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Abstract 
 
The capability for Embryonic Stem Cells (ESCs) to self-renew indefinitely in culture whilst 

maintaining their capacity to differentiate is of keen interest in research into developmental 

biology and, the pharmaceutical industry for novel regenerative and personal therapies. To 

apply the use of ESCs to these fields, their characterisation is a vital step towards ensuring 

differentiation capacity and, a simple model to test for putative stem cell differentiation 

capacity is in demand.  Currently, the ‘gold standard’ test for a putative stem cell population 

and their differentiation capacity is via the teratoma assay, which involves injecting the cell 

population into mice, allowing for a teratoma to form. A stem cell population will form a 

teratoma consisting of ectodermal, endodermal and mesoderm tissues. Due to the 

complexity of differentiation that occurs when a teratoma is allowed to form, the 

development of an in vitro model to recapitulate all the factors occurring in vivo remains 

elusive. These complex tissue structures that can be generated from the teratoma that are 

unable to be seen in in vitro models, may be due to the constraints of the cell culture 

environment.  

 

In this project, we used 3D cell technologies, namely Alvetex® Scaffolds, to overcome this 

constraint. Alvetex® provides a platform that allows cells to not be constricted to an x-y 

planar topography that is seen in conventional 2D culture, which can reduce the 

developmental potency of ESCs and thus their capacity to differentiate. We found that mES 

CGR8 cells that were cultured in 3D had greater differentiation capabilities that those 

cultured in 2D and, expressed antigens that were immunoreactive to ectodermal, 

endodermal and mesodermal lineage, the resounding factors that are necessary in a 

teratoma assay to deem a putative cell population to have stem cell properties.  
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1.0 Introduction 

 

1.1 Pluripotent stem cells: their development and importance 

 

The denotation of ‘pluripotency’ is where a cell has the capability to self-renew, as well as 

having the ability to differentiate into any cell of the embryo proper. So-called Pluripotent 

Stem Cells (PSCs), are widely used to study developmental biology due to these properties 

being retained in an in vitro setting to thus be experimented upon, and are seen as a lucrative 

source of unlimited cells for renewable, regenerative future therapies.  

 

There are two major types of PSC: Embryonic Stem Cells (ESCs) and induced Pluripotent Stem 

Cells (iPSCs). From experiments with early mouse embryos in vivo, we know that ESCs are 

only ephemerally present, as they quickly differentiate into somatic cells during the process 

of development  (Yu and Thomson. 2008). This therefore makes the differentiation of these 

cells difficult to investigate.  

 

However, if early mouse embryos are relocated to extrauterine sites of the mouse, 

teratocarcinomas – which are made up of tissues corresponding to embryonal, somatic and 

extraembryonic cells – develop at a high frequency because of this relocation. These 

teratomas give rise to cells called Embryonal Carcinoma Cells (ECCs) (Solter et al. 1970).  

 

1.1.1 Embryonal Carcinoma Cells (ECCs) 
 

ECCs are the neoplastic counterparts of ESCs and are derived from teratocarcinomas, which 

are a disorganised compilation of embryonal, somatic and extraembryonic cells (Andrews et 

al. 2005). This compilation of cells developmentally resemble  pluripotent cells equivalent to 

embryonic cells at early embryonic stages (Damjanov I. 1990). Unlike ESCs that are only 

ephemerally present, as stated above, ECCs are far more robust, illustrating very little 

spontaneous differentiation in comparison (Przyborski et al. 2004).  

 

One type of ECC line are TERA2.cl.SP12 cells. These cells have shown to be paramount in our 

understanding of ectodermal development and neuronal disorders. This is because we are 

able to direct ECCs down a neuroectodermal lineage in vitro. Indeed, when ECCs are treated 

with retinoic acid, there is an increased expression of antigens that are immuno-reactive to 
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the neuroectodermal lineage (Przyborski et al. 2004). The use of retinoic acid is used as it is 

a vitamin A metabolite that supports stem cell neuroectodermal differentiation (Zhang et al. 

2015). This ability to direct ECCs down a neural lineage may have clinical potentials as it has 

been used to study neurite inhibition, which is incredibly important in the field of studying 

neurodegenerative diseases, which are a result of the inability to develop neurites for 

example (Clarke et al. 2017). ECCs are robust and cheap, and do not require a feeder layer – 

cells that promote cell proliferation – during cell culture (Llames et al. 2015). Indeed, 

TERA2.cl.SP12 is a particular ECC line that has been proven to be a cell type that shows very 

little spontaneous differentiation when they are grown and maintained at high confluency; 

clear benefits for cell culture (Przyborski et al. 2004). ECCs and thus teratocarcinomas have 

therefore paved way for a platform to which we have studied cell differentiation. However, 

due to their neoplastic nature, they are unsuitable for late phase pharmaceutical testing, 

unlike with the use of ESCs which are not derived from tumours. 

 

1.1.2 Embryonic Stem Cells (ESCs) 

 

ESCs are derived at day 3.5 from the inner cell mass during the middle of the blastocyst stage 

of embryonic development (Martello and Smith. 2014). There are many benefits of ESCs in 

both commercial and clinical viewpoints.  

 

Due to their pluripotent nature and non-neoplastic nature, they are seen as having the 

potential to be used as a method of restorative and regenerative therapy to replace defective 

cells in personalised medicine – a current untapped entry to market.  Experiments involving 

ESCs have shown that, despite their ephemeral presence, they are able to passaged 

extensively, whilst also maintaining a normal karyotype, an attribute that transformed 

tumour cell lines such as ECCs lack (Keller. 2005).  

 

During passaging, if one were to want to prevent spontaneous differentiation of ESCs in vitro, 

one can do this with exogenous chemical modulation. The maintenance of the 

undifferentiated state of ESCs is typically done in the laboratory setting using Leukemic 

Inhibitory Factor (LIF). LIF has been shown to be vital for the process of self-renewal for 

mESCs (Yue et al. 2015). LIF functions by activating the Janus kinase-signal transducer and 

active of transcription (JAK-STAT) signalling pathway (Onishi and Zandstra. 2015). With LIF 

activating the JAK-STAT pathway, STAT3 can then directly regulate KLF4, KLF5, TFCP2L1 and 
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GBX1, which are transcription factors that then indirectly regulate core pluripotency 

transcription factors: Oct4, Sox2 and Nanog (Onishi and Zandstra. 2015). This pathway is 

shown in Figure 1.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1: Functionality of LIF. LIF can indirectly regulate 3 core pluripotency transcription 

factors: Oct4, Sox2 and Nanog. Figure adapted from Onishi and Zandstra. 2015.  

 

Feeder cell layers are often used as a replacement for LIF. However, it has been shown that 

if feeder cells do not have the gene for Lif, and thus do not express the gene, they are actually 

unable to maintain the undifferentiated state of ESCs (Martello and Smith. 2014). Thus, one 

can therefore infer that LIF may be a resounding factor to allow for ESCs to maintain an 

undifferentiated state.  

 

During culture, ESCs can be allowed to aggregate with each other, forming Embryoid Bodies 

(EBs). The formation of EBs has been a benefit in both the understanding of developmental 

biology and for the testing of novel pharmaceutical products.  For example, EBs are useful 

for developmental toxicity testing in particular (Flamier et al. 2017). Indeed, Warkus et al. 

have highlighted the use of EBs for testing through the use of P19C5 mouse ECC-derived EBs 

to simulate early embryogenesis growth and axial elongation. They then selected 20 drugs 

LIF 

JAK 

STAT3 

KLF4 KLF5 TFCP2L1 GBX1 

Oct4 Sox2 Nanog 
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with different chemical properties to test for developmental toxic compounds. They found 

that there was indeed a correlation between the 20 drugs tested on the EBS with known 

pregnancy risks. They then used this to test toxicants that can impede human development. 

With regards to developmental biology, allowing the aggregation of ESCs to form EBs will 

allow for mechano-transduction between cells where mechanical cues affect the actin 

cytoskeleton, thus chromatin and subsequently gene expression (D’Angelo et al. 2011). 

Further to this, it will allow for cell-cell contact where an upregulation of cadherins are 

present.  

 

For the pharmaceutical industry, capital expenditure is predominantly used during the 

research and development stages. Many drugs fail in the pipeline at clinical trials, in 

particular Phase III, which is the most costly phase (Edmonson et al. 2014). The use of 

aggregates has been used to identify why novel pharmaceutical therapeutics fail at late 

stages of clinical trials. There is a diffusion concentration gradient within an aggregate, 

creating hypoxic core, which simulates the diffusion gradients that are present in vivo. 

Aggregates have therefore been able to detect for chemoresistance, where traditional 2D 

cultures as monolayers have been unable to (Jo et al. 2018). As a result, aggregates may be 

a better method to test for pipeline drugs than tradition 2D cell culture methods.  

 

Despite the many positives ESCs have, there are limitations with the use of ESCs. For 

example, there are strong objections from many groups to the use of them; particularly from 

religious communities. This is alongside different geographical legislations permitting if and 

how they are to be used, believing the use of them is “killing a life”.  

 

Research has therefore been directed at a method of reprogramming self-cells that have 

already differentiated down a certain lineage to revert to cells that have pluripotent stem 

cell qualities. 

 

1.1.3 Induced Pluripotent Stem Cells (iPSCs) 

 

It has been found that adult cells that have lost their pluripotent ability can be induced by 4 

embryonic transcription factors to regain their pluripotency. These four transcription factors 

are: Oct4, Sox2, c-Myc and Klf4 (Okita et al. 2007). This alternative in inducing adult cells to 

regain their pluripotency will thus overcome the major limitation that comes alongside the 
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usage of pluripotent ESCs, where there are strong ethical objections towards their use as 

mentioned previously.  

 

However, the identification of iPSC has been disputed. Takahashi and Yamanaka found that 

selecting iPSCs from mouse fibroblasts for the expression of Fbx15 filtered for iPSCs that 

showed similar morphology, proliferation and teratoma formation to ESCs. However, Okita 

et al. (2007) found that these iPSCs that had been selected via Fbx15 expression, did not 

have similar gene expression or DNA methylation patterns to ESCs, alongside not being able 

to form adult chimeras. They then used Nanog to select for iPSCs from adult mouse 

fibroblasts. Nanog-selected iPSCs also were able to form teratomas and adult chimeras, like 

Fbx15-selected iPSCs. They also showed gene expression and DNA methylation patterns, and 

morphology that were similar to ESCs, which were not seen with Fbx15-selected iPSCs. iPSCs 

are therefore of interest with autologous therapeutics, whereby cells will be recognised as 

“self” and therefore will not be rejected by the immune system as well as the patient not 

requiring immunosuppressive drugs. However, because of this disputed nature of how to 

identify this type of stem cell, we therefore need to identify more conclusive methods to do 

so.  

 

As a result of our knowledge of ESCs and iPSCs and their potential benefits with regards to 

further understanding developmental biology and their lucrative potential in the 

pharmaceutical industry, a robust model to assess putative stem cell populations, assessing 

their ability to differentiate into the three germ layers of the embryo proper is required. Full 

characterisation will be needed with regards to their quality, if they are pluripotent and if 

they are suitable for their required purpose.  

 

1.2 The assessment of stem cell pluripotency and differentiation potential in vivo 

using the teratoma assay 

 

The current ‘gold standard’ method to assess a putative pluripotent stem cell population for 

their differentiation capacity and their differentiation potential is using a teratoma assay 

(Gropp et al. 2012). The assay involves injecting the putative stem cell population into mice, 

allowing them to proliferate and differentiate, to eventually lead to the formation of a 

teratoma (Lehman, 1980). A teratoma can be defined as a multi-layered benign tumour, that 

can lead to the positive identification of a pluripotent stem cell population if the formation 
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of the tumour has all three embryonic germ layers (Buta et al. 2013). The formation of a 

teratoma from pluripotent stem cells recapitulates what occurs during organogenesis during 

embryonic development, giving rise to the three germ layers. The presence of the three germ 

layers are assessed using differentiation markers, which include AFP, TUJ-1, α-SMA (Abe et 

al. 1996, Skalli et al. 1989, and Cai et al. 2006). The teratoma assay is currently used in 

assessing pluripotent cells derived from human cell populations in an attempt to develop 

personalised medicine and therapies, as well as developing our understanding of cellular 

development. Understanding the developmental process that occurs during embryogenesis 

will be beneficial when developing technologies in tissue engineering. 

 

Despite its current use in the research setting, as well as being the ‘gold standard’ in assessing 

pluripotency, the teratoma assay is heavily flawed. These are outlined in Table 1. One 

fundamental flaw with regards to the use of the teratoma assay is that there is no 

standardised protocol to follow. Indeed, areas to which putative stem cell populations are 

injected into mice are varied. Areas where the cells are most commonly injected into include: 

intramuscular injection in the lower leg, subcutaneous injection in the lower leg, under the 

testes capsule and under the kidney capsule (Zhang et al. 2012). Therefore, there is no 

standardised method of area to inject the putative stem cell population. The varying 

microenvironments may therefore affect the cellular development of the putative stem cell 

population. As a result, other factors may be involved in identifying them. Hentze et al. found 

that despite the multitude of areas that are used as the area to inject the stem cell, 

intramuscular injections without Matrigel® produced teratomas that did not contain liquid 

filled cysts. The production of cysts hampers the histological analysis of the teratoma and 

thus the final outcome of the pluripotent nature of a putative stem cell population. 

Therefore, if one were to standardise the location of where putative stem cell populations 

are injected, intramuscular injections without Matrigel® may be an optimal area. However, 

Gropp et al also investigated teratoma formation as a result of ESCs, and found ESCs with 

Matrigel® produced teratomas that were reproducible, and indeed Matrigel® induced 

efficiency in teratoma formation.  

 

Flaw Reason 

Subjective histopathological analysis of the 

teratoma 

The presence of whether there are three 

germ layers present is determined by the 

analysis of different pathologists, and thus, 
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there is no standardised method to assess 

the three germ layers 

There is no standardised protocol for the 

teratoma assay 

Number of cells to be injected is variable; 

Area of injection is variable; 

Time for the teratoma to develop is variable 

Ethical issues Are mice in pain during this assay?; 

Do mice have a choice? 

Humans are not the same as mice A major issue for pharmaceutical 

companies developing drugs for humans, as 

there will be variability in what occurs in 

humans versus mice.  

Age of mouse This factor may influence the milieu the 

putative stem cells are implanted into, 

which may affect whether three germ 

layers develop and thus the decision of 

whether the cells injected into the SCID 

mice are indeed pluripotent 

Assay time is very long On average, it takes 2 months for the 

teratoma to develop (Wesselschmidt. 

2011) 

Table 1: Flaws and reasons of the in vivo ‘gold standard’ teratoma assay 

 

Due to the potential in personalised medicine and the fast-paced nature of the development 

of iPSCs, a robust and accurate model is required to analyse the pluripotent nature of 

putative iPSC populations with less flaws or no flaws in comparison to the ‘gold standard’ 

teratoma assay. The development of a model of such a kind, would be highly beneficial in 

the pharmaceutical industry in both understanding the mechanisms and accurate outcome 

of differentiation of tissue structure, and developing novel drug products that may be 

personalised to each human.  

