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Abstract 

 
Embryonic stem cells have generated much interest due to their ability to differentiate 

into any cell type within the body. This ability could potentially allow for scientists and 

engineers to develop a number of therapies for diseases, which currently have no cure 

such as Parkinson’s disease, Alzheimer’s disease and diabetes. However, the 

differentiation process itself is one of the major bottlenecks in developing potential 

therapies. Currently protocols involve the use of mixtures of growth factors in order to 

create a suitable soluble microenvironment for differentiation. These growth factors 

are often expensive, thereby limiting the potential for scale-up of cell bioprocesses. 

Much interest has thus been generated into other elements of the microenvironment 

that could improve differentiation efficiency. The field of mechanobiology in particular, 

has developed rapidly in recent years. 

 

The aim of this thesis was to investigate the effect of Young’s modulus on neuronal 

differentiation of mouse embryonic stem cells (mESC’s). Instead of treating 

differentiation as one long process, the decision was made to split the process into 

three stages. The first, involved the formation of neural precursors from mESC’s. This 

was followed by the formation of immature neurons from neural precursors. The final 

stage was to allow the immature neurons to develop into a mature neuronal subtype. 

The impact of Young’s modulus was split into three effects. One was the initial 

attachment of cells. The second was the expansion of cells into colonies. The third was 

the effect of Young’s modulus on enrichment of neuronal cells. 

 

It was found that physiologically soft materials favoured the formation of all three 

neuronal cell types (precursor, immature and mature). However, the exact effect of 

differentiation varied over the course of differentiation. Over the first and second 

stages, soft substrates favoured the initial attachment of cells without affecting 

enrichment. Over the final stage, however, soft substrates directly favoured 

maturation of immature neurons, without having a significant effect upon their 

attachment. Thus the effect of Young’s modulus on neuronal differentiation changes 

according to the level of cellular maturity. 
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There have not been any previous studies, which have tried to characterise the effect 

of the mechanical microenvironment on differentiation in a stage-by-stage manner. 

These findings have many important implications in terms of regenerative medicine 

bioprocessing. Firstly the optimal conditions for cellular attachment are not always the 

same as the optimal conditions for increasing cell enrichment. By carefully fine-tuning 

the mechanical properties at each stage of differentiation, both cell yields and final 

enrichment could be increased substantially. Furthermore, different cell types will 

require different optimisation strategies. Finally, by better understanding the 

interaction between cells and their mechanical environment, these findings could 

allow for better future design of tissue engineering biomaterials for implantation of 

cells into target areas for cell therapies. 
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1 Introduction 

 

1.1 Embryonic Stem Cells 

 

Embryonic stem (ES) cells are capable of unlimited self-renewal in vitro (Evans & 

Kaufman, 1981) and differentiation into any cell lineage from each of the three germ 

layers (endoderm, ectoderm and mesoderm). Embryonic Stem Cells are derived in 

culture by the removal and in vitro replating of the inner cell mass of blastocysts, 8 

days post-fertilisation (Thomson et al., 1998). These cells can then be expanded as a 

monolayer in adherent culture (on gelatin in the case of mouse ES cells or mitomycin-

treated mouse embryonic fibroblasts in the case of human ES cells). When expanded in 

a suspension culture without gelatin or feeders, embryonic stem cells form cellular 

aggregates termed embryoid bodies (Itskovitz-Eldor et al, 2000). Embryoid bodies 

(EB’s) contain a mixture of differentiated cells from the three germ layers. 

 

Regenerative medicine is the replacement or generation of cells, tissues and organs 

damaged by disease in order to restore or establish normal function (Mason & Dunnill, 

2008). The ability of embryonic stem cells to differentiate into multiple cell types has 

generated much interest into potential regenerative medicine applications, including 

potential therapies for Parkinson’s disease (Morizane et al, 2008; Lee et al, 2000; 

Frilling et al. 2009), diabetes (Soria et al, 2000; Lumelsky et al, 2001) and 

cardiovascular disease (Kehat et al, 2001; Kehat et al, 2002; Westfall et al, 1998; Min et 

al, 2002). In the case of Parkinson’s disease for example, stem cells could be used to 

replace populations of dopaminergic neurons, which die in large numbers during the 

progress of the disease.  

 

The ability of embryonic stem cells to differentiate into any cell type (other than extra-

embryonic tissue such as placenta) is termed pluripotency. This is in contrast to 

multipotency, where cells such as adult stem cells have the potential to form a more 

limited variety of cells restricted to certain lineages. For example, haematopoietic 

stem cells, which are isolated from bone marrow (Gunsilius et al, 2001) and used in 

haematopoietic stem cell transplantation (HSCT), form into blood cells  (Lewis & 
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Trobaugh, 1964). Similarly adult mesenchymal stem cells can only form into a limited 

range of cell types, including neurons, myoblasts and osteoblasts (Engler et al., 2006).  

 

In addition to lacking pluripotency, differentiated cells also have reduced proliferative 

capacity compared to stem cells. For example, mature, terminally differentiated 

neurons do not have the ability to self renew. When neurons are lost in the adult 

brain, they are replaced by cells from a small sub-population of multipotent neural 

stem cells in the sub-ventricular and sub-granular zones (Levitan & Kaczmarek, 2002), 

not by proliferation of neurons. 

 

Induced pluripotent stem cells (iPS cells) are a further source of pluripotent cells. 

These are reprogrammed somatic cells (for example, fibroblasts), which are able to 

express various pluripotent stem cell markers in addition to forming cells from the 

three germ layers (Takahashi & Yamanaka, 2006). Fibroblasts can be induced into iPS 

cells using lentiviral or (Yu et al., 2007) adenoviral (Stadtfeld, 2008; Zhou et al, 2009) 

vectors containing genes associated with pluripotency. Induced pluripotent stem cells 

are not yet a completely viable alternative to embryonic stem cells as the long-term 

characterization of their stability in culture has yet to be established. However, recent 

work using cells derived from iPSC’s have provided interesting results, including the 

formation of miniature brain organoids (Lancaster et al, 2013), beating mouse hearts 

(Lu et al, 2013) and vascularised livers (Takebe et al, 2013). 

 

Mouse embryonic stem cells (mESCs) are frequently used for studying neuronal 

differentiation and development as their differentiation protocols are relatively well 

characterised. Mouse embryonic stem cells however are not completely analogous to 

human embryonic stem cells as they differ in the signalling pathways they use. For 

example, mouse embryonic stem cells signal through the leukaemia inhibitory factor 

pathway during pluripotency, whilst human embryonic stem cells do not. However, the 

overall self-renewal strategy is similar between human and mouse embryonic stem 

cells (Ginis et al., 2004). 
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1.2 Neuronal Differentiation 

 

1.2.1 In Vertebrate Development 

 

Overall vertebrate development from an embryo can be considered in four stages 

(Levitan & Kaczmarek, 2002). The first stage of development is the cleavage of the 

fertilized egg. The cleavage stage produces a number of identical cells each containing 

a copy of the genome. The cells of the inner cell mass (which are plated out to form 

embryonic stem cells) are isolated at this stage of development.  

 

The next stage of development is the patterning, where the cells are allocated to the 

three germ layers (ectodermal, mesodermal and endodermal). This stage is analogous 

to the EB stage in ES cells. The cells that are destined to eventually become neuronal 

cells are found within the ectodermal germ layer. The third stage in development is 

morphogenesis, during which gastrulation occurs. Gastrulation involves extensive 

migration of the patterned cells in order to form the main body plan.  

 

The fourth stage of development is differentiation. Differentiation is the process by 

which cells become structurally and functionally different from each other, forming 

into specialized tissues (Levitan and Kaczmarek, 2002). The stages involved in neuronal 

differentiation are outlined below. Within this report, the term ‘neural’ is used to 

denote any cells or tissue of the central nervous system including neurons, astrocytes 

and oligodendrocytes, whereas the term ‘neuronal’ specifically refers to neurons.  

 

1.2.1.1 Neural Induction and Formation of the Neural Tube 

 

The cells that undergo neural induction are found in the dorsal layer of the ectodermal 

tissue. The remaining ventral cells in the ectodermal tissue form the epidermis. The 

dorsal layer of ectodermal cells thickens to form a region known as the neural plate, 

from which the nervous system is derived.  
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The neural plate is formed by the induction of a small group of cells in the 

neuroepithelium. Induction involves many different types of signalling, including bone 

morphogenetic protein (BMP) signalling. 

 

BMP is a type of transforming growth factor (TGF-) protein, of which Nodal and 

Activin are also examples (Seuntjens et al., 2009). BMP influences differentiation by 

diverting cells away from the neuronal fate. Neurectodermal specification is 

encouraged by inhibition of BMP signalling by neural inducer molecules such as 

Noggin. 

 

Only a small fraction of neural plate cells mature into functional neurons. Their 

partially differentiated neighbouring cells remain present as multipotent neural stem 

cells in the adult sub-ventricular (SVZ) and sub-granular (SGZ) zones. Thus 

neurogenesis is enabled to continue in the adult brain. 

 

As gastrulation reaches its’ conclusion, the neural plate is folded in order to form the 

neural tube. As this occurs, neural crest cells migrate away from the dorsal region of 

the neural tube. The cells that remain within the neural tube form the central nervous 

system and become patterned (in terms of identity and gene expression) along the 

dorso-ventral and antero-posterior axis of the neural tube. 

 

1.2.1.2 Dorsal-Ventral Patterning 

 

Neurons of the central nervous system become specified according to their position 

relative to the dorsal and ventral regions of the neural tube. This patterning is 

regulated by BMP and sonic hedgehog (Shh) signalling. These two growth factors act 

antagonistically to create a dorsal-ventral Shh gradient. The type of neurons formed 

depends upon Shh concentration. Retinoic acid (a component of the N2B27 medium 

used in this study, as outlined later) also has an effect on patterning and is secreted by 

the notochord, a mesodermal rod-like structure that runs along the ventral midline. 
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1.2.1.3 Antero-Posterior Patterning 

 

FGF (fibroblast growth factor) signalling is the main regulator of neuronal fate along 

the antero-posterior axis. FGF is secreted by mesodermal tissue and its signalling is 

graded from a high posterior level to a low anterior levelling. This gradient of FGF 

signalling gives rise to antero-posterior patterning of Hox gene expression. The 

expression of Hox genes specifies the identity of the motor neurons. 

 

Thus motor neurons are sub-divided into pools along the dorsal-ventral and antero-

posterior axes. The motor neurons within each pool direct axonal growth towards 

specific target muscles. 

 

1.2.1.4 Neuronal Migration 

 

Neurons extend out processes from the central body called neurites. Neurites are 

further subdivided into dendrites and axons. Dendrites conduct electrical impulses 

towards the central cell body (the soma), whilst axons direct electrical impulses away 

from the soma. During neuronal growth, the region at the end of the axon is known as 

the neuronal growth cone. The neuronal growth cone directs axonal outgrowth during 

migration. Growth cones generate traction through retrograde actin flow (Franze & 

Guck, 2010), generated by myosin IIb activity (these processes are described in more 

detail later in this Chapter). Migration of the growth cone is based on attractive and 

repulsive cues. The stiffness of the extra-cellular matrix has a profound effect on 

growth cone migration (Koch et al, 2012; Flanagan et al, 2002). Growth cones tend to 

migrate towards more deformable substrates. 

 

Once migration is complete, synapse formation and refinement occurs. During initial 

synapse formation, more connections are formed than are necessary for normal nerve 

function. During refinement, excess motor neurons die due to activation of apoptotic 

pathways (programmed cell death). The surviving neurons then mature to become 

fully functional adult neurons. 
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1.2.2 Neurogenesis in Adult Brain 

 

As mentioned before, the creation of neurons continues in the adult brain to replace 

neurons that die during normal adult function. This process is known as neurogenesis. 

Neurogenesis occurs from the small populations of neural stem cells in the adult sub-

ventricular (SVZ) and sub-granular zones (SGZ) mentioned earlier. These locations are 

niches for the neural stem cells. Niches are privileged settings for support of self-

renewal (Conti et al., 2005) and thus, all stem cells exist within niches in vivo.  

 

Cells within the adult sub-ventricular zone are more predisposed towards glial 

(specifically, astrocytic) differentiation than cells within the developing central nervous 

system. This may be due to higher expression of epidermal growth factor receptors 

(EGFR), which causes neural stem cells to become more susceptible to the astrocytic-

inducing effects of leukaemia inhibitory factor (LIF). Within in vitro culture, mouse 

embryonic stem cells require the addition of LIF to the growth medium in order to 

remain undifferentiated. LIF acts through the JAK/STAT signalling pathway (Niwa et al, 

1998). 

 

A balance between proliferation and differentiation regulates neural stem cell 

numbers within the adult niches. In addition to this, programmed cell death 

(apoptosis) has an effect on balancing stem cell numbers.  

 

 
1.2.3 Neuronal Development in vitro 

 

Mouse embryonic stem cells are maintained undifferentiated in culture through the 

addition of LIF and serum to the growth medium. Removal of serum leads to 

spontaneous differentiation. Serum generally has a negative influence on neuronal 

differentiation due to the presence of BMP4, which inhibits the conversion of mouse 

embryonic stem cells to neural precursor cells (Finley et al, 1999; Zhang et al, 2010). 

LIF removal can also cause spontaneous differentiation, forming some populations of 

neuronal cells (Smukler et al, 2006). Mouse embryonic stem cells can be directed more 
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accurately towards the neuronal fate in vitro by addition of neurogenic growth factors 

and careful control over the microenvironment.  

 

1.2.3.1 Neuronal Development in Adherent Monoculture 

 

A protocol was developed by Ying et al (2003), based on earlier work by Pachernik et al 

(2002) that allowed for differentiation of mouse embryonic stem cells into neurons in 

adherent monoculture. The majority of other neuronal differentiation protocols for 

mESC’s involve the use of EB’s (Wichterle & Peljto, 2008; Okada et al, 2008; Lee et al, 

2000) or neural EB’s (Bouhon et al, 2005). Whilst these protocols do robustly produce 

populations of neural cells, the three-dimensional nature of EB’s prevents some cells 

from coming into contact with the extracellular matrix. As this study was focused 

purely on the influence of the cell-matrix interactions, it was desirable to reduce the 

effects of cell-cell interactions as much as possible.  

 

The Ying et al (2003) protocol involved the use of N2B27, a serum-free medium 

containing N2 and B27 supplements. The B27 supplement contains retinyl acetate, a 

naturally occurring form of vitamin A (Brewer et al, 1993). Vitamin A oxidises to form 

retinoic acid, which promotes neuronal differentiation. Both supplements also contain 

a variety of growth factors, such as apo-transferrin, which support serum-free growth.  

 

Embryonic stem cells were plated onto gelatin-coated well plates at a cell density of 

(0.5-1.5) x 104 cells/cm2. The medium was then changed every 48 hours. Expression of 

Sox1 (Figure 1.1) increases over the first 4 days of culture in the medium before 

reaching a plateau, which is maintained until day 8. Sox1 expression then decreases 

after day 8 as neuronal and glial differentiation occurs (Sox1 is downregulated during 

neuronal and glial differentiation). 

 

After 48 hours, Oct4 (a transcription factor involved in pluripotency in embryonic stem 

cells) began to decrease until day 4 of culture. During the same time, expression of 

nestin increases. Nestin is a type IV intermediate filament that is expressed in the 
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developing central nervous system by neural precursors (Mokry & Nemecek, 1998). At 

Day 4, attached neural precursor cells have a ‘rosette’-like morphology.  

 

After Day 4, nestin begins to become downregulated as  III-tubulin expression 

increases from day 6 to day 8.  III-tubulin is a microtubule filament, which is expressed 

as neural precursors differentiate into immature neurons (Engler et al, 2006) and 

extend axonal processes. Beyond day 8, cells differentiate into a variety of cells 

including mature motor neurons, dopaminergic neurons, astrocytes and 

oligodendrocytes and express the associated markers for these cells (MAP2, tyrosine 

hydroxylase, GFAP and Olig2 respectively). 

 

1.2.3.2 Effect of microenvironment upon neuronal differentiation 

 

The examples described above mainly involve the use of media containing various 

growth factors that favour neuronal commitment. It is likely that other elements of the 

microenvironment, besides the soluble, also have an effect upon the proliferation and 

neuronal differentiation of embryonic stem cells. Work carried out by Mondragon et 

al. (2009) examined the relationship between the oxygen tension in which embryonic 

stem cells are maintained and the efficiency of neuronal differentiation. It was found 

that the percentage of cells expressing neuronal markers at the end of the Ying et al. 

(2003) protocol increased when the local oxygen tension was reduced to a near-

physiological hypoxic oxygen tension of 2% from the ambient laboratory oxygen 

tension of 20%. The increase in yield of the neuronal differentiation process in near-

physiological oxygen tensions suggests that control over the oxygen microenvironment 

may be a crucial factor in increasing purities and yields of the embryonic stem cell 

differentiation process. 

 

Within current differentiation protocols, cell yield and enrichment are often low due to 

the mixed populations of undifferentiated and differentiated cells that result post-

differentiation. As well as potentially reducing the efficacy of any therapy developed, 

this raises concerns in terms of cost efficiency, as the usage of resources such as 

medium and other consumables is high, in relation to the yield of target cells obtained. 
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The presence of undifferentiated stem cells in any cell therapy to be administered into 

a patient is also likely to raise safety and regulatory concerns  with the Food and Drug 

Administration (FDA) regarding tumorigenicity (Knoepfler, 2009).  

 

Marker Early/Mid/Late Expressed By 

Sox1 Early Early neuroectodermal marker in 
mouse embryo, neural stem cells  

Nestin Early/Mid All dividing neuronal populations, 
neural precursors, neural stem cells 

Pax6 Mid Radial glia, neural stem cell  

RC2 Mid Neural precursor, radial glia, neural 

stem cells 

Vimentin Mid Radial glia, neural stem cell  

III tubulin  (TuJ1) Mid/Late Immature neurons, represent 
extent of neuronal maturation of 
neural stem cells (expression 
increases during their 

differentiation) 

MAP2 Late Mature neuronal marker 
GABA Late GABAergic neuronal marker 

Tyrosine hydroxylase (TH) Late Dopaminergic neuronal marker 

GFAP Late Astrocyte marker 

Olig2 Late Oligodendrocyte marker 

 

Figure 1.1: Figure outlining known mid, early and late neuronal markers commonly used in phenotype 

determination within in vitro culture 

 

The Mondragon et al (2009) study suggests that other elements of the 

microenvironment aside from the soluble may be important in creating a more ideal 

niche for stem cell neuronal differentiation. Within this study, the influence of the 

mechanical component of the microenvironment will be investigated. 

 

1.3 Mechanotransduction 

 

It is apparent that mechanical forces have a considerable influence upon cell function 

and behaviour. The field of mechanobiology involves the study of the molecular 

responses of cells to mechanical forces (Merryman & Engler, 2009). Cells sense and 

react to mechanical forces by a process known as mechanotransduction. Cells respond 

to a variety of different mechanical stimuli, such as the stiffness of the substrate they 

grow upon, cyclic strain of local contraction and shear due to fluid flow. Individual cells 
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vary in the ranges and types of forces that they respond to (Tee et al, 2009). For 

example, the differentiation of stem cells into cardiac and vascular endothelial cells is 

found to be particularly sensitive to shear due to blood flow (Stolberg & McCloskey, 

2009). Some cells, such as those of central nervous system are also more vulnerable to 

damage from mechanical forces than others. For this reason, the cells of the central 

nervous system are relatively well protected from injury (Laplaca & Prado, 2009). 

 

A study by Chowdhury et al. (2009) found that soft, embryonic stem cells are more 

responsive (in terms of their spreading on surfaces) to local cyclic strain than harder,  

more differentiated cell types. Cell stretching of heart cells has been found to activate 

cell-signalling pathways that lead to release of Ca2+ ions (Prosser et al, 2011). 

 

In this study, it is the mechanical properties of the underlying growth surface, which is 

of greatest interest. In the in vivo environment, adherent cells attach to the 

surrounding, or underlying extra-cellular matrix. The extra-cellular matrix is a three-

dimensional scaffold consisting of various structural proteins, such as fibronectin, 

collagen, vitronectin and laminin. It has a variety of functions including anchoring cells, 

providing cell support and sequestering growth factors to control their diffusion 

(Discher et al., 2009). It also has a role in regulating the migration, growth and survival 

of cells. For example, fibronectin binding plays a role in the migration and organization 

of germ layer tissue during gastrulation (Ffrench-Constant et al, 1991).  

 

Another very important characteristic of the extracellular matrix is its elasticity. The 

elasticity of the extracellular matrix has been found to influence cell shape (Pelham & 

Wang, 1997), protein expression (Collingsworth et al, 2002), gene expression 

(Chowdhury et al, 2010), migration speed (Peyton & Putnam, 2005; Lo et al, 2000) and 

organization (Engler et al., 2008). Different tissues subsequently have different 

elasticities (Figure 1.2). 

 

Tissue stiffness varies during development (Murayama et al, 2006), ageing (Lee & Oh, 

2010) and disease processes (Discher et al., 2009). For example, matrix stiffnes s is 

found to increase during glial scarring (Georges et al, 2006) and myocardial infarction 



Shahzad Ali, UCL 

 24 

(Engler et al, 2008) whilst it is found to decrease between postnatal and adult brain 

development (Discher et al, 2009).  

 

 

Tissue Elasticity of Tissue (kPa) Reference 

Mouse blastocyst ~3.39 Murayama et al. (2006) 

Endoderm ~0.1-0.3 Krieg et al. (2008) 

Brain ~0.1-0.8 Keung et al. (2009) 

Mesoderm ~0.5-1.0 Krieg et al. (2008) 

Nerve ~0.5-1.0 Flanagan et al. (2002) 

Smooth Muscle ~5.0-9.0 Engler et al. (2004) 

Skeletal Muscle ~8.0-17.0 Engler et al. (2006) 

Demineralised Bone >30.0 Engler et al. (2006) 

 

Figure 1.2: Elasticities of various mammalian tissues 

 

The stiffness, or compliance of the extracellular matrix is usually considered in terms of 

Young’s modulus. Young’s modulus, as originally described by Young & Kelland (1845) 

is a measure of elasticity of a material, defined by the ratio between stress and strain. 

The unit of measurement is the pascal (Pa) or N/m2. Stress is defined as the force 

exerted on an object divided by the area upon which the force is exerted. Strain 

expresses the amount of deformation an object experiences under stress. Therefore, 

elastic modulus describes the amount of force per unit area required to cause a given 

amount of non-permanent deformation (Keung et al., 2009). Young’s modulus only 

applies as long as the relationship between stress and strain is linear. Before looking at 

the known effects of material properties on cell function, it is worth reviewing the 

internal structures that give shape to a cell. In addition to allowing 

mechanotransduction to occur in response to physical forces, these structures also 

give shape to cells and allow them to exert forces on materials. 
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1.3.1 Known Mechanotransduction Mechanisms and Associated Components 

 

The complete mechanism for the sensing of stiffness by a cell is unknown. What is 

known is that various cell structures combine in order to detect forces or signals from 

the ECM and produce an appropriate response. (Tee et al., 2009). The known 

mechanisms and components involved are outlined below. 

 
1.3.1.1 Integrins and Focal Adhesions 

 

Integrins are multifunctional, integral cell surface proteins, which have generated 

much interest in mechanotransduction research as they play a central role within the 

mechanisms studied to date (Baker & Zaman, 2009). Integrins connect the 

extracellular matrix to the cytoskeleton. The intracellular domain of integrins attach to 

the cytoskeleton at specific sites. These specific attachment sites are known as focal 

adhesions and consist of a complex of various proteins including vinculin, paxillin, talin 

and -actinin. The spatial distribution of focal adhesions is one of the most influential 

factors on the magnitude and efficiency of force transduction (Baker & Zaman, 2009). 

Integrins tend to contain more developed focal adhesions on surfaces with higher 

Young’s moduli (Jacot et al., 2009). 

 

The extracellular head of the integrin binds to extracellular matrix components, such 

as fibronectin, vitronectin, laminin and collagen at specific sequences known as RGD 

(arginine-glycine-aspartate) motifs (Baker & Zaman, 2009). Different types of integrins 

are involved in interactions with different extracellular matrix proteins. For example, 

integrin  interact with fibronectin, integrins vinteracts with vitronectin and 

integrin  interacts with laminin. Various human embryonic stem cell lines express 

high levels of vand integrin sub-units. The integrins expressed by 

mesenchymal stem cells may become upregulated or downregulated during 

differentiation (Tan et al., 2012).  

 

In a study by Katsumi et al. (2005) it was found that the mechanical stretching of 

NIH3T3 fibroblasts induced conformational activation of v integrin in these cells. 
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Binding of integrins to the ECM was found to mediate the activation of c-Jun NH2-

terminal kinase (JNK). Therefore, in addition to mechanically linking the actin 

cytoskeleton to the extracellular matrix and acting as an intracellular source of force 

transduction, integrins appear to also be able to convert mechanical signals such as 

stretch into chemical signalling pathways. 

 

1.3.1.2 Actin Cytoskeleton 

 

The actin cytoskeleton is a network of stress fibres, which extend throughout the cell. 

The stress fibres consist of polymerised F-actin. The cytoskeleton mechanically couples 

the ECM (through integrins and focal adhesions) to the transcriptional machinery of 

the nucleus, where it can influence the expression of certain genes. It acts as a conduit 

for force transduction throughout the cell. Despite a continuous remodelling process 

that occurs, it maintains an overall stable shape. This allows cells to resist forces 

exerted by the ECM. (Wang et al, 2009).  

 

The overall isometric tension throughout the cytoskeleton is known as its prestress 

and is the primary means of maintaining cellular integrity. Furthermore, it is this 

prestress which allows for long range force transduction within the cell and allows for 

mechanical signals applied at the cell surface to be conveyed to the nucleus, where 

further mechanochemical reactions occur. As well as maintaining an overall prestress 

the cytoskeleton can be contracted in order to pull against the fibres of the 

extracellular matrix when sensing the mechanical microenvironment. This is the 

process, which regulates growth cone motility in neurons (Franze & Guck, 2010). Actin 

tensile strength varies between cells. These variations play a vital role in germ layer 

organisation during gastrulation (Krieg et al, 2008). In embryonic cells, myosin IIb and 

F-actin concentrate at the cell periphery (Skoglund et al, 2008), a phenomenon that is 

conserved in embryonic stem cells (Hemsley et al, 2011). 
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1.3.1.3 Non Muscle Myosin II 

 

Nonmuscle myosin II (NMMII) is an isoform of the myosin protein responsible for 

contracting the actin cytoskeleton. Myosin contains six sub-units (two heavy chains 

and four light chains). Myosin proteins are able to slide against the actin filament 

before returning to their original positions. This process is known as the power stroke 

and is responsible for actin contractions (Nelson & Cox, 2005). 

 

There are conflicting views on how myosin becomes activated. The widely held belief 

(Itoh et al., 1989) is that myosin becomes activated by phosphorylation of its light 

chain at MLC20 by the myosin light chain kinase (MLCK) enzyme. However, some 

studies (Gao et al., 2001; Nakamura et al., 2008) claim that this mechanism is not 

necessary and that contraction can occur without the phosphorylation of the myosin 

light chain. Studies on the effect of myosin on cell mechanobiology often inhibit NMM 

II using a molecule known as blebbistatin (Engler et al., 2006). Calcium ions, in addition 

to influencing the cellular response to stiffness through myosin activation, also have an 

influence on cellular response to stiffness through the RhoA/ROCK signalling pathway. 

Calcium signalling decreases with decreasing stiffness (Keung et al., 2009). 

 

1.3.1.4 Rho/ROCK and ERK Regulation 

 

Rho proteins are known to influence cytoskeletal tension by regulating myosin activity 

(Paszek et al., 2005). ERK is a protein that forms part of the MAPK/ERK regulatory 

pathway. This pathway is involved in the transcription of a number of genes, including 

genes involved pluripotency. Rho and ERK form a part of a signalling circuit that 

regulates the tensional homeostasis of the cell. 

