sufficient for optimal epidermal assembly. 

However, despite this apparent deficiency, the 50 kPa primed models are 

significantly improved and are much more reminiscent of those produced by Roger 

et al. (Roger et al., 2019). This therefore suggests that priming keratinocytes on a more 

suitable 2D substrate, could potentially reduce the impact of the usual limitations 

associated with epidermal model production in vitro. If this is the case, it could 

drastically alter the future of epidermal tissue development; potentially enabling the 

use of primary keratinocytes that would otherwise be unable to form a stratified 

epidermis in vitro and reducing the sensitivity of cells to their medium composition. 

However, in order to determine the truth behind these hypotheses a significant 

amount of further testing would be required, using multiple keratinocyte batches and 

different medium conditions to assess how big of a part 2D mechanics plays in 

successful 3D epidermal assembly. 
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Unfortunately, the time constraints of this project did not allow any investigations 

along that avenue, and subsequent experiments instead aimed to further characterise 

the models produced. Immunofluorescence analysis of CK14 and CK10 revealed that 

both TCP and 50 kPa primed models exhibited correct localisation of these proteins, 

with CK14 in the basal layer, and CK10 in the suprabasal layer through to the upper 

cell layers (Figure 5.13A). However, the highlighting of the basal layer by CK14 

revealed that basal cells in the TCP primed models were flatter than those in the 50 

kPa primed model, a fact that was confirmed by the greater number of basal cells in 

the 50 kPa models (Figure 5.13B).  

Additional immunofluorescence analysis looked at expression of E-cadherin and p63. 

E-cadherin is an integral component of the epidermis, regulating tight junctions to 

facilitate epidermal barrier function (Tunggal et al., 2005), whilst p63 is associated 

with cells that have high proliferative potential and is absent from those undergoing 

terminal differentiation (Parsa et al., 1999). Both TCP and 50 kPa primed models had 

abundant p63 expression in the basal layer and some expression in the suprabasal 

(Figure 5.14) which aligned with in vivo skin (Tsujita-Kyutoku et al., 2003). However, 

whilst both models presented with E-cadherin staining throughout all cell layers, the 

staining in TCP primed models appeared more irregular and potentially cytoplasmic, 

whilst 50 kPa primed models showed clearly defined cell membrane staining (Figure 

5.14). The results of these immunofluorescence analyses suggested that, whilst TCP 

primed HEKn were clearly proliferative and able to undergo differentiation in 

response to ALI culture and high calcium medium, it was almost as if they were 

remaining phenotypically 2D. It is well established that cells cultured on 2D plastic 

surfaces are flattened and well spread whilst those in 3D are not (Kapałczyńska et al., 

2016; Soares et al., 2012). Additionally, it has been shown that human keratinocytes 

cultured on glass and stiff hydrogel surfaces are well spread and develop a polygonal 

shape, whilst those on soft hydrogels are rounder (Ya et al., 2019). Moreover, less 

developed cell membrane E-cadherin staining was already observed in keratinocytes 

cultured in 2D on glass compared to BM coverslips (Figure 4.10). 
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The idea that cells “remember” their mechanical environment is not a novel one; in 

2010, Gilbert et al. reported that culturing muscle stem cells on a substrate with 

mechanical physiological relevance, greatly improved the success of in vivo 

engraftment of the cells (Gilbert et al., 2010). Additionally, Yang et al., observed that 

the activation of YAP/TAZ in human mesenchymal stem cells cultured on 2 kPa 

hydrogels was dependent on how long they had previously been cultured on TCP 

(Yang et al., 2014). Moreover, a more recent study involving primary human 

keratinocytes presented data showing that culturing cells beyond a certain threshold 

period of time on soft substrates produced evidence of “mechanical memory” that 

impacted the rate of wound healing during scratch wound assays (Mogha et al., 

2019). As a result, it is likely that the flattened basal layer and less defined E-cadherin 

membrane staining is reflective of the 2D TCP environment on which the HEKn were 

primed. If so, this would go a long way to justifying the concept of a lag effect, in 

which cells primed on TCP must adjust to their new mechanical environment in 3D, 

which slows the epidermal model development process. 

5.5.4 Barrier function in an unchallenged epidermis did not differ between 

TCP and 50 kPa primed EEs 

In addition to assessing any changes to model appearance, another objective of this 

chapter was to see whether priming HEKn on TCP versus BM dishes had an impact 

on barrier function. In the section above we discussed the more defined E-cadherin 

staining observed in 50 kPa primed models (Figure 5.14) which is important for 

epidermal barrier function. However, the stratum corneum is the main barrier 

between epidermal cells and the external environment (van Smeden and Bouwstra, 

2016), and its presence in a model is a hallmark of successful keratinocyte 

differentiation. Lucifer Yellow diffusion assays are routinely performed across 

laboratories to detect skin barrier defects in in vitro models (Indra and Leid, 2011). 

Early attempts to perform a Lucifer Yellow assay on the BRANDplates™ models were 

met with problems due to the holes in the sides of the inserts. This led to bleeding of 

the dye into the underlying medium which meant that the cells layers were 

contaminated from beneath via the pores in the PC membrane (Figure 5.15). In the 
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end it was necessary to remove the medium completely whilst the assay was being 

performed, meaning that these models could not be used for any additional analyses 

(e.g., protein expression etc). It was observed that Lucifer Yellow did not penetrate 

beyond the stratum corneum in either TCP or 50 kPa primed models (Figure 5.16).  

The results of this experiment showed that TCP primed keratinocytes were able to 

fully differentiate to form a sufficient barrier despite the poorer appearance of the 

models and the presence of parakeratosis. The original plan for this part of the study 

was to follow-up this assay by challenging the barrier through the topical application 

of 0.25% and 0.5% SDS solutions and then repeating the Lucifer Yellow assay. 

However, once again technical problems were encountered; application of SDS 

solution caused models to begin to detach from the underlying PC membrane, and 

thus when Lucifer Yellow was added it was not contained to the upper surface and 

stained the model from below. In an attempt to combat this issue, experiments were 

repeated using cloning cylinders to try and isolate the SDS to the centre of the model, 

thus ensuring that the edges remained attached to the membrane. However, the 

cloning cylinders available in the laboratory were either too big to fit inside the insert, 

or significantly smaller than the inserts which made them difficult to keep in a set 

position when adding and removing the SDS. Unfortunately, there was no time left 

in the project to finalise the troubleshooting for this experiment, and thus it must be 

listed under recommended future work in order to ascertain whether 50 kPa primed 

models have better protection against barrier challenge. Additional future work of 

interest would be to look at the lipid content of the stratum corneum in TCP and 50 

kPa primed models and directly compare this to both each other and to native skin. 

This would enable a more quantitative analysis of the barrier, and thus provide a 

more thorough comparison.  

5.5.5 Suboptimal EEs produced from 50 kPa primed HEKn exhibited 

improved appearance following extended culture time 

As touched upon in the results section, one of the most frustrating issues faced with 

the experiments for this chapter was the recurring production of suboptimal models. 

This made it difficult to perform additional experiments exploring how 50 kPa 2D 



234 

 

priming affected model appearance. However, even when models were not at a high 

standard, the differences between TCP and 50 kPa primed cells was striking. During 

a period where models were consistently thin regardless of 2D priming stiffness, it 

was decided to assess whether increasing the culture time gave models chance to 

develop better. Models were cultured for the usual 12 days at ALI and compared to 

18 days at ALI, and it was observed that whilst TCP primed models did not really 

change, 50 kPa primed models became noticeably thicker and developed a clear basal 

layer of columnar cells (Figure 5.17). Earlier it was hypothesised that priming HEKn 

on 50 kPa at 2D could potentially reduce the impact of limiting factors such as HEKn 

batches not being suitable for model development. The fact that additional culture 

time was able to significantly improve the appearance of 50 kPa primed models but 

not TCP primed, further supports this theory. Consequently, HEKn cultured on 50 

kPa substrates at 2D appear to have a superior ability for epidermal assembly even 

under suboptimal culture conditions. 

5.5.6 The mixing of 50 kPa and 4 kPa primed cells to produce EEs requires 

further optimisation 

One experiment performed using the hanging drop technique that yielded 

particularly interesting results was the mixing of TCP and 4 kPa primed cells into one 

aggregate. Though an in-depth analysis of these aggregates was not possible, it was 

hypothesised that the cells had been able to arrange themselves due to the presence 

of a transparent outer layer believed to be a stratum corneum. As such, a similar 

experiment was performed using the BRANDplates™ system and 50 kPa and 4 kPa 

primed HEKn to respectively represent the basal and differentiated layers. HEKn 

primed on 50 kPa dishes were seeded onto an insert and cultured at the submerged 

stage for 4 days. On the 4th day, 4 kPa primed HEKn were seeded on top and 24 hours 

later the models were raised to the ALI.  

The resulting models were far inferior to 50 kPa primed alone, but slightly better in 

appearance than 4 kPa alone, presenting with an extra one or two cell layers and less 

flattened basal cells (Figure 5.18). The conclusion from this was that the 4 kPa primed 

cells had been added too quickly and that the models would have benefited from a 
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few days at the ALI for the 50 kPa primed cells to begin stratifying and forming the 

partially differentiated spinous layers. However, once again time constraints caused 

by the prolonged issues with model production meant that this experiment could not 

be optimised further. Consequently, this is an experiment that would benefit from 

further work in the future, as the success of this technique may result in even thicker 

epidermal models with multiple cell layers within each epidermal layer as observed 

in in vivo skin.  

5.5.7 TCP primed HEKn screened for a basal phenotype prior to model set-

up produced EEs similar to 50 kPa primed  

It has already been mentioned that one of the key limitations of working with primary 

keratinocytes to produce epidermal models is that not all batches are able to form a 

differentiated stratified epidermis under in vitro conditions (Eves et al., 2000; Stark et 

al., 1999). One of the potential reasons for this is that primary keratinocytes extracted 

from the entire epidermis (Anderson et al., 2018) and are not subsequently isolated 

depending on their epidermal layer of origin (i.e., basal layer, spinous layer, granular 

layer). As a result, when primary keratinocytes are purchased from a commercial 

company, the pool of cells provided is a heterogenous mix of keratinocytes. As 

demonstrated by the 4 kPa primed cells in this study, keratinocytes that are more 

differentiated are not suitable for in vitro formation of a stratified epidermis. 

Therefore, if a purchased batch of cells has a particularly high number of partially or 

fully differentiated keratinocytes, it is not going produce optimal EEs.  