 

1.3 Current issues in the pharmaceutical industry 
 

2D culture techniques are currently used in the pharmaceutical industry for developing new 

drugs. 90% of pharmaceutical products fail to progress into clinical trials after progressing 
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through primary testing which uses 2D cell culture-techniques (Edmondson et al. 2014). The 

timeline from 2D cell culture to clinical trials has an estimated total capital expenditure cost 

of $1.3 billion (Edmondson et al. 2014). In addition to this, the 10% of products that do 

progress to clinical trials fail. Of this, 21% fail during phase I, with most failing during clinical 

trial phase III, the most costly phase of clinical development (Edmondson et al. 2014). Under 

2D conditions, cells form a monolayer on the substrate they are cultured on, losing their 

natural morphology that is seen in vivo. Indeed, cells in 2D lose their original morphology as 

they adapt to the planar substrate they are on, which can lead to flat and stretched cells, 

abnormal division, and the loss of their differentiated phenotype; this can then be reversed 

by culturing these cells in 3D (Baker and Chen. 2012, Breslin and O’Driscoll. 2016). It has been 

found that cells cultured in 2D monolayers were found to be drug-sensitive to 

cyclophosphamide, an anti-cancer drug. However, the drug was found to show chemo-

resistance in murine mammary tumour sublines when tested. However, the drug-resistant 

phenotype for cyclophosphamide was indeed seen when the murine mammary tumour 

subline cells were cultured under 3D conditions (Zujur et al. 2017). This additional dimension 

in cell culture may therefore reduce unnecessary capital expenditure in research and 

development for pharmaceutical companies as it can recapitulate what occurs in vivo. It has 

been postulated that the reasoning behind the greater drug-resistance, seen when cells are 

cultured in 3D, are due to the cell-cell and cell-extracellular matrix (ECM) interactions that 

occur.  

 

1.4 Three-Dimesional (3D) Cell Technologies 

 

The basis for the majority of our current knowledge of cell biology, such as how cells 

differentiate, is derived from experiments of cell culture on 2D substrates where cells form 

a monolayer (Baker and Chen. 2012). This is illustrated in Figure 2. The result of cells being 

grown on a 2D plane however, generates a reductionist view, where cells are grown as a 

monolayer and adhere to the substrate they are placed on, whereby as a result growth in 

the z-axis cannot be achieved, with cells also not having support in the vertical dimension.  



 21 

 
Figure 2: cells are unable to grow in x, y and z directions in 2D culture. (Schutte et al. 2011). 

 

Cells cultured in 2D therefore adapt to environment that does not accurately recapitulate 

what occurs in vivo. This is illustrated in Figure 3. 3D cell technologies however, overcome 

these factors, and therefore may be able to provide a robust model to analyse the 

pluripotent nature of putative stem cell populations. 

 

 
Figure 3: Cells respond to their milieu. Therefore, the surroundings that the cell is in, will 

have an impact on its structure, and ultimately its function. Baker and Chen (2012) have 

shown that cells can flatten and adhere to the substrate they are placed on in vitro, and as a 

result, the cells are said to have ‘forced-polarity’, which is not what would occur in vivo. 

Figure kindly from R Quelch, Durham University. 

 

1.4.1 What constitutes as 3D cell technology? 

 

1.4.1.1 The formation of spheroids 

 

One method of 3D culture is the use of spheroids. These are 3D structures that are 

multicellular, and can be cultured without the requirement for cell substrate adhesion. The 

benefits of spheroids as an environment for 3D cell culture is that cells within this in vitro 

system are able to closely adhere to each other, and have the ability to secrete ECM within 
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the spheroid enabling a more complex environment and in vivo-like situation to be created, 

where cells may also interact with other cells from their original microenvironment (Cui et 

al. 2017). Spheroids can also be used in the hanging drop method, which is where droplets 

adhere to a Petri dish lid, and are inverted. This is shown in Figure 4.  The droplets have the 

ability to adhere due to surface tension and the cells within the spheroids that cannot stick 

to the lid itself (Herrmann et al. 2014). Other methods of making spheroids include 

suspension culture and microwell plates.  

 

 

 
Figure 4: The hanging drop method allowed for the formation of spheroids on Petri dishes. 

A schematic in how the hanging drop method may be performed (Bartis and Pongrácz 2011). 

 

Spheroid formation has shown to be particularly useful in pharmaceutical testing, for 

example, for and identifying mechanisms associated with drug resistance (Fang and Eglen. 

2017). This can thus be used to identify possible therapeutic targets, as well as leveraged 

commercially, as it could reduce capital expenditure used for clinical trials as the drug could 

have been identified as a failure before going through multiple, costly phases. Longati et al. 

used human pancreatic ductal adenocarcinoma lines to investigate this. Their results 

indicated that 3D spheroid culture permitted the expression of genes that are regularly 

witnessed in vivo but not in 2D in vitro culture. Culturing the cells in 3D also gave rise to 

gradients and lactate accumulation as shown in Figure 5, characteristics that are not 

commonly seen when cells are cultured in 2D (Longati et al. 2013). The maintenance of 
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gradients and the allowance of lactate to accumulate mimics what occurs in native tissue, 

and thus will allow for a more accurate representation of the efficacy of novel 

pharmaceutical products to market.  

 
 

Figure 5: Cells cultured in 3D produce higher amounts of lactate than cells cultured in 2D. 

Cells that are culture in 3D produce significantly more lactate in comparison to cells cultured 

in 2D. The higher production of lactate is in parallel with what occurs in vivo thus 

strengthening the notion that 3D cell culture is more applicable when comparing with what 

occurs in vivo (Longati et al. 2013). 

 

Spheroid creation via the hanging drop method is one of the earliest methods in the 

formation of EBs from ESCs (Fennema et al. 2013). They have been vital with regards to the 

understanding of tumour biology, to investigate the role of adhesive molecules in the 

development of tumours. Allowing cells to develop in EBs will allow for the secretion of ECM, 

and will allow for more cell-cell contacts, thus mimics what occurs in their 

microenvironment. Thus, the formation of EBs after cells are cultured in 3D, maybe a method 

in enhancing pluripotency.  

 

1.4.1.2 Alvetex® Scaffold 

 

One advanced 3D cell technology that is used is Alvetex®, a highly porous polystyrene 

scaffold manufactured by ReproCELL Europe Ltd. This product is a 200 µm membranous 
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scaffold, which contain voids and pores that interconnect with each other, enabling both cell 

growth in the z-plane, alongside a passive exchange of diffusible factors, allowing a gradient 

to be maintained (Maltman and Przyborski. 2010). With Alvetex® being made from 

polystyrene, the scaffold itself is therefore inert and should be stable for routine cell culture. 

Polystyrene is already used in routine 2D cell culture, and thus its material composition is 

known and will and is not be taken with apprehension by scientists who may use this 

advanced 3D cell technology.  

 

 
Figure 6: Alvetex Scaffolds. Alvetex® porous polystyrene scaffolds are sold as 6-well or 12-

well cell culture inserts. The 6-well inserts are shown in Figure 6A. Figure B shows the 

structure of Alvetex® Polaris using a scanning electron microscope (SEM). Polaris has an 

average pore size of 3-4 μm. Figures from www.reinnervate.com 
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The use of Alvetex® during 3D cell culture has been shown to be paramount in reflecting 

accurate physiological responses during hepatoxicity experiments, unlike in models that 

utilise 2D cell culture techniques (Bokhari et al. 2007). Therefore, utilising this advanced cell 

technology may be paramount in developing a model that can accurately recapitulate what 

occurs in vivo. 

 

1.4.2 Benefits of using 3D cell technology 

 

The use of 3D cell technology has seen to influence a cell’s undifferentiated state. LIF is 

typically used to maintain the pluripotent nature of stem cells. However, LIF is typically 

costly, and introduces an animal component to models that try to recapitulate what occurs 

in vivo in humans. Zujur et al. showed that Nanog expression, a common marker for 

pluripotency, was significantly greater when cells were cultured in a 3D environment without 

LIF compared to when cells were cultured in 2D without LIF. Thus, it can be concluded from 

this study that when cells are cultured in 3D, both the need for LIF to maintain pluripotency 

is lesser than when cells are cultured in 2D, and its ability to maintain pluripotency is lesser 

in 2D. In addition, developmental potency was investigated. Zujur et al. found that mRNA 

expression that indicated the presence of three germ layers was significantly greater when 

cells were cultured using 3D cell technology techniques. Further to this, the success rate in 

teratoma formation was greater when the cells were cultured in 3D prior to injection into 

the mice.  

 

1.4.3 3D cell technology therefore has the potential of recapitulating what occurs in vivo 

 

3D cell technology has already be used to recapitulate cells that closely resemble those found 

in vivo. Indeed, work has been done to replicate the generation of neural networks using 

stem cells. Both Hayman et al. and Chandrasekaren et al. found that stem cells that had been 

induced in a 3D setting produced neurons that had developed long neurite outgrowths, 

similar to those of forebrain cortical neurons. As a result, this method may be useful in 

modelling such diseases as Alzheimer’s disease.  

 

To further enhance the development of a robust model to try to recapitulate what occurs in 

vivo, fibroblasts have been added to models using 3D cell technology to increase the 

complexity of the model (Majety et al. 2015, Saha and Jaenisch. 2009). The addition of 
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fibroblasts can be seen as fundamental as they are able to produce collagen and ECM, which 

can cause signalling cues to enable for signal transduction. More specifically to the teratoma 

assay, a common area to which a putative stem cell population is injected into is 

subcutaneously where an abundance of fibroblasts are present.  

 

Indeed, the presence of fibroblasts within a 3D co-culture method has shown to increase cell 

viability, and literature indicates an increased therapeutic response, in comparison when 

fibroblasts are excluded (Majety et al. 2015).  This is shown in Figure 7. The effect of 

fibroblasts present is the excretion of growth factors and ECM. ECM is postulated to be of 

vital importance to the microenvironment of cells when culturing them, as is has been 

proposed that due to its fibrillary nature, it may be responsible for regulating adhesion 

structures like cadherins and Focal Adhesions (FA), as well as cell signalling (Baker and Chen. 

2012). As discussed above, alterations to adhesion structures can have subsequent 

downstream effects on gene transcription, and thus the developmental potency of a stem 

cell population.  

 

 

 

Figure 7: The 3D co-culture condition showed the highest cell survival. Co-culturing 

fibroblasts has shown to have a significant positive impact in cell survival, with cells in 3D co-

culture having up to 8-9 fold change in cell survival in comparison to if they were cultured in 

a mono-culture. (Majety et al. 2015). 

 

The effect of co-culture also has shown to have significant impact on the growth and size of 

tumour spheroids (Jeong et al. 2016). Indeed, in comparison to mono-cultured tumour 
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spheroids, one can see from Figure 8 that there are significant differences in the diameter of 

the tumour spheroid formed (Figure 8 B), and the number of tumour spheroids produced 

over 80 (Figure 8 Ci). We can therefore infer from these results that the presence of 

fibroblasts in a co-culture situation promotes the growth of the cells it is being cultured 

alongside.  

 

 
Figure 8: Effect of co-culture on growth and size distribution of tumour spheroids. (Jeong 

et al. 2016) 

 

1.4.4 Signalling pathways involved when using 3D cell technology  

 

The environment at which a cell is in, is instrumental in determining its fate. Indeed, the 

topography if its environment and the stiffness of the substrate the cell is cultured on can 

influence differentiation pathway. Cells are able to determine their landscape and rigidity 

with 2-5 minutes from their first contact with the surface (Yim and Sheetz. 2012). 3D 

environments provide topography similar to what is seen in vivo, for it supports cells to grow 

in x, y, and z planes. Following from this, the shape of the cell will then be determined as a 

result of this contact. The outcome of this is dependent on the spatial distribution of integrin 

adhesions around the surface, which are then engaged during cell-cell interactions and cell-

ECM interactions. These integrins are heterodimeric transmembrane proteins on cells which 

bind to ECM motifs (Barczyk et al. 2010). As the integrins adhere to the substrate surrounding 



 28 

them, any changes to the physical environment to which they are in, will subsequently result 

in a change in the cell biology and thus cell function. Indeed, the activation of integrin 

clustering can lead to signalling pathways activating the regulation of the cell’s genome (Yim 

and Sheetz. 2012). This entire process is called mechano-sensing. An example of a large 

network of integrin-mediated adhesion components includes FAs. These are involved in 

mechano-sensing which have been shown to be crucial in stem cell differentiation. Indeed, 

if Focal Adhesion Kinase (FAK) activity is inhibited, cells detach and undergo apoptosis as 

caspase-dependent anoikis occurs, where they lose contact with the matrix (Vitillo et al. 

2016). This is shown in Figure 9. 

 

 
 

Figure 9: Inhibiting integrins has an effect on downstream differentiation. Inhibition of 

integrins and thus FAK can thus result in differentiation of cells, as anoikis of cells, a form of 

cell death. (Vitillo et al. 2016). 

 

Another signalling pathway that is activated as a result of a cell’s environment involves 

αKASH/SUN complex. Integrins bind the actin cytoskeleton to the ECM, which also then bind 

to the outer membrane of the nucleus, via the nuclear protein, nesprin’s KASH domain, 

forming an actomyosin cytoskeleton (Yim and Sheetz. 2012). The KASH domain then forms a 

complex with SUN, a domain on a protein that is connected on the inner membrane of the 

nucleus. This complex activation can thus now effect downstream gene transcription and 
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thus alter the pluripotent nature of the stem cell and the differentiation pathway. These 

mechanisms therefore indicate that a cell’s environment can influence its function.  

 

1.5 Hypothesis 
 
Based upon the literature review above, I therefore hypothesise that changes to the growth 

environment of ESCs will impact the developmental potential. Indeed, I hypothesise that 

ESCs that are cultured in a 3D microenvironment will increase their developmental potency 

compared to ESCs cultured in 2D. 

 

1.6 Aims and objectives of the project 
 
The aim of this project is to develop an in vitro model that utilises 3D cell technologies to 

assess developmental potency of ESCs. This in turn will assess whether cells in a 3D 

microenvironment develop a greater developmental potential than traditional 2D methods. 

Below are the following aims of this project:  

 

1) Assess the variation in the developmental potential of ESCs as a consequence of 

alternative growth conditions: 2D and 3D culture, 

 

2) Develop a novel in vitro method to assess the differentiation of pluripotent stem cells 

into derivatives, potentially representing each embryonic germ layer, 

 
3) Investigate how the culture of ESCs using different methods can influence their 

developmental potential both in vitro and in vivo. 

 
 

2.0 Materials and Methods 

 
2.1 Cell Culture  
 
2.1.1 Cell Line Maintenance 

 
2.1.1.1 Maintenance of mES CGR8 Cells        
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CGR8 mouse embryonic stem cells were obtained from European Collection of 

Authenticated Cell Cultures (ECACC, Porton Down, UK) at passage 6. mES CGR8 cells were 

maintained upon 0.2 % gelatin coated culture flasks in Glasgow Minimum Essential Medium 

(GMEM) (Sigma, Dorset, UK), which was supplemented with Penicillin-Streptomycin (100 

U/mL) (Gibco, Cramlington, UK), L-Glutamine (2 mM) (Lonza, Basel, Switzerland), ES qualified 

Foetal Bovine Serum (10 %) (Gibco, Cramlington, UK), 2-Mercaptoethanol (2-BME) (Gibco, 

Cramlington, UK) (0.55 mM) and Leukemia Inhibitory Factor (LIF) (Amsbio, Milton, UK) (1000 

U/mL) – we called this ‘complete GMEM + LIF’.  