 

On stiffer substrates, integrin clustering causes ERK to become activated, depending 

on growth factor concentrations. ERK activation increases Rho-dependent myosin 

activity, thereby generating tension within the actin cytoskeleton. 
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1.3.1.5 Microtubules 

 
Microtubules are a further structural component of the cytoskeleton. Unlike F-actin 

however, they do not have a dominant role in mechanotransduction. Instead they play 

an important role in maintaining cell internal organisation, shape and structure, as 

they are physically highly robust. They are constantly depolymerised and polymerised 

from and   tubulin subunits, according to the structural requirements of the cells  

(Desai & Mitchison, 1997). In neurites, they form long, parallel bundles that allow for 

structural stability. Their stability in neurites is dependent on microtubule-associated 

proteins, such as MAP2 (Franze & Guck, 2010). In addition to their structural role, they 

have also been implicated in neurite extension (Georges et al, 2006). 

 

1.3.1.6 Intermediate Filaments 

 

Intermediate filaments are the third form of cytoskeletal fibre. Unlike actin stress 

fibres and microtubules, they do are not involved in mechanotranduction or motility. 

Their main purpose is to provide stability and resist deformations in cells (Lodish et al, 

2000). Although they do not play as key a role in cell function, they can be highly 

abundant in cells. Within neurons in particular, they are by far the most abundant 

fibres found in neurites (Tyler et al, 2012). Subtypes of neural intermediate filaments 

are numerous, and include nestin, neurofilaments (NF’s) and glial fibrillary acidic 

protein (GFAP). 

 
1.3.1.6 Ezrin/Radixin/Moesin (ERM) 

 

The Ezrin/Radixin/Moesin complex of proteins, more commonly known as ERM 

proteins regulates the interaction between the actin cytoskeleton and the plasma 

membrane by acting as a cross-linker between the two structures (Tsukita et al., 1997). 

ERM proteins become activated through phosphorylation of a threonine residue 

present in C-terminus domain (Parisiadou et al., 2009), to form pERM. 
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ERM proteins have also been implicated in the initial formation of integrin-based 

adherens junctions. They are however not involved in the maintenance of these 

junctions (Tsukita et al., 1997). Furthermore, modulation of ERM activity by leucine-

rich repeat protein kinase 2 (LRRK2) was found to have had an effect upon neuronal 

development, in terms of neurite outgrowth and neuronal process maintenance 

(Parisiadou et al., 2009).       

 

1.3.1.7 Cytoskeletal-Nuclear Interaction 

 

The stiffness of the cell’s nucleus varies depending on cell type and the presence of 

external forces. For example, nuclear stiffness increases in endothelial cells upon 

exposure to shear forces such as fluid flow. Conversely, nuclear stiffness is found to be 

lower in stem cells. The stiffness of the nucleus has an effect on various physical 

properties of the cell, such as structure and mechanical response to forces but can also 

have an effect in terms of gene expression in response to force (Dahl et al., 2009).  

 

The nucleus is connected to and influenced by the extracellular mechanical 

microenvironment via the actin cytoskeleton. The actin cytoskeleton connects with the 

nucleoskeleton through a structure known as the LINC (linker to nucleoskeleton and 

cytoskeleton) complex. The LINC complex consists of various proteins including 

nesprins, SUN proteins and lamins (Wang et al., 2009). Similarly to the cytoskeleton, 

the nucleus also contains actin and myosin, in the form of a nucleoskeleton. This 

nucleoskeleton, like the cytoskeleton, has a defined prestress and thus allows for 

mechanotransduction within the nucleus.  

 

The LINC complex of proteins and nuclear scaffolds can be arranged to focus forces 

from the actin cytoskeleton to specific DNA regulatory enzymes. In addition to this, 

different cells may have differential tethering between nuclear scaffold and genes. This 

may mean different responses to the same external stimuli. Stress and strain 

experienced by the nuclear scaffold may also lead to changes in chromatin 

organization, leading to changes in the accessibility of certain genes to certain 
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transcription factors (Wang et al., 2009). Mechanical forces appl ied at the cell surface 

can therefore influence gene expression within the nucleus. 

 

 

1.4 Effect of surface material properties on cells 

 

The structural and chemical properties of materials exert a number of key influences 

on cell function. The response to these properties varies greatly between cell and 

tissue types, as different cells will vary greatly in their internal structure. In the next 

section, examples of different cell responses to changes in material properties are 

outlined. 

 

1.4.1 Effect of surface material properties on fibroblasts 

 

In the earliest work involving substrate stiffness and cells, Pelham & Wang (1997) 

developed a mechanically tuneable growth substrate consisting of polyacrylamide (PA) 

cross-linked with varying concentrations of bis-acrylamide and functionalised with 

collagen-I. This substrate was used to investigate the effect of substrate stiffness upon 

morphology, motility and focal adhesion formation in 3T3 fibroblasts. 

 

In that study it was found that on softer substrates, fibroblasts became more spindle-

shaped and lost stress fibres, compared to stiffer substrates, where appeared well 

spread. Focal adhesions appeared to be more stable on stiffer substrates, where 

regular, wedge-shaped complexes formed compared to softer substrates, where 

complexes appeared to be irregular. 

 

Yeung et al. (2005) investigated the effect of varying substrate stiffness upon 

morphology, adhesion, F-actin and  integrin expression in 3T3 mouse fibroblasts, 

In this study, it was found that fibroblasts appeared to become larger and more spread 

on stiffer substrates compared to the softest substrates, consistent with the findings of 

Pelham & Wang (1997). In terms of cytoskeleton, F-actin and integrin expression 
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increased with substrate stiffness. Actin stress fibres disappeared below stiffnesses of 

3.5 kPa. 

 

Other effects have been reported in fibroblasts in response to changes in material 

properties. For example, fibroblast nuclei have been observed to flatten on stiff 

materials (400 kPa), compared to softer (400 Pa) materials where they appear round 

(Lovett et al, 2013). Furthermore, they have been observed to polarise on rigid 

materials, but not on soft materials (Khoutorsky et al, 2011). This process is dependent 

upon focal adhesion organisation and structure, which is regulated by the Shp2 protein 

(Lee et al, 2012) in this case. 

 

1.4.2 Effect of surface material properties upon mesenchymal stem cells 

 

Work by Engler et al. (2006) showed that induced differentiation of mesenchymal stem 

cells (MSC’s) into neuronal, myogenic and osteogenic lineages was strongly influenced 

by matrix stiffness. RNA profiling showed a 5-fold increase in neuronal gene expression 

on soft gels (0.1-1.0 kPa), a 6-fold increase in myogenic gene expression on gels with 

stiffness near that of striated muscle (11 kPa) and a 4-fold increase in osteogenic gene 

expression on the stiffest of the gels (34 kPa). The 5-fold increase in neurogenic 

transcripts was taken as an average increase across a variety of neuronal cytoskeletal 

mRNA transcripts including nestin (expressed during early ‘‘commitment’’), III 

tubulin (expressed in immature neurons), NFL (a mature neurofilament marker) and 

NCAM (an early/mid neural adhesion protein). MSC’s also became more branched on 

softer materials. 

 

The work furthermore suggested that the differentiation response to matrix stiffness is 

dependent upon non-muscle myosin II (NMM II). This was investigated using 

blebbistatin, an inhibitor of all isoforms of NMM II. Blebbistatin acts by inhibiting the 

activation of NMM II by actin without having an effect on myosin light chain kinase 

(MLCK). There was less cytoskeletal organisation on softer gels than on stiffer gels. 

Cytoskeleton organization increased with matrix stiffness.  
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This study clearly highlighted the effect of matrix elasticity upon differentiation into 

multiple lineages. There have been other studies, which have looked at the effect of 

matrix elasticity on specific MSC differentiation pathways. Soft materials (1-5 kPa) 

have been observed to increase chondrogenesis in MSC’s (Bian et al, 2012), even in the 

absence of induction factors. Osteogenic expression has also been observed to 

increase as Young’s modulus decreases (Hu et al, 2011), however for a range that is 

substantially higher than other studies (5 MPa-25 MPa). This reflects the higher 

Young’s modulus of mineralised bone compared to other tissue. In induced neural 

differentiation medium, soft (1 kPa) materials favoured neuronal differentiation, whilst 

stiffer (10 kPa) materials favoured glial differentiation (Her et al, 2012).  

 

In terms of other effects of Young’s modulus on MSC behaviour, increasing Young’s 

modulus from 200 Pa to 2 kPa has been observed to decrease spreading, migration 

and proliferation rate in normal culture conditions (Lei et al, 2010). In terms of non-

stiffness effects, topography appeared to have an interesting effect on cell phenotype. 

Multipotency was retained in induced differentiation medium when MSC’s were 

cultured in lattice-orientated nanopits (McMurray et al, 2011). 

 

1.4.3 The effect of surface material properties upon cardiomyocytes 

 

Another study by Engler et al. (2008) showed that embryonic cardiomyocytes contract 

best upon collagen I-coated polyacrylamide (PA) gels with stiffness close to that of 

striated muscle (approx. 10 kPa). Furthermore that study found that if matrix stiffness 

was close to that of a fibrotic scar (where E = 35-70 kPa), such as that found within a 

diseased, post-infarct heart, contractile capacity became limited.  

 

The work carried out by Engler et al. (2008) suggests that in addition to efficiently 

differentiating stem cells towards certain lineages, the elasticity of the substrate may 

also have an effect on their in vivo function and efficacy (in this case the beating of 

cardiomyocytes).  This may have important implication when administering cells into 

diseased areas, where the normal mechanical microenvironment may be severely 
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disrupted, undermining the in vivo efficacy of the transplanted cells. It may also have a 

bearing on the choice of material used for tissue engineering scaffolds. 

 

Another study (Chopra et al, 2012) found that when cardiomyocytes were cultured on 

hyaluronic (HA) gels coated with fibronectin, gelatin or fibrinogen (as opposed to 

collagen-I), cells were able to assemble actin into organised networks on soft 

materials, contrasting with the findings with PA gels by Engler et al (2008). Thus,s 

urface chemistry and choice of material clearly influences the effects on cells.  

 

1.4.4 Effect of surface material properties upon myoblasts 

 

The fusion of myoblasts into myotubes is the first step in skeletal muscle 

differentiation. A study conducted on PA gels by Engler et al. (2004b), there appeared 

to be an optimal range of substrate elasticity for striation of actin and myosin in 

myotubes (a physiological characteristic of skeletal muscle tissue).  

 

The optimal range of substrate elasticities for skeletal muscle differentiation is narrow. 

This has an implication when cells are introduced into diseased areas (for example 

during infarctions or muscular dystrophy). Here, substrate stiffness may be 

significantly increased. Within this environment, cells may not fully differentiate into 

skeletal muscle and may differentiate into connective tissue instead. 

 

The increase in cross-linking required for gel stiffening may have other effects on gels 

(depending on the choice of material). These include reduction in access to binding 

sites and changes in other mechanical properties of the material. These effects have 

been found to have a negative effect upon spreading and growth of myoblasts (Grover 

et al, 2012). 

 

Another study found that as myoblasts differentiated in 3D fibrin gels (as opposed to 

2D PA gels), they remodelled the surrounding gel (Chiron et al, 2012), increasing its 

thickness. Furthermore, micropatterning of soft gels also has an effect upon myoblast 
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differentiation (Zatti et al, 2012). Myoblasts cultured in wider channels fuse more 

readily (but proliferate less rapidly) than cells in narrower channels. 

 

In a separate study using myoblasts, Engler et al. (2004a) found that substrate 

stiffness, and subsequently cytoskeletal organization had a dominant effect on 

spreading over ligand density. 

 

1.4.5 Effects of surface material properties upon endothelial cells 

 

Deroanne et al. (2001) discovered that when human umbelical vein endothelial cells 

(HUVEC) were cultured on softer substrates, morphology shifted from a monolayer 

pattern to that of tube-like structures characteristic of cells undergoing tubulogenesis. 

Decreasing the stiffness of the substrate also caused a reduction in actin and vinculin 

(a focal adhesion protein) expression. Soft substrates have subsequently been 

implicated in the remodelling of other focal adhesion proteins in Endothelial cells (Wei 

et al, 2008). Thus remodelling of the cytoskeleton and focal adhesions appeared to be 

a crucial prerequisite for angiogenesis. In addition to being implicated in 

tubulogenesis, focal adhesions also enable endothelial cells to mechanically sense 

blood flow, via ‘‘rafts’’ of lipids that are able to mobilise along the cell membrane 

surface (Fuentes & Butler, 2012). 

 

In addition to modulus, biomaterials may influence endothelial cell differentiation and 

growth in other ways. As mentioned earlier, the ECM is able to sequester growth 

factors and release them as required by cells during development. Based upon this, 

Aguirre et al (2012) developed a ‘‘smart biomaterial’’ that was able to release VEGF 

and VEGFR as required by endothelial cells during angiogenesis. 

 

1.4.7 Effect of surface material properties on bone 

 
Bone tissue undergoes a constant process of remodelling, whereby bone is formed by 

osteoblasts and resorbed by osteoclasts (Bakker & Nullend, 2010). The balance 

between these two populations of cells is controlled by osteocytes. Osteocytes are 
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highly mechanosensitive to dynamic loading and compression of the growth material. 

In addition to being influenced by the matrix, they also have the ability to influence the 

Young’s modulus of the growth material, a process that is dependent on Lrp5 and Wnt 

signalling (Zhao et al, 2013).  

 

The adhesion of osteoblasts is influenced by nanotopography, in the form of 

engineered grooves and pits (Nikkah et al, 2012), as well as surface chemistry 

(Anselme & Bigerelle, 2012). Based upon these findings, a bioreactor was developed by 

Van Dyke et al (2012), which was able to simulate the fluid flow and mechanical 

loading of the growth material for bone cell growth. This is an interesting example of 

how the mechanical influence of the growth material can be designed into larger scale 

cell expansion processes. 

 

1.4.8 Effect of surface material properties upon the malignant phenotype 

 

The modulation of the tensional homeostasis within the cell during tumour formation 

was investigated in work conducted by Paszek et al. (2005). Unlike normal, non-

malignant cells, malignant cells are able to stiffen on soft materials. This process is 

dependent on elevation in ERK and Rho signalling. Myosin IIb was able to contract the 

cytoskeleton independent of external ECM tension.  

 

1.4.9 Effect of surface material properties on neural development and growth 

 
In both the human and rat adult brain, Young’s modulus has been found to vary 

substantially, from 0.1 kPa to 16 kPa (Tyler et al, 2012). However, the majority of the 

neuronal tissues isolated within the laboratory, including spinal cord and grey matter 

have very soft Young’s moduli, usually within the 500 Pa-2 kPa modulus range 

(Flanagan et al, 2002; Christ et al, 2010). This is considerably less than the values (see 

Figure 1.2) for muscle (approximately 17 kPa) and bone (30 kPa and upwards). 

Differences exist between neural stells too. Despite being implicated in fibrosis in the 

diseased state, glial cells actually have lower Young’s modulus than neurons (Lu et al, 

2006). There are also differences within the cells themselves . Neurites (axons and 
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dendrites) have lower moduli (Jiang et al, 2011) than the cell body of the neuron (the 

soma). The majority of studies on the effects of stiffness upon neuronal growth 

therefore focused on softer gels, within the ranges outlined above. 

 
1.4.9.1 Effect of surface material properties on neural stem cells and neural 

precursor cells 

 

The terms neural stem cell and neural precursor (or progenitor) are used fairly 

interchangeably within the literature. Broadly speaking, they describe populations of 

proliferating cells, which are able to differentiate into immature neuronal or glial cells.  

Neural stem cells tend to describe populations that exist in the adult brain, which 

replace damaged or dying tissue, whilst the term precursor describes a cell within the 

early development stages, such as embryogenesis. 

 

In two studies involving neural stem cells (Saha et al, 2008; Banerjee et al, 2009) 

isolated from the adult rat hippocampus, proliferation in expansion medium peaked at 

lower moduli (between 1-4 kPa). When cells were allowed to differentiate into 

immature neurons (positive for -III tubulin) in neuronal differentiation medium, 

expression was maximised on soft materials (200 Pa in the Banerjee study, 500 Pa to 1 

kPa in the Saha study). In mixed glial/neuronal medium, the percentage of cells 

existing as astrocytes increased from 10 kPa onwards in the Saha study (2008). Thus 

neural stem cells tended to prefer soft materials for both neuronal differentiation and 

proliferation. 

 

A study conducted by Liepzig & Schoichet (2009) showed that proliferation of NSPCs or 

neural stem/progenitor cells was maximized on a substrate stiffness of 3.5 kPa, whilst 

neuronal differentiation and migration was maximized on a substrate with stiffness 

less than 1 kPa. 

 

When neural precursors isolated form spinal cord cultures were plated on various 

Young’s moduli (300 Pa, 6 kPa, 27 kPa and 47 kPa) by Previtera et al (2013), early 

differentiation into mature MAP2-positive neurons was maximised on 6 kPa and 27 
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kPa gels whilst late differentiation was maximised on 6 kPa gels. The lack of consensus 

on precise Young’s moduli effects across different stages neuronal differentiation 

process (for neural stem cells, neuronal progenitors or primary neurons) has been 

directly addressed within this study. 

 

Other aspects of surface structure and chemistry have also been shown to impact 

precursor cells. For example, the presence of laminin on the growth surface has been 

observed to enhance the migration, expansion and differentiation of neural 

stem/precursor cells (Flanagan et al, 2006). Nanotopographic cues, in the form of 

PDMS nanopillars have been shown to increase the ‘‘yield’’ of early neurons from ES 

cell-derived neuronal precursors, when compared to flat PDMS surfaces (Migliorini et 

al, 2011). Ma et al (2004) created a three-dimensional collagen-based polymer scaffold 

for cell growth, in which neural stem/precursor cells were able to form functional 

synapses and neural networks. If a similar scaffold could be created with the 

appropriate mechanical properties, it could be a means of efficiently creating 

biomaterials for tissue engineering purposes for expanding and differentiating neural 

precursors. 

 

1.4.9.2 The effect of surface material properties on primary neuronal cultures 

 

The next group of studies used primary immature or mature, terminally differentiated 

neuronal cell cultures. These cells were usually defined as III tubulin-positive and 

would usually mature into MAP2-positive functional neurons. 

 

In a study conducted by Flanagan et al. (2002), it was found that primary embryonic 

spinal cord neurons exhibit more neurite (dendritic and axonal) branching on softer 

rather than stiffer substrates. The range of stiffnesses that neurons responded to was 

much narrower than that of fibroblasts. 

 

A study conducted by Georges et al (2006) found that in mixed cortical cultures, 

neurons grow independently of astrocytes on softer substrates whilst they appear to 

only grow over glial cells on stiffer substrates, due to the soft nature of glial cells . This 



Shahzad Ali, UCL 

 38 

may have an impact on cell transplantation into injured areas of the spinal cord, where 

a lesion area is likely to be surrounded by a stiff, fibrotic scar. 

Jiang et al (2007) looked at the effect of substrate elasticity upon adhesion of primary 

cultures of embryonic rat spinal cord. When neurons were separated from the mixed 

population, adhesion increased with stiffness. Previtera et al (2010) cultured mixed 

hippocampal cultures on a variety of materials. Here, the cell concentration (cells/cm2) 

of neuronal cells at 24h and 48h increased as Young’s modulus was increased from 500 

Pa to 2 kPa. Concentrations then appeared to remain constant as moduli increased to 

18 kPa.  

 

Another property of the ECM that will likely affect neuronal cell growth is surface 

chemistry. Lam et al (2011) found that when the growth factors bFGF and EGF were 

immobilised onto nanofibers, axonal growth improved in human ES-derived neural 

cells. Using these findings, Kunze et al (2011) devised a micropatterned, microfluidic 

device containing a three-dimensional layered hydrogel able to culture cortical neuron 

cultures. Microfluidic devices allow for testing on cells using much smaller volumes of 

reagents, and thus significantly reducing consumable costs. The mechanical properties 

of microfluidic devices could be further optimised (through coating with gels) to 

improve their differentiation.  

 

1.4.9.3 Effect of surface material properties on glial cells 

 

In the Jiang et al (2007) study mentioned earlier, glial cells were also isolated from the 

mixed embryonic spinal cord culture and seeded onto variable gel moduli. In this case, 

cell concentration of GFAP-positive mature astrocytes increased on stiff (>100 kPa) 

materials. Similarly, Moshayedi et al (2010) found that astrocytes formed complex 

morphologies and spread more on stiffer materials (10 kPa), compared to softer 

materials (100 Pa), where they tended to became rounded. When oligodendrocyte 

progenitor cells were cultured on varying Young’s moduli, survival, proliferation and 

maturity into mature oligodendrocytes was maximised at 1 kPa gels (Jagielska et al, 

2012).  As with neuronal cells, glial cells also respond to other mechanical properties of 

the biomaterials other than elasticity. Minev et al (2013), for example showed that glia 
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proliferate less and become unable to form stress fibers when cultured on tall, 5 m 

micropillars, compared to flat substrates. 

 

1.4.9.4 Effect of extracellular matrix stiffness upon neuroblastoma differentiation 

 

Lam et al (2010) conducted a study to investigate the relationship between the 

stiffness of the extracellular matrix and differentiation of neuroblastomas (both 

spontaneously and in the presence of retinoic acid). It was found that an increase in 

stiffness caused an increase in average neurite length. Increased neurite length is an 

indicator for differentiation of neuroblastomas. 

 

1.4.10 Effect of surface material properties on pluripotent stem cells 

 

In terms of their physiological niche, cells of the day-eight blastocyst have a Young’s 

modulus of approximately 3.4 kPa (Murayama et al, 2006), similar to that of neuronal 

tissue. When Pillarisetti et al (2011) carried out measurements of live mESC’s, cell 

Young’s modulus was found to be 265 Pa. It would therefore be expected that the 

majority of work with ES cells would involve softer materials. 

 

Chowdhury et al (2010) carried out an experiment looking at the effect of soft 

materials on mouse embryonic stem cell self-renewal. It was found that self-renewal 

could be maintained for five days on soft materials in the absence of LIF. However, the 

effects of biomaterial mechanical properties on pluripotent stem cell differentiation 

are relatively poorly characterised. In the current study, mESC neuronal differentiation 

has been characterised in far greater detail on a stage-by-stage basis. 

 

An earlier study by Evans et al (2009) looked at the effect of PDMS Young’s modulus on 

the early differentiation of mESC into bone. The range of Young’s modulus (40 kPa to 

2.3 MPa) was higher than the physiological range given above. Cell attachment, 

measured as the number of cells attached after 24 hours of culture was unaffected by 

Young’s modulus in normal culture medium. Proliferation on the other hand, increased 

with Young’s modulus. When cells were induced to differentiate, osteogenic marker 
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expression and bone mineralisation increased with Young’s modulus. The stiffest 

material had a Young’s modulus closest to mineralised bone. 

 

In another study (Eroshenko et al, 2013) using PDMS substrates, attachment of human 

embryonic stem cells (hESC’s) at 12h in spontaneous (undirected) differentiation 

medium did not vary with Young’s modulus. Again the modulus range used in that 

investigation was 80 kPa to 1 MPa, similar to the Evans et al (2009) study. Jaramillo et 

al (2012) found that early endoderm gene expression was increased on softer (30 Pa) 

materials when compared to mesoderm, ectoderm and pluripotent gene expression.  

 

Two recent studies have attempted to look at the effect of substrate stiffness on 

neuronal differentiation. Keung et al (2012) found that softer polyacrylamide materials 

increased the number of cells positive for -III tubulin, Pax6 and Sox1 following early 

hESC and iPSC neuronal differentiation. Soft materials also increased the percentage of 

cells positive for TH during later neuronal differentiation. The moduli used in that 

study covered a broad range (100 Pa, 700 Pa, 75 kPa and TCP). Kothapalli et al (2013) 

carried out a similar study with mESC-derived EB’s in three-dimensional culture. Both 

neurite length and percentage of cells differentiating towards the neuronal lineage 

increased with Young’s modulus from 20 Pa to 1 kPa. The percentage of cells 

differentiating into astrocytes showed the opposite trend. Taken together, this 

suggests that materials with modulus in the range of 100 Pa to 1 kPa favour neuronal 

differentiation over softer or stiffer materials.  

 

In a study that did not involve material stiffness, Ma et al (2008) showed that hESC-

derived EB’s undergoing neuronal differentiation generate more neural progenitors 

and greater neurite outgrowth on laminin-coated biomaterials, compared to 

fibronectin, collagen I and poly-d-lysine. Interestingly, laminin is the earliest ECM 

protein to appear in blastocysts, appearing as early as day eight (Ingber, 2006). Clearly, 

other material properties also affect ES cell differentiation. 

 

Furthermore, Lakins et al (2012) found that, unlike with fibroblasts and mesenchymal 

stem cells, hESC’s tended to have more organised F-actin structures on soft materials 
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(400 Pa) compared to stiffer material (60 kPa). Poh et al (2010) showed that ES cells 

did not stiffen on rigid materials. Thus, ES cells are mechanically different to the 

majority of adult cells. 

 

1.4.11 Materials Used in Studies 

 

The majority of studies were conducted using mechanically tuneable polyacrylamide 

gels, functionalised for attachment with collagen I. This material was originally 

described in the Pelham & Wang (1997) study. The synthesis procedure involves a 

number of steps involving a variety of chemicals (Figure 1.4). Modulus was modified in 

these gels by changing the concentration of bis-acrylamide in acrylamide. 

 

In the Saha et al. (2008) study, a mechanically tuneable substrate named vmIPN was 

developed to investigate the optimal elasticity for the proliferation and differentiation 

of adult neural stem cells (aNSC). The material consisted of layers of various polymers 

including polyacrylamide, bisacrylamide and polyethylene glycol (PEG). Elasticity was 

varied by changing the polyacrylamide and bisacrylamide concentrations. The 

substrate was functionalised with an RGD peptide. 

 

1.4.12 GXG 

 

GXG was the material used within this study. GXG is a substrate consisting of gelatin (in 

phosphate buffer saline, PBS or deionised water) cross-linked with glutaraldehyde in 

order to form a mechanically tuneable growth surface for mouse embryonic stem cells. 

Changing the concentration of gelatin in PBS or water varies the Young’s modulus. The 

Young’s modulus can be varied from 2 kPa (where the concentration of GXG is 3% in 

PBS) to 35 kPa (where the concentration of GXG is 6% within water). The lowest value 

within the range is relatively high compared to the substrate created by Saha et al. 

(2008) whilst the highest value in the range are approximately equal to that achieved 

using polyacrylamide substrate in the Engler et al. studies (2006 & 2008). 
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In all of the studies mentioned, a large variety of different reagents (see Figure 1.4) are 

utilised, including many chemical reagents not commonly used within cell culture. The 

GXG method, in comparison uses gelatin (already widely used as a substrate in mouse 

embryonic stem cell culture and differentiation), glutaraldehyde and sodium 

borohydride in the GXG method. Furthermore, the number of steps required for each 

protocol favours the GXG method (Figure 1.4). Finally, the materials used in the other 

studies appear to be functionalised by the manual addition of either a custom made 

RGD peptide (Saha et al., 2008) or collagen I (Pelham & Wang, 1997). In comparison 

the gelatin (which is simply heat treated porcine collagen) in GXG is naturally 

functionalised for cell attachment and growth. 