In 2017, a study group published the results of two screening methods that were 

designed to isolate keratinocyte stem cells from transitory amplifying cells (direct 

progeny of keratinocyte stem cells) (Metral et al., 2017).  To do this they compared 

both a rapid adhesion method and flow cytometry cell sorting for the stem cell 

phenotype α6high/CD71low. For the rapid adhesion technique, a dish was coated with 

collagen I and cells were seeded on top and allowed to adhere for 10 mins before low-

adhesion or non-adhered cells were removed (Metral et al., 2017). Given the 

simplicity and speed of this technique, it was deemed a relatively easy addition to 

the existing EE model protocol. HEKn were primed on either TCP or 50 kPa dishes 
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but prior to seeding onto a PC membrane, half of the TCP cells were seeded onto a 

second TCP dish treated with coating matrix and allowed to adhere for 10 mins. Only 

the cells that adhered to this dish during the 10 mins were used to set up the TCP pre-

screened models.  

The results of this experiment were interesting, producing a model that was 

somewhere in the middle of the TCP and 50 kPa primed models. Though the TCP 

pre-screened models did not appear much thicker than the normal TCP models, they 

were better organised with no signs of parakeratosis and clearer cell layer distinction 

(Figure 5.19A). Moreover, immunofluorescence analysis revealed that the basal layer 

of cells was more cuboidal compared to the flattened TCP models, and E-cadherin 

staining was localised to the cell membrane in the majority of cells (Figure 5.19B). 

Despite the improved appearance of the TCP pre-screened models compared to the 

non-screened TCP, the 50 kPa primed models were still superior due to the increased 

thickness and more columnar basal layer. However, the similarity in appearance 

between the 50 kPa and TCP pre-screened models raised the question of whether 50 

kPa priming already selects for basal cell phenotype keratinocytes. If this is the case, 

the difference in thickness could merely be an artifact of the lag period previously 

discussed, in which mechanical memory likely delays the development of TCP 

primed HEKn when they are transferred into a 3D environment. 

In order to help address this question, the experiment was repeated but this time both 

TCP and 50 kPa primed cells were pre-screened using the rapid adhesion method. 

However, the resulting control (non-screened) models were far from optimal (Figure 

5.20); a consistent issue with some of the latter analyses performed for this chapter. 

This was frustrating as it meant few conclusions could be drawn due to the 

compromised controls. Nonetheless, the resulting pre-screened models still provided 

some information which suggested that future repeats of the experiment are 

warranted. TCP pre-screened models were thicker and more organised than the non-

screened TCP, whilst the 50 kPa primed models looked similar regardless of whether 

the HEKn had been pre-screened for basal cells or not (Figure 5.20). This could 

potentially support the theory that 50 kPa primed models already select for this 
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keratinocyte niche. However, this can be in no way concluded at this stage. A more 

thorough assessment of the connection between pre-screening and 50 kPa priming 

needs to be performed in the future, both through the repetition of model 

development, and through assessment of the cells at a 2D stage. This could include 

flow cytometry cell sorting for α6high/CD71low cells to quantify the number following 

TCP and 50 kPa priming, as described by Metral et al. (Metral et al., 2017). 

5.6 Conclusions  

This chapter aimed to investigate whether pre-culturing HEKn on BM substrates that 

replicated the in vivo mechanical environment could improve the appearance of in 

vitro epidermal models. The secondary aim was to assess whether 50 kPa primed 

HEKn produced models with protein expression and barrier function that better 

reflected native skin. It was hypothesised that HEKn primed on TCP may exhibit a 

lag period as a result of mechanical memory of the 2D culture environment. As such, 

the final aim was to investigate whether EEs could be developed more quickly if 

HEKn were primed on 50 kPa dishes in 2D.  

The experiments performed in order to try and meet these aims were besieged with 

numerous technical problems as a result of suboptimal cells and problems with the 

protocol despite months of troubleshooting. However, this does not mean that the 

chapter did not yield some promising results. It was observed that HEKn primed on 

4 kPa BM dishes were unable to undergo epidermal assembly, both in hanging drop 

spheroid models and using the BRANDplates™ system. This led to the introduction 

of 50 kPa BM dishes, which were found to produce superior EEs that were thicker, 

had a less flattened basal layer composed of cuboidal/columnar keratinocytes, and 

improved cell membrane localisation of E-cadherin compared to TCP primed models.  

Hanging drop experiments revealed that mixing of HEKn primed on different 

substrate stiffnesses could potentially be used to produce even better 3D models as a 

result of cells organising themselves based on their phenotype. However, more work 

needs to be done to optimise the mixing of cells in PC membrane models in order to 

fully investigate this.  
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HEKn primed on 50 kPa dishes were observed to produce superior models compared 

to TCP even when controls were suboptimal, and extending culture time appeared 

to rescue 50 kPa primed models regardless of how poor the controls were. This was 

hypothesised to be a sign that 50 kPa BM dishes could potentially be used to produce 

epidermal models from keratinocytes previously shown to be unable to undergo 

epidermal assembly in vitro. Pre-screening of HEKn for basal cell phenotypes led to 

the theory that 50 kPa dishes may already screen for basal keratinocytes, hence the 

superior epidermal models produced using these cells. 

The results obtained in this chapter offer a tantalising glimpse into the potential 

benefits that 2D mechanical priming could have on not only skin model production, 

but tissue engineering as a whole. However, the technical issues faced during the 

completion of these experiments mean that many would benefit from repetition. As 

such, these data should be viewed as the foundation of a more in-depth future study 

into the relationship between the 2D mechanical environment and 3D tissue 

development. 
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6 Investigating the effects of in vitro 

substrate stiffness on fibroblast behaviour 

and senescence 

6.1 Introduction 

In the previous chapters of this thesis, the extent to which external mechanics play a 

role in keratinocyte behaviour, phenotype and genotype was the primary focus. 

However, the mechanical properties of in vivo skin are in large part a reflection of 

dermal composition; the dermis being the thickest compartment of the skin and 

composed of dense connective tissue which owes its synthesis, deposition, and 

turnover to a relatively small number of fibroblasts (Jepps et al., 2013; Yousef, Alhajj 

and Sharma, 2021).  Fibroblasts have been shown to respond to physical stimuli such 

as stretch, compression and shear forces which leads to changes in collagen 

deposition (Wong, Longaker and Gurtner, 2012).  

Moreover, it is well established that a hallmark of ageing in many tissues is a major 

alteration of the biomechanical properties due to ECM degradation and remodelling 

(Phillip et al., 2015). This is of particular relevance to the skin, which undergoes both 

intrinsic and extrinsic ageing leading to significant dermal remodelling events that 

alter the tissue’s rigidity (Achterberg et al., 2014). In addition, another key feature of 

the ageing process is an accumulation of senescent cells (López-Otín et al., 2013). 

Senescent cells have been shown to exhibit altered expression of nuclear envelope 

proteins such as Lamin A, Lamin B1 and SUN1, which form part of the LINC 

complex; a major component of a cell’s biomechanical machinery (Gilbert and Swift, 

2019). Alterations to the composition of the LINC complex can have an impact on a 

cell’s ability to sense mechanical stimuli; suggesting that senescent cells may respond 

differently to age-associated ECM remodelling than those still in the cell cycle. 

Consequently, it would have been remiss to not include some preliminary analyses 

into the effect of culturing fibroblasts on BM hydrogel-coated dishes within this 

project. 
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6.1.1 The dermal ECM and the mechanical changes induced by skin ageing 

The dermis connects to the epidermis at the epidermal basement membrane and is 

composed of two layers: the thin papillary dermis, and the thicker underlying 

reticular dermis which is less cellularised (Yousef, Alhajj and Sharma, 2021). 

Collagens I and III are the most abundant ECM proteins in the dermis and co-

polymerise to provide the tissue’s tensile strength. In addition, skin elasticity 

(resilience and compliancy) is provided by the presence of an elastic fibre system, 

whilst the group of carbohydrates, collectively referred to as glycosaminoglycans 

(GAGs) help to maintain skin hydration (Naylor, Watson and Sherratt, 2011). Unlike 

other tissues, skin undergoes both an intrinsic and extrinsic ageing process. Intrinsic 

ageing of the skin over time, results in the gradual degradation of collagens I, III and 

IV, and the elastic fibres, and the loss of oligosaccharides, which impacts the skin’s 

ability to retain water. In conjunction, these changes produce the aged phenotype of 

wrinkled, stiffened skin that is less able to recoil (Naylor, Watson and Sherratt, 2011). 

Extrinsic ageing is triggered as a result of exposure to UV radiation, and results in a 

distinctly different remodelling event, including both catabolic and anabolic 

mechanisms (Takeuchi and Rünger, 2013). These events are dose dependent, with 

severe photoageing resulting in the additional loss of collagen VII at the dermal-

epidermal junction, and the increase and redistribution of GAGs to co-localise with 

the elastic fibre system. This elastic network is also remodelled; severe photoageing 

leading to the accumulation of disorganised elastic fibre proteins in the reticular 

dermis (Kohl et al., 2011).  

It has already been noted in previous chapters that ECM stiffness is a key mechanical 

stimulus for cells, and the remodelling events observed in ageing skin inevitably lead 

to changes in its rigidity. A study by Achterberg et al. reportedly used AFM to 

measure the Young’s Modulus of the papillary and reticular dermis of abdominal and 

breast skin from young and old women. Their results revealed that, overall, the 

stiffness gradually increased with age, before dropping suddenly between 50 and 60 

years (Achterberg et al., 2014), an age range that correlates with the usual onset of 

menopause. It has been observed that oestrogen has an inhibitory effect on collagen 
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degrading matrix metalloproteases (MMPs) (Chang et al., 2010), and thus this would 

explain the sudden loss in stiffness, as collagen degradation is likely to have increased 

with the diminishment of oestrogen. In conclusion, skin ageing triggers significant 

remodelling of the dermal ECM which has a substantial impact on the mechanical 

environment. 

6.1.2 Fibroblast senescence and the effects on external and internal 

mechanics 

As mentioned previously, in addition to changes in ECM composition, another 

hallmark of skin ageing is the accumulation of senescent fibroblasts within the 

dermis. Senescence describes cells that have transitioned from a proliferative to a 

non-proliferative state but are still metabolically active and able to manipulate their 

surrounding ECM (Birch-Machin and Bowman, 2016; Toutfaire, Bauwens and 

Debacq-Chainiaux, 2017). The mosaic nature of skin ageing makes it difficult to 

conclusively ascertain the origin of fibroblast senescence, and thus the relationship 

between mechanical changes to the ECM and the onset of senescence is unknown. 