 

Cells were maintained until they reached 70% confluency,  and sub-cultured by washing with 

phosphate buffered saline (PBS), and incubated with 0.25% Trypsin EDTA (Thermofisher, 

Cramlington, UK) at 37 °C for 3 minutes, to form a single cell suspension. Trypsin was 

neutralised with serum-containing growth medium and the cell suspension was centrifuged 

for 3 minutes at 1000 rpm. Cells were resuspended in growth medium, counted using a 

Trypan Blue exclusion assay and then seeded at a ratio of 1:9 into 25 cm2 culture flasks (T25) 

(Greiner Bio One, Gloucester, UK), with daily media changes.  

 

2.1.1.2 Maintenance of Neonatal Human Dermal Fibroblasts (HDFn) 

 
HDFn were obtained from Life Technologies at passage 0. Cells were maintained in 

Dulbecco’s Modified Eagle’s Medium with high glucose (DMEM-HG) (Gibco, Cramlington, 

UK), which was supplemented with Foetal Bovine Serum (10%) (Gibco, Cramlington, UK), 

Penicillin-Streptomycin (100 U/mL) (Gibco) and L-glutamine (2 mM) (Lonza). Confluent 

cultures (70% confluency) were trypsinised with 0.25% Trypsin EDTA (Thermofisher) at 37 °c 

for 4 minutes. Trypsin was neutralised using DMEM-HG and cells centrifuged for 3 minutes 

at 1000 rpm. Cells were resuspended in DMEM-HG and counted using a trypan blue exclusion 

assay, after which a density of 0.5 x106 cells were seeded per 175 cm2 culture flask (T175) 

(Greiner Bio One, Gloucester, UK). Media was changed every 3-4 days until 70% confluency. 

 

2.1.1.3 Cyropreservation and Revival of Cell Lines  

 

2.1.1.3.1 mES CGR8 Cells 

 
mES CGR8 cells were washed in PBS, then tryspinised with trypsin 0.25% EDTA 

(Thermofisher) for 3 minutes at 37 °C. The trypsin was then neutralised with GMEM media, 
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that was supplemented with qFBS, Penicillin-Streptomycin, L-Glutamine, 2-BME and LIF, and 

centrifuged at 1000 rpm for 3 minutes. The cell suspension was resuspended in qFBS. 

Freezing buffer consisted of 20% dimethyl sulfoxide (DMSO) (Sigma, Dorset, UK). In each 

cryogenic vile (Sigma, Dorset, UK), the cell suspension and freezing buffer were split in a 1:1 

ratio. They were then placed in a Mr Frosty™ Freezing Container (Fisher Scientific, 

Loughborough, UK) at -80 °C for 24 hours, then stored at -150 °C until required. 

 

For their revival, mES CGR8 cells were thawed at 37 °C, and resuspended in GMEM media 

with LIF, then centrifuged for 3 minutes at 1000 rpm. The cell pellet was then resuspended 

in 7-10 mL of complete GMEM media + LIF, into a T25 flask which had been coated with 0.2% 

gelatin for a minimum of 30 minutes then aspirated before the cell suspension was added.  

 

2.1.1.3.2 HDFn 

 
HDFn were washed in PBS, then tryspinised with trypsin 0.25% EDTA for 3 minutes at 37 °C. 

The trypsin was then neutralised with DMEM media, which was supplemented with non-

heat treated FBS, Penicillin-Streptomycin, L-Glutamine, and centrifuged at 1000 rpm for 3 

minutes. The cell suspension was resuspended in non-heat-treated FBS. Freezing buffer 

consisted on 10% DMSO (Sigma). In each cryogenic vile (Sigma, Dorset, UK), the cell 

suspension and freezing buffer were in a 1:1 ratio. This was then placed in a Mr Frosty™ 

Freezing Container (Fisher Scientific, Loughborough, UK) at -80 °C for 24 hours, then stored 

at -150 °C. 

 

For their revival, HDFn were taken from -150 °C, thawed and resuspended in DMEM, which 

was supplemented with non-heat treated FBS, Penicillin-Streptomycin, L-Glutamine, and 

centrifuged for 3 minutes at 1000 rpm. The cell pellet was then resuspended in 25 mL of 

DMEM media which had been supplemented with non-heat treated FBS, Penicillin-

Streptomycin, L-Glutamine, seeding at a density of 0.5 M per T175 flask. 

 

2.1.2 Creating a HDFn Dermal Equivalent   

 
Creation of HDFn dermal equivalents and 3D cell culture involved the use of Alvetex® 

(ReproCELL Europe): a porous, inert polystyrene scaffold, used for 3D cell culture, enabling 

cells to be grown and maintained in 3D. Currently, Alvetex® is commercially available in two 

formats: Scaffold and Strata. The third type of Alvetex® insert, Alvetex® Polaris, is not 
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currently commercially available, but in this project, we were granted access to this type of 

scaffold. The differences between the 3 types of Alvetex® is the modal pore size, with 

Scaffold having the largest modal pore size of 40 μm, Strata being 20 μm and, Polaris having 

the smallest modal pore size of 4 μm. 

 

HDFn dermal equivalents were formed on Alvetex® Scaffold. Before they were used to create 

the dermal equivalents; the scaffolds were submerged in 70% EtOH, then washed in PBS 

twice. Washing the inserts in 70% EtOH enable them to become hydrophilic, to allow for the 

cells to attach and media to penetrate the scaffold. The treated 12 well insert Alvetex® 

Scaffold were placed into 6 well plates.  

 

HDFn were trypsinised with 0.25% Trypsin EDTA for 3 minutes at 37 °C when HDFn were at  

70% confluency. Trypsin was then neutralised with DMEM-HG and cells centrifuged for 3 

minutes at 1000 rpm. Cells were resuspended in DMEM-HG and counted using a trypan blue 

exclusion assay, after which a density of 0.5 x106 cells were seeded per 100 μL. The HDFn 

were then seeded onto the Alvetex® Scaffold, dropwise, and incubated for 60 minutes. The 

wells were then filled to 10 mL with DMEM-HG and supplemented with 5 ng/mL TGF-β and 

100 μg/mL ascorbic acid and incubated at 37 °C, with media changes every 3-4 days, with 

the first media change including a plate change. The dermal equivalent was fully formed after 

14 days. 

 

2.1.3 2D and 3D Culture of mES CGR8 Cells  

 
As discussed in Section 1.4.1.2, Alvetex® Scaffold have been shown to be paramount in 

accurately recapitulating what occurs in vivo, whereas 2D cell culture is unable to. We have 

therefore developed a process called ‘priming’ where they are seeded onto the Scaffold. This 

is explained in Section 2.1.3.1. Cells are therefore not subjected to ‘forced-polarity’ as they 

do not have to adhere to the topology of the substrate they are seeded on, unlike with 2D 

culturing methodologies (Ugbode et al. 2016). Using this methodology of priming therefore 

allows for the cell’s structure to take on its natural morphology. This is highly beneficial for 

cell structure determines its function.  

 

2.1.3.1 2D and 3D Cell Priming of mES CGR8 Cells 
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For 2D mES CGR8 cell culture, 12-well plates were coated in 0.2% gelatin for a minimum of 

30 minutes at 37 °C. The 0.2% gelatin was then aspirated, and counted using a trypan blue 

exclusion assay, after which a density of 0.16 x10 6 cells were seeded per well, with each well 

topped up to 4 mL with complete GMEM + LIF. The media was changed daily, for 5 days. 

 

For 3D mES CGR8 cell culture, Alvetex® Strata was used. These were prepared in the same 

manner as Alvetex® Scaffold. 12 well Alvetex® Strata was used in 12 well plates. They were 

placed into the well and then coated in 0.2% gelatin for a minimum of 30 minutes. The gelatin 

was then aspirated from the well, and 3 mL of media with LIF was then pipetted into each 

well. Cells were then trypsinised with trypsin 0.25% EDTA (Thermofisher) and then the cells 

were seeded at a density of 0.5 M cells per Alvetex® Strata insert. The counting was done 

using a trypan blue assay. The cells were seeded dropwise onto the Alvetex® membrane, and 

incubated for 30 minutes, before 500 µL of media was added in the well and to allow the 

media on the Alvetex® Strata to come into contact with the media already in the well. 

Complete GMEM media + LIF, was changed daily, for a period of 5 days. 

 

2.1.3.2 Cell Seeding with Corning® Matrigel®: Co-culturing mES with an HDFn equivalent  

 
Following 3D priming of CGR8 cells, the cells with trypsinised with 0.25% trypsin EDTA 

(Thermofisher) and resuspended in 100 μL of GMEM and 100 μL of Corning® Matrigel® 

(Fisher Scientific, Loughborough, UK). The cell suspension and Matrigel® solution was then 

pipetted onto a dermal equivalent of HDFn. The creation of this dermal equivalent is 

described in Section 2.1.2. Cells were then co-cultured for 14-28 days in complete GMEM - 

LIF media (no LIF was used to allow for differentiation), where the media was changed every 

3-4 days. 
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Figure 10: A proposed alternative to the in vivo teratoma assay: Co-culturing mES CGR8 

Cells resuspended in Matrigel® with an HDFn Dermal Equivalent. mES were cultured in 

flasks coated with gelatin. A cell suspension was created where 0.3M cells were seeded into 

a 0.2% gelatin coated well, and where 0.5M cells were seeded onto Alvetex Strata. On Day 

5, these cells were resuspended with Corning® Matrigel®, and seeded onto a HDFn dermal 

equivalent. The mES CGR8 cells were then allowed to differentiate for 14, 21 and 28 days. 

 

2.1.3.3 Embryoid Body (EB) Formation  

 
For the experiments that did not involve Matrigel®, following from CGR8 cells primed on 

Alvetex® Strata, on day 5, the Alvetex® inserts were unclipped from the body and base, and 

washed in PBS, placed in a 6 well plate, using sterilised  forceps. Following this, trypsin 0.25% 

EDTA (Thermofisher) was added to the wells, and incubated at 37 °C for 3 minutes to allow 

the cells to detach from the Alvetex® insert. After this, two 16 cm cell scrapers (Sarstedt, 
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Nümbrecht, Germany) were used to remove the cells from the insert. Following this, this 

suspension was pipetted into a falcon tube (Greiner Bio One, Gloucester, UK) that already 

had the necessary amount of complete GMEM media + LIF to neutralise the trypsin. Cells 

primed in 3D and cultured in 2D were seeded into an AggreWell™ 800 (STEMCELL™ 

Technologies, Cambridge, UK) at a density of 0.3 M cells per well. The use of the AggreWell™ 

800 (STEMCELL™ Technologies) plate was to allow for EB formation as they force the cells 

into close proximity generating spheroid structures thus creating EBs. This is because the 

design of the AggreWell™ plates is that at the bottom of one well, there are microwells that 

are the platform for uniform EBs to form. Due to the nature of the size and shape of the 

microwells, which can be seen as centrifugation chambers for cells, the cells are allowed to 

aggregate together. AggreWell™ 800 24 well plates were treated before seeding. This was 

done by washing the wells with 2 mL of the differentiation media and aspirating it. After this, 

500 µL of the differentiation media was added to the wells, and the plate was centrifuged at 

2000 g for 5 minutes. This step was to ensure any bubbles present were displaced. Following 

this, the AggreWell™ 800 24 well plate was viewed under a light microscope to ensure there 

were no bubbles. If there were, the plate was spun again. Following cell seeding, 2 mL of 

media was then pipetted into each well, and centrifuged once more at 300 g for 5 minutes, 

allowing the cells to gather at the bottom of each well. It was then incubated at 37 °C, 5% 

CO2 in a humidified environment with daily half-media changes for 2 days, where 1 mL of 

complete GMEM – LIF differentiation media was aspirated from the well, and replaced with 

1 mL of fresh complete GMEM – LIF differentiation media.  

 

Following 72 hours of incubation, the EBs formed in the AggreWell™ 800 24 well plate were 

removed via pipetting and the suspension was pipetted into a Petri dish. GMEM – LIF media 

was topped up to a total volume of 20 mL of media per Petri dish. The Petri dish was given a 

gentle shake to ensure the EBs did not stick together, enabling a good distribution. This was 

placed in an incubator for 4 days, with no media changes. 

 

2.1.3.4 EB Culture on Alvetex® Polaris 

 
On day 4, Alvetex® Polaris was prepared. Preparation of the Alvetex® Polaris insert was the 

same as Alvetex® Strata.  This is described in Section 2.1.2. The Alvetex® Polaris was placed 

into a 6 well plate, with 10 mL of complete GMEM – LIF differentiation media. Following this, 

EBs were pipetted onto the Alvetex® Polaris, cultured for 14 days, with complete GMEM – 

LIF media changes 3-5 days, allowing for complex differentiation to occur. 



 36 

 

 
 

Figure 11: The formation of mES CGR8 tissue discs. mES were cultured in flasks coated with 

gelatin. A cell suspension was created whereby 0.3M cells were seeded into a 0.2% gelatin 

coated well, and where 0.5M cells were seeded onto gelatin-treated or non-gelatin-treated 

Alvetex® Strata. On day 5, these cells were seeded into AggreWell™ 800, where EBs were 

created. These EBs were transferred to a low-adherence Petri dish after 3 days. EBs were 

then transferred to Alvetex Polaris, where complex differentiation occurred over 14 days. 

 

2.1.4 mES Cell Neuronal Differentiation using EC23 

 
EC23 is a synthetic retinoid that has been used to enable cells to be directed towards a neural 

lineage. EC23 was added one day after EBs were transferred to Petri Dishes from the 

AggreWell™ 800 24 well plate at a concentration of 0.01 µM. 
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2.1.5 Co-culture with mES CGR8 EBs and HDFn Dermal Equivalents 

 
This co-culture model involved seeding EBs cultured in 2D or primed in 3D onto a 14 day 

HDFn dermal equivalent. When seeding of the CGR8 EBs occurred, the medium was replaced 

with CGR8 differentiation medium: complete GMEM - LIF. 

 

 

 

Figure 12: A proposed alternative to the in vivo teratoma assay: Co-culturing mES CGR8 

EBs with an HDFn Dermal Equivalent. mES were cultured in flasks coated with gelatin. A cell 

suspension was created where 0.3M cells were seeded into a 0.2% gelatin coated well, and 

where 0.5M cells were seeded onto Alvetex Strata. On Day 5, these cells were seeded into 

AggreWell™ 800, where EBs were created. These EBs were transferred to a low-adherence 

Petri dish after 3 days. These EBs were then transferred to the HDFn dermal equivalent after 

4 days. The CGR8 EBs were then allowed to differentiate for 14, 21 and 28 days. 

 

 

 



 38 

What the media was used for What the media contained Why it was used 
General Maintenance of mES 
CGR8 Cells (complete GMEM + 
LIF) 

GMEM, Penicillin-Streptomycin, L-
Glutamine, ES qualified Foetal 
Bovine Serum, 2-Mercaptoethanol, 
Leukemia Inhibitory Factor (LIF) 

To maintain the 
mES CGR8 
pluripotency 

General Maintenance of HDFn DMEM-HG, Foetal Bovine Serum, 
Penicillin-Streptomycin, L-glutamine  

Maintain normal 
growth of HDFn 

General Maintenance of HDFn 
Dermal Equivalent (DE) 

DMEM-HG, Foetal Bovine Serum, 
Penicillin-Streptomycin, L-
glutamine, TGF-β, Ascorbic Acid 

Enable formation of 
HDFn DE on top of 
Alvetex® Scaffold 

Differentiation Media for mES 
CGR8 Cells (complete GMEM – 
LIF) 

GMEM, Penicillin-Streptomycin, L-
Glutamine, ES qualified Foetal 
Bovine Serum, 2-Mercaptoethanol  

To enable 
differentiation of 
mES CGR8 cells  

Table 2: Summary of growth media combinations to initiate different outcomes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Name of Experiment Cell Seeding with Corning® 

Matrigel®: Co-culturing mES with 

an HDFn equivalent  

EB Culture on Alvetex® Polaris Co-culture with mES CGR8 Cells and 

HDFn Dermal Equivalents (3 step 

aggregate model) 

Schematic 

   

Summary Context Comparing 2D and 3D cell culture 

methodologies using Alvetex®. 