 

Substrate 
Number of reagents 

used 

Number of 

steps 
Functionalisation Group 

Elasticity 

Range in 

study (kPa) 

vmIPN (Saha et al., 

2008) 

~15 (including 

acrylamide, 

polyethylene glycol, 

bisacrylamide) 

~20-25 steps (2 

overnight) 

Custom made RGD 

peptide 

~0.01-10 

Polyacrylamide 

with collagen I 

(Pelham & Wang, 

1997) 

~7 (including 

acrylamide, bis-

acrylamide, 

glutaraldehyde) 

~15 steps (1 

overnight) 

Collagen I ~0.1-35 

GXG 3 (gelatin, 

glutaraldehyde, 

sodium borohydride) 

~10 steps (2 

overnight) 

Naturally occuring 

collagen in gelatin 

~2-35 

 

Figure 1.3: A comparison of the preparation and function of the substrates used in the Saha et al. (2008) 

and Engler (2006 & 2008) studies compared to GXG 

 

An elastically tuneable, physiologically relevant growth surface could provide a means 

of dynamically controlling the mechanical environment during embryonic stem cell 

differentiation. Optimizing the Young’s modulus of the substrate at specific stages of 

neuronal differentiation may provide a means of increasing yields and purities 
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associated with the process, which is currently a significant limiting step in the 

development of stem cell bioprocessing (Mondragon et al., 2009). 

 

1.5 Aims and Objectives of Investigation 

 

The aim of this study is to investigate the effect of changes in Young’s modulus of GXG 

on the monoculture neuronal differentiation of mouse embryonic stem cells. Other 

investigations, such as the Kothapalli & Kamm (2013) study have tended to focus on 

the entire differentiation process, starting from ES cells and ending with the formation 

of neurons, without looking at the stages in between. The aim of this study was to 

define the effect of Young’s modulus of differentiation, stage-by-stage in order to 

assess whether the effects remain constant across the entire process or whether they 

are dynamic and thus vary with maturity. Within this study, the mESC monoculture 

neuronal differentiation (Ying et al, 2003) process was split into three stages. 

 

The first stage involved the formation of neural precursors from mouse embryonic 

stem cells. Neural precursor cells were defined as being nestin-positive (Lendahl et al, 

1990; Engler et al, 2006; Ying et al, 2003; Migliorini et al, 2011; Previtera et al, 2013). 

The second stage involved the formation of immature neurons from the neural 

precursors. Immature neurons were defined as positive for -III tubulin (Sullivan & 

Cleveland, 1986; Engler et al, 2006; Ying et al, 2003; Migliorini et al, 2011). The final 

stage was the maturation of immature neurons into mature neurons, positive for 

MAP2 (Bernhardt & Matus, 1984; Jiang et al, 2007; Previtera et al, 2013).  

 

The first part of this study involved development of GXG and the neuronal 

differentiation process. Protocols and conditions were optimised in the initial work. 

This was followed by characterisation of the starting population, and the time frames 

during which neuronal markers began to appear. The latter work allowed for selection 

of time points during differentiation for harvesting of cells for seeding onto materials 

for analysis. The next stage investigated modulus effects on two non-mESC cell lines, in 

order to provide a basis for comparison with the ES work. The final part of the first 

chapter involved seeding mESC’s in normal growth medium as  well as spontaneous 
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differentiation medium, in order to assess whether any effects were medium 

dependent. 

 

The next two chapters looked at the effects on cells of Young’s modulus over three 

time frames of differentiation. There were three cell effects that we investigated. The 

first was cell attachment at 24h (the time point used in the Evans et al, 2009 study). 

The second was expansion of colonies to the 72h (post-seeding) time point. The third 

effect was enrichment. This involved looking at presence of key markers and 

expression of genes associated with both pluripotency and the neural lineages. 

 

The second chapter looked at the impact of Young’s modulus on the differentiation of 

mESC’s into neural precursors, in terms of the three effects listed above. Image 

analysis, immunocytochemistry, flow cytometry and qPCR were used to investigate the 

effects. This was then related to polymerisation of actin and tubulin using two small 

molecule inhibitors. 

 

The final chapter looked at the impact of Young’s modulus on the differentiation of 

neural precursors into immature neurons, and finally immature neurons into mature 

neurons. This was carried out by partially differentiating mESC’s on TCP to the relevant 

stages of neuronal differentiation (four days for neural precursors or six days for 

immature neurons) prior to seeding. 

 

The central hypothesis behind the study was that physiologically soft materials favour 

the formation of neurons from mouse embryonic stem cells in neuronal differentiation 

medium. 
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2 Materials and Methods 

 
2.1 Cell Culture 

 

2.1.1 Mouse Embryonic Stem Cells (MESC’s) 

 
Passage 80-100 E14Tg2A mouse embryonic stem cells (Stem Cell Sciences, Cambridge, 

UK) were cultured on cell culture treated T-25 flasks (Thermo Scientific NUNC, 

Langenselbold, Germany). The medium recipe used for normal culture is outlined 

below: 

 

Medium Component Manufacturer Volume (mL) 

Glasgow Minimum Eagles Medium Invitrogen (Paisley, UK) 112.5 

Foetal Bovine Serum 
SeraLab (Batch:102004, 

Haywards Heath, UK) 
12.5 

Non-Essential Amino Acids Invitrogen (Paisley, UK) 1.25 

Glutamax Invitrogen (Paisley, UK) 1.25 

Antibiotic-Antimycotic Invitrogen (Paisley, UK) 1.00 

Leukemia Inhibitory Factor (LIF) Millipore (Watford, UK) 0.125 

-Mercaptoethanol Invitrogen (Paisley, UK) 0.25 

 

Figure 2.1: Media components for normal pluripotent cell culture. Volumes given are for 125 mL of 

medium. 

 

 Fresh T-25 flasks were coated with 0.5 mL of 0.1% v/v gelatin (Sigma-Aldrich, 

Gillingham, UK) for 30 minutes prior to passaging.  

 In order to passage cells, spent medium was firstly aspirated before being 

washed once with 6 mL of 0.1% v/v phosphate buffer saline (PBS; Sigma-

Aldrich, Gillingham, UK).  

 Following this, 0.5 mL of 0.25% bovine trypsin-EDTA was added to the flasks. 

Cells were incubated with the trypsin at 37°C for three minutes.  
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 The trypsin was then quenched by dispensing 2.5 mL of normal culture medium 

into the flasks. The quenched suspension was aspirated and dispensed 3-4 

times in order to create a single cell suspension and eliminate aggregates. 

 The quenched cell suspension was then aspirated and dispensed into a 25 mL 

centrifuge tube and centrifuged at 300 x g for three minutes.  

 Whilst the cell suspension was centrifuged, the gelatin was  aspirated from the 

fresh flasks.  

 Following centrifugation, the supernatant containing the trypsin and quench 

medium was carefully removed from above the cell pellet. The cells were then 

resuspended in normal culture medium (recipe above), whose volume 

dependent on the passage split ratio (3 mL for 1:6 or 4 mL for 1:8). Cells were 

split at a ratio between 1:6 and 1:8. 5 mL of normal culture medium was 

dispensed into the flasks. 0.5 mL cell suspension was then carefully added to 

each culture flask. 

 

2.1.2 Mouse Embryonic Fibroblasts 

 

Fibroblasts were passaged as above, using the same consumables, apart from the 

media. The medium used for culturing fibroblasts was Dulbecco’s Medium Eagles 

Medium (Invitrogen, Paisley, UK)), supplemented with 15% v/v fetal bovine serum 

(SeraLab, Haywards Heath, UK), 1% v/v Glutamax (Invitrogen, Paisley, UK), 1% v/v non-

essential amino acids (Invitrogen, Paisley, UK). For GXG experiments, the seeding 

density and rationale was identical to that for mESC’s, albeit in normal culture  

medium. 

 

2.1.3 Human EB Retinal Differentiation 

 

Human embryoid bodies (EB’s) were derived from induced pluripotent stem cells  

(iPSC’s), and were kindly provided by Vishal Sharma from the Department of 

Biochemical Engineering at UCL. Briefly, undifferentiated iPSC’s were formed in 

suspension over three days in 30 mm non-adherent culture dishes (Sterilin, Caerphilly, 
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UK) in 3 mL retinal induction medium. Retinal induction medium consisted of 

DMEM/F12 (Invitrogen, Paisley, UK), 10% v/v Knockout Serum Replacement 

(Invitrogen, Paisley, UK), 1 ng/mL human recombinant Dkk-1, 1 ng/mL human 

recombinant Noggin and 5 ng/mL human recombinant IGF-1 (all R&D Systems, 

Minneapolis, USA) and 1% v/v N2 Supplement (PAA Laboratories, Yeovil, UK). 

 

Roughly 30 EB’s were then selected from the dish per well in a 6-well plate. The EB’s 

were centrifuged at 300 x g and resuspended in retinal differentiation medium before 

being seeded onto the GXG materials. The retinal differentiation medium consisted of 

DMEM/F12 (Invitrogen, Paisley, UK), 10 ng/mL human recombinant Dkk-1, 10 ng/mL 

human recombinant Noggin, 10 ng/mL human recombinant IGF-1, 5 ng/mL basic 

fibroblast growth factor (all R&D Systems, Minneapolis, USA), 1% v/v N2 Supplement 

and 2% v/v B27 Supplement (PAA Laboratories, Yeovil, USA). 

 

2.2 GXG Preparation 

 

Gelatin stock solutions were made up according to earlier atomic force microscopy 

measurements (using the same deionised water) made by Dr Andrew Pelling (The 

Pelling Lab, Ottawa, Canada), which related concentration to Young’s modulus (see 

Figure 2.2 below). Gelatin powder (Sigma-Aldrich, Gillingham, UK) was dissolved in the 

relevant solution according the concentrations below (% w/v corresponds to grams of 

gelatin in 100 mL solution) and autoclaved. Following autoclaving, gelatin stock 

solutions were stored at 4°C. 

 

Concentration (% w/v) Solution Young’s modulus 

3 Phosphate buffer saline 2 kPa 

4 Water 18 kPa 

6 Water 35 kPa 

 

Figure 2.2: The relationship between concentration of gelatin (where percentage related to 

grams/100mL of solution) and Young’s modulus, as measured by atomic force microscopy. Modulus was 

dependent both on concentration and the solution used. 
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 Prior to coating of the culture surface, gelatin stock solutions were warmed in a 

water bath (37°C) for 10-15 minutes until the solution was melted completely.  

 The stock solution was then added to glutaraldehyde in a 15 mL tube at a 

concentration of 5 L glutaraldehyde per mL of gelatin stock solution (3 mL of 

gelatin added to 15 L glutaraldehyde for a triplicate wells in a 6-well plate).  

 The GXG mixture was immediately mixed by vortexing before being added to 

the culture surface. 0.7 mL was added to each well in the 6-well plates, whilst 

5.25 mL was added to the T75 flasks (70 L per cm2 surface area). The GXG-

coated flasks or wells were left overnight at 4°C in a humidity chamber. 

 

 The next morning, the plates were washed three times with PBS (2 mL per well 

in 6-well plates). On the third addition, PBS was left on GXG in order to prevent 

the biomaterial from drying out whilst sodium borohydride was prepared. 

 Sodium borohydride (NaBH4) was used as a reducing agent to react with excess, 

unreacted glutaraldehyde. The powdered form of NaBH4 (VWR, Lutterworth, 

UK) was dissolved in ice cold PBS at a concentration of 1 mg NaBH4 per mL of 

PBS solution (usually 15-20 mL borohydride solution made up for a 25 mL 

centrifuge tube). After very brief mixing, the solution was immediately added 

to the GXG culture surface (0.25 mL per cm2 of culture surface).  

 The well plates or T-flasks were kept on ice for one hour to allow the reduction 

step to proceed.  

 Following the reduction step, the reacted NaBH4 solution was aspirated. The 

culture surfaces were then washed twice with PBS. The second PBS wash was 

left on the GXG overnight at 4°C. 

 

 The next morning (on the third day of the protocol), the PBS from the second 

wash stage was removed and a third and final PBS wash stage performed. 

Normal GMEM culture medium, without LIF, was then added to the culture 

surface (0.2 mL per cm2 culture surface).  
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 The GXG plates with –LIF medium were incubated at 37°C for four hours prior 

to seeding to allow for pH equilibriation.  

 Finally, the equilibriation medium was removed and cells seeded onto GXG for 

experiments. 

 

2.3 Neuronal Differentiation 

 

2.3.1 MESC 

 

The medium used for neuronal differentiation was N2B27, as described by Ying et al 

(2003). The formulation is shown in the Figure 2.3 below.  

 

 The culture plates used as the tissue culture polystyrene (TCP) control were 

first gelatinized for 30 minutes. 1 mL of gelatin was dispensed into each well in 

6-well plates, whilst 6 mL of gelatin was dispensed into the T-75 flasks.  

 Spent medium was then aspirated from each flask of undifferentiated mESC’s. 

 Cells were washed once with 6 mL of 0.1% v/v PBS. 

 0.5 mL of 0.25% bovine trypsin-EDTA solution was then dispensed into the 

flasks. Cells were incubated in trypsin for three minutes at 37°C.  

 

Component Manufacturer Volume (mL) 

DMEM:F12 with Glutamax Invitrogen (Paisley, UK) 99 

N2 (100x diluted) PAA (Yeovil, UK) 1 

Neurobasal Medium Invitrogen (Paisley, UK) 98 

B27 Neuromix (50x diluted) PAA (Yeovil, UK) 2 

-Mercaptoethanol Invitrogen (Paisley, UK) 0.4 

Foetal Bovine Serum (Not added for 

partially-differentiated cells) 

SeraLab (Batch:102004; 

Haywards Heath, UK) 
2 

 

Figure 2.3: Medium components used to formulate 200 mL of N2B27 neuronal differentiation mediu m. 
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 The trypsin was then quenched by dispensing 2.5 mL of normal GMEM medium 

without LIF into the flasks. The cell suspension was aspirated and dispensed 3 

times in order to create a single cell suspension and eliminate aggregates. 

 The quenched cell suspension was aspirated from the flasks and dispensed into 

a 25 mL centrifuge tube and centrifuged at 300 x g for three minutes.  

 Following centrifugation, the quenched trypsin supernatant was removed from 

above the cell pellet. The cell pellet was then resuspended in 10 mL of N2B27 

medium with 1% v/v serum. 

 

 Cell counts were then made in order to calculate the volume of N2B27 cell 

suspension required to achieve the desired seeding density of 1 x 104 cells/cm2 

(as characterized in Chapter 3, Figure 3.3). In order to make cell counts, 10 L 

of suspension was aspirated from the cell suspension in N2B27 and dispensed 

underneath a coverslip mounted on a hemocytometer.  

 The hemocytometer grid was then viewed using phase contrast microscopy 

(with a 10x objective). Any cells contained within the grid were counted 

(including cells lying on the top and left borders of the grid, but not the bottom 

and right borders).  

 The output of these counts was the cell concentration in the suspension ( x104 

cells/mL). This method was also used to calculate total cell concentration at the 

end of four days of differentiation. 

 

The volume of cell suspension required to achieve a seeding density of 1 x 104 

cells/cm2 was calculated using the below formula: 

 

V1 = (V2.C2)/C1 

Where: V1 = Volume needed from cell suspensi on (mL) 

V2 = Total seeding volume (mL) = 0.2 mL for each cm
2
 culture area 

C1 = Hemocytometer Cell Count (x10
4
 cells/mL) 

C2 = Cell  concentration required to achieve seeding density of 1 x 10
4
 cells/cm

2
 in the total seeding 

volume, V2 = 5 x 10
4
 cells/mL 
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 The volume V1 was then removed from the cell suspension and diluted with 

N2B27 medium to a volume of V2.  

 The gelatin (in the case of the TCP control) or equilibration medium (in the case 

of GXG) was then aspirated from the plates or wells.  

 The cell suspension was immediately dispensed (2 mL per well in a 6-well plate 

or 15 mL per T75 flask) onto the culture surface in order to ensure that GXG did 

not dry out. The plates or well plates were swirled several times and placed in 

an incubator at 37°C (5% v/v CO2). 

 

 Cells were fed with fresh medium every two days. This involved aspirating half 

the spent medium from each well (1 mL) or plate (7.5 mL) and replacing with 

the same volume of fresh medium. Serum was not added to fresh medium past 

day four.  

 

2.3.2 Partially-Differentiated Cells 

 

MESC’s were partially-differentiated in tissue culture treated T75 flasks (Thermo 

Scientific NUNC, Langenselbold, Germany) for four or six days in N2B27 medium as 

outlined above.  

 

 On the day of seeding, 6-well plates (for attachment, expansion and 

immunocytochemistry studies) or T75 flasks (for flow cytometry and qPCR) 

were gelatinized.  

 Cells were then harvested as outlined above (2.3.1: MESC Neuronal 

Differentiation) with scaled up volumes at each step (15 mL of PBS, 1 mL of 

trypsin per T75 flask and 5 mL of quench medium) before being resuspended in 

10 mL N2B27 medium (without serum).  

 Cell counts were again made using a hemocytometer at this stage. For 

attachment and expansion studies, the same 1 x 104 cells/cm2 seeding density 

was used in order to directly compare findings against the mESC results. 

However, this seeding density did not produce sufficient cells at day four in 
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T75’s for flow cytometry or qPCR analysis. Therefore, for these experiments, 

partially-differentiated cells were directly replated onto GXG or TCP. To 

standardize the starting density, three mESC neuronal differentiations were 

carried out in T75’s and the lowest value chosen as the starting seeding density 

(3.5 x 105 cells/mL for four day partially-differentiated cells – data not shown). 

 

Cells were then seeded as with mESC’s onto GXG or TCP, in N2B27 medium. 

 

2.4 Attachment and Expansion Studies 

 

2.4.1 Phase Contrast Microscopy 

 

Attachment and expansion were quantified for cells using confluency measurements  

at 24h and 72h, respectively. All increase in cell number over the first 24h (0-24h) post-

seeding was considered as attachment. Any increase in cell number from 24h to 72h 

was considered expansion. Cells were first washed three times with PBS prior to 

measurements. Addition and removal of PBS for the wash step was standardised using 

an S1 pipet filler (Thermo Scientific, Hudson, USA), where aspiration and dispension 

speeds could be controlled to be consistent from run-to-run. 

 

Phase contrast images were then obtained at 24h and 72h for confluency analysis. 

Images were obtained using an Eclipse TE2000-U microscope (Nikon, Kingston-Upon-

Thames, UK) with a 4x objective, which was provided with the microscope. Five images 

were obtained from each well. Images were obtained randomly at roughly defined 

points (at the top-left, top-right, bottom-right, bottom-left and centre of each well). 

This was performed in three wells (to make up a technical triplicate) for each modulus 

condition. Three technical triplicates made up one biological replicate. This was 

repeated over three independent cell passage numbers (experiments performed on 

different days) to make up a biological triplicate. 
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2.4.2 Image Analysis 

 

Confluency was measured from the phase contrast images using ImageJ software 

(rsbweb.nih.gov; NIH, Bethesda, USA). Images were first turned into an 8-Bit Binary 

grayscale. An intensity threshold value was then selected in order to remove any non-

cellular artefacts from the image. Threshold values remained within ±10% of each 

other across the technical replicates. The ‘’fill holes’’ function was used to remove any 

white gaps in cells. The result was a white image with cells marked as black objects. 

ImageJ then automatically measured percentage confluency by dividing the area of 

black objects by the area of the white space. 

 

The mean of these confluency measurements was calculated for each technical 

replicate (from the five images for each well). Mean and standard deviation was then 

calculated from the three technical replicates to make up a biological replicate for the 

condition (N=1,2,3). The final mean and standard deviation was then calculated from 

three biological replicates. All one-way ANOVA and t-test statistical analysis was then 

performed from the three biological replicates. 

 

Cell enumeration was performed on the confluency values to give values for cell 

concentration. A standard curve was created to calculate cell areas at various time-

points during differentiation (0h, 24h, 48h, 96h). The % confluency (from above) was 

then multiplied by the area of the image in cm2 to give the total area occupied by cells. 

This value was matched to the given value of cell area at the given time-point (24h or 

72h) to obtain a cell number for that field of view. This was divided by the area of the 

image to give rise to a cell concentration value in cells/cm2. 

 

2.5 Immunocytochemistry Analysis 

 

2.5.1 Preparation – Fixation, Permeabilisation and Blocking 

 

 Well plates were removed from the incubator and washed twice with PBS.  
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 0.5 mL of 3.5% v/v paraformaldehyde (Sigma-Aldrich, Gillingham, UK) in PBS 

with 2% v/v sucrose (Sigma-Aldrich, Gillingham, UK) was dispensed into each 

well. Plates were incubated with the paraformaldehyde for ten minutes at 

37°C.  

 Following fixation, cells were again washed three times with PBS. 0.5 mL of 

0.25% v/v Triton X-100 (Sigma-Aldrich, Gillingham, UK) was then dispensed into 

each well in order to permeabilise the cell membranes for intracellular 

antibodies. Cells were incubated with Triton at 37°C for three minutes, before 

being washed three times with PBS. 

 The final preparation stage was a blocking step, which was performed in order 

to discourage non-specific binding of antibody cells. 0.5 mL of 2% v/v goat 

serum in PBS was dispensed into each well. Cells were incubated at room 

temperature for 20 minutes. The blocking agent was then removed using two 

PBS wash steps. 

 

2.5.2 Antibody Staining 

 

 0.5 mL of primary antibody solution at a dilution of 1:400 in 2% goat serum 

(1:200 was used for nestin as it was not easily visible at higher ratios) was 

dispensed into each well. Cells were incubated overnight at 4°C with the 

primary antibodies. In the case of phalloidin, cells were incubated, covered in 

foil for one hour at room temperature at a dilution of 1:100. As phalloidin is a 

conjugated dye, secondary antibody incubation was not required. Thus these 

cells went immediately to the DAPI stage. 

 Following incubation overnight, plates were washed three times with PBS. 0.5 

mL of secondary antibodies (Invitrogen, Paisley, UK) were then dispensed into 

each well at a dilution of 1:400 in 2% v/v goat serum. Plates were incubated 

with the secondary antibodies, covered in foil at room temperature for one 

hour. 

 The last stage was to stain cell nuclei, using 4’,6’-diamidino-2-phenylindole 

(DAPI). Following a further three wash stages in PBS, 0.5 mL of DAPI 
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(Invitrogen, Paisley, UK) was dispensed into each well at a dilution of 1:500 in 

PBS. Cells were incubated at room temperature for two minutes before the 

DAPI was aspirated and the final three wash stages in PBS were performed. The 

final PBS wash was left in the wells to prevent cells drying out. All 

immunocytochemistry imaging was carried out using an Eclipse TE2000-U 

microscope (Nikon, Kingston-Upon-Thames, UK) with the supplied objective 

lenses. 

 

The primary antibodies used are given below, along with the manufacturer and 

dilution: 

 

1° Antibody Manufacturer Dilution 

REX1 Millipore (Billerica, USA) 1:400 

UTF1 Millipore (Billerica, USA) 1:400 

OCT4 Santa Cruz Biotechnology (Dallas, USA) 1:400 

Ki67 Millipore (Billerica, USA) 1:400 

Nestin Millipore (Billerica, USA) 1:200 

A2B5 Millipore (Billerica, USA) 1:400 

-III Tubulin Sigma-Aldrich (Gillingham, UK) 1:400 

RC2 Millipore (Billerica, USA) 1:400 

Phalloidin Invitrogen (Paisley, UK) 1:100 

-Tubulin Abcam (Cambridge, UK) 1:400 

MAP2 Sigma-Aldrich (Gillingham, UK) 1:400 

 

Figure 2.4: Primary antibodies used for immunocytochemistry analysis, along with manufacturer and 

dilution in 2% v/v goat serum. 
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2.6 Flow Cytometry 

 

2.6.1 Preparation 

 

The flow cytometry preparation protocol was similar to that above for 

immunocytochemistry analysis, except that cells were prepared in suspension rather 

than in-situ on well plates.  

 

 Cells were firstly harvested from T75 flasks by trypsinisation, as outlined 

previously.  

 Following centrifugation, the quenched medium supernatant was removed 

before cells were resuspended in PBS (with 2-3 aspirations and dispensions in 

order to create a single cell suspension).  

 Hemocytometer counts (from a 10 L cell suspension sample) were then used, 

similarly to before, in order to dilute cells to a concentration of 1 x 106 cells/mL, 

the recommended concentration for the flow cytometer. Cells were diluted to 

the appropriate concentration in PBS. All subsequent stages were performed in 

2 mL vials (Eppendorf, Hamburg, Germany) on ice. 

 As cells were analysed live using a cell surface marker, no fixation or 

permeabilisation stage was required. One vial was created for each sample (2 

kPa, 18 kPa, 35 kPa, TCP and undifferentiated E14). In addition two additional 

vials were created. One was used for the isotype control (to isolate out 

background and non-specific fluorescence), whilst the other as an unstained 

control (in order to isolate target populations of cells for analysis using forward 

scatter/side scatter). 

 Vials containing cells suspended in PBS were centrifuged in order to prepare for 

blocking. All centrifugations were performed at 2500 rpm for five minutes at 

4°C, unless otherwise stated. Following centrifugation, the supernatant PBS 

was aspirated carefully and cells were resuspended in 600 L 2% v/v goat 

serum blocking solution. This was followed by brief vortexing to ensure the 
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formation of a single cell suspension, cells were incubated for 20 minutes on 

ice.  

 Following blocking, vials were again centrifuged to prepare cells for primary 

antibody addition. The supernatant was then aspirated carefully and 1 L PSA-

NCAM antibody (Abcam, Cambridge, UK) was added to the sample cell pellets. 

1 L IgM isotype control (Sigma-Aldrich, Gillingham, UK) antibody was added to 

the isotype control samples. These were then both diluted by aspirating 400 L 

of 2% goat serum into the vials. Following vortexing, the cells were incubated 

with the primary or isotype control antibodies for one hour on ice. Unstained 

controls were simply resuspended in PBS, vortexed and kept on ice until they 

were analysed in the flow cytometer. 

 Following primary antibody incubation, vials were centrifuged to prepare for 

secondary antibody addition. An additional PBS wash stage was performed 

before vials were centrifuged again (in order to reduce the risk of non-specific 

binding of secondary antibodies on excess PSA-NCAM primary antibodies in 

solution). 1 L of goat anti-mouse IgM 488 secondary antibody (Invitrogen, 

Paisley, UK) was then added to each sample and isotype control. This was 

diluted with 400 L of goat serum as before. Following vortexing, cells were 

incubated for one hour on ice with the secondary antibody.  

 Following this, vials were centrifuged to prepare for the final PBS wash and 

flow cytometry analysis. Cells were washed once more with PBS, and 

centrifuged for a final time. Cells were resuspended in 1 mL PBS, vortexed and 

taken over (on ice) immediately for flow cytometry analysis. 

 

2.6.2 Flow Cytometry Analysis 

 

Flow cytometry analysis was performed using the CyAn ADP flow cytometer (Beckman 

Coulter, High Wycombe, UK).  

 

 Following initialization of the device (including a self-cleaning cycle of the flow 

tubes), a run was performed using the unstained control. This was done in 
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order to set device conditions (voltage and event rate, for example) as well as 

to gate out viable cells from the overall population using forward scatter and 

side scatter. 1 mL of the unstained control was dispensed into the flow tubes 

supplied for the machine. 

 Once viable cells were gated out, a histogram was set up with an event limit of 

10,000. An isotype control run was then performed using these conditions. 1 

mL of the isotype control was dispensed into the flow tubes supplied for the 

machine. From the resulting histogram, the lower 99.0% of the peak was gated 

out as a negative control. Any fluorescence in the subsequent samples above 

this gated value was counted as positive. 

 The PSA-NCAM stained samples were then run using the gated histogram from 

the isotype control. 1 mL of each sample was dispensed into the flow tubes 

supplied for the machine. Summit software (Beckman Coulter, High Wycombe, 

UK) was used for all analysis. 

2.7 qPCR 

 

 Following differentiation, cells were harvested from the T75’s by trypsinisation.  

 After the quenched trypsin was removed, PBS was aspirated onto the cell 

pellet. The cells were pelleted once again by centrifugation and the 

supernatant aspirated carefully using a pipette (Gilson, Middleton, WI, USA). 