However, increased oxidative stress has been noted as a potential contributor 

towards cell senescence; mitochondrial-derived ROS can contribute to telomere 

shortening and premature senescence by generating DNA damage, including single-

stranded breaks to DNA within telomeres (Passos et al., 2007). DNA damage is 

considered an essential driver of the senescence-associated secretory phenotype 

(SASP), and the presence of the DNA damage response (DDR) marker γ-H2AX is 

commonly used to detect senescent cells (Hernandez-Segura, Nehme and Demaria, 

2018). Both intrinsic and extrinsic ageing are associated with accumulation of ROS. 

Moreover, not only have ROS been shown to contribute towards cell senescence, but 

senescent cells themselves exhibit a significant increase in ROS production in 

comparison to their proliferative counterparts (Kuilman et al., 2010). Accumulation 

of ROS triggers a cascade promoting elevated expression of MMPs and the inhibition 

of pro-collagen I expression (Toutfaire, Bauwens and Debacq-Chainiaux, 2017). This 

means that a dermis with a high senescent cell content would have elevated MMP 
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levels and pro-collagen I inhibition, which would have a bigger impact on the 

mechanical environment to which fibroblasts are exposed.  

In addition to having an effect on the mechanics of the external ECM, senescence also 

results in internal changes that effect a cell’s own biomechanics. In chapter 4, the 

LINC complex and its roll in cell mechanotransduction was introduced, and its 

relevance to keratinocyte homeostasis was explored. Actin and other cytoskeletal 

components are connected to the nuclear lamina via the LINC complex, which 

enables the communication of external mechanical cues directly to the nucleus 

interior (Hieda, 2019). The LINC complex is made up of two protein domains; SUN 

domain and the C-terminal KASH domain, which is expressed in nesprin proteins, 

and collectively they span the nuclear envelope (Bouzid et al., 2019). The N-termini 

of SUN domain proteins are bound to the nuclear lamina which in turn organises 

chromatin, thus providing the final link between external mechanical stimuli and the 

nuclear interior (Cartwright and Karakesisoglou, 2014; Chambliss et al., 2013; Hieda, 

2019; Padmakumar et al., 2005).  

It has been reported that senescent cells exhibit altered expression of NE proteins, 

with downregulation of Lamin B1 being a particular hallmark (Hernandez-Segura, 

Nehme and Demaria, 2018). Lamin A has also been observed to be downregulated in 

senescent cells, though Lamin C appears to be unaffected along with emerin, and 

SUN1 was observed to be increased following cellular senescence (Lenain et al., 2015). 

It is unsurprising that these changes in NE protein expression have deleterious effects 

on nuclear function, not least of which is the compromising of the barrier between 

the nucleus and cytoplasm; it has been shown that senescent cells show increased NE 

permeability, characterised by the presence of chromatin in the cytoplasm (Ivanov et 

al., 2013). Accumulation of DNA fragments in the cytoplasm triggers an innate 

immune response which promotes the SASP (Rocha, Dalgarno and Neretti, 2021). 

Additionally, alterations to NE protein expression alter a cell’s mechanical response 

to external forces. This aberrant mechano-response, combined with inevitable 

changes to chromatin regulation as a result of Lamin downregulation, will result in 



243 

 

alterations in mechanically induced gene expression in senescent cells (Gilbert and 

Swift, 2019). 

6.1.3 The effects of substrate stiffness on fibroblast activation in vitro 

It should by now be clear that the ageing process has a significant impact on the 

mechanics of skin tissue, both at a cellular level and with regards to the surrounding 

ECM. In order to examine the effects that changes to ECM stiffness have on 

fibroblasts, Achterberg et al. cultured primary human dermal fibroblasts on silicone 

gels of differing stiffness to mimic normal (1 to 10 kPa) and fibrotic (15 to 50 kPa) 

dermis (Achterberg et al., 2014). It was observed that cells grown on 1.5 kPa gels were 

quiescent, α-smooth muscle actin (SMA) negative and produced no stress fibres. 

However, cells grown on gels ranging from 5 kPa upwards began to spontaneously 

activate; shown by the expression of α-SMA positive stress fibres. The number of 

active fibroblasts correlated positively with increased substrate stiffness; suggesting 

that even small changes to ECM stiffness could have a large impact on cell behaviour 

within the skin (Achterberg et al., 2014). Given that TCP has a known Young’s 

Modulus of around 3 GPa (Landry, Rattan and Dixon, 2019), it follows that fibroblasts 

are likely to be maintained in a permanently active state in in vitro culture. 

Activated myofibroblasts are a differentiated form of fibroblast involved in the 

inflammatory response at healing wound sites, and they are identified by their 

morphological similarities to smooth muscle cells (Darby et al., 2014). The transition 

from quiescent fibroblasts to active myofibroblasts includes a precursor stage 

characterised by the expression of large stress fibres, prominent microfilament 

bundles, and remodelling of the surrounding ECM (Hinz, 2007). Fully differentiated 

myofibroblasts exhibit expression of α-SMA which is usually only found in smooth 

muscle cells (Sandbo and Dulin, 2011). It has been shown that myofibroblast 

activation can be promoted by matrix stiffness and increased mechanical strain as 

well as higher ROS levels (Edmondson et al., 2014). Reverting to a softer substrate has 

been shown to reverse this phenotype (Kloxin, Benton and Anseth, 2010).  
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6.2 Hypotheses and Aims 

This chapter aims to investigate the potential changes to fibroblast behaviour and 

phenotype in response to culture on BM hydrogels, with particular focus on 

proliferation, DDR, ROS levels and senescence. It has already been highlighted that 

biomechanics play an integral role in the dermal compartment of skin, particularly 

during the ageing process. Moreover, it is well established in the literature that 

fibroblasts are very responsive to changes in their mechanical environment in vitro. 

In their native environment, fibroblasts grow at low density and have a low rate of 

proliferation in comparison to keratinocytes; their main role being the deposition of 

ECM to provide the core foundation of skin tissue. During skin ageing, the integrity 

of the ECM is diminished and thus the mechanics of the dermis changes; a feature 

that is exacerbated in areas exposed to age-accelerating factors such as UV radiation 

which causes elevated levels of DNA damage. Additionally, skin ageing is associated 

with elevation of cellular ROS levels and increased numbers of senescent fibroblasts 

within the dermis, however, the relationship between cell senescence and ECM 

mechanics has not thus far been determined.  

Given what is already known about fibroblasts and dermal mechanics, it was firstly 

hypothesised that culturing fibroblasts on a softer substrate would result in reduced 

proliferation and cell density, and a quiescent phenotype. The relationship between 

age-associated changes in dermal mechanics and fibroblast senescence is ambiguous, 

particularly in an in vitro setting where senescence is artificially induced. Thus, it was 

difficult to devise specific hypotheses as to the effects of substrate stiffness on DDR 

and senescence following in vitro irradiation. Consequently, it was simply 

hypothesised that fibroblasts cultured on BM hydrogels would exhibit altered DDR 

and levels of senescent markers compared to those on TCP following irradiation. 

Additionally, it was hypothesised that fibroblasts cultured on hydrogel-coated dishes 

would exhibit different ROS levels in comparison to those on TCP due to variations 

in quiescence versus activation.  

To summarise, the key hypothesis driving this chapter was that culturing fibroblasts 

on soft BM dishes reflecting the dermal mechanical environment would promote a 
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more quiescent phenotype. This chapter therefore aimed to answer the following 

questions: 

• Does culturing fibroblasts on soft 2D hydrogels result in changes to cell 

proliferation and density compared to those on TCP? 

• Do fibroblasts cultured on soft hydrogels exhibit altered levels of senescence 

and ROS compared to those on TCP? 

• Do the mechanics of the underlying 2D substrate affect the DDR of in vitro 

cultured fibroblasts? 

6.3 Objectives 

• Determine whether soft hydrogels promote a less active fibroblast 

phenotype reminiscent of their in vivo counterparts. 

• Use irradiation to induce DNA damage and determine differences in the 

DDR of fibroblasts cultured on TCP versus BM dishes. 

• Use irradiation to induce cell senescence and determine the prevalence of 

senescent fibroblasts on TCP versus BM dishes. 

6.4 Results 

As explained above, the main questions posed for this chapter were, what impact 

does culturing fibroblasts have on their appearance and behaviour? And does a softer 

substrate effect cell senescence and the DNA damage response? The results presented 

here provide a preliminary answer to these questions and offer a good foundation for 

further investigation along this avenue of research. 

Before presenting the results, it is worth reiterating that the desired Young’s Modulus 

for the hydrogel-coated dishes used for these experiments was 1 kPa. However, due 

to persistent problems with fungal infections and poor cell response to the hydrogels 

(discussed further in section 6.4.4), it was necessary to use both 1 kPa and 4 kPa dishes 

to ensure that there were enough available to carry out repeats. For this reason, 

samples cultured on hydrogel-coated dishes are labelled “BM” throughout the 

figures which encompasses both 1 kPa and 4 kPa dishes. No discernible difference 
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was noted between HDFn cultured on 1 kPa and 4 kPa, and comparison of repeats 

taken from different dishes showed no statistically significant variance. 

6.4.1 HDFn cultured on BM dishes appeared more proliferative and had 

reduced nuclear area 

The first step in investigating the HDFn response to softer substrates was to follow 

the same pattern as early HEKn experiments; simply culture the cells on TCP and BM 

dishes and observe any differences in behaviour and/or appearance. It was noted that 

HDFn on BM dishes three days after seeding had a slightly more 3D appearance than 

those on TCP (Figure 6.1A), reminiscent of the HaCaTs cultured on BM dishes (Figure 

3.12A). By day five, HDFn on BM dishes were much more densely packed and 

appeared to have proliferated more rapidly (Figure 3.12A). Dissociating cells from 

the dishes and counting them revealed that a significantly greater number of cells 

were harvested from the BM dishes compared to TCP (Figure 6.1). Calculating the 

population doubling level (PDL) revealed that HDFn cultured on BM dishes had a 

significantly greater PDL than those on TCP (6.00 and 4.74, respectively) (Figure 6.2). 