Matrigel® has similar component 

makeup as ECM. ECM has been 

shown to be vital in recapitulating 

what occurs in vivo. Matrigel® is a 

necessary component during the 

‘gold standard’ Teratoma Assay, and 

Comparing 2D and 3D cell culture 

methodologies using Alvetex®. 

Allowing cells which have been 

cultured in 2D and 3D to form EBs, 

which are then seeded onto Alvetex® 

Polaris. EB formation has been shown 

to be paramount in recapitulating the 

diffusion gradient which occurs in vivo. 

Comparing 2D and 3D cell culture 

methodologies using Alvetex®. 

Allowing cells which have been 

cultured in 2D and 3D to form EBs, 

which are then seeded onto Alvetex® 

Scaffold, where an HDFn Dermal 

Equivalent had been formed. 
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is thus important to include in the in 

vitro model we are creating to mimic 

this assay. 

However, in the experiment no HDFn 

Dermal Equivalent was used, meaning 

there was no ECM deposition in the 

Alvetex® Scaffold to which the EBs 

were seeded upon. 

 
 

 
Table 3: Summary of experiments completed. 



2.2 Histology and Immunofluorescence 

 

2.2.1 Paraformaldehyde (PFA) Fixation 

 
Alvetex® membranes were removed from their inserts, if necessary, and washed in PBS and 

placed in a 6 well plate. They were then fixed with 4% PFA at 4°C overnight. The following 

day, the PFA was aspirated and the wells were washed twice and stored in PBS at 4°C prior 

to processing.  

 

2.2.2 Paraffin Wax Embedding of 3D Cultures 

 
PBS was aspirated and replaced with 30% ethanol (EtOH) for 15 minutes. This was repeated 

with 50%, 70% (which included crystal violet to allow for the visualisation of the aggregates 

that have developed on the Alvetex® insert), 80%, 90% and 95% EtOH. The 3D samples were 

then stored in the fridge (4 °C) at this point until embedding.  

 
For the embedding process, the 95% EtOH was replaced with 100% EtOH for 30 minutes to 

fully dehydrate the sample. This was replaced with Histo-Clear II (Scientific Laboratory 

Supplies Ltd., Nottingham, UK) for 30 minutes. After this, the Alvetex® membranes were 

placed into cassettes and the Histo-Clear II was replaced with a 1:1 solution of Histo-Clear II 

(Scientific Laboratory Supplies Ltd.) and Paraffin wax, at 60 °C for 30 minutes. Following this, 

this solution was replaced with 100% molten wax, incubated at 60 °C for 60 minutes. The 

Alvetex® membranes were then cut in half using scissors and embedded using plastic 

moulds. Once set, the sample was removed from the mould and sectioned at 6 µm using a 

Leica EG1120 microtome.  

 

2.2.3 Haematoxylin and Eosin (H&E) Staining 

 
H&E staining involved de-paraffinising the sample in Histo-Clear II for 5 minutes, then 

rehydrating with 100% EtOH for 2 minutes. After, the samples were placed in 95% EtOH, then 

70% EtOH for 1 minute each. It was then followed by washing the sample in dH2O, then 

stained with Mayer’s Haematoxylin for 5 minutes. After, they were washed in dH2O for 30 

seconds. The nuclei were then “blued” in alkaline alcohol for 10 seconds, dehydrated in 70% 

EtOH for 30 seconds, then 95% EtOH for a further 30 seconds. The sample was then stained 

with Eosin for 1 minute. Then the sample was dehydrated in 95% for 10 seconds, 100% EtOH 
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for 15 seconds, then again with 100% EtOH for 30 seconds. After this, the sample was placed 

in Histo-Clear II for 6 minutes, then mounted using omnimount (National Diagnostics, 

Nottingham, UK) with a coverslip, with the sample allowed to dry for a minimum of 2 hours 

before imaging. 

 

2.2.4 Weighert’s Staining  

 
Weighert’s staining involved de-paraffinising the sample in Histo-Clear II for 5 minutes, then 

rehydrating with 100% EtOH for 2 minutes. After, the samples were placed in 95% EtOH, then 

70% EtOH for 1 minute each. It was then followed by washing the sample in dH2O, then 

stained with Alcian Blue for 5 minutes. A wash in distilled water followed this step. The 

sample was then washed in Weighert’s iron haematoxylin for 20 minutes, which was then 

rinsed in running tap water for 10 minutes, then washed in distilled water. Following this 

wash, it was then further washed in 50% ethanol, then washed in 1% acid alcohol. After, it 

was dehydrated in 70% ethanol for 1 minute, then placed in distilled water for 1 minute. 

Then the sample was placed in Ponceau S was 10 seconds, then dehydrated through 95% 

ethanol for 10 seconds, then dehydrated in 100% ethanol for 1 minute. The sample was then 

cleared in Histo-Clear II for 6 minutes, then mounted using omnimount (National 

Diagnostics) with a coverslip, with the sample allowed to dry for a minimum of 2 hours before 

imaging. 

 

2.2.5 Immunofluorescence Staining  

 

2.2.5.1 3D Staining 

 
Sectioned 3D samples were deparaffinised with Histo-Clear II for 15 minutes, then hydrated 

for 5 minutes in 100% EtOH, then 70% EtOH for 5 minutes, then PBS for 5 minutes. The slides 

were incubated in citrate buffer, and placed in heated 1x citrate buffer at 95 °C for 20 

minutes. Following this, 150 µL of blocking solution (20% Neonatal Calf Serum and 0.4% 

Triton-X-100 in PBS) was added to each slide, covered with parafilm, and incubated at room 

temperature for 60 minutes. Following this, 150 µL of primary antibody (Ab) diluted in 

blocking buffer was added to each slide. This was incubated in a fridge at 4 °C overnight. 
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Antibody  Species Product 

Code 

Working 

Concentration 

Supplier 

Oct 4  Rabbit Ab 19857 1:100 ABCAM 

Nanog  Rabbit Ab 21624 1:500 ABCAM 

Sox 2  Rabbit Ab 97959 1:200 ABCAM 

SMA Rabbit Ab 5694 1:100 ABCAM 

AFP Mouse A8452-2mL 1:100 Sigma 

TUJ-1 Rabbit 802001 1:600 Biolegend 

E-Cadherin  Mouse BD 610182 1:100 BD Biosciences 

GATA 4  Mouse  Ab84593 1:50 ABCAM 

Table 4: Antibodies that were used for immunocytochemistry and their working 

concentrations 

 

Following an overnight incubation, the sections were washed 3x in PBS for 10 minutes each. 

Then, 150 µL of blocking secondary antibody diluted in blocking buffer Ab was pipetted onto 

each slide, with the secondary Ab solution as shown in in Table 5. This was then left for 60 

minutes at room temperature and protected from the light. After this, the sections were 

washed 3x in PBS for 10 minutes each, then mounted with 1-2 drops of Vectashield®/DAPI 

hard set (Vector Laboratories). 

 

Antibody  Product Code Working Concentration Supplier 

Anti-Rabbit Alexa 

Fluor 488 

10236882 1:1000 Fisher 

Anti-Mouse Alexa 

Fluor 594 

A-11032 1:1000 Fisher 

Table 5: Antibodies that were used for immunocytochemistry and their working 

concentrations 

 

The sections that were treated with H&E or Masson’s trichrome were then analysed using 

the Leica DM 500 microscope and then processed using the image software LAS EZ. The 

sections that were treated with immunofluorescent markers were then analysed using a 

Zeiss 880 confocal microscope, and then processed using the image software ImageJ/Fiji, Zen 

Blue and Zen Black.  
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2.3 Teratoma Assay 

 

2.3.1 Mouse Usage and Teratoma Formation  

 
Cells were primed in 2D or 3D as described above in Section 2.1.3.1, 0.5 x106 cells were 

resuspended with 100 μL Corning® Matrigel®. The resulting 200 μL of cell suspension was 

loaded into 1 mL syringes with 21G needles and stored on ice until required. Cells were 

injected subcutaneously into the flank of young male NSG mice. Animals were examined 

regularly and when teratoma formation was visible the tumour was measured at least once 

a week. At the termination point, which was when the tumour was deemed too large for the 

mice (tumours were allowed to grow until 5% of body weight), the mice were euthanized, 

with the teratoma tissue then surgically excised to be analysed. The tumour was then stored 

in 10% formalin for 24 hours at 4 °C. Following this, the formalin was aspirated and replaced 

with PBS. It was then processed by rehydrating in 30%, 70%, 80%, 90%, 95%, 100%, and 100% 

EtOH then Histo-Clear II every two hours. Following Histo-Clear II, this was then replaced 

with a 1:1 ratio of Histo-Clear II:Wax and left overnight at 60 °C. Samples were then 

incubated overnight with 100% wax. The teratomas were then embedded using plastic 

moulds. Once set, the sample was removed from the mould and sectioned at 6 um using a 

microtome. 

 

All teratoma samples and experiments was given permission from the University, and was 

conducted in accordance with UK Home Office Guidelines. No other ethical approval was 

required for this study. 

 

The sections that were treated with H&E or Weighert’s staining were then analysed using 

the Leica DM 500 microscope and then processed using the image software LAS EZ. 

 

Structures of the teratoma were then analysed using ImageJ. Areas that were identified as 

cartilage or a luminal structure were used to calculate what percentage of the teratoma was 

indeed cartilage or what percentage of the teratoma included luminal structures.   

 

Teratoma formation was then compared between the 2D and 3D cultured cells. The 

differences between in vitro differentiation assays is summarised in Table 3. and the 

teratoma assay was compared with regards to assessing pluripotency.   
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2.3.2 Biomimetric Analyses of Teratomas 
 
Following H&E and Weighert’s staining, teratomas were then biomimetrically analysed. This 

entailed using ImageJ/Fiji software to calculate the areas of cartilage and luminal cavities. 

This was calculated as a percentage of the total area. The method involved outlining 

summating areas of cartilage or luminal cavity with ImageJ/Fiji software, then dividing the 

total by the total area of the teratoma. 

 

 

  
Figure 13: Method of calculating % area of luminal structure of a teratoma. Yellow outlines 

a luminal structure, which is also highlighted with a black arrow. ImageJ was then used to 

calculate the area of this luminal structure. This was then completed for all luminal structures 

of the teratoma. The total was then divided by the total area of the teratoma to calculate 

what % area of the teratoma was composed of luminal structures. Scale bar represents 800 

μm. 
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Figure 14: Method of calculating % area of cartilage of a teratoma. Yellow outlines a 

cartilage, which is pointed out with the white arrow. ImageJ was then used to calculate the 

area of cartilage. This was then completed for all areas of cartilage of the teratoma. The total 

was then divided by the total area of the teratoma to calculate what % area of the teratoma 

was composed of cartilage. Scale bar represents 800 μm. 

3.0 Results 
 

3.1 Murine Embryonic Cell Line CGR8 aggregates 
 

Experiments involved the use of the murine embryonic cell line CGR8. 2D cultures were 

maintained in GMEM, and were used for onward experiments at approximately 70% 

confluency. Analysis using immunostaining involved predominantly the following antibodies: 

alpha-fetoprotein (AFP) (endoderm), TUJ-1 (ectoderm), and alpha-smooth muscle actin (α-

SMA) (mesoderm). Other antibodies used included: E-cadherin (ectoendoderm) and GATA-4 

(mesoendoderm). This was to assess whether the three embryonic germ layers were 

present, as this is what the ‘gold standard’ teratoma assay deems as sufficient when 

regarding a cell population to be a stem cell population. These experiments were conducted 

to assess the developmental potency between aggregates that were derived from cells which 

had been cultured in 2D or in a 3D microenvironment.  
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AFP antibodies were used to mark endodermal tissues for the Afp gene which is pertinent in 

driving gene expression of developing endodermal tissues (Kwon et al. 2006). TUJ-1 

antibodies were used due to the immunoreactivity for neuronal populations with this 

antibody being a classic ectodermal marker (Menezes et al. 1994; Kwon et al. 2012). α-SMA 

antibodies were used to identify mesodermal tissues for muscle actin have shown to be 

associated with the differentiation of mesodermal cells (Nakajima et al. 1997). 

 

3.1.1 Culturing mES CGR8 cells using Alvetex® Strata resulted in altered cell aggregation and 

phenotype 

 

We cultured cells in 2D and 3D to assess whether developmental potency of cell populations 

differed according the environment they were cultured in.  

 

To culture the mES CGR8 cells in a 2D environment, they were cultured as a monolayer in 

12-well plates that had been coated with 0.2% gelatin to allow for cells to adhere. For cells 

to be cultured in 3D: mES CGR8 cells were seeded onto Alvetex® Strata (average pore size: 

20 μm), where the Alvetex® Strata inserts had been placed in 12-well plates, which had been 

coated with or without 0.2% gelatin. Cells were cultured in their respective environments for 

5 days in GMEM media that contained LIF to prevent differentiation (Williams et al. 1988). 

Following this, the cells were scraped and transferred to AggreWell™ plates for 3 days. Using 

AggreWell™ plates allowed for spontaneous cell differentiation to occur as well as allowing 

the cells to aggregate. This method of aggregation allows the aggregate size and the number 

of cells per aggregate to be regulated. The aggregates were then transferred for 4 days into 

Petri dishes and histological analysis was then performed to analyse aggregate sizes between 

the different culture conditions being visible after being embedded in paraffin, sectioned 

into 6 μm in the transverse plane, and haematoxylin and eosin-stained.  

 

Histology was then performed to analyse the difference between mES CGR8 cells that were 

cultured in 2D and 3D conditions after being paraffin embedded and then haematoxylin and 

eosin stained. Statistical analysis revealed a significant difference between 3D culture 

conditions and 2D culture condition, where both 3D culture conditions produced significantly 

larger aggregates than mES CGR8 cells cultured in 2D.  
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Figure 15: The priming of mES CGR8 cells upon Alvetex® Strata results in their enhanced 

aggregation upon Embryoid Body (EB) formation. mES CGR8 cells were cultured in 2D or 

upon Strata for 5 days before removing to allow for EB formation. H&E staining demonstrates 

spontaneous differentiation (*). Scale bars represent 300 μm (A a-c) and 50 μm (A d-f). n=3 

on 2 testing occasions. 
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Figure 16: The priming of mES CGR8 cells upon Alvetex® Strata results in their enhanced 

aggregation upon EB formation. When quantified, mEBs formed after priming in 3D appear 

larger in size (B). Data represent mean ± SD, * p<0.5 as determined by unpaired Student’s t-

test. n=3 on 2 testing occasions. Data represents mean ± standard deviation.  

 

3.1.2 Spontaneous differentiation was evident after aggregate formation  
 

Immunostaining revealed varying levels of TUJ-1 between the different culture conditions, 

with the 3D culture conditions illustrating aggregates with greater expression of TUJ-1 

compared to the 2D culture conditions. Therefore, from the immunohistological analysis, 

mES CGR8 cells cultured in 3D had a greater developmental potency suggested by a greater 

intensity of TUJ-1 staining.  
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Figure 17: Spontaneous differentiation of mESC CGR8 cells cultured as EBs after 

conventional culture and priming upon Strata. mES CGR8 cells were cultured in 2D or upon 

Strata for 5 days before removing and EB formation. Immunostaining for the differentiation 

marker TUJ-1 (ectoderm) highlights cell differentiation. n=3 on 2 testing occasions. Scale bars 

represent 300 µm. 