 The dry cell pellets were stored at -20°C. All subsequent steps were performed 

on ice. 

 

2.7.1 RNA Extraction 

 

 RNA was extracted from the cell pellets using the RNeasy Micro Kit (Qiagen, 

Sussex, UK). The cell pellets were thawed briefly at room temperature and 

flicked by hand to displace from the bottom of the centrifugation tube.  

 75 L of Buffer RLT was dispensed into the pellet. The lysed suspension was 

aspirated and dispensed a number of times in order for the reaction to proceed 

fully. The lysed suspension was then pipetted into QIAshredder spin column 
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(Qiagen, Sussex, USA). The spin column was placed in a 2 mL collection tube 

(Qiagen, Sussex, USA) and centrifuged at full speed for two minutes. 75 L of 

70% ethanol was then dispensed into the lysate solution in the 2 mL collection 

tube. The solution was aspirated and dispensed multiple times until it became 

clear. The solution was then aspirated from the collection tube and dispensed 

into an RNeasy MiniElute spin column (Qiagen, Sussex, UK), placed inside a 

fresh 2 mL collection tube. The lid of the spin column was gently closed and the 

tube centrifuged at 8,000 x g for 15 seconds. The spin column was removed to 

allow the flow through liquid within the collection tube to be poured out. The 

spin column was then placed back inside it.  

 350 L of Buffer RW1 was dispensed into the spin column. The lid was again 

gently closed and the tube centrifuged at 8,000 x g for 15 seconds. The flow 

through within the collection tube was again poured out as waste before the 

spin column was replaced. 

 70 L of Buffer RDD was dispensed into a separate 0.5 mL vial (Eppendorf, 

Hamburg, Germany). To this, 10 L of DNase I stock solution was added. The 

vial was gently inverted twice to mix.  10 L of DNase I mixture was then 

dispensed onto each spin column filter. The tubes were then allowed to 

incubate at room temperature for 15 minutes. Following the incubation step, 

350 L of Buffer RW1 was added to each spin column. The lid was closed gently 

and the tube centrifuged at 8,000 x g for 15 seconds. After centrifugation, the 2 

mL collection tube was discarded, with the follow through liquid. The spin 

column was then placed in a fresh 2 mL collection tube.  

 500 L of Buffer RPE was then dispensed into the spin column. The lid was 

gently closed and the tube centrifuged at 8,000 x g for 15 seconds. Following 

removal of the spin column, the follow through liquid in the collection tube was 

poured out as waste. 500 L of 80% ethanol was then dispensed into the spin 

column. The lid was gently closed and tube centrifuged at 8,000 x g for two 

minutes. The collection tube (along with the flow through liquid) was 
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discarded. The spin column was then placed in a fresh 2 mL collection tube. The 

lid was opened and the tube centrifuged at full speed for five minutes. The 

collection tube was then discarded again along with the follow through liquid.  

 The spin column was then placed in a 1.5 mL collection tube (Qiagen, Sussex, 

UK) for the elution stage. To elute, 14 L of RNase free water was dispensed 

into the centre of the spin column filter membrane. The lid was closed gently 

and finally the tube was centrifuged at full speed for a minute to elute the 

template RNA into the 1.5 mL collection tube. 

 The concentration of RNA in elute was measured using a Nanodrop 

spectrophotometer (Thermo Scientific, Delaware, USA). The 

spectrophotometer measured RNA concentration using absorbance at 

wavelengths of 260 nm and 280 nm. 1 mL of distilled water sample was 

dispensed onto the reader and a blank measurement made before each sample 

reading. Following the reading, the vials were kept at -80°C for storage. 

2.7.2 cDNA Synthesis 

1 mg of RNA (calculated from the spectrophotometer reading) was then used to 

synthesise first strand cDNA using the RETROscript First Strand Synthesis Kit (Qiagen, 

Sussex, UK), again as per the manufacturer’s instructions, using random decamers to 

prime the first strand reaction. A Mastercycler EP Realplex (Eppendorf) thermocycler 

was used to carry out the synthesis reaction. The steps are outlined below: 

 The template RNA vials were defrosted on ice. The Reverse Transcriptase 

(Qiagen, Sussex, UK), RT Buffer (Qiagen, Sussex, UK), RNase-free water (Qiagen, 

Sussex, UK) and gDNA wipeout buffer (Qiagen, Sussex, UK) were also thawed, 

albeit at room temperature. 

 The genomic DNA elimination reaction was then set up on ice. To increase the 

accuracy of volume measurements, large stock quantities were made and 

aliquoted for each gene and sample studied. For example for six genes across 

the four samples (2 kPa, 18 kPa, 35 kPa and TCP), samples were made for 24 
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reaction wells. An extra 10% volume was added to factor in pipetting error. 

One 0.5 mL vial (Eppendorf, Hamburg, Germany) was used for each reaction 

well. For each reaction well, 14 L was made up containing 2 mL gDNA wipeout 

buffer, x mL template RNA (where x is the mL of RNA elute containing 1 mg of 

RNA) and (12-x) mL of RNase free water. 14 L of elimination reaction mixture 

was dispensed into each 0.5 mL vial. The vials were briefly spun (10,000 rpm for 

five seconds) in order to mix. The vials were then placed inside the 

thermocycler and incubated at 42°C for two minutes. 

 The reverse transcription master mix was then set up on ice. 6 L was created 

for each reaction well, containing 1 L Reverse Transcriptase, 4 L RT Buffer 

and 1 L RT Primer Mix. Primer sequences are proprietary but details can be 

found at www.qiagen.com/GeneGlobe/. Primer assays are detailed in Figure 

2.5. Once again, a large volume master mix was made up for the total number 

of reactions plus an additional 10% for pipetting error. 6 L of reverse 

transcription master mix was dispensed into each vial containing 14 L of gDNA 

elimination reaction mixture. The vials were briefly spun (10,000 rpm for five 

seconds) in order to mix. 

 The vials were then placed in the thermocycler. A second protocol was run, 

where the vials were first incubated for 15 minutes at 42 before being 

incubated at 95 for three minutes. The cDNA samples were stored long term at 

-20°C. 

2.7.3 PCR Plate Setup 

 

For gene expression analysis, 1 L of the cDNA was used in a SYBRGreen real time PCR 

reaction using the Eurogentec (Southampton, UK) SYBR Green PCR Kit and the pre-

validated QuantiTect Primer Assays (Qiagen, Sussex, UK) under the manufacturer’s 

protocols. 

 

http://www.qiagen.com/GeneGlobe/
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 The components of the qPCR master mix were thawed on ice. These included 

the MESA Blue MasterMix (Eurogentec, Southampton, UK), QuantiText Primer 

Assay (Qiagen, Sussex, UK) and RNase-free water (Qiagen, Sussex, UK). 

 The larger volume qPCR master mix was made up in a 1.5 mL tube (Eppendorf, 

Hamburg, Germany) to be aliquoted into cDNA samples. Per 20 L sample, 10 

L of MESA Blue MasterMix, 2 L of Primer Assay and 8 L of RNase-free water 

was used. In total, three (technical triplicate) samples were made per condition 

studied (2 kPa, 18 kPa, 35 kPa and TCP), in addition to two additional control 

samples (NTC – no template control and NRT – no reverse transcription 

control). An additional sample was made up to account for pipetting error, 

bringing the total up to 15 samples for four conditions. After pipetting, the tube 

was centrifuged briefly (10s) at 10,000 rpm to mix. 

 The MasterMix was then aliquoted into 0.5 vials to prepare for plate setup. 

Four vials were used per gene (one for each condition; 2 kPa, 18 kPa, 35 kPa 

and TCP). 60 L was aliquoted into each vial. 3 L of cDNA (from the previous 

stage) was pipetted into each vial containing MasterMix. They were mixed by 

aspirating and dispensing several times using the pipette before being 

centrifuged for 10s at 10,000 rpm.  

 20 L of the gene sample for study was then pipetted from the vials into each 

well of the qPCR plate (BioRad, Hemel Hempstead, UK). 

 20 L of MasterMix alone (without cDNA) was dispensed into the penultimate 

row (row G) of the PCR plate as the NTC control. Additionally, 20 L of 

MasterMix with 1.0 mg RNA (from earlier) but without cDNA was added to the 

last row (row H) of the PCR plate as the NRT control. 

 The lid was then covered by a supplied plastic cover (BioRad, Hemel 

Hempstead, UK). A straight edged object was then used to force out air bubbles 

between the plate and cover. 

 Finally the PCR plate was kept on ice to prepare for immediate analysis. 
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2.7.4 PCR Analysis 

 

After being centrifuged at 300 x g for three minutes, the PCR plates were placed in a 

CFX Connect Real-Time PCR Detection System (Qiagen, Sussex, UK). The ‘‘Quickplate 

SYBR Assay (Clear Wells)’’ protocol (Eurogentec, Southampton,UK) was then selected. 

The lid of the machine was opened and the plate placed into the holder. The lid was 

closed and the protocol was run. 

 

For relative quantification, the DDCt method (Pfaffl, 2001) was used. Briefly, Ct refers 

to the threshold cycle, the number of PCR cycles required for the threshold (set by the 

machine) value of fluorescence signal to be overcome by the sample. DDCt is equal to 

the difference between DCt treated (the difference in Ct between each sample and the 

equivalent housekeeping genes for that condition) and DC t control (the difference in Ct 

between each TCP control and the housekeeping genes for the control). RNA levels 

were normalised against the housekeeping genes GAPDH and TBP, as selected in 

Chapter 3. All calculations were performed using the BioRad CFX Manager software 

(BioRad, Hemel Hempstead, UK). 
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Primer Product Code Role (Chapter) 

-Actin QT00095242 Housekeeping (3) 

Gapdh 
QT01658692 

 
Housekeeping (3,4,5) 

PGK1 
QT00306558 

 
Housekeeping (3) 

RN18 
QT02448075 

 
Housekeeping (3) 

TBP 
QT00198443 

 
Housekeeping (3,4,5) 

OCT4 (Pou5f1) 
QT00109186 

 
Pluripotency (4) 

UTF1 
QT00252112 

 
Pluripotency (4) 

FGF5 
QT00108906 

 
Early differentiation (4) 

T-Brachyury 
QT00094430 

 
Mesoderm (4) 

Sox17 
QT00160720 

 
Endoderm (4) 

Nestin 
QT00316799 

 
Neural precursor (4) 

-III Tubulin 
QT00124733 

 
Neuronal (4,5) 

GFAP 
QT00101143 

 
Astrocyte (4) 

TH 
QT00101962 

 
Late Neuronal (4) 

GAD2 
QT00101416 

 
Late Neuronal (4) 

 

Figure 2.5: Primer assays used for qPCR analysis. Primer, Qiagen code and role of gene shown (with 

Chapter number in which gene was used).  
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2.8 Blebbistatin and Nocodazole Inhibition 

 

2.8.1 Blebbistatin 

 

Powdered blebbistatin was dissolved into DMSO to form a stock solution. This solution 

was then aliquoted into vials and stored at -20°C for further use. For experiments, 

these aliquots were diluted in 10 mL of normal culture medium without LIF to a final 

concentration of 50 M. This concentration was chosen on the basis of previous 

studies using blebbistatin (Engler et al, 2006; Chowdhury et al, 2009).  

 

Prior to treatment, spent medium was removed from the T25’s (E14) and T75’s 

(Partially-differentiated cells). The medium containing blebbistatin was then added to 

the flasks, which were allowed to incubate for 30 minutes. Following this pre-

treatment, the blebbistatin was removed and the cells were prepared for 

differentiation as outlined earlier. 

 

2.8.2 Nocodazole 

 

Nocodazole was aliquoted and stored in a similar fashion in DMSO to blebbistatin (see 

above). These aliquots were diluted to a final concentration of 50 m in 35 mL of 

N2B27 medium. This medium was then added to the cell suspension before seeding 

(Spedden et al, 2012). 

 

2.9 Rate of Spreading 

 

In order to analyse rate of spreading, partially-differentiated cells were pre-treated 

with CellTracker (Invitrogen, Paisley, UK) using a similar method to that for 

blebbistatin. CellTracker highlights the cell perimeter under fluorescence in such a way 

that it becomes easy to accurately measure cell surface projection area using image 

analysis software. Cell tracker was diluted in 10 mL of medium (at a dilution ratio of 

1:200) before being added directly to the adhered partially-differentiated cells within 
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the T75 flasks. The cells were then harvested and seeded for differentiation 

experiments as outlined earlier. 

 

Images were obtained 2 hours, 4 hours and 6 hours following seeding using the 

fluorescence bulb on the Eclipse TE2000U (Nikon, Kingston-Upon-Thames, UK). Five 

cells were selected at random from each well (from one field of view). A total of 15 

cells were thus selected for each condition. The images were analysed in the same way 

as with attachment, where ImageJ was used to create binary images of cells (black) on 

the surfaces (white). The ‘‘analyze particles’’ function was used to measure the 

projection areas of individual cells. 

 

The mean projection areas of cells were compared across the four conditions at the 

time points mentioned above. The projection areas at t=4h and t=6h were also 

normalized to the initial projection area (the projection area at t=2h) in order to 

measure rate of spreading. 

 

2.10 Statistics 

 

All statistical analyses were carried out using SPSS software (v.21; IBM). One-way 

ANOVA analysis was used to calculate statistical significance amongst trends across the 

four materials. Tukey’s test for multiple comparisons was then used to identify where 

the statistical differences lay. For the blebbistatin and nocodazole experiments, as the 

comparisons were being made between the treated and untreated conditions, rather 

than across the population as a whole, independent-samples t-test was used for each 

condition. 

 

In all cases, a p-value less than 0.05 was considered statistically significant (95% 

confidence interval).  
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3 GXG and Protocol Development 

 

In this chapter, a number of initial challenges were addressed before the effect of 

Young’s modulus on mouse embryonic stem cell (mESC) neuronal differentiation was 

investigated. The neuronal differentiation conditions outlined in Ying et al (2003) 

produce large colonies of nestin-positive neural precursors (Engler et al, 2006) and -III 

tubulin positive immature neurons (Engler et al, 2006). However, the commercially 

available RHB-A (Stem Cells Inc, Cambridge, UK) medium caused a number of 

variability issues in terms of cell attachment and expansion. As attachment and 

expansion were key to the central hypothesis of this study, this was a problem that 

immediately required addressing.  

 

3.1 Aims 

 

With this in consideration, the first experiments were aimed at characterizing the 

starting conditions used for the experiments. Factors such as medium formulation 

(commercially produced vs. ‘in-house’ preparation), serum concentration and seeding 

density were all decided upon at this stage. Optimizing these conditions, allowed for 

maximal neuronal precursor formation for Young’s modulus study, 

 

In order to compare differentiation across different Young’s modulus conditions, it was 

necessary to develop assays, which could robustly compare differentiation across 

conditions. It was also important to establish the time-points during differentiation 

where key markers for cell identity (for neural precursors, immature neurons and glial 

cells) would be expressed. 

 

To achieve this, the pluripotency of the starting cell populations  were validated along 

with the time-lapse emergence of key phenotype markers during differentiation. The 

two key quantitative assays used in testing the main hypotheses of this study were 

then validated, namely real-time, quantitative polymerase chain reaction (qPCR) and 

flow cytometry.  
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Prior to commencing Young’s modulus work in mESC’s, two non-mESC cell lines 

(fibroblasts and human embryoid bodies) were plated on GXG in order to provide a 

basis for comparison for the mESC cell work. 

 

The final work in this chapter involved seeding mESC’s in other, non-neuronal 

differentiation conditions, in order to assess whether the effect of Young’s modulus on 

mESC attachment and expansion was influenced by the growth medium.  

 

3.2 How does medium composition affect attachment of mESC’s in neuronal 

differentiation medium? 

 

Attachment of mESC’s was key to the central hypothesis tested in this study. It was 

therefore, imperative to maximise the initial attachment of mESC’s in neuronal 

differentiation medium. The most commonly used monolayer neuronal differentiation 

medium for mESC’s is N2B27, as formulated in the study by Ying et al (2003). MESC’s 

seeded on gelatin-coated tissue culture polystyrene (TCP) in N2B27 medium expand in 

adherent monolayer culture, to form colonies with rosette-like morphologies, positive 

for neural precursor and later immature neuronal markers such as nestin and -III 

tubulin respectively. Further differentiation leads to development of mature neuronal 

subtypes such as GABAergic and tyrosine hydroxylase-positive neurons. 

 

The commercially available version of N2B27, termed RHB-A (Stem Cells Inc, 

Cambridge, UK) is a modified, proprietary formulation. Initial attempts at seeding in 

RHB-A medium resulted in negligible colony formation at day four, typified by the 

morphologies observed on the top line of figures in Figure 3.1.  
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Figure 3.1: Comparison of cell attachment and growth over 96h in 3 different neuronal differentiation 

media. Top: RHB-A, a commercially available, pre-prepared medium. Middle: N2B27 with no serum, 

prepared in the laboratory according to the medium recipe given by Ying et al (2003). Bottom: N2B27, 

the same medium, with 1% v/v serum added. Scale Bars = 100  m. 
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Attachment did occur over the first 48h, but following this there was a significant 

amount of cell detachment and death. There were some rare occasions where cells did 

remain attached (results not shown) following attachment, but the run-to-run 

reproducibility of this effect was not satisfactory for attachment studies . 

 

Neuronal differentiation in N2B27 is typified by significant amount of cell detachment 

and death, as the medium selects against cells that do not differentiate towards a 

neuronal lineage, but the amounts of detachment and lack of expansion at 96h in RHB-

A was excessive in comparison to the images seen in the Ying et al (2003) study. 

 

Based on this, the decision was made to formulate the N2B27 medium ‘in house,’ 

using the defined components given in the Ying et al (2003) paper. When cells were 

seeded in this more chemically defined medium (Figure 3.1, middle row), a similar 

profile emerged in expansion following attachment. Forming neuronal precursors at 

the 96h time-point was as difficult as with RHB-A. 

 

The persistence of these initial problems led to the conclusion that serum may have 

been the key to promoting cell spreading and expansion. Fetal bovine serum (FBS) is 

commonly used as a medium component in order to promote attachment in many 

adherent cells, including mESC’s owing to its vitronectin and to a lesser extent, 

fibronectin content (Hayman et al, 1985). However, serum is undesirable for early 

neuronal differentiation as it contains the bone morphogenetic protein BMP-4 (Finley 

et al, 1999). BMP-4 antagonises Shh and noggin, two growth factors that play a key 

role in early neurogenesis (see Introduction). Thus N2B27 medium is formulated for 

serum free growth.  

 

It was hoped, that by using a small amount of serum (1% v/v in N2B27) during seeding, 

cells would remain adhered during expansion. The bottom row of Figure 3.1 highlights 

the improvement that was observed with serum use during attachment. Cells attached 

with similar numbers at 24h, whilst forming a markedly more spread out morphology 

than that of the RHB-A and zero-serum N2B27 medium. Following attachment, despite 

there being a continued detachment effect, considerably more cells appeared to form 
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colonies than in the other media. This effect was reproducible across numerous 

passages. Cells appeared to maintain a homogeneous morphology during 

differentiation, implying that differentiation was occurring efficiently. On the basis of 

these findings, the effects of serum were investigated further. 

 

Three different serum conditions were used to complete optimization of the medium; 

0%, 1% and 5% v/v serum. The highest condition was used in order to ascertain 

whether attachment could be improved further and whether morphologies would 

remain homogeneous during expansion. 

 
As before, adding 1% v/v serum to N2B27 during seeding caused cells to become more 

spread at 24h when compared to the serum-free N2B27. Increasing the serum 

concentration to 5% v/v also lead to cells having a spread morphology at 24h following 

seeding (Figure 3.2A). However, the cell morphologies did not appear to be as 

homogeneous as that observed in the 1% v/v serum condition, implying that non-

neural differentiation is taking place.  

 

Most cells detached in the 0% serum condition between the 24h and 72h time-points. 

Those cells that remained attached appeared to be rounded and did not form large 

colonies at 72h. In N2B27 medium with 1% v/v serum, cells expanded to form dense, 

rosette-like colonies. These colonies contained cells that were more spread out than 

the few cells that remained attached on the zero serum condition. 5% v/v serum also 

resulted in cells proliferating and forming colonies but cellular morphologies were 

again not as homogeneous as that of the 1% v/v serum condition. Ying et al (2003) 

reported that serum use does produce some non-neuronal epithelial-like cells. 

 

Confluency was quantified at 24h from phase contrast images in order to assess 

whether 5% serum significantly increases attachment compared to the 1% and 0% 

conditions. Serum concentration had no significant (p=0.393) effect upon attachment 

of cells at 24h (Figure 3.2B). 
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A 

 

B 

                

Figure 3.2: The effect of serum on attachment and expansion. (A) Representative phase contrast images 

at 24h and 72h (96h for 1% v/v serum) of mESC’s seeded onto TCP in N2B27 containing 0%, 1% and 5% 

v/v serum. All scale bars = 100 m. (B) Confluency measurements at 24h for mESC’s seeded on TCP in 

N2B27 with increasing concentrations of serum (0%, 1%, 5%). All three biological replicates shown as 

well as the mean. Error bars represent standard deviation from the mean. 
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Based on these findings, the homemade N2B27 medium containing 1% v/v serum was 

chosen as the medium for seeding and expanding cells for attachment studies. Serum 

free medium did not allow for colony expansion following seeding, whilst 5% serum 

did not provide any benefits in attachment to compensate for the more 

heterogeneous morphologies observed at 24h and 72h. 

 

3.3 How does seeding density affect attachment of mESC’s in neuronal 

differentiation medium? 

 

A seeding density range of 0.5-1.5 x 104 cells/cm2 was recommended for N2B27 

medium (Ying et al, 2003). In order to maximise colony formation at day four so that 

sufficient quantities of cells were available for analysis, it was of interest to investigate 

the effect of seeding density on cell concentrations following differentiation.  

 

Two seeding densities were chosen for study; 1 x 104 cells/cm2 and 2 x 104 cells/cm2. 

The higher value was outside of the recommended range (Ying et al, 2003). MESC’s 

were seeded at these two densities onto gelatin-coated T-75 flasks (made of TCP) in 

N2B27 neuronal differentiation medium (with 1% v/v serum). Cells were then allowed 

to expand for four days before harvesting. This was ample time for large colony 

formation (Figure 3.1 – see N2B27 + 1% serum condition at 96h). 

  

Prior to harvest at day four, the spent medium from the flasks was aspirated. A cell 

count was then performed on this medium to measure detached cell concentration. 

This would indicate whether there was a critical value for seeding density, above which 

increases in attached cell concentration would not be supported. Trypan blue staining 

revealed that cells were non-viable in the spent medium, as expected (data not 

shown). Differentiated cells were harvested by trypsinisation and counted using a 

hemocytometer in order to compare differences in attached cell concentration with 

seeding density. 
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Figure 3.3: Comparison of cell concentration at day four of neuronal differentiation on TCP at two 

seeding densities: 10,000 cells/cm
2
 and 20,000 cells/cm

2
. Cell concentration of the harvest was measured 

as attached and cell concentration in the spent medium measured as unattached cells. 
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Attached cell concentration at day four was 24% higher with a 100% increase in 

seeding density from 1 to 2 x 104 cells/cm2 (Figure 3.3). The seeding density increase 

was accompanied by a 72% increase in unattached cell concentration. The large 

increase in detached cell concentration with the increase in seeding density negated 

the slight increase in attached cell concentration. The lower, 1 x 104 cells/cm2 seeding 

density was chosen as a result. 

 

3.4 Validation of starting cell populations and neuronal differentiation marker 

expression 

 

Before the mESC’s underwent neuronal differentiation, their identity was validated in 

order to ensure that they were true pluripotent cells. Immunocytochemistry analysis 

was performed for four pluripotent markers; Rex1, Oct4, UTF1 and Ki67. The first three 

are characteristic transcription factors present in the nuclei of pluripotent stem cells  

(Ben-Shushan et al, 1998; Nichols et al, 1998; Okuda et al, 1998). Ki67 is actually a 

marker for proliferative cells (Yu et al, 1992), but as unlimited self-renewal is one of 

the key characteristics of pluripotent stem cells, it can act as a useful negative control 

for differentiation. 

 

When immunocytochemistry analysis was performed for these four factors (Figure 

3.4), UTF1 and Oct4 were revealed to be present in the nuclei (staining corresponded 

closely to that of nuclear stain DAPI) of the mESC’s. Ki67 was also present in the 

nucleus and cytoplasm of all cells (it is not a transcription factor). This was evidence 

that cells were proliferative. Morphology alone is not a very effective indication of 

phenotype, but the cells did exhibit typical mESC morphologies. They were rounded, 

and densely packed into compact colonies. Interestingly, Rex1 was not revealed in cell 

nuclei during immunocytochemistry analysis. Rex1 is not as fundamental a marker for 

pluripotency or stemness as Oct4 and is in fact regulated by Oct4 (Ben-Shushan et al, 

1998). In that study, high levels of Oct4 activity were found to repress Rex1 expression 

in certain conditions. It is likely that this phenomenon has occurred in the mESC’s used 

for this investigation, explaining the abundance of Oct4 and the absence of Rex1. 
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          REX1                            UTF1                           OCT4                            Ki67 

 
 

Figure 3.4: Immunocytochemistry (ICC) validation of starting populations of mouse embryonic stem cells 

prior to differentiation. (i) Phase contrast. (ii) DAPI, a nuclear stain. (iii) ICC. From left to right: Rex1 , 

UTF1, Oct4 and Ki67. All scale bars = 100 m. 

 

(i) 

(ii) 

(iii) 
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In order to compare neuronal differentiation on varying Young’s moduli, it was 

important to understand at what time-points key markers for differentiation would 

begin to be observed in colonies. Four markers were chosen for characterization of 

mESC neuronal differentiation in N2B27 medium; nestin, -III tubulin, A2B5 and RC2. 

Nestin is a marker for neural precursors (Engler et al, 2006). It is found in rosette-like 

colonies early on during differentiation (Ying et al, 2003), forming filamentous 

structures within the cytoplasms of progenitor cells. Some of these nestin-positive cells 

in colonies then go on to differentiate further into cells positive for -III tubulin (Ying et 

al, 2003). These immature, post-mitotic cells are the earliest indicators of neuronal 

specification. These immature neurons then undergo maturation to form a variety of 

specialized neuronal subtypes, including dopaminergic neurons and GABAergic 

neurons.  

 

RC2 is a marker for radial glial cells in the mouse cortex (Park et al, 2009), also used to 

identify mouse neural stem cells (Conti et al, 2005). There is some evidence (Park et al, 

2009) that its expression is controlled by nestin activity, which would explain why it is 

often co-expressed with that marker in progenitor cells. A2B5 is a cell surface marker 

for O2-A oligodendrocyte progenitor (Baracskay et al, 2007) and type-II astrocyte cells 

(Scolding et al, 1999) in mice, and so is an earlier indicator for the presence for non-

neuronal glial cells. Glial cells play a supportive role for neurons, both during normal 

growth (astrocytes) as well as during repair of damaged tissue (oligodendrocytes). 

Neural stem cells that do not differentiate towards the neuronal lineage would be 

expected to form into glial cells. 

 

MESC’s were seeded in N2B27 medium with 1% v/v serum at a seeding density of 1 x 

104 cells/cm2 for six days. Cells were fixed and immunocytochemistry analysis was 

performed at day zero (undifferentiated mESC’s), day two, day four and day six. Cells 

were not differentiated further if a marker was expressed before day six. As seen in 

Figure 3.5A, A2B5 was observed in mESC’s and continued to be present in cells 

throughout differentiation to four days. It was concluded that A2B5 was not an 

effective marker for neuronal differentiation. 
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    A                           0D      2D              4D 

 
     B                           0D      2D              4D 

 

 (i) 
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  (i) 
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   C                    0D           2D                                4D                                6D 

 
    D                    0D           2D                                4D                                6D 

 
 
Figure 3.5: Time-lapse immunocytochemistry (ICC) analysis for validation of neuronal differentiation. 