PDL was calculated using the following formula: 

PDL = PDL0 + 3.322 (logCf – logCi) 

where: 

PDL0 = initial population doubling level 

Ci = initial cell number seeded into vessel 

Cf = final cell yield 

 

Figure 6.1 (overleaf) HDFn cultured on 1 kPa dishes appeared denser than 

those on TCP after 5 days of culture. (A) Phase contrast images show HDFn 

cultured on TCP and 1 kPa dishes at 3 and 5 days after seeding. At day 5, HDFn on 

1 kPa dishes seemed more densely packed. Scale bars = 100 µm. (B) Quantification of 

the number of cells seeded versus the number of cells harvested after 5 days in culture. 

Data represent mean ±SEM, n = 3, statistical significance at “day harvested” was 

assessed using an unpaired, two-tailed t-test, *** p ≤ 0.0001. 
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Whilst PDL values offer a good insight into cell proliferation, they rely on cell yield 

and problems fully dissociating and counting cells removed from BM dishes 

(discussed further in section 6.4.4), meant that the PDL value presented here may be 

underestimating the true level of HDFn proliferation on BM dishes. As a result, it was 

decided that an alternative proliferation quantification should be performed through 

ki67 staining. HDFn were cultured on glass and BM coverslips for four days then 

fixed and immunofluorescently stained for the proliferation marker ki67 (Figure 

6.3A). However, repeated problems were faced with this staining, and it was noted 

that ki67 staining was only observed at the periphery of the coverslips. This was 

confirmed as a technical issue rather than a true result by a decreased gradient in 

staining intensity from the periphery towards the centre of the coverslip, rather than 

a total absence of stain. This made it difficult to get an accurate measure of cell 

proliferation, and the resulting quantification contradicted the PDL value by 

suggesting that BM primed HDFn were less proliferative than those on TCP (Figure 

6.3B). This analysis would therefore benefit from repetition, or the use of an EdU 

assay in place of ki67 staining.  

Figure 6.2 HDFn cultured on BM dishes had a greater average PDL after one 

passage than cells on TCP. Quantification of the average PDL of HDFn after a 

single passage. Data represent mean ±SEM, n = 3, statistical significance was assessed 

using an unpaired, two-tailed t-test, *** p ≤ 0.0001. 
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Figure 6.3 HDFn cultured on BM coverslips had fewer ki67 positive nuclei 

than cells on glass. HDFn were cultured on glass and BM coverslips and 

immunostained for the proliferation marker ki67. (A) Confocal microscopy 

images show ki67 staining in the DAPI stained nuclei of HDFn. (B) Quantification 

of the percentage of cells expressing ki67 in their nuclei. Data represent mean ±SEM, 

n = 3 (3x 100 cells), statistical significance was assessed using an unpaired, two-tailed 

t-test, *** p ≤ 0.0001. 
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Despite the issues faced with ki67 immunofluorescence, the experiment did yield 

some benefit by drawing attention to the fact that the nuclei of HDFn cultured on BM 

coverslips appeared smaller compared to cells cultured on glass (Figure 6.4A). 

Quantification of nuclear area and perimeter revealed that both were significantly 

lower in cells cultured on BM coverslips (Figure 6.4B-C), but nuclear circularity was 

observed to be the same (Figure 6.4D).   
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Figure 6.4 HDFn cultured on BM coverslips had reduced nuclear area and 

perimeter compared to those on glass. (A) Confocal microscopy images showing 

DAPI stained nuclei of HDFn cultured on glass and BM coverslips. Scale bars = 20 

µm. (B) Quantification of nuclear area. Data represent mean ±SEM, n = 3 (3x 100 

cells), statistical significance was assessed using an unpaired, two-tailed t-test, *** p 

≤ 0.0001. (C) Quantification of nuclear perimeter. Data represent mean ±SEM, n = 3 

(3x 100 cells), statistical significance was assessed using an unpaired, two-tailed t-

test, *** p ≤ 0.0001. (D) Quantification of nuclear circularity (1.0 = circle, 0.0 = 

polygon). Data represent mean ±SEM, n = 3 (3x 100 cells), statistical significance was 

assessed using an unpaired, two-tailed t-test, *** p ≤ 0.0001.  
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6.4.2 HDFn cultured on BM dishes did not appear as susceptible to x-ray 

irradiation as those on TCP   

One of the main points of interest for this chapter was whether HDFn cultured on 

BM dishes exhibited any changes in response to senescence-inducing irradiation. In 

order to ascertain this, HDFn were cultured on TCP and BM dishes for four days, and 

then exposed to an x-ray dose of either 10 Gy, to induce DNA damage, and 20 Gy to 

induce senescence. Cells were cultured for a further 10 days to allow senescence to 

take place and were then imaged to assess differences in appearance. A key feature 

of senescent fibroblasts is that they are often bigger than younger cells (Rani et al., 

2017). Enlarged cells were observed in HDFn cultured on TCP but not in those 

cultured on BM dishes following irradiation (Figure 6.5). 

In order to ascertain the level of DNA damage the cells experienced in response to 

irradiation, cells were fixed and stained for the DNA damage marker phospho-

histone H2A.X both immediately after irradiation (Figure 6.6A), and 10 days later 

(Figure 6.7A). This experiment was therefore designed to capture both the amount of 

DNA damage caused by irradiation, and the level of repair that cells had undergone 

following 10 days back in culture. It was observed that HDFn cultured on BM dishes 

had significantly fewer phospho-histone H2A.X expressing nuclei compared to those 

on TCP immediately following an x-ray dose of either 10 Gy (50.3% and 88.3%, 

respectively) or 20 Gy (79.1% and 91.3%, respectively) (Figure 6.6B).  

Unfortunately, due to continued problems with fungal infections it was only possible 

to produce one repeat of the DNA damage stain 10 days after irradiation. The results 

for this showed that there was no DNA damage in either TCP or hydrogel cultured 

cells after a dose of 10 Gy, but HDFn appeared to have more DNA damage foci after 

a 20 Gy dose when cultured on BM dishes compared to TCP (Figure 6.7A). Given that 

this experiment was n = 1 it is not possible to draw conclusions and further repeats 

are needed. However, an interesting observation was that after 10 days the 

appearance of the phospho-histone H2A.X staining was drastically different. 

Immediately following irradiation, nuclei possessed a high number of small foci, but 
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10 days after irradiation nuclei were observed to possess a very small number of 

larger foci (Figure 6.7B). 

 

 

Figure 6.5 HDFn cultured on BM dishes did not appear to alter appearance 

following irradiation. HDFn were cultured on TCP and BM dishes for 4 days then 

irradiated with an x-ray dose of 0, 10 or 20 Gy. Phase contrast images show the cells 

10 days after irradiation on TCP and BM dishes. 
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Figure 6.6 HDFn cultured on BM dishes had fewer DNA damage foci 

following irradiation than those on TCP. HDFn were cultured on TCP and BM 

dishes for 4 days before being irradiated with 0, 10 and 20 Gy and immediately fixed 

and immunostained for the DNA damage marker phospho-histone H2A.X. (A) 

Confocal microscopy images show phospho-histone H2A.X foci in the DAPI stained 

nuclei of HDFn. Scale bars = 20 µm. (B) Quantification of the percentage of cells 

expressing nuclear phospho-histone H2A.X foci. Data represent mean ±SEM, n = 3 

(3x 100 cells), statistical significance was assessed using a one-way ANOVA with 

Tukey’s post-hoc test, ** p≤0.01, *** p ≤ 0.0001. 
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As highlighted at the start of this section, a key focus of these experiments was to 

investigate whether culturing HDFn on BM dishes had an impact on senescence. 

Fibroblast senescence is a key contributor of skin ageing (Weinmüllner et al., 2020), 

Figure 6.7 HDFn cultured on BM dishes may have had more DNA damage 

foci than TCP 10 days after irradiation. HDFn were cultured on TCP and BM 

dishes for 4 days before being irradiated with 0, 10 and 20 Gy and cultured for 10 

days. Cells were then fixed and immunostained for the DNA damage marker Phospho-

Histone H2A.X. (A) Quantification of the percentage of cells expressing nuclear 

Phospho-Histone H2A.X foci. Data represent mean ±SEM, n = 1 (1x 100 cells). (B) 

Confocal microscopy images show Phospho-Histone H2A.X foci in the DAPI stained 

nuclei of BM cultured HDFn immediately after (day 0) and 10 days after an x-ray 

dose of 20 Gy. Scale bars = 20 µm. 
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and irradiating cells with a dose of 20 Gy has been proven to induce senescence after 

10 days in an in vitro setting (Nelson et al., 2018). In order to assess HDFn for 

senescence, cells were stained for the senescence markers p21 and pl6 10 days after 

irradiation. However, again only one repeat was possible so full conclusions cannot 

be drawn from the results. The number of p21 positive cells was observed to be higher 

in HDFn on BM dishes for all conditions, even in the absence of irradiation (Figure 

6.8). This result seemed questionable, particularly given the fact that the number of 

p21 positive cells was higher without irradiation than with for BM cultured cells. 

However, a comparison stain with p16 was not possible due to consistent problems 

with various p16 antibodies that showed cell-wide non-specific staining, with 

particular localisation in the nucleoli and vesicle structures (Figure 6.9). 

Consequently, drawing conclusions regarding the connection between culture 

substrate stiffness and senescence would require significant further work. 

 

 

 

 

 

 

 

 

Figure 6.8 (overleaf) HDFn cultured on BM dishes may have had higher p21 

expression than TCP 10 days after irradiation. HDFn were cultured on TCP and 

BM dishes for 4 days before being irradiated with 0, 10 and 20 Gy and cultured for 10 

days. Cells were then fixed and immunostained for the senescence marker p21. (A) 

Confocal microscopy images show nuclear p21 staining in HDFn cultured on TCP 

and BM dishes 10 days after an x-ray dose of 20 Gy. Scale bars = 20 µm. (B) 

Quantification of the percentage of cells expressing nuclear p21. Data represent mean 

±SEM, n = 1 (1x 100 cells). 
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6.4.3 HDFn cultured on BM dishes were observed to have fewer ROS  

Mitochondrial ROS are both effectors and an effect of cell senescence (Pole, Dimri and 

Dimri, 2016), and as such it was important to investigate ROS levels in HDFn cultured 

on TCP and BM dishes both before and after irradiation. Due to the issue of 

maintaining cultures up to 10 days after irradiation without infection, there was an 

initial concern that there would be only one repeat. However, it was observed that 

Figure 6.9 Immunofluorescence staining of p16INK4a could not be 

optimised. Confocal microscopy images show non-specific staining of p16INK4a 

antibody in HDFn dosed with 20 Gy x-ray 10 days prior to fixation. White arrows 

highlight strong localisation in the nucleoli, green arrows highlight vesicle structures. 