 

3.2 Investigating spontaneous differentiation with mES CGR8 cell tissue discs 

 

Following on from the above experiments, we then allowed the aggregates to form tissue 

discs. mES CGR8 cells were cultured as a monolayer in 2D whilst cells cultured in 3D were 

either placed with or without 0.2% gelatin. Cells were cultured in their respective 

environments for 5 days before being scraped and transferred to AggreWell™ to allow for 

aggregation between the cells for 3 days. The aggregates were then transferred for 4 days 

into Petri dishes, where they were then finally placed onto Alvetex® Polaris (average pore 

size: 4 μm) for 14 days where they were able to form structures termed “tissue discs”. (i.e. 

“Tissue discs” are the name we give to the aggregates after they have been placed on 

Alvetex® Polaris to differentiate.) Allowing the aggregate to form a “tissue disc”, prevented 

the formation of a necrotic centre thus maintaining cell viability, and the capability to 

differentiate.  

 

3.2.1 Spontaneous differentiation was evident when analysing tissue discs 

 
Histological analysis was performed to analyse tissue discs between the different culture 

conditions being visible after being haematoxylin and eosin-stained after being embedded 

in paraffin and sectioned in the transverse plane. Histological analysis, which is shown in 
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Figure 18, no definitive structures from the tissue discs that formed on the Alvetex® Polaris 

from all culture conditions, nor any statistical differences in the tissue disc’s dimensions. 

 

 
Figure 18: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form tissue discs. mES CGR8 cells were cultured in 2D or upon Strata for 5 

days before removing for EB formation for a total of 7 days, then maintained on Polaris for 

14 days. Representative H&E staining highlights cell differentiation (*). n=3 on 2 testing 

occasions. Scale bars represent 300 μm (a-c) and 50 μm (d-e) 

 

Despite no significant difference between the culture conditions with regards to structure or 

size from the haematoxylin and eosin staining, immunostaining showed differences in TUJ-1 

staining intensity. There was greater intensity of TUJ-1 with the mES CGR8 cells cultured in 

both 3D conditions in comparison to the mES CGR8 cells cultured in 2D, as seen in Figure 19. 

This may be as a result of a greater developmental potency as a consequence of being 

cultured in 3D. Moreover, mES CGR8 cells cultured in a 3D environment without 0.2% gelatin 

was the only culture condition that showed α-SMA staining (Figure 20 (I)). Therefore, this 

culture condition was the only one that showed the three germ layers: ectoderm – TUJ-1, 

endoderm – AFP, and mesoderm – α-SMA, which is the only requirement currently upheld 

with the teratoma assay to show a stem cell population. This indicates that the culture 

condition of 3D without 0.2% gelatin allowed mES CGR8 cells to have a more differentiated 

phenotype compared with the other two culture conditions. However, mES CGR8 cells 

cultured in the 3D environment including 0.2% gelatin did show mesodermal evidence as 
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GATA4 staining was seen (Figure 21). GATA4 is an antibody capable of marking for 

mesodermal tissue for it is expressed widely in developing mesodermal mouse embryos 

(Rojas et al. 2010).  

 

 
 

Figure 19: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form tissue discs. mES CGR8 cells were cultured in 2D or upon Strata for 5 

days before removing for EB formation for a total of 7 days, then maintained on Polaris for 

14 days. Representative immunostaining of tissue discs that are representative of for the 

differentiation markers AFP (endoderm, D-F) and TUJ-1 (ectoderm G-I) highlights cell 

differentiation. n=3 on 2 testing occasions. Scale bars represent 300 µm. 
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Figure 20: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form tissue discs. mES CGR8 cells were cultured in 2D or upon Strata for 5 

days before removing for EB formation for a total of 7 days, then maintained on Polaris for 

14 days. Representative immunostaining for the differentiation markers E-cadherin 

(ectoendoderm, D-F) and α-SMA (mesoderm G-I) highlights cell differentiation. n=3 on 2 

testing occasions. Scale bars represent 300 µm. 
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Figure 21: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form tissue discs. mES CGR8 cells were cultured in 2D or upon Strata for 5 

days before removing for EB formation for a total of 7 days, then maintained on Polaris for 

14 days. Representative immunostaining for the differentiation markers E-cadherin 

(ectoendoderm) and GATA4 (mesoendoderm) highlights cell differentiation. n=3 on 2 testing 

occasions.  Scale bars represent 100 µm. 

 

3.2.1.1 Spontaneous differentiation was seen with mES CGR8 cell tissue discs that were 

cultured in 2D 

 

Further analysis was performed on the mES CGR8 cell tissue discs using haematoxylin and 

eosin in an attempt to identify whether tissue structures had begun to develop. Again, mES 

CGR8 cells were either cultured as a monolayer in 2D, or cultured in 3D being seeded onto 

Alvetex® Strata which had been treated with or without 0.2% gelatin. Cells were cultured in 

their respective environments for 5 days before being scraped and transferred to 

AggreWell™ to allow for aggregation between the cells for 3 days. The aggregates were then 

transferred for 4 days into Petri dishes, where they were then finally placed onto Alvetex® 

Polaris for 14 days where they were able to form tissue discs. Histological analysis was then 

performed to analyse tissue discs between the different culture conditions being visible after 
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being haematoxylin and eosin-stained after being embedded face down in paraffin and 

sectioned.  

 

Figure 22 shows a close examination of the haematoxylin and eosin-stained sections 

revealed connective tissue of mES CGR8 cells cultured in 2D indicated by the * and 

endoderm-like internal epithelial cavities that contained cuboidal epithelial cells, indicated 

by the **.
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Figure 22: H&E staining of spontaneous differentiation of mES CGR8 cells cultured in 2D and allowed to form tissue discs. mES CGR8 cells were cultured in 

2D for 5 days before removing for EB formation for a total of 7 days, then maintained on Polaris for 14 days. Representative H&E staining highlights cell 

differentiation (** (and orange arrow for clarity)). n=3 on 1 testing occasion. Scale bars represent 500 μm (a) 300 μm (b) 200 μm (c-d) and 100 μm (e) 

**
a 
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Histological analysis using Masson’s trichrome was also was then performed to analyse tissue 

discs between the different culture conditions with Figure 23 showing the results of mES 

CGR8 cells cultured in 2D. This figure shows the yellow, which is also indicated with ** on 

figure b indicates a mixture of keratin and muscle fibres with cytoplasm.
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Figure 23: Masson’s trichrome staining of spontaneous differentiation of mES CGR8 cells cultured in 2D and allowed to form tissue discs. mES CGR8 cells 

were cultured in 2D for 5 days before removing for EB formation for a total of 7 days, then maintained on Polaris for 14 days. Representative Masson’s 

Trichrome staining highlights cell differentiation (**). n=3 on 1 testing occasion. Scale bars represent 300 μm (a) 100 μm (b-d) 

**
a 
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3.2.1.2 Spontaneous differentiation was seen with mES CGR8 cell tissue discs that were 

cultured in 3D including 0.2% gelatin 

 

Further analysis was performed on the mES CGR8 cell tissue discs. Again, mES CGR8 cells 

were cultured as a monolayer in 2D whilst cells cultured in 3D were either placed with or 

without 0.2% gelatin. Cells were cultured in their respective environments for 5 days before 

being scraped and transferred to AggreWell™ to allow for aggregation between the cells for 

3 days. The aggregates were then transferred for 4 days into Petri dishes, where they were 

then finally placed onto Alvetex® Polaris for 14 days where they were able to form tissue 

discs. Histological analysis was then performed to analyse tissue discs of mES CGR8 cells after 

the tissue discs were then paraffin embedded and sectioned.  

 

Haematoxylin and eosin-stained sections of mES CGR8 cell tissue discs showed endoderm-

like internal epithelial cavities  as indicated by the white * in Figure 24. In Figure 25, an area 

of muscle was observed as indicated with the white **, with the Masson’s trichrome staining 

red in that region. 
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Figure 24: H&E staining of spontaneous differentiation of mES CGR8 cells primed in 3D and 0.2% gelatin and allowed to form tissue discs. mES CGR8 cells 

were cultured in 3D + 0.2% gelatin for 5 days before removing for EB formation for a total of 7 days, then maintained on Polaris for 14 days. Representative 

H&E staining highlights cell differentiation (* (and orange arrow for clarity)). n=3 on 1 testing occasion. Scale bars represent 500 μm (a) 300 μm (b) 200 μm 

(c-d) and 100 μm (e). 
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Histological analysis was then performed using Masson’s trichrome to analyse tissue discs 

between the different culture conditions. An area of muscle was observed as indicated with 

the white **, with the Masson’s trichrome staining red in that region in Figure 25. 
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Figure 25: Masson’s trichrome staining of spontaneous differentiation of mES CGR8 cells primed in 3D and 0.2% gelatin and allowed to form tissue discs. 

mES CGR8 cells were cultured in 3D + 0.2% gelatin for 5 days before removing for EB formation for a total of 7 days, then maintained on Polaris for 14 days. 

Representative Masson’s Trichrome staining highlights cell differentiation (**). n=3 on 1 testing occasion. Scale bars represent 300 μm (a) 100 μm (b) 

 

* * 
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3.2.1.2 Spontaneous differentiation was seen with mES CGR8 cell tissue discs that 

were cultured in 3D without 0.2% gelatin 

 

Further analysis was performed on the mES CGR8 cell tissue discs. Again, mES CGR8 cells 

were cultured as a monolayer in 2D whilst cells cultured in 3D were either placed with or 

without 0.2% gelatin. Cells were cultured in their respective environments for 5 days before 

being scraped and transferred to AggreWell™ to allow for aggregation between the cells for 

3 days. The aggregates were then transferred for 4 days into Petri dishes, where they were 

then finally placed onto Alvetex® Polaris for 14 days where they were able to form tissue 

discs. Histological analysis was then performed to analyse tissue discs between the different 

culture conditions being visible after being haematoxylin and eosin-stained after being 

embedded face down in paraffin and sectioned.  

 

Figure 26 shows an examination of mES CGR8 cell tissue discs that were haematoxylin and 

eosin-stained sections cultured in 3D without 0.2% gelatin. The black * endoderm-like interal 

epithelial cavities that contained cuboidal epithelial cells.  

 

Further analysis also showed internal endoderm-like epithelium was evident surrounded 

what resembled keratin as indicated by the red with the Masson’s trichrome (Figure 27).  
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Figure 26: H&E staining of spontaneous differentiation of mES CGR8 cells primed in 3D without gelatin and allowed to form tissue discs. mES CGR8 cells 

were cultured in 3D - Gelatin for 5 days before removing for EB formation for a total of 7 days, then maintained on Polaris for 14 days. Representative H&E 

staining highlights cell differentiation (*). n=3 on 1 testing occasion. Scale bars represent 500 μm (a) 300 μm (b) 200 μm (c-d) and 100 μm (e)

* 
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Figure 27: Masson’s trichrome staining of spontaneous differentiation of mES CGR8 cells primed in 3D without 0.2% gelatin and allowed to form tissue 

discs. mES CGR8 cells were cultured in 3D + 0.2% gelatin for 5 days before removing for EB formation for a total of 7 days, then maintained on Polaris for 14 

days. Representative Masson’s Trichrome staining highlights cell differentiation (*). n=3 on 1 testing occasion. Scale bars represent 300 μm (a-b)



 66 

3.3 A dermal equivalent (DE) was formed using neonatal human dermal fibroblasts 

(HDFn) allowing for the deposition of collagen into the scaffold 

 

To further develop the model, HDFn were included to further recapitulate what occurs in 

vivo. We utilised HDFn in this study as they were capable of depositing collagen in the 

Alvetex® Scaffold. This is an important feature as enabling the microenvironment cells are to 

be seeded on, could create a milieu that more accurately represents what occurs in vivo. 

HDFn were cultured in DMEM-HG until they reached 70% confluency, where they were then 

seeded onto Alvetex® Scaffold (40 μm average pore size) to allow for a dermal equivalent to 

form on top of the Scaffold. This allowed for the deposition of collagen into the scaffold to 

emulate the collagen rich ECM seen in vivo. Histological analysis was then performed to 

analyse the HDFn DE after being haematoxylin and eosin-stained after being embedded in 

paraffin. Indeed, a thick layer had formed on top of the Scaffold, with fibroblasts having also 

infiltrated into the Scaffold as shown in Figure 28.  

 

 
 

Figure 28: A dermal equivalent was formed using neonatal human dermal fibroblasts on 

Alvetex® Scaffold. 0.5 M HDFn were seeded per 175 cm2 culture flask. At 70% confluency, 

they were trypsinised and seeded onto Alvetex Scaffold at a density of 0.5M cells per 100 μL. 

The media used was DMEM-HG with 5 ng/mL TGF-β and 100 μg/mL ascorbic acid, and this 

was changed every 3-4 days. The dermal equivalent was fully formed after 14 days. * 

indicates HDFn dermal equivalent. Scale bar represents 300 μm. 

 

3.3.1 Collagen I and III deposition into the scaffold was evident after 14 days  
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The formation of the DE was to provide a collagenous environment to recapitulate the 

collagen rich ECM found in vivo which inadvertently provide signalling cues that can affect 

differentiation of cells, as discussed previously in Section 1.4.3. It was therefore paramount 

to ensure that there was indeed collagen deposition into the scaffold to provide this 

environment for the mES CGR8 cells that we were to seed onto the scaffold. Immunostaining 

for collagen I and collagen III showed that after 14 days of seeding HDFn onto the scaffold, 

there was indeed collagen deposition (Figure 29 a and b).  

 

 

Figure 29: Collagen I and Collagen III deposition occurred when a dermal equivalent was 

formed using neonatal human dermal fibroblasts (HDFn).  0.5M/100 μL HDFn were seeded 

per flask with an area of 1752. At 70% confluency, they were trypsinised and seeded onto 

Alvetex Scaffold at a density of 0.5M cells per 100 μL. The media used was DMEM-HG with 5 

ng/mL TGF-β and 100 μg/mL ascorbic acid, and this was changed every 3-4 days. The dermal 

equivalent was fully formed after 14 days. Representative H&E and immunostaining of 

Collagen I and Collagen III. Scale bar represents 200 μm. 

 

3.4 Cells that were cultured in 2D and 3D were resuspended in Matrigel® and 

seeded onto an HDFn Dermal Equivalent  

 

As we had identified that HDFn DEs were capable of depositing collagen into the Scaffold 

(Figure 29), and that we had identified that 3D cultured cells had shown greater 

developmental potency than when they were cultured in 2D, we began seeding 2D and 3D 

cells onto the HDFn DE. 
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3.4.1 Without a cloning ring, the formation of differentiated tissue structures did not 

occur after 14 days with primed mES CGR8 cells resuspended with Matrigel® on HDFn 

Dermal Equivalent 

 

Following a similar protocol to the in vivo teratoma assay, cells were cultured in either 2D or 

3D conditions for 5 days then scraped and resuspended in Matrigel®. At the point, if one 

were to be completing the teratoma assay, the cell suspension and Matrigel® suspension 

would then be injected into the mice. However, at this stage, the suspension was then 

seeded onto the HDFn DE. This was the three-step Matrigel® model without a cloning ring. 

A cloning ring is a cylindrical plastic mould of 15 mm diameter that can contain a suspension 

on Alvetex®. This allows for the suspension to remain in a specific area on the substrate it 

lies upon.  