MESC’s were seeded on TCP in N2B27 medium and allowed to differentiate for four (A and B) or six days 

(C and D). Four neuronal markers were tested: (A) A2B5 (B) Nestin (C) RC2 (D) -III Tubulin. (i) Phase 

contrast. (ii) DAPI, a nuclear stain. (iii) ICC. All scale bars = 100 m. 

           

 

(i) 

(ii) 

(iii) 

 (i) 

 (ii) 

 (iii) 
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Nestin (Figure 3.5B) was a more robust indicator of neuronal differentiation. It was not 

observed on any of the mESC’s at day zero. Similarly, no nestin-positive cells were 

observed at day two of differentiation. At day four, however, as colonies began to 

expand to form rosette-like morphologies, nestin appeared abundantly in cells. Nestin 

formed filamentous internal structures. These filaments were particularly rich in parts 

of the cell undergoing extension into neurites. 

 

The nestin-positive neural precursors were similar in morphology and internal nestin 

structures to the progenitors (Ying et al, 2003), neural stem cells (Conti et al, 2005; 

Saha et al, 2008) and primary neuronal cultures (Previtera et al, 2013) seen in previous 

studies. The wide range of cells that appear to contain nestin in literature reflects its 

persistence during neuronal differentiation. Nestin begins to disappear in cultures 

fairly late on during differentiation (Ying et al, 2003), making it an effective neural 

precursor or immature neuronal marker. 

 

In contrast to A2B5, the other glial marker, RC2 was not found on any of the colonies 

(Figure 3.5C) after six days of differentiation. As with A2B5, a decision was made not to 

use this marker as an indicator for mESC neuronal differentiation. 

 

The final marker characterised was -III tubulin, which was used to isolate the time-

point at which immature neurons were formed from the neural precursors. As 

observed in Figure 3.5D, -III tubulin did not appear in cells until later on in 

differentiation. It appeared in cells at day six, as cells extend and branch out their 

neurites within and between colonies of precursors. It appeared evenly within the 

immature neuron bodies as well as their neurites. Cells positive for the marker 

appeared to form networks between colonies. Whilst a large portion of mESC’s 

became nestin-positive neural precursors at day four, a noticeably smaller fraction of 

neural precursors form into -III tubulin positive neuronal cells at day six. 
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3.5 Assay validation for flow cytometry and qPCR 

 

3.5.1 PSA-NCAM negative control 

 

Flow cytometry and quantitative polymerase chain reaction (qPCR) are two 

techniques, which together provide a detailed understanding of the changes in cell 

phenotype that occur during differentiation. Flow cytometry allows for quantification 

of immunocytochemistry, by measuring the percentage of cells in a population positive 

for a particular marker. Measurement of neural precursor marker expression in mESC’s 

provided a negative control for differentiation studies as well as further characterizing 

the starting population. 

 

If the marker used for flow cytometry is a cell surface antigen marker, cells can be 

analysed viable without fixation. Viable cells can be prepared for analysis with minimal 

processing and wash stages. This allows for less cell losses during preparation and for a 

more accurate representation of cell identity in culture than cells that are fixed in 

paraformaldehyde for an extended period of time.  

 

Most markers for neural precursors and neurons, such as -III tubulin and nestin, are 

present within the cytoplasm and so require fixation (making them non-viable) and 

permeabilisation in order to bind to their targets. However, PSA-NCAM (polysialic acid 

neural cell adhesion molecule) is a neural adhesion marker expressed at the cell 

surface, where it plays a role in neurogenesis and progenitor migration (Gago et al, 

2003). Being expressed at the cell surface, fixation and permeabilisation are not 

required and thus cells can be analysed whilst viable. 
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Figure 3.6: Flow cytometry analysis for neural cell adhesion marker PSA-NCAM in undifferentiated E14 

mouse embryonic stem cells. All three biological replicates (independent passages) shown, as well as 

mean±standard Deviation. N=3.
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When flow cytometry was carried out on mESC’s (Figure 3.6), 4.47% of cells were 

positive for PSA-NCAM. The vast majority (>95%) of cells were negative for the marker. 

When considered along with the previous immunocytochemistry data, this confirmed 

that the majority of cells within the starting population were undifferentiated mESC’s. 

Any increase in the percentage of cells positive for PSA-NCAM above this value 

indicated that neuronal differentiation is occurring. As with nestin, PSA-NCAM is 

present extensively in both developing progenitors as well as more mature types (it is 

found in the brain subventricular zone), and so is a useful marker for neuronal 

populations across numerous identities and subtypes. 

 

3.5.2 qPCR Internal Control Gene Selection 

 

Quantitative PCR (qPCR) allows for real time quantification of gene expression in cells. 

Expression of genes can be compared across a number of conditions to observe 

phenotype changes at a cellular level. In order to compare expression across 

conditions, expression has to be normalized to the cellular DNA content as well as an 

internal control gene, whose expression will not vary significantly with a change in 

phenotype. 

 

The choice of internal control gene(s) varies between cell lines and conditions used. A 

popular method used for deciding suitable internal control gene candidates was 

devised by Vandesompele et al (2002). This method utilised the M-value, which is a 

measure of stability for internal control genes. Higher M-values correspond to lower 

degrees of stability. The M-value was measured for a host of candidate genes over 

three samples of E14 mESC’s. What followed was an iterative process starting with the 

removal of the internal control gene with the highest M-value. The M-values were 

then re-measured and again the gene with the highest value was removed. This was 

continued until the M-values of the remaining genes were under 0.7, which is the 

value that appeared to eliminate the most variable and outlying genes in the data set 

in the Vandesompele et al (2002) study.  
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A 

 

B 

 

n=1 n=2 n=3 Mean SD 

GAPDH and TBP 0.496 0.565 0.431 0.497 0.067 
 

Figure 3.7: Internal control gene stability study tests. (A) Iterative elimination of unstable internal control 

genes in E14 mESC’s. At each iteration, the gene with the highest M-value was eliminated until the most 

stable pair emerged. (B) Validation of internal control gene stability in mESC’s seeded on 3 GXG 

materials (2 kPa, 18 kPa, 35 kPa) and TCP. All three biological replicates, mean and standard deviation 

shown.  
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Five genes were chosen as internal control candidates for this study, based on 

extensive previous use for mESC studies in this laboratory; GAPDH (glyceraldehyde 3-

phosphate dehydrogenase), actin, PGK1 (phosphoglycerokinase), TBP (TATA box 

binding protein) and RN18 (18S ribosomal RNA). Three consecutive passages of mESC’s 

were used in order to assess internal control stability. 

 

Following qPCR analysis, four iterations of removal were required before the M-value 

was below 0.7 (Figure 3.7A). The genes were ranked in order of increasing stability as 

follows: -actin, RN18, PGK1, TBP and GAPDH. GAPDH and TBP were the two most 

stable internal control genes, both having M-values within the target range. Once 

these two genes were established as the two most stable, their stability was validated 

on cells harvested after four days of neuronal differentiation on GXG and TCP (over 

three, independent biological replicates). As Figure 3.7B shows, the M-value for 

GAPDH and TBP remained below 0.7 across the three replicates. The mean and 

standard deviation confirm that these internal control genes were suitable for 

experimentation on GXG. 

 

3.6 The effect of GXG Young’s modulus on attachment of mouse fibroblasts 

 

Before investigating how mESC’s would behave in response to changes in Young’s 

modulus, it was important to establish how Young’s modulus would affect a previously 

investigated mature cell type. This was done in order to compare the behaviour of cells 

on GXG to cells other elasticity tuneable materials. It also provided a basis for 

comparison for the effects on undifferentiated cells. 

 

Mouse embryonic fibroblasts (MEF’s) were seeded in DMEM culture medium with 15% 

v/v serum on three GXG materials (2 kPa, 18 kPa and 35 kPa) corresponding to three 

different body tissues (brain, muscle and bone respectively) as measured previously 

(Engler et al, 2006). TCP was used as a control. As with Figure 3.2B, confluency was 

measured from phase contrast images, in this case at 6h following seeding, in order to 

quantify cell attachment with Young’s modulus. 6h was chosen due to the rapid nature 

of fibroblast spreading. 
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A           2 kPa                            18 kPa                          35 kPa                              TCP  

 

B 

      

Figure 3.8: (A) Phase contrast images of fibroblasts seeded for 6h on three GXG materials (2 kPa, 18 kPa 

and 35 kPa) and TCP. Scale bars = 100 m. (B) Confluency measurement made from phase contrast 

images taken at 6h post seeding of fibroblasts seeded on three GXG materials and TCP. Fibroblasts were 

seeded in normal culture medium. Error bars shown represent standard deviation (measured from three 

technical replicates). Confluency measurement represent mean of three technical replicates (three 

separate wells from a six-well plate). 
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Phase contrast images at 6h (Figure 3.8A) revealed little difference in numbers of cells 

attached across all four materials. Morphological differences were minor, but it did 

appear that cells were more homogeneously spindle-shaped on the softest 2 kPa 

material. On the stiffer 18 kPa, 35 kPa and TCP material, whilst some cells were 

similarly spindle-shaped, others had a larger projected area, with the cell periphery 

extended out in every direction. The physiological elasticity of smooth muscle 

associated with fibroblasts has previously been measured to be 8-17 kPa, closest to 

the intermediate stiffness GXG material.  

 

Confluency analysis of the phase contrast images supported the initial observation that 

mean attachment did not vary with Young’s modulus  (Figure 3.8B). The higher 

confluence of cells here compared to that of mESC’s at 24h (Figure 3.2B) reflects the 

larger projection area of fibroblasts compared to mESC’s. Young’s modulus has no 

overall effect on attachment of mouse embryonic fibroblasts. 

 

Earlier studies on fibroblasts (Pelham & Wang, 1997; Yeung et al, 2005), using 

polyacrylamide gels, found that cells become more spread on stiffer materials  as in this 

study. This was as a result of fibroblasts forming more polymerized stress fibers on 

stiffer materials compared to soft. Stress fibers are formed on the 2 kPa materials 

(Yeung et al, 2005), but not with the same abundance as on the stiffer materials. 

Another earlier study (Wang et al, 2000) did find increase growth on stiffer materials, 

but this was using BrdU staining at 24h, rather than confluency analysis at 6h. 

 

3.7 Effect of Young’s modulus on attachment and enrichment of human embryoid 

bodies in neuronal differentiation medium 

 

After attachment was characterized in fibroblasts, an experiment was conducted using 

human embryoid bodies (EB’s) in retinal differentiation medium. The effects of 

Young’s modulus on human EB’s have been previously investigated and so provide 

another basis of comparison for mESC’s. 
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  A            2 kPa                                18 kPa                              35 kPa 

 
B                    2 kPa                                18 kPa                              35 kPa 

 

 

Figure 3.9: Human embryoid bodies (EB’s) seeded on three different GXG materials (2 kPa, 18 kPa and 35 

kPa) for five days. (A) Phase contrast image showing cell morphologies formed at day five of 

differentiation (4x objective). (B) Immunocytochemistry (ICC) analysis (20x objective) for nestin, a neural 

precursor marker. (i) Phase contrast. (ii) DAPI, a nuclear stain. (iii) ICC for nestin. All scale bars = 100 m. 
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Human EB’s were plated in medium promoting retinal differentiation (Bae,D. et al, 

2012). Like the differentiating mESC’s, these cells become nestin-positive roughly four 

or five days into differentiation. The human EB’s were plated onto the 3 GXG materials 

(2 kPa, 18 kPa and 35 kPa) and allowed to differentiate for five days. Phase contrast 

images were obtained at this time-point (Figure 3.9A). Cells were then fixed and 

immunocytochemistry analysis was performed for nestin (Figure 9B). 

 

Cells rapidly expanded to form very dense aggregates covering much of the surface of 

the plates at day five (Figure 3.9A). The final confluency was considerably higher on 

the 2 kPa and 18 kPa materials (almost fully confluent) when compared to the 35 kPa 

material, where these dense aggregates were smaller. At the periphery of these 

aggregates, cells extended out to form rosette-like morphologies. Whilst the dense, 

aggregates were smaller on the 35 kPa material compared to the 2 kPa and 18 kPa 

materials, there were similar numbers of cells within the less dense, rosette-like 

colonies. 

 

When immunocytochemistry was performed, these rosette-like colonies were 

abundant in nestin when compared to the denser aggregates, as expected (Figure 

3.9B). However, as there are less dense aggregates compared to nestin-positive 

precursors on the stiff material the conclusion was made that a higher proportion of 

cells were nestin-positive on the stiffer material compared to softer materials. This is 

despite there being similar numbers of nestin-positive cells overall on all materials. 

 

This is consistent with previous work using mouse EB’s undergoing neuronal 

differentiation in three-dimensional culture (Kothapalli et al, 2013), where the 

percentage of cells undergoing neuronal differentiation increased with Young’s 

modulus. However, separating the effects of Young’s modulus from cell-to-cell 

interactions becomes difficult at the levels of cell density observed in EB studies. 
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3.8: Effect of Young’s modulus on mESC attachment and expansion in normal 

pluripotent growth medium and undirected differentiation medium 

 

Before investigating the effects of Young’s modulus on mESC attachment in N2B27 

medium, it was important to isolate the cooperative effects from the soluble 

microenvironment. MESC’s were seeded in two media; GMEM with LIF, which is 

normal maintenance medium (containing 10% v/v serum) containing the pluripotency 

promoting agent LIF; and GMEM without LIF, which is maintenance medium that does 

not contain LIF. The former medium was used to maintain cells in a pluripotent state in 

vitro. The latter medium was used to allow cells to spontaneously differentiate. 

 

3.8.1 Effect of Young’s modulus on mESC attachment and expansion in normal 

pluripotent growth medium 

 

MESC’s were harvested and seeded in GMEM with LIF at a seeding density of 1 x 104 

cells/cm2 in order to directly compare attachment and expansion with N2B27 neuronal 

differentiation medium. Cells were seeded onto three GXG materials (2 kPa, 18 kPa 

and 35 kPa) and TCP. Confluency was then measured from phase contrast images 

obtained at 24h and 72h following seeding. The 24h time-point was used to quantify 

cell attachment, whilst the 72h time-point was used to quantify differences in 

expansion of cells with Young’s modulus. 

 

At 24h, attachment was maximized on the softest, 2 kPa GXG material  (Figure 3.10A). 

Attachment decreased significantly (p<0.005) by 59% on the 18 kPa material and 94% 

(p<0.001) on the 35 kPa material. Attachment was however 39% lower (p<0.005) on 

the 2 kPa material compared to the TCP.  
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    C 

 

Figure 3.10: Confluency measurements from image analysis of mESC’s seeded in GMEM with LIF , a 

growth factor that supports pluripotency. (A) Confluency measurements at 24h. (B) Confluency 

measurements at 72h. (C) Fold expansion of mESC colony size (confluency at 72h divided by confluency 

at 24h). All three biological replicates and mean shown. Error bars represent standard deviation from the 

mean. N=3. 
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Of the three GXG materials, the softest 2 kPa GXG material yielded the highest 

confluency at 72h (Figure 3.10B), reducing 77% on the 18 kPa material (p=0.01) and 

91% on the 35 kPa material (p<0.005). Confluency on the 2 kPa material was 63% 

(p<0.001) lower than the TCP material, a greater difference than that at 24h. It should 

be noted that TCP is biased for attachment by physical and biochemical (NUNCLON 

Delta) treatment, and so cannot be directly compared to GXG. Rather than being a 

direct control (which would be a 1 GPa GXG) it is an example of ‘current laboratory 

practice.’ The corona plasma treatment that TCP undergoes has been previously found 

to have a detrimental effect on biomaterial surface chemistry, in terms of elasticity 

and topography (Yang et al, 2013). 

 

Values of confluency at 72h were divided by confluency measurements at 24h in order 

to measure fold expansion, normalized to the original attached value. Fold expansion 

did not significantly vary (p=0.389) between the four materials  (Figure 3.10C). 

Therefore, Young’s modulus had no effect upon expansion in maintenance medium.  

 

Work by Evans et al (2009) using mESC’s in normal culture medium seeded on PDMS 

substrates, found that Young’s modulus did not have an effect on attachment at 24h, 

contrary to the findings of this study. That study also showed no difference in 

expansion over four days, which is in agreement with our findings. It should be noted 

that the Evans et al (2009) study used a considerably higher range of moduli (41 kPa 

upwards) than that of this study. The lack of significant difference (p=0.053) in 

attachment between 18 kPa and 35 kPa in Figure 3.10A implies that the trend 

observed by Evans et al (2009) would be observed at higher moduli in this study. The 

soft material in this study show closer agreement with the 3.4 kPa modulus 

measurements for the early mouse blastocyst (Murayama, 2006) in comparison to the 

Evans et al (2009) study. 
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3.8.2 Effect of Young’s modulus on attachment and expansion of mESC’s in 

spontaneous differentiation medium 

 

The final set of experiments in this chapter investigated the relationship between 

Young’s modulus, attachment (24h) and expansion (24h to 72h) in GMEM without LIF, 

which is a medium used for spontaneous differentiation. It served as an interesting 

basis of comparison with the N2B27 medium, which is comparatively very efficient in 

driving cells towards the neural lineage. 

 

MESC’s were seeded at the same seeding density as before (1 x 104 cells/cm2) on the 

three GXG materials and TCP. Contrary to the findings in maintenance medium, there 

was no significant difference (p>0.05) in confluency at 24h (Figure 11A) between 2 kPa 

and any of the materials. The only significant differences in attachment were between 

the TCP and the stiffer (18 kPa and 35 kPa) GXG materials (p<0.01).  

 

Interestingly, the mean attachment values at 24h were similar to that in GMEM with 

LIF. This implies that the influence of Young’s modulus on attachment is independent 

of medium composition and so was specific to mESC’s. However, the attachment 

effect was less reproducible in the medium without LIF, as evidenced by the larger 

error bars and the lack of significance when statistical analysis was carried out. The 

larger variations in attachment without LIF compared to when LIF is present reflect the 

differences in heterogeneity as cells begin to commit to other lineages in the 

spontaneous differentiation medium. Comparing the mESC data to the findings in 

fibroblasts (Figure 3.8), it is clear that the effects of Young’s modulus are lineage 

dependent and so a more heterogeneous mixture of cells is likely to produce a 

heterogeneous response to modulus. 

 

The higher attachment on 2 kPa compared to stiffer GXG materials reflects the fact 

that 2 kPa represents the Young’s modulus closest to that of mESC’s (Pillarisetti et al, 

2011) themselves as well as the early blastocyst (Murayama et al, 2006). It’s likely that 

a stiffness-matching effect is occurring, where mESC’s are preferentially attaching to 

materials that resemble both their own Young’s modulus of elasticity as well as the 
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Figure 3.11: Confluency measurements from phase contrast measurements of mESC’s seeded in GMEM 

without LIF, a medium used for spontaneous differentiation. (A) Confluency measurements at 24h. (B) 

Confluency measurements at 72h. (C) Fold expansion (confluency at 72h divided by confluency at 24h). 

All three biological replicates and mean shown. Error bars represent standard deviation from the mean. 

N=3. 
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elasticity of their equivalent native tissue. It should be noted that ES cells only exist in 

in vitro culture, and so some degree of adaptation to these conditions must occur. 

 

The same pattern emerged at 72h as at 24h (Figure 11B). There was no significant 

(p>0.05) difference in attachment between the softest 2 kPa material and any of the 

other materials. The fold expansion did not vary significantly (p>0.05) with Young’s 

modulus either (Figure 11C). The larger error bars in comparison to the maintenance 

medium again likely reflect heterogeneity in cell commitment brought about by the 

spontaneous differentiation medium.  

 

3.9 Summary of Findings 

 

In order to investigate the effect of Young’s modulus on neuronal differentiation of 

mESC’s, a number of set conditions would be required. These conditions were 

validated by the results shown in this chapter. MESC’s would be seeded in N2B27 

formulated in-house, containing 1% v/v serum at a seeding density of 1 x 104 cells/cm2.  

 

To compare the formation of neural precursors and neurons on different materials, 

nestin, PSA-NCAM and -III tubulin were chosen as markers for neuronal 

differentiation. For qPCR, GAPDH and TBP were chosen as internal control genes due 

to their sustainably low M-values.  

 

Attachment of mESC’s in medium containing LIF (ideal for self-renewal) decreased with 

increasing GXG Young’s modulus. When other cell types were seeded on varying 

Young’s moduli, it was found that material elasticity did not impact the attachment of 

fibroblasts and human EB’s. When mESC’s were seeded in medium without LIF (where 

spontaneous differentiation is likely to occur), there was no impact of Young’s modulus 

on differentiation. 
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4 Does Young’s modulus affect attachment and enrichment of mouse 

embryonic stem cells undergoing neuronal differentiation? 

 

4.1 Aims 

 

After protocols were established for differentiating mouse embryonic stem cells 

(mESC’s) robustly on GXG, the next stage was to investigate how the neuronal 

differentiation of mESC’s was affected by Young’s modulus. In Chapter 3, when mESC’s 

were seeded in normal culture medium, there was a dramatic increase in attachment 

on soft materials compared to stiffer materials. This was however not accompanied by 

a change in self-renewal with modulus.  

 

Earlier studies using primary neural precursors (Georges et al, 2006; Jiang et al, 2007; 

Previtera et al, 2010) have shown that there is no change in attachment with modulus 

in mature cells. This was also demonstrated in Chapter 3.8 of this study, where mouse 

embryonic fibroblasts were seeded in normal culture medium (with a similar serum 

content to the culture medium used for mESC’s) on varying GXG Young’s moduli. This 

implies that the effect of Young’s modulus on attachment changes as cells mature. 

Furthermore, it has also been previously demonstrated that soft materials favour the 

neuronal differentiation of mesenchymal stem cells (Engler et al, 2006) as well as 

neural stem cells (Saha et al, 2008). Therefore, the hypothesis under study in this 

chapter was that increased neural precursor formation from mESC’s on soft materials 

in neuronal differentiation medium is due to favourable attachment.  

 

The first test for this hypothesis was to look at how elasticity affected the initial 

attachment and expansion of cells. This was followed by an analysis of cell morphology 

and phenotype at day four of differentiation. By finding out whether Young’s modulus 

directly impacts the phenotype of cells formed, it could be understood whether any 

increase in neural precursor formation was due to favourable initial attachment, or 

due to a direct promotion of the neuronal fate. The final set of experiments in this 

chapter investigated whether the effect of Young’s modulus on initial attachment was 
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dependent on stress fibre stabilization and/or microtubule formation, in order to 

derive an underlying mechanism for any effect on attachment. 

 

4.2 Does Young’s modulus influence attachment and early expansion of mESC’S? 

 

4.2.1 Does Young’s modulus influence attachment of mESC’s in neuronal 

differentiation medium? 

 

It was established in the previous chapter that soft materials promoted initial 

attachment of mESC’s in normal maintenance medium. This effect was not 

reproducible in spontaneous differentiation medium. In order to assess the effect of 

Young’s modulus on attachment in neuronal differentiation conditions, mESC’s were 

seeded onto three different GXG Young’s moduli, corresponding with the brain (2 kPa), 

muscle (18 kPa) and bone (35 kPa) as well as gelatin-coated tissue culture polystyrene 

(TCP), in N2B27 medium with 1% v/v serum (as characterised in Chapter 3). When 

confluence was measured at 24h, it was found that amongst the GXG materials, 

attachment was maximized on the softest 2 kPa substrate (Figure 4.1A), whose 

Young’s modulus corresponded with that of mESC’s (Pillarisetti et al, 2011), brain 

(Engler et al, 2006) and early mouse blastocysts (Murayama et al, 2006). Compared to 

the 2 kPa material, confluency decreased 76% (p=0.056) on the 18 kPa material and 

95% on the 35 kPa material (Figure 4.1B).  

 

This favorability of attachment on physiological Young’s moduli is consistent with the 

findings of other studies using mature cell types, such as fibroblasts (Pelham & Wang, 

1997; Yeung et al, 2005) and osteoblasts (Gonzalez et al, 2012) where adhesion tends 

to increase on physiologically elastic materials. It does however contrast with previous 

findings using mouse (Evans et al, 2009) and hESC’s (Eroshenko et al, 2013), where 

attachment did not vary with Young’s modulus. It should be noted that these studies 

were carried out in expansion medium on material elasticities varying from 40 kPa to 3 

MPa, significantly higher than this study. On GXG, attachment did not significantly 

(p=0.854) vary with an increase in Young’s modulus from 18 kPa to 35 kPa (Figure 

4.1B), suggesting that similar outcomes would result in this study. 
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These results suggest that cells are more likely to attach to materials that match the 

elasticity of their native tissue. The stiffness of the substrate may thus be a very 

influential cue in recruiting and engrafting cells to target areas for cell therapy. 

Furthermore, the mechanical condition of tissues may change within the diseased 

state. During spinal cord injury for example, significant stiffening of the lesion site has 

been previously observed due to glial hypertrophy and fibrotic scarring. This has also 

been shown to prevent cell engraftment, as well as restrict neuronal access to growth 

factors (Georges et al, 2005). 

 

Another key factor to consider is the differentiation medium. Whilst all cells must 

initially settle on the material due to gravitational settling, a detachment process must 

occur over the first 24 hours in order to produce the effect observed in Figure 4.1A. 

The significant amounts of cell detachment and subsequent death point towards a 

selection process against non-neuronal cell lineages during differentiation, where only 

neuronal lineages are allowed to survive. The N2B27 differentiation medium already 

has some capacity to select against non-neuronal lineages (see Chapter 3). Thus it is 

likely that there was some coordination between the effects of attachment and the 

effects of the soluble environment. Whilst it is unclear what the exact mechanism 

behind the selection process is, the effect is clearly exacerbated at higher, non-

physiological Young’s moduli. This is another indicator that substrate Young’s modulus 

is a key microenvironmental cue for neuronal differentiation. 
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Figure 4.1(A): Phase contrast images of mESC’s seeded for 24h on GXG and TCP in N2B27 neuronal 

differentiation medium. Scale bars = 100 m. Figure 4.1(B): Analysis of cell confluency from phase 

contrast images of mouse embryonic stem cells attached for 24h onto 3 different GXG materials and 

TCP. Cell confluency at 24h increased with GXG Young’s modulus. All three biological replicates shown as 

well as the mean. Error bars present standard deviation from the mean. * represents a p-value less than 

0.05 following one-way ANOVA analysis with Tukey post-hoc correction for multiple comparisons. 
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D 

 

Figure 4.1(D) Analysis of cell concentration from phase contrast images of mouse embryonic stem cells 

attached for 24h onto 3 different GXG materials and TCP. Cell concentration at 24h decreased with GXG 

Young’s modulus. Values shows are mean from three cell counts. Error bars present standard deviation 

from the mean. * represents a p-value less than 0.05 following one-way ANOVA analysis with Tukey 

post-hoc correction for multiple comparisons.
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4.2.2 Does Young’s modulus influence expansion of mESC’s in neuronal 

differentiation medium? 

 

Confluency was measured at 72h (post-seeding) to assess whether, following the initial 

attachment at 24h, there was any effect of Young’s modulus on expansion of neuronal 

precursor colonies. As seen in Figure 4.2A, the confluency pattern observed at 24h was 

conserved at 72h. In this case, confluency decreased 81% on the 18 kPa material and 

93% on the 35 kPa material, when compared to the 2 kPa GXG material. 