Scale bars = 20 µm. 
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there was no apparent trend associated with culture dish stiffness and irradiation, 

but there was a noticeable difference between TCP and BM cultured dishes prior to 

irradiation. As such, the experiment was repeated with comparisons between cells on 

TCP and BM dishes following four days of culture with no irradiation. Flow 

cytometry analysis revealed that HDFn cultured on BM dishes produced less 

autofluorescence than those on TCP (Figure 6.10A) and had significantly lower 

mitochondrial mass (Figure 6.10C) and superoxide levels (Figure 6.10D). Levels of 

overall ROS were also observed to be significantly lower in HDFn on BM dishes when 

normalised to the TCP control (Figure 6.10E). These observations provide a striking 

insight into how significantly TCP cultureware may be associated with cellular stress 

in vitro. 

 

 

 

 

 

 

 

Figure 6.10 (overleaf) HDFn cultured on BM dishes exhibited reduced 

mitochondrial mass and ROS compared to TCP. HDFn were cultured on TCP 

and BM dishes for 4 days before being stained for mitochondrial mass and ROS and 

assessed through flow cytometry. (A) Quantification of FL3 autofluorescence using 

unstained control HDFn. (B) Quantification of cellular ROS using MitoSOX™ 

fluorescent probe. (C) Quantification of mitochondrial mass using NAO fluorogenic 

dye. (D) Quantification of superoxides using DHE fluorescent probe. (E) 

Quantification of ROS using DHR fluorogenic dye. All data (A – E) represent mean 

±SEM, n = 3, statistical significance was assessed using an unpaired, two-tailed t-test, 

* p≤0.05, *** p ≤ 0.0001. 
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6.4.4 Technical challenges arose when culturing HDFn on hydrogel-coated 

dishes  

It has already been mentioned earlier in this section that significant problems were 

faced with fungal infections during these experiments which made it difficult to 

obtain repeats for the irradiated samples. Whilst this was in some part due to 

prevalent problems with incubator contamination, it was also exacerbated by the 

practicalities of the irradiation process itself. In order to transport the cells to the x-

ray machine they had to be carried a significant distance and the loose-lid nature of 

the dishes sometimes led to spillage of the medium. This was difficult to clean up 

without compromising the sterility of the dishes and often led to fungal growth at the 

sides of the dish which then spread to the inside due to the loose lid.  

However, this was not the only problem faced when using BM dishes to culture 

HDFn. As with the keratinocytes, problems were encountered when attempting to 

dissociate the cells from the dishes, though in this instance it was not due to serum 

retention in the medium as TrypLE™ was still used to dissociate the cells. Instead, 

issues arose as a result of high density of cells by the end of the four-day culture 

period, with the HDFn often forming several layers on top of the dish. This made it 

difficult for the TrypLE™ to reach all of the cells even after prolonged exposure 

(Figure 6.11) and they often detached in large clumps that were then difficult to count. 

Using a cell scraper did help improve the removal of cells from the dish but did not 

help with the cell clumping, thus cell counting for all experiments could not be relied 

on to be wholly accurate. 

The other main difficulty encountered when culturing HDFn on BM dishes was the 

frequent presentation of a “stained” region on the hydrogel that was observed on a 

significant number of dishes. The stain was visible to the naked eye as a white 

cloudiness within the hydrogel itself, and examination under a high microscopic 

objective ruled out an infection. Instead, the stain appeared grainy under the 

microscope and within this region there was very little cell growth, with abnormal 

cell appearance (Figure 6.12). In instances where this stain appeared the dishes were 

deemed compromised and were not used for experiments. This therefore contributed 
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to the loss of further samples and hindered a deeper investigation into fibroblast 

behaviour on hydrogel-coated BM dishes. 

 

 

 

 

Figure 6.11 HDFn were difficult to dissociate from BM dishes. HDFn cultured 

on BM dishes were difficult to dissociate using TrypLE™ due to high cell density and 

layering of cells. Phase contrast images show HDFn prior to treatment with 

TrypLE™ and 20 mins in TrypLE™. Red arrows highlight dissociating cells. Scale 

bars = 100 µm. 
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Figure 6.12 A significant proportion of BM dishes developed a stain within 

the hydrogel on which HDFn would not grow. HDFn were cultured on BM 

dishes and in a significant proportion the hydrogel developed a stain. HDFn did not 

grow within these stained regions. Photographs show a stained BM dish and a clump 

of cells in the non-stained region. Dotted white line highlights the edge of the stain. 

Phase contrast images show HDFn within unstained, slightly stained, and strongly 

stained regions of the dish. 
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6.5 Discussion 

In this chapter, the main objective was to ascertain how fibroblasts were affected 

when cultured on hydrogel-coated dishes instead of TCP. In the literature, it has been 

shown that fibroblast expression of the myofibroblast marker α-SMA positively 

correlates to increased stiffness of the culture surface and moving the cells to a softer 

surface can reverse this expression (Achterberg et al., 2014; Kloxin, Benton and 

Anseth, 2010). Given that TCP is known to be up to one million times stiffer than in 

vivo skin, with a reported Young’s Modulus of 3 GPa (Landry, Rattan and Dixon, 

2019), it follows that fibroblasts grown on plastic cultureware are likely in a 

permanently activated state more reminiscent of wounded than quiescent skin. This 

is interesting as it has already been discussed in chapter 5 that TCP is known to have 

a similar impact on keratinocytes, with activation markers such as keratins 6, 16 and 

17 often observed in 3D epidermal models cultured from TCP primed cells (Smiley 

et al., 2006). 

Whilst for keratinocytes the interest in external mechanics related to its role in 

balancing proliferation and differentiation in vivo, for fibroblasts changes to external 

mechanical stimuli are associated with skin ageing. Dermal ageing is associated with 

remodelling of the ECM as well as the accumulation of senescent fibroblasts. The 

direct relationship between external mechanics and senescence is not yet understood, 

and thus another objective of this chapter was to ascertain whether culturing HDFn 

on a softer substrate impacted the level of cell senescence and the DDR following 

irradiation.  

However, it should be noted that the results presented above only just begin to 

answer the questions raised at the start of this chapter, and further work would need 

to be done to fully meet the objectives. It has already been mentioned that persistent 

problems with fungal infections and presentation of a growth-impacting “stained” 

region on the hydrogels were a big hindrance to obtaining sufficient repeats and 

optimising experiments to produce the desired data. The initial placement in the 

Newcastle laboratory was only three months running through autumn of 2019. It was 

planned to extend this placement and spend another couple of months in 2020 tying 
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up some of the loose ends. However, due to the COVID-19 pandemic and the 

implementation of a national lockdown in March 2020 there was unfortunately no 

opportunity to do this. Once the laboratories were reopened it was with limited 

access and it was deemed more realistic to spend the final months focusing on the 

keratinocyte experiments rather than having to travel to Newcastle University whilst 

restrictions were still in place. This was disappointing as some of the data presented 

in this chapter is truly interesting, in particular the differences in expression of DNA 

damage markers following irradiation, and levels of ROS in fibroblasts cultured on 

BM dishes versus TCP. The potential implications of these findings are discussed in 

greater depth below, along with descriptions of experiments that could not be 

completed and would be an ideal starting point for future work on this topic. 

6.5.1 Early differences observed between HDFn on hydrogel-coated dishes 

versus TCP 

The first step in assessing fibroblasts on soft hydrogel-coated dishes was to simply 

seed the cells onto the dishes and observe any differences in cell appearance and 

behaviour. It has already been mentioned that initially 1 kPa dishes were the desired 

stiffness for the fibroblast work. However, due to problems with infection, “stained” 

dishes, and slow delivery time it was necessary to incorporate both 1 kPa and 4 kPa 

dishes which were referred to collectively as BM dishes throughout the results 

section. As reported earlier, there were no statistically significant differences noted 

between 1 kPa and 4 kPa cultured fibroblasts, and in their 2014 study Achterberg et 

al. used 1 kPa to 10 kPa substrates to replicate normal dermis (Achterberg et al., 2014).  

As discussed with relation to the keratinocytes, a stiff external environment is known 

to induce proliferation in cells as a result of the Hippo signalling pathway (Dupont 

et al., 2011), and as such it was hypothesised that HDFn cultured on BM dishes would 

proliferate more slowly than those on TCP. This was found to be the case for HEKn, 

as discussed in chapter 3, but for HDFn the opposite was observed. HDFn cultured 

on BM dishes exhibited high proliferative capacity that was comparable to TCP in the 

first two to three days, but which rapidly surpassed TCP by day five after seeding 

(Figure 6.1A). This was confirmed by comparing the number of cells seeded against 
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the number of cells harvested, the latter of which was significantly greater for HDFn 

on BM dishes (Figure 6.1B). The number of population doublings was also observed 

to be significantly higher in cells cultured on BM dishes (Figure 6.2). It must also be 

noted that HDFn cultured on BM dishes were very difficult to dissociate due to the 

density of the cells (Figure 6.11), and as such these may actually be underestimates of 

the true proliferative capacity of HDFn on BM dishes. The one contradictory result in 

this batch of experiments was the ki67 immunostaining which revealed that HDFn 

on BM dishes possessed significantly less nuclei with the proliferation marker (Figure 

6.3). However, as mentioned previously (section 6.4.1), persistent problems with ki67 

staining being limited to the periphery of coverslips throws into doubt the accuracy 

of this result, and further work would need to be done to either optimise the antibody 

or to test an alternative proliferation marker.  

Comparing these observations to the literature it is of no surprise that they largely 

fail to correlate, with other studies reporting that an increase in hydrogel or matrix 

stiffness resulted in an increase in fibroblast proliferation (Lin et al., 2021; Wahlsten 

et al., 2021; Wang, Chung and Kurisawa, 2012). Nonetheless, one study using 3D 

poly(ethylene glycol) (PEG) based hydrogels did report that the proliferation rate of 

human dermal fibroblasts increased with decreasing material stiffness (Bott et al., 

2010). Given that this study used 3D hydrogels, it is not directly comparable to the 

experiments performed here as the fibroblasts were cultured within the gel itself. As 

such, the difference in proliferation was attributed to variations in the amount of 

cross-linking within the low and high stiffness PEG-hydrogels which impacted the 

amount of space cells had to move into (Bott et al., 2010). However, in its discussion 

the study did highlight the importance of gel viscoelastic characteristics and response 

to cell activities in manipulating cell behaviour. It was noted that collagen gels with 

a similar stiffness to the PEG-gels underwent a matrix shrinkage that was not 

observed in the PEG-gels despite them possessing a greater number of cells. Collagen 

contraction in the presence of fibroblasts is well documented in vitro (Berry, Shelton 

and Lee, 2009; Bullard et al., 1999; Meshel et al., 2005) and is attributed to the free 

movement of collagen molecules against one another, making them easy to displace 

and enabling macroscopic contraction of the material (Bott et al., 2010). Proliferation 
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on the collagen gels in the study performed by Bott et al. was observed to rapidly 

increase in the first seven days of culture but did not vary between days 14 and 21 

(Bott et al., 2010).  