 

Histological analysis was then performed to analyse tissue discs between the different 

culture conditions being visible after being haematoxylin and eosin-stained after being 

embedded and sectioned. At 14 days, the suspension had spread across the entirety of the 

HDFn DE, showing no visible or discernible structures which is shown in Figure 30 and 31.  

 

 

 

Figure 30: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

for 5 days and resuspended in Matrigel® and placed on HDFn DE for 14 days. H&E staining 

of primed CGR8s then resuspended in Matrigel® after 5 days of priming.  Following this, they 

were placed on an HDFn DE formed after 14 days. The co-culture was allowed to differentiate 

for 14 days. n=3 on 1 testing occasion. Scale bar represents (a-c) 200 µm and (d-f) 300 µm. 
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Figure 31: Primed CGR8 cells that had been resuspended in Matrigel® spread across thinly 

across the HDFn Dermal Equivalent; no structures were able to form as a result. 

Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D for 5 days and 

resuspended in Matrigel® and placed on HDFn DE for 14 days. H&E staining of primed CGR8s 

then resuspended in Matrigel® after 5 days of priming.  Following this, they were placed on 

an HDFn DE formed after 14 days. The co-culture was allowed to differentiate for 14 days. 

n=3 on 1 testing occasion.  Scale bar represents 300 µm. 

 

Immunostaining further revealed the impact of the suspension having spread out across the 

HDFn DE. For all culture conditions, there was no evidence of ectodermal, endodermal or 

mesodermal differentiation markers. There was Figure 32 shows that there was no evidence 

of ectoendodermal markers (E-cadherin) or mesodermal marker (α-SMA) for all culture 

conditions.   
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Figure 32: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

for 5 days and resuspended in Matrigel® and placed on HDFn DE for 14 days. H&E staining 

of primed CGR8s then resuspended in Matrigel® after 5 days of priming.  Following this, they 

were placed on an HDFn DE formed after 14 days. The co-culture was allowed to differentiate 

for 14 days. n=3 on 1 testing occasion.  Scale bar represents 100 µm. 

 

3.4.2 Without a cloning ring, the formation of differentiated tissue structures did not 

occur after 21 days with primed mES CGR8 cells resuspended with Matrigel® on HDFn 

Dermal Equivalent 

 

Histological analysis was then performed to analyse tissue discs between the different 

culture conditions being visible after being haematoxylin and eosin-stained after being 

embedded and sectioned. At day 21 days, 2D cultured mES CGR8 cells formed a structure 

that had similarities with collagenous ECM. However, as Matrigel® is rich in ECM proteins, 

the structure may not be a result of the cells being cultured in that environment, but rather 

the Matrigel® it had been suspended in. Where the culture condition was 3D including 

gelatin, 2 lumens with endothelium-like epithelium were present as indicated by the black 

arrows in Figure 33.  
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Figure 33: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

for 5 days and resuspended in Matrigel® and placed on HDFn DE for 21 days. H&E staining 

of primed CGR8s then resuspended in Matrigel® after 5 days of priming.  Following this, they 

were placed on an HDFn DE formed after 14 days. The co-culture was allowed to differentiate 

for 21 days. n=3 on 1 testing occasion. Scale bar represents (a-c) 200 µm and (d-f) 300 µm.  

 

Despite the structures that were visible when the sections were stained with haematoxylin 

and eosin, immunostaining showed that there was no positive staining for endodermal, 

ectodermal or mesodermal markers. (E-cadherin is an ectoendodermal marker, AFP is an 

endodermal marker and α-SMA is a mesodermal marker). This is shown in Figure 34.   

 

 

 

Figure 34: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

for 5 days and resuspended in Matrigel® and placed on HDFn DE for 21 days. H&E staining 

of primed CGR8s then resuspended in Matrigel® after 5 days of priming.  Following this, they 
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were placed on an HDFn DE formed after 14 days. The co-culture was allowed to differentiate 

for 21 days. n=3 on 1 testing occasion. Scale bar represents 100 µm. 

 

3.4.3 With a cloning ring, the formation of differentiated tissue structures occurred 

after 14 days with primed mES CGR8 cells resuspended with Matrigel® on HDFn 

Dermal Equivalent 

 

As the above experiments showed a spreading of the cells on top of the HDFn DE, which may 

have impacted the assessment of cell pluripotency, we decided to constrict and confine the 

cultured cells to one area of the HDFn DE using a cloning ring. As mentioned in 3.4.1, a cloning 

ring is a cylindrical plastic mould of 15 mm diameter that can contain a suspension on 

Alvetex®. This allows for the suspension to remain in a specific area on the substrate it lies 

upon. This is more akin to the teratoma assay, for cells are injected and confined to one area 

of the mouse.  

 

Following a similar protocol to the in vivo teratoma assay, cells were cultured in either 2D or 

3D conditions for 5 days then scraped and resuspended in Matrigel®. At the point, if one 

were to be completing the teratoma assay, the cell suspension and Matrigel® suspension 

would then be injected into the mice. However, at this stage, the suspension was then 

seeded onto the HDFn DE. The suspension was carefully seeded into a cloning ring, a 

cylindrical plastic mould of 15 mm diameter to contain the suspension on the HDFn. The 

importance of this is that the suspension would not disseminate across the entire area of the 

Alvetex®. 

 

Histological analysis was then performed to analyse tissue discs between the different 

culture conditions being visible after being haematoxylin and eosin-stained after being 

embedded and sectioned. After 14 days structures had formed on top of the HDFn DE for all 

three culture conditions. Both 3D conditions illustrated structures resembling collagenous 

ECM as indicated by the black arrows in Figure 35. However, as previously mentioned, these 

structures may be in fact the Matrigel® for it predominately consists of collagenous ECM. 

Despite this however, the mES CGR8 cells cultured in 2D that were resuspended in Matrigel® 

did not show structures resembling collagenous ECM, which may indicate that culturing cells 

in 3D can produce structures seen in vivo. 
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Figure 35: mES CGR8 primed cells resuspended in Matrigel® and placed on an HDFn DE for 

14 days. Representative H&E of CGR8 cells primed in 3D or cultured in 2D for 5 days, then 

resuspended in Matrigel® and placed onto an HDFn DE, with this then cultured for 14 days. 

n=3 on 2 testing occasions. Scale bars represent 300 µm.  

 

Immunostaining showed positive staining for the ectoendodermal differentiation marker E-

Cadherin for all culture conditions (Figure 36). However, despite there being E-cadherin 

present for all culture conditions, there was a marked difference in how much expression 

there was present in Figure 36. mES CGR8 cells cultured in 2D showed the least expression 

in comparison to the mES CGR8 cells cultured in 3D conditions. Following from this, both 3D 

conditions showed expression for the differentiation marker AFP. However, only the culture 

condition of 3D without 0.2% gelatin expressed the ectodermal marker TUJ-1 (Figure 36). 

The combination of gelatin and Matrigel® may have an effect on the developmental potency 

of mES CGR8 cells, reducing their ability to differentiate into the three germ layers, for it 

shows no expression of the ectodermal marker TUJ-1. Indeed, Matrigel® has been shown to 

promote neuronal differentiation and great neurite outgrowth from hESCs in comparison to 

an absence of Matrigel® (Ma et al. 2008). However, this model at this time period did not 

show evidence of mesodermal marker α-SMA. Therefore, this model at this time period 

cannot replace the teratoma assay in testing for putative stem cell populations. 
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Figure 36: mES CGR8 primed cells resuspended in Matrigel® and placed on an HDFn DE for 

14 days. Representative immunostaining for the differentiation AFP (endoderm), TUJ-1 

(ectoderm) and E-Cadherin (ectoendoderm). n=3 on 2 testing occasions. Scale bars represent 

300 µm. 

 

3.4.4 With a cloning ring, the formation of complex structures occurred after 21 days 

with primed mES CGR8 cells resuspended with Matrigel® on HDFn Dermal Equivalent 

 

Histological analysis was then performed to analyse tissue discs between the different 

culture conditions being visible after being haematoxylin and eosin-stained after being 

embedded and sectioned. After 21 days, no visible structures, such as neural rosettes, had 

formed on the HDFn DE (Figure 37).  
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Figure 37: mES CGR8 primed cells resuspended in Matrigel® and placed on an HDFn DE for 

21 days were able to form structures on top of the HDFn DE. Representative H&E of CGR8 

cells primed in 3D or cultured in 2D for 5 days, then resuspended in Matrigel® and placed 

onto an HDFn DE, with this then cultured for 14 days. n=3 on 2 testing occasions. Scale bars 

represent 300 µm.  

 

Immunostaining showed positive staining for the ectoendodermal differentiation marker E-

Cadherin for all culture conditions and ectodermal marker TUJ-1 (Figure 38). However, no 

evidence was found for endodermal marker AFP, nor mesodermal marker α-SMA (Figure 38). 

Reasoning for expression of AFP at the earlier time point of this model of day 14, and for no 

expression of the endodermal marker at the 21 day time point, may be due to the fact that 

AFP expression decreases after day 18 of spontaneous differentiation (Shirak et al. 2011). 

Therefore, this model at this time period of 21 days cannot replace the teratoma assay in 

testing for putative stem cell populations.  
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Figure 38: mES CGR8 primed cells resuspended in Matrigel® and placed on an HDFn DE for 

21 days. Representative immunostaining for the differentiation TUJ-1 (ectoderm) and E-

Cadherin (ectoendoderm). n=3 on 2 testing occasions. Scale bars represent 300 µm.  

 

3.4.5 With a cloning ring, the formation of complex structures occurred after 28 days 

with primed mES CGR8 cells resuspended with Matrigel® on HDFn Dermal Equivalent 

 

Histological analysis was then performed to analyse tissue discs between the different 

culture conditions being visible after being haematoxylin and eosin-stained after being 

embedded and sectioned. After 28 days, no visible structures, such as neural rosettes, had 

formed on the HDFn DE. This is evident from the H&E staining of each culture condition for 

mES CGR8 cells in Figure 39. 
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Figure 39: mES CGR8 primed cells resuspended in Matrigel® and placed on an HDFn DE for 

28 days were able to form structures on top of the HDFn Dermal Equivalent. Representative 

H&E of CGR8 cells primed in 3d or cultured in 2D for 5 days, then resuspended in Matrigel® 

and placed onto an HDFn DE, with this then cultured for 14 days. n=3 on 2 testing occasions. 

Scale bars represent a. and c. 300 µm, and  b. 200 µm. 

 

Immunostaining for this culture condition of mES CGR8 primed cells after 28 days Matrigel® 

in Figure 40 showed positive staining for the ectoendodermal differentiation marker E-

Cadherin for all culture conditions and ectodermal marker TUJ-1. However, no evidence was 

found for endodermal marker AFP, nor mesodermal marker α-SMA. Reasoning for 

expression of AFP at the earlier time point of this model of day 14, and for no expression of 

the endodermal marker at the 28 day time point, may be due to the fact that AFP expression 

decreases after day 18 of spontaneous differentiation, as mentioned previously. Therefore, 

this model at this time period of 28 days cannot replace the teratoma assay in testing for 

putative stem cell populations.  
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Figure 40: mES CGR8 primed cells resuspended in Matrigel® and placed on an HDFn DE for 

28 days. Representative immunostaining for the differentiation TUJ-1 (ectoderm) and E-

Cadherin (ectoendoderm). n=3 on 2 testing occasions. Scale bars represent 300 µm. 

 

3.5 Aggregates were seeded onto HDFn DE 

 
As Matrigel® is a component that is not derived in vivo, we wanted to conduct experiments 

that did not use the product to establish a model that is more akin to what occurs in vivo.  

 

As we saw in Section 3.3, HDFn that were seeded on Alvetex® Scaffold, were capable of 

depositing collagen into the Scaffold (Figure 29). We therefore then created mES CGR8 cell 

tissue discs following the 2D and 3D culturing protocols, and seeded them onto HDFn DE. 
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They were then cultured on the HDFn DE for 14, 21, and 28 days to determine if there was a 

time point which showed structures and markers that resembled and inferred that the three 

germ layers of endoderm, ectoderm, and mesoderm were present to indicate a stem cell 

population. This was named the three step aggregate model. 

 

3.5.1 Aggregates formed varying differentiated tissue structures after being on an 

HDFn DE for 14 days 

 

Histological analysis was then performed to analyse tissue discs between the different 

culture conditions being visible after being haematoxylin and eosin-stained after being 

embedded and sectioned. At 14 days, mES CGR8 cells structures had formed on the HDFn DE 

on all three culture conditions. This is seen in Figure 41. Indeed, in the culture condition of 

3D including 0.2% gelatin, and lumen with endothelium-like epithelium was present as 

indicated by the black arrow in Figure 41. Connective and adipose tissue resembling 

structures were present in the culture condition where the mES CGR8 cells were culture in 

3D without 0.2% gelatin which is indicated by the orange arrow in Figure 41.  

 

 

 
Figure 41: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form EBs on HDFn DE and allowed to differentiate on the HDFn DE for 14 

days. Representative H&E staining of mES CGR8 cells that were cultured in 2D or upon Strata 

for 5 days before removing for EB formation for a total of 7 days in AggreWell™, then placed 

on an HDFn DE. n=3 on 2 testing occasions. Scale bars 200 µm.   

 

Immunostaining revealed ectodermal staining for all culture conditions through the 

expression of the differentiation marker: TUJ-1. One can see this in Figure 42. With regards 

to the TUJ-1 staining however, there were varying levels in the quantity between the varying 

culture conditions. The greatest amount of positive detection for TUJ-1 were the mES CGR8 

cells cultured in 3D. This was also true for endodermal marker AFP, where there was greater 
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amounts of positive staining for the differentiation marker. Thus, one can infer from these 

results that there is greater developmental potency with culturing mES CGR8 cells in 3D. 

Varying levels of α-SMA were seen for all conditions, but was greatest in 3D-primed cells as 

seen in Figure 43. 

 

 

 

Figure 42: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form EBs on HDFn DE and allowed to differentiate on the HDFn DE for 14 

days. mES CGR8 cells were cultured in 2D or upon Strata for 5 days before removing for EB 

formation for a total of 7 days in AggreWell™, then placed on an HDFn DE. Representative 

immunostaining for the differentiation markers TUJ-1 (ectoderm) and AFP (endoderm). n=3 

on 2 testing occasions. Scale bars represent 100 µm.   
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Figure 43: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form EBs on HDFn DE and allowed to differentiate on the HDFn DE for 14 

days. mES CGR8 cells were cultured in 2D or upon Strata for 5 days before removing for EB 

formation for a total of 7 days in AggreWell™, then placed on an HDFn DE. Representative 

immunostaining for the differentiation markers E-Cadherin (ectoendoderm) and α-SMA 

(mesoderm). n=3 on 2 testing occasions. Scale bars represent 100 µm. 

 

3.5.2 Aggregates formed varying differentiated tissue structures after being on an 

HDFn DE for 21 days 

 

Histological analysis was then performed to analyse tissue discs between the different 

culture conditions being visible after being haematoxylin and eosin-stained after being 

embedded and sectioned. After 21 days, no definitive structures could be seen in terms of 

endothelium-like epithelium, or neural rosettes for all culture conditions. There was a 

difference in sizes however, with the 3D cultured with 0.2% gelatin tissue disc on the HDFn 

DE, being much larger than the other culture conditions. This is shown in Figure 44.  
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Figure 44: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form EBs on HDFn DE and allowed to differentiate on the HDFn DE for 21 

days. Representative H&E staining of mES CGR8 cells that were cultured in 2D or upon Strata 

for 5 days before removing for EB formation for a total of 7 days in AggreWell™, then placed 

on an HDFn DE. n=3 on 2 testing occasions. Scale bars 200 µm.  