 

Confluency was highest on the softest substrate, whose modulus corresponds to that 

of embryonic stem cells, brain and early mouse blastocysts. When 72h confluency was 

compared to that of 24h confluency, the resulting ‘fold expansion’ did not vary with 

Young’s modulus (Figure 4.2B). This is consistent with other studies, using both mESC’s 

and human ES cells. Candiello et al (2013) showed that proliferation of mESC’s 

(measured by Alamar Blue assay) did not vary with alginate gel stiffness. A study using 

human ES cells (Keung et al, 2010) also failed to find any difference in proliferation 

between varying elasticities of polyacrylamide gels. In a recent study by Eroshenko et 

al (2013), initial proliferation did not vary on any of the materials studied, including 

variable elasticity PDMS substrates, feeder cells or fibronectin-coated tissue culture 

polystyrene. It should be noted that the other studies all used normal expansion 

medium (typically minimum eagles medium with upwards of 10% serum) as opposed 

to neuronal differentiation medium, which is not specifically designed for proliferation. 

 

It was concluded that Young’s modulus had no effect upon proliferation or expansion 

of mESC colonies in neuronal differentiation medium. The increase in confluency after 

three days of differentiation was exclusively due to increased initial attachment over 

the first 24h on the physiologically soft GXG material (Figure 4.1). 
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Figure 4.2 (A): Analysis of cell confluency from phase contrast images of mouse embryonic stem cells 

attached for 72h onto GXG and TCP in N2B27 neuronal differentiation medium. * represents a p-value 

less than 0.005. (B): Fold expansion in colony size between 24h and 72h (72h confluency divided by 24h 

confluency). 
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4.3 Does Young’s modulus affect the morphology or phenotype of cells formed after 

four days of mouse embryonic stem cell differentiation in N2B27 medium? 

 

After establishing the effects of Young’s modulus on initial attachment and subsequent 

expansion, the next step was to investigate the effects of Young’s modulus on the 

identity of cells formed following differentiation. 

 

4.3.1 Does Young’s modulus affect the morphology of cells formed after four days of 

mESC differentiation in N2B27 medium? 

 

The first step was to look at morphologies following differentiation, in order to 

understand whether cellular shape was affected by Young’s modulus. 

Immunocytochemistry analysis was then performed to relate these morphologies to 

specific phenotypes of cells formed following differentiation. Cells were differentiated 

for four days, as this was the time-point where nestin, a marker for neural precursors 

(Ying et al, 2003) began to appear, as seen in Chapter 3. 

 

MESC’s were seeded onto three GXG materials and TCP and differentiated for four 

days in neuronal differentiation medium. Phase contrast microscopy was first used to 

observe the morphology of cells formed at day four. As seen in Figure 3, three distinct 

cellular morphologies were seen to appear on all four materials at day four of 

differentiation. They have been termed A, B and C. Morphology A consisted of dense 

colonies of rounded cells. This was the predominant cell morphology observed on the 

stiffest material (35 kPa). When immunocytochemistry was carried out (Figure 4.4A), 

some nestin was found within the centre of the dense colonies, but the majority of the 

more typically characteristic filamentous nestin was found on the periphery. This 

suggests that neuronal differentiation originates from the periphery of the colonies 

before proceeding inwards towards the centre. Sox17 (a marker for primitive 

endoderm) was found abundantly in cells within these colonies (Figure 4B). Cells 

positive for early mesodermal marker T-brachyury (Wilkinson, 1990) were found more 

sporadically (Figure 4C).  
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                                A         B                     C 

 

 

Figure 4.3: Phase contrast images showing morphologies of cells formed after four 

days of mouse embryonic stem cell differentiation in N2B27 neuronal differentiation 

medium on the three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP. (A)  Rounded, 

dense colonies. (B) Large, flattened colonies. (C) Colonies of branched, spindle-like, 

spread  cells. All scale bars = 100m. 
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Figure 4.4A: Relating the three different morphologies (A = Dense, B = Flat, C = Spread) formed on the 

three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP to presence of nestin -positive cells. For each 

Young’s modulus condition and morphology type shown, three images given. (i) Phase contrast images. 

(ii) DAPI, a nuclear stain. (iii) Immunocytochemistry (ICC) analysis for nestin, a neural precursor marker. 

All scale bars = 100 m. 
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Figure 4.4B: Relating the three different morphologies (A = Dense, B = Flat, C = Spread) formed on the 

three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP to presence of Sox17-positive cells. For each 

Young’s modulus condition and morphology type shown, three images given. (i) Phase contrast images. 

(ii) DAPI, a nuclear stain. (iii) ICC analysis for Sox17, a marker for endoderm. All scale bars = 100 m. 
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                                        A        B              C 

 
 
Figure 4.4C: Relating the three different morphologies (A = Dense, B = Flat, C = Spread) formed on the 

three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP to presence of T-Brachyury-positive cells. For 

each Young’s modulus condition and morphology type shown, three images given. (i) Phase contrast 

images. (ii) DAPI, a nuclear stain. (iii) ICC analysis for T-Brachyury, a marker for mesoderm. All scale bars 

= 100 m. 
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Cells with morphology B were larger bodied and flattened in shape, giving rise to 

cobblestone-like colonies. These cells closely resembled neuroepithelial cells. This type 

of cell has previously been reported (Ying et al, 2003) to be an artifact of the N2B27 

protocol when serum is present. However, this morphology was not commonly 

present on any of the materials. These cells were not found to be positive for nestin 

(Figure 4.4A), Sox-17 (Figure 4.4B) or T-brachyury (Figure 4.4C). These may be more 

mature cells of a non-neuronal lineage. 

 

Cells with the third morphology, C, were spindle-shaped and spread in nature. The 

cells extended out to form neurite-like branches. These cells contained the 

characteristic filamentous nestin associated with neural precursor cells (Figure 4.4A). 

These were the cells that differentiated out from the periphery of the dense colonies 

(morphology A) in order to form characteristic neural precursor rosettes and 

eventually immature neurons. These cells were also found to be pos itive for Sox17 

(Figure 4.4B) and T-brachyury (Figure 4.4C), suggesting that they are at a very early 

stage of differentiation. 

 

4.3.2 Does Young’s modulus affect neural precursor or immature neuron formation 

from mESC’s in neuronal differentiation medium? 

 

The aim of the next set of experiments was to better understand how Young’s 

modulus influenced the changes in cell identity during differentiation. By comparing 

the proportion of neural precursor cells across materials, it was hoped that any effect 

that soft materials have in directly promoting neuronal differentiation could be 

isolated from the favourability in attachment seen in Figure 4.1.  

 

In order to compare changes in phenotype with time across the various materials, a 

time-course immunocytochemistry study for four markers (two pluripotent, two 

neuronal) was performed. Of the pluripotent markers, OCT4 (Figure 4.5A) and UTF1 

(Figure 4.5B) were investigated. As observed in the pluripotent characterization in 

Chapter 3, the first two markers are transcriptional factors expressed in the nuclei of 

ESC’s. Analysis for Ki67 was also carried out. 
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Figure 4.5A: Four-day (D0,D2,D4) time course analysis for OCT4, a marker for pluripotency in MESC’s 

seeded on three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP in N2B27 medium. (i) Phase contrast. 

(ii) DAPI, a nuclear stain. (iii) ICC for OCT4.. Scale Bars = 100 m. 
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Figure 4.5B: Four-day (D0,D2,D4) time course analysis for UTF1, a marker for pluripotency in MESC’s 

seeded on three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP in N2B27 medium. (i) Phase contrast. 

(ii) DAPI, a nuclear stain. (iii) ICC for UTF1. Scale Bars = 100 m. 
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As proliferative capacity decreases during neuronal differentiation, it was expected 

that this marker would not be found in neural precursors. 

 

Figure 4.5 showed that over the course of neuronal differentiation, OCT4 and UTF1 

remained present in cells at day two and day four. OCT4 has previously been shown to 

remain expressed during differentiation, despite the appearance of mature cell type-

specific markers (Lee et al, 2010). Chowdhury et al (2010) showed that soft materials 

could maintain OCT4 expression in normal culture medium even without the presence 

of LIF. However, the continued expression of OCT4 at day four in our investigation was 

independent of Young’s modulus, contradicting that finding. As seen in Chapter 3, the 

effects of Young’s modulus on mESC’s do vary in spontaneous differentiation medium. 

Kothapalli & Kamm (2013) also recently demonstrated that OCT4 remains on at day 

four during neuronal differentiation of mESC-derived EB’s on three-dimensional 

hydrogels, in broad agreement with our findings. UTF1 has not been as extensively 

studied, but it suggests along with the OCT4 results, that cells maintain some 

pluripotent identity during early neuronal differentiation. This effect was however 

independent of Young’s modulus. 

 

As seen in Chapter 3, Ki67 (Figure 4.6) is a marker for proliferative cells commonly 

found in the nuclei of undifferentiated ESC’s. This marker was less prevalent in 

differentiated cells compared to undifferentiated cells. It was not present in cells on 

the softest GXG material after four days of differentiation. It was found in some cells 

on the stiffer material in the denser colonies of cells, but not abundantly. This implies 

that cells with morphology A are more proliferative than morphology B or C. We 

concluded that these cells are closer to the undifferentiated state than the flattened 

(B) or spread (C) cells. Other studies have proposed that proliferation decreases with 

an increase in Young’s modulus in neuroblastoma (Lam et al, 2010) and neural 

stem/progenitor cells (Liepzig & Shoichet, 2009), but these are very different cell types 

to mESC’s. Previtera et al (2013) showed a contrary finding, demonstrating that 

proliferation (also based on Ki67 immunocytochemistry analysis) was increased on 

stiffer materials for purified neural precursors, consistent with the GXG results albeit 

with a primary spinal cord cell source.  
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Figure 4.6: ICC analysis for Ki67, a marker for proliferative cells in MESC’s seeded on three GXG materials 

(2 kPa, 18 kPa and 35 kPa) and TCP in N2B27 medium.(i) Phase contrast. (ii) DAPI, a nuclear stain. (iii) 

Ki67. Images obtained at day zero and day four post-seeding. Scale Bars = 100 m. 
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Proliferation in the Previtera et al (2013) study did decrease over time on all materials, 

despite growth being in expansion and not differentiation medium. 

 

Following on from the analysis of pluripotent markers, the next stage was to 

investigate the effect of Young’s modulus on formation of neural precursors and 

immature neurons from mESC’s in N2B27. From the earlier neuronal characterization 

work (Chapter 3), nestin and -III tubulin were identified as the two most suitable 

markers for neuronal differentiation. Nestin was used as a marker for neural precursor 

cells (Ying et al, 2003), whilst -III tubulin was used as a marker for immature neurons. 

 

Time-course immunocytochemistry analysis for nestin (Figure 4.7A) over the first four 

days of neuronal differentiation revealed that nestin began to be observed after two 

days on all four materials, which was earlier than expected. At day four, nestin was 

observed across all four materials.  

 

Longer-term differentiation (seven days) of neural stem cells (Banerjee et al, 2009) 

revealed a similar result, where nestin-positive neural precursor formation did not vary 

with Young’s modulus. In the same study by Previtera et al (2013), there were more 

nestin-positive cells on stiffer materials at day five of neural precursor growth in 

expansion medium than on soft. Conversely, Engler et al (2006) found higher 

expression of nestin on soft materials when mesenchymal stem cells were 

differentiated in neuronal differentiation medium. Variations in conditions and cell 

types between studies led to different responses to Young’s modulus. 

 

Staining for -III tubulin started at day four as it was not previously found in cells at 

this stage of neuronal differentiation (Chapter 3). At day six, -III tubulin was again 

found in colonies on all four materials (Figure 4.7B). However, on stiffer GXG materials 

the extension of -III tubulin positive neurites was restricted within colonies. On the 

softest material (2 kPa) and TCP, neurites rich in -III tubulin branched and extended 

between colonies. 
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 D0             TCP 

 
   D2            2 kPa            18 kPa                     35 kPa                      TCP 

 
   D4            2 kPa            18 kPa                     35 kPa                      TCP  

 

Figure 4.7A: Four-day time course analysis for nestin, a marker for neural precursor cells in MESC’s 

seeded on three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP in N2B27 medium. (i) Phase contrast. 

(ii) DAPI, a nuclear stain. (iii) ICC for nestin.. Scale Bars = 100 m. 

(i) 

(iii) 

(ii) 

(i) 

(iii) 

(ii) 

(i) 

(iii) 

(ii) 
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    4D            2 kPa                      18 kPa                      35 kPa                       TCP  

  
    6D            2 kPa                      18 kPa                      35 kPa                       TCP  

 

Figure 4.7B: Immunocytochemistry analysis for -III tubulin, a marker for immature neurons in MESC’s 

seeded on three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP in N2B27 medium. (i) Phase contrast. 

(ii) DAPI, a nuclear stain. (iii) ICC for -III tubulin. ICC performed at day four and day six post-seeding. 

Scale Bars = 100 m. 

 

(i) 

(ii) 

 (i) 

 (ii) 
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 Immunocytochemistry analysis by Kothapalli & Kamm (2013) in a recent study 

demonstrated that both neurite length and formation of -III tubulin-positive cells 

from mESC-derived EB’s were maximized at a similar Young’s modulus to our own 

study. Both neurite length and -III tubulin-positive cell formation decreased as 

Young’s modulus decreased to the 100’s of Pa. Keung et al (2012) showed agreement 

with this data using similar techniques for induced pluripotent stem cells, which were 

differentiated for nine days towards a neuronal lineage. The proportion of cells 

positive for -III tubulin significantly decreased at higher Young’s moduli (75 kPa). 

However, when the same techniques were used for hESC’s, the findings showed 

similarity to the GXG results. The proportion of cells that were -III tubulin positive did 

not significantly decrease within a similar Young’s modulus range. Earlier work by 

Flanagan et al (2002) also showed agreement with our data, as primary spinal cord 

neurites became more branched with a decrease in Young’s modulus (albeit over a 

lower Young’s modulus range). 

 

When considered along with the nestin findings, this suggests that more neural 

precursors and immature neurons form on the softest GXG material, but this effect 

was due to increased initial attachment on the soft material rather than a direct 

promotion of neuronal differentiation. The increased branching and extension of -III 

tubulin-rich neurites on soft materials was likely due to increased paracrine signalling 

between colonies. An increase in the density of colonies resulted in considerably less 

distance for signalling to occur between them.  

 

4.3.3 Does Young’s modulus enrich populations of neural precursors during mESC 

differentiation in N2B27 medium? 

 

In order to further confirm the hypothesis that the increase in numbers of neural 

precursors on soft materials was due to favourable initial attachment, flow cytometry 

for neural cell surface marker PSA-NCAM (see Chapter 3) was carried out. By 

comparing the percentage of cells positive for the marker across the four materials, it 

could be ascertained whether soft materials were directly promoting neuronal 
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differentiation by increasing the proportion of neural precursors in the total 

population. Comparison between the harvest cell counts (which were expected to 

correspond with the confluency measurements at 72h) and this value allowed for 

confirmation that neural precursor yield increased due to favorable initial attachment 

and not due to a neuronal promotion effect. Neuronal precursor yield was defined as 

the product of the total harvested cell concentration (cells/cm2) and percentage of 

cells positive for PSA-NCAM. 

 

As seen in Figure 4.8, total cell concentration showed a significant (p<0.005) decrease 

on the 18 kPa (57%) and 35 kPa (80%) when compared to the soft, 2 kPa GXG material. 

These findings were consistent with the earlier 72h expansion results shown in Figure 

4.2A.  

 

Flow cytometry analysis did not show any variation in percentage of cells positive for 

PSA-NCAM with Young’s modulus. This implies that soft materials do not select for the 

formation of neural precursors over other cell lineages. The increase in percentage of 

cells positive for the marker (30-40% of cells were positive on all four materials) 

compared to that for undifferentiated cells (4.79% from Chapter 1) confirmed that 

differentiation towards the neuronal lineage was taking place on all four materia ls. 

 

Cell yield of PSA-NCAM positive neural precursors thus exhibited a similar pattern to 

that of total harvested cell yield. It was concluded that that soft materials increase the 

yield of neural precursors from mESC’s in N2B27, without enriching them. 

 

The balance between these two properties – yield and enrichment is a crucial 

consideration when designing bioprocesses effectively. Regenerative medicine is no 

exception in this regard. For safety reasons, high cell enrichment is highly desirable in 

the end cell therapy product. Elimination of non-target cells (undifferentiated as well 

as other lineages) in stem cell-derived products is a key FDA requirement in reducing 

the risk of tumorigenicity (Knoepfler, 2009).   
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Figure 4.8: Total cell concentration at day 4 of neuronal differentiation on three GXG materials (2 kPa, 18 

kPa and 35 kPa) and TCP. Three biological replicates and mean shown. Error bars represent standard 

deviation from the mean. * represents a p-value less than 0.005 as measured by one-way ANOVA 

(followed by Tukey post-hoc correction). 
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It is likely that the 30-40% neural precursor (characterized by the PSA-NCAM marker) 

enrichment achieved here would be too low for a cell therapy product and would 

require significant further processing before being considered as being appropriately 

pure for use. 

 

4.3.4 Does Young’s modulus affect gene expression during mESC differentiation in 

N2B27 medium? 

 

Whilst immunocytochemistry and flow cytometry are useful in understanding how 

many cells within a population are of a particular phenotype, it does not allow us to 

understand behaviour at a genetic level. Real-time qPCR (quantitative polymerase 

chain reaction) allows for cells to be characterized in such a way. Ten genes were 

chosen for investigation, including three pluripotent genes (OCT4, Nanog and UTF1), 

four neuronal-associated genes (Nestin, -III tubulin, Sox1 and PSA-NCAM), one 

mesodermal gene (T-brachyury), one endodermal gene (Sox17) and one gene 

expressed very early on during differentiation, at the epiblast stage (FGF5). 

 

The results for the pluripotent and neuronal markers confirmed the previous 

conclusions. There was no significant variation (p > 0.05) in gene expression with 

Young’s modulus for any of the neuronal genes  (Figure 4.10). The lack of variation in 

Sox17 and T-brachyury expression suggested that variations in Young’s modulus did 

not encourage differentiation into other lineages. Returning to the enrichment versus 

yield discussion, this means that whilst neuronal lineages are not being affected, other 

non-target (undesirable from a bioprocessing and safety perspective) genes were not 

being enriched in place.  
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A 

 
 

Young’s Modulus % PSA-NCAM 

2 kPa 35.90 ± 5.58 

18 kPa 40.53 ± 9.64 

35 kPa 38.30 ± 11.91 

TCP 32.16 ± 14.77 

 

2 kPa 

35 kPa 

 

18 kPa 

 

TCP 
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B 

                   
 

Figure 4.9(A): Flow cytometry results for PSA-NCAM, a neural precursor marker in mESC’s differentiated 

for four days in N2B27 medium. The histogram shown is representative of a biological replicate. The 

white area represents the isotype control, whilst the shaded area represents the stained sample. The 

values given in the table are the means ± standard deviations derived from biological triplicates. Figure 

4.9(B): Yield of PSA-NCAM positive neural precursors following four days of differentiation from three 

GXG materials and TCP. All three biological replicates shown as well as the mean. 
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Similar work in mesenchymal stem cells (Engler et al, 2006) contradicted these findings 

by demonstrating that neuronal gene expression (PSA-NCAM, nestin and -III tubulin) 

increases on soft materials. Other studies using other lineages for mesenchymal stem 

cells have also shown changes in gene expression with Young’s modulus. Two recent 

studies have shown upregulation in target phenotype gene expression during 

osteogenic (Wang et al, 2012) and cardiac (Li et al, 2012) differentiation with Young’s 

modulus. Conversely, downregulation in target gene expression was observed during 

chondrogenic differentiation (Kwon, 2013). It should be noted that mesenchymal stem 

cells are more mature than embryonic stem cells and so are not directly comparable.  

 

In terms of ESC’s, different differentiation lineages have shown different effects with 

changes in Young’s modulus. However, the ranges of moduli used in the studies vary 

greatly with each other. In one such study by Evans et al (2009) where mouse 

embryonic stem cells were differentiated towards the osteogenic lineage, osteogenic 

markers Runx2 and Spp1 were upregulated with an increase in Young’s modulus from 

41 kPa to 2.3 MPa. This was however across two orders of magnitude in PDMS 

substrate Young’s modulus, a much larger range than the GXG used in our study.  

Conversely, during induced endoderm differentiation in mESC’s (Jaramillo et a l, 2012), 

endoderm genes were downregulated as Young’s modulus increased (from 4 Pa to 250 

Pa). Recent studies looking at spontaneous differentiation of mESC’s (Candiello et al, 

2013) and hESC’s (Eroshenko et al, 2013) have agreed with our findings that gene 

expression (in particular, ectoderm) is unaffected by Young’s modulus. 

 

These findings led us to conclude, along with the attachment, immunocytochemistry 

and flow cytometry data, that soft materials favour the promotion of neural precursor 

cells from mESC’s through increased initial attachment without directly promoting 

neuronal specification. This confirms the central hypothesis of this chapter. 
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Shahzad Ali, UCL 

 127 

 

 

 

Figure 4.10: Changes in early gene expression with modulus, as measured using real time qPCR. All 

biological replicates shown as well as the mean (the error bars represent standard deviation values). 
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4.4 Is the favourable attachment of mESC’s on soft materials dependent on stress 

fiber stabilization or microtubule formation? 

 

After it was established that the increase in neural precursor cell yield on soft 

materials was due to favourable attachment and not direct promotion of the neuronal 

fate by the material, an attempt was made to elucidate the mechanism behind this 

attachment effect. Two inhibitors were used to investigate this mechanism. One was 

blebbistatin, which inhibits stress fiber contraction (via non-muscle myosin II or 

NMMII). The other was nocodazole, which inhibits microtubule formation. Stress fibers 

and microtubules are the two most influential components of the cytoskeleton, and so 

they are instrumental in allowing cells to adhere and spread on materials  (Wang et al, 

2009). 

 
As shown in Figure 4.11, attachment was unaffected by blebbistatin inhibition, both 

when cells were pre-treated with it as well as when cells were seeded with it. 

Blebbistatin is a reversible inhibitor, and so it is likely that pre-treated cells will 

eventually reform a similar actin structure as they exhibited prior to inhibition.  

 

Cells were then stained with phalloidin, a dye that specifically binds to F-actin in cells. 

When ES cells were stained with phalloidin, F-actin appeared diffuse and concentrated 

mainly within the periphery of cells (Figure 4.12). This was in contrast to cells such as 

fibroblasts (Pelham & Wang, 1997) and mesenchymal stem cells (Engler et al, 2006), 

which form organised stress fibers within the cytoplasm. This is also likely to be one of 

the reasons why ES cells are more three-dimensional in nature than fibroblasts, which 

tend to be flattened, spread and two-dimensional (Chapter 3). As mentioned earlier, 

actin also concentrates at the cortical regions in cells during the gastrulation stage of 

embryogenesis (Krieg et al, 2008; Skoglund et al, 2008). 
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Figure 4.11: The effect of blebbistatin, an inhibitor of myosin IIb-dependent actin stress fiber formation, 

on mESC attachment at 24h. Cells were either seeded without blebbistatin, pre-treated for 30 mins prior 

to seeding or seeded in medium containing blebbistatin. Each of the replicates are shown as well as the 

mean and standard deviation (N=3). 
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         A 

 

          B 

            

Figure 4.12 (A): Immunocytochemistry analysis in undifferentiated mESC’s using 

phalloidin, a dye used to reveal F-actin within the cytoplasm. (i) Phase contrast. (ii) DAPI, a 

nuclear stain. (C) ICC for phalloidin. Figure 4.12 ( B) MESC morphology before and after 

blebbistatin treatment (cells treated for 30 mins). All scale bars = 100 m. 
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     A           2 kPa                     18 kPa                   35 kPa                     TCP 

 
     B           2 kPa                     18 kPa                   35 kPa                     TCP 

 
     C           2 kPa                     18 kPa                   35 kPa                     TCP 

 
 

Figure 4.13: F-actin in mESC’s seeded for 24h on three GXG materials (2 kPa, 18 kPa and 35 kPa) 

and TCP in Neuronal Differentiation medium: (A) without blebbistatin, (B) pre-treated with 

blebbistatin for 30 mins, (C) seeded with blebbistatin. From top to bottom: (i) Phase contrast. (ii) 

DAPI, a nuclear stain. (iii) ICC for phalloidin. All scale bars = 100 m. 

(i) 

(iii) 

(ii) 

(i) 

(iii) 

(ii) 

(i) 

(iii) 

(ii) 
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When phalloidin staining was performed on cells seeded for 24h on GXG and TCP 

(Figure 4.13) without blebbistatin, stress fibres were not formed on any of the 

materials. F-actin appeared diffuse, mainly concentrated at the cell cortex.  

 

As expected, when cells were pre-treated with blebbistatin or seeded with 

blebbistatin, the same F-actin structure was observed in treated cells as in untreated 

cells, as no organised F-actin stress fibres were present in the untreated condition. The 

lack of stress fibres in mESC’s prevented blebbistatin from having any effect on initial 

attachment. Thus mESC’s do not require actin stress fibre stabilization in order to 

attach to any material. 

 

The actin cytoskeleton is the main conduit for the transduction of mechanical signals 

to the nucleus. The nucleoskeleton, which also contains polymerized F-actin is 

connected to both the cytoskeleton as well as the transcriptional machinery of the cell 

(Wang et al, 2009). For this reason, actin stress fibre contraction, dependent on 

myosin IIb (the protein inhibited by blebbistatin) is implicated in gene expression 

(Engler et al, 2006) responses to changes in stiffness. However, as the mouse ES cells 

have no organised stress fibers, there is no conduit for mechanotransduction of 

mechanical signals from the ECM to the nucleus. This may explain why Young’s 

modulus changes do not provoke gene expression responses in mESC’s during early 

differentiation (Figure 4.10). 

 

Microtubules are another key structural component of cells. Unlike F-actin, 

microtubules have not been previously found to be implicated in gene expression 

responses to changes in Young’s modulus. However, as the effect of Young’s modulus 

on neural precursor formation is based on attachment and not gene expression, it is 

possible that the effect of Young’s modulus on mESC’s may be dependent on another 

structural component other than the actin cytoskeleton. Thus, this chapter’s final pair 

of experiments aimed to investigate whether attachment was dependent on the 

formation of microtubules from -tubulin. This was achieved by inhibiting microtubule 

formation using another small molecule, nocodazole. 
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Figure 4.14: The effect of nocodazole, an inhibitor of microtuble formation, on mESC attachment at 24h 

on 3 GXG materials (2 kPa, 18 kPa, 35 kPa) and TCP. Cells were either seeded without nocodazole or 

seeded in medium containing nocodazole. Each of the replicates are shown as well as the mean and 

standard deviation (N=3). * represents a p-value less than 0.05 as measured by one-way ANOVA 

(followed by Tukey post-hoc correction). 
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A                    2 kPa                          18 kPa                         35 kPa                            TCP  

 
B                    2 kPa                          18 kPa                         35 kPa                            TCP 

 

Figure 4.15 -tubulin, a protein which polymerizes to form 

microtubules, a key structural component of the cytoskeleton. MESC’s were seeded for 24h on 

three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP in Neuronal Differentiation medium: A) 

cells seeded without nocodazole (untreated) B) cells seeded with nocodazole, an inhibitor of 

microtubule formation. (i) Phase contrast. (ii) DAPI, a nuclear stain. (C) ICC for -tubulin. All 

scale bars = 100 m. 
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(iii) 

(ii) 
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As with blebbistatin, seeding with nocodazole had no significant (p=0.322) effect upon 

attachment on the soft 2 kPa GXG material. However, on stiffer GXG materials 

attachment decreased with nocodazole seeding compared to the untreated condition. 

This result was only significant (p<0.05) on the 18 kPa GXG materials, where 

attachment decreased by 71%. However the p-value was 0.056 on the 35 kPa material 

(confluency decreased 44%), implying that a trend did exist. 