Given the information above, it should be noted that the hydrogels purchased for this 

project were coated with collagen I to improve cell adherence in culture. Whilst this 

likely had no impact on the keratinocytes, in hindsight it should have been 

anticipated that the fibroblasts would have a more significant interaction with this 

collagen layer. As such, it is possible that the HDFn cultured on the BM dishes were 

contracting the underlying collagen fibres, thus increasing the level of mechanical 

strain the cells encountered, and potentially explaining the observation of a higher 

proliferation rate than anticipated. Additionally, the collagen-derived dipeptide 

proline-hydroxyproline (Pro-Hyp) has been shown to increase fibroblast 

proliferation in vitro (Ohara et al., 2010), which means the elevated proliferation rate 

could also be a result of the HDFn breaking down the collagen I coating into peptides 

during remodelling. In order to draw any definitive conclusions regarding the 

elevated proliferation of HDFn cultured on BM dishes, it would be necessary to 

perform an in-depth investigation into both the gene and protein expression of the 

cells and their interaction with the collagen coating. The localisation of YAP1 would 

be of specific interest, but this may be hard to visualise given the densely packed 

nature of HDFn cultured on BM dishes. It would also be interesting to culture the 

cells on dishes without the collagen I coating which are available to purchase from 

the same source (Cell Guidance Systems), and thus a direct comparison between the 

two could be performed.  

In addition to the highly proliferative nature of the HDFn when cultured on BM 

dishes, it was also noted that the appearance of the cells was very different to those 

on TCP. At day five of culture, the HDFn on TCP appeared heterogenous in size and 

shape and were not all orientated in the same direction. However, those on the BM 

dishes were observed to have taken on the characteristic spindle shape of in vivo 

fibroblasts and were all orientated in parallel to one another (Figure 6.1A). The 

stellate morphology observed in some of the TCP HDFn is indicative of fibroblast 
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activation (Ravikanth et al., 2011), thus the spindle shape of the HDFn on BM dishes 

suggests that these cells are more morphologically similar to the quiescent fibroblasts 

found in normal in vivo dermis despite the increased proliferation rate.  In a 2017 

study, computational modelling was used to understand the mechanism of long-

range alignment patterns in fibroblasts, such as that observed in HDFn on BM dishes 

in this project. The results of this study suggested that recapitulating long-range 

alignment critically relies on the mutual alignment of fibroblasts and collagen fibres, 

and that modification of the underlying ECM network is necessary to reproduce this 

morphology (Li et al., 2017). Consequently, this further consolidates the hypothesis 

that HDFn on BM dishes were interacting with the collagen I coating, and suggests 

that this influenced HDFn appearance and behaviour beyond the scope of the 

mechanical properties of the hydrogel alone. 

The final observation made during the early stages of HDFn culture was that cells 

propagated on BM dishes appeared to have smaller nuclei. Quantification of HDFn 

cultured on BM and glass coverslips confirmed that the nuclear area and nuclear 

perimeter was lower for cells on BM coverslips to a statistically significant degree 

(Figure 6.4B-C). However, this was deemed a result of the smaller, spindle cell 

morphology of HDFn on BM dishes, as nuclear size is known to correlate with 

cytoplasmic volume (Katiyar et al., 2019). 

6.5.2 HDFn cultured on BM dishes differed to those on TCP following 

irradiation 

Following the initial assessment of HDFn in standard cell culture, the next step was 

to induce DNA damage and senescence in order to simulate dermal ageing. This was 

achieved through irradiating the HDFn using an x-ray machine. The first difference 

noted between TCP and BM cultured cells 10 days after irradiation was in their 

appearance; following doses of either 10 Gy or 20 Gy, HDFn cultured on TCP 

exhibited an increased number of large cells, whilst the fibroblasts cultured on BM 

dishes remained small and spindle shaped across all conditions (Figure 6.5). 

Senescent fibroblasts are larger, flattened, and have an irregular shape (Rani et al., 

2017), suggesting that the bigger cells observed on the TCP dishes following 
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irradiation may have been indicative of cell senescence. Given that the cells on BM 

dishes retained the same appearance regardless of irradiation dose, it was 

hypothesised that these cells were perhaps not as susceptible to damage from x-ray 

exposure. This appeared to be further consolidated following immunofluorescence 

analysis of HDFn fixed immediately after irradiating the cells. HDFn were stained for 

the DDR marker phospho-histone H2A.X, and cells cultured on TCP were observed 

to have significantly greater foci positive nuclei than those on BM dishes, particularly 

following a 10 Gy dose (Figure 6.6).   

A recent study by Dos Santos et al. reported that treatment of HeLa cells with 

cisplatin to induce DNA damage resulted in the significant reduction of nuclear 

stiffness as a result of chromatin decondensation. Additional reduction of nuclear 

tension as a result of cytoskeletal relaxation was observed to have a protective effect 

on the cells, and in fact reduced the accumulation of DNA damage (Dos Santos et al., 

2021). Their hypothesis was that nuclear softening reduced the rate of DNA 

replication, and thus limited the number of double-stranded breaks induced by 

cisplatin. The idea that nuclear softening is a protective mechanism against DNA 

damage does offer some hint as to why HDFn cultured on BM dishes might have 

exhibited fewer DDR markers immediately following irradiation; it is well 

documented that cell stiffness correlates with that of the external environment (Liu, 

Sun and Simmons, 2013; Rianna and Radmacher, 2017; Solon et al., 2007), and 

keratinocytes cultured on BM dishes were observed to have softer nuclei than those 

on TCP (Figure 4.24). However, it has already been discussed above that these cells 

were more proliferative than those on TCP, so the hypothesis of Dos Santos et al. 

would not align with the observations made in this study. Additionally, without 

AFM analysis, it cannot be confirmed that HDFn on BM dishes did exhibit nuclear 

softening. 

Another potential explanation for this protective effect is that HDFn cultured on BM 

dishes appeared much smaller, were much more densely packed, and had smaller 

nuclei. In 2019, a study reported that NIH3T3 fibroblasts cultured on silicone elastic 

membranes exhibited significantly decreased fluorescence intensity of phospho-
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histone γ-H2A.X following UV radiation when the membranes had been stretched 

and nuclei were under greater tension (Nagayama and Fukuei, 2019). Cells on 

stretched membranes had dramatically compressed nuclei as a result of actin 

reorganisation in response to the greater tension, and it was hypothesised that the 

resulting force-induced condensation of chromatin provided resistance to UV 

radiation-induced DNA damage (Nagayama and Fukuei, 2019). Consequently, given 

the smaller nuclear size and densely packed cells on BM dishes, it is possible that the 

same hypothesis applies to this study; increased nuclear tension as a result of high 

cell confluency, and smaller nuclear, acted together to increase chromatin 

condensation which provided a protective resistance to irradiation.  

Given the highly proliferative nature of the HDFn on BM dishes, it was difficult to 

balance obtaining a reduced cell density whilst ensuring the cells were in culture long 

enough to enable them to fully acclimatise to their mechanical environment. 

Nonetheless, in order to assess whether the high cell density is responsible for the 

protective effect against DNA damage, it would be necessary to repeat the irradiation 

experiment on cells that are at a significantly lower confluency. Thus, at this stage it 

cannot be concluded why HDFn cultured on BM dishes had fewer DDR markers 

immediately following irradiation. 

However, in contradiction to these early observations, further assessment of the 

HDFn 10 days after irradiation suggested that cells exposed to a 20 Gy dose had less 

DNA damage when cultured on the TCP dishes (Figure 6.7A); a noticeable difference 

in contrast to the diffuse staining observed immediately after irradiation was that the 

nuclei now possessed discrete phospho-histone H2A.X foci (Figure 6.7B). A potential 

reason for this could be that DNA damage repair is facilitated by a delay in cell cycle 

progression (Meng et al., 2005), and the increased proliferative capacity of HDFn on 

BM dishes could have resulted in a slower repair process, even though fewer cells 

encountered DNA damage immediately following irradiation. However, the biggest 

of this experiment was that it only had one repeat due to issues with carrying enough 

samples through to the 10 day time point without infection. Consequently, additional 
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repeats would be required before conclusions could be drawn about the long-term 

DDR of HDFn on TCP and BM dishes following irradiation. 

Another contradictory result came from the immunofluorescence analysis of the 

senescence marker p21, which suggested that HDFn had a greater percentage of p21 

positive cells (Figure 6.8). However, once again this experiment only had one repeat 

and therefore cannot be relied upon to draw conclusions from, particularly given the 

questionable data point suggesting that >30% of HDFn on BM dishes had positive 

staining in the control sample that was not irradiated. This directly contradicts the 

high proliferation rate and morphological appearance of the cells in culture, and thus 

it was attempted to repeat this experiment using the alternative senescence marker 

p16INK4a. However, problems were encountered when trying to optimise numerous 

p16INK4a antibodies, with all of them producing non-specific staining (Figure 6.9).  

As a result of these problems, further investigation would be required in order to 

assess the level of cell senescence in HDFn cultured on TCP versus BM dishes 10 days 

after irradiation. It should be noted that it had been planned to return to the 

Newcastle laboratory and run western blots for p21 and p16 in case the antibodies 

were better suited for this technique. Additionally, another planned experiment was 

to take samples of the medium from HDFn 10 days after a 20 Gy x-ray dose and send 

them off for analysis of SASP content. However, it was not possible to complete these 

experiments due to the COVID-19 pandemic which prevented a return to the 

Newcastle laboratory, and as such they must recommended as a starting point for 

any future research into this aspect of the project. 