 

Immunostaining for mES CGR8 cells on an HDFn DE for 21 days showed that there was 

positive staining for the ectodermal marker TUJ-1 for all culture conditions. Similar to the 

mES CGR8 cells cultured for 14 days, there was a greater quantity of expression of TUJ-1 with 

those cultured in 3D (Figure 45). With regards to endodermal and mesodermal 

differentiation markers, there was discrepancy between the culture conditions. Both 2D and 

3D without 0.2% gelatin showed no evidence of either endodermal marker, AFP, or 

mesodermal marker, α-SMA, unlike mES CGR8 cells cultured in 3D with 0.2% gelatin. This is 

shown in Figure 45. A factor that can explain why the culture condition that includes 0.2% 

gelatin to be successful in generating mES CGR8 cell tissue discs that are positive for 

differentiation markers showing three germ layers is because gelatin substrates have shown 

to have a positive impact in the expansion of human PSCs. Gelatin has indeed been found to 

favour the long-term growth of human PSCs, and were able to produce a teratoma 

presenting the three germ layers when injected into SCID mice (Liu et al. 2014).  
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Figure 45: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form EBs on HDFn DE and allowed to differentiate on the HDFn DE for 21 

days. mES CGR8 cells were cultured in 2D or upon Strata for 5 days before removing for EB 

formation for a total of 7 days in AggreWell™, then placed on an HDFn DE. Representative 

immunostaining for the differentiation markers E-Cadherin (ectoendoderm), α-SMA 

(mesoderm), TUJ-1 (ectoderm) and AFP (endoderm). n=3 on 2 testing occasions. Scale bars 

represent 100 µm.   

 

 



 84 

3.5.3 Aggregates formed varying differentiated tissue structures after being on an 

HDFn DE for 28 days 

 

Histological analysis was then performed to analyse tissue discs between the different 

culture conditions being visible after being haematoxylin and eosin-stained after being 

embedded and sectioned. At 28 days, mES CGR8 cells structures had formed on the HDFn DE 

on all three culture conditions. Indeed, in the culture condition of 3D including 0.2% gelatin 

showed connective and adipose tissue resembling structures. This is indicated by a black 

arrow in Figure 46. 

 

 

 

 
Figure 46: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form EBs on HDFn DE and allowed to differentiate on the HDFn DE for 28 

days. Representative H&E staining of mES CGR8 cells that were cultured in 2D or upon Strata 

for 5 days before removing for EB formation for a total of 7 days in AggreWell™, then placed 

on an HDFn DE. n=3 on 2 testing occasions. Scale bars 200 µm.   

 

Immunostaining for mES CGR8 cells on an HDFn DE for 28 days showed that there was 

positive staining for the ectodermal marker TUJ-1 and endodermal marker AFP for all culture 

conditions. The TUJ-1 present for the 2D-primed mES CGR8 cells were subtle, but we 

highlight the area of expression with a white arrow in Figure 47. Like at the 21 day time 

period, the culture condition where mES CGR8 cells were culture in 3D including 0.2% gelatin 

showed positive staining for mesodermal marker α-SMA, and thus showed evidence for all 

three germ layers. This was also the same for the mES CGR8 cells that were cultured in 3D 

without 0.2% gelatin. This further drives the importance of 3D cell culture and its influence 

on increasing the developmental potency of stem cells with its impact on pluripotency and 

differentiation.  

 

2D-primed CGR8 3D-primed CGR8 (inc. 0.2% gelatin) 3D-primed CGR8 (w/o. 0.2% gelatin) 
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Figure 47: Spontaneous differentiation of mES CGR8 cells cultured in 2D or primed in 3D 

and allowed to form EBs on HDFn DE and allowed to differentiate on the HDFn DE for 28 

days. mES CGR8 cells were cultured in 2D or upon Strata for 5 days before removing for EB 

formation for a total of 7 days in AggreWell™, then placed on an HDFn DE. Representative 

immunostaining for the differentiation markers E-Cadherin (ectoendoderm), α-SMA 

(mesoderm), TUJ-1 (ectoderm) and AFP (endoderm). White arrow indicates AFP. n=3 on 2 

testing occasions. Scale bars represent 100 µm.  

 

3.6 Analysis of Teratoma formation following 2D and 3D cell culture 

To further support the concept of how culturing cells in 3D enhanced stem cell 

developmental potency, we also conducted a teratoma assay where cells cultured in 2D and 

3D were injected into mice. Results showed that teratomas derived from cells that had been 

cultured in 2D produced a homogenous teratoma, where there was little heterogeneity in 

structures, such as neural rosettes and lumens, present. This may represent a large 

percentage of connective tissue present, and little differentiation taking place. This was 

unlike teratomas from cells which had been cultured in 3D. This may thus indicate a greater 

developmental potency when cells are cultured in 3D for they are able to differentiate into 

varying structures.  

2D-primed CGR8 3D-primed CGR8 (inc. 0.2% gelatin) 3D-primed CGR8 (w/o. 0.2% gelatin) 
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3.6.1 Analysis of Teratoma formation after 2D-primed CGR8 cells were injected into 

immunodeficient mice 

 

To assess whether the impact of culturing cells in 3D has an impact on the current ‘gold 

standard’ of assessing pluripotency of putative stem cells, we also conducted a teratoma 

assay of the varying cell culture conditions.  

 

mES CGR8 cells were cultured in 2D, or cultured in 3D including 0.2% gelatin or without 0.2% 

gelatin for 5 days, then scraped. 0.5 x 106 cells were then resuspended in 100μl of cell culture 

media, which then were resuspended in 100 μL of Matrigel®. This suspension was then 

injected into male NOD-SCID mice intramuscularly. Tumours were then allowed to grow until 

they reached 8.5mm up to a final time scale of 10 weeks, at which point they were excised. 

Teratoma samples were derived from a partnership between Durham University and 

Newcastle University in accordance with U.K. Home Office guidelines.  

 

mES CGR8 cells cultured in 2D, produced a homogenous teratoma, where there was little 

heterogeneity in structures, such as neural rosettes and lumens, present. This may represent 

a large percentage of connective tissue present, and little differentiation taking place. From 

this, one may infer that the culture environment may not be congruent to the developmental 

potency stem cells experience in vivo. Indeed, from the immunostaining of the teratoma 

from the cells cultured in 2D, a great intensity of the mesodermal marker, α-SMA was 

present.  

 

Furthermore, from the analysis from the Weighert’s elastin staining, large areas of the 

teratoma were deep red (Figure 48). This indicates collagen, and thus from this illustrates 

little differentiation took place as no structures indicating endodermal, ectodermal or 

mesodermal differentiation were shown.  
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Figure 48: Teratoma formed after mES CGR8 cells were cultured in 2D and were injected 

into immunodeficient mice. Left teratoma is H&E-stained, and on the right is the teratoma 

Weighert’s stained. Scale bar represents 800 μm.  

 

3.6.2 Analysis of Teratoma formation after 3D-primed including 0.2% gelatin CGR8 

cells were injected into immunodeficient mice 

 

mES CGR8 cells cultured in 3D including 0.2% gelatin produced a heterogenous teratoma, 

with varying structures illustrating a greater propensity for differentiation in comparison to 

the teratoma formed from mES CGR8 cells cultured in 2D. In comparison to the teratoma 

that formed from mES CGR8 cells cultured in 2D, these teratomas formed from cells cultured 

in 3D including 0.2% gelatin had as lesser percentage of connective tissue as a percentage of 

the teratoma, and greater numbers and varieties of structures in addition to this (Figure 49).  



 88 

 

 

Figure 49: Teratoma formed after mES CGR8 cells were primed in 3D inc 0.2% gelatin were 

injected into immunodeficient mice. Left teratoma is H&E-stained, and on the right is the 

teratoma Weighert’s stained. Scale bar represents 800 μm. 

 

3.6.3 Analysis of teratoma formation occurred after 3D-primed w/o. 0.2% gelatin 

CGR8 cells were injected into immunodeficient mice 

 

The teratomas formed from the cells that were cultured in 3D without 0.2% gelatin produced 

teratoma similar to the teratomas formed from mES CGR8 cells cultured in 3D including 

gelatin.  This was because there was greater heterogeneity in structures as a percentage of 

the teratoma, and lesser connective tissue as a percentage of the entire teratoma when 

compared to teratomas formed from mES CGR8 cells cultured in 2D (Figure 50). 
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Figure 50: Teratoma formed after mES CGR8 cells were primed in 3D w/o. 0.2% gelatin 

were injected into immunodeficient mice. Left teratoma is H&E-stained, and on the right is 

the teratoma Weighert’s stained. Scale bar represents 800 μm. 

 

We also conducted immunostaining on the teratomas.  Results showed that the quantity of 

differentiation markers expressed between the culture conditions was visually greater in 

teratomas derived from cells which had been cultured in 3D. The quantity of expression for 

the endodermal marker – AFP, ectodermal marker – TUJ-1 and ectoendodermal marker – E-

Cadherin was greater for the teratomas formed from mES CGR8 cells cultured in both 3D 

conditions. The quantity of expression for mesodermal marker α-SMA was greater in 2D 

culture conditions than with the mES CGR8 cells cultured in 3D conditions. This could be the 

result of the greater homogeneity of the teratoma forming very few strucutres or lumens, 

instead showing great densities of connective tissue.  
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Figure 51: Teratoma formed after mES CGR8 cells were primed injected into 

immunodeficient mice. Representative immunostaining for the differentiation markers AFP 

(endoderm) and α-SMA (mesoderm). Scale bars represent 300 µm. 
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Figure 52: Teratoma formed after mES CGR8 cells were primed injected into 

immunodeficient mice. Representative immunostaining for the differentiation markers TUJ-

1 (ectoderm) and E-Cadherin (ectoendoderm). Scale bars represent 300 µm. 

 

3.6.4 Analysis of teratoma luminal structures between different culture conditions 

 

Further analysis of the teratomas was then conducted to identify whether the presence of 

luminal structures differed between cells that were cultured in 2D and 3D. For biomimetic 

analyses, 3 sections of each teratoma, at different points of the tumour, from the three 

different culture conditions were assessed for luminal structures as a percentage of the total 

area of the teratoma. Statistical analyses showed that both 3D culture conditions had a 

significantly higher percentage of luminal structures as a percentage of total area of the 
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teratoma. These data indicate that 3D culture conditions increased the developmental 

potency, allowing the teratoma to gain a more differentiated phenotype.  

 

In Figure 53, we show examples of teratoma sections that formed as a result of 2D cultured 

mES CGR8 cells. On the left side, there is a hematoxylin and eosin-stained teratoma, and on 

the right represents an outline of each teratoma with luminal structures indicated and filled 

in with a blue colour. As you can see there are not many luminal structures present in these 

teratomas, in comparison to Figure 54 and 55 which show teratomas as a result of 3D 

cultured mES CGR8 cells. 

 

 

 

2D 

2D 
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Figure 53: Teratomas that formed as a result of 2D cultured mES cells did not show a high 

levels of luminal structure as a percentage of the total teratoma. Black arrows indicate 

epithelial-cuboidal cell differentiation. Scale bar represents 800 μm.  

 

In Figure 54, we show examples of teratoma sections that formed as a result of 3D with 0.2% 

gelatin cultured mES CGR8 cells. On the left side, there is a hematoxylin and eosin-stained 

teratoma, and on the right represents an outline of each teratoma with luminal structures 

indicated and filled in with a blue colour. These results show greater numbers of luminal 

structures present in the teratoma in comparison to the teratomas that formed as a result 

of 2D cultured mES CGR8 cells.  

 

 

 

2D 
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Figure 54: Teratomas that formed as a result of 3D + 0.2% Gelatin cultured mES cells did 

show a high levels of luminal structure as a percentage of the total teratoma. Black arrows 

indicate epithelial-cuboidal cell differentiation. Scale bar represents 800 μm. 

 

In Figure 55, we show examples of teratoma sections that formed as a result of 3D without 

(w/o.) 0.2% gelatin cultured mES CGR8 cells. On the left side, there is a hematoxylin and 

eosin-stained teratoma, and on the right represents an outline of each teratoma with luminal 

structures indicated and filled in with a blue colour. These results show greater numbers of 

luminal structures present in the teratoma in comparison to the teratomas that formed as a 

result of 2D cultured mES CGR8 cells.  
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Figure 55: Teratomas that formed as a result of 2D cultured mES cells did not show a high 

levels of luminal structure as a percentage of the total teratoma. Black arrows indicate 

epithelial-cuboidal cell differentiation. Scale bar represents 800 μm. 
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We then confirmed using statistical analysis that there was a significant difference in the 

percentage of luminal structures present in the teratoma between 2D and 3D, with cells 

cultured in 3D showing greater percentages. This is shown in the graph in Figure 56. This 

further indicates a greater developmental potency with cells that were cultured in 3D.  

 

Figure 56: mES CGR8 cells primed in 3D show more heterogeneity in structures found 

within the teratoma than mES CGR8 cells cultured in 2D. Luminal structures as a percentage 

of the total area of the teratoma was calculated using ImageJ by outlining structures with 

ImageJ software calculating the area, then dividing the total by the total area of the 

teratoma. Data represent mean ± SD, * p<0.5, **p<0.1 as determined by determined by 

unpaired Student’s t-test. The results showed that both 3D culture conditions produced 

significantly higher % areas of the teratomas that were luminal structures.  
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3.6.5 Analysis of cartilage structures of teratomas formed from mES CGR8 cells 

cultured in different conditions 

 

For biomimetic analyses, 3 sections of each teratoma, at different points of the tumour, from 

the three different culture conditions were assessed for cartilage as a percentage of the total 

area of the teratoma. Statistical analyses showed that the 3D culture condition that included 

0.2% gelatin had a significantly higher percentage of cartilage as a percentage of total area 

of the teratoma. These data indicate that the 3D culture condition with 0.2% gelatin 

increased the developmental potency, allowing the teratoma to gain a more differentiated 

phenotype.  

 

In Figure 57, we show examples of teratoma sections that formed as a result of 2D cultured 

mES CGR8 cells. On the left side, there is a Weighert’s-stained teratoma, and on the right 

represents an outline of each teratoma with cartilage indicated and filled in with a blue 

colour. These results show greater numbers of luminal structures present in the teratoma in 

comparison to the teratomas that formed as a result of 2D cultured mES CGR8 cells.  

 

 

 

2D 
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Figure 57: Teratomas that formed as a result of 2D cultured mES cells did not show a high 

levels of cartilage as a percentage of the total teratoma. White arrows indicates myoblastic 

differentiation. Scale bar represents 800 μm. 

 

In Figure 58, we show examples of teratoma sections that formed as a result of 3D with 0.2% 

gelatin cultured mES CGR8 cells. On the left side, there is a Weighert’s-stained teratoma, and 

on the right represents an outline of each teratoma with cartilage indicated and filled in with 

a blue colour. These results show greater numbers of luminal structures present in the 

teratoma in comparison to the teratomas that formed as a result of 2D cultured mES CGR8 

cells.  

 

2D 

2D 
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Figure 58: Teratomas that formed as a result of 3D + 0.2% Gelatin cultured mES cells did 

show a high levels of cartilage as a percentage of the total teratoma. White arrows indicates 

myoblastic differentiation. Scale bar represents 800 μm. 