 

Interestingly, cells that do attach on stiffer materials cannot remain attached (or 

cannot initially attach) if microtubule formation is inhibited. Cells on the softest 

material remain attached regardless of microtubule formation. Microtubule 

concentration has been previously been implicated in the stiffening of neuronal cells 

(Spedden et al, 2012). This may also be the case in ES cells, as they do not have the 

actin stress fibres required for stiffening. Cells have been previously shown to undergo 

‘stiffness matching’ (Tee et al, 2009). This is where cells stiffen on stiff materials and 

remain soft on soft materials. In a soluble microenvironment that promotes neuronal 

differentiation, the stiffening of cells on stiff materials is unlikely to occur without 

microtubule formation. Therefore, cells on stiffer materials (cells which have 

undergone stiffening themselves) are more susceptible to the effects of nocodazole 

than cells on softer materials.  

 

4.5 Summary of Findings 

 

It was concluded that soft materials favour the formation of neural precursors from 

mESC’s in neuronal differentiation medium. This effect is dependent upon increased 

attachment of mESC’s on soft materials, rather than a direct promotion of neuronal 

differentiation. This was demonstrated using a number of assays for cell identity. The 

assays revealed no differences in gene expression, or marker presence with Young’s 

modulus. When compared to the increased confluency at 24h on soft materials, this 

confirmed the central hypothesis. It was furthermore found that this effect is neither 

dependent on stress fibre stabilisation. Interestingly, mESC’s did not attach on stiffer 

materials if microtubule polymerisation was inhibited. 
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5 Does Young’s modulus affect attachment and enrichment of partially-

differentiated mouse embryonic stem cells differentiated in N2B27 

medium? 

 

Once it was understood how Young’s modulus influenced the formation of neural 

precursor from mESC’s, the next stage was to investigate how modulus affected later 

stages of mESC neuronal differentiation. In Chapter 4, it was found that when mESC’s 

were seeded on GXG in neuronal differentiation medium, attachment was maximized 

on the softest GXG material, whose elasticity was most similar to that of the early 

mouse blastocyst. This favourable attachment led to increased neural precursor 

formation at day four. Despite this, soft materials had no direct effect promoting 

neuronal differentiation. 

 

5.1 Aims 

 

The aim of Chapter 5 was to investigate whether Young’s modulus had an effect on the 

attachment of partially-differentiated cells. This involved differentiating mESC’s for a 

defined period of time on TCP (partial differentiation), before differentiating them 

further on GXG. Previous studies using stem cells at a more advanced stage of 

differentiation such as mesenchymal stem cells (Engler et al, 2006) and neural stem 

cells (Banerjee et al, 2009; Saha et al, 2008; Leipzig & Schoichet, 2009) have shown 

that, unlike with mESC’s, soft substrates directly favour neuronal differentiation, 

independent of initial attachment.  

 

Similar results were found in more mature neuronal cell types such as neural 

precursors (Georges et al, 2006; Jiang et al, 2007; Previtera et al, 2010) and primary 

cortical neurons (Flanagan et al, 2006). In these cases, neuronal growth and 

maturation was optimized on soft materials. Taking this into account with the results 

of Chapter 4, this suggests that the effect of Young’s modulus on neuronal 

differentiation changes as cells mature. During early differentiation of mESC’s, Young ’s 

modulus favours attachment without directly promoting the neuronal fate. This effect 
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reverses in mature neuronal cell types (although this has only been characterized using 

primary cultures of neurons), where Young’s modulus directly promotes neuronal 

differentiation independent of attachment. The combined work of these chapters will 

hopefully allow for a complete characterization and optimisation, stage-by-stage, of 

the effect of Young’s modulus on neuronal differentiation of mESC’s into mature 

neuronal cell types. 

 

As with the previous chapter, the first experiments focused on the effect of Young’s 

modulus on attachment of partially-differentiated cells. Partially-differentiated cells 

were defined as mESC’s differentiated for four days in neuronal differentiation. This 

was then followed by a study of the influence of Young modulus on expansion and 

enrichment of partially-differentiated cells in neuronal differentiation medium. The 

impact of Young’s modulus on attachment was then related to stress fibre or 

microtubule polymerization in order to deduce an underlying mechanism. The effect of 

modulus on the rate of cell spreading was also examined. The final experiments in this 

Chapter looked at the effect of Young’s modulus on maturation of partially-

differentiated neurons, which were mESC’s partially-differentiated for six days in 

N2B27 medium (forming immature neurons) prior to seeding onto the materials. 

 

5.2 Does Young’s modulus influence attachment and early expansion of partially-

differentiated cells? 

 

The aim of the first set of experiments was to investigate how Young’s modulus 

influenced the initial attachment and subsequent expansion of mESC’s partially-

differentiated for four days in N2B27 medium (on TCP). This length of time (as 

characterized earlier in Chapter 3) was sufficient for colonies of nestin-positive neural 

precursors to begin to form in culture. The cells formed at this stage were termed the 

‘‘partially-differentiated cells’’.  
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5.2.1 Does Young’s modulus affect attachment of partially-differentiated cells in 

N2B27 medium? 

 

Partially-differentiated cells were seeded onto the same three different GXG Young’s 

moduli as before (2 kPa, 18 kPa and 35 kPa), as well as gelatin-coated tissue culture 

polystyrene (TCP). When attachment was measured at 24h, confluence was highest on 

the softest GXG material (Figure 5.1A), whose Young’s modulus was closest to that of 

the brain and central nervous system (Engler et al, 2006; Flanagan et al, 2002). 

Attachment decreased 66% on the 18 kPa material and 83% on the 35 kPa material 

(Figure 5.1B). Attachment also decreased on TCP (by 69%).  

 

Attachment has not been previously observed to vary with Young’s modulus in neural 

precursors (Georges et al, 2006; Jiang et al, 2007; Previtera et al, 2010) or neural stem 

cells (Banerjee et al, 2009; Saha et al, 2008). Astrocyte attachment however, has been 

found to increase with Young’s modulus (Georges et al, 2006; Jiang et al, 2007). 

Attachment of oligodendrocyte progenitor cells decreased on softer materials (1 kPa), 

when compared to glass (Jagielska et al, 2012). However, there was no trend across 

other moduli in that study. 

 

It should be noted that the source material used in other work varied significantly 

when compared to this study. Here, the starting population was likely to consist of a 

mixture of undifferentiated cells as well as cells at various stages of neuronal 

differentiation (perhaps a small number of cells from other lineages too). The cells 

used in the other studies were either primary cultures or their direct derivatives. 

Whilst the level of heterogeneity may have been similar, the type of cells and level of 

maturity was likely to vary from study-to-study. 
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A 

              2 kPa                           18 kPa                          35 kPa                             TCP 

 

B 

 
Figure 5.1 (A): Phase contrast images of four-day partially-differentiated cells seeded for 24h on GXG (2 

kPa, 18 kPa and 35 kPa) and TCP in N2B27 medium. Scale bars = 100 m. Figure 5.1 (B): Analysis of 

confluency for partially-differentiated cells attached for 24h onto three different GXG materials and TCP 

in N2B27 medium. Confluency measurements were made from phase contrast images. All three 

biological replicates shown as well as the mean and standard deviation. * represents a p-value less than 

0.005, measured by one-way ANOVA with Tukey post-hoc correction. 

 

 



Shahzad Ali, UCL 

 140 

D 

 

 
 

Figure 5.1(D) Analysis of cell concentration from phase contrast images of mouse embryonic stem cells 

attached for 24h onto 3 different GXG materials and TCP. Cell concentration at 24h decreased with GXG 

Young’s modulus. Values shows are mean from three cell counts. Error bars present standard deviation 

from the mean. * represents a p-value less than 0.05 following one-way ANOVA analysis with Tukey 

post-hoc correction for multiple comparisons.
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5.2.2 Does Young’s modulus affect expansion of partially-differentiated cells in 

N2B27 medium? 

 

When partially-differentiated cells were allowed to expand after attaching, an identical 

trend emerged at the 72h time-point post-seeding (Figure 5.2A). Confluency decreased 

66% on the 18 kPa material and 85% on the 35 kPa material. However, fold expansion 

did not vary significantly (p=0.874) between any of the four materials (Figure 5.2B). 

 

A variety of effects have been previously recorded in response to changes in Young’s 

modulus. Saha et al (2008) showed, similarly to this study, that there was no variation 

in adult rat hippocampal neural stem cell proliferation with Young’s modulus for all 

moduli above 1 kPa. In another study using adult rat hippocampal neural stem cells 

(Banerjee et al, 2009), proliferation increased on softer materials (2 kPa) compared to 

stiffer materials 20 kPa). 

 
In the Banerjee study, cells were cultured encapsulated within alginate hydrogels in 

maintenance medium. Another study using adult neural stem cells (Leipzig & Shoichet, 

2009) showed a similar finding, where proliferation increased on 3 kPa materials 

compared to 7 kPa. Interestingly, proliferation then proceeded to decrease below 1 

kPa, indicating that a narrow range of modulus is required for optimal proliferation of 

neural stem cells. When purer cultures of neuronal precursor cells, derived from 

primary embryonic rat spinal cord (Previtera et al, 2013) were plated onto 

polyacrylamide gels, proliferation (measured three days after seeding) decreased as 

Young’s modulus increased from 6 kPa to 27 kPa. Proliferation did however remain 

unchanged within that range of elasticity at day five and day ten.  

 

It was concluded that Young’s modulus had no effect on expansion of partially-

differentiated cells in this study. The higher confluency on soft materials at the 72h 

time-point was due to favourable initial attachment, not due to increased 

proliferation. Fold expansion was lower here than in the first chapter, where mESC’s 

were used. This was likely due to the decreased proliferative capacity of the more 

differentiated cells used in this chapter. 
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A 

 
B 

 
Figure 5.2(A): Analysis of cell confluency from phase contrast images of partially-differentiated cells 

attached for 72h onto three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP. * represents a p-value 

less than 0.005 using ANOVA. Figure 5.2(B): Fold expansion in colony size between 24h and 72h (72h 

confluency divided by 24h confluency). 
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5.3 Does Young’s modulus affect the initial rate of spreading of partially-

differentiated cells? 

 
Rate of spreading measurement allowed for identification of whether the higher 

confluency on soft materials was exclusively dependent on initial attachment of 

partially-differentiated cells. To investigate rate of spreading, partially-differentiated 

cells were seeded onto three GXG materials and TCP after being incubated for 30 

minutes in CellTracker, a membrane-specific dye that allowed for easy identification of 

the cell perimeter. Measurements of projected cell surface area were made at two, 

four and six hours after seeding. 

 

As Figure 5.3 shows, there was no difference in rate of spreading (increase in 

projection area) amongst the GXG materials. There was a 36.5% increase in  

projected area on TCP, but overall mean cell surface area was the same across all 

materials at the 6h time-point. Soft materials did not increase rate of spreading. 

 

In an earlier study (Georges et al, 2006), mixtures of cortical neurons were plated onto 

varying Young’s moduli. In that study, cellular projected area at 24 hours was 

significantly higher on stiff materials (9 kPa) compared to the soft materials (100 Pa). 

This contradicted our findings at 6 hours, where projection area did not vary with 

modulus. The mean projected areas of cells in this study (500 to 700 m2) were lower 

on every GXG material compared to the 2000 m2 measured in that study (Georges et 

al, 2005) for a similar Young’s modulus range. This likely reflects the differences in 

source material. Cortical neurons are considerably more mature and larger in surface 

area (when taking into account their long, branched neurites) than the day four 

neuronal precursors in this study.  

 

In other studies using other cell types such as fibroblasts (Pelham & Wang, 1995); 

C2C12 skeletal myoblasts; FC7 fibroblasts (Engler et al, 2004b); and endothelial cells 

(Yeung et al, 2005), projected areas (defined as spreading) were also higher on stiffer 

materials. 
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Figure 5.3: Rate of spreading for partially-differentiated cells over the first six hours of attachment on 

three GXG materials (2 kPa, 18 kPa and 35 kPa) and TCP in neuronal differentiation medium. The figure 

on the left shows the mean surface area of cells. The figure on the right shows cell surface area 

normalized against the initial value at t=2h. Error bars represent standard deviation from the mean, 

based upon three technical triplicates (from three independent GXG wells for each condition based). 

N=15 randomly selected cells. 
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   D0            TCP 

 
   D4           2 kPa                      18 kPa                    35 kPa                        TCP  

 

Figure 5.4: Immunocytochemistry (ICC -III tubulin for partially-

differentiated cells differentiated for four days in N2B27 medium on three GXG materials (2 kPa, 18 kPa 

and 35 kPa) and TCP. D0 represents cells on TCP at day four of mESC neuronal differentiation (partially-

differentiated cells). These cells were then differentiated for four days before being stained to reveal the 

presence of neurons. (i) Phase contrast. (ii) DAPI, a nuclear stain. (iii) ICC for -III tubulin. All scale bars = 

100 m. 
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5.4 Does Young’s modulus affect the phenotype of cells formed after four days of 

neuronal precursor differentiation in N2B27 medium? 

 

5.4.1 Does Young’s modulus affect the formation of immature neurons from 

partially-differentiated cells in N2B27 medium? 

 

Partially-differentiated cells were allowed to further differentiate for four days on GXG 

and TCP in neuronal differentiation medium. At this stage, immunocytochemistry was 

performed for -III tubulin, a marker for immature neurons (Ying et al, 2003). 

 

This marker was used, as it is typically the earliest neuronal subtype to appear during 

differentiation (Chapter 3). At day four, -III tubulin appeared in colonies on all three 

GXG materials (Figure 5.4). Furthermore, unlike in Chapter 4, cells containing -III 

tubulin extended neurites out from the colonies on all four materials. In Chapter 4, 

neurites only extended out from colonies on the 2 kPa material. Young’s modulus 

therefore has no effect on the formation of immature neurons from partially-

differentiated cells. 

 

This trend was consistent with the findings of other studies (with a similar Young’s 

modulus ranges) that used -III tubulin immunocytochemistry analysis on neural stem 

cells in neuronal differentiation medium (Saha et al, 2008: Banerjee et al, 2009). A 

similar result was also shown in another study using MAP2, a more mature neuronal 

marker (Previtera et al, 2010). There were other studies, which provided contradictory 

findings both to this study as well as when compared to each other. For example, more 

-III tubulin positive cells were shown to be present on lower moduli (Georges et al, 

2006) in an earlier study, whilst more have been found on higher moduli (Previtera et 

al, 2013; Kothapalli & Kamm, 2013) in two recent studies. These discrepancies reflect 

variations in source material (embryonic, adult, spinal cord or brain) as well as 

differentiation length and conditions. There is a limited basis for comparison between 

biomaterials and TCP. The study by Saha et al (2008) did find that the proportion of  

 



Shahzad Ali, UCL 

 148 

 

 

Figure 5.5: Total cell concentration after partially-differentiated cells were differentiated for a further 

four days in N2B27 neuronal differentiation medium on three GXG materials and TCP . All three biological 

replicates shown, as well as the mean. Error bars represent standard deviation from the mean. N=3. * 

represents a p-value less than 0.05 using one-way ANOVA with Tukey post-hoc correction. 
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total cells that were -III tubulin positive was significantly higher on biomaterials 

compared to TCP, which was consistent with our findings. 

 

5.4.2 Does Young’s modulus affect yield of PSA-NCAM positive cells following 

differentiation in N2B27 medium? 

 

A similar trend was emerging in partially-differentiated cells as with the mESC’s in 

Chapter 4, where neuronal differentiation was not being directly promoted on soft 

materials. In order to test this hypothesis further, flow cytometry was again performed 

for PSA-NCAM. In order to isolate whether any increases in neuronal yield from 

partially-differentiated cells on soft materials were solely due to the favourable initial 

attachment and not due to a direct promotion of the neuronal fate, the flow 

cytometry findings were compared to the total cell concentration at harvest. 

 

To achieve this, cell counts (Figure 5.5) were performed at day four in order to assess 

the total cell concentration (normalized against culture surface area) on each GXG 

material and TCP. Total cell concentration was maximized on the softest material, 

reducing by 75-80% on the stiffer GXG materials and almost 60% on the tissue culture 

polystyrene. This finding was in agreement with the results of Figure 5.1 and 5.2, 

where confluency analysis at 24h and 72h revealed the same patterns. 

 

As with the mESC’s in Chapter 4, there was no significant (p=0.583) variation in 

percentage of cells positive for PSA-NCAM (Figure 5.6A). The percentage varied from 

60-75% across all four materials. In the case of all three GXG materials, the percentage 

of cells positive for PSA-NCAM was significantly higher (p<0.05) than the value at day 

four of mESC differentiation on TCP (32%). The value for partially-differentiated cells 

on TCP after four days was also higher, but not significantly so (p=0.056). This is 

evidence that neuronal differentiation was occurring on all materials. 
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A 

          

 

Young’s Modulus % PSA-NCAM 

2 kPa 69.73 ± 7.56 

18 kPa 70.53 ± 7.13 

35 kPa 73.15 ± 7.73 

TCP 62.75 ± 13.23 

 

 

  

 

18 kPa 

TCP 35 kPa 

2 kPa 
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B 

 

Figure 5.6 (A): Flow cytometry analysis showing percentage of cells positive for PSA-NCAM in Partially-

differentiated cells were differentiated for a further four days in N2B27 medium on GXG and TCP . White 

area = isotype control. Shaded area = Stained sample. The values given in the table are the means ± 

standard deviations derived from biological triplicates. (B) Yield of PSA-NCAM positive cells at day four. 

Values are the product of total cell concentration at day four (Figure 5) and percentage of cells positive 

for PSA-NCAM at day four. All three biological replicates shown as well as the mean. Error bars represent 

standard deviation from the mean based on the three replicates (N=3). * represents a p -value less than 

0.05 based on one-way ANOVA analysis followed by Tukey post-hoc correction. 
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Interestingly, the rate of change in percentage of cells positive for PSA-NCAM was 

higher for partially-differentiated cells differentiating for four days on GXG than for 

mESC’s differentiating for four days on TCP. The rates of change were similar for both 

cell types on GXG. The rate of increase did not vary on the TCP throughout the eight 

days of differentiation. This suggests the GXG increases the rate of neuron formation 

compared to TCP without directly promoting the neuronal fate. 

 

When the product of the total cell concentration and the percentage of cells positive 

for PSA-NCAM was calculated, the resulting yield of PSA-NCAM positive cells following 

differentiation varied with Young’s modulus according to a similar pattern to that 

observed in Figure 5 (Figure 5.6B). PSA-NCAM positive yield was maximized upon the 

softest GXG material (2 kPa). The percentage decreased significantly (p<0.05) upon the 

other materials, falling by 74% on the 18 kPa material, 80% on the 35 kPa material and 

63% on the TCP. 

 

Despite the yield of neural precursors being maximized on the soft material, the 

percentage of cells positive for the marker did not vary. Therefore, this effect is due to 

favourable initial attachment over the first 24 hours and not due to a direct promotion 

of the neuronal fate. 

 

5.4.3 Does Young’s modulus influence mature neuronal gene expression in partially-

differentiated cells after four days of differentiation in N2B27 medium? 

 

The final test for the hypothesis that soft substrates do not directly promote the 

neuronal fate involved looking at the effect of Young’s modulus on gene expression in 

cells following differentiation. Changes in phenotype, as measured by changes in cell 

surface antigen presence do not tell the complete story. Real time qPCR allowed for 

quantification of changes in key neuronal marker expression at a cellular level. In 

addition to -III tubulin, three mature genes were investigated: 1) GFAP (glial fibrilliary 

acidic protein), a gene expressed in astrocytes, which are non-neuronal glial cells that 

play a number of supportive roles to neuronal growth; 2) TH (tyrosine hydroxylase), a 

gene expressed in dopaminergic neurons, a neuronal subtype whose  
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Figure 5.7: Expression of three mature neuronal genes and one astrocytic gene (GFAP) with varying 

Young’s modulus for cells differentiated for a total of eight days (4 days on TCP, 4 days on GXG and TCP). 

All three biological replicates shown as well as the mean. Error bars represent standard deviation from 

the mean. * represents a p-value less than 0.05 for one-way ANOVA analysis with Tukey correction. 
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death is associated with the development of Parkinson’s disease; and 3) GAD2 

(glutamate decarboxylase 2), a gene expressed by GABAergic neurons, a subtype 

responsible for production of the neurotransmitter GABA (-aminobutyric acid). 

 

As shown in Figure 5.7, gene expression did not vary significantly (p>0.05 in all cases) 

with Young’s modulus for any of the mature neuronal genes. Previous investigations  

into seeding neuronal cultures onto varying substrate moduli have yielded varying 

results for gene expression measurements. Neuronal differentiation has mostly been 

characterised by expression of -III tubulin, which is one of the genes used in this study 

as well. In most cases, -III tubulin expression has been observed to decrease with 

Young’s modulus. Georges et al (2006), for example, found that -III tubulin expression 

in mixed cortical neuronal cultures was significantly higher on soft (100 Pa) materials 

compared to stiffer (9 kPa) materials, on both polyacrylamide gels as well as fibrin-

based gels. The cortical neurons were cultured in similar medium components to our 

study (DMEM:F12 and neurobasal medium), however without the direct neuronal 

promoting agents (N2 and B27) as they were investigating growth rather than 

differentiation.  

 

Saha et al (2008) exhibited a similar result when adult neural stem cells were seeded 

onto vmIPN’s (a synthetic hydrogel). In that study, -III tubulin expression peaked at 

500 Pa to 1 kPa before decreasing on 10 kPa materials. However, expression reduced 

from 500 Pa to 100 Pa, contrary to the earlier finding by Georges et al (2006). Mixed 

cortical neurons and neural stem cells, consisting of either primary cultures or their 

immediate derivatives, are not directly comparable as starting materials for 

differentiation and growth as they may vary in neuronal subtype and levels of 

maturity.  

 

Although the partially-differentiated cells of this study are also likely to be 

heterogeneous, with a mixture of embryonic stem cells, neuronal precursors as well as 

small amounts of other lineages (see Morphology B in Chapter 4), they are not derived 

from primary cultures. Furthermore, they have been previously adapted to culture (for 
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up to 90 passages) on tissue culture polystyrene before the experiments have begun. A 

study by Banerjee et al (2009) using neural stem cells did, however, show agreement 

with our study. In that study -III tubulin expression did not vary between 2 kPa and 20 

kPa. This was contrary to the findings of Saha et al (2008), which also used neural stem 

cells. 

 

When hESC’s and iPSC’s were differentiated in three-dimensional cultures for nine 

days (Keung et al, 2012), -III tubulin expression also, similarly to Georges et al (2006), 

increased at 100 Pa compared to 700 Pa, 75 kPa and TCP. Further differentiation (19 

days) into mature cell types revealed the same trend using image analysis (not directly 

comparable with gene expression) for tyrosine hydroxylase (TH). However, the 

percentage of TH-positive cells compared to total neurons did not vary with modulus, 

which is in broad agreement with the findings of this study using qPCR. 

 

Interestingly, astrocytic gene expression (measured by GFAP expression) did show a 

trend towards reduced expression as Young’s modulus decreased (p=0.054). Whilst 

overall there was no significant difference in expression, Tukey post-hoc correction did 

reveal a significant (p=0.035) decrease in GFAP expression on the soft, 2 kPa GXG 

material, when compared to TCP. There is evidence from previous work that supports 

this finding. Saha et al (2008) found that when adult neural stem cells were 

differentiated in mixed neuronal-glial medium (not directly comparable to the N2B27 

medium used in our study), the percentage of total cells existing as astrocytes (positive 

for the GFAP marker when image analysis was performed), increased with Young’s 

modulus from 1 kPa to TCP. Similarly to our own study, this percentage did not vary 

from 1 kPa to 10 kPa.  

 

When primary rat spinal cord cells were plated (Jiang et al, 2007) onto varying moduli 

(in Neurobasal:B27 differentiation medium, similar to this study), whilst numbers of 

mature, MAP2-positive neurons did not vary with modulus, the percentage of cells 

that were mature astrocytes (GFAP positive) increased with Young’s modulus.  

Taking this evidence into consideration, it appears that whilst soft materials did not 

enrich specific neuronal subtypes (GABAergic or dopaminergic, for example) over 
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others, the stiffest materials increased enrichment of non-neuronal astrocyte cells. So 

the increased neuronal yield on softer materials is accompanied by antagonism of the 

astrocytic fate. The reason for this may lie in the dynamics of the internal cell 

structure. Georges et al (2006) found that astrocytes are only able to polymerise actin 

stress fibers on stiffer materials. Astrocytes cannot form stress fibers on softer 

materials, and thus cannot adhere. This is the reason why following spinal cord injury, 

stiffening due to fibrosis leads to astrocyte hypertrophy and glial scarring at the 

expense of neuronal outgrowth, which becomes severely limited (partially due to 

reduced growth factor and nutrient access). Astrocyte adhesion was observed to 

increase with modulus increase in the Georges et al (2006) study. Neurons were able 

to polymerise F-actin on both soft and stiff materials. Following attachment on GXG, 

cells that specified into neurons were able to remain adhered and grow on both soft 

and stiff materials. Astrocytes, unable to form stress fibers on soft materials, were not 

able to form on these substrates in that study. 

 

A study of the effect of 3D hydrogel Young’s modulus on mouse EB neuronal 

differentiation (Kothapalli & Kamm, 2013) in Matrigel, collagen and hyaluronic acid 

found that neuronal differentiation was maximized on ‘‘stiffer’’ gels (900 Pa to 1 kPa), 

whilst astrocyte differentiation was favoured softer gels (5-20 Pa). The modulus ranges 

were significantly different from that used within this study (and the majority of other 

studies). It was also unclear as to how stable the 5-20 Pa gels were in terms of 

degradation. Furthermore, whilst this trend was conserved on all three materials there 

seemed to be some discrepancy in these results between materials. For example, the 

90 Pa hyaluronic acid substrate had a higher percentage of cells differentiating 

towards a neuronal fate and a considerably lower percentage towards the astrocytic 

fate when compared to the 320 Pa collagen-I substrate. 

 

Although expression of GFAP was reduced on soft GXG materials in this study, there 

was overall no increase in neuronal gene expression on soft materials. Therefore the 

increased neuronal yield on the 2 kPa GXG material was due to increased initial 

attachment on the physiologically soft Young’s modulus, not due to a direct promotion 

of the neuronal fate. Once it was established that attachment was the cause of the 
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increased neural precursor formation at day four, an attempt was made to establish a 

mechanism for this effect. 

 

5.5 Is the attachment of partially-differentiated cells influenced by inhibition of 

stress fiber stabilization or microtubule formation? 

 

5.5.1 Is the improved attachment of partially-differentiated cells on soft materials 

related to F-actin stress fiber polymerization? 

 

In order to understand whether the attachment on GXG was influenced by stress fiber 

polymerization or microtubule formation, the effects of each had to be isolated using 

small molecule inhibitors. As with Chapter 4, two inhibitors (Blebbistatin and 

Nocodazole) were used in order to establish a mechanism for the effect of Young’s 

modulus upon partially-differentiated cell attachment. F-actin and -tubulin were 

identified as the two most influential internal protein components of the cellular 

cytoskeleton, responsible for exerting forces on the extracellular matrix. By inhibiting 

these two proteins from polymerizing, it was possible to isolate which of the two, if 

any, would prevent Young’s  modulus from influencing attachment.  

 

Blebbistatin inhibits the action of myosin IIb, a protein involved in F-actin 

polymerisation and cytoskeleton contraction. Partially-differentiated cells were 

treated for 30 minutes with the small molecule before harvesting and seeding onto 

GXG and TCP. Figure 5.9A shows that following blebbistatin pre treatment, cells 

became more compact and less spindle-shaped (extended) in their morphology. When 

attachment was studied at 24h, confluency decreased significantly (p<0.05) with 

blebbistatin pretreatment on all four materials, when compared to the untreated 

condition (Figure 5.8). 
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Figure 5.8: Effect of blebbistatin pre-treatment on attachment of partially-differentiated cells on three 

GXG materials (2 kPa, 18 kPa, 35 kPa) and TCP in N2B27 medium. Confluency measurements were made 

at 24h for both untreated cells (see Figure 1B) and treated cells in neuronal differentiation medium. All 

three biological replicates and mean shown. Error bars represent standard deviation from the mean. * 

represents a p-value less than 0.05 using an independent t-test analysis between the untreated and the 

treated condition. 
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   B                  2 kPa                         18 kPa                         35 kPa                            TCP 

 
    C                 2 kPa                         18 kPa                         35 kPa                            TCP  
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D                     2 kPa                         18 kPa                         35 kPa                            TCP  

 

 

Figure 5.9: (A) Morphological changes (Post-blebbistatin represents 30 mins of treatment) accompanied 

by blebbistatin inhibition of stress fiber stabilization in mESC’s partially-differentiated for four days.   