6.5.3 HDFn cultured on BM dishes exhibited reduced levels of ROS  

One of the main contributors towards skin ageing is the accumulation of ROS, with 

skin possessing the highest ROS load of any organ in the body (Rinnerthaler et al., 

2015). Consequently, levels of ROS were considered an important aspect of fibroblast 

biology to compare in HDFn cultured on TCP and BM dishes. Differences in ROS 

levels in irradiated HDFn were not found to be significant, however there was a 

striking difference in ROS levels in the control cells that had not been irradiated. It 
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was observed through flow cytometry analysis that the fluorescence intensity for 

ROS, superoxides, and mitochondrial mass were all significantly lower for HEKn 

cultured on BM dishes compared to TCP (Figure 6.10). Increased mitochondrial mass 

is indicative of a stress response to mitochondrial dysfunction, with cells increasing 

their number of mitochondria as a compensation method (Nugent et al., 2007). 

Cellular ROS such as superoxides and hydrogen peroxide are produced as a result of 

mitochondrial oxidative metabolism, but accumulation of ROS within a cell can result 

in oxidative damage to nucleic acids, proteins, and lipids (Ray, Huang and Tsuji, 

2012). Therefore, the result of the flow cytometry analysis suggests that HDFn 

cultured on BM dishes may have had superior mitochondrial function and a better 

antioxidant defence system than those on TCP. This is particularly interesting due to 

the role that mitochondrial ROS play in regulating cell proliferation as they are 

required for mitogenic signalling (Diebold and Chandel, 2016). Given that HDFn on 

BM dishes exhibited higher proliferation but lower ROS levels than those on TCP, it 

can be hypothesised that HDFn cultured on TCP exhibit ROS levels that surpass the 

requirement for cell proliferation, putting them at greater risk of oxidative stress.  

6.5.4 The use of BM dishes presented technical problems that hindered the 

culture of HDFn 

As mentioned in chapter 3, one of the primary objectives of this project was to 

ascertain whether culturing cells on hydrogel-coated cultureware facilitated the ease 

of use with which 2D culture is normally associated. In chapter 3, it was highlighted 

that there were a number of technical issues encountered during the culturing of 

HEKn on BM dishes. One of these problems was a difficulty with dissociating the 

cells, which was eventually solved through the introduction of TrypLE™ which was 

not neutralised by the retention of serum from the medium by the hydrogel. 

However, despite the use of TrypLE™ to dissociate HDFn, problems were still 

encountered as a result of the extreme density to which the fibroblasts grew to when 

cultured on BM dishes. As a result, even after 20 minutes of exposure to TrypLE™ 

there were still a large number of cells stuck to the dishes as the reagent was unable 

to penetrate through the cell layers (Figure 6.11).  
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In an attempt to combat this, a cell scraper was gently used to help dislodge cells that 

had been incubated with TrypLE™ but this led to issues with cell clumping which 

made it hard to count the cell number and isolate cells for further analysis such as 

immunostaining or flow cytometry. It may have been possible to get around this by 

adjusting the initial seeding density, but as mentioned earlier, it was important to 

ensure that the cells were exposed to the dishes for long enough to adjust to their 

mechanical environment, and the high proliferation rate of cells on the BM dishes 

meant that they easily reached confluency during this period.  

Nevertheless, whilst the difficulties with dissociating cells from the dishes was 

frustrating, it was not a major hindrance to the overall study of HDFn on BM 

cultureware. In contrast, one persistent issue which did have a severe impact on the 

ability to produce data for this chapter was the appearance of a white “stain” on 

numerous hydrogels, over which the cells either grew abnormally or died (Figure 

6.12). This phenomenon was never witnessed during keratinocyte culture, and no 

reference to similar experiences could be found in the literature but it was a consistent 

problem encountered across dishes from separate batches and with different gel 

stiffnesses. As such, the only potential hypothesis thought of at the time was that the 

fibroblasts were interacting with the underlying hydrogel in a way that altered it in 

a way that made it toxic to the cells.  

Microorganisms have been shown to hydrolyse polyacrylamide using amidase 

enzymes (Xiong et al., 2018; Yu et al., 2015), which are a large group of proteins found 

in both prokaryotes and eukaryotes that share a highly conserved Ser-Ser-Lys 

catalytic triad used for amide hydrolysis, though the substrate specificity and 

function varies widely (InterPro, 2021). N-acylethanolamine acid amidase is an 

enzyme found in numerous human cell types, including dermal fibroblasts (The 

Human Protein Atlas, 2020) but whether the enzyme is close enough in function to 

bacterial amidases to be able to hydrolyse polyacrylamide, and whether it is secreted 

extracellularly by fibroblasts, are two uncertainties that throw doubt on the 

likelihood of this being the reason behind the “stain”. As such, it is still unknown 

what the cause of this phenomenon was, and the only apparent way to avoid it would 
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be to change the composition of the gel.  However, given that there is so much 

literature available in which fibroblasts have been cultured on polyacrylamide 

hydrogels with no mention of similar experiences, the cause of this issue begs further 

investigation. 

6.5.5 Additional experiments that could not be completed 

As mentioned at the start of this discussion, the combination of persistent infections 

and problems with the “stain” phenomenon, as well as the COVID-19 pandemic, 

meant that not all of the experiments originally planned for this chapter were able to 

be completed. One of these, as has already been discussed, was a more in-depth 

investigation into fibroblast senescence when cultured on TCP and BM dishes. The 

original plan for this aspect of the study was to take samples of medium from the 

dishes 10 days after irradiation and send these off to be assessed for SASP content. 

This would have been an interesting experiment that would have provided a much 

more detailed insight into any senescence differences between the two conditions. 

Additionally, western blot analysis of senescence markers combined with LINC 

proteins would have been of interest given what is known about changes to the LINC 

protein content in response to cell senescence (6.1.2).  

Moreover, another key aspect of fibroblast biology is cell activation which is 

associated with wound healing in vivo. It has been shown that myofibroblast 

activation can be promoted by matrix stiffness and increased mechanical strain 

(Achterberg et al., 2014) as well as higher ROS levels (Edmondson et al., 2014). Given 

the stiffness of TCP and the higher levels of ROS HDFn cultured on TCP exhibited, 

combined with the more quiescent morphology of HDFn on BM dishes, another 

planned experiment was to investigate the expression of α-SMA in order to assess 

whether a myofibroblast phenotype was promoted by TCP culture.  

6.6 Conclusions 

This chapter aimed to investigate whether culturing HDFn on BM substrates 

mimicking dermal mechanics would result in changes to cell activation under normal 

conditions, and to the DDR and senescence following irradiation. It was hypothesised 
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that cell activation and proliferation would be decreased in HDFn on BM dishes, but 

the unknown link between extracellular mechanics and senescence made it difficult 

to predict how cells would respond to irradiation. 

Whilst the experimental results obtained for this chapter were extremely interesting, 

they by no means provided a full answer to the original questions raised. Moreover, 

the experiments were beset by hindrances such as fungal infections, the presentation 

of a stained region in numerous dishes upon which cells would not grow, and the 

COVID-19 pandemic which prevented a return to the Newcastle laboratory to 

perform additional experiments and to obtain final repeats.  

Nonetheless, it was evident from the early stages of culture that BM dishes had an 

impact on fibroblast behaviour, though this presented itself as an unexpected 

increase in proliferative capacity that was attributed to potential interactions with the 

collagen coating on top of the hydrogel layer. Additionally, HDFn on BM dishes were 

observed to have smaller nuclei and the cells themselves appeared smaller and more 

spindle shaped, making them more morphologically reminiscent of quiescent cells in 

vivo in contrast to the active stellate morphology observed on TCP dishes. Flow 

cytometry analysis revealed that HDFn on TCP dishes had greater mitochondrial 

mass and higher levels of ROS and superoxides than those on BM dishes. This 

suggested that fibroblasts on TCP might have inferior antioxidant and mitochondrial 

function compared to those on hydrogel-coated dishes. Moreover, elevated ROS 

levels has been linked to myofibroblast activation, further suggesting that TCP 

promoted an activated phenotype and BM dishes promoted quiescence. 

Finally, it was observed that HDFn cultured on BM dishes exhibited reduced DNA 

damage marker expression immediately following irradiation, suggesting a 

protective effect that was hypothetically attributed to increased cell density and 

smaller nuclei resulting in force-induced condensing of chromatin. Repetition of this 

analysis 10 days after irradiation revealed the opposite, with HDFn on BM dishes 

expressing a greater number of phospho-histone H2A.X foci. This result was 

hypothesised to be due to the high proliferative capacity of HDFn on BM dishes 

which resulted in delayed DNA damage repair which is usually associated with a 
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delay in cell cycle progression. However, further repeats would be needed in order 

to confirm this difference in the DDR 10 days after irradiation. Similarly inconclusive 

were the experiments designed to assess differences in cell senescence following 

irradiation, though HDFn cultured on TCP exhibited an increase in the number of 

large, irregular-shaped cells that are a hallmark of senescence and were notably 

absent from the BM dishes. 

To conclude, the results of this experiment provide a solid foundation for further 

investigation into the effects of substrate stiffness on 2D fibroblast culture. These 

early analyses offer promising evidence that BM hydrogels reduce the prevalence of 

the activated fibroblast phenotype usually observed in vitro, though contradictions 

such as the increased proliferation show that further work is required to fully 

understand the response of HDFn to substrate stiffness. Moreover, the tantalising 

hints at reduced ROS, protection from DNA damage, and fewer morphologically 

senescent fibroblasts when HDFn are cultured on BM dishes could have implications 

that are much more far-reaching than the future of in vitro fibroblast culture. As such, 

these data are only the starting point of what could be a fascinating study into the 

effects of external mechanics on fibroblast phenotype and behaviour. 
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7 Summary and Final Discussion 

7.1 Skin cells cultured on BM dishes could be more 

reflective of their in vivo counterparts 

The main aim of this project was to replicate the mechanical environment of the 

epidermal and dermal compartments of human skin in 2D, and observe any 

differences between keratinocytes and fibroblasts cultured on standard TCP versus 

those on a BM substrate. The data presented and discussed throughout this thesis 

demonstrate that the stiffness of TCP has a significant impact on the behaviour and 

gene and protein expression of HEKn and HDFn. It has been reported in the literature 

that both keratinocytes and fibroblasts cultured on TCP exhibit an activated and 

hyperproliferative phenotype that is reminiscent of cells found at wound healing sites 

rather than normal quiescent skin (Smiley et al., 2005; Smiley et al., 2006; Darby et al., 

2014; Edmondson et al., 2014). In this comparison of cells cultured on TCP and BM 

dishes, it was observed that BM substrates appeared to promote a more quiescent 

phenotype.  