 

In Figure 58, we show examples of teratoma sections that formed as a result of 3D cultured  

w/o. 0.2% gelatin mES CGR8 cells. On the left side, there is a Weighert’s-stained teratoma, 

and on the right represents an outline of each teratoma with cartilage indicated and filled in 

with a blue colour. These results show greater numbers of luminal structures present in the 

teratoma in comparison to the teratomas that formed as a result of 2D cultured mES CGR8 

cells.  
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Figure 59: Teratomas that formed as a result of 3D w/o 0.2% Gelatin cultured mES cells did 

not show a high levels of cartilage as a percentage of the total teratoma. White arrows 

indicates myoblastic differentiation. Scale bar represents 800 μm. 

 

We then confirmed using statistical analysis that there was a significant difference in the 

percentage of cartilage present in the teratoma between 2D and 3D, with cells cultured in 

3D showing greater percentages. This is shown in a graph in Figure 60. This further indicates 

a greater developmental potency with cells that were cultured in 3D. 
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Figure 60: mES CGR8 cells primed in 3D show more heterogeneity in structures found 

within the teratoma than mES CGR8 cells cultured in 2D. Cartilage as a percentage of the 

total area of the teratoma was calculated using ImageJ by outlining areas of cartilage with 

ImageJ software calculating the area, then dividing the total by the total area of the 

teratoma. Data represent mean ± SD, * p<0.5 as determined by determined by unpaired 

Student’s t-test. The results showed that the 3D culture condition including 0.2% gelatin 

produced significantly higher % areas of the teratomas that were cartilage.  

 

Overall, from these experiments, we found that there was an increased developmental 

potency of mES CGR8 cells when they were cultured in 3D, in comparison to when they were 

cultured in 2D. We also saw that the presence of HDFn in the modelling process when 

investigating the differentiation of tissue structure is very important to further increase 

developmental potency of mES CGR8 cells.  

 

4.0 Discussion 
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This project involved an investigation into assessing whether the developmental potency of 

stem cells is enhanced when using Alvetex® 3D culture technologies in comparison to 

traditional 2D cell culture techniques. Further to this, novel in vitro models were created as 

an alternative method to the ‘gold standard’ teratoma assay to assess for putative stem cell 

populations.  

 

4.1 mES CGR8 aggregates and tissue discs cultured in 3D had enhanced 

developmental potential 

 
The results we have generated, in all cases, showed that cells cultured in 3D generated 

results where cells developed a greater developmental potency in comparison to cells 

cultured in a 2D environment.  

 

Immunostaining suggested that mES CGR8 cell tissue discs that were cultured using the 3D 

cell technology Alvetex® Strata, had enhanced the developmental potency. This was the case 

for all the novel models we have defined above. This is because immunostaining of mES CGR8 

cell tissue discs that were cultured in 2D showed evidence of only 2 germ layer differentiation 

markers or very low intensity of immunostaining representing small numbers of 

immunoreactive antigens present, whereas those cultured in 3D showed evidence of all 3 

germ layer differentiation markers or greater intensity of immunostaining, representing 

greater numbers of immunoreactive antigens present. Therefore, there is scope to 

accurately simulate microenvironments to enable for results from experiments in vitro to 

recapitulate what occurs in vivo.  

 

It has been reported extensively that culturing cells in 3D simulates what occurs in vivo more 

accurately than following standard basic and traditional protocols of culturing cells in 2D 

(Edmondson et al. 2014; Eglen and Klein. 2017). Indeed, accurate replication of 

microenvironments using 3D cell technologies have been praised and have shown to have 

great potential in efficient drug discovery. Wang et al. utilised the 3D cell technology of 

hydrogels to investigate breast tumour cell responses to cytotoxic drugs. There results 

showed that the viability of the cells had increased in the hydrogel environment, unlike those 

that were cultured in 2D. This increased viability was consistent with the in vivo study 

conducted with the cells, thus further solidifying the necessity and importance of 3D cell 

technologies and its assistance in recapitulating an accurate microenvironment.  
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Other studies have also utilised 3D cell technologies in their screening processes as a better 

and more accurate representation of what occurs in vivo. From a commercial perspective, 

this is highly important for pharmaceuticals to prevent excess and unnecessary capital 

expenditure. Indeed, Booij et al. developed a novel screening method in assessing the 

activity of inhibition of c-Met, epidermal growth factor receptors (EGFR) kinases in prostate 

carcinoma cells that were cultured in 3D. Their screening method involved using Matrigel® 

in 384-well plates which allowed the prostate carcinoma cells to form spheroids. Their 

phenotypic profiles were then identified to allow for the correct discrimination between 

selective and non-selective inhibition of c-Met and EGFR kinases.  

 

When focussing on Alvetex®, this 3D cell technology has been shown to diverse in supporting 

the culture of many types of cells. Results have shown that Alvetex® is paramount in enabling 

the mimicking of cell morphology, proliferative activity, and gene expression profile that 

occurs in vivo of human trabecular meshwork (TM) cells in vitro (Ying et al. 2014). Indeed, 

the Ying et al. experiment showed that when TM cells were cultured in 2D, gene expression 

of myocilin, MGP, CDT6/ANGPTL7, fibronectin and collagen type I did not represent what 

occurs in TM native tissue in vivo, whereas, when TM cells were cultured on Alvetex®, the 

gene expression profile mirrored TM cells in vivo. This therefore further supports the usage 

of 3D technologies as an alternative for the teratoma assay. 

 

The current ‘gold standard’ of assessing for putative stem cell populations is the teratoma 

assay. If three germ layers are present, the population is defined as a stem cell population. 

Common practice to identify the three germ layers, especially in experiments involving the 

generation of iPSCs, are immunostaining for antigens that react to AFP, α-SMA, and TUJ-1 

(Liu et al. 2010).  

 

In a similar manner to the models that were used to investigate an alternative to the 

teratoma assay, an in vivo teratoma assay was undertaken to assess the differences 

regarding the varying culture conditions of 2D, 3D including 0.2% gelatin and 3D without 

0.2% gelatin. Cells cultured in a 3D environment, further showed a greater differentiated 

phenotype, in comparison to the cells cultured in 2D. Indeed, significantly greater 

heterogeneity in tissue structure from biomimetric analyses and, greater intensities of 

immunostaining of the three germ layers was found with cells cultured in the 3D 
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environment. This further illustrates the importance of 3D cell culture in accurately 

representing an in vivo microenvironment in an in vitro model.  

 

4.2 In vitro models were able to assess differentiation of mES CGR8 cells into 

their derivatives 

 

With the ‘gold standard’ teratoma assay being heavily flawed (which is outlined in Table 1), 

a call towards a reproducible in vitro method in assessing pluripotency of putative 

populations of stem cells is in demand. In vitro models have been developed as an attempt 

to replicate the teratoma assay, but many do not consider the importance of incorporating 

3D cell technologies during the cell culture process of their model (Masuda et al. 2012; 

Bouma et al. 2017).  

 

As we have discussed above, there is an abundance of literature highlighting the importance 

of using 3D cell culture methodologies in routine research work in order to recapitulate what 

occurs in vivo.  

 

We therefore developed models that utilised 3D cell technologies in the process of 

developing a model as an alternative to the teratoma assay. The first included culturing the 

mES CGR8 cells in either 2D, 3D including 0.2% gelatin, or 3D without 0.2% gelatin. After 5 

days, these cells were then scraped, and 0.5 M cells in 100 μL were resuspended with 100 μL 

Matrigel®. This was then seeded onto the HDFn dermal equivalent, either within a cloning 

ring or seeded without any constraint. It was found that the use of the cloning ring was vital 

for the development of the tissue disc. Without the cloning ring present, differentiation was 

very limited, with little to no evidence of the three germ layers. However, when the cloning 

ring was present, differentiation was able to occur, with up to 2 differentiation markers being 

evident. The use of a cloning ring may enable for an in vitro model to more closely represent 

the teratoma assay. This is because an injection of cells into mice in a typical teratoma assay 

is confined to one area of their body (Nelakanti et al. 2015). The cloning ring does this, in 

that it confined the cells within its diameter. However, this three-step model failed to 

produce tissue discs that showed the three germ layers, and therefore could not be an 

alternative to the teratoma assay.  
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However, in comparison to our two-step model that involved seeding 2D and 3D cultured 

cells onto Alvetex® Polaris and our three step model where cultured cells were resuspended 

with Matrigel®, our three step model where cultured cells formed aggregates in vitro, proved 

more effective in allowing differentiation to occur. Indeed, in comparison to the three step 

model including Matrigel®, the three step aggregate model showed the three germ layers. 

This could therefore be the beginning of developing an in vitro alternative to the teratoma 

assay. Further to this, in comparison to the two step model, the three-step aggregate model 

showed greater intensity of each differentiation marker. The usage of aggregates is widely 

used in research and development for drug testing for they are able to mimic the diffusion 

gradient of oxygen, where the core contains more necrotic cells than the outside, where the 

majority of outer cells are proliferating (Duval et al. 2017). The least to best performing 

models are summarised in Table 6. 

 

Therefore, from the three models developed and investigated, the three-step aggregate 

model was the most successful illustrating all three germ layers from immunostaining of the 

differentiation markers, AFP, TUJ-1, and α-SMA, after 14 days. The reasoning for the 

difference between the three step Matrigel® model and the three-step aggregate model may 

be because allowing the mES CGR8 cells were allowed to form aggregates, will have allowed 

them to secrete self-ECM proteins, which may have affected their differentiation (Soares et 

al. 2012). Indeed, allowing stem cells to form aggregates have shown to improve accuracy of 

for drug metabolism and toxicity testing in in vitro models (Sengupta et al. 2014).
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Name of 
Experiment 

EB Culture on Alvetex® Polaris Cell Seeding with Corning® 

Matrigel®: Co-culturing mES with 

an HDFn equivalent  

Co-culture with mES CGR8 Cells and HDFn 

Dermal Equivalents (3 step aggregate model) 

Schematic 

   

Summary 
Context 

Comparing 2D and 3D cell culture 

methodologies using Alvetex®. 

Allowing cells which have been 

cultured in 2D and 3D to form EBs, 

which are then seeded onto Alvetex® 

Comparing 2D and 3D cell culture 

methodologies using Alvetex®. 

Matrigel® has similar component 

makeup as ECM. ECM has been 

shown to be vital in recapitulating 

Comparing 2D and 3D cell culture 

methodologies using Alvetex®. Allowing cells 

which have been cultured in 2D and 3D to 

form EBs, which are then seeded onto 

Best performing 
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Polaris. EB formation has been shown 

to be paramount in recapitulating the 

diffusion gradient which occurs in 

vivo. However, in the experiment no 

HDFn Dermal Equivalent was used, 

meaning there was no ECM 

deposition in the Alvetex® Scaffold to 

which the EBs were seeded upon. 

what occurs in vivo. Matrigel® is a 

necessary component during the 

‘gold standard’ Teratoma Assay, and 

is thus important to include in the in 

vitro model we are creating to mimic 

this assay. 

Alvetex® Scaffold, where an HDFn Dermal 

Equivalent had been formed. 

Table 6: Summary of experiments completed and how they rank from least to best performing. 
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4.3 The inclusion of HDFn in the models enhanced developmental potential of 

mES CGR8 cells 

 
Alongside Alvetex® providing a 3D microenvironment for cells, Hayman et al. showed that 

biologically active molecules can be added to Alvetex® Scaffolds, which provided an 

enhancement of the scaffold’s quality to support the growth of the cells to which are seeded 

upon it. Indeed, coating the Alvetex® Scaffold with poly-d-lysine or poly-d-lysine and laminin 

enhanced neurite growth and differentiation (Hayman et al. 2005). This further shows the 

positive qualities Alvetex® has, for it promotes further enhancement of cells to allow for 

recapitulation of the in vivo environment.  

 
Thus, to further develop a model that provides an alternative to the teratoma assay, we 

introduced fibroblasts to the model to enhance the qualities and properties of the scaffold. 

Fibroblasts are present in almost all tissue in vivo, being dispersed in connective tissue, with 

a primary role of secreting ECM into the surrounding microenvironment (Driskell and Watt. 

2015). ECM is of vital importance with regards to the growth of cells, as it has been found 

that cellular growth is dependent on the interactions between cell and ECM, in a process 

known as anchorage dependence (Tracy et al. 2016). Due to the importance fibroblasts have 

in vivo, we introduced HDFn into our model. After introducing HDFn into the model by 

forming a dermal equivalent for our cultured cells to be seeded onto, immunostaining 

suggested that there is a vital importance in the presence of fibroblasts in developing a 

model which resembles what occurs in vivo. This is because immunostaining from the model 

that included HDFn showed greater intensity of the differentiation markers in comparison to 

the model that did not. This therefore infers that there were a greater abundance of antigens 

immunoreactive to the differentiation markers we used.  

 

For future work in developing the novel models created, steps should be put in place to have 

a model where the cells and fibroblasts that are used, are from the same species, or to mimic 

the teratoma assay, human ESCs such be seeded onto mice type fibroblasts (e.g SCID mice 

fibroblasts). In this project, mouse embryonic stem cells were seeded onto human neonatal 

dermal fibroblasts. Despite human dermal fibroblasts being as efficient as mouse fibroblasts, 

and the protein-coding regions of mouse and human genomes being 85% identical, unknown 

factors and the milieu that is created from the HDFn, will not be congruent with what occurs 

in vivo in humans (Bisson et al. 2013; Batzoglou et al. 2000). This is a flaw of this study that 

we have conducted. Therefore, in the future, an alternative of SCID mice fibroblasts could be 
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used with 3D cultured mESCs, and then HDFn could be used with 3D cultured human ESCs in 

modelling differentiation of tissue structures in vitro.  

 

5.0 Conclusions and future directions 
 

These findings illustrate the importance of culturing cells in 3D to simulate what occurs in 

vivo, in vitro. Mimic what occurs in vivo in an in vitro model will therefore allow for more 

accurate drug testing as well as understanding of fundamental developmental biology. It is 

therefore paramount that the use of 3D technologies should underpin the foundation of 

culture techniques allowing for a better, more accurate representation of what occurs in 

vivo. Indeed immunostaining from mES CGR8 cells cultured in the varying 2D and 3D 

environments illustrated a great differentiated phenotype in both tissue structures seen and 

presence and intensity of differentiation markers indicated the three germ layers. Our 

findings did however allude to an impact 0.2% gelatin has in the differentiation of tissue. 

Further work should focus on the mechanisms involved when utilising gelatin in cell culture.  

 

Our findings also show that an alternative to the teratoma assay can be completed in vitro, 

where a standardised protocol can be also implemented, unlike the current in vivo ‘gold 

standard’. From the investigation, it was shown that mES CGR8 cells that were cultured in 

3D showed the three germ after only 14 days of being seeded onto an HDFn dermal 

equivalent in the three step aggregate model.  

 

Further future work should focus on developing the three step aggregate model, creating a 

more complex environment, further simulating the in vivo environment. This can entail 

introducing an environment where there is a perfusion system to emulate vasculature blood 

flow for example. This environment may also include cells of varying tissues, such as renal 

cells, to emulate kidney milieu.  

 

In summary, the need for an alternative to the teratoma assay is pivotal in the development 

of our current bank and knowledge of stem cells in the field. These experiments have shown 

that there are steps one can take in developing an alternative to the teratoma assay, 

producing a standardised, in vitro model, enabling for accurate determination of a putative 

stem cell population. The gravitas that surrounds being able to assess putative stem cells will 

only develop further as pharmaceutical companies sway towards personalised medicine. 
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