 
Figure (B-D) Immunocytochemistry analysis using phalloidin, a dye which highlights F-actin. MESC’s were 

partially-differentiated for four days before being seeded for 24h on three GXG materials and TCP in 

N2B27 medium. (B) Cells untreated with blebbistatin; C) Cells pre-treated for 30 mins with blebbistatin; 

D) Cells containing blebbistatin post-seeding. (i) Phase contrast. (ii) DAPI, a nuclear stain. (iii) ICC for F-

actin. All scale bars = 100 m. 

(i) 

(ii) 

(iii) 
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This implies that F-actin polymerisation influences the attachment of partially-

differentiated cells on every material. Attachment decreases on all materials, as F-actin 

polymerises on both soft and stiff materials (Georges et al, 2006) in neuronal cells. 

However, there is no significant difference in attachment with Young’s modulus with 

blebbistatin treatment. For this reason, the conclusion was made that stress fiber 

depolymerisation reduced the influence of Young’s modulus on attachment. 

 

To identify whether polymerised stress fibers existed within partially-differentiated 

cells on GXG and how they were influenced by blebbistatin, immunocytochemistry was 

performed using phalloidin, a fluorescent dye that specifically stains F-actin. As with 

undifferentiated cells, phalloidin appeared to mainly concentrate and polymerise at 

the periphery of the cells (Figure 9B), particularly in regions of the cell body that 

appeared to be spreading outwards to form neurite growth cones . This phenomenon 

was consistent with the findings of Georges et al (2006). In that study, it was also 

found that F-actin can polymerise on both soft and stiff materials. As seen in Figure 9, 

the appearance of actin in this study is comparably diffuse. Actin doesn’t tend to form 

stress fibers in neurons (rather it tends to aggregate at points of extension), but the 

images in Georges et al (2006) do suggest a level of organization not observed in 

partially-differentiated cells. However, the partially-differentiated cells are not as 

mature as the cortical neurons used within that study, and thus may have cytoskeletal 

structures akin to that of mESC’s rather than mature neurons. 

 

Overall, these cytoskeletal structures were unaffected by blebbistatin pre-treatment. 

(Figure 9C). Actin remained concentrated at the periphery, driving the outwards 

spreading of the cells. However, continued blebbistatin treatment overnight (Figure 

9D) did not allow for cells to spread. Instead, cells formed rounded structures with no 

actin accumulation in the cytoplasm. A significant amount of actin-rich cell debris was 

observed on stiffer materials, as the extended periods of blebbistatin inhibition likely 

caused substantial cell death. 
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5.4.2 Is the improved attachment of partially-differentiated cells on soft materials 

related to microtubule formation? 

 

Nocodazole is an inhibitor of -tubulin polymerization into microtubules. Following 

harvest, partially-differentiated cells were seeded on three GXG materials and TCP in 

neuronal differentiation medium containing nocodazole. As before, attachment was 

measured at 24h and compared to the untreated condition. 

 

As shown in Figure 10, attachment did not vary significantly (p>0.05) with nocodazole 

treatment on any material. This was in contrast to our findings in Chapter 2 with 

mESC’s, where attachment decreased on stiffer materials with nocodazole treatment. 

The formation of microtubules from -tubulin had no effect upon the attachment of 

partially-differentiated cells upon any material, and by extension no effect upon the 

effect of Young’s modulus upon attachment of partially-differentiated cells.  

 

As with before, immunocytochemistry analysis  was performed to look at whether -

tubulin formed polymerized microtubule structures in partially-differentiated cells, and 

how this was affected by nocodazole treatment. An antibody against -tubulin was 

used in order to investigate the internal structural changes. 

 

Partially-differentiated cells appeared to develop polymerized microtubule filaments 

from -tubulin, on every material (most noticeably on the 2 kPa and 18 kPa GXG 

materials). -tubulin was distributed fairly evenly throughout the cytoskeleton on all 

the materials, and did not accumulate significantly at the cell periphery as F-actin did 

in the same cells.  

 

In response to nocodazole treatment, cells remained attached and were able to spread 

on all materials. Noticeably, the microtubule filaments did not form from -tubulin, as  
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Figure 5.10: Effect of nocadazole on attachment of partially-differentiated cells at 24h on three GXG 

materials and TCP in neuronal differentiation medium. All three biological replicates and mean shown. 

Error bars represent standard deviation from the mean. 
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   A                 2 kPa                         18 kPa                         35 kPa                            TCP  

 
   B                  2 kPa                         18 kPa                         35 kPa                            TCP 

 

 

Figure 5. -tubulin in Partially-differentiated cells were 

seeded for 24h on three GXG materials and TCP in neuronal differentiation medium: A) without 

nocodazole, an inhibitor of microtubule formation; and B) containing nocodazo le. (i) Phase 

contrast. (ii) DAPI, a nuclear stain. (c) ICC for -tubulin. All scale bars = 100 m. 

(i) 

(ii) 

(iii) 

(i) 

(ii) 

(iii) 
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expected. This implies that partially-differentiated cell spreading following attachment 

is dependent on actin and not upon microtubule polymerisation in the cytoskeleton. 

 

Tubulin is mostly associated with neuronal cells in the form of the   isoform (-III in 

particular). However, the subtype has been demonstrated to play an important role 

in a variety of mechanical processes in neuronal cells. Whilst microtubules do not 

directly influence gene expression, as they are not directly linked to the cell nuclear 

machinery (as the actin cytoskeleton is), they do respond to changes in Young’s 

modulus in other ways. Spedden et al (2012)’s elasticity mapping of neuronal cells 

revealed that localized stiffening in neurons is dependent on microtubule formation 

(an effect which can be inhibited by nocodazole), and not on stress fiber 

polymerization.  

 

When considered along with the data in Figure 10, this implies that neuronal cells do 

not have to stiffen in order to attach to stiffer GXG materials, unlike with 

undifferentiated cells (Chapter 2). Microtubules are also implicated in neurite 

extension, and are even able to take over in order to drive extension when actin 

polymerisation is inhibited (Georges et al, 2006).  

 

Taken together, the data suggests that actin polymerisation plays the most important 

role in driving attachment of partially-differentiated cells on all GXG materials. Actin 

and -tubulin then cooperate to drive neurite extension as the neuronal cells form 

their characteristic branched networks. 

 

5.5 Does Young’s modulus affect the attachment and expansion of partially-

differentiated neurons maturing in N2B27 medium? 

 
The final set of experiments looked at mESC’s partially-differentiated further, to six 

days instead of four. Day six is where -III tubulin, the immature neuronal marker 

begins to appear in colonies of nestin-positive differentiating cells (Chapter 1). The 

previous work looked at the effect of Young’s modulus on mESC’s differentiating into 

neural precursors (Chapter 4) and partially-differentiated neural precursors into 
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immature neurons (Chapter 5.2-5.4). The final stage was to investigate how Young’s 

modulus affected the maturation of partially-differentiated neurons (days six to twelve 

of mESC neuronal differentiation in N2B27). 

 

5.5.1 Does Young’s modulus affect the attachment of partially-differentiated 

neurons maturing in N2B27 medium? 

 

As with the mESC’s and partially-differentiated cells, the effect of Young’s modulus on 

attachment was isolated from the effect on expansion and phenotype changes. In 

order to investigate the effect of Young’s modulus on attachment, mESC’s were 

partially-differentiated for six days on TCP in N2B27 neuronal differentiation medium. 

These cells were then harvested and seeded onto three GXG materials (2 kPa, 18 kPa 

and 35 kPa) as well as TCP in N2B27 medium. Two seeding densities were chosen to 

investigate attachment and expansion. One was the same seeding density as for the 

mESC’s (1 x 104 cells/cm2) and the other was a direct replate of all cells from TCP. 

These low seeding density was chosen so that any effect of Young’s modulus on 

attachment could be related to the findings in mESC’s and four day partially-

differentiated cells. The higher seeding density was chosen so that the Young’s 

modulus effects could be overcome by using higher starting cell concentrations. 

Confluency was measured from phase contrast images of cells seeded for 24h in 

N2B27 medium . 

 

As seen in Figure 5.12, the results for partially-differentiated neurons contrasted 

substantially with the results for mESC’s and partially-differentiated cells. There was no 

significant difference in attachment between any of the materials, whether cells were 

replated (Figure 5.12B, p=0.511) or seeded at a lower density (Figure 5.12C, p=0.481). 

The pattern in attachment with Young’s modulus was conserved, and thus this effect is 

independent of seeding density. There was some decrease in attachment on the 35 

kPa compared to 2 kPa and 18 kPa, but this was not significant overall (p>0.05 in all 

cases). Young’s modulus therefore had no effect upon attachment of partially-

differentiated neurons. 
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A               2 kPa                18 kPa                     35 kPa                        TCP        

 

B 

 

C 

 

Figure 5.12: (A) Phase contrast images of partially-differentiated neurons directly replated onto 3 GXG 

materials (2, 18 and 35 kPa) and TCP. Images taken 24h after seeding. Scale bars = 100 m. B-C) 24h for 

partially-differentiated neurons either (B) replated or (C) seeded at a density of 1x10
4
 cells/cm

2
 on three 

GXG materials and TCP. All three replicates and mean shown. Error bars represent standard deviation  

from the mean (from technical triplicates in N=1,2,3 and from biological replicates for the mean). 
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Morphology (Figure 5.12A) did not drastically vary on any of the GXG materials. The 

majority of cells on the GXG materials were morphology C (Chapter 4), the spread, 

spindle-like cells. This was expected, as cells are at a more advanced stage of maturity 

than in the previous chapter. The cells on the TCP material, however, were a mixture 

of cells of morphology C, and morphology B; the flattened, neuroepithelial-like cells 

observed in considerably smaller numbers at day four in Chapter 4. This suggests that, 

unlike the softer materials, TCP allowed for considerable numbers of morphology B 

cells (negative for nestin, amongst other neuronal markers) to attach, survive and 

grow. 

 

Whilst this trend contrasts with the earlier work shown in Chapter 3,4 and this 

Chapter, it is consistent with the majority of earlier work involving neural precursors 

(Georges et al, 2006; Jiang et al, 2007; Previtera et al, 2010) and neural stem cells 

(Banerjee et al, 2009; Saha et al, 2008). This suggests that the starting cultures of 

neural precursors and neural stem cells in the other studies are more comparable to 

the six day matured partially-differentiated neurons than the nestin-positive partially-

differentiated cells at day four. It was concluded that favourable attachment of cells on 

soft materials is maturity dependent, and that the effect reduces as cells reach more 

advanced stages of specification. 

 

5.4.2: Does Young’s modulus influence the expansion of partially-differentiated 

neurons undergoing maturing in N2B27 medium? 

 

In order to investigate the effect of Young’s modulus on expansion, the partially-

differentiated neurons seeded at the lower density were allowed to expand to a time-

point of 72h. We did not investigate the replated cells as they had already reached a 

high confluency at 24h. Confluency did not vary significantly (p=0.541) between any of 

the materials at 72h (Figure 5.13). As with the earlier findings in mESC’s and partially-

differentiated cells, fold-expansion did not vary significantly with Young’s modulus 

(p=0.808). Based upon this evidence, it was concluded that maturity has no influence 

on the expansion of cells on any substrate modulus. 
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A 

 

B 

 
Figure 5.13: (A) 72h attachment of partially-differentiated neurons plated at a seeding density of 1x104 

cells/cm2 on three GXG materials (2, 18 and 35 kPa) and TCP. Figure 5.13(B) Fold expansion in colony 

size for partially-differentiated neurons in N2B27 medium (Confluency at 72h divided by confluency at 

24h). All three replicates and mean shown. Error bars represent standard deviation from the mean. 
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5.5 Does Young’s modulus affect the maturation of partially-differentiated neurons 

in N2B27 medium? 

 

To test whether Young’s modulus had an effect upon neuronal maturation, mESC’s 

partially-differentiated for six days on TCP were directly replated onto GXG and TCP. 

These cells were then allowed to mature in N2B27 neuronal differentiation medium 

for six days. Immunocytochemistry was performed for -III tubulin and microtubule-

associated protein-2 (MAP2), a marker for mature neuronal cells. 

 

-III tubulin was found in cells on all three GXG materials on day six of maturation 

(Figure 5.14A).  -III tubulin-rich neurites were found most abundantly on the softest 

two GXG materials (2 kPa and 18 kPa) and not on the stiffest material (35 kPa). 

However, this was likely due to the increased cell concentration on these materials, as 

seen at 24h and 72h in Figures 5.12 and 5.13. Although confluency did not vary 

significantly across the replicates, within each replicate there was a trend towards 

decreased confluency on the stiffest, 35 kPa GXG material. This effect translated to a 

lower cell density at day six of maturation, which is likely to have affected the density 

of -III tubulin positive cells in colonies. This is consistent with the findings in Chapter 

4, where mESC’s were differentiated for six days on GXG and TCP. 

 

MAP2 was not found abundantly on any of the materials. The 2 kPa GXG material 

contained the most MAP2-positive cells. The 18 kPa GXG material contained less 

MAP2-positive cells, whilst the 35 kPa GXG material and TCP did not contain any of 

these cells (Figure 5.14B). The difference in MAP2-positive cells at day six between 2 

kPa and 18 kPa existed despite there being no significant difference in confluency on 

these materials (Figure 5.12 and 5.13). This suggests that physiologically soft materials, 

with modulus closest to that of the brain and spinal cord (Engler et al, 2006; Flanagan 

et al, 2002) promote the formation of MAP2-positive neurons over stiffer materials.  
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A                     2 kPa                         18 kPa                         35 kPa                           TCP  

 
B                     2 kPa                         18 kPa                         35 kPa                           TCP  

 

 

Figure 5.14: Immunocytochemistry analysis for: A) -III tubulin and B) MAP2, a mature neuronal 

marker in Partially-differentiated neurons, seeded onto three GXG materials (2, 18 and 35 kPa) 

and TCP and allowed to mature for six days. (i) Phase contrast. (ii) DAPI, a nuclear stain. (iii) ICC 

for (A) -III tubulin and (B) MAP2. All scale bars = 100 m. 

 

(i)  

(ii) 

(iii) 

(i)  

(ii) 
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(Optional) Figure 5.15: Phase contrast images revealing morphologies of cells partially-differentiated for 

six days on three GXG materials and TCP before being replated onto the corresponding GXG materials 

and TCP (for example six days on 2 kPa, harvested and plated onto 2 kPa for a further six days). (i) 2 kPa. 

(ii) 18 kPa. (iii) 35 kPa. (iv) TCP. Scale bars  = 100 m. 
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This result, whilst contrasting with the previous results (Figures 4.9A, 4.10, 5.6A and 

5.7, where Young’s modulus did not promote neuronal differentiation), is consistent 

with earlier work by Previtera et al (2013) using pure cultures of neural precursor cells 

where the percentage of cells which were MAP2 positive increased as modulus 

decreased from 27 kPa to 6 kPa. The soft modulus range is consistent with the 

measured ranges of Young’s modulus for the brain and spinal cord (Flanagan et al, 

2002).  

 

There were negligible amounts of both -III tubulin and MAP2 positive cells on TCP, 

(Figure 5.14). This result suggests, along with the comparison of morphology that TCP 

supports the attachment, survival and expansion of non-neuronal cell types. 

 

It was concluded that, interestingly, the effect of Young’s modulus on phenotype of 

cells formed following differentiation is dependent on cell maturity. 

 

The final experiment performed was to assess whether the differences in 

morphologies of cells formed on the materials was due an adaptation or priming 

process that is undertaken on TCP. To test this, mESC’s were differentiated for six days 

on three GXG materials and TCP, before harvesting them and seeding them onto their 

equivalent modulus material. As before, TCP resulted in a predominantly non-neuronal 

appearing morphology (the flat morphology B). 2 kPa resulted in a predominantly 

dense, rounded morphology of cells (the dense morphology A), whilst 18 kPa resulted 

in an even mixture of morphology B and the spread, spindle-like morphology C. 

 

There is clearly a difference based upon adaptation that arises when cells are cultured 

for extended periods of time on varying Young’s modulus. However, an explanation for 

why certain materials result in certain morphologies of cells forming is unclear, when 

considered against the literature. It would be expected, from the literature and from 

our own previous findings that cells of morphology C (spread) would be most 

abundantly found on the physiologically, soft material. This is a topic for potential 

future study. 
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6 Conclusions and Future Work 

 

6.1 Conclusions 

 

In Chapter 3, the optimal conditions for differentiation were determined. The decision 

was made to formulate the N2B27 medium with 1% v/v serum ‘in house’, instead of 

buying in the commercially available RHB-A. This was due to issues with variability in 

expansion and formation of neural precursors with the latter medium. Using 1% v/v 

serum was sufficiently enough serum to promote attachment, spreading and 

formation of neuronal precursor colonies, whilst not directly affecting the 

homogeneity of cells formed during differentiation. 

 

The mESC’s were characterised as being pluripotent using immunocytochemistry 

analysis for key pluripotent markers as well as flow cytometry for PSA-NCAM, a 

neuronal adhesion markers (used as a negative control). MESC’s were found to be 

positive for OCT4, UTF1 and Ki67, whilst being negative for REX1 (which is a 

pluripotency marker, but downregulated when OCT4 is highly expressed). When flow 

cytometry was performed for PSA-NCAM, only 4.67% of cells were found to be positive 

for the neural precursor marker. 

 

Neuronal differentiation was validated with a time-lapse study using a number of 

neuronal and astroglial markers. Based on immunocytochemistry analysis, nestin was 

chosen to identify formation of neural precursors (at day four) and -III tubulin was 

chosen to identify formation of immature neurons (at day six). 

 

For later qPCR studies, GADPH and TBP1 were chosen as the internal control genes due 

to their stability in mESC’s as well as differentiated cells across all four GXG materials, 

over three independent passage numbers. 

 

When mouse fibroblasts were seeded on GXG, there was no significant difference in 

initial attachment with Young’s modulus. Human EB’s, when seeded on GXG in retinal 
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differentiation conditions, formed larger colonies on the 2 kPa and 18 kPa. However, 

presence of nestin-positive neural precursors was equal across all three materials, 

suggesting that the proportion of cells that were neural precursors was highest on the 

stiffest material. 

 

MESC’s were seeded on three GXG materials and TCP in pluripotent medium 

(GMEM+LIF) as well as spontaneous differentiation medium (GMEM-LIF). In 

pluripotent medium, attachment decreased significantly (p<0.05) with an increase in 

GXG Young’s modulus. In spontaneous differentiation medium, attachment did not 

significantly vary with GXG Young’s modulus (p>0.05), implying that the increased 

attachment on soft materials is dependent on seeding medium. Expansion did not vary 

with Young’s modulus in either media. 

 

When compared together, this shows that whilst mESC attachment increases with on 

soft materials, attachment in mature cells does not vary with Young’s modulus. This 

implies that the effect of Young’s modulus on attachment varies as  cells differentiate 

and mature.  

 

The main hypothesis of this study was that soft materials favour the formation of 

neurons from mESC’s over stiff materials in neuronal differentiation medium. Based on 

the findings in Chapter 3, the effect of Young’s modulus on attachment of mESC’s 

forming into neural precursors (early differentiation) was investigated in Chapter 4. 

Chapter 5 then looked at the effect of Young’s modulus on attachment and maturation 

of partially-differentiated cells and neurons (late differentiation). The end result was a 

stage-by-stage, dynamic characterization of the effect of Young’s modulus on 

attachment and neuronal differentiation of mESC’s. 

 

In Chapter 4, it was found that attachment of mESC’s in N2B27 medium was 

maximized on the softest GXG material, when compared to stiffer GXG materials. 

Despite this difference in initial attachment, subsequent expansion was unaffected by 

Young’s modulus. 
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When immunocytochemistry analysis was carried out, it was found that neural 

precursor formation was maximized on the soft materials. However, flow cytometry 

analysis revealed that the proportion of the total cells that were neural precursors did 

not vary across the materials. A similar result was found when gene expression was 

measured by qPCR. Expression of pluripotent, neuronal and non-neuronal (other 

lineages) genes did not vary with Young’s modulus. Taken together, these results 

suggest that soft materials increase the yield of neural precursors from mESC’s without 

directly promoting neuronal differentiation. Instead, soft materials favour attachment 

of mESC’s in N2B27 medium. This effect was found to not be dependent on F-actin or 

microtubule polymerization. Inhibition of these two processes had no effect on the 

maximization of attachment on soft materials. 

 

The next stages of mESC differentiation into neurons were characterized in the same 

way in Chapter 5. First, mESC’s were partially-differentiated for four days in N2B27 

medium into nestin-positive neural precursors. These four-day partially-differentiated 

cells were seeded onto three GXG materials and TCP as before. Attachment of these 

partially-differentiated cells was again maximized on soft materials in N2B27 medium. 

The mean cellular projected area did not vary across materials and so did not 

contribute to the increased confluency on soft materials. Expansion and formation of 

-III tubulin positive neurons was unaffected by GXG Young’s modulus (although 

neurons did not form on the TCP control).  

 

Flow cytometry and qPCR gene expression (for mature neurons) analysis revealed a 

similar result to before where an increase in neuronal yield on soft materials was not 

accompanied by an increase in proportion of total cells that were neuronal. Therefore, 

it was concluded that the increase in neuronal yield from partially-differentiated cells 

was due to favourable initial attachment of partially-differentiated cells and not a 

direct promotion of the neuronal fate. This effect was not dependent on stress fibre or 

microtubule polymerization.  
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Interestingly, qPCR analysis revealed that expression of non-neuronal astrocyte genes 

reduced on soft materials, compared to the TCP control. This implies that soft 

materials antagonize the astrocytic fate. 

 

In the final experiments, mESC’s were partially-differentiated further (for six days) into 

immature neurons to form partially-differentiated neurons. These partially-

differentiated neurons were then allowed to attach and mature on the three GXG 

materials and TCP. Young’s modulus had no significant (p>0.05) effect upon 

attachment of partially-differentiated neurons, in contrast to the previous findings. 

Expansion and formation of -III tubulin again did not vary with Young’s modulus. 

However, formation of mature, MAP2 positive cells was maximized on the soft 

materials despite no difference in attachment and expansion. The conclusion was 

made that soft materials directly promote the maturation of neurons, without 

promoting attachment. This was in contrast to the findings for early mESC neuronal 

differentiation. 

 

Overall, the effect of Young’s modulus on attachment and promotion of the neuronal 

fate are dependent upon cell maturity. The effect of modulus on attachment 

disappears as cells mature, whilst modulus begins to directly affect neuronal cell 

formation in more mature cells during neuronal differentiation. This will be a key 

consideration when designing future cell bioprocesses, as the entire differentiation 

stage cannot be considered as one process. Instead each stage of differentiation 

requires careful optimisation to maximise either attachment and by extension yield, or 

enrichment. This will also impact the design of biomaterials for neuronal tissue 

engineering, where materials will have to be carefully optimised for both attachment 

as well as differentiation, depending on the maturity levels of the cells. 
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6.2 Future Work 

 

 The next immediate experiment to perform would be to drive mESC 

differentiation further towards clinically relevant populations of neurons, such 

as dopaminergic subtypes for treatment of Parkinson’s. This would allow for 

the full characterization of the effect of Young’s modulus on mESC neuronal 

differentiation into clinically relevant neuronal populations.  

 

 One issue that was briefly touched upon earlier in Chapter 5 was the effect of 

Young’s modulus upon the expression of GFAP, an astrocyte gene. Once further 

differentiation of neurons is characterized, this is where the impact of Young’s 

modulus on promotion or antagonism of the astrocytic fate could be explored 

in further detail. These cells may be clinically relevant in their own right but will 

act as a contaminant in neuronal populations, particularly if they start 

undergoing glial scarring, which would significantly increase the Young’s 

modulus of the material. 

 

 Whilst actin stress fibers and microtubule networks are a very crucial element 

of the cell internal structure, they did not contribute to the cell response to 

Young’s modulus. There are other structural components of the cell that do not 

play as key a role as the aforementioned molecules but may still prove vital in 

unlocking the reason why Young’s modulus influences attachment as it does. 

Focal adhesion proteins, including integrins could be included in this study. 

 

 Neuronal differentiation was chosen for study as it is perhaps the most well 

defined and intensely studied lineage for mouse embryonic stem cells, 

particularly in adherent monoculture, thanks to the Ying et al (2003) protocol. 

However, it would be very interesting to analyse the effects of Young’s 

modulus on other lineages, which are associated with different ranges of 

Young’s modulus to this study. It would be expected that whilst initial 

attachment of mESC’s would show a similar result (as soft substrates are most 
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similar to that of the early mouse blastocyst), the effect of Young’s modulus 

would change with maturation, particularly if cell function depends on certain 

mechanical characteristics. For example, cardiomyocytes are unable to contract 

and beat on materials, which are too soft or too stiff (Engler et al, 2008). 

 

 Once the overall effect of Young’s modulus on attachment is better 

understood, it would be interesting to investigate changes at the level of 

individual cells. Changes in softness could be measured by atomic force 

microscopy, for example. Optical tweezers could be used to investigate how 

cell stretching changes the effect of Young’s modulus on attachment.  

 

 GXG was used in this study as it is easier, faster and cheaper to produce than 

the majority of other biomaterials used for modulus studies. However, as seen 

in Kothapalli & Kramm’s (2013) earlier work, different materials may produce 

different responses in cells. 

 

 Although the biomaterials did support robust cell growth, individual steps in 

the synthesis protocols could be further optimized in order to improve their 

function further. An economic evaluation of the protocol could be performed in 

order to isolate the stages most suitable for optimization. A possible 

modification to the material could be to coat the materials with ECM 

component proteins.  

 

 Once these effects are fully characterized in mouse, further characterization of 

the effect of Young’s modulus on human embryonic stem cell or induced 

pluripotent stem cell differentiation into clinically relevant neuronal 

populations could be carried out. 

 

 One of the benefits of using GXG is that it is easily scalable within the static 

culture format. It could be used to coat cell factories, for example. However in 

order to produce cells at a significantly larger scale, the bioreactor format may 
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be of greater use. In order to use bioreactors, cells may have to be cultured on 

microcarriers. Either the elasticity of the microcarriers themselves could be 

tuned using novel materials, or GXG could be used to coat microcarriers. 

 

 Beyond the cell culturing stage, other processing stages may be impacted by 

the GXG coating of culture materials. Whilst robust processes for large s cale 

harvesting and purification of target cells have yet to be developed, these steps 

are likely to be impacted by decisions made at the cell culture stage. If cells are 

harvested mechanically, it is possible that GXG may be removed along with the 

cells. Clumps of GXG or gelatin may interfere with further processing steps. This 

may necessitate appropriate design of further processing steps or a separate 

stage in order to remove GXG from the harvest material. The impact of GXG on 

downstream processing, as well as potential removal operations would require 

further investigation. 

 

 As well as studying attachment, detachment on all Young’s moduli could be 

studied in more detailed. One approach would be to use dilute solutions of 

trypsin in order to slowly enzymatically detach cells from GXG. 

 

 In addition to the Young’s modulus of elasticity, surface topography will have 

an important role in determining cell fate and attachment. Further study of the 

effect of topography using specially engineered biomaterials could be used for 

this study. 

 

 Finally, coating the GXG material with key extracellular matrix proteins may aid 

in further improving cell attachment and differentiation. Laminin, for example, 

has been shown to play a key role in germ layer organization during 

gastrulation (Ingber, 2000). 
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