In keratinocytes this presented as a reduced proliferation rate, downregulation of 

proliferation markers, reduced nuclear YAP1, and reorganisation of the actin 

cytoskeleton to have fewer stress fibres. Fibroblasts cultured on BM dishes appeared 

to contradict the understood relationship between substrate stiffness and 

proliferation and were in fact more proliferative than those on TCP. However, 

conversely the HDFn on BM dishes were observed to exhibit reduced ROS and a 

smaller, spindle morphology, making them more reminiscent of quiescent fibroblasts 

than the stellate cells observed on TCP dishes. Further work should focus on 

confirming this active versus quiescent cell phenotype through the analysis of keratin 

markers associated with wound healing in keratinocytes, and α-SMA expression in 

fibroblasts. 

However, reduced proliferative capacity was not the limit of the changes observed in 

HEKn when cultured on BM dishes. One of the main hallmarks of the epidermis is 

the homeostatic balance between proliferation and differentiation. In vivo, the 
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external mechanical environment plays a critical role in keratinocyte differentiation 

as cells move away from the stiff basement membrane (Biggs et al., 2020). In this 

study, it was observed that HEKn cultured on soft 4 kPa hydrogels exhibited 

upregulated differentiation markers, suggesting that this mechanical environment 

was more reminiscent of the suprabasal layers of the epidermis. Additionally, colony 

density was increased on soft BM dishes, and HEKn were observed to express E-

cadherin localised linearly at the cell membrane, suggesting tighter cell-cell 

connections which are again reminiscent of higher epidermal layers. Consequently, 

by manipulating the stiffness of BM dishes in 2D culture, it may be possible to 

facilitate more focused research into the gene expression, protein localisation, and 

behaviour of keratinocytes at various stages of terminal differentiation, thus 

reflecting the different epidermal layers.  

What is ultimately demonstrated through the results of this thesis is that the 

mechanical strength of TCP cultureware impacts cells in ways that should not be 

ignored during subsequent analyses. AFM measurements of HEKn showed that in 

vitro cells alter their entire mechanical stiffness to correlate with that of their 

underlying substrate, and the striking downregulation of cytoskeletal and LINC 

protein components exhibited on softer substrates will inevitably have more 

widespread implications than could be investigated here. 

Additionally, HDFn exposed to irradiation exhibited significantly reduced 

expression of the DNA damage marker phospho-histone H2A.X, and lacked the 

presentation of large, irregular-shaped cells indicative of cellular senescence. Whilst 

both the HEKn and HDFn observations require significant further investigation in 

order to fully understand the full impact of in vitro substrate stiffness, they throw into 

stark relief the potential for TCP to skew the results of a study. It should be a point of 

concern that so much literature in the public domain fails to acknowledge the 

potential limitations of TCP culture. Whilst studies specifically focused on 

biomechanics clearly recognise the implications of using TCP or glass cultureware in 

vitro, it is important that all studies utilizing standard 2D cell culture techniques, 

regardless of whether biomechanics is a focus, begin to draw attention to the 
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limitations that this inappropriate mechanical environment engenders, and 

acknowledge that this might be reflected in their data.   

7.2 Priming skin cells in a more realistic mechanical 

environment could be used to produce superior 3D skin 

models  

The secondary significant aim of this project was to assess whether culturing skin 

cells on a BM substrate in 2D facilitated superior 3D model development; superior 

models were defined as a physical organisation and protein expression profile more 

reminiscent of in vivo skin. For this section of the project, keratinocytes were the focus, 

and it was observed after some trial and error that HEKn cultured on 50 kPa dishes 

in 2D produced epidermal models that were thicker and had more defined layers that 

better represented the epidermis in human skin. HEKn cultured on 4 kPa dishes 

produced thin, poorly assembled models that were attributed to the dishes being too 

soft and therefore promoting too differentiated a phenotype to mimic the 

proliferative basal layer. In contrast, the TCP primed cells were known to be highly 

proliferative in 2D but were deemed too stiff to support the balance between 

proliferation and differentiation required for epidermal assembly. Additionally, it 

was hypothesised that cells harvested from TCP dishes were subject to a lag period 

in which the cells had to adjust to their new, softer mechanical environment which 

impacted epidermal assembly and led to thinner, less organised models.  

Whilst the data presented in chapter 5 offer a tantalising glimpse as to how altering 

the mechanical environment of 2D culture could improve 3D models, there remains 

a significant amount of more in-depth work to be done. With this in mind, future 

work should focus on a thorough analysis of protein expression and localisation 

within EEs formed from TCP and 50 kPa primed dishes, and directly compare them 

to the human epidermis. Moreover, further experiments should be done to assess the 

impact of 50 kPa dishes in 2D on barrier function in 3D. Finally, it would be beneficial 

to perform further work to combine HEKn primed on 50 kPa and 4 kPa dishes to see 

whether this would improve model organisation still further. 
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Branching out beyond the EEs, future work stemming from this project should focus 

on the production of dermal models using fibroblasts primed on BM dishes in 2D. 

The results of the few analyses performed on HDFn cultured on BM dishes were 

striking, and it would be interesting to see how the changes in physical appearance, 

proliferative capacity, ROS levels, and DDR affect ECM deposition and composition 

within a dermal equivalent. Viewing this project in hindsight, it would perhaps have 

been better to focus the 3D model work on the fibroblasts rather than the 

keratinocytes. Epidermal models are notoriously difficult to produce in vitro given 

the donor variability of primary HEKn which impacts the ability of some cells to form 

a stratified epidermis in culture (Eves et al., 2000; Stark et al., 1999). Moreover, 

keratinocytes are sensitive to terminal differentiation at any time in culture as a result 

of cues as simple as increased cell density due to high confluency (Poumay and 

Pittelkow, 1995), which would also impact their capacity for epidermal assembly. In 

contrast, dermal models are relatively easy to produce using scaffolds such as 

Alvetex® onto which HDFn can be seeded and where they can then secrete ECM 

components to form their own external environment (Roger et al., 2019). These 

models can be easily assessed through immunofluorescence and western blotting 

techniques.  

To conclude, whilst the results of the EEs provided a promising correlation between 

using a BM substrate in 2D and improved 3D appearance, the experiments were 

hindered by persistent problems with inconsistency in the quality of the models that 

was more to do with the cells than the dishes on which they were cultured. As such, 

whilst further work does need to be done on the EEs to consolidate these early 

findings, it would be prudent to focus a significant amount of future time producing 

dermal models and characterising the effects that BM priming have on fibroblasts 

once transferred to a 3D setting. 
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7.3 Culturing HEKn and HDFn on BM cultureware 

required adaptation of standard 2D cell culture 

techniques 

Perhaps one if the most important considerations for this project was to provide a 

natural mechanical environment in a 2D format that would not compromise the ease 

of use and cost-effective nature of standard cell culture. The chosen format of culture 

dishes and coverslips coated with a thin hydrogel seemed to meet this objective, and 

the ability to purchase the cultureware in batches of different stiffnesses offered an 

element of product control. However, whilst the dishes were significantly easier to 

work with compared to 3D tissue models, issues did arise that meant they were still 

not wholly comparable with TCP culture.  

The first problem encountered was that the hydrogel layer absorbed growth medium 

that could not be removed by washing with PBS. This made it difficult to dissociate 

the cells using standard trypsin and led to the unavoidable contamination of protein 

and RNA lysates with medium components. Additionally, for the HEKn it was not 

possible to propagate the cells on the softer dishes beyond a single passage meaning 

that long-term maintenance of the cells in a BM environment was not possible. 

Further difficulties included the BM coverslips being too thick to image when 

mounted onto slides and the hydrogels being too fragile for a cell scraper resulting in 

inferior protein yields for western blot analysis.  

However, whilst initially frustrating, most of these issues were relatively easy to 

adapt to through the implementation of small changes e.g., using a different reagent 

for dissociating cells, lysing cells using a rocker rather than a cell scraper, and using 

microscope objectives with a greater free working distance to image coverslips. The 

issue with cell propagation on softer dishes was not one that could be readily fixed, 

but it should be noted that this was in no way a negative reflection on the dishes 

themselves; softer dishes pushed HEKn towards differentiation and as such it is likely 

that they were unable to re-form attachments to a new dish following dissociation. 

Consequently, if longer-term culture on BM dishes was desired, it would be more 

appropriate to culture HEKn on 50 kPa dishes which were shown to promote 
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propagation as well as superior epidermal assembly, thus implying that they more 

appropriately represented the mechanical environment of the epidermal basement 

membrane. 

In contrast to these relatively minor setbacks, the biggest hindrance to working with 

the hydrogel-coated dishes were persistent problems with cells not growing properly 

on the dishes. When culturing HEKn, it was observed that occasional batches of BM 

dishes did not support cell growth, and HEKn would either fail to proliferate, or die 

and detach following seeding. It was noted that when this occurred, all dishes with 

the same lot number were affected, suggesting that the issue was specific to the dishes 

purchased, and that their production was not as standardised as first assumed. 

Moreover, HDFn were observed to also fail to grow on some dishes, though in this 

instance the problem arose following the presentation of a white stained area within 

the hydrogel and did not seem to correlate with batch number but occurred 

randomly. Given that the dishes were expensive, took a long time to arrive when 

ordered, and could only be purchased in packs of 10, it is clear that buying dishes 

such as this from companies would in no way be a cost-effective equivalent to using 

TCP cultureware. The decision to purchase BM dishes for this project stemmed 

largely from a desire to not devote a large amount of time to optimising recipes to 

produce hydrogels of specific stiffnesses. However, polyacrylamide gels are easy to 

make and the ingredients to do so already exist in many laboratories where western 

blotting takes places. As such, future work may wish to consider focusing on the 

development of a protocol for making hydrogels in the laboratory. This would not 

only be a significantly more cost-effective option, but it would also enable the 

production of a much greater number of dishes to facilitate bigger experimental set-

ups and long-term culture of cells on BM substrates. 

To conclude, whilst not as easy to work with as standard TCP cultureware, replacing 

TCP with hydrogel-coated dishes would only require minimal adaptations to current 

culture techniques in order to implement their wider use. Cell culture in a 2D format 

has long been the gold standard of in vitro cell work, but it would be to science’s 

detriment to rigidly hold on to a technique that it is becoming increasingly apparent 
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offers a grossly inappropriate mechanical environment for mammalian cells. Given 

the findings of both this project and the numerous published studies investigating 

cell biomechanics, it is clear that the future of cell culture research relies on a field-

wide willingness to focus attention away from past techniques and towards BM 

cultureware. Until mammalian cells are routinely cultured in a mechanical 

environment that reflects their native tissue, the results of in vitro cell culture will 

never truly capture the behaviour, genotype and phenotype of in vivo cells. 
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